within a solid planetary body as large as
Io is transported by solid-state con-
vection. The uniform heating rate that
would be necessary to maintain a tem-
perature difference AT across a sol-
id convecting layer of mantle can be
estimated by the relation H =
(0.4)ATkR}*/L%. Here L is the mantle
thickness, k is the thermal conductivity,
and R, is the Rayleigh number
aglPH/2kkv (g, a, k, and v are the gravi-
tational acceleration thermal expansion
coefficient, thermal diffusivity, and kine-
matic viscosity, respectively). This for-
mula is based on both experimental data
(9) and numerical calculations with
spherical geometry (/0). Its application
to problems of planetary heat transfer is
discussed in detail by Schubert er al.
n.

Suppose that, for L = R, (no liquid
core) and AT equal to that necessary for
melting at the center of the satellite, H
was just equal to H,, the mean tidal heat-
ing rate for a solid Io. Then H/H, is ap-
proximately R,/L for all L, since AT and
the other parameters would not vary ap-
preciably with L. Figure 2 shows
H/H, = R,/L. Also plotted in Fig. 2 is
Hy, the mean tidal dissipation rate in the
mantle, also normalized by H,. As the
core radius increases, heating due to
tidal dissipation exceeds by an increas-
ing amount the energy that can be re-
moved by solid-state convection. By com-
parison with the moon, it seems likely
that H/H, < 1for L = R, in which case
the dashed curve in Fig. 2 would lie even
farther below the curve of Hy/H,. Thus,
solid convection cannot prevent the
melting from rapidly spreading through
the rest of the satellite once melting has
occurred at the center.

The result of this runaway melting pro-
cess is a planet with a large molten core
and a solid outer shell, the thickness of
which is limited by conduction of the in-
ternally generated heat to the surface, or
possibly by the onset of nonelastic be-
havior such as fracture. Conduction-lim-
ited runaway would result in a thin shell
indeed. The solid curve in Fig. 2 reaches
an upper limit of 500, which was calcu-
lated by using the shell equations derived
by Peale and Cassen (2). Then for con-
ductive equilibrium of the shell,
H/H, = 2kAT/H\L*. With k = 4 x 10°
erg/cm-sec-K and AT = 1300 K, the
thickness L would be 18 km. The period-
ic component of the tide in this nearly
fluid satellite would have a maximum
amplitude of 100 m.

The implications of the orbital reso-
nances of the inner three Galilean satel-
lites are profound for the thermal state of
Io. These calculations suggest that Io

might currently be the most intensely
heated terrestrial-type body in the solar
system. The surface of the type of body
postulated here has not yet been directly
observed, and although the morphology
of such a surface cannot be predicted in
any detail, one might speculate that
widespread and recurrent surface vol-
canism would occur, leading to exten-
sive differentiation and outgassing (12).
Transient infrared brightening of Io has
recently been observed (/3). Surface
magmatic events might produce such
brightening. The appearance of craters
produced by events of sufficient energy
to penetrate the crust should be different
from those on bodies with thick, solid
mantles. The question of distinguishing
between a solid mantle and a liquid
mantle with a thin crust is important for
the outer icy satellites as well as for Io.
Although this structural model of Io is
analogous to the solid crust-liquid
mantle model proposed for the large icy
satellites (/4), it has recently been shown
that the hypothetical liquid mantle of
these satellites would be solidified by
solid-state convection in the icy crust
(I5). Finally, cosmic elemental abun-
dance ratios, the density of Io, and the
high internal temperatures would imply a
molten iron core with a radius perhaps
one-third that of Io. Therefore, by analo-
gy with Earth, the satellite might have a
magentic field, the interaction of which
with the jovian magnetosphere would be
the source of interesting plasma phenom-

ena. Voyager images of Io may reveal
evidence for a planetary structure and
history dramatically different from any
previously observed.
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Anomalous Bottom Water South of the Grand Banks
Suggests Turbidity Current Activity

Abstract. Highly turbid bottom water at the margin of the Sohm Abyssal Plain was
identified by its temperature, salinity, and oxygen content as originating upslope on
the continental rise. The fact that the particulate concentrations were one to two
orders of magnitude higher than are normally found in deep ocean waters suggests a
turbidity current as the agent bringing this water downslope.

In 1952 Heezen and Ewing (/) showed
that submarine telegraph cables must
have been severed by a massive turbidity
current that developed after the 1929
Grand Banks earthquake rather than as
the result of the direct action of earth
shocks, as had been supposed. Although
it is doubtful that turbid water remains
from that particular event, muddy water
has been photographed at the bottom in
the Sohm Abyssal Plain, presumably
from more recent turbidity current
events in the same region (2).

Near-bottom water samples collected
south of the Grand Banks in 1971 con-
tained an unusually high concentration
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of suspended particulate matter. Many
hundreds of light-scattering profiles have
been obtained in Atlantic Ocean waters,
and the broad-scale horizontal and verti-
cal distribution of particulate matter has
been mapped from these data (3). Our
1971 measurements are truly anomalous
when compared to this overall distribu-
tion, and in light of some recent data col-
lected in the same region @-7) we report
here on our reexamination of the 1971
data.

The bottom waters overlying the west-
ern margins of the North and South At-
lantic basins contain high concentrations
of suspended particulate material. Con-
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centrations of more than 200 ug liter™!
have been measured &, 9), making these
regions among the most highly ‘‘turbid’’
of deep ocean waters (3). At the level of
clearest water, at a depth of about 3000
m in the Atlantic Ocean, the concentra-
tion can be less than 10 ug liter™* 3, 9),
whereas in the turbid waters of the conti-
nental shelves the values may exceed
1000 wg liter~* (0). Johnson and Lons-
dale 4) reported that on the New En-
gland continental rise near Mytilus Sea-
mount their deep-tow camera view of the
ocean floor was completely obscured by
backscatter from suspended particulates
(they did not measure particulate con-
centrations). All but the largest features
normally visible in conventional ocean-
bottom photographs are obscured in wa-
ters containing 200 ug of suspended par-
ticulate matter per liter, and 500 ug li-
ter™! obscures the bottom completely
(11).

At 40°26.2'N, 56°55.8'W (station
Lynch 47-186) in 5200 m of water at the
edge of the Sohm Abyssal Plain (Fig. 1),
near-bottom water samples contained an
unusually high concentration of particu-
late material as measured by a laboratory
turbidimeter (Hach model 2100A). All
samples collected were being analyzed
as an experiment to see if the turbidime-
ter could be used to give a measure of the
distribution of suspended particulates in
deep ocean waters. In a later study in the
North American basin, Biscaye and Eit-
treim (8) calibrated the same model tur-
bidimeter against large-volume seawater
samples filtered on shipboard and ana-
lyzed gravimetrically in the laboratory
for particulates. The anomalous Lynch
values (Fig. 2a) exceed the upper limit of
Biscaye and Eittreim’s calibration data
(180 ug liter™). A laboratory calibration
of another Hach model 2100A turbidime-
ter based on the use of dry weights of pe-
lagic clays suspended in filtered deion-
ized water showed the instrument to be
nonlinear at particulate concentrations
less than a few hundred micrograms per
liter (where almost all deep-ocean values
occur) but linear in the range from 1000
to 10,000 ug liter—!. Nonetheless, the re-
sults (Fig. 2a) give an idea of the general
distribution of suspended particulates in
the ocean: that is, high surface values
due to the presence of planktonic orga-
nisms, a broad minimum throughout
midwater depths, and a turbid bottom
boundary layer. Figure 2a also shows the
dramatic values obtained in the bottom
50 m of station 186 and for the one good
sample at nearby station 185 (/2). Partic-
ulate concentrations range from 1500 to
4000 ug liter™' (or 6000 to 16,000 ug li-
ter~!, if the laboratory calibration is
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Fig. 1. Location of the Lynch 47 stations (open circles) on a physiographic diagram (/5) of the
Sohm Abyssal Plain-Grand Banks region of the North Atlantic. The dashed lines show channels
through which the 1929 Grand Banks turbidity current flowed (/). Triangles are GEOSECS
station locations (5, 6). Closed circles are Polymode station locations. The hexagon shows a
region of very turbid bottom water near Mytilus Seamount ).

used). These values are one to two or-
ders of magnitude higher than those nor-
mally found in deep ocean waters. Adja-
cent stations 184 and 187 also showed
values higher than normal, 150 to 300 ug
liter~! (500 to 1200 ug liter™!, if the labo-
ratory calibration is used).

A suspension of 10 mg of pelagic clay
in a liter of water (10,000 ug liter™') ap-
pears only slightly turbid when viewed in
a glass container in normal interior light-
ing and could go unnoticed during rou-
tine shipboard water sampling and analy-
sis procedures.

Other features of the near-bottom wa-
ter column at station 186 were also
anomalous (Fig. 2b): in the bottom 50 m,
temperature, salinity, and the dissolved
oxygen content increased. The bottom
boundary layer in the western North At-
lantic basin can usually be seen in the
water structure as a layer of nearly ho-
mogeneous water above the bottom
varying in thickness from tens to hun-
dreds of meters and capped by a benthic
thermocline. Almost exclusively, the
water in this layer is colder and less sa-
line than that above it (/3); in contrast,
at station 186 the opposite is true. Two
Geochemical Ocean Section Study
(GEOSECS) stations (No. 28, and to a
certain extent No. 27; see Fig. 1) also show
a steplike increase in salinity, temper-
ature, dissolved oxygen content, and
light-scattering near the bottom (5, 6).

The bottom water at station 186 has the
properties of water found about 1000 m
higher up in the same water column (Fig.
2b) and tends toward the characteristics
of water found at the bottom on the con-
tinental rise at station 189 which has sig-
nificant admixtures of Denmark Strait
water (see Fig. 2¢). Station 187 is inter-
mediate between stations 186 and 189.

We believe that the anomalous bottom
water at station 186 is the result of lateral
(downslope) advection rather than verti-
cal mixing. The water column at station
186 is in stable equilibrium because the
adiabatic temperature gradient exceeds
the in situ gradient (Fig. 2b) except in the
bottom discontinuity where vertical sta-
bility is maintained by the salinity in-
crease.

Others have proposed lateral advec-
tion as a mechanism for creating the ob-
served interleaving of water masses in
the bottom boundary in this region (5-7).
We suggest that at station 186 the anom-
alous water once resided higher up on
the continental margin and was brought
downslope by entrainment during a tur-
bidity current event in this historically
active area. The addition of the sus-
pended particulate matter, assuming a
particle density of 2 g cm™3, would in-
crease the water density by as much as
0.01 oy unit (0.00001 g cm™~3), further en-
hancing the stability of the bottom layer.

Currents measured 1.5 m above the
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Fig. 2. (a) Distribution of suspended particulate material in the Sohm Abyssal Plain in May 1971. Stations where very high bottom values were
found are identified by symbols. Samples were analyzed in vitro with a turbidimeter and converted to micrograms per liter on the basis of Biscaye
and Eittreim’s (8) calibration curve. The suspended particulates are plotted on a logarithmic scale. (b) Near-bottom vertical profiles of in situ
temperature (7), potential temperature (), salinity (S), o, dissolved O,, and turbidity at station 186. The T, 6, S, and o values were obtained
from continuously recorded salinity-temperature-depth (STD) sensor data (Bissett-Berman model 9006). The O, and turbidity data were mea-
sured in water samples collected simultaneously with the STD cast. The break in the depth scale shows how the values of S, T, oy, and dissolved
O, content at the ocean bottom are also found from 4100 to 4300 m in the same water column. Turbidity is measured in Jackson turbidity units
(TU) (16), the actual units of turbidity measured on the Hach model 2100A turbidimeter; we have converted these values to particulate concen-
trations in the text. The hatched line is the adiabatic gradient (0.096°C per kilometer). (¢) A 6/S diagram for stations 186, 187, and 189. The water
mass abbreviations are as follows: NCW, northern component water; TDDW, 2-degree discontinuity water; DWS, Denmark Strait water; and
SCW, southern component water (the arrow points to its off-scale location of —0.1°C, 34.67 per mil) (5).
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bottom at station 185 (15 km northeast of
station 186) averaged 23 cm sec™! toward
300° during the time measurements were
being taken at station 186 and averaged
2.3 cm sec”! toward the east at station
187. These observations lasted for only
half a semidiurnal tidal cycle and do not
represent the average current regime in
the region. The main deep current in this
region is the Western Boundary Under-
current (WBUC). The southwesterly
trending WBUC might well transport
such patches of turbid water along the
continental margin after the turbidity
flow has expended most of its forward
momentum near the edge of the abyssal
plain.

Seismograph records at Lamont-Do-
herty Geological Observatory have been
examined for the period 25 April to 8
May 1971 (2 weeks prior to the date of
the measurements made at station 186)
for evidence of significant seismic activi-
ty in the Grand Banks area. No such ac-
tivity was detected (/4).

We believe that other isolated patches
of highly turbid bottom water that have
been found along the western margin of
the North American basin should also be
considered in this light @-8). It may not
be necessary to have very high bottom
currents actively eroding the substrate at
the site of observation to account for the
high concentrations of particulate matter
in some bottom waters.

ANTHONY F. AMos
Port Aransas Marine Laboratory,
University of Texas Marine Science
Institute, Port Aransas 78373
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Generation of Oil-Like Pyrolyzates from Organic-Rich Shales

Abstract. Pyrolyzates similar to natural crude oils were generated from organic-
rich shales by hydrous pyrolysis. With this type of pyrolysis it is possible to make
more sophisticated correlations between crude oils and their source rocks, evaluate
the hydrocarbon potential of a source rock, and elucidate the variables involved in

the natural oil-generating process.

The products generated by anhydrous
pyrolysis and retorting of organic-rich
shales contain significant amounts of ole-
fins (Fig. 1). The rarity of olefins in natu-
ral crude oils (/) indicates that these
pyrolysis methods do not duplicate the
natural oil-generating process. In June
1977 we generated pyrolyzates that did
not contain olefins from organic-rich
shales (Fig. 1). In addition, the pyroly-
zates had other properties that closely
match those of natural crude oils. The
process, called hydrous pyrolysis, in-
volves filling half of a pressure vessel
with equal volumes of water and crushed
or sawed blocks of organic-rich shale.
The remaining void is filled with helium
at 1 to 2 atm, and the vessel is then
heated to 330°C for 3 to 4 days.

The organic-rich shales used in this
process are in their prehydrocarbon gen-
eration stage of diagenesis. This is eval-
uated before pyrolysis by elemental anal-
yses and visual analysis of the kerogen
portion of the organic matter (2-5). Oil-
like pyrolyzates have been generated by
this process from shales containing algal
and liptinitic kerogens. Woodford Shale
from Carter County, Oklahoma, which
contains liptinitic kerogen and 4.3 per-
cent (by weight) organic carbon, is used
in this report as an example of hydrous
pyrolysis.

A gas chromatogram of the pyrolyzate
generated by hydrous pyrolysis of
Woodford Shale (Fig. 2A) is similar to
that of a natural crude oil (Fig. 2B) that
has been geochemically correlated (6)

Table 1. Comparison of natural crude oils with pyrolyzates generated by hydrous pyrolysis.

n-Alkane

Pristane/phytane

Optical

* 13
Substance range CPl ratio rotation 8%C (PDB)T
Natural Woodford C,to Cy, 1.0 14to0 1.5 0.1t0 0.3 —-29.8 to —30.0
crude oils
Pyrolyzates from CitoCy 1.0to 1.1 1.1t0 2.3 0.1t0 0.2 —29.4to —-30.0
hydrous pyrolysis
of Woodford Shale
Crude oils (overall CitoCy; 0.8t01.2 0.4 to 8.0 -0.1t0 4.5 -21.0 to —35.0
range)

*Carbon preference index (CPI) = 'z [(Cy5 + Cyy + Cag)(Cay + Cog + Ca) + (Cys + Cyp + Cy)/(Cyg + Cyg +

Cso)l-

tPer mil increment in '3C relative to Pee Dee belemnite.

Table 2. Composition of natural crude oils and pyrolyzates generated by hydrous pyrolysis at
330°C for 96 hours. Values are percentages by weight.

Eluted fraction* (%) Non-
elutedt
Substance Satu- Aro- Po- To- fraction
rates matics lars tal (%)
Natural Woodford crude oils 80-89 10-16 1-4 100 0
Pyrolyzates from hydrous pyrolysis 62 28 10 62 38

of Woodford Shale

*Portion eluted on an activated alumina column with n-heptane (saturates), dichloromethane (aromatics), and

dichloromethane-methanol mixtures (polars).
dichloromethane-methanol mixtures.
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‘tPortion not eluted on an activated alumina column with
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