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Abstract. Thermal gradient measurements, con-
solidation tests, and pore water compositions from
the Mariana Trough imply that water 1is moving
through the sediments in areas with less than
about 100 m of sediment cover. The maximum advec-
tion rates implied by the thermal measurements and
consolidation tests may be as high as 1072 cm s~
but are most_commonly in the range of 1 to
5x10~6 cm s~l. Theoretical calculations of the ef-
fect of the highest advection rates upon carbonate
dissolution indicate that dissolution may be imped-
ed or enhanced (depending upon the direction of
flow) by a factor of 2 to 5 times the rate for
diffusion alone. The average percentage of carbo-
nate is consistently higher in two cores from the
area with no advection or upward advection than
the average percentage of carbonate in three cores
from the area with downward advection. This in-
crease in average amount of carbonate in cores
with upward moving water or no movement cannot be
attributed solely to differences in water depth or
in amount of terrigenous dilution. If the sediment
column acts as a passive boundary layer, then the
water velocities necessary to affect chemical gra-
dients of silica are in the range 10-9 to
10-10 cm s-1, However, if dissolution of silica
occurs within the sediment column, then the advec-
tion velocities needed to affect chemical gradi-
ents are at least 3x10~8 cm s~1 and may be as high
as 3x10~6 cm s~l. This order of magnitude in-
crease in advection velocities when chemical reac-
tions occur within the sediments is probably ap-
plicable to other cations in addition to silica.
If so, then the advection velocities needed to af-
fect heat flow ( >10~8 cm s~1) and pore water
chemical gradients are much nearer in magnitude
than previously assumed.

Introduction

On a recent cruise to the Mariana Trough, the
back arc spreading center west of the Marianas arc
(Figure 1), a heat flow survey accompanied by cor-
ing was made in the vicinity of Deep Sea Drilling
Project (DSDP) sites 453, 454, 456 and the spread-
ing center. The heat flow, pore water composi-
tions, physical property, and carbonate content
data from cores from this cruise and the DSDP sites
provide information on the extent and effects of
water circulation within the sediment column. We
first discuss the probable effects of water circu-
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lation upon pore water composition, heat flow, and
physical propetrties. Our gravity, core and heat
flow data are then used to estimate the effects
and extent of hydrothermal activity in the Mari-
anas sediment.

Thermal Effects of Hydrothermal Circulation

Hydrothermal circulation of water within the up-
per few kilometers of oceanic crust is now a rea-
sonably well-documented phenomenon [Anderson et
al., 1979; Lister, 1972; Bodvarsson and Lowell,
1972; Sclater and Klitgord, 1973; Davis and Lister,
1974]. This circulation of cool ocean water with-
in the basalt results in low heat flow measure-
ments compared to theoretical values for young
oceanic crust [Anderson and Hobart, 1976]. The
reasons for the low heat flow are three fold.

1. The convective circulation of seawater
cools the upper 3-6 km of basalt faster than heat
can be replaced from below by conduction. As a
result, the upper layers of basalt are cooler than
theoretical, purely conductive models would pre-
dict.

2. Most heat flow measurements are made in
sediment ponds that lie above the coldest crust.
In porous media with topographically driven water
circulation, the areas of upwelling hot water are
concentrated upon topographic highs [Hartline and
Lister, 1981]. As a consequence, the temperature
at the sediment-basement interface is lower in the
valleys. In most young areas of oceanic crust,
only the valleys have sediment cover sufficiently
thick for coring and thermal measurements.

3. Convective downward movement of water with-
in the sediment results in additional lowering of
the heat flow by concentrating the maximum thermal
gradient at the bottom of the sediment column, at
the sediment-basement interface (Figure 2). Core
and multiple penetration heat flow measurements
determine the thermal gradient in the upper 5-12 m
of the sediment, missing the region with the
maximum thermal gradient, i.e., the sediment-base-
ment Interface, in downwelling areas with thick
sediment cover.

By themselves, the low and linear thermal pro-
files can be interpreted as the result of convec-
tion within both the sediment and the basalt or
as the product of convection in the basalt alone.
Evidence exists for water circulation within the
sediments in regions of thin sediment cover [An-
derson et al., 1979; Becker and Von Herzen, 1981].
We use supplementary geochemical and physical pro-
perty data to constrain better the cause of low
thermal gradients in the Marianas, where most
sediment thicknesses are greater than 30 m.
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Location map of DSDP sites and gravity cores.
The contour interval is 400 m.
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The dotted

line right of center on the blowup marks approximate locations of the spreading center

(Mariana Trough).

Chemical Effects

Hydrothermal circulation of seawater within the
basalt results in alteration of the basalt, with
consequent changes in basaltic pore water composi—
tion. A microprobe study of the composition of
altered and unaltered basalt glass in a low-tem-

perature zone [Ailin-Pyzik and Sommers, 1981] in-

dicated that the average basalt loses 717 g silica,
165 g magnesium, and 309 g of calcium (all oxides)
per 1000 em3 of original glass. Some of this ma-

terial is reprecipitated within the basalt as zeo-
lites, clay minerals, or calcite, so that the com-
position of the resulting fluid is not necessarily
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enriched (relative to seawater) in silica, Mg, or
Ca. The consensus of the work of Ailin-Pyzik and
Sommer [1981] and the five papers they cite is
that the resulting pore fluid has more silica and
calcium than seawater and a slight depletion in
magnesium,

Rapidly upwelling hydrothermal waters should
have compositions closest to basaltic pore water,
whereas downwelling water should have a composi-
tion closer to that of seawater. Diagenetic pro-
cesses within the sediment will control the pore
water composition if a given cation is added to
the pore water more rapidly than the ion is removed
by advection or diffusion. Dissolution of sili-
ceous tests of organisms can produce increases in
the pore water silica. Calcium can be added to the
pore water by diagenetic reactions with organic
matter [Sayles, 1981] or with volcanic material.
Siliceous tests and volcanic material average
about 4 and 807%, respectively (in the Marianas
sediments we examined). Enrichments of calcium and
silica in the sedimentary pore water of the Mari-
anas may thus result either from reactions in the
sediment or in the basalt.

Hydrothermally (basalt-based) and diagenetical-
ly (sediment-based) induced changes in pore water
composition can be distinguished upon two grounds.

1. The shape of the chemical composition ver-
sus the depth profile will differ depending upon
the location of the dominant source of reactant.
For instance, in an area with downward advecting
water dominated by basalt reactions, the concen-
tration of an element will remain at seawater
composition until quite close to the sediment-
basement interface. Near this interface the con-
centration will rapidly change to that of the pore
water in the basalt. However, if the sediment is
the dominant region of reactions, the concentra-
tion will change at shallow depths in the sediment.

2. The magnitude of the compositional differ-
ences from seawater is generally greatest for dia-
genetic reactions. The maximum calcium and magne-
sium anomalies observed in hydrothermally dominat-
ed pore waters near the mounds 1in the Galapagos
[Maris et al., 1979] were +2 and -1 mM 11, re-
spectively. In contrast, diagenetically induced
anomalies may be 20 times as large.

The sign of the change in pore water composi-
tion caused by diagenesis in the sediment column
and reactions in the basement appears to be the
same. Ca, Li, Mn, and silica increase, and Mg de-
creases from seawater values. Only the magnitude
of the change in pore water composition and the
distribution of these changes within the sediment
column provide information on the major sources of
changes in pore water chemistry. The fact that
the sign of chemical anomaly (for many important
elements) is the same is not particularly surpris-
ing. At least 80% of the Marianas sediment is vol-
canic in origin, and most of this 1s glass. The
basement and sediment in the Marianas are very si-
milar in chemical composition.

Physical Property Effects

Hydrothermal circulation also changes the physi-
cal properties of the basalt and overlying sediment.
Hydrothermal removal of silica, Mg, Ca, and many
other elements from unaltered basalt is balanced in
part by precipitation of calcite, zeolites, and
clay minerals in fractures and voids [Ailin-Pyzik
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Fig. 2. Chemical or thermal profiles in the sed-

iment column. Seawater has a lower temperature
or chemical concentration than the basalt. No
heat sources or chemical sources are assumed to
exist within the sediment column. The linear
profile exists when diffusion controls the chem-
istry or thermal structure of the sediment. Up-
ward movement of water fast enough to overcome
diffusion causes profiles like those next to the
upward pointing arrows. Rapid downward movement
of water will result in profiles like those next
to the downward pointing arrows. The curvature
of the profiles is a result of the ratio of the
diffusion rate to the advection rate. Since the
thermal diffusivity is much higher than the chem-
ical diffusivity, chemical profiles will be more
distorted than thermal profiles for the same ad-
vection rates.

and Sommers, 1981]. All of these alteration pro-
ducts are less dense than the original basaltic
rock, so that some loss of material to the water
column must occur to preserve volume. These low-
density alteration products may slow further hy-
drothermal alteration by producing protective
'rinds' and by reducing the permeability of the
rock [Anderson and Zoback, 1982]. The relative
speed of alteration within the sediment and the
basalt is an important parameter, which we consi-
der in more detail later.

Hydrothermal effects upon the physical proper-
ties of the sediment can be divided into two
groups: effective stress and chemical alterationm.

The effective stress is the buoyant weight of
the overburden minus the excess pore pressure. If
the excess pore pressure is zero, the pore pressure
is hydrostatic. Hydrothermal water circulation
in the basalt generates excess pore pressures,
which in turn can cause nonhydrostatic pressures
within the sediment column. Downward water move-
ment in the sediment is caused by negative (below
hydrostatic) excess pore pressures which increase
effective stress and thus increase the rate of
consolidation of the sediment. Large excess pore
pressures occur when water is forced rapidly

through rock of low hydraulic conductivity. Upward
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water movement occurs In the presence of positive
excess pore pressures, which decrease the effective
stress and rate of consolidation of the sediment.
From effective stress effects alone, one would ex-
pect the depth gradients of shear strength, perme-
ability, porosity, and seismic velocity to be
greatest in sediments with downwelling water and
least in those with upwelling water.

An additional result of water circulation within
the sediments may be the promotion of sediment
slides and/or increased erosion in regions of up-—
welling water [Abbott et al., 1981]. The higher
water contents in upwellilng regions caused by de-
creased effective stress and consolidation rates
would result in sediments with higher porosity.
Shear strength is lower in sediments with high po-
rosity and high water contents, since the water
fraction has no shear strength [Lambe and Whitman,
1979]. The vulnerability of sediment to erosive
currents and to slope failure is increased with
lowered shear strength [Kelly et al., 1980], so
that thinner sediment cover may result in regions
of upwelling water.

Chemical alteration of the sediments by hydro-
thermal fluids may also change the physical pro-
perties of the sediment. The sediment we sampled
in the Marianas averaged 27% particles larger than
38 . Ninety percent of thils coarse material is
volcanic glass. The fine fraction is difficult to
identify optically but appears to be volcanic
glass as well. We estimate that 707 or more of
the whole sediment consists of arc-derived volca-
noclastic material. About 43% of the original
weight of basaltic glass may be lost through al-
teration [Ailin-Pyzin and Sommer, 1981]. This
welght loss may not result in an equivalent volume
loss. Nevertheless, there is a possibility that
28% or more of the sediment volume is lost due to
diagenetic alteration of the volcanic glass. Any
alteration and consequent volume loss would be
most pronounced in active hydrothermal areas
(either upwelling or downwelling) because the fas-
ter cycle time of the pore water would result in
pore water compositions further from equilibrium
with the sediment particles. The higher reaction
rates resulting from nonequilibrium pore water
compositions would be especially pronounced in
areas of upwelling, where the most rapid advection
results in high thermal gradients (and warmer pore
water) close to the sediment-water interface. In
dowvnwelling regions the pore waters are the fur-
thest from equilibrium with basalt. However, this
disequilibrium may be balanced by the colder tem-
peratures (and consequently slower reaction
rates).

Reactions with seawater and hydrothermal solu-
tions could also result in increased dissolution
of the bilogenic silica and carbonate in the Mari-
anas sediment, which compose about 4 and 1-2% res-
pectively of the total material. Seawater is un-
saturated in both carbonate and silica throughout
the study area, so increased dissolution of both
these materials could make a contribution to losses
of material in hydrothermal areas. Any increase in
dissolution would result in more rapid compaction
of the sediment for two reasons.

1. Dissolution occurs most rapidly at the
points of greatest stress. Therefore, material at
grain to grain contacts would dissolve first,

2. Fine-grained material dissolves more rapidly
than coarser particles due to the greater surface
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to volume ratio of the smaller particles. The
porosity of the sediments is highly dependent upon
the grain size distribution. The highest porosity
sediments are those with the most fine particles.
A decrease in the amount of fine particulate mat-
ter would therefore result in lower porosities
and more mass concentrated within the same volume.
The combination of increased dissolution in up-
welling and downwelling regions and accelerated
erosion and slope failure in upwelling regions
should combine to produce notable decreases in ap-
parent sedimentation rate wherever hydrothermal
processes are present in the sediment column. The
apparent sedimentation rate has been observed to
increase with age in the Indian Ocean as hydrother-
mal activity decreased [Abbott et al., 1981]. A
similar correlation has not been observed in the
Marianas, probably because of poor stratigraphic
control and locally variable sedimentation rates.

Gravity Core Data

Our six cores from the Marianas back arc basin
were taken from oceanic crust O to 6 m.y. old
covered with between 0.5 and 100 m of sediment
(Table 1). The cores were taken sequentially in a
traverse starting upon the oldest crust and moving
progressively toward younger crust (Figure 1).
Cores 1 and 2 are located near DSDP site 453 and
core 4 near site 454, Cores 5, 7, and 8 are from
the trough (spreading center). Cores 3 and 6 were
not recovered. All cores can be considered gravity
cores, since early triggering of the piston result-
ed in the recovery of the topmost layers in every

location.
All but core 2 have accompanying pore water an-

alyses. We rely primarily upon the pore water
compositions (determined by J. Gieskes, personal
communication, 1979) to infer the existence and
direction of sedimentary pore water circulation.
The pore water data are subject to squeezing arti-
facts, Calcium is reduced by 1-3%Z, magnesium by
3-5%, and silica is increased by about 50%

[Schink et al., 1974]. Calcium shows significant
differences from core to core and has the smallest
squeezing artifacts, so we rely most upon calcium
data in making our interpretations. Although mag-
nesium also has small squeezing artifacts, its
variation within a core 1s as great as the differ-
ences between cores. Magnesium might be useful
with more samples per core but is not interpre-
table in our data set. Silica has large squeez-
ing artifacts but shows significant differences
from core to core, so we give it secondary weight
in our interpretations. Lithium and manganese
have small squeezing artificts (1-3%); however,
they also show large varlations within a core.
Manganese in particular may be released into the
pore water during squeezing of zones with higher
concentrations of organic matter. Manganese is
very sensitive to the oxidation state of the pore
fluid and has a rapid reaction rate [Elderfield et
al., 1981].

Cores Near DSDP Site 453

Piston core 1 is the only core near site 453
for which pore water data are available. This
core had both the largest deviations from seawater
composition of any core and the only linear in-
crease of calcium with increasing depth subbottom
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TABLE 1. Sedimentologic Data for Cores and DSDP Sites
Core Water Depth, Sediment, Age, Sedimentation Carbonate,
m Thickness m.y. Rate; %
m/m.y.

1 3785 100 5.9 18 3.5
2 4679 3.9 5.7 0.68 0.1
4 4142 9.2 1.6 5.8 2.3
5 3876 3.3 0.55 5.6 1.2
7 4803 5.2 0.10 50 0.1
8 4227 24 0.47 51 0.1

454 3816 67 1.3 52

453 4693 450 5.7 50

(Figure 3a, Table 2). Manganese and lithium appear
to parallel this trend. Silica is consistently
higher than any other core. Core 1 is also from
the oldest crust (5.8 m.y.) with the thickest sedi-
ment (100 m). Linear changes of pore water compo-
sition with depth, coupled with large deviations
from seawater composition are characteristic of
sediment with no water movement. Although the
chemical gradients might also be associated with
very slow upward water movements, the advection
rate is probably significant only for chemical and
not thermal measurements.

Two heat flow stations nearest to core 1, both
900 m distant with linear temperature profiles,
yield conductive heat flow of 125 and 97 mWm—2
(Figure 4). The linear thermal profiles indicate
that no upwelling of water more rapid than about
5%10~7 em s-1 is occurring in the vicinity of core
1. The fact that all three thermal measurements
in the vicinity of core 1 are within 30% of the
neighboring heat flow values is also suggestive of
no or very slow sedimentary pore water advection.
(The theoretical heat flow for 5.8-m.y.crust is
208 mW m'Z[Parsons and Sclater, 1977; Lister,
1975], almost twice the observed value.) Site
453, which 1s covered with 450 m of sediment, is
located just below the hill upon which core 1 was
taken. Diagenetic reactions within the sediment
column cause the Ca values in the upper part of
the section at site 453 to increase uniformly at
the rate of 0.13 mM 11 m-1 [Gieskes and Johnson,
1982]. The rate of calcium increase with depth in
core 1 is 0.67 mM 1-1 m-1, about 5 times higher.
from this evidence alone, one might attribute this
difference in gradient solely to the difference in
sediment thickness between the two sites, which is
also a factor of 5. However, in the lower part of
hole 453, the concentrations of Ca and Mg begin to
decrease. Near the sediment-basement contact, the
concentrations of Ca and Mg again approach seawater
values. These observations strongly suggest that
the calcium anomalies are a result of reactions
occurring within the sediment.

The heat flow at site 453 is 102 mW m—2[Uyeda
and Horai, 1982], also about half the theoretical
value. These low heat flow values indicate that
some convective heat exchange is still occurring
in this area, althdough not necessarily in the im-
mediate vicinity of site 453 or the cores.

Core 2 was taken from a hill immediately to the
west of site 453, Heat flow measurements on this
hill were highly variable, with many other nonlin-
ear profiles [Anderson et al., 1982]. Core 2 has

no pore water data but is of interest because of
its location and because it is the most visibly al-
tered of all the cores. Core 2 has a high clay
content, shown by its high porosity and low sand-
sized fraction. It also has the slowest sedimenta-
tion rate. These observations support the idea
that large amounts of alteration and low sedimenta-
tion rates are connected. The nearest heat flow
observations along the strike of the topography (28
and 34 mW m‘2, figure 4) are both nonlinear, sug-
gesting that the high-alteration and low-sedimenta-
tion rate at this core are connected with sedimen-
tary pore water circulation.

Advection in the Vicinity of DSDP Site 454

Core 4 is located just west of site 454, on
the side of a hill. Site 454, with a sediment
thickness of 67 m, had no pore water gradients
[Gieskes and Johnson, 1982]. The theoretical
heat flow for 1.3-m.y.-0ld crust is 440 mW m'z,
much higher than the observed heat flow. The low
heat flow and lack of chemical gradients suggest
downward pore water advection is occurring in the
sediment pond containing site 454. Core 4 has
pore water calcium values that are significantly
above seawater composition, when corrected for
squeezing artifacts (Table 2). Calcium values
are consistently higher than seawater values
throughout the core rather than varying with
depth. We interpret these high calcium values
as due to upward advection of hydrothermal wa-
ters. The average silica values for core 4 are
not as high as in core 1 but average significant-
ly above the average silica in cores 5, 7, and 8.
Cores 5, 7, and 8 all have pore water Ca of sea-
water composition, so even with squeezing arti-
facts, relative enrichment of both calcium and
silica occurs in the pore water of core 4. Both
silica and calcium in core 4 are high and rela-
tively constant with depth (Figure 3b), a result
consistent with upward water advection of hydro-
thermal water. Support for this interpretation
is gained from the two nearest thermal measure-
ments, less than 400 m away (Figure 5). The heat
flow values are 61 and 101 nW m‘2, measured from
nonlinear temperature profiles that indicate wa-
ter upwelling at velocities of 2x107° and
3x10-6 cm s~! [Anderson et al., 1982].

Downward Advection Near the Trough

Piston cores 5, 7, and 8 are all close to the
spreading center (Figure 1). The pore water cal-
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Fig. 3a. Composition of pore water in M 17! with increasing depth subbottom. Dotted
lines at the base of piston core 7 and pilston core 5 represent the sediment-basement
interface. Arrows give composition of seawater for each element.

cium for all three cores is indistinguishable

from that of seawater (Table 2). The silica val-
ues are higher than seawater, even when squeez-
ing artifacts are taken into account. However,
the average silica values for all three cores are
within the standard deviations for individual
cores and are consistently lower than for cores 1
and 4. Seawater values of pore water Ca are some-
times interpreted as the result of low organic

matter contents within the sediment rather than
as a result of advection. Most of the organic
matter in deep-sea sediments comes from the cal-
careous and siliceous test of marine organisms.
Siliceous tests make up approximately 4% of the
surface sediments, and carbonate tests average
about 2% of the sediments. In most areas of the
ocean, carbonate is the major biogenic component
of the sediment and thus the major source of or-
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ganic carbon. The fact that the organic carbon
content of deep-sea cores is related to carbonate
preservation is shown by the tracking of the frac-
tions of organic carbon and carbonate in the cores
described by Heath et al. [1977]. When the sedi-
ment 1s deposited in deep water undersaturated in
carbonate ion, much of the organic carbon is re-
moved in the water column or at the sediment-water
interface. Little organic matter is left to be
incorporated into the sediment. Nevertheless, the
calcium anomaly at site 453 indicates that some
organic matter- remains even at the rather deep
depth of 4693 m. As long as water advection is
not present, any core in shallower water should
also have pore water anomalies due to organic mat-
ter degradation, The seawater calcium values in
the shallower water cores 5 and 8 are therefore
evidence for water advection. Core 7 is not sub-
stantially deeper than site 453, so that its cal-
cium value (also seawater composition) is also
likely due to water advection. The direction of
advection is most likely downward, although sea-
water calcium values are sometimes reported in up-
welling locations (M. Bender, personal communica-
tion, 1980).

Physical Property Measurements
Consolidation tests were performed to determine
the maximum depth of burial of samples from the

cores. This test estimates the maximim past over-
burden pressure by loading the sample in the lab-

l MARA 4 -CORE 4

Mn, .M ‘ Si, mM
o_5 10 2 3 4 5 6
T T T Ll L] T
a
g .
£m
[~% ® a
[ 1]
o«
0, &
©
»
~
©
Li.,.M Ca, ImM Mg, mM
25 3|° SI 10 12 1»5 5:0 55
T
+ . .
EF . .
£l
5 P . .
Q
Q<
nn-+ - -
-+ . N -
Fig. 3b. Composition of pore water with increas-

ing depth subbottom for core 4. Arrows give the
composition of seawater for each element.
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TABLE 2. Physical Property Data for Cores
Core Depth, Permeabi%ity, Porosity, Weight %
cm cm 8™ 7 > 38 u
1 13 3x10': 82 38
105 2x10~ 77 34
207 1x10_: 75 29
308 1x10™ 54
2 70 3x10-: 83 15
173 2x107, 83 18
285 1x10”; 71
376 4x10~ 85 4
& 57 3x10_: 74 54
183 2x10”, 75 29
230 2x10”, 79 34
331 1x107 74 31
430 2x107 . 74 36
506 2x107 79 29
590 1x10”, 80 23
732 9x10”, 72 36
822 1x10~ 76 34
5 69 5x107; 74
105 1x10” 72
219 9x10~ 70
7 312 5x10': 76 34
413 2x10” 75 34
8 46 7x10_: 81 21
115 2x10” 79 16
196 7x10” 82 16

oratory and measuring the resulting strain or
change in void ratio. A sample deforms very slow-
ly when loaded to stresses smaller than those it
experienced in situ. When the load becomes great-
er than this value, the sample deforms more rapid-
ly. The maximum past overburden stress is there-
fore at a shoulder in a strain versus applied load
curve. Consolidation tests upon two samples from
core 5 both indicated overconsolidation, as often
occurs in samples taken a few meters below the
sediment-water interface (Figure 6). Such appa-
rent overconsolidation can be caused by erosion,
by cementation, or by errors in determining the
depth of the sample. Since this was a gravity
core, the uppermost sediment was recovered, and
errors in depth can be eliminated. (To support
this conclusion, we compare in Figure 7 the carbo-
nate stratigraphy of this core with core 4. Al-
though the sedimentation rates are different, the
ratios of depths to different horizons are equal,
indicating that no sediment was lost from the top
of core 5.) Erosion is more difficult to elimi-
nate, since the low carbonate contents make age
dating difficult. The peaks in carbonate content
in cores 4 and 5 correspond when plotted against
sample age. These ages were independently deter-
mined from local sediment thickness and basement
age. The manganese content of core 5 also ap-
pears quite evenly distributed. This evidence
suggests that no unconformities are present. Ce-
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mentation and downward water movement are there-
fore the two most probable causes of the overcon-
solidation of core 5.

The rate of downward pore water advection need-
ed to cause a given amount of overconsclidation is
dependent upon the hydraulic conductivity (perme-
ability) of the sediment and upon the buoyant

weight of the sediment column.

Consolidation

tests indicated that a sample from a depth of x of
219 cm in core 5 had a maximum past overburden

pressure Ox

of 125 to 300 g cm~3. The average

et al.: Water Advection in Mariana Trough

Sediment

of the sediment is estimated to
be 0.44 g cm-3, so that the overburden pressure
due to the buoyant weiéht of the sediment is esti-
mated to be 96.4 g cm™4.

The range of pressure gradients Vh can be calcu-
lated from the range of total overburden pressures,
the density of water, and the buoyant density of
the sediment:

buoyant density pyp

0 = ppx + Vhp x

A range of pressure from 125 to 300 m of water
vields pressure gradients from 0.13 to 0.90 m of
water per meter. If we assume that the permeabili-
ty K of the sediment is 4x107° cm s~1 then the
range of advection velocities, as calculated from
Darcy's law is from 5.2x10~7 to 3.6x10-6 cm s—1,
Although we cannot eliminate cementation as a
possible cause of the overconsolidation in core 5,
the velocities estimated under this assumption
are in general agreement with other measurements
from the same region. Thermal measurements give
advection velocities of about 1x107° to

6x10~6 cm s‘l, with one value of 1x1073 cm s~1.

Our permeability measurements upon Marianas
sediments, both backpressured and nonbackpressured,
indicate that the permeabilities (hydraulic condug—
tivities) of the surface sediments range from 10™
to 1072 cm s~+ (Figure 8, Table 3). The highest
water velocities (as inferred from thermal mea-
surements) are also about 1073 to 10-6 cm s'l, im-
plying that local pressure gradients in excess of

25" 144°30'E 3s' .
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Fig. 5. Heat flow measurements in mW m=?
[after Anderson et al., 1982].
is 250 =W m—2.

Horai, 1982]. Contour interval is 200 m.

144°30'E

in the vicinity of core 4 and DSDP site 454
The theoretical heat flow for this age o%eanic crust
The heat flow measured during the DSDP leg was 22 mW m~ [Uyeda and
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1 m of water per meter may occur, Such high-pres-
sure gradients could occur locally in regions of
downwelling water but would result in sediment
slides in regilons of upwelling water.

The importance of water circulation in the sedi-
ments 1s determined, in part, by the contrast in
permeability between basalt and the sediment. Per-
meabilities of crystalline rocks are_fracture con-
trolled with in situ values from 10~7 to
10=5 em s-1 [Brace, 1980]. Deep-sea basalts have
permeabilities in the higher part of this range
[Brace, 1980; Anderson and Zoback, 1982]. Since
the permeability of the upper sediments is as high
as that of the basalt, a thin layer of sediment
will have no more effect upon water circulation
than the basalt itself.

One of the consolidation tests was accompanied
by permeability measurements, which permit the es-
timation of the change in permeability caused by
mechanical loading (Figure 8). If the permeabili-
ty in the lower part of the sediment column is con-
trolled by mechanical effects, then we can use
these tests to estimate the permeability in the
deeply buried sediments. We can then model the
change in variability of the thermal measurements
caused by increasing sediment thickness. We assume
that (1) most (but not all) of the variability of
the heat flow in young oceanic areas is caused by
making measurements in sediments affected by water
advection within them, (2) excess pore pressure in
the basalt drives the water movement in the sedi-
ments, and (3) excess pore pressures in the basalt
are not changed by increasing sediment thickness.

Using nonlinear thermal measurements as a
guide [Anderson et al., 1982], we assume a max-
imum water velocity of 5x10~6 cm s™! in a sedi-
ment column 20 m thick. The average pressure
gradient is assumed to decrease by a factor of
2 every time the sediment thickness doubles.

The permeability of the basal sediment changes
with increasing overburden pressure at the same
rate as the sample from the consolidation test
(Figure 6). The maximum water velocities for
different sediment thicknesses and the resulting
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Fig. 6. Consolidation test results from core 5.

Circles are from the test of a sample 105-cm sub-~
bottom. Triangles are the results for a sample
from 219-cm subbottom. The upward pointing arrow
shows the pressure at 219 cm due to the buoyant
weight of the overlying sediment. The downward
pointing arrow shows the minimum overburden pres-
sure inferred from the consolidation test.
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Fig. 7. Carbonate content for core 4 (right) and

core 5 (left). Note that the ratios of depths of
major stratigraphic horizons (arrows) are equal
between cores, indicating that the top of the
cores were properly recovered. The overconsolida-
tion of core 5 (see text) cannot be due to errors
in determining sample depth.

maximum variability in measured thermal gradients
are given in Table 4. The maximum local pressure
gradients are determined by the least permeable
samples. Removal of sediment by sliding (due to
local gradients >1) is predicted for areas with
less than 40 m of sediment and rapid upwelling.

Some of the heat flow measurements from the
Marianas were made over oceanic crust with a re-
latively small age range. Using profiler and
3.5-kHz precision depth records, the sediment
thickness at each thermal measurement site can
be estimated. The theoretical heat flow from
crust of this age (1.24 to 3.2 m.y.) ranges from
280 to 459 mW m~2. The actual range in heat flow
is from 22 to 2084 mW m‘2, far higher than any
variation predicted by the range of ages. The
maximum variability in heat flow predicted by
topographically driven hydrothermal circulation
in the basalt alone is a factor of 13 [Gartling
and Anderson, 1982]. Age differences and topo-
graphic effects together are still not sufficient
to explain the 2 orders of magnitude variation in
the measured heat flow. Using an average heat
flow of 200 mW m‘2, we have determined the esti-
mated maximum variability of heat flow with in-
creasing sediment thickness from our model (Fig-
ure 9). We plot the maximum variability predict-
ed from our model with all the heat flow measure-
ments from 1.2 to 3.2 m.y. crust in the Marianas.
Eighty-seven percent of the heat flow measure-
ments lie within the bounds predicted by this
simple model. The remainder of heat flow varia-
bility is small enough to result from topographic
effects.

The fact that most of the heatflow variability
in this area of young oceanic crust must be due
to water circulation within the sediment column
has important implications. Lawrence and Gieskes
[1981] estimated that water advection continues in
the basalt until subduction on the basis of oxygen
isotope data. If so, excess pore pressures will
also persist in the basalt. Evidence that such ex-
cess pore pressures do continue to exist even in
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Fig. 8. Change of permeability caused by the in-
creasing weight of overlying sediments (for lines
A and B). Circles on line A are the results from
a consoldiation-permeability test on a sample
from 105-cm depth in core 5. The circles on line
C are consolidation-permeability results for a
sample from the central Pacific [Nickerson, 1975].
The two lines at B are extrapolated permeability
changes with increasing sediment thickness for
the least permeable Marianas sample.

areas with heat flow equal to the theoretical val-
ue is the underpressure (2% below hydrostatic)
measured in the basalt of the Galapagos beneath a
sediment column 275 m thick [Anderson and Zoback,

Abbott et al.: Water Advection in Mariana Trough Sediment

the sediment column predicts that increasing sedi-
ment thickness damps water circulation in the sedi-
ments, with no need for any reduction in the driv-
ing force behind the water movement. f the ex-
cess pore pressure in the basalt exists, water cir-
culation in the sediments may continue in locations
with thin sediment cover even in the oldest oceanic
crust. The extent of water circulation in the re-
gions with thin sediment cover can be comstrained
by calculating the amount of contact with bottom
water that can be tolerated without reducing the
heat flow below theoretical. Unfortunately, we do
not have sufficient information to make this calcu-
lation. Another important consideration is the ex-
tent to which diagenesis rather than compaction
changes the permeability of the basal sediment.
However, even without this data we can derive in-
formation about the sediment thickness necessary to
impede water circulation in the sediment.

Sealing Thickness From Pore Water Data

If all chemical gradients are assumed to result
from reactions in the basalt, with the sediments
acting as a passive boundary layer, then water ad-
vection rates higher than about 108 cm s~1 will
cause uniform pore water compositions except in
the vicinity of the sediment-water interface (up-
welling water) or sediment-basement interface
(downwelling water [Bredehoeft and Papadopulos,
1965]. However, if reactions between the pore wa-
ter and the sediments occur, then the advection
rates needed to cause uniform pore water composi-
tions will be at least an order of magnitude high-
er,

As we discussed earlier, the anomalies in pore

1982]. Our simple model of water circulation in water Ca, Mg, Li, and Sr at DSDP sites 453, 458,
TABLE 3. Pore Water Data Uncorrected for Squeezing Artifacts
Core Depth Center
Range Depth Mn, Li, si, Ca, Mg,
cm em  w17' o ow1t! o owM1t! mM 17! omM1T?
cl 70/78 75 3.1 25.2 607 10.86 48.9
135 135 6.6 26.4 530 11.28 48.6
239 239 9.4 27.0 578 12.05 48.2
280/290 285 10.9 31.9 562 12.33 49.6
[}
C4 67/77 72 0 25.2 562 10.55 51.4
227/238 232 0 25.2 546 10.49 50.5
329/335 332 2.8 26.4 534 10.66 50.9
513/519 516 0 27.0 490 10.07 49.3
654/660 657 0 27.6 524 10.44 49.7
812/818 815 0 27.6 464 10.44 51.6
Cc5 00/06 3 0 27.0 323 10.09 49.4
159/169 163 3.6 27.6 420 9.87 48.9
280/290 285 12.2 445 11.07 47.8
c7 410/416 413 0 27.6 316 10.44 51.3
511/518 515 0 27.0 309 10.05 49.8
c8 42/48 45 0 29.0 10.22 51.2
112/118 115 0 30.2 320 10.13 50.0
192/198 195 0 30.9 368 10.23 51.0
Seawater 0 26.8 160 10.46 53.5
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TABLE 4.
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Surface Heat Flow determined From Temperature Gradient at 5-m Depth

for Downwelling Water and 5-cm Depth for Upwelling Water

Maximum Thermal Gradient Heat Flow
Sediment Water
Thickness Velocity, Vp Ug, Vp Down, Maximum, Minimum,
m em s™! K m™ K m~?! oW m~? oW m—2
20 5.0x10™° 4.9 0.034 1000 7
40 1.1x107° 2.5 0.27 480 54
60 7.2x10:7 2.4 0.34 480 68
100 4.0x10 . 2.3 0.35 460 70
200 1.15x107 1.6 0.53 320 106
400 2.5x10~° 1.27 0.77 254 154

Thermal diffusivity = 0.002 cm” s_l,

and 459 appear to be greatest some distance above
the sediment-basement interface and are small near
the basement. This observation, coupled with the
fact that the total magnitude of compositional
changes is greater than the differences from sea-
water in known basaltic pore waters, indicates
that some chemical reactions are occurring within
the sediment column. A sample calculation using
results derived in more detail in the appendix in-
dicates the extent to which even small rates of
reaction in the sediment column increase the ad-
vection rate needed to produce uniform pore water
compositions.

For a dissolution reaction with a linear rate
constant, the equation describing the concentra-
tion with depth is

§(x) =8, exp( -gx)

where § is the difference between the saturation
and the actual concentration, x is depth, and
§ =8(x=0). The constant g is given by

g = [vZ+ 4KE]1/2-V

2K

where E is a constant that contains the dissolu-—
tion rate in the sediment, K is the chemical diffu-~
sion coeffirient, and v is the advection rate.

Both E and K are positive numbers, but v may be
positive or negative in sign. When v is small, the
exponential is convex upward, approaching the sat-
uration concentration at great depths. However,
when v is large and positive (downward advection),
then g is numerically very small, so that the con-
centration will vary almost linearly in the upper
part of the sediment column. Conversely, when v

is negative (upward advection), g is numerically
very large, and the saturation concentration will
be reached at shallow depths.

In the absence of advecting pore water, the con-
stant g can be calculated from the following para-
meters: the area per unit volume of sediment
grains, which for a typical marine sediment is
about 8000 cm'l; the weight fraction of reacting
material, which we assume to be quite small, 1%
since the sediments are diluted with terrigenous
material; the saturation concentration and rate
constant, which in the case of silica are about

Qay = 200 mW m~ 2.

0.6 UM em~3and 4x107° cm? s‘l, and a dissolution
coefficient of about 8.4x10~8 UM cm—2 s~1[Schink
et al., 1975]. A significant advection rate might
be one that doubled the value of the constant g.
For the above parameters, this velocity is
2.7x10-6 cm s™l. This water velocity is higher
than the minimum advection velocity needed to af-
fect heat flow measurements, about 10”8 cm s~1.

A particle of biogenic silica which dissolved
at the rate used in the preceding calculation
would have an average residence time in the sedi-
ment of about 30 years [Schink et al., 1975].

More geologically significant would be particles
with residence times of a few hundred thousand to
millions of years. Such a particle would require
a dissolution rate constant orders of magnitude
lower. For instance, if in the above calculation
the rate constant is reduced by 4 orders of magni-
tude, the doubling velocity is lowered to

2.7x1078 cm s~1. If the dissolving species made
up more than 1% of the sediment, then the doublin
velocity might be higher, as high as 3x10~7 cm s—I.

The water velocity necessary to affect chemical
gradients in sediments acting as a passive boundary
layer would be about 109 cm s~! in sediments tens
of meters thick and 10710 cm s~1 in sediment hun-
dreds of meters thick. The advection velocities
needed to completely remove the gradients would be
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Heat flow in mW m-2 [after Anderson et
al., 1982] versus sediment thickness in meters for
the oceanic crust near site 454 and just west of

o
- 50

Fig. 9.

site 454 in the Marianas. The black bounding
lines are the maximum and minimum values of heat
flow that should result from water advection
through the sediments. As sediment thickness in-
creases, decreasing permeability and pressure gra-
dients reduce the maximum variability in the heat
flow.
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about an order of magnitude higher than these val-
ues. The result of our calculations indicate that
even very slow chemical reactions can change the
estimate of advection velocity by at least an order
of magnitude. If this is true, then the range of
water velocities needed to produce nonlinear ther-
mal profiles and to_erase chemical gradients are
about the same (107/ cm s'l). In the case of rapid
reactions, thermal measurements may even be affect-
ed at lower advection rates than those needed to
change significantly pore water compositions.

Advection in Thick Sediments

The only core with pore water chemistry that
indicated advection too slow to remove chemical
gradients was core 1. The gradient of Ca in this
core was 0.66 mM m~1, much higher than the average
calcium gradients at DSDP sites 453, 458, and 459,
which ranged from 0.1 to 0.15 mM m'i. If the sedi-
ments are acting as a passive boundary layer near
core 1, then the upward advection rate needed to
produce this increase in surface chemical gradient
is quite slow. However, if reactions are occur-
ring within the sediments, then upward advection
rates would need to be much higher to produce the
same response. We cannot estimate the advection
rate because we do not know how fast Ca is added
to the pore water. Our other gravity cores were
from locations with less than 40 m of sediment, so
that the lack of chemcial gradients is not surpris-
ing. DSDP data from the Marianas show chemical
gradients in Ca and Mg at sites 453 and 456 with
respective sediment thicknesses of 67 and 140 m.
Sites 454 and 456A, with sediment thicknesses of
67 and 120 m, lacked chemical gradients in Ca and
Mg [Gieskes and Johnson, 1982]. The sediment
thicknesses necessary to cause advection to slow
sufficiently for chemical gradients in Ca and Mg
to form would therefore appear to be in the range
of 100 to 120 m in the Mariana Trough.

Heat Flow and Sealing Thickness

The maximum sediment thickness at any location
in the Marianas with a nonlinear thermal profile
is about 100 m. The sediment thickness at which
the local variability in heat flow is small enough
to result from topographic effects is around 120 m
(Figure 8). The heat flow at DSDP site 456 is
twice the heat flow at site 456A [Uyeda and Horai,
1982]. If this difference is due to downward wa-
ter advection in the sediments at site 456A, then
these data are consistent with the lack of chemi-
cal gradients in Ca and Mg at site 456A and the
presence of chemical gradients at site 456, The
fastest water velocity that could erase the chemi-
cal gradients at site 456A and that also fits the
passive boundary layer model is 3x107° cm s—1.

The slowest water velocity that would produce the
observed difference in heat flow between the two
sites is about 3x10~7 em s~1l. Although some of
the difference in heat flow between the two sites
can be attributed to a change in the basement tem-
perature, the 200 m distance between the two drill
sites suggests that little of the anomaly could be
due to difference in basement temperature. Pore
water and thermal data from sites 456 and 456A
would be inconsistent unless some chemical reac-
tions are occurring in the sediment column.

Thermal and chemical data together suggest that
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water circulation in the sediments is definitely
present in locations with less than 100 m of sedi-
ment in the Marianas. These sediments are largely
composed of volcanic glass and are fine grained
and prone to alteration. The results from model-
ing thermal and physical property measurements im-
ply that thermally significant water advection may
continue in sediments up to 100 m thick. The
thermal indications of advection in the thick
sediments are difficult to reconcile with pore wa-
ter data if the sediments do indeed act only as a
passive boundary layer. Calculations indicate
that even very slow chemical reactions may in-
crease advection velocities needed to affect ther-
mal measurements. These results indicate that a
sediment thickness of 100 to 120 m is a conserva-
tive estimate of the thickness needed to seal
thermally and chemically the hydrothermal systems
in the Mariana Trough.

Water Circulation and Carbonate Dissolution

We have developed a mathematical model of the
effects of water advection in the sediment column
upon the dissolution of calcium carbonate (see the
appendix).

Our model ignores the effects of biogenic acti-
vity upon dissolution. We have considered the
homogenizing effect of biologic activity upon the
upper 10 cm of sediment, but we find that it does
not greatly affect our results.

The major factors that affect carbonate dissolu-
tion are the degree of undersaturation of the pore
water with respect to carbonate ion, the amount of
exposed surface area of the carbonate fraction of
the sediment, the rate of dissolution of carbonate
for a given undersaturation, and the extent of
transport of carbonate ion by advection and diffu-
sion. We will examine the effects of the first
three factors for the case where only diffusion is
important and then consider the effect of advection
upon the system.

The rate of dissolution of carbonate is a power
function of the carbonate undersaturation of the
surrounding water. The exponent of the power func-
tion is suggested by the results of Morse [1978] to
be about 5 and by that of Takahashi and Honjo [1982]
to be between 3 and 4.

Since the exponent of the dissolution function is
poorly known, we examine how different exponents af-
fect the depth range over which dissolution oc-
curs (Figure 10a, Table 5). We describe the a-
mount of dissolution by the'cumulative dissolu-
tion,' that is, the amount of carbonate dissolved
from the sediment column per unit time between the
sediment-water interface and a given depth. In
these calculations we have chosen the other para-
meters so that the cumulative dissolution at very
great (infinite) depth is the same regardless of
exponent. The larger exponents can then be seen
to have the effect of concentrating the dissolu-
tion at the top of the sediment column.

The amount of dissolution is also influenced by
the degree of undersaturation of the bottom water
with respect to carbonate. This effect is evident
in calculations shown in Figure 1la (Table 5) where
we have used the dissolution function of Morse
[1978]. As the undersaturation of the bottom water
increases, the subbottom depth where half the dis-
solution has occurred moves from about 1 cm to less
than 1/2 em. This is a conservative estimate,
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since the instantaneous dissolution does not take
into account the decreasing sedimentation rate in
the upper few centimeters of sediment that is the
direct result of dissolution. We will discuss the
effects of this volume loss of carbonate upon total
dissolution later.

The available surface area of carbonate per unit
volume of sediment is the third major variable af-
fecting dissolution. The available surface area
per unit volume of carbonate is largely a function
of the grain size distribution of the sediment.
Most of the available area is concentrated in the
smallest particles. We assume that the maximum
available surface area is the surface area measured
by Morse [1978] for an Indian Ocean sediment which
had an unusually large fraction of fine carbonate
particles. Morse [1978] also measured the surface
area for the >63y fraction of the sediment and
found it to be about 10 times the surface area of
solid calcite spheres with the same diameter. We
assume that the surface area of the whole sediment
is also ten times that of the equivalent calcite
spheres. A sediment with a grain size distribution
that would produce the surface area measured by
Morse [1978] would be about 30% coccoliths [Honjo,
1977]. We assume that the grain size distribution
of the carbonate fraction of the sediment is nor-
mally distributed in ¢ = 1ln,d, where d is the dia-
meter. A normal distribution of sizes is close to
some actual distributions, although in some cases
a bimodal normal curve might be more appropriate
[Theide, 1977].

For low cumulative distributions, the grain size
distribution of the carbonate will remain fixed.
However, at some critical undersaturation a signi-
ficant fraction of the surface sediment will dis-
solve before it is buried. The dissolution of the
carbonate should be preferentially concentrated in
the smallest particle sizes since these particles
have the greatest surface area to volume ratio.
Most of the dissolution will occur on the bottom
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Fig. 10a. Cumulative dissolution D of carbonate

ions as a function of depth in the sediment column
for several different dissolution functions. Car-
bonate transport is by diffusion only, since the
advection velocity 1s zero. The dissolution func-
tions have exponents p equal to 1.1-4.835. The
higher end of this range is most representative of
experimental results. The coefficient a of the
dissolution function has been chosen so that the
cumulative dissolution at infinity for all five
cases is the same. Note that the dissolution be-
comes concentrated near the surface as the expo-
nent increases. See Table 5 for a list of para-
meters used in calculatioms.
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Fig. 10b. Cumulative dissolution D of carbonate

ions as a function of depth in the sediment col~
umn for several different dissolution functions.
Carbonate transport is mainly by advection, since
the advection velocity is 5.0x10~6 cm s-1. The
dissolution functions have exponents equal to 1.1-
4,885, The higher end of this range is most rep-
resentative of experimental results. The coef-
ficient a of the dissolution function has been
chosen to be the same as in Figure 10a. Note

that significant dissolution occurs at correspond-
ingly greater depths as the exponent 1s increas-
ed. See Table 5 for 1ist of parameters used in
calculations.

rather than in the water column [Honjo, 1977]. The
grain size distribution of the carbonate fraction
of the subsurface sediment should be a direct re-
flection of the undersaturation of the bottom water.
Biologic productivity and burial rate by noncarbo-
nate debris will affect the residence time of the
particle at the sediment-water interface.

Uncertainties about the surface area of the car-
bonate fraction of the sediments and the actual
form of the dissolution function are the major lim-
itations of our model. Predictions of increased or
decreased dissolution due to different effects are
certainly correct, but we are unable to predict the
absolute carbonate percentage for a given location.

Another important variable affecting dissolution
rates is the amount of dilution of siliceous and
carbonate material by terrigenous debris. We as-
sume that bilologic productivity for a given small
area 1s constant and that only the dilution of car-
bonate by other materials contributes to changes in
the initial carbonate content of the sediment. This
increased dilution decreases the time that a par-
ticle spends near the surface of the sediment. Fig-
ure 12a (Table 6) shows the effect of differing res-
idence times near the surface for different initial
dilutions. The total dissolution is not changed
much by initial dilution, with the final carbonate
contents of the sediment varying from 0.96 to 8.6%
from initial values of 1 to 10%. This range of ini-
tial carbonate content is typical of the Marianas
area. Knowledge of the total sedimentation rate
is important in determining if the carbonate con-
tent of the sediment is low.

The effect of water advection upon carbonate
dissolution is shown in Figures 10b, 11b, 12b, and
13. Water advection changes the size of the region
of the sediment in which most of the dissolution
occurs from about 2 cm to more than 10 cm from down-
ward advection. Conversely, upward advecting
saturated water will decrease the thickness of
the zone in which carbonate dissolution occurs.
Since the zone of bioturbation is estimated to be
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TABLE 5. Parameters Used in Model Calculations in Figures 10 and 11
Variable Figure 10a Figure 10b Figure 1lla Figure 11b

Surface 0.01 0.8 0.8 0.8
porosity n,

Surface 0.01 0.01 0.01 0.01
carbonate
fract f0

Area A, 8000 8000 8000 8000
cm™?

Surface 1.295x10"°  1.295x10~° 6.168x10"" 6.168x10™"
[COS] _ to to
8, mg cm 1.295x10°° 1.295x10~°

Saturation 6.26x10"° 6.26x10"° 5.71x10"° 5.71x10™°
concentration CS to to
mg cm™ 6.26x10~° 6.26x10_°

Dissolution 2.30x10™° 2.30x10"° 2.30x107° 2.30x10 °
fraction constant to to
a, mg em 2 s~ 2.11x10"° 2.11x107*°

Dissolution 1.1 1.1 4.885 4,885
function exp p to to

4,885 4.885

Advection 0.0 0.0 5x107¢ 5%x10°°
velocity
Vp, cm 8~

CaCOgq 2650 2650 2650 2650
density
Pg, mg m- -9 -9 -9 -9

Surface 3.98x10 3.98x10 3.98x10 3.98x10
sedimentation rate
Vg, cm s~ _ _

Diffusion 2x10” ¢ 2x10° ° 2x10 ¢ 2x10" ©
coefficient
K, em“ s~

4 to 10 em thick, upward water advection or no
advection will have no effect upon the sharpness
of carbonate fluctuations produced by changes in

climate. Conversely, rapid downward advection in
the range from 1x10-6 to 5x10~6 cm s~1 could af-
60x107°_
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Fig. 1la. Cumulative dissolution D of carbonate

ion as a function of depth in the sediment column
for several different water depths. Carbonate
transport is due entirely to diffusion, since the
advection velocity is taken to be zero. In any
given region of the ocean the saturation concen-
tration and degree of undersaturation of the bot-
tom water will vary with the water depth [Taka-
hashi et al., 1980]. These parameters have been
chosen tg model the dissolution if the sediment-
water interface is located at the given depths.
Note that the amount of dissolution increases as
the water depth increases. See Table 5 for list
of parameters used in calculations.

fect not only the carbonate preservation in the
climatic signal but also upon the relative sharp-
ness of the high carbonate peaks. The range of
water velocities observed in the Marianas could

_ cause increases or decreases in the rate of car-

6 Ox107°—
TNm L water depth, m
E 30m0 5000
(=
€ L 4700
a
4400
oo 1 ! 1 [
o |1 2 3 4 5
depth, cm
Fig. 11b. Cumulative dissolution D of carbonate

ion as a function of depth in the sediment column
for several different water depths. Carbonate
transport is mainly by advection, since the advec-
tion velocity is 5.0x106 em s~ 1Im any given
region of the ocean the saturation concentration
and degree of undersaturation of the bottom water
will vary with depth [Takahashi et al., 1980].
These parameters have been chosen to model the
dissolution if the sediment-water interface is lo-
cated at the given depths. See Table 5 for list
of parameters used in calculations.
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TABLE 6. Parameters Used in Model Calculations in Figures 12 and 13
Variable Figure 12a Figure 12b Figure 13a Figure 13b
Surface 0.8 0.8 0.8 0.8

porosity n,

Surface 0.01 0.01 0.01 0.01
carbonate to to to to
fract f° 0.1 0.1

Area ?, 8000 8000 8000 8000
cm

Surface 6.168x10 " 6.168x10™" 1.295x10 3 1.295x10°
[COS]

§ ,mg cm”

Saturation 5.71x10™° 5.71x10~? 6.26x10"° 6.26x10™°
concensration Cgs .
mg cm™ -6 -6 -6 -6

Dissolution 2.30x10 2.30x10 1.96x10 1.96x10
function gonstant
a, mg cm- 8~

Dissolution 4,885 4,885 1.0 1.0
function exp p

Advection 0.0 5%10~° -10x10"° -10x10"°%
velocity to to
Vp, cm s~} +10x10~% +10x10™°¢

CaC03 2650 2650 2650 2650
density ]

Pg, mg m™ —-10 -10 -9 -9

Surface 3.98x10 3.98x10 3.98x10 3.98x10
sedimentation rate to to
Vg, cm s~ 3.98x10_° 3.98x107° ] .

Diffusion 2x10~ 2x10™ 2x10™ 2x10”
coefficient
K, cm s-!

bonate dissolution of a factor of 5 (Figure 13a,
Table 6). Evidence that such effects are occur-
ring in the Marianas is the fact that all of the
cores with downward water movement predicted from
pore water and physical property measurements
(cores 5, 7, and 8) have an average carbonate con-

1-00
f
0-0l
0-95
.._O
~
o-90L 0-05
0-10
0-85 I N N B
o | 2 3 4 5
depth, cm
Fig. 12a. Normalized fraction of calcium carbo-

nate £f/f j as a function of depth in the sediment
column for several different surface calcium car-
bonate fractions f£f,. Note that the more calcium
carbonate is initially present in the sediment,
the more quickly calcium carbonate is lost with
depth. Carbonate transport is entirely due to
diffusion, since the advection velocity is taken
to be zero. See Table 6 for list of parameters
used in calculations.

tent of 1% or less. The cores with upward water
movement or no water movement (cores 1 and 4) have
an average carbonate content of 2-4%. Our method
of carbonate analysis 1is accurate to 0.1%, and we
have averaged the carbonate contents for the same
age range in all cores. Although some of the dif-
ferences may be attributed to water depth or dilu-
tion effects, a comparison between cores 4 and 5
is quite convincing. The two cores have nearly

1-00
0-95
f
°
< L 0-0!
090 - 0-05
i 0-10
0-85 i 1 1 1 I
o I 2 3 4 5

depth,cm

Fig. 12b. Normalized fraction of calcium carbo-
nate, f/f, as a function of depth in the sediment
column for several different surface calcium car-
bonate fractions f,. Transport of carbonate is
mainly by advection, since the advection velocity
is 5.0x1076 cm s~l. See Table 6 for list of pa-
ramaters used in calculations for all exponents.
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Fig. 13a. Cumulative dissolution at infinity D«

(in practice about 20 cm) of carbonate ion as a
function of advection velocity vp for a linear
function (p=1). Negative velocities are upward,
while positive velocities are downward. Note
that about 10 times as much carbonate_is disiolv—
ed for a downward velocity of 1.0x107° cm s~

than for an upward advection velocity of

1.0x10~3 cm s~l. See Table 6 for a list of para-

meters used in calculations.

identical sedimentation rates, so dilution effects
should be the same. Core 5 is in 3876 m of water
where the bottom water has about half the under-
saturation which is present at the 4142 m depth of
core 4. The advection rates predicted for both
cores are in the range that is sufficient to af-
fect dissolution. The average carbonate content
of core 4 is about twice that of core 5, despite
the fact that core 4 is in deeper water. We sus-
pect that the high carbonate content of core 4 re-
lative to core 5 can be attributed to downward ad-
vecting water at core 5 and upward advecting water
at core 4.

Upward water advection should not only affect
the preservation of carbonate  at the sediment-wa-
ter interface but should also have effects at the
sediment-~basement interface. Hydrothermal water
from the Galapagos has a low pH and a high COj
content, both of which should cause undersatura-
tion with respect to carbonate. A location with
upwelling water will undergo dissolution of carbo-
nate at the sediment-basement interface. Unless
upwelling is extremely rapid, the upward moving
water will eventually become saturated with car-
bonate. This upward moving saturated water will
impede carbonate dissolution at the sediment-wa-
ter interface. For all but the fastest upwelling,
the section will have a carbonate-free basal lay-
er accompanled by a carbonate-rich surface layer.
Sediments with this pattern of carbonate distri-
bution have been observed near the East Pacific
Rise at depths close to the carbonate compensa-
tion depth (CCD) [Sundquist et al., 1977]. The
high carbonate layers are not repeated downcore,
so that this effect 1s not solely climatic. The
thickness of the high carbonate layers is 30 to
65 cm, too great for later bioturbation to mix
this layer into the zone of dissolution.

Conclusions

We have presented evidence from thermal gradi-
ents, pore water compositions, consolidation
tests, and relative carbonate contents that water
is moving through areas of sediment cover less
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Fig. 13b. Cumulative dissolution D of carbonate

ion as a function of depth in the sediment column
for several different advection velocities Vp-
Note that upward advecting water results in omnly
a small amount of dissolution that is concentrat-
ed in a boundary layer near the sediment-water
interface. Downward advecting water results in a
much larger amount of dissolution which is spread
over a larger depth range. See Table 6 for list
of parameters used in calculations.

than 100 m thick in the Mariana Trough. The pro-
portion of the seafloor covered by less than

100 m of sediment is quite substantial, even in
older areas of oceanic crust.

The advection rates needed to affect chemical
gradients may be much higher than previously as-
sumed for two reasons. As shown in our model of
carbonate dissolution, a chemical reaction with a
nonlinear (>1) rate constant which is modeled as
a linear reaction will consistently underestimate
the advection rate needed to cause a given change
in the pore water profiles of that cation. If
chemical reactions are occurring in the sediment
column which produce the same product as a basal-
tic reaction but are not included in calculations
of advection rates, the water advection rate need-
ed to perturb a given chemical profile will also
be underestimated.

Thermal and chemical observations indicate that
water circulation continues in the basalt for tens
of millions of years. If water circulation con-
tinues in the basalt, then excess pore pressures
at the sediment-basement interface should continue
to be high.

Appendix:
A Quantitative Model of Carbonate Dissolution

Our model makes three main assumptions about
the processes governing carbonate dissolution.

1. We assume that the rate of mass dissolution
R of carbonate ion per cubic centimeter of sedi-
ment depends only upon the degree of saturation of
the pore water with respect to cog and the surface
area of carbonate exposed to the pore water. We
can then write

R=A(l-n) £F (A1)

where A is the surface area of carbonate per unit
volume of carbonate, n is the porosity of the sed-
iment, f is the volume fraction of solid particles
that are carbonate, and F is the rate of dissolu-
tion of carbonate per square centimeter of expos-
ed carbonate. The function F depends upon the de-
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gree of saturation and rapidly increases as the
pore water becomes undersaturated with carbonate.
Experimental results [Morse, 1978] show that F has
the functional form

(a2)

where Cy is the saturation concentration of carbo-
nate ion and § = Cg - [CaCO3] describes the degree
of undersaturation of the pore water. The coeffi-
clent a and exponent p are determined by fitting
(A2) to data. Results of Takahashi and Honjo
[1982] suggest that p is between 3 and 4, while
those of Morse [1978] suggest that p is about 5.

2. We assume that the exposed carbonate sur-
face area A can be calculated from a knowledge of
the carbonate grain size distribution of the sedi-
ment and that A is constant with both depth in the
sediment column and time. By this assumption we
ignore the effect the dissolution of the carbonate
has on changing the grain size distribution of the
sediment. This assumption 1s necessary both as a
mathematical simplification and because of the
lack of relevant experimental data. We note that
i1f the sediment contains spherical carbonate grains
of mean size ¢, and standard deviation O, then

(a3)
A=3 exp [L (oln 2)2]
Ty 2

where r  is the radius of a particle of size .
3., We assume that the only two processes that

move carbonate through the sediment are diffusion

and advection and that these two processes act to

move carbonate in only the vertical direction.

The nonlinear differential equation that describes

the dissolution of carbonate is then

a% v 48 (A4)

dx2

+ ASl-n)fa[Q_]p

K dx K Cq

where x is the depth subbottom, K is the diffusion
coefficient, and v is the volume flux of the pore

water (positive downward). Note that v equals the
pore water velocity v_ multiplied by the porosity

n. We shall sometimeg use the abbreviation

E = A(1-n)f aC."P.

We study carbonate dissoution by solving (A4)
with the boundary conditions that the surface de-
gree of undersaturation §, is equal to that of the
bottom water and that the pore water is completely
saturated at great depth within the sediment.
Equation (A4) appears to have no analytic solution.
However, it can be easily solved by Runga-Kutta
numerical integration. We have found that a use-
ful quantity that can be calculated from the solu-
tion is the cumulative amount of carbonate ion
dissolved out of the sediment column per unit time
from the sediment-water interface down to some
depth x, The cumulative dissolution of carbonate
ion is given by

b'e
D(x) = [ R(x) dx (A5)
o
Since the dissolution rapidly decreases with depth,
the total cumulative dissolution Do = D(¥x+w) is a
constant.
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We can use these quantities to estimate the
change in carbonate content of the sediment with
depth if we assume that the surface sedimentation
rate Vg is constant over time and that the exposed
surface area of carbonate per unit volume of sedi-
ment does not change greatly even though some of
the carbonate 1is lost through dissolution. Then
the carbonate volume 1(x) lost from a given volume
of sediment with a given depth burial is propor-
tional to the dissolution rate R(x) and the time
spent at that depth. This time is proportional to
the sedimentation rate at that depth
V(x) = Vsu(x)/us. Here u(x)/ug gives the ratio of
sediment volumes between the surface and depth x.
The loss of volume is assumed to be entirely due
to carbonate dissolution. The loss is then
1(x) = mR(x)u(x)p -ly-l(x)dx, where pc 1s the den-
gity of the carbomate grains, and m is the ratio
of gram atomic weights of calcium carbonate to
calcium lon. The total loss down to depth x is
then the integral of 1(x), which can then be re-
lated to the volume fraction f(x) of solid mater-
ial that is carbonate.

£(x) = £, -{[mD(x)1/[pcVs(1-no)1}
1 -{[wd (%) 1/[pcVg (1-np) 1}

(46)

where £ and n are the carbonate fraction and
porosity at the sediment-water interface and

is the density of the carbonate grains. Since the
cumulative dissolution increases with depth, this
formula predicts a decrease of carbonate fraction
with depth. However, if mD(x) > fopch (1-n,), the
equation ylelds an unphysical negative result.
This error results from our assumption that the
dissolution of carbonate is unaffected by the
amount of carbonate left in the sediment. Since
mD(x) represents the amount of carbonate lost from
the sediment per unit time and £ V (1-n ) repre-
sents the amount added per unit time, the inequali-
ty implies that (A6) can be used only when more

carbonate is sedimented than 1is dissolved. The
age T of the sediment is then given by
X
T(x) = vs‘1 ! dx (A7)
o T-TwD(x) /peVg]
and its porosity by
n(x) = %o (A8)

1 - [wD(x)/p.Vs]

Note that since the process of compaction has been
excluded from the model, the porosity actually in-
creases somewhat with depth.

In the special case of p = 1, (A4) has a simple
analytic solution, which serves to illustrate the
way in which diffusion and advection interact. We
find that

§(x) =6, exp(-gx) ; =[v3+ 4KE|1/2- v (A9)
2K
D(x) = B8 [1 - exp(gx)] (A10)

g
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(All)

Do = E6o
g

The function g can be shown to decrease monotoni-
cally with increasing water flux v. Therefore the
cumulative dissolution at infinity decreases as v
is increased. We can show that for small advection
‘rates the cumulative dissolution is approximately
given by

Dw =8 (EK)' 2+ _zl_sov (A12)
while at very high advection rates it is
8oV 3 v >> (ER)1/2
Do = (A13)

0; -v> (ER)!/2

Note that the effect of increasing the advection
rate is only half as strong for small v than it is
at very large positive v.

When either the effect of diffusion or advection
can be ignored (A4) has analytic solutions for all
values of p. When there is no advection, we find

that
1/2
Soexp[-E/K) x] ; p=1
-1
-1
8(x)= 1/2 - (Al4)
p-1}{  2E
| -(p-1)/2 | |2
2 R(p+l) x+8, sp>l
J
|
(
1/2 1/2
(EK)  §,|1l-exp[-(E/K) x]| ; p=o
(A15)
D(x)= 2 1/2
2EK] p—l] 2F
e+ /2 ||| f——
§ - x +
o
lp+l ] 2 } K(p+l)
]—<p+1>/(p—1)]
-(p-1)/2
8 ; p>o
o
(
1/2
§ [EK] s p=1
o
Dm=: 1/2
2EK (A16)
(pt1)/2
60 3 P>l
L pt+l

Water Advection in Mariana Trough Sediment

When there is a sufficiently fast downward advec-
tion of water, diffusion will everywhere be insig-
nificant compared to advection. We then find that

¢

Goexp[—Ex/v] 3 p=1
§(x)= ] 1/(1-p) (a17)
1-p Ex
§ +(p-1) v 3 p>l
o
v8, [1-exp[-Ex/v]| ; p=1
)
D(x)= 1/(1-p) (A18)
) E(p-1)
" 1-p x 3 >l
8o -|6, *
v
Dp=v 8y 3p21 (A19)

When there is an upward advection of water, neither
advection nor diffusion can be ignored. Everywhere
except near the sediment-water interface the pore
water is nearly saturated, and advection dominates.
However, near the sediment-water interface the de-
gree of saturation rapidly changes from close to
saturation to close to the state of the ocean bot-
tom water. In this region the concentration gradi-
ents are very high, and diffusion plays an impor-
tant role. Although we cannot find an analytic so-
Jution for this case, we can derive an approximate
relationship for the cumulative dissolution bv ex-
amining the carbonate transport across the sedi-
ment-water interface. There 1s a net loss of car-
bonate through diffusion equal to KVS8. Since al-
most all the change in concentration occurs in a
thin boundary layer, the gradient can be approxi-
mated by V6~8,/h, where h is the thickness of the
boundary layer. There is also a net gain of car-
bonate by advection equal to §,v, since the pore
water is completely saturated at infinity and has
an unsaturation of 60 when it crosses the sediment-
water interface. The cumulative dissolution is
therefore

( 3

D~ 6lK vl

G
Note that both Do and h are unknown quantities.
However, when the advection velocity is very large,
the cumulative dissolution is effectively zero and
h = K/v.

(A20)
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