ability to judge the small tilts required
by the testing procedure.

The angle of the test field which is
judged left-pointing 50 percent of the
time (and right-pointing 50 percent of
the time) represents perceived straight-
ness and was determined from psycho-
metric plots of the observer’s responses.
Before adaptation, the mean angle for
the ten observers deviated by only 3’
from geometric straightness. After
adaptation, all observers shifted their
judgments of perceived straightness in
the predicted directions for both sets
of the test fields. In other words, after
adaptation the test bars were tilted
away from the adapting bars so that
observers judged as straight an angle
pointing in the direction of the adapt-
ing pattern (Fig. 1, B and C). The
average shift of the angle representing
perceived straightness summing the
aftereffects on both halves of the field
was 30.7’ of arc, with a range from 10’
to 64’. The orientations of the bars of
the adapting patterns, either red tilted
left and green tilted right, or vice versa,
made no significant difference. After
24 hours an aftereffect was again mea-
sured, although it was not statistically
significant.

Having demonstrated this aftereffect,
we proceeded to determine its magni-
tude as a function of the angle between
adapting and test bars. This function
should indirectly reveal the breadth of
tuning for edge orientation.

The experiments were carried out
with the same procedures as before,
except that the adapting patterns were
simplified to those shown in Fig. 1C.
Their tilts (off vertical) were 0, 5°,
10°, 15°, 20°, 25°, 30°, 40°, 50°, 60°,
and 75°. Scanning was restricted to the
central region of the pattern. Two ob-
servers (the authors) were run, once
at each tilt with color pairs assigned
randomly to direction of tilt. The re-
sults are shown in Fig. 2. The magni-
tude of the aftereffect peaks at an
adapting tilt between 10° and 15° and
approaches zero at a tilt of 40° (9).
The shape of these curves is consonant
with data on tilt aftereffects generated
under comparable conditions with
colorless adapting patterns (10, 11).
It is also consistent with estimates of
the breadth of tuning for orientation
in the human visual system based upon
masking experiments (11, 12).

Are the channels demonstrated by
our results the same as those respon-
sible for the McCollough effect? We
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suspect so, but the definitive answer
must come from parallels established
by further investigation of both phe-
nomena.
RicHARD HELD

STEFANIE R, SHATTUCK
Department of Psychology,
Massachusetts Institute of Techrnology,
Cambridge 02139
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Carbon and Atmospheric Oxygen

Van Valen (/) maintains that the
initial accumulation of free oxygen in
our atmosphere cannot be satisfactorily
explained by photosynthesis, apparently
on the grounds that (i) the net photo-
synthetic production of oxygen today
(rate of release by photosynthesis minus
rate of consumption by oxidation of
the biosphere and its fossils) is just
sufficient to hold in check the oxygen
sinks recognized by Holland (2) and
others in volcanic gases, ferrous iron,
and the like; and (ii) these sinks were
more demanding in the past than now,
whereas photosynthesis was presumably
less productive. I will accept these two
assumptions and attempt to show that
Van Valen’s conclusion does not neces-
sarily follow from them.

As Van Valen points out, a large
amount of organic carbon is stored in
the sedimentary rocks and may be
taken as corresponding to the aggregate
net photosynthetic production of oxygen
throughout geologic time. According to
recent estimates the total mass of the
sediments is 2 X 1024 grams or more
(3) and their average carbon content is
0.4 percent (4), making 8 X 1021
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grams of carbon which corresponds, at
a molar carbon-oxygen ratio of unity,
to 2 X 1022 grams of oxygen (5). This
agrees quite well with Holland’s esti-
mate (2) of the aggregate capacity of
inorganic oxygen sinks throughout geo-
logic time (1.8 X 1022 grams) and
leaves a little bit (0.2 X 1022 grams)
over for the atmosphere (which in fact
contains only 0.1 X 1022 grams).
One possible view of atmospheric
history is the following—for a con-
siderable time after photosynthesis be-
gan carbon accumulated while the par-
tial pressure of oxygen was held close
to zero by the backlog of reducing
agents derived from volcanic activity of
the primitive earth. The eventual neu-
tralization of these sinks required a net
production of oxygen that exceeded the
rate of continuing emanation of inor-
ganic reducing agents; but as at that
time the atmospheric oxygen concen-
tration was too low to oxidize the bio-
sphere appreciably and consequently the
net production of oxygen was nearly
equal to the rate of release by photo-
synthesis, it need not have been difficult
to meet this requirement (6). Once the
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sinks were neutralized, free oxygen be-
gan to accumulate and oxidation of the
biosphere (and eventually its fossils)
increased with the rising partial pres-
sure of oxygen. The net rate of oxygen
production was falling.

The net amount of oxygen produced
by photosynthesis is represented by the
carbon stored in the sediments. It ap-
pears (7) that an essentially constant
mass of sediments has been turned over
and over in the erosional cycle (whose
connections with the metamorphic and
magmatic cycles I am neglecting for
the present purpose) for more than a
billion years, perhaps since before pho-
tosynthesis began. As the partial pres-
sure of oxygen rose, more and more of
the fossil carbon exposed by erosion
was oxidized, until the atmosphere
reached a steady state with respect to
oxygen, and the rate of oxidation of
fossil carbon became almost equal to
the rate of its incorporation from the
biosphere into the sediments (8). That
the sediments have been virtually in a
steady state with respect to carbon
since Precambrian times is suggested
by the absence of any obvious age-
correlated trend in the carbon distri-
bution (9); and an ingenious argument
by Broecker (10), based on carbon
isotope ratios, points to the same con-
clusion. The present atmospheric con-
centration of oxygen may be held
steady by the dependence of oxidation
rates on the partial pressure of oxygen;
moreover, fluctuations in photosyn-
thetic activity should eventually be
compensated by variations in the rate
at which buried carbon is exposed to
oxidation after passing through the
sedimentary cycle (11).

My essential point is that the fossil
carbon now stored in the sediments
seems adequate to balance a reasonable
estimate of the inorganic oxygen sinks.
The data of geochemistry are seldom
accurate enough to make mass balances
that conclusively verify any particular
hypothesis. The usefulness of such cal-
culations lies rather in their ability to
reveal order-of-magnitude discrepancies

that will discredit a hypothesis until
adequately explained. Thus, the present
discussion does not prove that our oxy-
gen supply was built up by photosyn-
thesis; it merely shows that, on the evi-
dence so far available, it might have
been.

BrRYAN GREGOR

Department of Geology, West
Georgia College, Carrollton 30117
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Gregor modifies and makes more de-
tailed one of several alternatives I sug-
gested for the oxidation of the earth’s
atmosphere (I). As with the other al-
ternatives, however, I still see difficul-
ties.

The present net production of molec-
ular oxygen by photosynthesis (that is,
after plant respiration) is about (1 to 5)
X 1017 grams per year (2). This suffices
to oxidize an entire atmosphere of
methane (5 X 102! grams) in 10% or
103 years, which is negligible geological-
ly. Other atmospheric compositions
would give a shorter time. Lower values
of net production of oxygen would of
course give proportionally longer times.
About 1022 grams of reduced carbon
would be deposited during the same
interval (3).

Furthermore, the rather high fre-
quency of discovery of microfossils in
suitable middle and early Precambrian
sediments suggests that the biota was

not many orders of magnitude less
abundant than that today (4). The prev-
alence of forms morphologically simi-
lar to modern algae, and the occur-
rence in-sediments of possible break-
down products of chlorophyll, suggest
a major role for photosynthesis in the
acquisition of energy by organisms.
Gregor seems to accept this in his note
number 6 (5).

Therefore, my original reason for
questioning this alternative, that it “im-
plies . . . that there would be an
enormous volume of reduced  carbon
buried . . . in a geologically negligible
time,” still seems valid. It is not in-
superable, as Gregor points out, but
neither are the difficulties with other
alternatives.

This alternative also implies that the
greatest concentration of reduced car-
bon occurs in rocks formed when the
atmosphere was becoming oxidized, and
that the concentration progressively de-
clines later, with cycles of declining
amplitude, as the sediments formed at
that time become recycled and diluted
with sediments from sedimentary rocks
formed in the reducing atmosphere and
with sediments from “primary” igneous
rocks. Gregor’s argument indicates that -
this second prediction is not yet veri-
fied either, although the error of esti-
mate may be as large as the expected
decline during the Phanerozoic.

LEIGH VAN VALEN
Committee on Evolutionary Biology,
University of Chicago,
Chicago, Illinois 60637
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