the first hour, followed by a more grad-
ual increase in saturation magnetiza-
tion. The transition is more abrupt than
might be expected on the basis of a
simple exponential decrease; we do not
fully understand the physical reasons
for this sudden change in rate. As
noted earlier, TCRM at 400°C also
increased rapidly, then tailed off abrupt-
ly. Day et al. (10) have postulated two
stages in the oxidation of a titanomag-
netite: (i) the conversion of octahedral
Fe2t+ to Fe3+, followed by (i) the
migration of Ti*+ from the spinel lat-
tice to the rhombohedral ilmeno-hema-
tite phases, which results in a more
iron-rich magnetite phase. Perhaps
these two successive steps are being re-
flected in our heating experiments.

One of the primary assumptions in-
herent in any paleointensity study of a
rock is that the TRM developed in the
laboratory is being compared with a
TRM acquired in nature at the time the
rock cooled through the Curie temper-
ature (/1). However, if the original
remanent magnetization was induced at
temperatures below the final Curie tem-
perature by the oxidation process out-
lined here, then serious questions are
raised as to -the validity of Thellier’s
method.

Our primary conclusion is that for
the basalt we studied the remanence is
proportional to the field intensity,

whether it is simple TRM or whether
it is wholly or partially TCRM. On the
assumption that the New Mexico basalt
is not magnetically unique (and there
seems little reason to suspect that it is),
we further tentatively conclude that the
presence of TCRM does not invalidate
paleointensity studies.

KarL KELLOGG

E. E. LARSON

Department of Geological Sciences,
University of Colorado, Boulder 80302
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Convection in the Antarctic Ice Sheet Leading to a
Surge of the Ice Sheet and Possibly to a New Ice Age

Abstract. The Antarctic surge theory of Pleistocene glaciation is reexamined
in the context of thermal convection theory applied to the Antarctic ice sheet.
The ice sheet surges when a water layer at the base of the ice sheet reaches
the edge of the ice sheet over broad fronts and has a thickness sufficient to
drown the projections from the bed that most strongly hinder basal ice flow.
Frictional heat from convection flow promotes basal melting, and, as the ice
sheet grows to the continental shelf of Antarctica, a surge of the ice sheet appears

likely.

Wilson (1) has suggested that Pleis-
tocene ice ages could be triggered by
a surge of the Antarctic ice sheet. He
makes the following basic assumptions:
(i) the periodicity of the surge is con-
trolled by variations in solar input to
the Antarctic ice sheet due to preces-
sion of the earth’s rotational axis; (ii)
a surge begins when the entire ice sheet
is underlain by a basal water layer;
(iii) the surge creates an ice shelf ex-
tending to the Antarctic convergence,
causing an increase in the earth’s albedo
sufficient to preserve the winter snow
cover in high latitudes.
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Weertman (2) gave a quantitative
treatment of Wilson’s assumption (ii)
and concluded that, before a surge
could occur, the basal water layer must
exceed a “controlling obstacle size” re-
lated to bed roughness and the basal
shear stress. Once a surge began, how-
ever, it could discharge sufficient ice
into the Antarctic Ocean to satisfy
Wilson’s assumption (iii), but as ice-
bergs rather than as a stable ice shelf.

When our estimates of the controlling
obstacle size are compared with our
estimates of the basal water layer
thickness due to gravity sliding and

thermal convection, it appears that
thermal convection is necessary to
make the Antarctic ice sheet surge.
The possibility of convection was real-
ized (3) when the CRREL core hole
drilled to bedrock at Byrd Station,
Antarctica  (80°1’S,119°31’W),  indi-
cated a density inversion 1000 m below
the surface (4). This density inversion
will be confirmed when the compressi-
bility coefficient is definitely established.

An estimate of the controlling ob-
stacle size can be made from the
basal sliding velocity U,”, which is the
measured downstream velocity at the
surface of the ice sheet, U,, minus the
downstream velocity due to differential
motion within the ice, U,. On the
assumption that laminar flow domi-
nates, U,’ can be estimated from the
flow law of ice (5):

vy =A{,T,P) ¢y

where ¥ is the effective shear strain
rate, 7 is the effective shear stress, n
is a viscoplastic parameter, and A(f,T,P)
is a function of ice fabric f, tempera-
ture 7, and hydrostatic pressure P.
For laminar flow

r=Tm=pg(h—2z)tano 2)

where p is ice density, g is the accelera-
tion of gravity, 6 is the surface slope,
x is horizontal and positive down-
stream, z is vertical with z = A at the
surface, and the origin of the orthog-
onal x,y,z coordinates is placed on the
bottom of the ice sheet.

Since A(f,T,P) = A(z), we can com-
bine Eqgs. 1 and 2 to obtain

h h
U = f dox A7 = f A(2) 7o dz =
0 0

h
(pgtanﬁ)”fo AZ) (h—2)"dz ()

where h is the total ice thickness at
distance x from the ice divide, and

A@) = A(f,T,Py = B(f) exp (—Q/RT) =
B(f) exp (—C Tu/T) 4)
where Q is the activation energy of self-
diffusion, T, is the pressure melting
point, (T/T,) is the homologous tem-
perature, and C is a constant.

Figure 1 shows the quantitative z
dependence of T, (T/Ty), and p, and
the qualitative z dependence of f at
Byrd Station. For a graphical solution
of Eq. 3 from Fig. 1:

US = 2, AU, = 2. 4 (p g tan 0)*
(h — Z)" Az (5
where
AUa_c:: (Ux’)zg - (Ux')zl
A=1% (Azy + Azy)
Z="12(z2 4+ z1)
AZ=2:— 1
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In zone III of Fig. 1 almost all
grains have ¢ axes aligned within 15°
of the z axis and the mean temperature
is —20°C, or (T/Ty) = 0.93. Holds-
worth and Bull (6) found a similar
strong single-maximum ice fabric in
Meserve Glacier, a polar Alpine glacier
in Wright Valley, Antarctica (77°31'S,
162°18’E), and from deformation stud-
ies they obtained n=1.6 and 4=
4.8 X 10—? bar—» sec—1 at a tempera-
ture of — 18°C, or (T/Ty) = 0.935.
Higashi, Koinuma, and Mae (7) mea-
sured the bending creep of single ice
crystals oriented for easy glide. They
observed n=1.6 and Q =15.8 kcal
mole—1between — 4.8°C and — 40.0°C.
These values of n, Q, and A are used at
Byrd Station, where tan § =2 X 10-3,
to give B(f) = 1.8 X 105 bar—* sec—1
and U,/ =9 m per year for zone III,
using Egs. 4 and 5. Similarly, the
‘fabric, temperature, and thickness of
the other zones leads to an estimate of
U,/ =12 m per year at Byrd Station.

At Byrd Station, U, =22 m per
year, as calculated from deformation
rates of the U.S. Geological Survey
surface strain network extending along
a flow line to the ice divide 160 km
northeast of Byrd Station (8). Hence
U,”=U,— U, = 10 m per year is the
estimated basal sliding velocity at Byrd
Station.

According to the theory of glacier
sliding (9),

Ts L’S’

L\L:
where K and K* are constants, 7, is
the basal shear stress, L, is the con-
trolling obstacle size, L; is the average
distance between obstacles of average
dimension L;=(L, L, L);*, and r=
(L//L;) is the bed roughness factor,
where r is constant for all obstacle
sizes. We have used n=1.6 in esti-
mating U,”. Weertman prefers n =3,
since this value is a fair average of
the range 1 <n <4.5 predicted theo-
retically and observed experimentally.
Table 1 lists values of L, and r ob-
tained from Eq. 6 for both n=1.6
and n =23, by the use of U,” =10 m
per year and 7,=0.39 bar at Byrd
Station. Cavitation. behind obstacles is
possible for n= 1.6 but unlikely for
n=3. We will take L,~ 2 cm.

A surge of the Antarctic ice sheet
occurs when L, < L,,, where L,, is the
thickness of the basal water layer. Ac-
cording to Weertman (2),

U,” = K

)2 — K rn+1 T(n+1)/2 (6)

L, = [(12 Nw Vw)/(P g tan 0)]% (7)

where 7,, is the coefficient of viscosity
of water and V, is the volume of water
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Table 1. Controlling obstacle sizes (L,) estimated fdr the Antarctic ice sheet with the data

from Byrd Station. At Byrd Station:
h = 2164 m.
tan 9 =2 X 103,
Uy~ 10m yr2,

P =

7s = p & h tan 9 = 0.39 bar.

p & h =195 bars.

For cavitation: (P/r,) = 500 < (#*/k) sin® ¢. The symbol ¢ indicates the angle between the
maximum slope of an obstacle and the average slope of the bed; ¢ = 30° (below) is an

assumption.
Cavitation No cavitation
Constants

n=16 n=3 n =16 n=3
b 30° 30° 30° 30°
k 0.858 2.314 0.858 2314
(?/k) sin? ¢ 403 196 488 268
K (cm? yr* bar?) 36.8 13.7 36.8 13.7
K* (cm yr bar ~®™+/2) 5.65 0.194 3.24 0.0685
r 11.75 13.5 14.45 17.6
L, (cm) 2 1 3 1.66

moving downstream per unit time per
unit distance. If Hgy is the geothermal
heat flow, Hp is the frictional heat
generated by differential motion with-
in the ice sheet, and H,; is the latent
heat of melting,

X
Vo= fo [(Ho + He)/Hyldx  (8)

If it is assumed that only gravity slid-
ing contributes to Hp,

V= f : [Ho + (Us' + Us") 7o/ JHu™ dx
)
where J is the mechanical equivalent

of heat. For an average annual snow
accumulation rate, a,

(U U re=axpgtano  (10)

When x = 160 km along the flow line
from the ice divide to Byrd Station,
average values are a=164 g cm—2
per year, § = 1.8 X 103, 7 = 2700 m,
and U, =10 m per year (/0), which
gives L, =0.166 cm. Hence, L,=
12 L,, for L, =2 cm, and gravity slid-

olg cm™)

-0.89 0.90 091 092 093
A T T T T

ing seems incapable of producing a
surge of the Antarctic ice sheet.

I have applied the theory of thermal
convection to the Antarctic ice sheet
and concluded that convection is pres-
ently possible (3). The steep shear
zones shown in Fig. 2 may be convec-
tion plumes. The Rayleigh number is
taken as:

Ra = pga B d* «* n B(f) r.**

exp (— CTx/T) (11)
where « is the coefficient of thermal ex-
pansion, B is the superadiabatic tem-
perature gradient through ice thickness,
d, below the density inversion, k is the
thermometric diffusivity, =, is the buoy-
ancy effective shear stress driving con-
vection, (T/Ty) is for the basal ice,
and Ra* = 7 X 10% is the critical Ray-
leigh number near the center of the
Antarctic ice sheet.

Once thermal convection begins, it
will tend to develop an ice fabric favor-
able for convection flow and B(f) will
be reduced two or three orders of mag-
nitude to approximately the single crys-

Fig. 1. Variation of den-
sity  (p), temperature
(T), and ice fabric with

[+ o
g 8
L] T

Depth below surface (m)
g
o
1]

Temperature

-~
~~o
~
~a

2000 -
T/Ty

0,?4 096

depth through the Ant-
arctic ice sheet at Byrd
Station (4). Zone I:
randomly oriented fab-
ric, grain size increasing
with depth. Zone II:
transition from random
to single-maximum fab-
ric, grain size decreasing
with depth. Zone III:
strong  single-maximum
fabric with near-vertical
¢ axes, fine grain size,
0 and numerous horizontal

“shear bands” with very

fine grain size. Zone IV:

0

_’l"'?‘
e B = M 4
N ——>

2500 r 5 T T
-30 -I5 -10
Temperature. (°C)

- 0 weak multiple-maximum
fabric, very coarse inter-
grown grains.
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tal value. Hence, for fully developed
convection flow Ra > Ra*, and the
horizontal velocity of basal convection
flow is approximately (17):

U.”” = K, Ra*® «/d (12)

where K, = 0.141 and where flow con-
verging on ascending convection plumes
is restricted to a narrow layer above
the base of the ice sheet. Equation 8
now becomes

x
V.= fo [Ho + (U + U.") /] +
U r./JJHy™ dx (13)

Since B is fairly constant through d,
we can approximate 7, by (3):

e =0c/V3=—(1/2V3) pog a d AT
(14)
where o, is the vertical buoyancy stress,
po is the maximum ice density, and AT
is the temperature change through d.
Fully developed thermal convection
is theoretically capable of attaining
flow velocities that overwhelm flow
velocities due to gravity sliding. Hence,
the frictional heat due to convection
flow will dominate the other heat
sources, and we can write

* U7 o S.U 7 Ax

sz 0 H_u.’ HMJ

(15)
Equation 15 can be evaluated by em-

1
0 5 10
Fig. 2. Subglacial profile over the Gamburtsev Mountains (top) and Marie Byrd

Land (bottom) revealed by radio echo exploration of the Antarctic ice sheet. The
near-vertical deep shear planes in ice overlying both rough and smooth bedrock

15 km

| ploying Nye's (/2) formula for the
equilibrium profile of an ice sheet above
a flat, horizontal bed:

h * ) 2n+4)/(n+1)

topography suggest vertical flow unrelated to bed topography, and they may be con- H*
vection plumes. [Photographs supplied by Dr. G. deQ. Robin and the Scott Polar x*\ (B/OD -1 16
Research Institute, Cambridge, United Kingdom] X+ - (16)
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Fig. 3 (left). An actual profile of the Antarctic ice sheet com-
pared with a theoretical profile obtained by using Eq. 16 and
n=1.6 (13). The abnormally high A* at x* = 100 km is due to
the subglacial Gumburtsev Mountains. Fig. 4 (right). The
variation of basal water layer thickness due to thermal convec-
tion (L.°) with distance from the center of the idealized Ant-
arctic ice sheet (x*) for various ice sheet radii (X*). Beyond

(cm)

Lv

x*2900km

x* 2380 km 3
3 x*=1850 km 3
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the end of the curves the ice sheet is too thin for thermal convection. The total basal water layer thickness is L. = L.°= L.’
where L. is due to gravity sliding and geothermal heat, increases with x*, and becomes dominant as x* — X*.
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where h* and x* are vertical and hori-
zontal coordinates, respectively, of the
surface of the ice sheet with respect to
an origin at the center of the ice sheet
and at set level; and H* and X* are
the maximum values, respectively, of
h* and x*. Figure 3 shows that Eq. 16
gives a first-order fit to the Antarctic
ice sheet for n=1.6. Shumsky (13)
argues that the unglaciated elevation of
Antarctica averaged about 0.5 km
above sea level. Weertman (I4) shows
that the ice sheet will isostatically de-
press the bed to about one-third of the
ice thickness, so that h=1.5 (h* —
0.5 km), where (A* — 0.5 km) is the
ice thickness above the unglaciated bed.
Assuming that the density inversion oc-
curs 1 km below the firn surface, as in
Fig. 1, the buoyancy stress will act
through ice of thickness d = [1.5 (h* —
0.5 km)] — 1 km. The surface slope of
the ice sheet is:

dh* n+43
dx —_2n—|—4

(n+8) /(n+1)
X* )
) (2n+4)/(n+1)

We can now calculate L,, for various
values of x* and X* by solving Eqs. 7
through 17 with n = 1.6, C =29.1, and
B(f) = 1.38 X 107 bar—" sec—! ob-
tained from the data of Higashi, Koi-
numa, and Mae (7), B=10—¢°C
cm—?! obtained from theoretical tem-
perature gradients in polar ice sheets
(I5),d=15h*—1.75km, p=0.92 g
cm—3, =980 cm sec—2, a=15.3 X
10—5°C—1, x=1.18%X10-2 cm?
sec—1, 9, =18 X10-2 poise, Hy =
80 cal g—1, and J=4.19 X 107 dynes
cm—1! cal—1, The results are shown in
Fig. 4. According to Weertman’s theory,
a surge will not begin until L, < L,, at
all values of x*, and Fig. 4 shows that
for L, ~ 2 cm this condition is not ap-
proached until X* ~ 2900 km, An ice
sheet of this radius would extend to the
continental shelf of Antarctica.

The principal assumptions we have
made concern (i) the density inversion
as a general feature of the Antarctic
ice sheet, (ii) the estimation of basal
sliding velocities from the Byrd Station
core hole and the U.S. Geological Sur-
vey strain network data, (iii) the ap-
plicability of convection theory derived
for a viscous fluid to a viscoplastic sol-
id, and (iv) the equilibrium profile of
the Antarctic ice sheet. If the assump-
tions made are valid, the Antarctic ice
sheet will surge when the ice sheet ap-

tan § =

17)
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proaches the continental shelf of Ant-
arctica. Presumably -the surge will be-
gin when ‘the critical thickness of the
basal water layer extends to the edge
of the ice sheet along one or more
fronts. These fronts will then surge,
causing a slumped region to proceed
inland from each front until the entire
ice sheet has collapsed to the postsurge
equilibrium thickness.

Weertman’s surge theory, modified
to include the frictional heat of thermal
convection, should apply to both polar
ice sheets and Alpine glaciers. The
basal water layer thickness is a func-
tion of the surface slope and the fric-
tional heat generated by ice flow. Al-
though no frictional heat from convec-
tion flow is possible for surging Alpine
glaciers, their surface slopes are orders
of magnitude greater than surface
slopes of the Antarctic ice sheet (16).

Strong evidence suggests that the
Antarctic ice sheet may have been more
extensive in the past (17). However, it
is not known whether the present equi-
librium profile of the ice sheet was
maintained during these past advances.
If not, these advances may themselves
have been surges, which suggests that
our estimate of the controlling obstacle
size is too large (I8). Also, at present
the Antarctic ice sheet probably does
not behave dynamically as a unit, and
possibly various sectors could surge in-
dependently. However, the larger the ice
sheet becomes, the more it should be-
have as a unit, and, if it extended to the
continental shelf, presumably it could
be dynamically treated as such.

T. HUGHES
Institute of Polar Studies and
Department of Civil Engineering,
Ohio State University, Columbus 43210
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Radioreceptor Assay of Adrenocorticotropic Hormone:
New Approach to Assay of Polypeptide Hormones in Plasma

Abstract. Biologically active iodine-125-labeled adrenocorticotropic hormone
(ACTH) binds specifically to ACTH receptors extracted from adrenals. Un-
labeled ACTH at 1 picogram per milliliter significantly displaces labeled
ACTH from these receptors. This system, which appears to be applicable to all
polypeptide hormones, provides a rapid and sensitive method for measure-
ments of biologically active ACTH in dilute whole plasma.

Since its original application to the
measurement of plasma insulin (1),
radioimmunoassay has been used for
the assay of many polypeptide hor-
mones. In addition to the specificity
and great sensitivity obtainable by the

use of carefully selected antiserums to
hormones, this method readily allows
precise measurement of hormone con-
centrations on a large number of speci-
mens. Disadvantages have been that the
basis for specificity is immunological
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