could khave come from the disintegra-
tion of pumice that was either water-
borne or deliberately brought to the
mainland by ship. There is still no evi-
dence of an ash-fall on the mainland
from the Thera eruption.

Results reported here indicate that
the 1400 = 100 B.C. date from 4C
analyses given by Ninkovich and
Heezen (3) as the best date for the
eruption must be narrowed to 1400 +
100 B.C' to be consistent with the pot-
tery chronology at Nichoria and at the
Thera excavation (/). Further excava-
tion at Nichoria may provide additional
time-stratigraphic information concern-
ing the Thera eruption, although it is
to be hoped that more refinement in
the dating will be realized from the
archeological finds being made by
Marinatos at Thera itself.

GEORGE Rarp, JRr.

STRATHMORE R. B. COOKE

Minnesota Messenia Expedition and
Department of Geology and
Geophysics, University of Minnesota,
Minneapolis 55455

EILER HENRICKSON
Minnesota Messenia Expedition and
Department of Geology, Carleton
College, Northfield, Minnesota 55057

References and Notes

1. S. Marinatos, in Acta of the International
Scientific Congress on the Volcano of Thera,
1969, S. Marinatos, Ed. (International Scientific
Congress on the Volcano of Thera, Athens,
1971), especially pp. xi—xvi and pp. 403-
412; Athens Ann. Archaeol. 4, 58, 407 (1971).

, Antiquity 13, 425 (1939).

. D. Ninkovich and B. C. Heezen, Proc. Symp.
Colston Res. Soc. 17, 413 (1965).

4. A. G. Galanopoulos, Prakt. Akad. Athenon
35, 401 (1960); S. Marinatos, Crete and
Mpycenae (Abrams, New York, 1960); A. G.
Galanopoulos and E. Bacon, Atlantis (Bobbs-
Merrill, New York, 1969).

5. D. Ninkovich and B. C. Heezen, Nature 213,
582 (1967).

. O. Mellis, Deep-Sea Res. 2, 89 (1955).

. W. A. McDonald and G. Rapp, Jr., Eds.,
The Minnesota Messenia Expedition: Recon-
structing a Bronze Age Regional Environ-
ment (Univ. of Minnesota Press, Minneapolis,
1972).

8. W. ‘)A McDonald, Hesperia 41 (No. 2), 218
(1972). .

9. J. Chadwick, in The Minnesota Messenia
Expedition: Reconstructing a Bronze Age Re-
gional Environment, W. A. McDonald and
G. Rapp, Jr, Eds. (Univ. of Minnesota
Press, Minneapolis, 1972), pp. 100-116.

10. This pottery was dated by O. Dickinson,
pottery expert of the Minnesota Messenia
Expedition.

11. W. B. Bryan, Carnegie Inst. Wash. Yearb.
68, 187 (1970).

12, , Geol. Mag. 105, 431 (1968); Geol.
Soc. Amer, Bull. 82, 2799 (1971).

13. D. Ninkovich and J. D. Hays, in Acta of the
International Scientific Congress on the Vol-
cano of Thera, 1969, S. Marinatos, Ed. (Inter-
national Scientific Congress on the Volcano of
Thera, Athens, 1971) (read by the authors in

manuscript form); J. Keller, ibid.

14. E. N. Davis, Prakt. Akad. Athenon 42, 235
(1967); M. H. Reed, unpublished report sub-
mitted to Carleton College, 1971.

15. We thank M. H. Reed who collected the
suite of pumice samples from Thera and
Milos; R. Howell whose careful excavating
techniques uncovered the friable pumice in-
tact; Prof. S. Marinatos, inspector general
of the Greek Archaeological Service and di-
rector of the important excavations on Thera,
who kindly provided the authorizations neces-
sary for both the Nichoria excavation and the
collection of pumice on Thera; W. B. Bryan
who gave helpful counsel on the optical work
on the pumices; and W. A. McDonald, direc-
tor of the Minnesota Messenia Expedition, and
H. E. Wright, Jr., who read the manuscript

W

SN %

critically and provided helpful suggestions
for its improvement.

15 September 1972; revised 3 November 1972 ]

Venus: Radar Determination of Gravity Potential

Abstract. We describe a method for the determination of the gravity potential
of Venus from multiple-frequency radar measurements. The method is based on
the strong frequency dependence of the absorption of radio waves in Venus
atmosphere. Comparison of the differing radar reflection intensities at several
frequencies yields the height of the surface relative to a reference pressure
contour; combination with measurements of round-trip echo delays allows the
pressure, and hence the gravity potential contour, to be mapped relative to the
mean planet radius. Since calibration data from other frequencies are unavailable,
the absorption-sensitive Haystack Observatory data have been analyzed under the
assumption of uniform surface reflectivity to yield a gravity equipotential contour
for the equatorial region and a tentative upper bound of 6 X 10—*% on the frac-
tional difference of Venus' principal equatorial moments of inertia. The minima
in the equipotential contours appear to be associated with topographic minima.

Present knowledge of the surface of
Venus rests largely on the results of
radar observations. Perhaps the most
striking fact to emerge has been the
retrograde direction of Venus’ spin and
its apparent resonance with the relative
orbital motions of the earth and Venus
(1). The earth could have captured
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Venus’ spin in this resonance only
through the action of a gravitational
torque on a substantial axial asymmetry
in Venus’ mass distribution (2). Hereto-
fore, no measurement of this asymmetry
has been possible. The main purpose
of this report is to demonstrate that
future radar observations can be used

to determine equipotential contours of
Venus’ gravity field and, hence, to
estimate the axial asymmetry of its mass
distribution. A preliminary contour for
the equatorial region and a concomitant
bound on the axial mass asymmetry—
based on past radar observations not
made explicitly for this purpose—is also
included.

How can radar data be sensitive to
the gravity field of Venus? A direct
sensitivity seems almost unthinkable.
But an indirect intermediary exists,
namely, the thick, carbon-dioxide-domi-
nated atmosphere of Venus. Because
this atmosphere absorbs X-band (ap-
proximately 8000 Mhz) radio radiation
strongly and, for example, S-band (ap-
proximately 2000 Mhz) radiation hardly
at all, we can infer surface heights
relative to a particular pressure contour
from a comparison of radar cross sec-
tions measured at the two frequencies,
since the intrinsic reflectivity of the
surface itself should not, in general,
vary sharply with frequency (3). The
use of a third frequency would allow
a more precise separation of atmo-
spheric from surface reflectivity effects
on cross section. The pressure contours
can then be related to the mean planet
radius with the aid of measurements of
round-trip radar echo time-delays,
which allow the absolute surface heights
to be determined (4). Gravity equipo-
tential contours will coincide with pres-
sure contours under conditions of hy-
drostatic equilibrium in the atmosphere
(5). From such a contour, the gravita-
tional torque exerted by the earth can
be estimated.

Now we develop this basic idea
quantitatively. Since at present its ap-
plication is restricted to the equatorial
regions traversed by the subradar point
of earth-based observations, we confine
our analysis to that situation. The pos-
sibilities for extension to high latitudes
and for the use of radars on Venus
orbiters are discussed briefly in the last
part of the report.

The radar cross section o(A,@) per
unit surface area at the subradar point
can be written as

a(\¢) = ao(\,p)exp[— 27(\,3)] (1)
where -

h

r0ng) = [ k(h\)dh (2)

h(¢)
with A being the wavelength of the
radar signals, ¢ the longitude of the
subradar point (we suppress 6, the lati-
tude dependence), o, the intrinsic cross
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section per unit area of the observed
region of the surface, = the opacity
(optical depth) of the atmosphere,  the
absorption coefficient for radio waves,
h the height of the reflecting region
relative to a reference pressure contour,
and h,,,, the altitude above which ab-
sorption can be neglected. We define
the reference contour in terms of a
reference longitude @, such that
h(8,) = 0. The factor of 2 multiplying
7 in Eq. 1 accounts for the two-way
passage of the radio waves through
Venus’ atmosphere. The coefficient, «,
is given approximately by the semi-
empirical formula (6)

1.57 X 10°P*(h),

NIT () /273F
where P is the pressure in atmospheres,
T the temperature in degrees Kelvin,
and A the wavelength in centimeters.
Since the absorption is important only
in the lower atmosphere, we may use
the approximate temperature-pressure
relation (7)

k() ~ 3)

P(h) . TT() — Lh:l (4)

P(0) T(0)
in the evaluation of 7. Here & = O refers
to the reference pressure contour; L =
9°K per kilometer is the lapse rate,
assumed constant' and k = pg/RL ~ 5.3
is the polytropic index, with p the mean
molecular weight of the atmosphere, g
the acceleration of gravity, and R the
gas constant. From Egs. 1 through 4
we obtain

6(7\‘4’) ”l'(xa‘l’o) ~
a(Mg) ao(N,gh)
exp(——- «(0, 7\);;(1)‘)[(1 _Tl(’g))z(kxz) _ 1])
=2 exp[2x(0,\) h] (5)
where the last relation is valid only for
h << [T(0)/L] =~ 90 km. Since h does
not scem to vary by more than about
*+4 km (4, 8), the expansion used in
the last part of Eq. 5 will be in error
by less than 15 percent. Hence, for
expository purposes, we-confine discus-

sion to the simplified form. Solving for
h then yields

h(¢)

a(\9) ao(N,p0)
3o " [a(x,¢(,) a"(x,¢)] (6
Assuming that the multiple-frequency
observations provide the ratios o/c,
how may we use the resultant values of
h(g) to determine the height variation
of the reference contour with respect
to the mean surface radius, p? From
the value of the echo time-delay, mea-
sured simultaneously with the cross sec-
tion, we can infer the height, #’, of the
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reflecting region above the mcan radius
(4). Thus, the height, h", of the
reference pressure contour above the
mean radius is given by

W =h —h 7

The function A”(g) defines a gravity
equipotential contour over the equa-
torial region under conditions of atmo-
spheric hydrostatic equilibrium (5). If
the contribution of the centrifugal ac-
celeration to the gravity field were
neglected (9) and if A" were known
over the entire planet, then the un-
known coefficients in the expression for
gravitational potential energy, U, could
be obtained from inversion of

_ GMg
P X

( 2)' P (sing) X
( n=—=1 MZ p-l-/l )

[Cymcosmep -+ S,.msinmcpl) =U, (8)

4

Ul + h"(0,),6,6]1 =

where G is the gravitational constant,
M ¢ the mass of Venus, Pm(sing) the

associated Legendre function of degree
n and order m, C,,, and S,,, the sought-
for coefficients, and U, the value of the
potential on the reference contour. For
data confined to the equatorial regions,
as here, Eq. 8 can be recast as

0

Z (Cncosme 4 Susinme) ~ ) 9)
m=0 P
where
Cm m Cnm p
Sm ] Z P (0) [snm ] (10)

n=m

and where we set Uy ~ — GM _/p (10)

and dropped terms of second order and
higher in 4”. The coeflicients C,, and
S, are given by

[ Chu ] _1 2’rh,,(¢)|:cosm;b] do;
S d T m »!; sinmg ’

m=12,...

(11)
with Cy =~ Cy, = 1 and S, = 0. No use-
ful information on the coeflicients of
the zonal harmonics (C,,; n 2 2) is con-
tained in the equatorial portion of the
equipotential contour, since the zonals
have no longitude dependence and their
bulk equatorial effect is not easily
separable from that of Af .

How may we use these results to esti-
mate the gravitational torque exerted
on Venus by the earth? For study of the
putative spin-orbit resonance (2), the

relevant torque is proportional to (B —
A)/C where A < B < C are the princi-
pal moments of inertia of Venus, with C
assumed to be the moment about the
spin axis. Unless either (i) Venus is now
a very elastic body (high “Q™) with
respect to the diurnal stresses of 100-
day periodicity, or (ii) there exists a
very delicate balance between the tor-
ques exerted by the sun on Venus’ tidal
bulge and on a possible atmospheric
bulge (/7), it appears that control of
Venus’ spin by the earth requires
(B— A)/C > 10—4 (2). If the tesseral
harmonics for Venus fall off with degree
as do those for the moon and Mars,
then the approximation

[(C:)® + (8:)*]*% =~
3[(C2)® 4 (S2)*]%: = 0.3

B— A4

o (12)
should yield a reasonable estimate for
(B— A)/C.

Unfortunately, data necessary to de-
termine an accurate equipotential con-
tour in the equatorial region of Venus
do not now exist. The lack of both
accurate values for x(h,A) and properly
calibrated radar cross-section data are
the major limitations; in particular, there
have been no coordinated observations
of cross section at more than one radar
frequency. If the variations with longi-
tude of the intrinsic surface reflectivity
are small and if the effects of the differ-
ences between total radar cross sections
and cross sections per unit surface area
at the subradar point are also small, we
may use the limited data from the
Haystack Observatory on the total cross
sections (8) at A = 3.8 cm, coupled with
the surface-height variations recently de-
termined (4), to obtain an approximate

_equipotential contour. The result is pre-

sented in Fig. 1 for x =0.07 km—1,
This choice for « is based on Eq. 3 and
the “nominal” values P(0) = 100 atm
and T(0) = 750°K (/2). A comparison
with the surface-height variation (see
Fig. 1) seems to indicate that minima
in the equipotential contour are as-
sociated with topographic minima. But
one must remember that the uncertain-
ties are large; it is even difficult to place
reliable bounds on the accuracy of the
equipotential contour, in view of the
lack of accurate and suitable data.

We can assess analytically the rela-
tive sensitivity of A” to the various
relevant factors. From Egs. 1 through
7 we find, under conditions validating
the last part of Eq. 5,

3o 3x(0\)

sh” = sh’ +2 (0)\)0' —h

xony (13
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The last term, through Eq. 3, can be
separated into components due to errors
in 7'(0), P(0), and numerical factors.
On the basis of experimental and
theoretical evidence relating to these
components, we estimate that |Sx/«]|
< 0.6. This contribution to 4" is pro-
portional to & and may therefore be
as much as several kilometers. For our
nominal value of x(0,A = 3.8 cm) = 0.07
km—1, fractional errors in cross section
of 10 percent will contribute crrors of
under 1 km to A”. The contribution of
81’ (4) should be nowhere greater than
about 0.5 km.

Unless the intrinsic surface reflec-
tivity is well correlated with the surface
altitude—unfortunately a not unlikely
possibility—the solutions for C, and S.,
and hence the estimate for (B — A4)/C,
may-be relatively immune to the effects
of variations in intrinsic reflectivity, Un-
der this assumption, we find from Fig. 1
and Eqs. 11 through 13 that

B—4
C

~(3x3) x 10" (14)
where the error reflects our estimates
of the uncertainties in «, (@), and
h'(p). No allowance was made for the
contributions of the higher-degree terms
to C, and S. (/3). We also find that the
axis of minimum moment of inertia
passes through longitude 30 % 60 de-
grees [International Astronomical Union
(IAU) coordinate system], which is too
uncertain to allow meaningful deduc-
tions about torque balance.

The prospects for improvement in
this very crude estimate of the gravity
equipotential are good. Results from

Venera 8, for example, should tighten

the bounds on atmospheric composition,
T(0), and P(0), and hence on k (after
laboratory confirmation or correction of
Eq. 3). The radar systems at Arecibo,
Puerto Rico (A =70 cm), Goldstone,
California (A = 12.5 cm), and at Hay-
stack (A=3.8 cm) could be used
to reduce the uncertainties in surface-
height variations to the 150-m level or
slightly below. With careful calibration
of the radars, cross section measure-
ments—for the same surface regions to
which the height measurements apply—
should have relative crrors of no more
than about 2 percent (8).. Haystack’s
contribution is essential here, because
there is no appreciable atmospheric
absorption at the wavelengths used at
the other observatories. Thus, earth-
based measurements could yield gravity
equipotential contours in the equatorial
regions of Venus with a lateral surface
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Fig. 1. Comparison —
of the surfece
heights on Venus
with a gravity equi-
potential contour.
The surface heights
are bzsed on round-
trip radar echo de-
Jays from published
(4) and recent, un-
published data. The
gravity potential
contour is derived
from data on radar
cross sections ob-
tained at the Hay-
stack  Observatory
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(8); the uncertain-
ties in both the scale
and variations of

80
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this latter curve are large (see text). Latitude variations “have been suppressed, with
both curves referring to averages along a narrow (= 10°) band centered on the

equator of Venus.

resolution of about 100 km, correspond-
ing to information on spherical harmon-
ics up to the 360th degree, and an
altitude resolution of about 200 m. The
decrease in the uncertainty of the esti-
mate of (B — A)/C should be at least
fourfold if the higher harmonics do
not contribute too much to C, and S.,.

Can the determination of Venus’
gravity equipotential contour be ex-
tended beyond the equatorial regions
traversed by the subearth point? Two
approaches are possible. (i) With more
powerful earth-based radar systems,
such as the proposed improved Arecibo
facility, it will be possible to determine
surface heights and reflectivities over
most of the planet with high resolution
by use of the new technique of delay-
Doppler interferometry (/4) at the
12.5-cm wavelength at which this radar
would operate. If a similar capability
existed for shorter radar wavelengths,
such as with a Haystack-Goldstone
bistatic configuration, then the atmo-
spheric absorption could be determined
as well. Of course, in the analysis of
these data—for which the incident and
reflected waves would not be in the
zenith direction on Venus—atmospher-
ic refraction effects must be considered
(7) as well as possible variations of the
intrinsic angular scattering law with
frequency (3). (ii) A spacecraft placed
in a polar, or near-polar, orbit about
Venus and equipped with a suitable
dual-frequency radar, could determine
surface heights, reflectivities, and the
corresponding atmospheric absorptions
over virtually the entire planet. Re-
peated polar passages would offer the
possibility for continual calibration. The
resultant -high-resolution equipotential

contours would not only vyield the
gravitational torque exerted by the earth
but would have other scientific applica-
tions as well: these contours bear, for
example, on questions of the origin
and evolution of Venus, its deep inte-
rior, the extent of isostatic compensa-
tion near its surface, and the processes
of surface erosion (/5).
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2,3,7,8-Tetrachlorodibenzo-p-dioxin: A Potent Inducer
of 3-Aminolevulinic Acid Synthetase

Abstract. 2,3,7,8-Tetrachlorodibenzo-p-dioxin, a toxic contaminant frequently
formed during the synthesis of the herbicide 2,4,5-trichlorophenoxyacetic acid, was
shown to be a potent inducer of hepatic 8-aminolevulinic acid synthetase in the
chick embryo. As little as 4.66 X 10—12 mole of the contaminant per egg pro-
duces a significant increase in the activity of the enzyme. Induction of the enzyme
is related to the dose of 2,3,7,8-tetrachlorodibenzo-p-dioxin and, in contrast to
that produced with other drugs, is prolonged in time, with 70 percent of the maxi-
mum induced activity present 5 days after a single dose. This contaminant is
implicated as the likely causative agent in an outbreak of porphyria cutanea tarda
in workers in a factory where 2,4,5-trichlorophenoxyacetic acid was being

synthesized.

2,3,7,8-Tetrachlorodibenzo-p-dioxin
(TCDD) is an unwanted contaminant
formed during the synthesis of the
herbicide  2,4,5-trichlorophenoxyacetic

acid (2,4,5-T) (1) (Fig. 1). This con-

taminant, TCDD, is perhaps the most
potent small-molecule toxin known; the
oral LD;, (mean lethal dose) in guinea
pigs is 1 ug per kilogram of body
weight (3 X 10—% mole/kg) (2). The
widespread use of 2,4,5-T as a defoliant
in Vietnam (I, 2) and the discovery of
the teratogenic potency of TCDD (3)
have caused concern about the potential
public health hazard created by contam-
ination of the environment with TCDD.
The chemistry of the toxin has been

Cl

o w

Fig. 1. Structure of 2,3,7.8-tetrachlorodi-
benzo-p-dioxin.
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extensively investigated, but little is
known about its biological actions (7,
4).

In 1964, Bleiberg et al. (5) reported
an outbreak of occupationally related
acne and porphyria cutanea tarda
{PCT) among workers in a factory
where 2,4,5-T was being produced. The
acne was shown to be directly attributa-
ble to TCDD (6). Porphyria cutanea
tarda is an acquired defect in hepatic
porphyrin metabolism characterized by
uroporphyrinuria, photosensitivity as
manifested by blisters, and mechanical

fragility of the skin (7). The etiology
of PCT in these factory workers is un-.

clear, but upon reinvestigation of the
factory in 1969, we discovered that the
PCT had disappeared in all workers
following the institution of procedures
to reduce TCDD contamination (8).
Hepatic porphyria can be produced
experimentally by a number of drugs,
all of which have the ability to stimu-
late the activity of the initial enzyme

in heme synthesis, 8-aminolevulinic
acid synthetase (ALA synthetase) (9,
10). Stimulation of this enzyme is
thought to represent induction, that is,
enhanced protein synthesis (9).

We report here that TCDD is an
inducer of ALA synthetase, and is at
least three orders of magnitude more
potent than any other compound
known to produce experimental por-
phyria.

The chick embryo was chosen as
the experimental animal because (i) it
is highly sensitive to the toxic effects
of TCDD (11), (ii) induction of ALA
synthetase in the liver is well charac-
terized in the chick embryo (12), and
(iii) the egg is a closed system, which
reduces the risk of laboratory con-
tamination.

Halogenated dibenzo-p-dioxins were
dissolved in p-dioxane. Fertile chicken
eggs, 15 to 20 days of gestation, were
injected with 25 ul of the chemical so-
lution or of solvent alone, through a
small hole punched into the shell over
the air sac. After the appropriate time
interval, the animals were killed, and
the activity of hepatic ALA synthetase
was assayed (I3). The TCDD pro-
duced a dose-related increase in ALA
synthetase activity (Fig. 2). Even at
the lowest dose tested, 4.66 X 10—12
mole per egg (1.5 ng), there was sig-
nificant (P < .05) doubling of enzyme
activity. Enzyme activity increased more
than 35-fold at the highest dose tested,
1.55 X 10—° mole per egg (0.5 ug).
The in vitro addition of TCDD to
a reaction mixture containing control
liver did not increase enzyme activity.
The stimulation of ALA synthetase in

2 8

g

ALA synthetase activity
(nmole ALA per gram per hour)
ORI
8 &

S

Control g
o aoh 109 107 10t
Dose TCDD (moles/egg)

Fig. 2. The induction by TCDD of ALA
synthetase:  dose-response relationship.
Chicken eggs of 17 days’ gestation were
injected with 25 ul of solvent (control),
or of solvent containing various doses of
TCDD. The embryos were killed 48 hours
later and assayed for hepatic ALA syn-
thetase activity (I3). The points repre-
sent the mean = standard error of three
or four groups of pooled livers.
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