presents an obvious dilemma in view
of our present knowledge of the Fe-
Ni-P system and the origin and later
history of the pallasite meteorites.
PETER R. BUSECk
Departments of Geology and Chemistry,
Arizona State University, Tempe 85281
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Potassium Enrichments in Interstitial Waters of

Recent Marine Sediments

Abstract. Potassium enrichments in marine sediments have been reported
which would imply a rate of diffusion of potassium into the oceans much larger
than any of the know rates of addition or removal by other mechanisms. Experi-
ments with mixtures of seawater and clay suggest that spurious enrichments can
be produced if sediment samples are allowed to warm up before the pore water

is expressed.

Potassium ion concentrations in in-
terstitial waters of marine sediments
are reported to be enriched relative
to the overlying seawater (I-3).
Shishkina (I) summarized detailed
analyses of 29 representative cores
from the deep oceans and found that
in the first half meter of sediment K+
is enriched relative to Cl— by 17 percent
in red clays, 12 percent in calcareous
(Globigerina) oozes, and 11 percent
in diatom oozes. These sediment types
characterize 38, 48, and 14 percent,
respectively, of the area of pelagic
ocean floor (4). One may thus infer
a worldwide average potassium enrich-
ment in the first half meter of sedi-
ment of about 14 percent.

An average potassium concentration
gradient of roughly 0.56 percent per
centimeter (taking the average depth
of the first half meter as 25 centi-
meters) bespeaks a very considerable
upward flux of potassium ion due to
simple diffusion. A similar downward
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diffusion flux of chloride ion has been
estimated by Shishkina (5) on the basis
of chloride depletions she has found
in Black Sea sediments. We have not
measured diffusion rates of K+t ion in
mixtures of sediment and seawater, but
related measurements have been made
by others so that a reasonable estimate
is possible. The following factors must
be considered.

1) Diffusion coefficients of electro-
lytes (except Ht) in water at 25°C
fall in the range 1 to 2 X 10—5 cm2/sec
(6). The most mobile major ions in
seawater are K+ and Cl—, having self-
diffusion coefficients and a joint diffu-
sion coefficient in 0.5N electrolyte solu-
tions of about 1.8 X 10—5 cm2/sec, half
again larger than the value for Na+,

2) The obstructive effect of non-
reactive sediment particles on diffusion
rates will depend on size-sorting of
sediments. With a well-washed fine
sand Duursma (7) found a self-diffu-
sion coefficient for Cl— of 5.5 X 10—6

cm?2/sec at 20°C, corresponding (6) to
about 6.0 X 10—6 cm?2/sec at 25°C, or
exactly one-third of the diffusion rate
in bulk solution. In sediments of mixed
sizes the obstructive effect would be
greater. '

3) The cation exchange capacity
of clay minerals in the sediment will,
generally speaking, diminish the rates
of transient diffusion of cations (7),
slightly enhance the rates of steady-
state diffusion of cations, and will not
affect the rates of independent anion
diffusion. During transient diffusion the
cation exchange capacity will slow
down cation spreading rates by buffer-
ing the composition changes even
though the actual solution fluxes are
undiminished. In steady-state diffusion,
by contrast, there are no composition
changes; there are only fluxes, and these
may even be slightly augmented by the
surface mobility of exchangeable ca-
tions bound on clay (8). We are deal-
ing here with a case of steady-state dif-
fusion in which the cation exchange ef-
fects are probably negligible.

Duursma (7) measured Cl— tracer
diffusion in a Mediterranean calcareous-
clay sediment mixed with seawater and
found a diffusion coefficient of 3.5 to
5.5 % 10—% cm2/sec at 20°C. These
measurements involved only the inter-
diffusion of Cl— isotopes. Shishkina
(5), on the other hand, measured the
rate of spreading of sea salt from a
high-salinity sediment core to a low-
salinity core placed in contact with it
and found a diffusion coefficient for
Cl— in Atlantic Ocean cores of 2.4 to
4.3 X 10—¢ cm?2/sec. The diffusion of
Cl— in her experiments, although inde-
pendent of cation exchange, required
the joint diffusion of seawater cations
that are preponderantly slower than
Cl— (6).

The steady-state diffusion rate of K+
in sediments, if mainly compensated by
counterdiffusion of other slower cations,
should be nearly equal to the spreading
rate of Cl— as measured by Shishkina.
The diffusion of K+ can be faster, ap-
proaching the rate of Cl— tractor diffu-
sion, if it is compensated instead by
joint diffussion of Cl—.

4) A steady-state diffusion rate at
2°C, a typical temperature at the ocean
floor, will be roughly half what it would
be in the laboratory at 25°C (6). The
hydrostatic pressure at a typical depth
of 3800 m increases ionic mobilities
about 5 percent (9).

Taking all these factors into account,
we estimate that the diffusion coeffi-
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cient for K* in the top half meter of
marine sediment is not less than 10—¢
cm?/sec. We assume that the K+ dif-
fusion flux from the ocean floor is a
steady-state flux since the time required
to set up a steady state in the first half
meter should not be more than a few
centuries.

Taking the diffusion coefficient (D)
to be 10— cm?2/sec and multiplying by
the concentration gradient (9C/9Z)
of 0.56 percent per centimeter, we find
the upward diffusion flux to be

Kt flux = —D dC/9Z =

0.56 X 10°® C; unit/cm sec™
where C, is the K+ content, per cubic
centimeter, of the overlying seawater
in any convenient unit.

With an average ocean depth of 3800
m (4) the total seawater potassium
overlying . each. square centimeter of
sediment is 3.8 X 10 C, unit/cm2. The
total “refill time” or “residence time”
of potassium in the oceans, relative to
the diffusion flux, may then be calcu-
lated as

Refill time = (total K*)/(input flux)
= 6.8 X 10" seconds

At 7 X 107 seconds per year the refill
time is about 2.2 million years.

This is less than a fourth the resi-
dence time of 10 million years calcu-
lated (/0) on the basis of the net flow
of dissolved potassium into the oceans
from the continents, corrected for at-
mospheric recycling. It is about a third
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Fig. 1. Changes in Na*, Ca*, and K* difference peaks in seawater during successive
washings of a 6.6 percent montmorillonite clay suspension. The peaks are calibrated
in percentages and in milliequivalents per liter.
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the residence time of 6.7 million years
calculated on the basis of gross flow
of river-borne dissolved potassium into
the oceans (11), and about a fifth of
the residence time of 11 million years
calculated on the basis of the removal
of total potassium from the ocean by
sedimentation (/2). Evidently, the po-
tassium input to the ocean by diffusion
flux is five times the estimated rate of
removal by sedimentation, and the com-
bined input of dissolved potassium is
more than six times the estimated rate
of removal of all potassium, leaving
out of account any input of detrital
potassium of fluvial or volcanic ori-
gin. If one can take such budgets
seriously, this one is seriously out of
balance.

If this diffusion flux is real it must
be the dominant mechanism of K+ in-
flux into the ocean. Moreover, if it is
due to weathering of K feldspars (2,
13) or volcanic detrital materials, it im-
plies a complementary rate of potas-
sium ion removal by some other mech-
anism, either working against the ob-
served gradients or localized in as yet
unobserved areas where the gradients
are reversed. The removal of dissolved
potassium is awkward to account for,
even without the complication of a
large diffusional influx (I4). The level
of potassium in the ocean would have
to be largely determined by the com-
petition between the diffusion input and
the unknown removal process, a situa-
tion distinctly different from the chem-
ical equilibrium model of Sillén (see
15).

An alternative is that the potassium
enrichments are produced by some
kind of biological pumping (14). If so,
the diffusion flux we calculate is a con-
sequence of the biological process and
a measure of it rather than an inde-
pendent source of K*.

We first suspected that the accepted
method of squeezing sediment samples
to express interstitial water might in-
troduce artificial enrichments, but pre-
liminary experiments did not support
this. However, we did notice that tem-
perature changes caused pronounced
effects. Since the typical pelagic sedi-
ment sample originates at the ice-cold
sea floor, is brought up through the-
warmer waters near the surface, and is
ultimately squeezed in a still warmer
laboratory, large and systematic tem-
perature changes occur. These may
cause composition changes in the pore
water by shifting its ion exchange equi-
librium with the sediment.
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represent results obtained on cooling; tri-
angles, on warming.

In order to investigate this tempera-
ture effect we washed samples of mont-
morillonite clay (Wyoming bentonite,
John C. Lane tract, Upton, Wyoming)
repeatedly with Sargasso Sea surface
water. After all the samples had been
washed and centrifuged at least ten
times over a period of 8 days, equilib-
rium between clay and seawater was
deemed to have been reached at the
21°C temperature of our controlled-
temperature room. We transferred the
samples to a cold room at 9°C where
they underwent two washings for which
a refrigerated centrifuge was used. Two
more washings at 21°C concluded the
experiment. We analyzed the super-
natant seawater from all washings for
differences in cation composition by
the method of difference chromatog-
raphy described by Mangelsdorf (16)
(Fig. 1).

During the preliminary washings
Nat came off the clay into the water
in successively smaller amounts, while
K* was taken up. With successive
washings the difference peaks tended
to vanish as equilibrium with seawater
was approached (17). When the wash-
ing temperature was changed from 21°
to 9°C, potassium was taken up by the
clay from the seawater. This depletion
of K+ in the seawater increased with
the clay content of the mixture and
amounted to about 3 percent in a 12.9
percent clay mixture. The percentage
changes in Ca** and Na* in the sea-
water were much less in all samples
(I8), with Nat+ going onto the clay
slightly and Ca*+ coming off. When the
warmer washings at 21°C were re-

11 JULY 1969

sumed, all of these changes were re-
versed. The reversal was exact if allow-
ance was made for the incomplete
recovery of the samples from the prior
cooling (19).

If the reciprocal of the percentage
change in K+ is plotted against the
ratio of the weight of water to that
of clay (Fig. 2), we obtain a plot that
would give a straight line if we had an
ideally simple binary system with a
single exchange equilibrium constant
that changed with temperature. The
quality of our data here is such that
a crude straight line fit is adequate
even though our system is surely not
that simple.

Extrapolating this line, we see that
at 50 percent clay content, which might
be typical of a marine sediment, we
could expect an 8 percent potassium
change for the same 12°C temperature
change—the order of 1 percent enrich-
ment for each 1% degrees of tempera-
ture increase.

If marine clays behave similarly, at
least part of the reported K+ enrich-
ments could be due to this effect. So
far as we know, no investigator has
measured the warming of cores before
the pore water was expressed, although
the importance of prompt squeezing
has been emphasized (20). Significant-
ly, one of the effects of delayed squeez-
ing is reported to be additional K+ en-
richment (20).

Although marine clays may well be-
have differently from our montmorillon-
ite samples, if the principal difference
is one of total exchange capacity the
actual effect should still be given by a
point on the line in Fig. 2 corre-
sponding to an equivalent montmoril-
lonite content. There may also be dif-
ferences in exchange characteristics of
different clays. However, we found K+
and Na* to be enriched while Ca++
and Mg*+ were depleted. The percent-
age change was greatest for K+, fol-
lowed by Mgtt, Na*, and Ca*+ in
that order. Since exactly these changes,
in approximately this order (Ca++* de-
pletions are sometimes large) have been
reported by three sets of investigators
(I-3), one is inclined to suspect a sim-
ilar mechanism at work.

We do not mean to suggest that all
cation composition changes so far ob-
served in sediment pore waters are
thermal artifacts. Some effects, includ-
ing 30 percent K+ enrichments we have
found in sediment samples from Buz-
zards Bay (Massachusetts), are too
large to be accounted for in this fash-

ion. Nonetheless, the possible magni-
tude of thermal errors is such that any
diffusion flux calculations, for potas-
sium at least, are uncertain by an
amount greater than all the other known
fluxes into or out of the ocean. Until
this uncertainty is cleared up, the K+
budget of the ocean must remain in
doubt. Apart from the question of
enrichments and diffusion, our experi-
ments also suggest that a significant
minor part of the potassium uptake by
clays entering the ocean occurs as they
descend to depths from the warmer
surface waters.
P. C. MANGELSDORF, JR.*

T. R. S. WILsON
Woods Hole Oceanographic Institution,
Woods Hole, Massachusetts 02543

ELLEN DANIELL
Swarthmore College,
Swarthmore, Pennsylvania 19801
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Abstract. An independent determination of density in the suboceanic litho-
sphere gives 3.5 to 3.6 grams per cubic centimeter at a depth of about 100
kilometers. This high value implies the existence of an ecologitic facies. A mech-
anism is proposed in which eclogite fractionation from the underlying, partially
molten asthenosphere plays a key role in the creation and the spreading of the

rigid, lithospheric plate.

The composition, state, and mechan-
ical properties of the crust and mantle
beneath the sea floor are highly perti-
nent to the mechanism of sea floor
spreading and continental drift and are
key to understanding the origin of basic
and ultrabasic rocks. In this report I
give the first independent determina-
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tion of the density in a portion of the
suboceanic upper mantle. Previously
only relative densities could be inferred
from lateral variations in gravity, or
very approximate indications could be
obtained by using seismic velocities and
empirical or theoretical equations of
state. The latter results were rough
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Fig. 1. Successful density models for the suboceanic upper mantle. Bounds define
range permitted in Monte Carlo selection. Points show density values according to
Clark and Ringwood (I10) for pyrolite and eclogite mantles.
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not only because of the uncertainty in
the seismic velocity distribution below
the very top of the mantle but also
because of the dependency of the equa-
tion of state on composition and tem-
perature.

The following geophysical data have
been inverted to obtain density and
shear velocity models representative of
a section from the sea surface to the
center of the earth: spheroidal oscilla-
tions of the earth S, (S, through (Sss,
152, 153 1555 1S 158 1512 254 256
2S10; toroidal oscillations (I) (T3 to
oT21; Rayleigh wave phase velocities
(2) for predominantly oceanic paths, in
the period range 125 to 325 seconds;
Love wave phase velocity for oceanic
paths (3), period range 80 to 340 sec-
onds; shear velocity distribution in the
lower mantle restricted to a narrow
range below 800 km determined from
apparent shear wave velocities at the
Large Aperture Seismic Array in Mon-
tana and concomitant shear wave travel
times in the range 30° to 100° (4); a
fixed compressional wave velocity dis-
tribution (5); mass and moment of in-
ertia of the earth (6). The uncertainty
in the eigenperiod and dispersion data
was taken to be =+ 0.4 percent, which
should allow for asphericity and ex-
perimental errors (7); the shear wave
travel times were required to fit to
within =+ 5 seconds, which represents
the scatter in the observations.

The surface wave data derived from
oceanic paths primarily provide the re-
solving power for the structure of the
upper mantle under the oceans. These
data merge smoothly into the eigen-
period data at a long period, as would
be expected if gross lateral variations
do not persist below the asthenosphere.
The shear wave data primarily con-
strain the mantle below 800 km. Al-

- though the emphasis in this report is

on the upper mantle, all of the data
must be used to obtain self-consistent
models and absolute rather than relative
values of upper-mantle density. This
procedure allows us to use nearly
homogeneous data where most needed,
that is, in deducing the structure of the
suboceanic upper mantle.

A Monte Carlo procedure was used
to find earth models consistent with the
preceding data. In comparison with that
reported previously (8) the program
can find a larger number of successful
models from among the millions of
randomly generated models. The suc-
cessful models fit a more extensive
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