0.010 cm?/g) was estimated by Kwok
(7) from the amino acid composition.
For the molecular weight, we adopt
the most commonly reported value (8)
and assign to it a generous error (M =
560,000 = 25,000). With these esti-
mates we find that n is 6.3 = 0.5. If the
estimates of errors in all quantities are
doubled, the resulting error is = 0.8. If
the estimated error in molecular weight
is doubled and all other errors quadru-
pled, n = 6.3 = 1.2. Thus it is unlikely
that there are eight molecules per cell
and very unlikely that there are four.

The evidence for six molecules per
unit cell, rather than two, four, or eight,
is supported by intensities of reflections
on the A0/ zone of the x-ray pattern.
Along the 0,0,/ line [c-axis (9)], the 0,0,3;
0,0,6; and 0,0,12 reflections are strong,
but the 0,0,4 reflection is weak. This im-
plies that, at very low resolution, the
structure when viewed along the a- or b-
axis is composed of three layers of elec-
tron-dense material (RuBPCase mole-
cules). Moreover, the exceedingly strong
0,0,6 reflection is consistent with the no-
tion that each molecule is itself a double-
layered structure (see below). A unit cell
with two or four layers of molecules is
not compatible with these intensities,
nor are such cells consistent with the c-
axial dimension (which is roughly three
times the observed molecular diameter
of 115 A) ).

By combining information from both
the form I and form II crystals, we can
determine the symmetry of the
RuBPCase molecule. Our study of form I
crystals (¢) showed that RuBPCase
molecules have a minimum symmetry of
three mutually perpendicular twofold
axes (D, = 222). Similarly, the six mole-
cules per unit cell in the form II crystals,
must occupy special positions of defined
symmetry. Two of the molecules contain
at least a fourfold axis of rotation, and
the remaining four contain at least a two-
fold axis. If we assume that all molecules
are identical, then the combined sym-
metries of D, (222) and C,; ) in the two
crystal forms demand that the RuB-
PCase molecule has D, (422) symmetry.
This is the highest symmetry that an LgSg
oligomer can possess, and it is the sym-
metry expected for a self-assembling ag-
gregate of this stoichiometry.

The filtered reconstruction of Fig. 3
contains some additional information on
subunit structure. Each molecule in the
filtered images (Fig. 3, b and c) is aver-
aged with ~ 24 equivalent neighboring
molecules. The filtered molecules are
squarish in outline and appear to contain
a fourfold rotation axis coincident with
the hole. Four elliptical units appear
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bonded in a square planar ring with four
faint spikes of density (arrow, Fig. 3b) at
the intersections of denser units. The fil-
tering procedure has slightly enhanced
the presence of the molecules obscured
by stain (Fig. 3c).

From these filtered images and from
the molecular symmetry, we propose a
model of RuBPCase quaternary struc-
ture: the molecule is double layered,
with each layer comprised of a ring of
four large, elliptical subunits. The two
layers are nearly eclipsed as suggested
by the images in electron micrographs,
even though this is not required by sym-
metry. The spikes at the corners of the
square molecules (arrow, Fig. 3b) may
conceivably be the small subunits, or the
spikes may result from the superposition
of parts of the obscured molecules with
the clear molecules. Figure 4 depicts this
model schematically, showing the ar-
rangement of molecules in the form II
crystals.

TiMOTHY S. BAKER
DAvID EISENBERG
FREDERICK EISERLING
Departments of Chemistry and
Bacteriology and Molecular Biology
Institute, University of California,
Los Angeles 90024
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High Rates of Vertical Crustal Movement near

Ventura, California

Abstract. Fission track, radiometric, and paleomagnetic age determinations in
marine sedimentary rocks of the Ventura Basin make it possible to estimate the verti-
cal components of displacement rates for the last 2 million years. The basin subsided
at rates up to 9.5 * 2.5 millimeters per year until about 0.6 million years ago, when
subsidence virtually ceased. Since then, the northern margin of the basin has been
rising at an average rate of 10 * 2 millimeters per year, about the same rate as that
based on the geodetic record north and west of Ventura since 1960 but considerably
lower than the rate along the San Andreas fault at Palmdale since 1960.

The Ventura Basin has long been
known for its thick sedimentary se-
quence of late Cenozoic age, which was
strongly deformed during the Pleistocene
(7). This sequence consists of deep-wa-
ter sandstones and siltstones of the Fer-
nando Formation overlain conformably
by the shallow-marine and nonmarine
Saugus Formation, which is itself over-
lain unconformably by alluvial deposits
including the Mugu and Oxnard aquifers.
The marine part of this sequence is high-
ly fossiliferous, but the provinciality of
the fossil assemblages precludes precise
correlation with worldwide Cenozoic
stages calibrated in radiometric ages. Re-
cently, however, the Bailey ash bed mid-
way in the Fernando-Saugus sequence
was dated as 1.2 = 0.2 million years by

the fission-track method on zircon (2),
and paleomagnetic stratigraphy of the
Saticoy oil field was used to identify the
Olduvai and Jaramillo normal events of
the Matuyama reversed epoch (3). Con-
straints on the minimum age of the
Saugus Formation are provided by the
ages of two biostratigraphically distinct
sets of marine terraces along the Califor-
nia coast as determined by uranium-se-
ries methods (¢) and amino acid race-
mization (5); these ages are 0.09 and 0.13
million years, respectively, with a con-
siderable margin of error. A similar but
undated set of marine terraces north and
west of the city of Ventura truncates the
south-dipping Saugus Formation (6). Up-
lift rates in the Santa Monica Mountains
based on the dated terraces there led
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Birkeland (7) to estimate by extrapola-  oil-producing region, it has been possible
tion the age of an older, higher terrace in  to supplement the data from surface ge-
the Santa Monica Mountains as 0.25 mil-  ology with data from over 2000 logs from
lion years. oil and water wells to construct a three-

Because the Ventura Basin is a major  dimensional stratigraphic and structural
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Fig. 1. Stratigraphic sections across the central trough of the Ventura Basin (vertical exaggera-
tion, X 5). The maximum burial line is used as the datum where the section is now at maximum
burial; elsewhere, a Fernando microfaunal marker (& 5 or Top Repettian) is selected as the
datum. Section A-A’ follows the deepest part of syncline north of the Oak Ridge fault; the
vertical bar at Saticoy shows the magnetic reversal stratigraphy of the Saticoy oil field 3) corre-
lated by microfauna and subsurface stratigraphy to the adjacent syncline. The distribution of
Bailey ash shown on sections B-B' and C—C’ is based on surface mapping (/6), which shows the
ash to underlie microfaunal marker & 5. Section B-B' is immediately across the Oak Ridge fault
from section A-A’; the thinner section is due to movement on the Oak Ridge fault during sedi-
mentation. Stratigraphic sections at the coastline and Bardsdale in sections A-A' and B-B' were
used to determine displacement rates in Fig. 2 and Table 1. For correlations of Mohnian, Del-
montian, Repettian, Venturian, Wheelerian, and Hallian provincial stages with Cenozoic
epochs, see (9) and (10).
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geologic framework; this framework is
described elsewhere (8). Figure 1 shows
three stratigraphic sections from the cen-
tral Ventura Basin. Section A—~A’ follows
the deep axis of the basin north of the
Oak Ridge fault, section B-B’ is parallel
to section A-A’ but south of the fault,
and section C-C' cuts across the struc-
tural grain from the eroded northern
margin of the basin across the Oak Ridge
fault and Oxnard plain to the southern
margin of the basin. Much of the Santa
Clara Valley and Oxnard plain has not
undergone any significant amount of ero-
sion since the Saugus Formation was de-
posited; it is at maximum depth of burial
today. Where the section is now at maxi-
mum burial, the present depositional sur-
face is used as the stratigraphic datum,;
elsewhere, microfaunal horizons within
the Fernando Formation are used (9).
The vertical bar at Saticoy in section A—
A’ shows the magnetic reversal stratigra-
phy determined by Blackie and Yeats
@), and sections B-B’ and C-C’ show
the position of the Bailey ash which was
dated by the fission-track method. If the
Olduvai event is considered to be near
the Plio-Pleistocene boundary, correla-
tion of this boundary on section A-A'
from Saticoy east to Bardsdale indicates
that, at Bardsdale, the Quaternary se-
quence alone is nearly 5 km thick. This
may be the thickest Quaternary se-
quence in the world.

Figure 2 and Table 1 show vertical
crustal displacement rates based on the
thickness of several sequences adjacent
to the Oak Ridge fault and shown in Fig.
1. These rates are calibrated in terms of
the Olduvai event, the fission-track age
of the Bailey ash, and the base of the Jar-
amillo event. The constraints of marine
terrace ages lead to a rough estimate of
the age of the end of Saugus deposition
near the coast of 0.6 = 0.1 million years.
Presumably, 0.6 million years is the age
of the mid-Pleistocene unconformity
shown in Fig. 1; younger sediments in
the Santa Clara Valley and Oxnard plain
may have been deposited during the time
much of the rest of the basin was being
uplifted. An additional constraint is a fis-
sion-track zircon age of 6.8 million years
from an ash bed in the Mohnian (10) se-
quence at Balcom Canyon (/7).

Sediment accumulation rates used in
Table 1 do not take into account the ef-
fects of compaction, as described by
McCulloh (/2), nor do they account for
changes in water depth at the time of
sedimentation from 2000 m in the Repet-
tian to sea level in the Saugus, as de-
scribed by Natland (9). Because water
depths in beds of the same age in the Fer-
nando and Saugus formations were the
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same on both sides of the Oak Ridge
fault, a consideration of water depth
would not affect the value of the vertical
component of displacement rates across
this fault. In general, rates of sediment
accumulation are higher in the range
0.6 =t =1 million years than in the
range 1 = = 2 million years. If the rates
for t+ = 2 million years are assumed to be
the same as those in the range 1 =t =2
million years, the age of the provincial
Miocene-Pliocene boundary based on an
extrapolation down-section of these
rates is 4 million years, as compared with
the 5-million-year age of the Miocene-
Pliocene boundary elsewhere in the
world. This extrapolated age is lower
than the fission-track age of the late
Miocene ash bed at Balcom Canyon.

Vertical displacement rates near the
coast are negative because both sides of
the Oak Ridge fault went down during
the time of deposition of the Fernando
and Saugus formations and are now at
maximum burial. Farther inland, at
Bardsdale, the positive values south of
the fault in the range 0 =¢ = 0.6 million
years reflect late Quaternary uplift, and
the range of values reflects uncertainty
about the total thickness of Saugus For-
mation deposited there and subsequently
eroded away. The uplift there is esti-
mated as 1.5 to 2.4 km, as based on the
estimated thickness of beds formerly
overlying nonmarine Oligocene strata
now exposed at the surface. The rate of
sediment accumulation at Bardsdale,
north of the fault, was nearly 9 mm/year
in the range 0.6 =t =1 million years,
possibly the highest long-term sediment
accumulation rate known. The vertical
component of movement on the Oak
Ridge fault shows a fourfold increase in
both areas about 1 million years ago (Fig.
2; Table 1). At Bardsdale, fault motion
has continued at a high rate for the last
0.6 million years, but near the coast fault
motion decreased by at least an order of
magnitude.

The uplift at Bardsdale (1.5 to 2.4 km)
is small compared to that at the northern
rim of the Ventura Basin. As shown in
section C-C’, about 6 km of section have
been removed in the last 0.6 million
years, if the maximum burial line near
the coast is extrapolated to the northern
rim of the basin. It is quite possible that
the original thickness of the Fernando
and Saugus formations now eroded away
was less than the thickness of these for-
mations now preserved, but this would
not reduce the thickness of the eroded
section by more than 1 km. Because the
late Cenozoic depositional cycle under
discussion began with the Delmontian (8,
10), I assumed in arriving at the figure of
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Table 1. Rates of vertical crustal displacement (in millimeters per year) adjacent to the Oak
Ridge fault, Ventura Basin. Negative values represent subsidence; positive values, uplift. Slip
rates on the Oak Ridge fault are in absolute values and represent the vertical component only.

Displacement

Time range (million years)

or slip rate 0=1=06 0.6=1=1 1=1=2

Ventura coast

North of fault -0.3 -5.8 -1.4

South of fault -0.2 -2.5 -0.7

Slip rate on fault 0.1 3.3 0.7
Bardsdale area

North of fault -0.7 -8.9 -1.3

South of fault +2.5to +4 -1.3to —2.8

Slip rate on fault 3.2t04.7 6.1to 7.6 1.3

6 km that the removal of rocks with a
Delmontian fauna, along with the young-
er Fernando and Saugus formations,
took place entirely in the last 0.6 million
years. Undoubtedly some of the under-
lying Mohnian was also removed during
this time, but the presence of clasts with
Mohnian fossils in the Fernando Forma-
tion indicates that part of the erosion of
Mohnian beds took place earlier than 0.6
million years ago. Thus the figure of
6 = 1 km appears to be the best approxi-
mation. On the basis of this figure, the
uplift rate is calculated as 10 = 2 mm/
year.

The high rate of subsidence north of
the fault at Bardsdale and the high rate of
uplift of the northern rim of the basin
place constraints on the age of the end of
Saugus deposition, because subsidence
of one area preceded uplift of the other.
If the age of the end of deposition is tak-
en as 0.7 million years, instead of 0.6 mil-

Jaramillo Olduvai

Brunhes Matuyama Gauss

Age (million years)

0 1 2 3 4 5

0 ‘\\‘ 1 1 1 1 1
\\\%\ :‘Bailey ash date

RN

4 NS Bardsdal, h of f.
1 \L\'f e, south of fault

Displacement (kn])

Fig. 2. Rates of vertical crustal displacement
at four localities in the Ventura Basin adjacent
to the Oak Ridge fault. Age controls are the
Olduvai event and the base of the Jaramillo
event, identified in the Saticoy oil field (3) and
correlated to each locality, the Bailey ash bed
(2), and the end of deposition, constrained by
uranium-series ¢) and amino acid racemi-
zation (5) ages of marine terraces. M is top of
provincial California Miocene in two coastal
sections.

lion years, the subsidence rate at Bards-
dale increases to 12 mm/year and the up-
lift of the northern rim decreases to 8.6
mm/year. If deposition ended 0.5 million
years ago, the subsidence rate at Bards-
dale is 7.1 mm/year but the rate of uplift
of the northern rim is 12 = 2 mm/year. It
is clear that this age could not be much
younger than 0.5 million years or much
older than 0.7 million years, because the
vertical movement rates at either ex-
treme would be unreasonably high.

It is possible to compare the average
rate of uplift in the last 0.6 million years
to uplift rates in historic times. Uplift
rates based on erosion and $ediment
yields in mountain watersheds of the
Transverse Ranges for periods of 25 to
42 years are as high as 2.3 mm/year (13).
The geodetic record indicates that uplift
since 1934 in the Santa Ynez Range
north of section C-C' is broad and uni-
form with a hinge line near the Red
Mountain fault at the northern margin of
the basin; uplift rates are 2 to S mm/year
from 1934 to 1960 and 6 to 9 mm/year
from 1960 to 1968 (/4). This uplift is in
the southwestern part of a broad bulge
trending east-west and centering on the
San Andreas fault at the town of Palm-
dale, where over the last 15 years uplift
has been occurring at rates as high as
16.7 mm/year (/4, 15). Uplift rates in the
mountains north of Ventura over the last
0.6 million years are about equal to rates
in that area since 1960 but considerably
lower than the rates at Palmdale since
1960.

ROBERT S. YEATS
Department of Geology,
Ohio University, Athens 45701
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Hydrogen Peroxide Induces Spawning in Mollusks,

with Activation of Prostaglandin Endoperoxide Synthetase

Abstract. Addition of hydrogen peroxide to seawater causes synchronous spawn-
ing in gravid male and female abalones, and certain other mollusks as well. This ef-
fect is blocked by exposure of the animals to aspirin, an inhibitor of the enzyme cata-
Iyzing oxidative synthesis of prostaglandin endoperoxide. Hydrogen peroxide acti-
vates this enzymatic reaction in cell-free extracts prepared from abalone eggs (a very
rich source of the prostaglandin endoperoxide synthetase); this effect appears to re-
veal a fundamental property of prostaglandin endoperoxide synthesis. Applicability
of these findings to both mariculture and medical purposes is suggested.

Although the marine invertebrate ani-
mals constitute a vast and protein-rich
food resource, control of their reproduc-
tion remains one of the principal barriers
to their economical cultivation for hu-
man consumption (I). Accordingly, we
have begun to investigate chemical
means for controlling the reproduction
and early development of the abalone, a
large herbivorous marine snail (mollus-
can gastropod) valued as a highly palat-
able source of meat protein in parts of
the United States, Mexico, Australia, Af-
rica, China, and Japan. We have found
that the addition of hydrogen peroxide to
seawater causes gravid male and female
abalones (as well as certain other mol-
lusks) to spawn, and that this effect may
result from a direct activation of the en-
zyme-catalyzed synthesis of prostaglan-
din endoperoxide.

Experiments described here were per-
formed with Haliotis rufescens, the red
abalone, as gravid specimens may be
found throughout the year (2); this is also

298

the species of principal importance to the
commercial fishery in the United States.
These bottom-dwelling animals repro-
duce by broadcast spawning, with syn-
chronous and copious liberation of ga-
metes from animals of both sexes result-
ing in external fertilization and the
subsequent development of free-swim-
ming planktonic larvae (3, 4).

Spawn liberated from abalones of ei-
ther sex can trigger responsive spawning
in animals of the opposite sex (3, 5). We
have found that this response can be de-
tected with sensitivity and specificity by
testing animals singly at 13° to 14°C, at

which the spontaneous spawning of grav- )

id animals is effectively suppressed
(Table 1, section 1).

Under these conditions, we have test-
ed compounds known to affect reproduc-
tion in other species (Table 1, section 2).
Prostaglandin E and prostaglandin F
[both known to mediate various physi-
ological reactions, which in turn regulate
ovulation, fertilization, pregnancy, and

birth in humans and other species (6)] are
occasionally effective in inducing spawn-
ing in both male and female abalones, un-
der conditions in which comparably grav-
id animals, receiving control treatment in
parallel, fail to spawn. Specificity of this
effect is indicated by the failure of both
mammalian gonadotropin and thyroxin
[the latter capable of inducing spawning
in male oysters (7)] to elicit any detect-
able response under these conditions.

The biosynthesis of prostaglandins is
known to depend on the prior synthesis
of prostaglandin endoperoxides; these
unique, short-lived intermediates con-
tain both unusual endoperoxide and hy-
droperoxy moieties, sequentially in-
troduced from molecular oxygen by the
catalytic activity of the enzyme fatty
acid cyclooxygenase (prostaglandin en-
doperoxide synthetase) (8). Prostaglan-
din endoperoxides are the direct pre-
cursors of both the prostaglandins and
the physiologically potent thrombox-
anes; the endoperoxides themselves may
also be physiologically active (8-/0). We
were thus interested in investigating pos-
sible effects resulting from direct addi-
tion of the uniquely reactive oxidant hy-
drogen peroxide (H,0,) to seawater con-
taining gravid abalones.

Addition of H,0, (to a concentration
of ~5 mM in alkaline seawater,
pH ~ 9.1) reproducibly causes spawning
in both male and female abalones within
3 + 15 hours after the first addition (Fig.
1 and Table 1, section 3). This induction
can be blocked by aspirin, added to the
seawater 15 minutes before the H,O,. As-
pirin (acetylsalicylic acid) is a well-char-
acterized inhibitor of the fatty acid cy-
clooxygenase-catalyzed first step in the
conversion of arachidonic acid to pros-
taglandin endoperoxide (10, /1). The in-
hibition of the H,0, induction of spawn-
ing by aspirin suggests, then, that cy-
clooxygenase activity and prostaglandin
endoperoxide synthesis may be required
in the animal during its exposure to H,O,
for the induction of spawning.

Rapid and specific extracellular de-
struction of H,0, by catalase, added to
seawater before the peroxide, also effec-
tively blocks the induction of spawning
(Table 1, section 3), which proves that it
is the H,0, molecule itself (rather than
some contaminant) that is responsible
for this induction. Blockade by the gener-
alized reducing agent mercaptoethanol is
consistent with the hypothesis that the
action of H,O, responsible for the induc-
tion of spawning is essentially an oxida-
tive one. In fact, we have found that oxy-
gen gas, bubbled through seawater con-
taining gravid abalones, is marginally
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