numerically determine the surface air
temperature response function of the at-
mosphere. Fortunately, this response
function has recently been evaluated by
three independent experimental means
(10). The value obtained over land is
0.175 K per watt per square meter,
whereas over the ocean it appears to be
at least 50 percent smaller. Thus, for the
entire globe, which has 70 percent of its
surface area covered by oceans, the
mean value of the surface air temper-
ature response function is 0.113 K per
watt per square meter or less.

The rise in surface air temperature to
be expected from a doubling of the
earth’s atmospheric CO, concentration
is consequently determined to be =
0.113 K W' 'm? (228 W m™?) = =<
0.26 K. For the entire planet, a dou-
bling of the atmospheric CO, concentra-
tion would produce a change in T, prac-
tically indistinguishable from climatic
“noise,”” fully an order of magnitude
less than the predictions of the theoreti-
cal numerical models in vogue today.
However, this result is virtually identical
to the value of = 0.25 K obtained by
Newell and Dopplick (I1). Since these
two completely independent experimen-
tal studies produce a common result so
much lower than previous theoretical es-
timates, a serious reconsideration of the
whole CO;-climate problem seems im-
perative.

SHERWOOD B. IDSo
U.S. Water Conservation Laboratory,
4331 East Broadway,
Phoenix, Arizona 85040
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Core Drilling Through the Ross Ice Shelf
(Antarctica) Confirmed Basal Freezing

Abstract. New techniques that have been used to obtain a continuous ice core
through the whole 416-meter thickness of the Ross Ice Shelf at Camp J-9 have dem-
onstrated that the bottom 6 meters of the ice shelf consists of sea ice. The rate of
basal freezing that is forming this ice is estimated by different methods to be 2 cen-
timeters of ice per year. The sea ice is composed of large vertical crystals, which
form the waffle-like lower boundary of the shelf. A distinct alignment of the crystals
throughout the sea ice layer suggests the presence of persistent long-term currents

beneath the ice shelf.

In 1978, as part of the Ross Ice Shelf
Project (I), we obtained a core through
the ice shelf in the area of Camp J-9 (82°
22'S, 168°37'W; Fig. 1a), using an anti-
freeze thermal-drilling method. This pro-
cedure, developed by V. A. Morev of the
Arctic and Antarctic Research Institute,
Leningrad, and one us (I.A.Z.), con-
sisted of adding an antifreeze component
to the melted water within the hole in or-
der to keep it from freezing at low tem-
peratures, instead of taking this water
from the hole. The necessary drilling
equipment was designed and built by
Morev (2). Core drilling through the ice
shelf began on 1 December 1978 (3) and
was completed in 13 days. An ethyl alco-
hol-water solution was used as the anti-
freeze. Some 416 m of core, with a diam-
eter of about 8 cm, was recovered, in-
cluding a core from the very bottom of
the ice shelf.

The core revealed no debris of any
kind throughout the thickness of the ice
shelf. The core consists of homogeneous
bubbly glacial ice to a depth of 410 m. At
this depth, abrupt changes in the appear-
ance and properties of the ice occur. The

6-m-thick lower layer contains vertical
brine channels and some brownish mate-
rial. The salinity of the ice within this
layer is much higher than that of the ice
above 410 m (Fig. 1b) @) and increases
to the bottom of the ice shelf. These fea-
tures are typical of ice formed by the
freezing of seawater onto the bottom.

Large vertical crystals are observed
throughout the 6-m layer. At the bottom
of the shelf, the lower ends of these crys-
tals protrude downward into the sea, giv-
ing rise to a waffle-like bottom surface
(Fig. 2a) 9).

The bottom crystals show distinct
alignment at the bottom of the Ross Ice
Shelf (shown schematically in Fig. 1c).
This alignment can be followed through-
out the sea ice layer, showing strong pre-
ferred crystal orientation within the lay-
er.

The same kind of alignment, but on a
much smaller scale, is found in the grow-
ing fast ice of northern polar seas (6, 7).
It indicates that there is active freezing at
the bottom of the ice shelf at Camp J-9 at
the present time. These structure align-
ments of fast ice were probably formed

Fig. 1. (a) Map of the
Ross Ice Shelf show-
ing the location of
Camp J-9 and the ap-
proximate stream line
(arrow) of the ice
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under the influence of persistent cur-
rents, so that the direction of the align-
ment corresponds to the direction of the
currents (7). Because of strong preferred
crystal orientation throughout the sea ice
layer, this layer can be treated as a very
large single crystal, oriented to the direc-
tion of the main current below the ice
shelf. This feature can thus be used as a
remote sensor of current directions be-
low the ice shelf.

The speed of ice growth at the bottom
of the Ross Ice Shelf can be determined
from a core analysis. The bottom 2 cm of
sea ice is distinctly different from the re-
mainder of the 6-m sea ice layer (Fig.
2b). The distinct horizontal boundary
separating the bottom 2 cm from the re-
mainder of the sea ice is the only hori-
zontal boundary observed in the 6 m of
sea ice. This dramatic change in appear-
ance in the bottom 2 cm indicates a sud-
den and significant change in growth
conditions at the base of the shelf, the
most probable cause of which was a pen-
etration of the ice shelf with a flame-jet
drill 8) in December 1977 approximately
200 m from the present location of the
core hole. If that boundary, 2 cm from
the bottom, was the result of the flame-
jet drilling 12 months earlier, we infer a
present growth rate of 2 cm per year.

The average growth rate for a longer
period can be estimated from the overall
thickness of the sea layer and the dynam-
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Fig. 2. Photographs of
the bottom part of the
sea ice layer. (a)
Waffle-like bottom of
the ice shelf with dis-
tinct alignment. (b)
Cross section of the
bottom part of the ice
shelf. The annual lay-
er of ice growth for
1977-78 can be seen.

ics of the Ross Ice Shelf. The distance
from the grounding line to Camp J-9 is
about 200 km, and the average ice veloc-
ity in this area is 300 to 400 m per year.
Thus, the bottom of the J-9 core column
has been exposed to seawater for 400 to
600 years and has experienced an aver-
age basal ice growth of about 1 to 1.3 cm
per year, close to the present annual
growth rate at Camp J-9. The upper
boundary at this 6-m sea ice layer is
porous, slushy ice, a few centimeters
thick. When the drilling equipment
reached this ice, the level of the water-
alcohol solution in the hole rose sud-
denly to 23 m, where it was in equilibri-
um with sea level. The porous ice layer
thus has a good hydraulic connection
with the sea below the layer of solid sea
ice.

The possibility of bottom freezing in
the rear of the Ross Ice Shelf has been
suggested and discussed for many years,
but such a phenomenon has also been
strongly questioned (9, 10). Recent tem-
perature and salinity profiles (//, 12) in
the seawater below the ice shelf at Camp
J-9 show a thick, cold isothermal layer of
lower salinity in the upper part of the wa-
ter column, adjacent to the ice-water in-
terface. The temperature in this layer is
close to the freezing point.

These data have been interpreted (/1)
as evidence of bottom melting near
Camp J-9. However, the temperature

and salinity profiles would be the same if
the water had been cooled to the melting
point well before reaching Camp J-9
from the north. Then, in the absence of
active heat exchange between the iso-
thermal, cold water layer and the bot-
tom, all the heat produced by freezing
would be removed by conduction
through the ice shelf. Indeed, temper-
ature measurements within the ice shelf
at Camp J-9 show that the heat flux from
the water-ice interface is about 120 cal/
cm? per year (/). With no heat exchange
between the seawater and the ice shelf,
the water should be freezing at about 1.6
cm per year at the bottom of the ice
shelf.

These results from simple heat-trans-
fer models are in good agreement with
the estimates of the ice growth rate ob-
tained from the core analyses. They sug-
gest that there is no strong heat exchange
within the seawater column in a horizon-
tal direction and that the seawater tem-
perature profile does not change much
along the seawater stream line near
Camp J-9.

We can summarize the bottom condi-
tions of the Ross Ice Shelf as follows. A
belt of melting exists in the northern part
of the Ross Ice Shelf, extending south
from the shelf edge for about 200 km (/0)
(area 1 in Fig. 1a). Active heat exchange
becomes less until the heat flow from the
water is enough to compensate for heat
losses by upward conduction through the
ice. Farther south is an area of basal
freezing at about 2 cm per year (area 2 in
Fig. 1a). Here heat exchange at the ice-
water interface is negligible, and freezing
is governed by heat loss through the ice
sheet. Camp J-9 is located in this zone.

We believe another zone should be
designated apart from areas 1 and 2, a
zone of freezing that is controlled or ini-
tiated by a freshwater supply to the bot-
tom of the ice shelf. This zone is located
to the seaward side of the grounding line
of the ice shelf (area 3 in Fig. 1a) (/0).

IGor A. ZoTiKOV
VICTOR S. ZAGORODNOV
Jurly V. RAIKOVSKY
Institute of Geography,
U.S.S.R. Academy of Sciences,
Staromonetny 29,
Moscow 109017, U.S.S.R.
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Geothermal System at 21°N, East Pacific Rise: Physical
Limits on Geothermal Fluid and Role of Adiabatic Expansion

Abstract. Pressure-volume-temperature relations for water at the depth of the
magma chamber at 21°N on the East Pacific Rise suggest that the maximum sub-
surface temperature of the geothermal fluid is about 420°C. Both the chemistry of the
discharging fluid and thermal balance considerations indicate that the effective wa-
ter/rock ratios in the geothermal system are between 7 and 16. Such low ratios pre-
clude effective metal transport at temperatures below 350°C, but metal solubilization
at 400°C and above is effective even at such low ratios. It is proposed that the 420°C
fluid ascends essentially adiabatically and in the process expands, cools, and precip-
itates metal sulfides within the upper few hundred meters of the sea floor and on the

sea floor itself.

The discoveries by manned sub-
mersible of actively forming massive sul-
fide deposits at 21°N on the East Pacific
Rise (/, 2) substantiate the long-held be-
lief that such deposits are associated
with sea-floor spreading. The dis-
charging fluids are apparently actively
precipitating a deposit largely composed

of sphalerite, chalcopyrite, anhydrite,
and barite (3, 4).

The temperature of the fluid is unex-
pectedly high (2), and a reevaluation of
the conditions of fluid generation is war-
ranted. The purpose of this report is to
consider the possible pressure and tem-
perature limits on the fluid in the sub-

surface and the implications these limits
might have for the mechanisms of metal
transport and deposition.

It has been commonly held that con-
vecting seawater cools the upper portion
of new oceanic crust and in the process
alters the rocks and leaches heavy met-
als at maximum temperatures of about
350°C. Mineral deposition was believed
to result from cooling of this fluid.

This model does not easily apply to the
system at 21°N. Experimental studies
have shown that during cooling of heated
seawater, silica should overwhelmingly
dominate the precipitation products (5),
yet silica is a relatively minor component
of the observed assemblage at 21°N (3,
4). Moreover, adequate concentrations
of heavy metals are solubilized at 350°C
only when water/rock ratios during inter-
action are large (6), whereas experimen-
tal results show that the water/rock ratio
does not control metal solubilization
above about 400°C (7).

An estimated exit temperature of
390° = 10°C was reported for a single
vent by Speiss et al. 2) from dives car-
ried out with the submersible Alvin dur-
ing the spring of 1979 at 21°N. During the
dives in the fall of 1979 the temperature
directly observed at several vents was
350°C (8), suggesting that the earlier esti-
mate might be spurious. However, later
examination of the chart record of Al-
vin’s temperature probe indicated two
measurements during the final dive in ex-
cess of 400°C (9). During the fall 1979
dives samples of the hydrothermal fluid
were taken but were contaminated by
various amounts of seawater. Plots of
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Fig. 1 (left). Changes in water temperature T and specific volume V as a function of pressure at constant enthalpy H (adiabatic compression).

Relations calculated from data in (27) for sea-floor exit temperatures of 350°, 375°, 390°, 450°, and 500°C.

Fig. 2 (right). Solubility constants of

minerals and specific volume of water as a function of pressure at a constant enthalpy (adiabatic) of 1623 J/g, corresponding to a sea-floor exit
temperature of 350°C. In Figs. 2 through 6, data for water volume are from (27) and solubility constants were calculated by SUPCRT (/7).
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