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ABSTRACT

Enantiomeric (D/L) ratios of 5iX or more amino acids have been
determined in Pleéistocene mollusks from fifty-one terrace localities on
the Pacific coast of the United States from Puget Sound, Washington, to
San Diego, California. Samples have been selectad for the purpose of
evaluation of various aspects of the amino acid dating technique as well
&8s for the application of the technique to unresolved chronologic
problems. Samples with known stratigraphic relationships (gpper and
lower Pleistocene, Pliocene) have been examined to document the
relationships between geclogic age and extent of racemization. Most
genera investigated exhibir the expected trend of increasing extent of
racemization with increasing age, but some genera do not document this
trend, probably because of contamination during diagenesis. Of all
Zenera examined in thisg manner, the bivalve mollusgk Saxidomus.éppéars to
be the most reliable.

Generic effects on apparent racemization kinetics are evident:
consistent differences (of 40% to 80X, depending on the amino acid) in
enantiomeric ratios are seen betwean two groups of molluscan genera of
late Pleistocene age. Those genera that constitute a "fagt-racemizing"

group are Tegula, Macoma, and Epilucina, while those that form a

"slow~racemizing" group include Protothaca, Saxidomus, Chione, and

Tivela. Within the latter group several slight (52-10%) differences in

enantiomeric ratios are usually observed among the different genera, but
occasional "inversions" of these relationships are also apparent. Within
the former group, inversions of generic relationships of the enantiomeric

Tatios ere observed more frequently. Differences in the apparent



kinetics of racemization between the two groups are explained in terms of
a8 model of diagenetic racemization that includes natural hydrolysis of
peptide bonds as the most important rate-determining reaction. Relative
resistance of calcified peptide material to natural hydrolysis is
estimated from data on the relative abundance of aspartic acid (of major
importance in calcification) in samples from each of the two groups.
Samples with high relative abundances of aspartic acid (approximately 25%
of the total amino acid residues) are those that are slowest to racemize;
those with lower relative abundances of aspartic acid (approximately 102
of the total residues) are faster to racemize.

Interpretation of amino acid results in terms of relative and
absolute age of terrace localities is performed by qualitative
examination of the similarities in enantiomeric ratios gmong samples of
one or more genera from localities with similar present«day meaf annual
temperatures. The presence of three reliably dated (uranium-series datas
on coral material) localities (all between 120,000 and 140,000 years in
age} is of prime importance in this qualitative approach. A more
quantitative kinetic model ig proposed for one amino acid, leucine, and
this approach alsc relies hieavily on the uranium~serieg results from the
three calibration localities.

The kinetic model is derived from the apparent kinetics of
racemization of both leucine znd isoleucine in foraminifera samples from
deep-sea sediments. Methods are proposed for the conversion of
foraminifera model kinetiecs into model kinetics appropriate for the
interpretation of results in different molluscan genera. The kinetic

model yields age assignments for terrace localities, and these age
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Or more paleoclimatic records. The kinetic model ages can also be
evaluated within the constraints of both eustatic sea-level and isotopic
ice-volume records.

Age assignments for many of the late Pleigtocene localities
investigated in this work are in the range of 100,000 :to 140,000 years
and these localities are correlated with the early part of Stage 5 of the
marine isotopic record (Shackleton and Opdyke, 1973). These age
assignments are, in all cases, consistent with the radiometric age
assignments for- the calibration localities. Samples from high terraces
on San Nicolas Island, Palos Verdes HBills, and San Joaquin Hills, and
from the San Pedro Sand have kinetic model ages of between 350,000 and
550,000 years and appear correlative with all or part of Stages'9.and 11
of the marine isotopic record. Three low terrace localities in southern
California have yielded samples with ages in the range 200,000 to 250,000
years {correlative with Stage 7 of the marine isotopic record), though
previous interpretations of these localities had implied correlation with
localities that are shewn to be younger. Some of these older samples may
have been reworked imto younger deposits. Localities with lste Stage S
(80,000 to 100,000 yrs.) ages are found a2t Santa Cruz, California and on
Point Loma, San Diego, California (the Bird Rock Terrace), Both
radiometric and geologic information are consistent with these age
essignments. Samples from Cape Blanco, Oregon, appeszr to be either late-
Or post-Stage 5 in age; samples from Goleta, California are definitely

post-Stage 5 in age, and appear to be approximately 40,000 years in age.
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Several of these age assignments permit revisions in the interpretation
of pre-existing palececologic data. In addition, long-term average
uplift rates for each dated locality can be estimated: most of the Stage
5 localities reported herein have apparent uplift rates between .1 and .3
meters/1000 yrs. Uplift rates of .15 to .75 meters/1000 yre. are
inferred from the results for San Nicolas Island and the Palos Verdes

Hills. Quite rapid uplift rates of 1.5 to 2.75 meters/1000 yrs. for

Goleta and Cape Blanco are also inferred from our results.

iv



I. INTRODUCTION

Ay

Emergent marine terraces provide the most visible and complete means
of determining climatic fluctuations along tectonically active
coastlines. To date, the most detailed reconstructions of
glacio-eustatic sea lavel changes and rates of local tectonic movements
have been derived from emergent marine terrace sequences in Barbados and
New Guinea, which have been dated by uranium-series disequilibrium
determinations on fossil corals (Mesolella et al., 1969; Bloom et gl.,
1974). Emergent terraces older than about 35,000 years (the approximate
limit of C~14 dating using shell carbonate) along temperate and higher
latitude coastlines have remained virtually undated because of the
paucity of fogsil corals, the most religble fossil type used in
uranium-series dating.

Miller and Hare (1975) and Mitterer (1974; 1975) have recently
demonstrated the applicability of using fossil amino acid enantiomeric
(D/L) ratios for correlating uplifted marine Pleistocene depasits in
Arctic Canada and in Florida, respectively. Other applications of the
technique have been reviewed by Bada and Schroeder (1975), Kvenvolden
(1975), Dungworth (1976), and Schroeder and Bada (1976). Mitterer and
Hare (1967) and Hare and Mitterer (1967) demonstrated that racemization
in fossil shells (conversion of biologic, L-zmino acids into equilibrium
mixtures of L- and D-amino acids) occurs in a monotonic fashion in
samples of known stratigraphic age. These observations were reported for
samples of Miocene through Holocene age from the Atlantic coastal plain
and for samples from successively older (higher) terraces in the Palos

Verdes Hills, near Los Angeles, California, In this report we elaborate



on our previous studies (Wehmiller‘gg al., 1974; Lajoie et al., 19753} and
Teport on our use of amino acid techniques in the problems of correlation
and chronology of fifty-one Pleistocene localities along the Pacific
Coast of North America from San Diego, California, to Puget Sound,
Washington.

We report here on the use of two parallel and complimentary
approaches to the evaluation znd application of smino acid techniques in
the study of marine terrace deposits. First, we use the geologic control
that is provided by many of these terrace deposits to evaluate the
technique as a relative age dating tool. BSecondly, we use a few
reliably-dated lacalities to evaluate the ability of the techmique to
distinguish slight temperature (latitude) differences between samples of
similar ages. These dated localities also permit us to develop kinetic
models for amino acid racemization and to use these models for thé
estimation of absolute ages to un-dated localities.

Wherever possible, these evaluative exercises should be performed on
multiple individuals of several genera so that information on the
geological and analytical reliability of the technique is established.
Sample availability often limits the extent of these evaluations,
however. Results are presented here for nine different molluscan genera
that have been evaluated either for their concordance with known
stratigraphic ages or for their apparent analytical reproducibility.
Generic differences in observed enantiomeric ratios are presented here
and the importance of these differences as stratigraphic tools is
discussed. Generic differences in observed enantiomeric ratios also aid

in the understanding of the geochemistry of diagenetic amino acid racemi-



zation and in the development of the kinetic models for absolute age
assignment,

In the following two sections we summarize background information on
the available geochronology of the marine Pleistocene localities used in
this study and on the amino acid dating technique itself. Ip Section II
we provide a chronologic division of the Pleistocene as it has been
Presented by other workers so that the time implications of our
terminology are unambiguously defined. In Section III we review previous
studies of amino acid racemization phenomena so that the need for the

evaluative work presented here is clearly established.



II. PREVIQUS STUDIES OF COASTAL MARINE TERRACE CHRONOLOGY, WESTERN

UNITED STATES

marine terraces has implicatriong for a broad Tange of subjects, including
Palececologic correlations, eustatic sea-leval records, and loecal

tectonic deformation rates, Consequently, a large body of literature has

mollusks. Thesge localities pPrimarily represent the lowegt emergent
terrace, since it is these terrace remnantsg which contain abundant
well-preserved fossil materiasl that is within the range of available
dating techniques. Few, if any, terrace deposits ]ie within the nominal
range of carbon-14 dating. The locality at Cape Blanco, Cregon, has heen
dated at approximately 35,000 years B.P. by both C-14 and Th230/u234
analyses of mollusks (Richards and Thurber, 1966), though additionai data
Suggest a greater age (Janda, 1969; 1971).

Fossil corals have proven to be the most reliable for dating by
uranium-seriegs decay (Kaufman, &t al., 1971; Ku and Kern, 1974) pur only
three localities 2long the Pacific Coast have yielded enough corals for

age determinationg, These localities are:



a. Cayucos, San Luis Obispo County, California
(Veeh and Valentine, 1967)
130,000 + 30,000 and 140,000 + 30,000 yrs. B.P.
(The latTer date considered a minimum age for a chiton sample.)
{Terrace ~n 10~20 meters above sea level.)
b, Nestor Terrace, Point Loma, San Diego County, California
(Ku and Kern, 1974)
120,000 + 10,000 yrs. B.P.
(Terrace ~ 15-20 meters above sea level.)
c. 30-meter terrace, San Nicolas Island, California
(Valentine and Veeh, 1969)
87,000 + 12,000 and 120,000 + 20,000 yrs. B.P.
These dates are correlative with terrace dates from many parts of the
world and represent eustatic high sea levels between 75,000 and 140,000
years B.P. (Bloom et al., 1974; Broecker and van Donk, 1970).

Uranium-series dates on molluscan material from these and several
other localities on the central and southern California coast are
consistent with these age assignments, but usually the isotopic results
must be interpreted in terms of open-system diagenetic models (Szabo and
Rosholt, 1969; Szabo and Vedder, 1971). A few of the isotopic analyses
of mollusks have been interpreted in terms of closed system diagenesis
and indicate ages of 70,000 to 100,000 years for the lowest terrace at
Newport Beach, Santa Cruz, and Point Ano Nuevo (Szabo and Vedder, 1971;
Bradley and Addicott, 1968).

Correlation of marine terrace deposits has often been attempted on
the basis of geomorphologic, sedimentologic, or faumal characteristics.
In most cases, precise correlatiom is complicated by lack of horizontal
continuity, though most previous investigations have assumed that the

lowest emergent terraces along the cozst are synchronous in age. The

hazards of such an assumption are evident in the work of Eradley and



one or more sea~level “eveneg" and that sedimentsg gng fossils found on a

The terms "lape Pleistocene" or "upper Pleistocene” have been
commonly used in the description of many of the low terrace localities
Studied in thig work. The terms "early Pleistocene" or "lower
Pleistocene™ have been ip common use for description of most of the

stratigraphically clder localities studied here, Little, if any, formal

late Pleistocene, ¢a. 130,000 to ca, 10,000 yrs. B.p.

middie Pleistocene, ca. 700,000 to 130,000 ¥rs. B.P.-

early Pleistocene, ca. 1,800,000 to 700,000 }rs. B.P,
Butzer (1974) has formally fuggested the use of the Olduvai magnetjc
event, the Brunhes/Matuyama magnetic reversal, and the last period of
interglaciation as the Stratigraphic divisions of the Pleistocene (Lower,
Middle, and Upper, Tespectively) ang our chronological terminology
follows Butzer's PToposal, szince the chronology of these important
stratigraphic markers is well established, Ag each locality ig discussed

herein, irg absolute age assignment and age category will be designated.



III. REVIEW OF AMIND ACID DATING TECHNIQUES
Aming acids, as the constituentg of high-molecular weight

polypeptide material, are incorporated into shells of living calcareous

fossilization, a variety of diagenetic Teactions can occur to alter this
high-molecular weight material, These reactions include deamination,
decarboxylation, oxidation of either high=- or low-molecular weight
components, hydrolysis angd cleavage of pPeptide bonds liberating free
amino acids and small peptides, and recombination of frae emino acids
with other erganic compounds in the fogsils (Bare, 1969). Integrated

into this complex array of Teactions is the phenomenon of racemization,

ranging in age from 0 to 5 millien years in age (Wehmiller and Hare,
1971; Bada and Schroeder, 1972; 197s; King and RHare, 19723). Isoleucipe
epimerization kinetics have also been documented in high-temperature
Pyrolysisg experiments with several different fosgi] shell types (Hare zng

Mitterer, 1969; Bada and Schroeder, 1972; 1975; Mitterer, 1975), and

these experimental data provide usefyl informetion on the temperature



sensitivity of the isoleucine epimerization reaction, Isoleucine is the
amino acid that has been most thoroughly stydied because ion-exchenge
chromatographic techniques can Successfully regolve the product of
L-isoleucine epimerization, D-alloisoleucine (see Bada et al., 1970;
Wehmiller and Hare, 1971, and others)., Additional data on the D/L ratios
of several other amino acids (usually between five and seven besides
isoleucine) in foraminifera (Kvenvolden &t al., 1973), vertebrate bone
material (Bads &t al., 1973), mollusks (Hare and Hoering, 1873), and
corals (Wehmillerlgs al., 1976) have b;come available since the
development of capillary column gas-chromatogra; aic techniques for the
analysis of diaséereoisomeric derivatives of the fossil amino acid
mixtures {Kvenvolden et al., 1972). These studies have qualitatively
established the relarive rates of racemization of different amino acids

in various sample types, Quantitative modelling using gas*chrdmaiographic

et al., 1973; Dungworth, 1976).

The chronologic valye of Tacemization resctiong has been a repeated
focus of study, However, several factors exist that prevent thege

reactions from Providing an "absolyte" chronologic tool with the

maximum and minimyum temperatures to which the sample might have been
eXposed, and the approximate time spent at these and intermediate

temperatures.



Differences in apparent racemization rates &mong several genera of
foraminifera and mollusks have been noted (King and Hare, 1972; King and
Ne%ille, 1977; Miller and Hare, 1975) and certainly must be considered as
an important variable in any geologic applications of amine acid
techniques. These generic effects on apparent racemization kinetics are
probably the result of variable Telationships between mineral and organic
phases within the fossil genera and also the type and amount of organic
material present in the shell matrix. In this Paper we present
additional data for generic differences in enzntiomeric ratios and we
demonstrate the usefulness of such data in correlation of terrace
deposits. We also use these data to identify possible mixtures of faunas
of different ages.

Contamination of samples during diagenesis ig an additional cause
of uncertainty., It is usually assumed that contaminant amino acids {(with
"modern" D/L ratios) would have the effect of lowering the D/L ratios of
the uncontaminated sample. Evidence of contamination has beeq presanted
by several workers (Wehmiller and Hare, 1971; Bada et al., 1973;
Schroeder, 1975, Wehmiller et al., 1976). Approaches that can be used to
&valuate the significance of contamination for a given fossil type are:

1. Quantification of unstable amino acids and/or extraneous

¢ompounds that might be present in the sample (Schroeder,
1975; Wehmiller et al,, 1976).

2. Demonstration of the "ability" of a given genus to reach

equilibrivm (D/L = 1.0) and maintain this racemic state

for significant lengths of time.

3. Demonstration of "anomalous™ relative rates of racemization
among a suite of amino acids in a sample (Bada et al., 1973).

Each of these approaches requires rigorous stratigraphic control of the

samples, and for this Teason samplez of calcareous foraminifera from



stratigraphically and radiometrically dated deep sea marine sediment

contamination problems. In this paper we ysge the stratigraphic framework
Provided by vertisal Séquences of marine terrace deposits for the
evaluation of the durability and Tesistance to contamination of most of

the genera that have been used for correlative purposes. Several of the

Various kinetic model options exist for the interpretation of amino
acid enantiomeric ratios in fosgsil calcareous organisms. Mitterer (1975)
has shown that linear (first-order reversible) kineties are observed ip
high temperature pyrolysis of fragments of the bivalve Mercenaria. Bada
and Schroeder (1977) have shown that non-linear kinetics are observed in
high temperature pyrolysis of foraminifers. Non-linear kinetics are
clearly observed in foraminifera samples from geﬁlogical environments
(Wehmiller and Hare, 1971; Bada and Schroeder, 1872, 1975; King and Hare,
1972a). Since it ig only for these samples that have well-controlled
ages that the actyal kKinetics of racemization have beep documented for
typical ambient temperatures, we will use kinetic models derived from the
deep-sea sediment foraminifers data for the interpretation of the
molluscan resulrg reported here. The various model] options are briefiy
evaluated in this work and ere more fully discussed elsevhere (Wehmiller

and Belknap, in press).
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IV. LOCALITY INFORMATION AND SAMPLE SELECTION

obtained from existing collections at the U.s, Geological Survey, Menlo
Park, and the Los Angeles County Museum of Natural History, Additional]
scurces of samples are notag where 2ppropriata. Publighed references po
specifie sample localities and to available radiometric dateg are given

in Table 1, Complete discriptions of all localities are found ip Appendix

Table ] Ne&r here

I, Figures 1 and 2 (a through n) show locations of a1y sample localitiaes

Figures 1-~24-p near here

used in thig study
Ideally q Study such as thig should uytilige fossil genera that occur

over a wide latityde range. Two generz of bivalves (i.e., pelecypods),

Protothacs (P, staminea) apd Saxidomys (. glganteus and 5. nuttalii)

generally meet thig criterion and have been readily available in the

collections uged in this work, Five other genera of bivglves (Chione,

Cumingia, Epilucina, Macoma, and Tivela) and three genera of gastropods

(Diodézg, Polinices, and Tegula) have glso been examined and dats for

these can, ip mOSL cases, be compared directly with results for either

11



Only rarely have fossils been found with articulated valves in
growth position. Therefore we have been forced to work with samples that
have probably been transported by marine action, and the possibility of
mixing of samples of different ages always exists in such a situation.

We have avoided the use of shell fragments or extensively abraded
samples, but nevertheless several examples of reworking are evident ip
our results. To our knowledge, only at three of the localities studied
here (M1690, M1477, and at several Places on the Nestor Terrace) have

articulated samples in growth position been documented.

12



Present-day thermasl environments.
Data on mean annual air temperatures as compiled from various sources

are given in Table 2. Temperature records do not exist for all localities

Table 2 near here

of interest, go in the;e.cases we have estimated temperatures-by”interpo-
lation between mean annual air temperatures for the nearest coastgl
fe=cording stations. In 2 few cases we have estimatad mEAn annual
temperatures from short-term (legg than 10 years) records. For the
Purposes of discussion of qualitative differences and similarities ip
observed enantiomerie ratios, we define the following pPresent~day
temperatyre regions in relation to the localities being considered herein.
Puget Sound Region: Orcas Island, Bainbridge Island:
Mean Ann. Temp, 9,90 _ 11.09 ¢,
Northern Region: Cape Blanco and Trinidad Head:
Mean Ann. Temp. 10.0 - 11,50 c.
Central Region: Point Ano Nuevo, Santg Cruz, and

Cayucos: Mean Ann, Temp, 13.3 -

13



14.0° ¢,
Southern Region: Goleta to Point Loma: Mean Ann.
Temp. 15.5 - 14.50 C.
Within each of these temperature regions, local variations in mean annual
temperature are apparent., Thege variations are not directly correlative
with latitude and must be related to local effectg of-oceanographic and

meteorological conditions. It ig difficult to delineate how these

Mean annual ajr temperatures are the only readily available type of
temperature record with which to interpret our results. However, two
additional pieces of information are important in the evaluation of
Present~day thermal environments; the actual temperature of the terrace
sediments at rhe depth of burigl (usually between ,25 apd 2.0 meters) of
the fogail samples, and the effective annugl gir temperature, The latter
is the seasonally-adjusted "effective kinetic™" air temperature, and it ig
2 measure of the Proportionally greater kinetic effect that warm summer

menths have op racemization, compared to cold winter months. The

and Schroeder (1972):
log k (yr™ly = 5 49 5939/7 (1)

where k = the rate constant for revergible firgt order racemization, and

14



T = absolute temperature. This equation is specifically valid for
isoleucine epimerization in pyrolyzed calcareous foraminifera. It is
used here 2s a working model for racemization of all amino acids.

Various geological tests of the model are presented below and it is shown
to be reasonably reliable, though not without need of refinement,

The concept of effective annual temperatures has been recently
discussed by Friedman and Long (1976). The difference between effective
annual tempersture and mean annual temperature becomes most pronounced in
continental climates with significant seasonal temperature variation.

The climates of Pacific Coast marine terraces demonstrate seasonal
temperature fluctuation of between 139C and 20° in southern

California. In general, the calculated effective annual air temperatures
are only 0.5% ¢p 1.5% greater than mean annual temperatures.

The magnitude of the seasonsl temperature fluctuations in .the terrace
sediments themselves is not known. A program of ground temperature
determinations over one~ and two-year periods is presently being
conducted, Current information on ground temperatures within the terrace
deposits consists of thermometer measurements made at depths of 0.2 to
2.0 meters during the summers of 1975 and 1976 at Cape Blanco, Point Ano
Ruevo, Cayucos, Newport Beach, and Point Loma. These temperature measure-
ments (21l made after equilibration times of only five to ten minutes)
Suggest that summer ground temperatures are between 29C and 4°¢C
warmer than mean anngal temperatures at the respective localities. These
few results are consistent with observations on ground temperatures at
two comparable localities for which more thorough data are available:

Mt. Vernon, Washington, and Riverside Experimental Station, California

15



(U.S. Dept. Commerce Soil Temperature Records). Though the Riverside
Experimental Staricn is not a coastal locality, we use goil temperature
data from this locality for comparison with coastal terrace localities
in southern California, The lack of abundant soil temperature data
requires that thig comparison be made, but it seems valid because the
mean annual gir temperature at Riverside is only 19 - j0¢ greater

than the mean annual air temperatures at most of the terrace localities
discussed in this work. Summary data for these soil temperature
measurement stations is included in Table 2.

It is apparent in the soil temperature records for the Rivergide
Experimental Station (Table 2) that ground temperatures below depths of
about 2 meters probably undergo litrle seasonal variation and that these
temperatures are equal, or slightly greater than, mean annual air
temperatures, For convenience, we use the differences ig mean'aﬁnual air
temperatures in the comparigon of enantiomeric ratio results from
different localities. Since there is little difference between effective
annual air temperatures and mean annual air temperatures for most of
these coastal localitiesg (see Table 2), the use of mean annual air
temperatures in these comparisons appears valid gs long as the
differences between ground and air temperatures are constant for the
localities considered, The validity of these assumptions must await
additional ground temperature data. Our kinetic models, developed in
Section IX, are calibrated to mean annual air temperatures and therefore
automatically compensate for probable differences between ground and
air temperatures.

In the evaluation of the kinetic effects of late Pleistocene

16



temperature fluctuations, a number of factors must be considered. The
mean annual air temperatures at the terrace localities discussed herein
are presently dominated by the nearby marine environment. During periods
of ice volume expansion and marinpe Tegression, these coastal localities
would have been less effected by the marine environment, and might have
been as much gs 25-30 km inland from the low-sea level coastline. Data
presented in Table 2 for temperature recording stations in southern
California up to 65 km inland from the coast show that present day mean
annual air temperatures increase inland with 2 gradient of approximately
0.5°C/10 km.

The actual thermal effect that any shift in position relative to a
coastline would have would depend on the magnitude of the temperature
reduction in both the marine and continental environments and the exact
position of the terrace locality in the altered thermal gradient. Fuyll
glacial temperature reductions for coastal waters off California are
estimated at between 2°C and 4°C (CLIMAP, 1976). Full glacial
temperature reductions of between 9° apd 11°C in the western
¢ontinental United States are estimated by Gates (1976) as averages for
4% x 59 grid areas. Temperature reductions intermediate between
these estimates would seem reasonsble for coastal localities, and full
glacial temperature reductions of between 4© and 79C are judged to be
mest consistent with the kinetic models developed in Section IX.
Nevertheless, it is conceivable that if full glacial temperature
reductions, at localities presently between 10 and 40 Im inland, were no
more than 4° - 59C, the net thermal effect of a shift in position of
a fossil locality relative to the coastline might have been 3 very slight

temperature reduction of 1° - 20¢ during full glacial regression.

17



VI. ANALYTICAL TECHNIQUES AND RESULTS

order to minimize the problems of "o en-system" diagenesis (see Wehmiller
P p y

€ al., 1976, for discussion), Samples have been cleaned mechanically

while under sonication. Thig latter procedyre removed approfimately
10-15% of the originai sample fragment, insuring that the actyal fragment
analyzed (usually about 0.5 gm CaC03) Was representative of the

interior portions of the shell, Thig approach reduces the chance of
leached.or contaminated shell being included in the analysis.

Gastropod shells in temperate and borea] waters do not often obtain
the bulk or thickness of bivalves, and suitable 8astropods have been
difficult to obtain. 1In addition, the internal 8tructure of various
shell layers found ip Bany gastropods PTecludes finding thick portions of
& single shel] type. Gastropods have in general Proven to be unreliable
samples. In bivalves, the thickest portion of the shell ig often the
hinge plate, and a11 samples have been taken from this region. Only ip

Tivela stultorum vwere samples routinely cut from another region, the

central disc arez. e have not specifically investigated the possibiliry
of variability of results between different shel} layers (Hare and

Mitterer, 1969),
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Caleite/aragonite determinations (see Turekian anpd Armstrong, 1960)
have been performed on mest samples, the data being presented with the
enantiomeric ratios (Tables 3 and 4). Mineralogic determinations may be
usefu! indicators of diagenetic alterations, although we have not
éncountered any obvious examples of anomalous D/L ratios being associated
with significant sample recrystallization, Only sample 74- -1, Table 4,
was rejected because of itg high calcite content (2. 5%) and even in this
case the enantlomerlc ratios are not much different from those in
unaltered samples from the saﬁe locality,

The Bastropods studied were all subjected tro dilute HCl washlng
while under sonication, but only the Tegula samples were mechanically

LTesod
cleaned prior to sonication. Mechanical cleaning of the Tegula samples
wads necessary to remove the outer, pigmented shell layer of this genus.
The presence of significant amounts of calcite in some gastropods cannot
be interpreted as being a diagenetic product since many gastropod genera
form shells of both Polymorphs of caleium carbonate (Turekian and
Armstrong, 1960).

Sample prepsration and aminp acid enantiomeric determinations have
been made according to procedures described in Kvenvolden et al., (1972;
1973). Samples have been dissolved in enough concentrated HCl to make
them 6N in HCl, hydrolyzed for 22 hours at 110°C in a sealed tube under
nitrogen, desalted by ion~exchange chromatography on Dowex 50~X8, and
derivitized by esterification with (+)-2-butanol and acylation with
either trifluoroacetic anhydride or pentafluoropropionic anhydrida,
Capillary column gas chromatographic analyses have been performed using

at least two different liquid phases (Carbowax 20M and OV 225). All



reagents have been prepared from triply-distilled water. Procedural
blanks on the entire preparative scheme show only traces of glycine and a
few unidentified chromatographic peaks are apparent in these blanks as
well. Procedural blanks on mixtures of free and peptide-bound L-amino
acids carried through the entire procedure show that racemization caused
by the preparation steps is slight but measureable; D/L ratios on amino
acids carried through this procedure are generally between 0.004 and
0.015. Data presented in this work are not corrected for any
racemization possibly induced by the analytical procedure.

Two amino acids, leucine and glutamic acid, are judged to provide
the most reliable results. These two amino acids satisfactofily meet the
following criteria: abundance in the sample, excellent chromatographic
resolution, and apparent resclution from stray peaks (impurities,
diagenetic by-products) that elute at various times during the-
gas-chromatographic analysis of some samples. The latter observation is
based upon the comparability of results obtained by chromatographic
analysis with three different liquid phase capillary columns (Kvenvolden
et al., 1972, 1973). Valine, alanine, proline and phenylalanine
generally meet the above ecriteriz byt occasionally produce results which
appear inconsistent with the leucine and glutamic acid data. Aspartic
acid, which is always abundant, is not well resolved in most casesg, and
though the results for aspartic acid are generally consistent with the
other amino acids, they are not given any weight in our interpretations.

As mentioned previously, various unstable amino acids can be used as
indicators of potential contamination of a sample. The relative

abundance of serine has been used extensively in this manner (Wehmiller
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enantiomeric ratios of serine in all of our samples. Large relatjive
amounts of serine and/or low (< o .40} enantiomeric ratios are taken to
be indicative of geologie contamination. Specific examples of
contaminated samples will be cited where appropriste,

The enantiomeric ratio results are grouped into two tableg.
Analyses from localitias that are‘in 1ocally-controlled stratigraphic
order or are of Pre-Pleistocene or Post-Pleistocene age are given in

Table 3. Thege samples are mostly from vertical flight sequences in

Table 3 pear here

southern California: Palos Verdes Hills, San Nicolas Island, Newport
Beach-Corona del Mar, and San Diego. Studies of sequences sych as these

are important for the evaluation of a8 given genus "ability" to document

many repetitive analyses, but we have been able tg test seven geners
within a vertical terrace framework. 4 few additional lower Pleistocene
(San Pedro Sand, Timms Poine Silt) and Pliocene (Fernando Formation, San
Diego Formation) samples have algo been examined. Samples from
isostatically rebounded marine deposits in the Puget Sound area with C-14
ages of about 3,200 and 12,500 yrs. are also presented ip Table 3 and
Provide control fer the younger part of the time Span investigated.
Enantiomeric ratios for all samples from the firse (i.e., lowest)

terrace localities are presented in Table 4. The lower znd upper terraces
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Table 4 near here

(Bird Rock and Nestor) on Point Loma are presentad in Table 4 for eage of
comparison with other low terrace localities along the coast. It is from
several of the lowest terraces that enough samples have been avajlable
for the evaluation of analytical Precision and generic effects on the
rates of racemization, Wherever possible, mean values for all genera

from a single locality are also given in Table 4.
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VII. DISCUSSION oF RESULTS ; TECHNIQUE EVALUATION

1. Analytieal and Geological Precision

encountered in the fame terrace deposirt. Replicate analyses of nine
Samples (samples 50~31, 74-16, 74=21, 75-2, 75-3, 75~11, 75-20, 75-25,

and 75-47) indicate that in almost a1l cases, enantiomeric ratios are

Table 5 near here

standard deviations from the means for all genera from which three or
more individualg have been analyzed from 2 given terrace. Protothaca,
~—=bthaca
Saxldomus, and Teguls have been most Tigorously examined. Five Saxidomys
samples from Poipt Ato Nuevo (]oc, ¥ 1690), three Protothaca from Cayucos
———tifiaca

(loc. M 3922), and three Saxidomus and three Teguls from Newport Beach
(loc, M 2074) have beeq analyzed. Thege represent specific localitieg
from which multiple samples have beep taken.

Additional daea on the above generg and others are available for

samples from locally correlative localities, Three Saxidomug from two
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Three Epilucina individuals from two localities in the Corona del Mar
area are considered correlative and are used in a similar manner. Three
Tivela samples from two correlated localities (M 2074, M 1477) at Newport
Beach are used for the evaluation of this genus, Multiple analyses of

'Epilucina, Protothaca, and Tegula from several localities on the Nestor

Terrace on Point Loma, have also been performed. In geveral cases two
individuals of a given genus have been analyzed from a specific locality,
and in Table 5 information on the apparent range of results (as a

percentage of the mean value) for Protothaca, Chione, and Macoma is

pPresented,

The results presented in Table 5 indicate that in many cases,
standard deviations are on the order of five percent of the mean value.
In a few tases, standard deviations are as large as tan percent of the
mean value, but among the data presented in Table 5, there is no-eclear
indication of any one amino acid being more reliable than another, though
large uncertainties are observed more frequently for phenylalanine than
for the other amino acids. It appears that the uncertainties encountered

in the Protothaca and Saxidomus results are usually less than four

percent of the mean values for the enantiomeric ratios of particular
amino acids. It also appears that the uncertainties encountered in the

Protothaca and Saxidomus results are generally slightly less than those

for other genera. The data presented in Table 5 do not support or deny
our subjective preference for the leucine and glutamic acid results. It
will be clear in following sections that these two amino acids present

the most consistent stratigraphie picture.
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2. Generic Differences in Enzntiomeric Ratios

The results presented in Tables 3, 4, and 5 document the generic
relationships that are observed among samples from the same or
correlative terraces. Many of these relationships are Presented in

graphical form in Figures 3 through 13. Protothaca, Tivela, Chione, and

Saxidomus have quite similar enantiomeric ratios at al] localities where
they have been studied together (gee Figures 4-7), Saxidomus usually has
ratios ahout 5% greater than any of the other three, and in spite of the
fact that this difference is only slightly greater than typical
analytical uncertainties, it occurs so frequently (especially between

Saxidomus and Protothaca) that it appears to be a real generic

difference. Differences in rates of racemization in Protothaca and
Saxidomus have been duplicated in laboratory Pyrolysis experiments as
well (Wehmiller, unpubl, ), Occasionally "inversions" of these:géneric
enantiomeric relationships are observed in fossil samples; thesge
inversions can be interpreted as indications of complex racemization
kinetics, of analytical uncertainties, or of mixing of samples of
slightly different ages.

Most enantiomeric ratios in Macoma are about 15-20% greater than
—_—

those of Protothaca, and those in Epilucina and Tegula are about 40-50%
——trnaca

greater than in Protothaca samples of equal age. This genmeric
relationship is magnified by proline enantiomeric ratios {see Figure 7),
in particular: Tegula usually exhibits proline D/L ratios aboyt a2 factor
Or two greater than those in Protothaca. For most amine acids except

valine, Tegula and Epilucina do not demonstrate a consistent generic

relationship. Epilucina valine ratios are generally greater thanp Tegula
Sko_ncina 2S8u’a
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valine ratios. 1In comparison of leucine and glutamic acid, Tegula
2pPpears more racemized than Epilucina at Cayucos but legs so at Poirt
Loma (Nestor Terrace). 1In the Newport Beach-Corona del Mar area, the two
genera show quite similar ratios. As is shown in following sections,
unambiguous conclusions cannot be derived from the results for these two
genera alone.

3. Stratigrsphically Contrelled Sequences

Figures 3a, 3b, 3c near here

Analytical results from low terrace localities suggest that two
amino acids yield the BmOSt consistent enantiomeric information, and that

three genera of bivalves {Protothaca, Saxidomus, and Tivela) are the most

reliable (of those studied) in terms of analytical precision and-
consistent inter-generic relationships., 1In addition, the Teliability of
2 given genus can be evaluated by the analysis of stratigraphically
Controlled samples and by the documentation of the "ability™ of a genus
to achieve a racemic state (i.e., equilibrium D/L ratios) and maintain it.
Saxidomus, primarily because of its durability during diagenesis,
seems to yield the least ambiguous results when tested by analysis of
stratigraphically controlled samples. Thus, with only a few exceptions,

enantiomeric ratios that steadily increase with 4ge are seen in Saxidomus
e Akl L]

Table 3), 25 well as in 2 comparison of upper Pleistocene Saxidomus from
the Palos Verdes Sand (samples 75~52, 75=53, 76~16) with lower

Pleistocene Saxidomus from the San Pedro Sand (samples 76~6, 76-7) and
=it gomus
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Timms Point Silt (76-8, 76~9). One Pliocene Saxidomus from the San Diego
Formation (Table 3) contains nearly racemic amino acids; two other
Pliocene Saxidomus samples from the Fernando Formation in Los Angeles
(Table 3) appear less racemized than the San Diego Formation Saxidomus,
especially in comparison of valine and glutamic acid ratios. The
Fernando Formation samples thus appear slightly younger than the San
Diego Formation sample, though the observed differences in enantiomeric
Tatios could also be due to slight differences in diagenetic
temperatures. A late Pliocene or early Pleistocene (Wheelerian, or
approximately 1.5 to 2.0 million years B.P.) is probable for the Fernando
Formation samples (Yerkes, pers. comm., 1977; see Yeats, 1977).

Tivela has been tested only in the case of the (probable) early
Pleistocene Lindavista Formation (Kennedy, 1973). Samples of Tivelz from
the Lindavista Formation are racemic or very nearly so; because of
generic differences, it cannot be said whether the Lindavista Formation
Tivela samples are actually younger than the San Diego Formation
Saxidomus sample, though the geologic control indicates that the
Lindavista Formation is, in fact, younger than the San Diego Formation
(Rennedy, 1973). The possibility of reworking of San Diego fossils into
the Lindavista cannot be eliminated, either. The Tivela results are at
least an indication of the durability and potential utility of this genus.

Four pre-late Pleistocene samples of Protothaca have been analyzed,
two from the tenth (240 meter) terrace on San Nicolas Island (samples
75-24 and JW-9), and two from the lower Pleistocene San Pedro Sand.

Three of these yield D/L ratios that &re consistent with the Protothaca -

Saxidomus relationship observed in the low terrace samples previously
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described, Sample 75-24, from the same terrace g3 JH~9, shows D/L ratiog
about 302 lower thanp thoge gf IW=9; 75-24 shows significant amounts of
serine, and while geripe itself may be indigenous to the sample, itg p/L
Tatio ig quite low, suggesting contaminarion witp amino acids having Jow
D/L ratiog. In the case of sample 75-24, the D/L seripe ratio ig .15,
and there jg , quantity of Berine approximately equal to 13% of the
leucine ip the sample, Sample Jy-g shows such 5mall relative amounts of
8erine (ser/jey - .02) that Deasurement of the D/L ratie of Berine
{approx, 15) ig guite difficule, Since serine Tacemizesg rapidly
Telative to other amine acids and ig commonly rather unstable, we ¢aq use

either itg enantiomeric ratio, the relativae amount of serine, or g

and then tg "correct™ the measyreg D/L valuyes to true ratjog, However,

contamination apg the time since the sample wag contaminated, gng this is
00L possible tgq determine. In the following discussiong of particular
localities and individyga] samples, cases of low serine D/L ratigg are
fpecifically cited and data for thae Particular sample are rejected or

interpreted with c3ution,

that have beep tested in the Stratigraphic control of the Sap Nicolas
Island terrgce Sequence. Two Epilucina frop the tenth (240 meter)

terrace (samples 75-25 and 75-66) yield ambiguous resyleg in that 75-35

T
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Precision in duplicate analysis (75-25A). The greatest discrepancies are
in the leucine data. The high terrace Epilucina generally appear to have
lower ratios than would be expected from the racemization trends
established by Epilucina from lower terraces on San Nicolas Island

s ool bt U
(samples 75-26 and 75-27) (see Figure 3a for these trends). The ratios
fqr the high terrace Epilucing 2lso appear to be lower than would be

expected for the Epilucina - Saxidomus relationship observed in the

samples of these gemera from lower terraces. Serine is absent from these
questionable samples, so the problem appears to be more complex than
simple geological contamination.

The only other Epilucina tested for its long~term durability is
from the 90 meter terrace at Corona del Mar (sample 75-19, loc. M 3759)
and this sample yields nearly racemic ratios that appear internally
consistent and generically consistent with the Tegula sample from this
same locality. Thus, both stratigraphic and genmeric evaluation indicate
that Epilucina can yield ambiguous results more frequently than any of
the other bivalves studied, and that caution must be exercised in the
interpretation of Epilucina data.

Tegula prasents a combination of the characteristics cited above.
This genus appears to reach a racemic state quite rapidly in comparison
to bivalves (see results for high terraces on San Nicolas Island, Figure
3a) and in none of the stratigraphic tests (Figures 3a, 3b, 3¢) does
Tegula show a reversal of trends in enantiomeric ratios. However, we
have noted that significent inversions of generic relations involving
Tegula ere seem in the results from the low terraces. Because of the

physical durability of Tegula shells, we conclude that these inversions
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may not be totally due to diagenetic contamination.

Two other genera of gastropods, Diodora and Polinices, have been

tested within the vertical flight framework (Figures 3a, 3b). Diodora
(2. a2spera) is judged to be an unacceptable genus for amino acid studies
based upon the evidence from San Nicolas Island (decreasing amino acid
ratios with increasing age) and from Goleta (where sample 50~30 shows
essentially "modern" enantiomeric ratios in comparison with all other
samples for this low terrace locality). Sample 50-30 (Goleta Diodora)
2150 demonstrates the serine effect (contamination) described above.
Polinices demonstrates both increasing and decreasing enantiomerie ratios
with increasing stratigraphic age in the vertical flight sequence at
Corona del Mar, implying that Polinices may be of moderate reliability
but that it cannot be éxpected to routinely achieve a racemic state,

The stratigraphically controlled samples discussed above-are useful
for the evaluation of the long-term chemical durability of the various
genera, and we conclude that Saxidomus is probably the most reliable of
the genera that we have studied. The stratigraphically controlled
samples are also of considerable value in establishing the range of
enantiomeric ratiose that we might expect to encounter in low terrace
samples. Samples that are most useful in this application_are those from
the Palos Verdes Sand, San Pedro Send, and Timms Point Silt. Saxidomus
samples from these three units show leucine D/L ratios of approximately
.52, .62, and .72; thus defining the range of enantiomeric ratios
éncountered in upper Pleistocene (Palos Verdes Sand) and lower
Pleistocene (San Pedro Sand and Timms Point Silt) samples exposed to

temperatures typical of southern California. Saxidomus samples from the
= Rhus
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higher terraces on San Nicolas Island define a similar range of

enantiomersic ratios.
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VIII. DISCUSSION OF RESULTS: APPARENT RELATIVE AGES, SOUTHERN AND

CENTRAL TEMPERATURE REGIONS

qualitative examination of enantiomeric ratios. These qualitative
discussions are valuable for the formulation of kinetic models, which ars
4 more quantitstive way of considering both 3ge and temperature effects
on the samples. Ip Section IX kinetie models and age assignments based
upon the results for only one amino acid, leucine, will be discussed.

The results for four amino acids (leucine, glutamic acid, valine, and
proline) and the qualitative implications that these results have for
relative age assignments are considered below,

Figures 4 through 13 give the enantiomeric ratios of ledciﬁe,
glutamic acid, valine, and proline as they relate to discussions of
Particular localities Or temperature regions. Results for alanime and
Phenylalanine generally support the conclusions derived from these four,
but they are not Presented graphically because of occasional analytical

ambiguities,

geological or geochemical phenomena, Each of thesge inversions is c¢ited

specifically in following discussions.
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1. Southern Temperature Region

Figures 4, 3, 6, 7 near here

and Cumingia from localities in the Southern Temperature region. For

interpretive Purposes, the results for Tivela, Protothace, and Chione are
Zonue
congidered together since we cannot recognize urequivocal differences in
the resultsg (except for Proline) among these three genera. Nevertheless,
the results for each genus are Plotted Separately in Figures 4 through 7
§0 that correlative conclusions can be derived from the individual genera

when possible. Results for Saxidomus, Macoma, and Epilucina are alwaye

tonsidered 1nd1v1dually; the Saxidomus data are Ziven 1initial .-
consideration in all discussions.
Within the Southern Temperarure Region, the following similarities
in enantiomerie Tatios are observed:
2.) Saxidomus from LACM 332 (San Pedro), LACM 66-~2 {Rewport
Beach), M 1479 (Newport Mesa), and M 5902 (Huntington
Beach) have D/L leucine ratips between .60 apd 64 (see

Figure 4). This similarity is observed in the results

5-7). Locality LACM 332 is from the San Pedro Sand,
traditionally considered lower Pleistocene (Woodring, et
al., 1946; Kennedy, 1975), Localities LACM 66-2 and M

1479 have been assigned to the upper Pleistocene Palgs
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b.)

Verdes Sand (Kanakoff and Emerson, 1959; Szabo and
Vedder, 1971; Vedder, unpubl.). Locality M 5902 has
been referred to as both upper and lower Pleistocens
(Hoskins, 1957; Valentine, 1959; Poland et al., 1956).
Saxidomus from M 2074 (Newport Mesa), M 5908 and LACM
1210 (San Pedro), and M 1018 (Laguna Beach) are all
quite similar (D/L leucine .52 + .02) though slightly
higher ratios are observed in samples of all genera

from M 5308 when compared to samples of the same genera
from M 2074. These relationships are seen for each
amino acid studied. Localities M 5908, LACM 1210, and

¥ 2074 have been assigned to the Palos Verdes Sand
(Woodring &t al., 1946; Hoskins, 1957; Kennedy, 1975;
Vedder, unpubl.). Ratios in these samples are disﬁin&:ly
lower than in those samples of Palos Verdes Sand de-
scribed in item a, above. Locality M 1018 iz referred

to as the first terrace at Laguna Beach and is thought

to be correlative to Palos Verdes Sand in the Newport
Beach area (Vedder et al., 1957; Szabo and Vedder, 1971).

Saxidomus and Protothaca from the Nestor Terrace on Point

Loma have enantiomeric radios equal to, or slightly {n 5%)
less than those of the same genera from Newport Hesaz

(M 2074) and the first terrace at Newport Beach (M 1722).
The Epilucina samples from the first terrace at Corona

del Mar (M 1481 2nd M 1482) show enantiomeric ratios

slightly greater than those seen in Epilucina from the

34



d.)

Nestor Terrace, The first terrace at Corona Del
Mar is thought to be eorrelative with the Newport
Beach and Newport Mega localiries mentioned above
(Vedder gt al., 1957; Szabo and Vedder, 1971), The
difference ip Epilucina results between Corona del

Mar and the Nestor Terrace is probably not aignifi-

but it might be due to slight differences in diagenetiec
temperatyreg between the Corona del Mar and Nestor

Terrace localities, Slight differences in effective

slight differences ip enantiomeric rarios in Saxidomus
——nomus

from Newport Mesa and the Nestor Terrace, but similar

' F’ A < ’_ 9
Saxidomus from LACM 2662 (Torrey Pines) and from Uscs
21664 (San Nicolag Island, 30-meter terrace) hgve
similar ratiog (D/L leucine = .45 } .02) that are
equal to or less than those observed ip Saxidomus
from M 2074 (Newport Mesa). The Torrey Pines Saxidomus
have ratjgs slightly less than those seen in the one

Nestor Terrace (Point Loma) sample of Saxidomus, These

younger age. The ope Protothaca sample from LACM 2662
——Efa
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e.)

£.)

g.)

shows ratios that are greater than those in Saxidomus
from the same locality, but these ratios are not
beyond the range of ratios observed in Protothaca
from the Nestor Terrace on Point Loma,

Saxidomus and Protothaca from the first tarrace at

Laguna Beach (M 1018) show quite similar results to
samples of the same genera from Newport Mesa (M 2074
and M 1477). However, Tivela from the first terrace
=4
at Laguna Beach have significantly greater ratios in
all cases than do Tivela from Rewport Mesa (M 2074 and
M 1477). One Polinices from M 1018 appears quite
similar to a Polinices from M 1476, the second ter-
Tace above Upper Newport Bay, and is clearly more
Tacemlzed than one Polinices from Newport Mesa (M 14377)-,
One Protothaca from M 1727 (Newport Beach first terrace)
o fca
appears quite similar to Protothaca from Newport Mesa,
———cndca
Laguna Beach, and the Nestor Terrace on Point Loma but
has significantly lower ratios than at least two

samples in the Protothaca - Chione group from nearby

localities LACM 66-2 and M 5898. A third sample
(sample 76-24) of Protothaca from LACM 66-2 has
enantiomeric ratios lower than the other samples of
this group at LACM 66-2, but greater than those of
the Protothaca from M 1722,

The Protothaca ~ Chione group from LACM 66-2 and M

5898 appears quite similar to two samples (one
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h.)

i.)

Protothaca, one Chione) from SDSy 1854, a terrace
deposit that hag usually beag congidered ag correla-
tive with the Nestor Terrace op Point Lomga (Ku and
Kern, 1975, Kern, in press). Enantiomerie ratios for

these two samples from SDSU 1854 (75-39 and 76~47) are

additional samples from Spsy 1854, samples 76-89 and

76=102 (shown in

- h y
from LACM 66-2 and M 5898 tn the Saxidomys Tesults

tent with the Protothaca - Saxidomus relatlonshlp
observed gt locality LaCH 332 (San Pedro Sand) ip
San Pedro,

Results for Tivela and Macoma from M 5902 and y 1479

(Figures 4=7, Table 4} are entirely consistent with



i

three genera indicate that the shella from these two
localities are older than the shells from Newport
Mesa localities M 1477 and M 2074, Two Tivela from
M 5902 (samples JW-10 and 76-13) have enantiomeric
ratios that are much lower than those in a third
Tivela sample from M 5902 (sample 75-28) or a Iéxglg
(sample 76-46) from M 1479. Only the latter two
samples are judged to be reliable, the others (JW-10
and 76-~13) being quite "chalky" (i.e., leached) and
poorly preserved. Though there is no evidence of re=-
crystallization or significant contamination (c.f.
serine data) in these samples, leaching during dia-
genesis has probably affected the samples, as shown
by their poor physical condition. Reduction of
enantiomeric ratios by leaching iz consistent with
available diageneric models (Wehmiller, et al., 1976).
The results for these two samples are rejected though
the ratios themselves are still greater than those
seen in Tiveia from Newport Mesa or Sanm Pedro.

As outlined above, the results for samples from
localities usually identified as Palos Verdes Sand
Cr as upper Pleistocene (M 2074, M 1477, ¥ 1722,

M 1479, LACM 66-2, M 5898, LACM 1210, M 5908, and
and M 5902) appear to cluster into two distinct age
gToups. Among those localities that appear to form

the younger group (M 1477, M 2074, M 1722, LACM 1210,
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ence in enantiomeric ratios (thoge from the San Pedro
area being Breater than thoge from the Newport Beach
area) in gl1j Eenera studied. This difference ig not
significant compared tg analytical uncertainties, byt
it is seen so consistently that it should be considered
to be real, indicating either age or temperature
differences between thege two areas, These differences
are estimated to be approximately 0.75°¢ or about
20,000 Years, whichever effect ig invoked (gee section

IX). The pPossible significance of the temperature

noted that upper Pleistocene (Palos Verdes Sand)

Macoma, Saxidomus, fzptothaca, and Tivela from San

Pedro (M 5908) and Newport Mega (M 2074, o 1477) a11



k.)

1.)

Saxidomus from LACM 332 appear numericslly similar

to Saxidomus from both M 1479 and LACM 66-2: if all
these samples are actually of the same age, then no
temperature effect is seen for this genus., If a

temperature effect should be considered for these

Saxidomus samples, then actual age equivalents of
—_—us

the M 1479 and LACM 66-2 Saxidomus might be those
from LACM 130-7 (Timms Point Silt). Similar con-
sideration of the Protothaca results from LACM 332
suggest that the samples of equivalent age might be
the Protothaca and Chione from LACM 66-2 and M 5898,
The above observations indicate either that samples
of mixed ages exist at localities M 1479 and LACM
66-2 or that inverted generic relationships are em~ -
countered among samples of different ages in differ-
ent temperature environments. These uncertainties
are considered further in section IX.

Protothaca from the Bird Rock Terrace (SDSU 2523) on
Point Loma have ratios between 10 2nd 202 less than
those from the Nestor Terrace on Point Loma, Cumingia
results (not shown in Figures 4 through 7, see Table
4) are consistent with this relationship.

Protothaca, Saxidomus, and Macoma from Goleta (M 5790)

have comsistently lower ratios than any of the
samples of these genera discussed above, though one

Protothaca (sample 74-8, not plotted in Figures 4
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m.)

through 7, see Table 4) appears significautly

older (more racemized) thap the other two Protothaca
from here. Sample 74~9 i, interpreted as being re-
worked from anp older deposit since its ratios are quite
similar to many of the older Protothaca (e. g. Nestor
Terrace and Palos Verdes Sand) Previously discussed.
The results for Epilucina ang Tegula are somewhar
ambiguous, Teguia samples from Newport Mesa (M 2074),

the fourth terrace on the Palos Verdes Hills, and the

ratios. Tegula from the Nestor Terrace show ratios
somewhat lower (10-15%) than Seen in Tegula from the
—=&-t4
other three localities, The Nestor Terrace Tegula
show an inversion of the Epilucing - Tegula relation-
ship that ig usually observed for most amino acids gt
the other three localities withip the southern region
and also at Cayucos, Epilucina frem the first ter-
Tace at Corona del Mar, the fourth terrgce on the
Palos Verdes Hills, the Nestor Terrace on Point
Loma, apd the 30-meter terrace on San Nicolas Is-
land show similar ratios. These ratios for Southern
Region Epilucing are also comsistent with expected
Iatitude/temperature trends along the coast when
compared with the Epilucina results from Cayucos
(see section VIILI, 2). Neither Tegula nor Epilucina

enantiomeric ratios allow for unambiguoys interpreta-
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tions of relative ages, but the Epilucina results
appear more internally consistent. Enantiomaric
ratios in samples of both of these genera from
higher terraces (Palos Verdes Hills, San Nicolas
Island, Corona del Mar) are usually consistent with
Predicted age relationships (see section VIII, 3).

Qur interpretation of the above results in terms of relative age

assignments is based upon the following definitions or assumptions:

a.) The absolute age of 120,000 + 10,000 years for the
Nestor Terrace onm Point Loma (Ku and Kern, 1974).

b.) An assumption that the pair of terraces on Poinf'
Loma (Nestor and Bird Rock) is related to eustatic
high sea levels between approximately 140,000 and
70,000 years B.P. Ample documentation of terrace . -
formation during this period exists on several
tropical islands (see Bloom et al., 1974).

c.) A definition of the time periods between 140,000
years B.P. and 70,000 years B.P, as being roughly
equivalent to Stage 5 of the marine isotopic
record {Shackleton and Opdyke, 1973). The results
for the samples from the two terraces on Point
Loma then become the "early Stage 5" (equivalent
to Stage Se) and "late Stage 5" (equivalent to
Stages 52, 5¢c) references. Kinetic models of the
Protothaca results from these two terraces {cali-

brated by the date for the Nestor Terrace) suggest
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an age of 70,000 tp 90,000 years for the Bird Rock
Terrace (see discussion in section IX). In Section
X we discuss in detail the correlation of both
relative and absolute terrace age assignments with
the marine isotopic record. We specifically avoid
the use of terms such as "Sangamon" or "Wisconsin"
in our discussion of the apparent ages of these ter-
Faces since such usage could lead to misleading or
incorrect correlations among various records of
climatie change,

d.) The use of the term "pre-Stage 5" for all those
samples with enantiomeric ratios similar to, or
greater than, those from the lower Pleistocene
(original terminology of Woodring et al., 1946) Sap -.

Pedro Sand (LACM 332). Without the kinetic models

older samples.
Within the framework of the above definitions, relative age
assignments for all samples from the Southern Temperature Region are

Presented in Table 6,

Table 6 near here

2. Central Temperature Region

Point Ano Nuevo, Santa Cruz, and Ceyucos are the three localities
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that are considered within the Central Temperature Region. Eamstiomerice

Figure 9 near here

ratios for samples from these localities are given in Figure $. Cayucos
Provides the chronologic reference for samples from this temperatmre
Tegion (U-series date of 130,000 to 140,000 years: Veeh and Valentine,
19673,

Enantiomeric ratios for samples from all three localities zppesr
quite similar and a Stage 5 age for all three localities is indicated.
However, several subtle trends in the results, combined with available
information on present-day temperatures at these localities, sugpest thar
the Santa Cruz (mean annual temperature, 13.79¢) samples are yomger
than those from Cayucos {mean annual temperature, 13.3°C) (late Stage 5
¥s. early Stage 5). Point Ano Nuevo (mean annual temperature,
13.0°) appears to be intermediate in age between these two localities,
though we cannot be Very precise in our age assignment for Point Afg
Nuevo because of uncertainties in temperature for this locality.

The Saxidomus results from Point Ano Nuevo and Santa Crex Zppesr

—_
almost identical; these could be due to equivalent ages and tempersztures
for both localities, or due to Santa Cruz being slightly younger and
having been exposed to slightly warmer temperatures. The data im Tzble 2
support the latter possibility. Protothaca results from Point dng Buveva
and Santa Cruz are entirely. consistent with this interpretation.

Ratios observed in Protothaca from Santa Cruz are clearly lower

than those seen in Protothaca from Cayucos; the percentage differemres
vt oaca
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are similar to those observed in the Protothaca samples from the Nestor
and Bird Rock Terraces on Point Loma. The available temperature data
(Table 2) Suggest that these results should be considered gs 4 reflection
of real age differences between Santa Cruz and Cayucos; Santa Cruz,
zlthough being warmer, appears less racemized, and therefore younger,
Macoma from Point Ane Nuevo and Cayucos appear quite similar in their
ratios, contradicting the trends that are suggested by the Protothaca
results from these two localities. The relative age assignments in the

Central Temperature Region are summarized in Table 7; additional support

Table 7 near here:

for these age assignments comes from the discussion of apparent
latitude/temperature effects in section viIiIi, 3.
3. Southern and Central Temperature Regioﬁ Comparisons:
Latitude/Temperature Effects

In Figures 10 through 13 we Present enantiomeric ratig results

Figures 10-13 near here

samples of approximately equal age. We use the tarmsg "early", "late™,
and "post" in Figures 10-13 to identify results that are apparently
correlative and of early Stage 5, late Stage 5, and post Stage 5 age,

Tespectively, Early Stage 5 localities plotted in Figures 10 through 13,
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are Cayucos, Point Loma (Nestor Terrace) and Newport Mesa (M 2074). Late

consistently higher enantiomeric ratios than do their Cayucos

counferparts. Protothaca and Epilucina from the Newport Beach-Corona del
H‘__M

Mar grea have been previously correlated (section VIII,1) to these two

reference localities, Tegula and Macoma from Cayucos and Newport Beach
a2 e

generic relationship obgerved for Tegula and Epilucina at geversl other
HM
localities, The Restor Terrace Tegula enantiomeric ratios actually
e iy,
appear too low and more like what-mlghtrbe observed in Tegula samples
from the Bird Rock Terrace. Such an explanation would require complex
geological processes in order to mix younger samples onto an older
(higher) terrace, so we are hesitant to Propose such 2 phenomenon, It is
important to Point out that thig ambiguity would be unrecognizable

without plentiful data from zeveral genera,
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Figures 10 through 13 define an apparent difference of about 10%
in enantiomeric ratios observed in the two temperature regions for
samples of apparently equal age. The Bird Rock-Nestor Terrace comparison
is important in defining the expected range of early and late Stage 5
enantiomeric ratios in both temperature regions, and within the framework
of this definition, the Santa Cruz locality definitely appears late Stage
5 in comparisen to Cayucos. Goleta appears distinctly younger than the
Bird Rock Terrace in this graphical format and is defined 45 post Stage 5
in age.

One amino acid, proline (Figure 13), contradicts some of the
trends seen in Figures 10 through 12. Proline does not demonstrate the
latitudinal~temperature effect seen in Protothaca (Cayucos vs., Nestor
Terrace), nor does proline in Macoma document the apparent "youth" of
Goleta. Ambiguities such as these might be unrecognized without - the
large body of data presented hera. We suspect that the explanation lies
in analytical Problems or in a complex Tacemization mechanism for
proline. Results for this one amino acid should probably not be used
independently of those for other amino acids in the assignment of

relative ages,
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IX KINETIC MODEL AGE ASSIGNMENTS

l. Leucine Xinetic Model

Evidence presented ip sections VII and VIII documents the various
phenomena that must be incorporated into any quantitative kinetic
Tacemization model: i.e., sample reliability, age, thermal environment,
and generic effects on apparent enantiomeric ratios. The qualitative
approach has been useful because it considers several amino acids in the
assignment of relative sges. In principle, development of quantitative
models of the racemization kinetics for each of the fossilized amino
acids should be possible, but in fact, few such models exist. In this
section we propose a kinetic model for one amino acid, Ieuciﬁe, and use
this model for the age estimation of our samples. The geological
significance of these model ages (as well as those derived previously)
will be discussed later. Since the stratigraphic framework of many of
our samples has been used as an evaluative control in this work, we must
also consider the validity of our model within this framework, and the
implications of these results for the development of kinetic models that
would be applicable to a variety of sample types. The validity of the
leucine kinetic model ages is tested further by evaluation of the
consistency of these ages with the enantiomeric rates for other amino
acids.

Figure 14 is g diagrammatic model of leucine racemization kinetics

Figure 14 near here

for temperatures relevant to geologic restraints of our samples, Shown
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is a plot of the variable (XE - X)/Xgp vs. time, where X is the valye
of D/(D + L) leycine at any time and XE is the value of D/(D + L)

leucine at infinite time, XE for leucine and most other amino acids

has a value of 0,50, The curves in Figure 14 have been derived from
observations of isoleucine and leucine racemization kinetiecs in
foraminifera ip deep-sea sediments (Wehmiller and Hare, 1971; Bada and
Schroeder, 1972; Kvenvolden, et al,, 1973). As recent studies of
individual genera of foraminifera show (King and Neville, 1977), the
racemization kinetics of each genus should be congsiderad independently.
The curves of Figure 14 are Presented as a general model that needs to bhe
"adjusted" to fit the kinetics for each genus considered herein. The
Proposed methods for applying these general kKineties to various genera
are discussed in Section IX, 2, below.
The followiné assumptions have been used in developing the mddel
Curves shown in Figure 14:
a.) The temperature sensitivity for isoleucine epimerization
{racemization) observed by Bada and Schroeder (1972) as
expressed by the equation

tog k (yrs™l) = 15,77 - s5939/7 (1)

tures). An identical 2ssumption has been used by
Wehmiller et al. (1976), in the study of isoleucine
epimerization ip fossil eorals.

b.) That isoleucine and leucine have identical temperature
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c.)

sensitivities (apparent in the results of Bada et al.,
1973) and that D/L leucine ratios are approximately 5%
to 10X less than the corresponding allo/iso (D - allo-
isoleucine/L~isoleucine) ratios in the same samples.
This assumption is required by the fact that the gas
chromotographic technique employed in this work does not
usually yield accurate values for the allo/iso ratios in
a sample, though in a few cases this ratio can be read
accurately {Evenvolden et al., 1973; Wehmiller et al.,
1976). The bases for the assumed relative rate of
racemization of these two amino acids are primarily
results for molluyscan analyses (Hare and Hoering, 1973;
Wehmiller, unpubl. data) but also include results for
foraminifera (Kvenvolden et al., 1973) and corals
(Wehmillerlgg al., 1976).

That the enantiomeric ratio results obtained on Holocene-
age samples (with known age and temperature histories)
can be used to predict model kinetics through a large
portion of the time required to achieve racemic equili=
brium (i.e., up to D/L ratios of at least 0.80 and per-
haps even greater). This assumption implies that a
given kinetic curve is "conservative"; i.e., that once
one point on the curve is defined for both time and
temperature, then all points on that curve are defined.
Particular temperatures for which the calculated curve

will be appropriate will depend on the particular genus
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being considered and the relation of this genus’ observed
kinetics to those extrapolated from foraminifera calibra-
tion samples.

The position of the curves in Figure 14 are determined frem the
results from Bainbridge and Orcas Islands (LACM 5012 and LACM 5009) in
Puget Sound. Leucine enantiomeric ratio results from both Protothaca and
Saxidomus from these two localities are ysed to establish the positions
of the kinetie curves for each of thege genera and to estimate the
magnitude of the differences in diagenetic temperatures to which thege

two localities have been exposed.

reversible one, and therefore that non-linearity ig a general
characteristic of amino acid racemization reactions in all calcareous
fossils such as foraminifera, mollusks, and corals, at least (see
Wehmiller and Hare, 1971, and Wehmiller and Belknap, in press, for
discussion of "non-linearity“). Nevertheless, to a first approximation
it is possible to model the early parts of the racemization kinetics in
terms of the mathematical expressions that are appropriate for
first-order reversible (i.e,, linear) kinetiecs. To do so, we use the

expression of Bada and Schroeder (1972);

1 + Dp/L
ln-*-T-:—Tﬁjj—' ~C=2%kt¢ (2)

to calculate apparent first order rate constants (k) for samples with

known ages (t) and D/L Tatios. The constant C {n equation 2 is a
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function of the D/L ratio measured in modern samples. Truly modern

(living) samples of Protothaca and Saxidomus have not been znalyzed in

this work, but samples of these two genera collected on beaches in
southern California during the summer of 1976 show enantiomeric ratios
for various amino acids between 0.02 and 0.05. Live samples of several
Atlantic ocast genera show Tatios of 0.01 or less (Belknap, unpubl.;
Mitterer, 1975). L-amino acids and polypeptides of L-amino acids carried
through the entire analytical procedure also show enantiomeric ratios of
0.01 or less (Wehmiller, unpubl.). Thereforae, we suggest that the proper
enantiomeric ratio for modern samples should be 2 0.0l for most amino
acids, and we use a value of 0.02 for the integration constant in
equation 2 in all subsequent discussions of the kinetics of leucine
racemization {see Bada and Schroeder, 1972, for derivatien of equations
for rate constants and integration constants). ihe larger ratios
observed in the samples collected from beaches appear to be a consequence
of exposure to higher temperatures on the beach surface for short periods
of time, Geologically short but extreme thermal effects such as these
can have profound consequences on the measured enantiomeric ratios in
very young samples (Wehmiller, in Prep.) but they are considered to be of
minor significance for most, if not all, of the older (Pleistocene)_
samples discussed in this work.

The apparent first-order rate constants for leucine in Protothacz and

Saxidomus from the Puget Sound localities are shown in Table 8. Also

Table 8 near hers
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given in Table 8 are the apparent kinetic temperstures that are
calculated from equation 1 using isoleucine rate constants estimated from
the obgerved leucine data according to assumptions given above.

Two important statements can be made from these apparent kinetic

temperatures. First, they show that Holocene Protothaca and Saxidomus

(from Bainbridge Island, LACM 5012) follow kinetics for temperatures
29¢ o 4% warmer than actual mean ennual air temperatures { ~

11.19C) at this locality. Part of this difference could be due to real
differences in the racemization kinetics between the mollusks and the
foraminifera on which the kinetic model is based, and part could be due
to the greater effective temperatures in the ground compared with mean
annual air temperatures (see Table 2). Secondly, the differences in
kinetie temperatures between the samples from Bainbridge Island (LACM
5012, 3260 C~-14 years B.P.) and Orczs Island (LACH 5009, 12,350 c-14
years B.P.) are an indication of the kinetic effect that cold latest
Pleistocene temperatures have had on the older samples. The apparent
differences in effective temperatures (see Section IX,3 for further
discussion of effective temperatures) between the two Puget Sound
localities is 2.6%% * 0.9°C (uncertainty due to differences in

results for the two genera being considered), Since the Holocene
locality (LACM 5012) is presently exposed to a mean annual air
temperature of approximately 119¢, these results indicate that the
Orcas Island locality has been exposed to an effective disgenetic air
temperature of approximately 8.5°¢. Apparent first—-order rate
constants for other amino acids in the Puget Sound samples differ by

relative amounts that are comparable to those presented here for
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leucine, though there are discrepancies of as much 28 + 20g depending
on the amino acid considered. These uncertainties could be due to a
number of variables, including a lack of information on the activation
energies for racemization of the various amino acids, analytical
uncertainties in the measurement of very low ratios, variable initial
ratios for different amino acids, and non-linearity of the kinetics

during early diagenetic racemization.

of Holocene and late Pleistocene bone samples to evaluate the magnitude
of glacial/post*glacial temperature changes. The results for the Puget
Sound samples can be used in & similar manner. Enantiomeric ratios in
samples such as these cannet be used to specify the details of the
chronology of these temperature changes since they are merely the
integrated result of all temperature changes that the samples .might have

experienced. Figure 15 shows one possible history for mean annual ajir

Figure 15 near here

temperatures at Orcas Island thar would be consistent with the
enantiomeric ratio results and models for latest Pleistocene and Helocene
elimatie change in the Puget Sound region (Easterbrook, 1969; Heusser,
1973). It should be emphasized that the model temperature history shown
in Figure 15 is only one of many possible histories, and the model only
Suggests 2 history that would be congistent with probable maximum and
minimum temperatures for the Orcas Island locality (ca. 109¢ 2nd 0%,

respectively). Detailg of this temperature history, such as post=~Everson

54



mean annual eir temperatures in the area. The Protothaca kinetic
temperatures are quite similar to effective annual ground temperatures in
the region but the Saxidomus kinetie temperatures are greater than either
effective annual air Or ground temperatures for the locality (see Table
2). Since data for mean annual air temperatures are generally most
available, we chose to calibrate all the curves of Figure 14 for mean
annual air temperatures, and we made the assumption that differences
between mean annual air temperatures and effective annual air and ground
temperatures have remained constant through time. Thus, the temperature
values assigned to the curves of Figure 14 are arbitrarily chosen to be
mean annual air temperatures, though these temperatures might differ by
Several degrees from the true temperatures of the calibration samples,

As long as the curves are well-calibrated with Holocene samples, they can

be used for chronological purposes if the relation between air and ground

temperatures between 20 and 3°C greater than the mean annual (or
effective diagenetic) air temperatures at the two localities. Thig means
that Protothaca follows a kinetic pathway that mixed foraminifera would
follow if they were exposed to temperatures 20 po 30 greater than

those of the Bainbridge and Orcas Island samples. Similarly, mixed
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foraminifers kinetics for temperatures 49 tp 59C greater than those

of the Puget Sound localities seem appropriate for Saxidomus kinetics.
Therefore, for the purposes of the kinetic model of Figure 14, we zssume
that a racemization curve derived by extrapolation of mixed foraminifera
kinetics to a selected temperature would have to be adjusted by factors

of 2° and 4° for Protothaca and Saxidomus, respectively, to make the

model kinetics consistent with mean annual air temperatures at the

calibration localities. These adjustments are shown in Table 9, in whieh

~

Table 9 near here

all numerical information necessary for the generation of the curves in
Figure 14 is presented. The temperatures assigned to the curves in
Figure 14 are appropriate only for Protothaca.

Procedures listed below are used for the derivation of the mode 1
curves of Figure 14. All numerical information used in these procedures
is summarized in Table 9.

a.) Selected alloisoleucine/isoleucine data in foraminifera at

3°C (Wehmiller and Hare, 1971) are used for the calibra-
tion curve. Uncertainties of 19C in this calibration

curve are assumed and must be propagated through all subse-
quent derivations.

b.) Hypothetical curves of (XE - X)/KE for isoleucine in

foraminifera at temperatures greater than 3°C are calculated

by solving for the time required to reach the same value of

(XE - X)/KE at different temperatures. The expression
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required for this calculation is:

(kiso)l (t)l = (kiso) (t)2 (3)
The rate constants (kiso) required for this calculation
are derived from equation 1. The ratio of times (tI: ty)
required to reach a given value of (XE - XM/Xg is a
simple inverse function of the relative rate constants for
the chosen temperatures.

c.) Values of leucine enantiomeric ratios can then be estimated
from these predicted isoleucine kinetics, and kinetic curves
for leucine racemization can be plotted for any given tempera-
ture. These curves still would represent those appfcpriate
for foraminifera. The exact value of the leucine ratio
estimated by this approach will be dependent on the choice
of correction factors (0.96 or 0.95) but this introduces an
uncertainty that is less than that observed for multiple
analyses of a single genus from the same locality.

d.) The "foraminifera leucine" curves calculated by steps a-c
above are then labelled for a particular temperature,
depending on the genus that is selected. The curves
in Figure 14 are assigned temperatures based on Protothaca
results only. Paralellism in the curves for all genera

(especially in those for Protothaca, Chione, Saxidomus,

and Tivela) is implied though not always confirmed by

some of our results.
The curves derived from the information presented in Table 9 appear

to have & sharp "kink" in the region around an (XE - x)/xE value of
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0.50. This kink is largely am artifact of the choice of calibration
points in the foraminifera curve (Wehmiller and Hare, 1971), where g
significant amount of uncertainty exists in this particular region of the
kinetic curve. Age assignments for samples that fall in this portion of
the curve are given relatively large uncertainties, but these
uncertainties do not appear to effect the geological conclusions that are
presented in Section X.

2. Generic Differences in Enantiomeric Ratios: Kingtic

Implications

Previous work has shown that systematic generic relationships exist
among several genera of foraminifers (King and Hare, 1972a; King and
Neville, 1977). Each genus has its own characteristic non-linear curve,
and components of each curve are approximately parallel with
corresponding components of other curves, No inversions of appérént
generic racemization rate relationships are observed in foraminifera
samples of varying ages. Since several significant generic inversgions

are observed among samples in this work (especially Protothaca~Saxidomus

at both LACM 332 and LACM 2641 and Tegula-Epilucinag on the Point Loma
Nestor Terrace} we must appeal to either geological or geochemical
complexities for an explanation. Conceivably each molluscan genus has
its own kinetic pathway that is similar, though non-parallel, to those of
~a@nother genera. If the temperature sensitivities of the diagenetig
Tacemization mechanisms in two different genera are in fact different,
then their kinetie pathways might c¢ross at different relative points in
AL AAS

time depending on their thermal environments during dizgenesis. If, as

the foraminiferal evidence suggests (King end Hare, 1972a), the apparent
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kinetics of Tacemization in different genera do not intersect, then
reworking and mixing of samples of different ages must be invoked to
explain our observations of inverted kinetics at several localities.
Because of these possibilities, we choose to make only one distincetion
among two groups of genera, those that are "fast-racemizing" (Tegula,

Macoma, Epilucina, and Cumingia) and those that are "slow-racemizing"
gl

(Protothaca, Tivela, Chione, and Saxidomus). The kinetic models of
—==noonus

Figure 14 are best applied to the slow Tacemizing group as a whole,
although in a few cases we have considered genera within this group
individually.

It is also possible to distinguish between these two groups (fast and
slow-racemizing) by examination of at least one other aspect of their
amino acid composition, the ratio of aspartic acid to leucine (asp/leu).
This ratio is a useful measure of the relative abundance of aspartic acid
in the sample. Among the foraminifera' that have been studied (King and
Hare, 19724, 1972b; King and Neville, 1977) the slowest-racemizing genus
has a molar ratio of aspartic acid to leucine (asp/leu) of 8.2 (modern
sample) while the fastest racemizing genus has an asp/leu ratio of 3.9,
Published ratios of aspattic acid to leucine in modern samples of
molluscan genera here considered are as follows: Protothaca, 6.0 (Hare
and Abelson, 1965); Saxidomus, 5.6 (Degens and Spencer, 1966); Tivela,
7.3 (Hare and Abelson; 1965); Macoma, 2.2 (Degens and Spencer, 1966);
Polinices, 1.4 (Degens and Spencer, 1966). Semi-quantitative
messurements of this ratio by the gas-chroematographic technique employed
here a2re summarized in Table 10. We conclude that the asp/leu ratios of

genera in the fast-racemizing group are less than 3.0. Among the slow-
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Table 10 near here

racemizing genera, there is slightly more scatter but the ratio is almost
always greater than 4.0 and usually between 5.0 and 9.0, The asp/leu
ratio is probably time dependent (Vallentyne, 1964); however, a time
dependence is seen only among the Saxidomus samples herein. The mixed
foraminifera samples from which the kinetic model curves of Figure 14
vere derived have asp/leu ratios between 4.95 and 6.40 (Wehmiller, 1971).
Aspartic acid is usually one of the most abundant amino acids in
organic matter within calcareous shells (Hare, 1969); its abundance
appears to be related to the important role that it playe in
calcification processes (see Weiner and Hood, 1975, and references
therein). Peptide bonds involving aspartic acid are among thoée'ﬁost
Tesistant to natural hydrolysis in calcareous matrices (Hare et al.,
1975). The rate of hydrolytic breakdown of calcified peptides during
diagenesis is particularly important (and may be the rate determining
step) in the apparent kinetics of racemization in fossil calecareous
organisms (Wehmiller and Hare, 1971; Bada and Schroeder, 1972, 1975).
Because of this relationship between hydrolysis and racemization, we
suggest that those genera with high relative abundances of aspartic acid
would have a large proportion of "resistant" peptide bonds that should be
expected to liberate free amino acids relatively slowly during diagenetic
hydrolysis., Cenera with low relative amounts of aspartic acid should
have fewer resistant peptide bonds znd should be expected to liberate

free amino acids more quickly. This latter group should have apparent
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Tacemization kinetieg 51gn1f1cant1y more rapid than those of the former
group, though during the latest stages of racemization (D/L ratios
greater than approximately 0,.80) the kinetics of the two groups would
begin to converge. Since the Slow-racemizing group of genera studied in
this work have asp/leu ratios most like those of foraminifera, we feel
that our proposed kinetic model curves (whose shapes are derived from the
foramznlfera kinetics) are only appropriate for the interpretation of the
results for the slcw-racemlzlng group of genera. Protothacs and Chione
have asp/leu ratios most like those of the mixed foraminiferas samples
used for the calibration curve, so it is possible that these two genera
would be the best ones to interpret in terms of the foraminifera kinetic
model, The apparent agreement of observed foraminifera and Protothaca
kinetic temperatures in the Holocene samples from Puget Sound is further
evidence for the similarity of Protothaca and foraminiferas racemization

kinetics. However, since we have not analyzed Protothaca or Chione from

every locality, we must, in some cases, apply the kinetic model of Figure

14

¥R

T & @WoTre general way to all samples of the slow-racem1zlng group,
though we recognize that the model may not be specifically valid for all
samples within thig group.

3. Paleotemperature Considerations

As was stated previously, the curves shown in Figure 14 have been
calibrated with the results for Protothacas from the Puget Sound
localities. Superimposed upon these curves are the leucine enantiomeric
ratio results for the slow-racemizing genera from most of the localities
considered in thig work. A few localities are omitted from Figure 14

only for the sake of clarity; discussion of their probable ages is found
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in following eactions. For most localities, the results for both

Protothaca and Saxidomus are plotted in Figure 14, as mean values of

multiple analyses. The ratios observed in these two genera are plotted
in Figure 14 to demonstrate the age/temperature significance of the
generic differences in enantiomeric ratios. Results for Tivela and
Chione, the other two members of the slow~racem1zlng group, almest always

fall between those for Protothaca and Saxidomus. Age and

raleotemperature interpretations can be derived from considerations of
the entire group of slow-racemizing genera or by comparison of results
for one genera. The latter approach reduces some of the uncertainties
2ssociated with comparisons of two localities. Both approaches are used

in subsequent discussions.

Three of the most reliably-dated late Pleistocene localities from
Table 1 (uranium-series dates on corals) are identified in Figure 14,
These localities are:

1.) Point Loma, Nestor Terrace: 120,000 ¥ 10,000 yrs.

2.) Cayucos: 135,000 20,000 yrs. (average of two determinations).

3.) San Nicolas Island, 30-meter terrace: 120,000 * 20,000 yrs.

(one of two 2ges published, assumed to be correct based on re-
sults of this work),

These localities are particularly importznt because they allow
estimation of effective diagenetic temperatures for the late Pleistocene
and because they can serve as calibration localities for other
Pleistocene samples for which 2ge information is sought. Effectrive
diagenetic temperatures are the temperatures associated with gn effective

rate constant, which is the time-averaged rate constant estimated by inte~
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gration through a probable temperature history for a gsample:

kefr = o k(t)dt/ fdt (4)
where T is the age of the sample. A discussion of effective rate
constants and effective diagenetic temperatures can be found in Wehmiller
et al {1976).

Following Wehmiller et al (1976), the mode! of Shackleton and Opdyke
(1973) is used for an estimate of the chronology of late Pleistocene saa-
surface temperature changes in conjunction with the estimates of CLIMAP
(1976) for full-glacial (stage 2, 18,000 yrs. B.P.) temperature
reductions of California and Oregon coastal waters. These estimates
suggest full-glacial sea-surface temperature reductions of between 2%¢c
and 4°C, with Teductions perhaps being slightly greater in southern
California than in central California and Oregon. A diagram representing
the chronology of these probable temperature fluctuations is ;bogn-in

Figure 16. Several models are considered in Figure 16. Models 1, 2, and

Figure 16 near here

3 are constructed with the chronology of temperature fluctuation as
proposed by Shackleton and Opdyke (1973} but with full-glacial
temperature reductions of either 3%, 5°9¢C, or 79C. This range of
possible temperature reductions is considered because it seems compatible
with the CLIMAP (1976) estimates for the full-glacial sea-surface
temperatures in the region and the models of Gates (1976) for continental
surfaces in the western United States. Temperature reductions as great

as those proposed by Gates (1976) (between 9°C and 11°C) zre not
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considered because they are modelled for large continental areas and
probably do not account for the thermal buffering effect that the marine
envirenment (2% to 4°C cooler than at present) would have had on

coastal marine terrace localities during full-glacial times. As
discussed in Section V, the position of each terrace localiry would have
shifted inland relative to the coastline during periods of ice-volume
expansion. We suspect that these shifts in position relative to the

coastline might have had kinetie effects equivalent to an uncertainty of

+ 0.50C in the relative effective diagenetic temperatures discussed
here. Only in the comparison of results from the Palos Verdes Sand in
San Pedro and the Nestor Terrace on Point Loma is this subtle thermal
effect apparent (see Section IX,4¢c, below),

Model &, also shown in Figure 16, represents a synthesis of
temperature reductions suggested by the other models, and it postulates a
temperature history that is perhaps more consistent with various
paleoclimatic records that suggest that the thermal histories of maripe
isotopic Stages 2, 3, and 4 might have been somewhat different (see, for
example, Shackleton and Opdyke, 1973, Emiliani and Shackleton, 1974, or
Bloom, et al., 1974). HModel 4 is considered to be the most realistic of

those presented in Figure 16, though none of these models can be

unambiguously proven by any of the enantiomeric ratio results, Table 11

Table 11 near here

Presents values of effective diagenetic temperatures (calculated with

equation 4) for samples of selected ages for each of the temperature
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models shown in Figure 16. These calculations show that samples less
than 125,000 years in age should be interpreted in terms of effective
temperatures slightly cooler (0.59¢ ¢o 1.5°C) than those of the
effective diagenetic temperatures for the 125,000~year samples. The
relative magnitude of the differences in effective Lemperatyres is
constant for models 1, 2, ang 3, but significant differences in relative
temperatures for model 4 are seen when compared with models 1 through 3.
For samples with ages greater thap 125,000 years, we assume gpn effective
diagenetic temperature equal to that observed for radiometrically*dated
localities, unless otherwige stated.

The late Pleistocene calibration locality that ig best interpreted
within the kinetic model format of Figure 14 is the Nestor Terrace on
Point Loma. Thig locality has the smallest uncertainty in irs age
2ssignment and samples of several of the slow-racemizing genera have been
analyzed. The results for Protothacs from the Nestor Terrace indicate
then an effective diagenetic temperatyre of approximately 13,50 *

5% is appropriate for thig locality. An effective diagenetic
temperature of approximately 11,0° * .5%C is estimated for the
Cayucos locality, though with less certainty because of pessible

"adjustments" ip the Cayucos age assignment that are discussed more fully

in Section IX,4d. An effective diagenetic temperature of about 11%¢ ig



lents of Present-day effectiye diagenetic temperstures, the effective
diagenetic temperatures estimated for the late Pleistocene calibration
localities can be easily compared with modern mean annual air
temperatures in order to estimate the magnitude of full-glacial
temperature reductions. The differences between effective diagenetic
Lemperatures apd modern mean annual air temperatures for these localities
are 2.5 * .59C (Nestor Terrace); 3,8° * .75%C (San Nicolas Island);

and 2.5° * .5% (Cayucos). These temperature differences are

consistent with models 2 or 4 (gee Figure 16 and Table 11) and suggest

full-glacial temperature reductions of between 49¢ and 79C. The

slightly greater full~-glacial temperature reductions in coastal waters

off southern California (CLIMAP, 1976) though the range of uncertainties

Zradients along the coast actually were legg during full-glacial times
than at present.
4. Kinetic Model Age Assignments, Southern, Central, and Northern
Temperature Regions
Age assignments based upon the leucine kinetic model for every

locality discussed herein are summarized in Table 12. These model age

Table 12 near here

assignments are derived from compariscns of leucine results with those
from one or more of the calibration sites, Poseible differences in

thermal histories between unknown and calibration sites are taken into
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consideration, though it appears that these differences are within the
temperature uncertainties (: .75°C) described in Section IX,3, above.
Because generic differences within the slow-racemizing group are roughly
equivalent to two degrees centigrade of temperature difference (or
approximately 25,000 years in samples 100,000 to 150,000 years in age) we
express all kinetic model age assignments as a range of ages equivalent
Lo two degrees of temperature uncertainty. Only in cases where
individual genera from calibration and unknown localities are compared
can the uncertainties be decreased.

a.) San Wicolas Island

Samples from the vertical sequence of terraces on San Nicolas Island
provide the best demonstration of the kinetic model age assignment
approach. If the Saxidomus sample from the 30-meter terrace on San
Nicolas Island is used ag a 120,000 year calibratipn sample, thén the
Saxidomus sample from the 120~meter terrace would have 8N age estimate of
280,000 to 380,000 years. 4 sub~parallel hypothetical curve calibrated
to the Epilucina sample (fast-racemizer) from the low terrace on San
Nicolas Island would predict a similar age for the Epilucina from the
120-meter terrace. The higher terrace (240 meter) on San Nicolas Island
would be estimated to be about 350,000 to 550,000 years in age, based
upon only the Saxidomus results. These age estimates for the higher
terraces could be increessed by about 20% if lower temperatures at higher
elevations were invoked (see Table 2), However, if the low terrace
(30-meter) calibration sample is younger than 120,000 years (see Table 1)
then the age assignments for the upper terraces would have to be reduced

by about 15-20%. Since the maximum age estimate that would be possible
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within the leucine model for the high (240~meter) terrace is less than
600,000 years, these age estimates can be tested by palecmagnetic
polarity determinations on the terrace deposits,

b.) San Diego Area

Samples from the San Diego area (Pacific Beach and Point Loma) are
important in the tests of the kinetic model because one genus
(Protothaca) is available at three localities of apparently different
age, and temperature histories for these three localities ¢can be
considered to have been quite similar. Protothaca samples from the
Nestor Terrace on Point Loma serve as a calibration (120,000 + 10,000
years) point. An age of 60,000 to 80,000 years for the Bird Rock Terrace
is derived from Figure 14 if the same effective diagenetic temperature is
used in comparing the Kestor and Bird Rock samples. Since late Stage 5
terraces can be expected to have experienced proportionately greater
periods of cooler temperatures than early Stage 5 ones (see Figure 16 and
Table 11), they should be interpreted in terms of slightly cooler
temperatures. When this factor is taken into account, the Bird Rock age
assignment becomes 70,000 to 50,000 years. The results from SDSU 1854,
Pacific Beach, are indicative of samples of two different ages being
presant. The older samples, 75-39 and 76-47, are estimated to have an
age of 190,000 to 250,000 years when interpreted in terms of effective
disgenetic temperatures equivalent to those of the Point Loma Nestor
Terrace samples. The younger samples from SDSU 1854, samples 76-89 and
76-102, are interpreted as being correlative with samples of the same
. genus (Protothaca) from the Point Loma Nestor Terrace, end hence would be

2ssigned an age of 120,000 * 10,000 years. This latter age is the actual
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age of the terrace deposit, though it appears that older material has
been reworked into this deposit. The source of the older material was
probably several marinpe depésits slightly inland of this locality that
a8lso appear to be Pre-Nestor Terrace jn age (Wehmiller, unpublished),
The samples from Torrey Pines (LACM 2662) are difficult to interpret

because of the inversion in the Protothaca-Saxidomus generic telationship

that is typically seen at other late Pleistocene localities. The

Saxidomys results alone, when compared to either Point Loma or Newport

Beach samples, would fuggest a late Stage 5 (80,000 to 100,000 yrs.)

age. The Protothaca result would Suggest an early Stage 5 (approximately
———laca

130,000 years) age. Neither of these age estimates is inconsistent with

Pleistocene localities, including the Nestor Terrace (Valentine, 1959).
However, the data suggest that a mixture of Nestor and Bird Roek.
equivalent samples might be present in the Torrey Pines collection. Only
further analyses can clarify this ambiguity.

c.) Newport Beach and San Pedro Early Stage 5 Localities

Samples from Newport Mesa and the First Terrace at San Pedro (1lo-
calities M 2074, M 1477, and M 5908) have been shown to be correlative by
qualitative comparison of results for several amino acids. Slight
temperature differences between San Pedro and Newport Mesa are apparent
in the enantiomeric ratios (see Section VIII,j). These samples,
interpreted in terms of effective diagenetic temperatures equivalent to
those for Point Loma, would have kinetic model ages of 140,000 to 180,000
yYears, depending on the genera being compared. However, we prefer to

interpret these samples as being roughly equivalent in age to the Point
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to effective diagenetic temperatures betweepn 0.5°C and 1.59 greater
than these on Point Loma. Part of thisg difference in effective
temperaturas can be accounted for by pPresent~day differences in
temperature, and part can be postulated as being the result of different
thermal environments during both submergent and emergent phases in the
histories of the Palos Verdes Sand and the Nestor Terrace. This "adjust~
ment" of the apparent kinetic model ages of the samples from localities M
2074, M 1477, and M 5908 is required by both radiemetric and geclogical
evidence and is discussed maore fully in section IX,5, below. 1It is
lmportant to emphasize that thig "adjustment" of the kinetic model ages
for the samples from these three localities is not required by the
Protothaca results alone. Only the Saxidomus results appear to require
such an adjustment of model ages. The Epilucina results from . the Nestor
Terrace and frem the first terrace at Corona del Mar also suggest a
slight difference in effective diageneric temperatures, if the assumption
of synchroneity of the Nestor and Corona del Mar terraces is correct.
Protothaca and Saxidomus samples from Laguna Beach (loc. M 1018) are
assigned a similar 2ge (120,000 to 140,000 years) because of their

apparent similarity to Tespective samples from Newport Mesa, The age

sample) from Laguna Beach are approximately 190,000 to 290,000 years,
based upon a comparison with Tivela samples from Newport Mesa. The
implications of this @pparent mixing of sample 2ges are discussed below

(Section X).
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d.) Central Temperature Region Samples

Age assignments for Santa Cruz and Point Ano Nuevo are best derived
from the Protothaca results, since this genus also occurs at Cayucos,
from the Central Region calibration site. If the Santa Cruz samples are
interpreted in terms of temperatures identical to those at Cayucos, then
an age of 80,000 to 100,000 years would be estimated. Since Santa Cruz
is probably somewhat warmer than Cayucos {Table 2) a still younger age
would be suggested. However, compensation for lower effective diagenetic
temperatures of late Stage 5 samples (Table 1l1) would probably offset
this probable temperature difference, so an age of 80,000 to 100,000
years is estimated for Santa Cruz. A late Stage 5 age for the Santa Cruz
shells appears consistent with radiometric information from this terrace
(Bradley and Addicott, 1968).

Because of uncertainties regarding temperature differences between
Point Ano Nuevo and Cayucos, we suggest that Point Aho Nuevo is older
than Santa Cruz and less than, or equal to, Cayucos in age. A numerical
age assignment for Point Ano Nuevo would then be approximately 90,000 to
140,000 years. Such an age assignment is only slightly greater than
available uranium-series age estimates on mollusks for this locality
(Bradley and Addicott, 1968).

Thé kinetic model ages for the Central Temperature Region are based
upon the assumed age for Cayucos, the calibration site for this region,
of between 130,000 and 140,000 years, The two age determinations for
Cayucos (Veeh and Valentime, 1967) both save significant enough
uncertainties (+ 30,000 years) so that Cayucos could, in fact, be

slightly younger in age and correlative with terraces at numerous lo-
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calities around the world (including the Nestor Terrace on Point Loma)
with ages between 120,000 and 130,000 years (i.e., Barbados, New Guinea,
and others, as reviewed by Bloom et al., 1974). The marine isotopic
record (Shackleton and Opdyke, 1973) does not indicate a minimum in
ice=volume during the period between 150,000 and 130,000 yrs. B.P.,
though uranium-series 4ges suggest that terrace formation during this
period may have occurred {Bloom et 3&., 1974; Stearns, 1976). The
enantiomeric ratio results for Cayucos and the Nestor Terrace are
consistent with a real age difference between these two localities (of
about 15,000 years) if temperature gradients along the coast have been
preserved during the past 130,000 years. We have used this a;sumpcion in
the presentation of kinetic model ages and paleotemperature estimates
that involve the Cayucos calibratien locality.

e.) Post Stage 5 Samples

Fossils from Goleta have Previously been identified (section VIII) to
be post-Stage 5 (less than 70,000 years) in age. If the Goleta results
are interpreted in terms of effective diagenetie temperatures equal to
those at Point Loma, then we would estimate an age of about 30,000
years. Correction for probable lower effective diagenetiec temperatures
(as suggested in Figure 16 and Table 11) would indicate an age of about
40,000 years. These 2ge assignments sre complicated by the fact that the
results fall into the complex region of the kinetic curve. For
geological reasons (see Section X) we suggest that an age of 40,000 yrs.
for Goleta is correct. The "youth" of this locality is suggested by one
uranium-series mollusk analysis (apgroximately 18,000 yrs. B..P. if a

closed system is assumed: Raufman et al., 1971). ©No radiocarbon dates

S p——
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are as yet available for this localiry,
The Cape Blanco samples are difficult to interpret because the

Protothaca-Saxidomus relationship in these samples is inverted from that

observed at almost all other late Pleistocene localities, This inversion
could be due to mixing of samples of two different ages or due to
complexities in the kinetie pathways of these two genera. The Cape
Blanco Saxidomus results (not plotted in Figure 14), interpreted in terms
of effective diagenetic temperatures about three degrees C cooler than
those of Santa Cruz, would imply an age of about 45,000 years. The Cape
Blanco, Protothaca results, interpreted in the same way, would imply an
age of about 75,000 years. If these samples were interpreted in terms of
temperatures one or two degrees greater than the effective diagenetic
temperatures of the Orcas Island (Puget Sound) samples, the age
assignments would also be between 45,000 and 75,000 years. A youngér age
(40-50,000 yrs.) is prefered because of the telationship of Cape Blanco
Saxidomus results with those from several other nearby localities
(Wehmiller and Kennedy, unpublished), Radiometric information on the
Cape Blanco locality is somewhat ambiguous but is certainly suggestive of
a late- to post-Stage 5 age. Richards and Thurber (1966) have reparted
both Cl4 and Th230 dates (on mollusks) of approximately 35,000 years for
Cape Blanco, while Janda (1969; 1971) has obtained Cl4 dates of greater
than 40,000 years on wood samples from nearby terrace localitries thought
to be stratigraphically equivalent to the Cape Blanco locality. Sruiver
(pers. comm., May, 1977) has recently obtained a Cl4 date of 34,200 + 300
years on the interior portions of shells from locality M 1450 at Cape

Blanco.
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£.) Pre-Stage 5 Samples

Trinidad Head

The Saxidsmus‘samples from Trinidad Head are best compared to
Saxidomus from Point Afo Nuevo, in spite of the uncertainties in the age
assignment for the latter locality. 1If an effective diagenetic
temperature of about two degrees centigrade cooler than that of Point Afo
Nuevo is assumed for Trinidad Head, then an age of approximately 400,000
to 600,000 years for the Trinidad Head locality is indicated. Such an
age is consistent with the probable correlation of this locality to other
middle Pleistocene localities in the area (Kennedy, unpubl.),

San Pedro Sand (LACM 332), and Timms Point Sile (LACM 130~7), and

M 1479 and M 5902

Saxidomus results from localities LACM 332, LACM 66-2, M 1479 and M
5902 all appear nearly identical. The simplest interpretation of these
results would be by comparison to the Saxidomus samples from the Palos
Verdes Sand in the Newport Beach-San Pedro region, All four localities
would fall in the age range of 200,000 to 300,000 years by this
approach. A similar interpretation of the Timms Point Silt (LACM 130~7)
Saxidomus results would Suggest an age of about between 350,000 and
500,000 years. However, several additional factors must be considered in
the estimation of ages for these samples:

1.) Generic inversions are observed at localities M 1479 and

M 5902 (Saxidomus~Tivela in both cases) and at LACM 332

(Saxidomus-?rototh&ca). Uncertainties regarding these

observations were Previously discussed (Section VIIL,j).

2.) Generic relationships between Saxidomus, Protothaca, and
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Chione are not inverted at localities LACM 66-2 and M 5898.
3.) The San Pedro Sand and Timms Point Silt are recognized as
being basin deposits rather than terrace deposits. Conse-
quently the thermal histories of the San Pedro Sand and
Timms Point Silt can be expected to have been significantly
different from the thermal histories of emergent terrace
deposits.
We suggest that the samples from localities M 5902, M 1479, and LACM
332 should be considered roughly equal in age and as having equal or
greater ages than the samples from the terrace deposits at LACM 66-2 and
¥ 5898. The correlation of the first three localities is basged upont the
similarities in rhe Saxidomus results at all three localities and upon

the similarities in the Protothaca and Tivela results and the probable

equivalent kinetics of these two genera. The assignment of these.'
relative ages is based upon our consideration of factors 1 through 3,
above. The samples from localities LACM 332, M 1479, and M 5902 are
interpreted to be older than the samples from LACM 66-2 and M 5898
largely because of the inversions of the generic relationships among the
§low-racemizing genera. If these inversions sre the result of "erossing
kinetic pathways" within the format of Figure 14, then we must conclude
that significant lengths of time are Tequired to produce these apparent
kinetic effects. If crossing kinetic pathways are not invoked as an
explanation for the results, then mixing of samples of different ages is
apparent. This possibility is highly probsble in the case of locality M
1479 (see Section Z,2d, below).

Estimated depths of deposition of the San Pedro Sand and Timms Point
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8ilt are variable but 4re on the order of 25 and 100 weters,
respectively, for the localities being considered in this work. Oxygen
isotope measurements on samples from equivalent faunal zones suggests
temperatures of about 10.59¢ and 6,3°C, respectively, at the time of
deposition (Valentine and Meade, 1960). These temperatures are about

6° and 10° cooler than the effective diagenetic temperatures that are
applicable to the Palos Verdes Sand; if used for estimation of kiﬁetic
model ages, these temperatures would suggest maximum ages of
approximately 550,000 (+ 150,000) years for the San Pedro Sand at LACM
332 and approximately 1.5 million years for the Timms Point Silt at LACM
130-7. For each of these units, these maximum age estimates can be
adjusted by consideration of the possible thermal histories of the
deposits. For example, emergence of the San Pedro Sand during eustatic
sea level minima would have exposed the unit to warmer temperatures
(approximately 3° cooler than present - see Figure 16). Continued

uplift and shoaling of the San Pedro Sand (Woodring et al., 1946; Poland,
et al., 1956) would also have exposed the San Pedro Sand to warmer
temperatures. Though these thoughts are rather speculative, they are
quite useful within the kinetie model framework of Figure 14. We suggest
that efiective diagenetic temperatures for the San Pedro Sand at locality
LACM 332 have been between 2°C and 3% cooler than those for the

Palos Verdes Sand; an age of 350,000 to 450,000 years for the San Pedro
Sand (at LACM 332) is implied. A similar adjustment of the
interpretation of rhe Timms Point Silt age would suggest an age of
approximately 1 million years. Preliminary results on Saxidomus and
Macoma samples from the Ventura Basin (Wehmiller, unpublished) with

stratigraphic association to a 600,000-year voleanic ash layer suggest
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that the enantiomeric ratios observed in the Timms Point Silt Saxidomus
samples could be indicative of an age as young as 430,000 to 500,000
years. Therefore we place g large uncertainty on the Timms Point Silt
age assignment (Table 12) but we consider an age of less than 700,000
years to be highly probabie. Paleomagnetic determinations (in progress)
certainly could clarify the age assignment for the Timms Point Silt. Our
age assignments for the San Pedro Sand and Timms Point 8ilt localities
are consistent with the stratigraphic relationships of these two
localities (see Woodring 8t al., 1946, Fig. 10) and the enantiomeric
ratios observed in the Pliocene Saxidomus from the Fernando Formation
(see Table 3). They are quite young in comparison with the 3.0
million-year age estimate for the Lomita Marl (Obradovich, 1968) which is
stratigraphically equivalent with the Timms Point Silt and which is
usually identified as the earliest Pleistocene marinpe deposit .in' the San
Pedro area (Woodring gt al., 1946, Fig. 10, and others).

Saxidomus samples from localities M 1479 (Newport Mesa) and ¥ 5902
(Huntington Beach), with results quite similar to those of LACH 332,
would be interpreted to be of equal age (350,000 to 450,000 years). The
absence of local temperature effects for these Saxidomus samples (see
Figure B and related discussion) suggests that local temperature
differences have affected the results only in late Pleistocene samples,
or that these particular samples from M 5902 and M 1479 have experienced
depositional and thermal histories different from those of the LACM 332
samples. This latter possibility is supported by the stratigraphic
relationships at M 1479, discussed more fully in Section X,2d, below,

The MAC samples from M 1479 and M 5902 have D/L ratios 10~15% less than
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the ratios in Mac from LACM 332, indicating either 2 temperature effect

(see Fig. g8) Or a real age difference, 17 the latter is the case, then

Sand (M 5908).
LACM 66-2, M 5898, and M 1722

Samples frog locality LAcM 66-2, and from nearby locality M 5898,

Beach (the "gldep" samples at SDsUy 1854) and with the Tivela results from
M 1018 and M 1019 (Laguna Beach) is implied.

The Protothacs sample (74-11, Table 4) from M 1722, a locality quite
near locality LacM 66-2 (and in the same "Palos Verdes Sand" deposit),
appears much younger (120,000 to 140,000 years) than the samples from
LACH 66-2, These resylts Suggest that samples of at least rwo different
2ges are found in the beds exposed ae both LACH 66-2 and M 1722, 14
addition, Pliocene fossils have been found at LACH 66~2, apparently

Teworked from the underlying bedropck (Vedder, unpubl.). Reasons for the

High Terraces, Palos Verdes, and Sap Joaquin Hillg
Age assignments for these UpPper terraces are based on the fagt-

racemizing genera Tegula, Epilucina, ang Polinices, Tegula from the
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third (90-meter) terrace (M 3759) at Corona del Mar have ratios quite
similar to those of Tegula samples from high terraces on San Nicolas
Island (ninth terrace) and the Palos Verdes Hills (twelfth terrace).
Epilucina ratios from M 3759 (third terrace, Corona del Mar) are
distinctly greater than those in Epilucina from the fifth (120-meter)
terrace on San Nicolas Island. Since kinetic model age assignments are
available for the higher terraces on San Nicolas Island (section IX,4a,
above) we suggest that the relative ages implied by the Tegula and
Epilucina results can be used to estimate ages of 350,000 to 550,000
years for the twelfth terrace on the Palos Verdes Hills and the third
terrace on the San Joaquin Hills. Age estimates in this range have been
suggested by other workers (Fanale and Schaeffer, 1965; Szabo and Vedder,
1971). As mentioned above, the results from localities M 1476, M 1018, M
1019, and LACM 66-2 indicate that samples with an age of appraximétely
190,000 to 290,000 years are found on the first terrace. These samples
apparently are representative of the age of the second terrace on the San
Joaquin Hills, and have been reworked into the deposits on the first
terrace. Preliminary results from the first and second terraces at San
Clemente, approximately 15 km south of Laguna Beach, support this
inferred age relationship for the samples on the first terrace in the
Newport Beach-Laguna Beach region (Wehmiller, unpubl.).

5. Kinetic Models - Implications of Geological Controls

The kinetic model ages presented above undoubtedly will undergo minor
revisions as new data znd new models are developed. Results for only one
amino acid in a limited number of genera have been utilized. HNone of the

model ages presented here are unreasonable within the available gealogical
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context (see further discussion in Section X), and it is this geological
context that places some important restraints on the type of kinetic
model that is appropriate. Specific points relating to the kinetic model
are outlined below:

a.) Mitterer (1975) used linear kinetic models in the interpreta-
tion of igoleucine epimerization results in Mercenaria from
Pleistocene deposits in Florida. Linear kinetics were inferred
from laboratory pyrolysis experiments and were calibrated to
several Holocene.ﬁercenaria samples. Results for Pleigtocene
samples suggested ages of 134,000, 180,000, 236,000, snd
324,000 'years and the correlation of these ages with radio-
metric dates for high sea stands recognized elsewhere was
noted (Mitterer, 1975). One calibration site (probable age,
120,000 years) was used (Mitterer, 1975) to infer "average
diagenetic temperatures" (equivalent to our "effective dia~
genetic temperature of 89 to 119C for the Florida lo-
calities; such temperatures represent reductions of about
129¢ from Present-day mean snnual temperatures. By the
arguments cutlined in section iX,3, above, a 12° radyc~
tion in effective diagenetic temperatures requires full-
glacial temperature reductions of 20°C or more. Tem-
perature reductions of this magnitude are inconsistent
with the paleoclimatic evidence cited by Mitterer (1975)
and other evidence as well (CLIMAP, 1976). Non-linear
kinetic models applied to Mitterer's results would not

require such large temperature reductions and would be
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b.)

more consistent with radiometric information (Wehmiller
and Belknap, in press). Linear kinetic models applied
to the Pacific Coast samples presented in this work
would also lead to very large estimates of full-glacial
temperature reductions (150 - 20°C) for the Cali-
fornia coastal enviromment. Linear kinetic models
calibrated to the 120,000-year and 135,000-year cali-
bration sites (Figure 14) would suggest ages for some
younger localities that would be in very good agree-
ment with world~wide eustatic sea~level records (Bloem
et al.; 1974) but which would yield unreasonably young
age estimates for the high terraces on San Nicolas
Island and the Ilower Pleistocene San Pedro Sand and
Timms Point Silt (less than 300,000 years for all).
Linear models might appear to have more "resolving
power" for samples of closely spaced ages within the
late Pleistocene, but they appear to be incorrect
when interpreted within g rigid geological framework.
The results for samples from the San Nicolas Island
terraces could be used 25 an argument for forcing

the Pleistocene components of the model curves to
have an even more graduzl slope than shown in Fig-

ure 1l4. If constant uplift rates for San Nicolas
Island were invoked, then the 2ge of the 240-meter
terrace on San Nicolas Island should be about ten

times that of the 30-meter terrace (i.e., 1,200,000
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years rather thap 350,000 to 550,000 years), forcing a

8ignificant adjustment ip the kinetic model, Gag~

X, below, Any such adjustment in the slopes of the
Pleistocane components of the curves of Figure 14

must still be "rotareg around the results for the
late Pleistocene calibration sites. Such g manipyla~
tion would increase the age estimates for various pre-
Stage 5 Samples identified above byt would decrease
the estimated 8ges for localitieg such as Point Loma
(Bird Rock Terrace), Sapta Cruz, Goleta, and Cape

Blanco. These decreased age estimates would be un~

additional geological and/or Eeochemical investigation. The model curves
of Figure 14 are the ones that 8PPear most consistent with available

geological, geochronological, paleoclimatic, and kinetie information,

Since the kinetic mode] dges presented ip preceding discussions have
been derived from the results for only one aming acid, it is important tg
ask whether these 3ges are consistent with the enantiomeric ratig results
for other amine acids, Ideally, kinetjc models for all amino acids would
be available zng 2ges could be estimated independently for each amino

acid snalyzed in a sample, However, such kinetic models do not exist
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because of a lack of activation energy data for racemization in
calcareous skeletal material,

Figure 17 shows how the leucine model 2ges can be used to propose

Figure 17 near here

model kinetics for other amino acids, and the validity of these models

(Kvenvolden et al., 1973). Enantiomerie ratio results for valine,
glutamic acid, leucine, proline, Phenylalanine, and alanine in Protothaca
and Chione from four Southern Temperature Region localities (Nestor and
Bird Roek Terraces, Pacific Beach - §psu 1854, and Goleta) are shown in
Figure 17. These particular samples are chosen because they rép?esenc
the racemization kinetics in a single species over a wide range of ages
(leucine model ages) within a narrow range of effective diagenatic
temperatures (: 19C). The results shown in Figure 17 do not prove the
validity of the leucine kinetic model, but since apparent kinetics for
these six amino acids as Presented in Figure 17 are quite similar to
those observed in foraminifera (similar non-linearity, relative rates},
it can at least be suggested that the leucine kinetic model is not
grossly inconsistent with the Probable racemization kinetics for the
other amino acids. The data for alanine are the only results that appear
in conflict with the leucine model ages, though the divergence of alanine
and leycine kinetics seen in Figure 17 is also appatent in the

foraminifera data (Kvenvolden e 1., 1973).

e o—
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X. AGE ASSIGNMENTS: CORRELATIONS WITH OTHER RECORDS AND STRATIGRAPHIC,

TECTONIC, AND PALEOCLIMATIC IMPLICATIONS

ice-volume minima identified in the marine isotepic record {Shackleton
and Opdyke, 1973) ang in the eustatic sea~level record (Bloom et al.,
1974). These dpparent correlations are, in some cases, quite ohvious
from the relative and kinetic model 4ge assignments presented inp
Preceding sections, Ip a few cases we "adjust" our age assighments to
fit the chronolegy of the eustatic sea-~level ang marine isotopic records,

since we recognize that the chronology of these records is generally more

Precise than that of the kinetic age models .used in thig work. Figure 18

Figure 18 near here

Age assignments for the localities studied herein are presented in Figure
18 for comparison with the isotopic record, In following sections we
discuss the validity and implications of thege aze @ssignments in terms
of their correlation with the isotopic record, In addition, we discuss
the implicarions of several of the terrace 2ge assignments for
paleoecologic Teconstructions and for the estimation of tectonic uplift

rates. For the lattar discussion, we use the position of the sea surface
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in following discussions.

Table 13 pear here

1.) Late Pleigtocene Localities
a.} Palos Verdes Sand (San Pedro) and First Terrace, Newport
Beach to Laguna Beach (locs. M 5908, LACM 1210, M 1477,

M 1722, M 2074, o 1481, M 1482, ¥ 1018, and ¥ 1019).

(Woodring et al., 1946, gnd others), we conclude from both geological and
amino acid evidence that the Palos Verdes Sand represents a time period
equivalent to the early portion of Stage 5 of the marine isotqpic‘rgcord

(120,000 to 140,000 years). Both eustatic and isotopic records indicate

Kinetic model ages for the San Pedre and Newport Beach localities
(specific;lly, M 5908, LacM 1210, ¥ 2074, M 1477, and M 1722) were
adjusted slightly (Section 1X,4¢c) because of the importance of relating
the Palos Verdes Sand to this widely recognized and well dated time of

high sea level. The adjustment in kinetic model ages is consistent with

Pedro-Newport Beach region and the Southern Region calibration site, the
Nestor Terrace on Point Loma. Without such a manipulation, the kinetic
model age estimate for the Pales Verdes Sand would place it in a rime of

full-glacial eustatic sea-level Teduction (stage 6 of Shackleton and
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Opdyke, 1973). Given the chronological framework adopted herein, a late
Pleistocene 4ge assignmenr ig appropriate for all localities discyssed in
this section.

Average uplift rates calculated for the shoreline angles nearest
to localities M 5908 and M 2074 (San Pedro and Newport Mesa) (Table 13)
Suggest that deposits associated with either the 105,000 or 80,000~year
high sea stands (Bloom et al., 1974) would be within a few meters of
Present sea level and perhaps not preserved. However, open Eystem
uranium series dates on mollusks of 86,000 * 9,000 years were reported by
Szabo and Rosholt (1969) for a locality in central San Pedro (first
terrace) about 1.6 km southwest of our locality M 35908, Sinée Valentige
(1961) Suggests that the Palos Verdes Sand in northeastern San Pedro (in
the region of locality M 59%08) might be faunally equivalent to deposits
on the second terrace elsewhere in San Pedro, it appears possible that
deposits of at least two ages (early and late Stage 5) might be pPresent
on the low. terraces in San Pedro. A closed-system date op mollusks of
69,000 + 7,000 years for locality M 1477 ¢ Newport Mesa was reported by
Szabo and Vedder (1971), but does net appear to be supported by our
results.

The correlation of the lowest emergent terrace from Newport
Beach south to Laguna Beach with the early Stage 5 high sea stand is
geologically reasonable and, in fact, has been a working assumption of
many previous workers who have considered these lowest emergent terraces
as being time-equivalents of the last interglacial (Sangamon) .
Complexities associated with areas around localities ¥ 1722 (near Upper

Newport Bay) and M 1018/M 1019 (Laguna Beach) are discussed in Section
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X,3, below.

b.) Point Loma Bird Rock Terrace (SDSU 2523)

The Bird Rock Terrace appears correlative with the 80,000~year
high sea stand of Bloom et al. (1974). Ap age younger than that of the
Nestor Terrace on Point Loma is certainly consistent with interpretations
of the geomorphology of these two terraces (Ku and Kernm, 1974; Kern, in
press). Calculations based upon comstant uplift-rate assumptions and the
elevation of the Nestor Terrace on Point Loma would suggest that a
terrace correlative to the 105,000-year high sea stand ought to be
Present at an elevation equal to that of the Bird Rock Terrace. 1If the
Bird Rock Terrace is in fact 105,000 years in age, then revisions in the
kinetic model are Tequired. Alternatively, the younger age for the Bird
Rock Terrace indicates that non~constant uplift has been occurring on
Point Loma and that the 105,000~year terrace deposit has been eroded by
the 80,000-year transgression. In light of extensive deformation of
parts of Point Loma (Kern, 1973; in press) variable uplift rates are not
unreasonable for this area.

A cooler~water fauna present on the Bird Rock Terrace (Kern, in
press) would be consistent with either a late- or post-Stage 5 age. The
late-Stage 5 age indicated by the amino acid results suggests that faunal
investigations can resolve some of the subtle temperature changes
apparent in the isotopic record (Shackleton and Opdyke, 1973).

¢.) Santa Cruz and Point Ano Nueve

The Santa Cruz locality also appears to be correlative with the
80,000-year high sea stand, though the meximum age estimate of 160,000

years could indicate & correlation with the 105,000-year event. The
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latter age seems consistent with uplift rates and conceptual models of
the history of the area (Bradley and Griggs, 1976) though the former age
is mcre.in agreement with uranium-series ages on mollusks from this
locality (Bradley end Addicott, 1968). Both ages imply uplift rates
somewhat greater than in the Point Loma area (Table 13).

Northern extra~limital species {i.e., northern species which are
now locally "extinct") occur in the terrace deposits at Santa Cruz and at
nearby Point Anc Nuevo (Addicott, 1966). As in the case of the Bird Rock
Terrace, the faunal associations are consistent with late Stage 5 ages
(i.e., cooler than early Stage 5) for these localities. Because of the
uncertainties regarding the age assignment for Afio Nueve Point (80,000 to
140,000 years) the faunal data may be the best tool for assigning a late
Stage 5 age to Point Afio Nuevo.

d.) Goleta

Goleta appears to be correlative with either a 30,000 to
40,000-year sea level maximum (below present sea level) of Bloom et al.
(1974), or Stage 3 of the isotopic record. We do not argue that Goleta
represents a positive "mid-Wisconsin™ high sea stand; rather we propose
that relatively rapid uplift rates for this area arve indicated. $ince
both of the interstadial sea-levels identified by Bloom et al (1974) for
this time period were at levels about 40 meters below present, the Goleta
platform has been uplifted between 50 and 60 meters since the time of its
formation. Inferred uplift rates of 1.6 * .2 m/1000 yrs. for Goleta are
almost an corder of magnitude greater than those observed for Point Loma
or the San Pedro first terrace.

Birkeland (1972) has pointed out that some stream deposits along
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the Malibu coast east of Goleta sre pre-Holocene in age and are graded to
a sea-level below that associated with the shoreline angle of the
youngest marine terrace in the area. These Stream terraces are
additional evidence for a "mid-Wisconsin” (Stage 3 correlative) sea-level
maximum being recorded along the southern California coast, since the
youngest terrace {Dume Terrace) is most likely equivalent to Stage 5 in
age (U-Series dates on mollusks give an -age for the Dume Terrace of
104,000 * 5,000 years: Szabo and Rosholt, 1969)., Birkeland (1972) also
correlated this mid-Wisconsin sea-level maximum with the interstadials
Tecognized in the New Guinea coral reef record (Bloom et al., 1974),

The age assignment for the Goleta terrace clearly demands a
revision of the working hypothesis that the lowest emergent terrace is
everywhere correlative along the Pacific Coast. It is important to note
that several paleontological investigations of this locality and others
nearby have recognized a cool-water aspect to the fauna (Addicott, 1964b;
Wright, 1972). 1In light of the ages presented here, such faunal
characteristics do not need to be explained in terms of unusual
oceanographic conditions during the period of formation of these terraces
(Addicott, 1964b; Wright, 1972). These observations allow us fo
Speculate that the entire suite of low terrace cool-water faunal
associations noted by Addicott (1964b) on terrace platforms both east and
west of Goleta is representative of terrace formation during interstadial
rather than interglacial (Stage 3 vs. Stage 5) conditions.

e.) Cape Blanco

In spite of our uncertainties regarding the Cape Blanco age

assignment, it seems reasonable to correlate this terrace with either the
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40,000~year or 60,000-year sea level maxima of Bloom‘EE al (1974). Some
radiometric evidence (Richards and Thurber, 1966) supports the younger
4ge. Either age leads to estimates of uplift rates roughly equal to, or
almost twice as great as, those for Goleta (1.5 to 2.75 meters/1000
years)., The maximum age that we could assign to the Cape Blanco terrace
would be approximately 70,000 yrs. (Protothacs kinetic model). This age
is perhaps in better agreement with geomorphic evidence from the area
(Janda, 1969).

Association of the Cape Blanco terrace deposit with interstadial
ice volumes is consistent with the presence of several northern
extra-limital molluscan species in the fauna from this locality
(Addicott, 1964a; Kennedy, unpubl.),

2.) Middle Pleistocene Localities and Samples

a.) San Pedro Sand, LACM 332

The zge assignment for the San Pedro Sand is specifically
derived from the results for locality LACM 332; equivalent ages for
shells from localitjes M 5902 and M 1479 are indicated by the similarity
of most of the results from these two localities with those for locality
LACM 332, The estimated age range of 350,000 to 450,000 years for the
San Pedro Sand suggests that deposition of the San Pedro Sand was, at
least in Part, synchronous with one Or more of the eustatie high sea
levels that cut the higher terraces on the Palos Verdes Hills, Given the
tectoniec and geomorphologic setting of the San Pedro Sand, it is quite
likely that a wide range ¢f ages might be associated with this unit.
Correlation with Stages 9 through 11 of the isotopic record (Shackleton

and Opdyke, 1973) is implied by our age estimate for locality LACM 332.
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These stages represent two rather long periods of ice-volume minima
separated by a short and intense ice-volume expansion. Continued uplift
and shoaling combined with the relatively low sea levels associated with
_ice~volume minima during Stage 7 could have bPrevented any additional
deposition in the basin until Stage 5,

This model for the history of the San Pedro Sand {at LACM 332),
and the age estimate itself, require that the San Pedro Sand be
designated as middle Pleistocene in age given the chronological divisions
of the Pleistocene that are adopted in this work,

In the western Ventura Basin, a volcanie ash layer with a
probable age of 600,000 years has been found in deformed marine strata
generally referred to as the Santa Barbara Formation (Sarna-Wojcicki et
al., 1976). Overlying the Santa Barbara Formation in the western Véntura
Basin is the San Pedro Formation. The approximate time equivaiehée of
the San Pedro and Santa Barbara formations in the Ventura Basin with the
lower Pleistocene formations in the Los Angeles Basin is not proven but
has long been assumed (Woodring et al., 1946; Weber et al., 1973),
Preliminary results on Macoma samples from the San Pedro Formation in the
Ventura Basin strongly support the age assignments proposed herein for
the San Pedro Sand at locality LACM 332 (Wehmiller, unpubl.).

The apparent equivalence in age of locality M 5902 at Huntington
Beach with the San Pedro Sand at LACM 332 appears to clarify the
uncertainties that have been associated with this area {(Poland et al.,
1956; Valentine, 1959). It is important to note that the fauna at this

locality (M 5902) does not appear to be "typical” of the San Pedro Sand

{Valentine, 1959).
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b.} ZLocality M 1479

Locality M 1479 (Figure 2,3) has been assigned to the Palos
Verdes Sand (Vedder, 1975) because of the continuity of the beds into
other sites on Newport Mesa that have been considered as part of the
Palos Verdes Sand. The fossil site at M 1479 lies unconformably above
deformed strata (with rare fossils) that have been assigned to the $an
Pedro Sand (Poland et al., 1956; 1957; Kanakoff and Emerson, 1959),
Since the samples from M 1479 appear to be equivalent in age to samples
from the San Pedro Sand (at LACM 332), either the shells have been
reworked from the older strata or the exposures (and their inferred
history) on the northwest face of Newport Mesa are more complex than
previously thought. Since localities M 1479 and LACM 66-2 (both
previously referred to as Palos Verdes Sand) have yielded samples that
are distinctly greater than the Stage 5 age of thelPalos Verdes Sand on
the first terrace in San Pedro, a wide range of ages (equivalent to both
Stage 5 snd Stage 7) is represented by samples all previously considered
contemporaneous with the Palos Verdes Sand in San Pedro. Designation of
all localities in the Newport Beach area that are truly correlative with
the Palos Verdes Sand in San Pedro must await the analysis of additionmal
samples,

€.) Palos Verdes Hills: Late and Middle Pleistocene Tarraces

Correlations with most of the Stage 5 and post-Stage 5 eustatic
high sea levels of Bloom et al. (1974) are apparent in the preceding
discussions. Our data suggest that the vertical flight of terraces in
the Palos Verdes Hills may contain more of the details of the same

seag-level curve. The age assignments for the Palos Verdes Hills zre,
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however, based upon the somewhat ambiguous genera Tegula and Epilucina.

A Tegula sample from the fourth terrace on the Palos Verdes Hills
(locality LDGO 830E) has enantiomeric ratios similar to those in Tegula
from Newport Mesa but significantly (10-15%) greater than Tegula from the
Nestor Terrace, Point Loma. Epilucina results from the fourth terrace on
the Palos Verdes Hills (locality M 6720) generally fall within the range
of enantiomeric ratios observed in Epilucina from Corona del Mar and the
Nestor Terrace. {Preliminary results on Olivella samples from M 6720 and
Cayucos (Wehmiller, unpubl.) indicate a similarity (within 10%) in
enantiomeric ratios in this genus from these two localities. Our results
generally suggest an early Stage 5 age for the fourth terrace-in the
southwestern portion of the Palos Verdes Hills, but given our present
understanding of the reliability of the various gemera involved in the
analysis of the Palos Verdes Hills localities, we consider the age
assignments for the Palos Verdes Hills samples to be preliminary. If an
early Stage 3 age for the fourth terrace is correct, then presumably the
lower terraces (third, seccnd,.and first) in this area of the Palos
Verdes Hills would be correlative to younger {(late Stage 5) sea level
events. The elevations of the fourth, third, and second terraces (v 95,
65, and 50 meters, respectively - see Plate 22, Woodring et al, 1946) in
the western portion of the Palos Verdes Hills conform quite well to the
eustatic sea level curve of Bloom et al (1974) if constant uplift rates
and an early Stage 5 (Stage 5e) age for the fourth terrace are assumed.
Since the first terrace in San Pedro (M 3908) appears to be early Stage 5
in age, the absence of the younger terraces in regions of lower uplift is

implied. Both radiometric and amino acid age assignments suggest rather
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rapid uplift rates for the Palos Verdes Hills (see Table 13). The amino
acid data for the forrth and twelfth terraces further imply relatively
constant uplift rates. Middle Pleistocene ages would definitely be
assigned to all Palos Verdes Hills terraces higher than the fourth.

d.) San Joaquin Hills: Examples of Middle Pleistocene

(Stage 7) Samples in Late Pleistocene Terrace Deposits.

Results from Laguna Beach (M 1018 and M 1019) and Newport Beach
(M 1722, ¥ 5898, and LACM 66-2) indicate that samples of probable Stage 7
age are mixed with samples of Stage 5 age on the first terrace of the San

Joaquin Hills. Both Tivela and Polinices at Laguna Beach appear to be

between 190,000 and 290,000 years in age, while Saxidomus and Protothaca

from Laguna Beach appear 120,000 to 140,000 years in age. Saxidomus,
EEEEEE! and Protothaca from the area of LACM 66-2 and M 5898 appear to be
190,000 to 290,000 years in age, while Protothaca from M 1722'kaﬁd
perhaps one Protothaca, sample 76-24, from LACM 66-2) appear to be
120,000 to 140,000 years in age. Deposits on Newport Mesa, at an
elevation quite similar to that of localities LACM 66-2 and M 1722, also
appear 120,000 to 140,000 years in age. There are several reasomable
geological arguments that may serve as explanations for the apparent
frequency of sample mixing at these localities:
1) Elevations of eustatic high sea levels inferred

from the isotopic record are significantly lower

for Stage 7 than they are for Stage 5e. In areas

of low to moderate uplift rates (less than .20 m/

1000 years) deposits correlative to these two

high sea levels would be at roughly equal eleva-
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2)

3)

tions today and difficult to distinguish (Shackle~
ton and Opdyke, 1973).

Localities LACM 66~2, M 5898, and M 1722 (see
Figure 2,j) are in a region where there is great
possibility of second terrace material having been
reworked into deposits of the first terrace. Evi-
dence of reworking was noted by Hoskins (1957) at
locality M 5898; and Vedder (unpubl.) has noted

the presence of Pliocene fossils (from the under=
lying bedrock) in the beds at LACM 66-2. The area
of these three localities is one where the second
terrace is actually absent, apparently having been
truncated by back-wearing of the sea-cliff during
formation of the first terrace platform. The eleva-
tion of all three localities is quite similar, and
is lower than that of M 1476, the only locality that
is probably truely representative of the second
terrace. Localities LACM 66-2 and M 1722 are no
longer accessible for study, so samples with proper
documentation cannot be collected for further
study.

The Laguna Beach localities (M 1018 and M 1018 -
see Figure 2,j) are in a region of the coast where
only subtle morphological distinctions between the
first and second terraces can be made, though both

lie just to the seaward side (50 to 100 meters) of

35



the probable position of the shoreline angle

of the first terrace. Hoskins (1957) noted that
the appearance of the terrace deposit at M 1018
indicated "current scouring and thorough faunal
mixing", though he did not specifically suggest
that reworked material might be present. Hoskins
also noted the presence of a large number of worn
shells and shell fragments at M 1018, but none of
the samples from Laguna Beach analyzed here were
fragmented or appeared unusually worn. Very
shallow water (approx. 3 meters) was inferred by
Hoskins for the environment of deposition at M
1018. Though these characteristics are not, in
themselves, proof of reworking, we consider-

them supporting evidence in light of the enantio-

meric ratios observed in the Tivela and Polinices
ot ——riltES

samples at Laguna Beach.

The validity of the relative age assignments for the Laguna

Beach samples is supported by the results seen in the one Polinices

sample from M 1476, a locality above the first terrace shoreline angle at

Newport Beach, and mapped as second terrace because of its elevation

relative to the first and third terraces in the area (Vedder et al.,

1957; Vedder, 1975; Szabo and Vedder, 19?1). The Polinices samples from

M 1018 and M 1476 have very similar enantiomeric ratios, implying similar

The second terrace age for the Saxidomus, Protothaca, and Chione

samples at LACM 66-2 is supported by results (Wehmiller, unpubl.) for
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Saxidomus and Protothaca from the gecond terrace at San Clemente (15 km
south of Laguna Beach), where the first and second terrace deposits are
more clearly resolved than at Laguna Beach (Vedder et al., 1957).
Preliminary results (Wehmiller, unpubl.) on Tivela from the first and
second terrace at San Clemente yield somewhat ambiguous geological

conclusions but do not contradiet the Saxidomus~Protothaca Tivela generice

relationship inferred from the results for these three genera from
Newport Mesa and San Pedro. This generic relationship has also been
documented at a locality near Del Mar, California (Wehmiller, in press).
Therefore we conclude that the best available explanation of the Laguna
Beach Tivela results ig reworking, but some of our other observations on
Tivela (see localities M 5902, M 1479) indicate that a better
understanding of the racemization kinetics in Tivela is required before
firm geological conclusions can be derived from this genus alode-

The inferred uplift rates for the Palos:Verdes Hills (see Table
13) are approximately four times greater than those for the Samn Joaquin
Hills. It appears that the three terraces on the San Joaquin Hills {up
to v 100 m) represent approximately the same period of time as the twelve
terraces on the Palos Verdes Hills {up £o ~ 400 meters). The lack of
detail in the terrace record on the San Joaquin Hills thus appears to be
2 consequence of lower uplift rates, as is the greater probability of
samples of more than one age being found in the terrace deposits on a
single platform. Since two major faults separate the Palos Verdes and
San Joaquin Hills (Yerkes et al., 1965, and others) so it is not

unreasonable to expect differing rates of uplift for these two areas.
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e.) Pacific Beach, SDSU 1854

Locality SDSU 1854 at Pacific Beach alsc appears to be a clear
example of mixing of samples of two different ages. BSamples correlative
with both Stages 5 and 7 of the isotopic record are present. The
comparatively low elevation of locality SDSU 1854 (approx. 8 meters)
suggests that uplift rates have not been rapid enough to resolve terraces
formed during Stages 5 and 7. Additional samples of probable Stage 7 age
have been found at several localities around Mission Bay, between two and
three kilometers from SDSU 1854 (Wehmiller, Kern, and Lajoie, in prep.J,
so it appears that a local source of Stage 7 feossils was available. during
the time (Stage 5) of deposition of the terrace deposit at SDSU 1834,

f.) San Nicolas Island: Late and Middle Pleistocene Terraces

The major low (30-meter) terrace, designated the second terrace
on San Nicolas Island appears to be correlative with Stage 5e.of the
isotopic record (Shackleton and Opdyke, 1973). The lowest terrace found
in some areas of San Nicolas Island (Vedder and Norris, 1963) would then
presumably be late Stage 5 in age. The enantiomeric ratios observed in
samples from the 30-meter terrace, when used as calibration for the
kinetic curves, suggest Middle Pleistocens ages of approximately 320,000
years for the fifth (120-meter) and 450,000 years for the tenth
(240-meter) terraces. Probable correlation of the fifth terrace with
Stage 9 of the isotopic record suggests that the less well-defined third
and fourth terraces of San Nicolas Island are those associated with Stage
7 of the isotopic curve., If the age estimate for the l0th terrace is
correct then several of the intermediate terraces (six through nine,

perhaps) are correlative with the 70,000 years represented by Stage 11
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of the isotopiec record. Probably uplift rates greater than during the
late Pleistocene (i.e., > .2 meters/1000 years) would have been required
for the resolution of so many terraces.

A non-constant uplift rate (decreasing through time) is implied
by our age estimates for the high terraces on San Nicolas Island (Table
13). Constant uplift rates extrapolated from the observations for the
30-meter terrace would predict ages of about 600,000 years and 1,200,000
years for the fifth and tenth terraces, respectively. Ages as great as
these would require a revision of our kinetic model or of the assumed
thermal history for these higher terraces. Neither range of age
assignments is in conflict with faunal age estimates of Valentine and
Lipps (1967). Palecmagnetic polarity determinations on these higher
terrace deposits, if possible, might clarify these age assignments.

3.) Early(?) Pleistocene Localities

The Timms Point Silt at locality LACM 130-7 is the only deposit
studied to which we might assign an early Pleistocene age based upon the
amino acid enantiomeric ratios. A large amount of uncertainty is
inherent in our age assignment for the Timms Point §ilt, primarily due to
uncertainties regarding the thermal history of this deposit. In light of
results obtained on samples from the Ventura Basin (Wehmiller, unpubl.),
we consider an early middle Pleistocene age for the Timms Point Silt at
LACM 130-7 to be most probable.

As stated in Sectionm VII, our results do not permit definite
distinctions to be made between earliest Pleistocene and Pliocene
samples, so we cannot improve upon the early(?) Pleistocene age estimate

(Kennedy, 1973) for the Lindavista Formation in the San Diego area.

99



IX. CONCLUSIONS

The work described was designed as an evaluation of the
applicability of using amino acid enantiomeric ratio determinaticons in
stratigraphic and chronologic problems of uplifted and discontinuous
marine terrace deposits. Apart from tropical islands with uplifted coral
reefs and reliable radiometric control, the west coast of the United
States provides one of the best geologic, climatic, and chronologic
frameworks in which to test and apply these techniques.

Several molluscan genera have been evaluated by analysis of multiple
individuals from several low terrace localities and, where possible, by
analysis of samples with known stratigraphic relationships. Systematic
differences in enantiomeric ratios among different genera do occur,
though several cases of significant inversions in these relationships are
also apparent. These inversions are indicative of either geologiéal or
geochemical complexities that remain to be evaluated. Of all the genera
frequently analyzed, Saxidomus appears to yield the most reproducible
results, Sample reliability seems to be related primarily to shell
thickness and internal shell structure, since both of these
characteristics affect the weathering (leaching) behavior of the shell
samples,

Two different approaches have been taken in the interpretation of
the analytical results:

a.) Qualitative relative age assignments have been
derived from similarities and differences in enantio-~
meric ratios for an entire suite of amino acids as

observed in several genera from both dated znd un-
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dated localities, and
b.) Kinetic model age assignments have been based upon

only one amino acid leucine, and upon models derived

from racemization kinetics as observed in calcareous

foraminifera in deep-sea sediments.
The two approaches are complimentary, though the latter is essential for
estimation of ages greater than about 200,000 years (at temperatures
found along the northeastern Pacific coast) and for quantitative
evaluation of latitudinal-temperature effects among samples of equal
2ge. The former approach is particularly useful in the interpretation of
samples from within the same temperature region, or in a single basin of
deposition. Development of kinetic models based upon more than one amino
acid should prove helpful in reducing uncertainties in the model age
assignments.

The kinetic model itself is derived by extrapolation of racemization
kinetics observed in foraminifera at low (deep~sea) temperatures to
higher and more variable temperatures that are appropriate for the
molluscan samples studied here. Model kinetics are adjusted for generic
differences by calibration with results from Holocene and latest
Pleistocene samples. Further calibration of the model has been possible
because of the availability of reliable chronologic and paleoclimatic
information for a few of the late Pleistocene localities {Point Loma
Nestor Terrace, and Cayucos). The proposed model kinetics are distinctly
non-linesr (Wehmiller and Hare, 1971; Wehmiller and Belknap, in press),
in contrast to the linear models used for the interpretation of

Pleistocene molluscan samples from Florida {Mitterer, 1975). Linear
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kinetic models, when tested within the geologic and paleoclimatic

framework of the Pacific coast marine terraces, seem inappropriate for

the interpretation of the samples studied in this work. Temperature

sensitivities derived from laboratory pyrolysis experiments (Bada and

Schroeder, 1972; Mitterer, 1975) seem appropriate for the development of

geologically-controlled kinetic models (see also Wehmiller et al., 1976).
One group of molluscan genera, the "slow~racemizing" Protothaca,

Chione, Tivela, and Saxidomus, appears to be of most value in comparison
IRASTUS

with the kinetic models derived from foraminifera. 4 qualitative
chemical model of calcified protein diagenesis has been proposed as an
explanation of this kinerie similarity. Kinetic models for the group of
"fast—racemizing" genera have not been formally proposed, though some
precedent does exist (King and Hare, 1972a) for their informal usage.

The use of several genera in studies such as these is almost mandatory so
that geological and kinetie information can be developed fully,

The kinetic model predicts ages for the higher terraces on San
Nicolas Island and for the San Pedro Sand (ar LACM 332) that are somewhat
younger than previously a@ssumed; revisions of these 2ges could be
accomplished by re-evaluation of the temperature histories of the samples
or by revision of the kinetic model itgpelf. The latter option, however,
would negate some of the apparent validity of the kinetic medel that is
apparent among the age assignments for some of the younger samples,

These age assignments are evaluated within the framework of two important
records of ice—volume/sea-level fluctuation: the eustatic record of
Bloom et al. (1974), and the isotopic record of Shackleton and Opdyke

(1873). Though correlation of model ages with the high sea levels
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identified by these records is, in itself, not proof of the validity of
the kinetic model, enough supporting information exists for many of the
model age assignments so that we expect that future adjustments in the

model will be minor. '

Perhaps the strongest supporting evidence is both the qualitative
and quantitative comparison of the results for the two terraces on Point
Loma with those for the Goleta terrace. Kinetic model ages (calibrated
to the Nestor Terrace on Point Loma) for the Bird Rock Terrace and for
Goleta are 70,000 to 90,000 years and 30,000 to 50,000 years,
respectively. Direct correlation with specific events of the eustatic
sea~level curve  (Bloom et al., 1974) are apparent. Correlations of these
two terraces with any other events of the sea-level curve would require
paleotemperature fluctuations that are inconsistent with available
information (CLIMAP, 1976). Relatively rapid uplift rates for the Goleta
platform are indicated by its apparent age, since it has probably been
uplifted about 55 meters since its formation.

Additional supporting evidence for the model ages comes from the
apparent association of "cool-water" faunas with all of the terraces
identified in this work as being correlative with ice-volumes somewhat
greater than at present (late Stage 5 and post~Stage 5). Deposits
correlative with ice-volumes somewhat less than at present (i.e., Stage
5e of Shackleton and Opdyke, 1973) appear to contain "warm-water" faunal
associations (primarily the Palos Verdes Sand and correlative deposits in
the Los Angeles Basin).

We have adopted a terminology for the chronological division of the

Pleistocene into late (ca. 10,000 yrs. to 130,000 yrs.), middle (130,000
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yrs. to ca. 700,000 yrs.), and early (700,000 yre. to 1.8 million years)
segments. Though several of our kinetic model age assignments have
significant uncertainties, it is not difficult to use the model for the
assignment of either late, middle, or early Pleistocene age designations
within this chronological framework. Middle Pleistocene (350,000 to
550,000 years) ages are estimated for the highest terraces on San Nicolas
Island, Palos Verdes Hills (380 meters), and the San Joaquin Hills (90
meters), suggesting uplift rates for these areas that differ by as much
as a factor of four. Regions of more rapid uplift appear to have
preserved more of the details of the record of eustatic sea~level
fluctuations. In regions of apparently lower uplift rates (lﬁcalities
LACH 66-2, M 1018 and M 1019, and SDSU 1854) the amino acid results have
identified apparent mixing of terrace deposits of both late middle
Pleistocene (Stage 7 equivalent) and late Pleistocene (Stage § -. °
equivaient) ages.

Our age estimate for the upper part of the San Pedro Sand of the Los
Angeles Basin (350,000 to 450,000 years) places it in a period when the
higher terraces of the Palos Verdes Hills were being formed. Though this
age estimate has a wide range of uncertainty, a middle Pleistocene age 1is
indicated by our results. Preliminary results (Wehmiller, unpubl.) on
chronologically controlled middle Pleistocene samples from the western
Ventura Basin strongly support this age assignment for the San Pedro
Sand. The age estimate for the Timms Point Silt has a wide range of
uncertainty because of the probable range of diagenetic temperatures
involved, but an early middle Pleistocene age (< 700,000 years) is

probable.
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Many of the age zssignments presented here are for localities that
have been previously examined by uranium-series dating of molluscan
samples. Though the accuracy of this technique has been questioned
(Kaufman cz al., 1971), we have presented evidence here that is, in
several cases, consistent with apparent relative and absolute ages
derived from molluscan isotopic analyses. Specific examples are the
samples from Santa Cruz (Bradley and Addicott, 1968), Goleta (Kaufman et
al., 1971), San Nicolas Island and Palos Vérdes Hills (Szabo and Vedder,
1971), and Cape Blanco (Richards and Thurber, 1966).

Amino acid measurements have only recently been applied to
chronologic problems of the Quaternary. Additional evaluatién of the
technique within new geological and diagenetic enviromments is necessary
for the development of kinetic models. Variations in sample thermal
histories can complicate both relative and absolute ‘age assigmments, and
only within the framework of a large body of geologically controlled
data, with some reliable radiometric control, can these thermal effects
be quantified. The results presented here certainly indicate the role
that such a geological framework can play in the evaluation of the amino
acid technique, and demonstrate the role that amino acids can have in
understanding this framework. Major uncertainties involve results that
indicate either mixing of samples of different ages and/or complex
racemization kinetics that produce apparent generic inversionms. Though
complex kinetic¢cs must always be considered a possibility, it is important
te note that such inversions have not been observed in studies of
different genera of foraminifera (King and Hare, 1972; King and Neville,

1977). Therefore it is clear that mixing of samples of different ages
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must be given serious consideration in the interpretation of faunal and

chronologic information from a given terrace deposit. Amino acid studies

appear to have a unique ability to contribute to these interpretations.
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TABLE 6 Apparent Relative Ages,
Southern Temperature Region
Localities 4inRelation to .
Marine Lsctopic Record Stage 5

.Early Stage 5 Point Loma, Nestor Terrace
L .Eﬂewport Meas (M2074, 41477)

Laguna Besch (M1018: Saxidomus amd Protothaca)
Corona del Har (M1481 and Wiza2)

3 estor Terrace _
POlE;_LOgi;cﬂ Nestor Terrace (SDSU 185k4: " Newport Beach, First Terrace (M1722: Protothaca}
Pacifie ’ 1y stage 5 age, two of Torrey Pines {LACM 2662: Protothaca)

two samples of §ar y stag Sen Pedro, Palos Vergea Sand (¥5508, LACY 1210)
- e 5 are . Palos Verdes Eills, Fourth Terrace (M5720
pre-stage 5 age). LDGO B30E) ’ ’
Late Stage 5 Point Loma, Bird Rock Terrece

Torrey Pines (LACM 2662: Saxidomuas)

Uncertain Stage 5 San Ficolas Island, 30=-meter terrase
(USGS loc. 21664)., Sexidomus end
Evilucina both suggest late 8tage 5
‘age LI temperatures equivalent to those
of Polnt Loma; cooler temperatures
would imply eerly stage 5 age,

Post- Stage 5 Goleta (M5790)

Pre= Strge 5 Newport Mesa (X147%)
Huntington Beach (X5902)
Newport Beach {LACM 66«2, M5898: all samples
except one Prototheea that appears equivalent
to early stege 5).

San Pegre, San Pedro Sand (LACM 332)

Sgn Pedro, Timms Polnt S1lt (LACKH 130-7)

San Nicolas Island, higher terraces (most
samplea)

Corons del Mar, 90-meter terrace {¥375%)
Corona del Mar, 35-meter terrace {¥1476)
Lagunas Beach (M1018 and ¥1019: Tivelsa and
Polinices)

Palos Verdes Hilla, fifth end highar tepraces.

l. Teotope s+0~3€ 5 of Shackleton and Dp&jkﬁ, 273.



TAELE 7: Apparent Relative Ages,
. Central Temperature Region
Localities in Relatisn to
Marine Tsotopic Record Stage 5

U-Series age an covals of 150,000 -140,000 yemrs.
Zarly Stage 5 Cayucos (K5922); age defined by/(
(Veeh and Valentine 19677,
Point Ano Nuevo (M1690}); comparison of
Mecoma with Cayucos, Saxidomus with

anta Cruz
Late Stage 5 Santa Cruz (M1691); compariscn based
upon Protothace only, Senta Cruz vs.
Cayucos

Point Anc Nuevo (M1650); possible
comparison of Protothaca from
Cayucos and Pt, Ano Nuevo

. Mavine '(30“‘0?6 S+QSE = c:-gjs
Shackleton anad OFdjke, .
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Tatle 103 Aspartic Acid/Leucine Ratios for
olluscan Genera ags Determined by
Gas Chrcmatography

Number of samples

_Genus _ ASP/LEC _ (mean) ' anze measurod
Teeula 2.6 1,7-3.2 3
Facoma 1.6 0,7-2.2 8
Epilucina 1.4 1.2-1.6 &
Cumingia 1.7 1,5-1.9 2
Frotothaca 6,2 3.2-92,0 12
Tivela 10,0 8,5-12,0 4
Saxidomug 19.2 8,8-12,5 3
5.7%) 5.5-5.9%) 22)
Chione k.8 b.3-5,2 4

Rote: a} These two Saxidemus samples are from the San Pedro Sand .
(LACK 332) and are assiegned a Kiddle Pleistocene arce
based upon kinetie models described in this work,
Decreasing trends in ASP/LZU ratios with inereasing
sample age were not observed in ether genera, so azZe
distinctions for these other renera are not made in
Presentation of data in this table,
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Table 123 Kinetic lodel Age Assisnments

Locality

San Kieclas Island:

J0=meter terrace

120-meter terrace
240-meter terrace
Point Lomas

Nestor Terrace
Bird Rock Terrace

Facifiec Beach,
SDSU 185L

2 oldeyr sawples
2. younger samples

Torrey Pines
LACH 2662

Newpert Zeach
M2074
mM1477
M1722
Laguna Seach
F101R
F1o192
San Pedro, Palos Verdes
Sand
Santa Cruz

Cayucos
. ~
Point Ano Nuevo

Coleta

Cape EZlanco

tadel Aze, 10° VIS,

120 + 20

60
320 ko

Lso * 100

+

+

120
80

10
i¢

I+ 1+

220+ 30
Bt

j2oto

90 * 15 to
130 % 15

120 o
140

120 to 140
250 % Lo

120 to 140

90 + 10
135 215

110 # 30 '

4o + 10
+ 20

Similarity with results for
same genus from Nestor Terrace,
Point Loma, calibration site

Comnents

Calibration sitet: clder of
two U-seriesg dates appears
correct in light of amino
acid data,

Calibration site

Zffective-dlagenetic temp,
equal to that of Nestor Terr,
assumed,

———— e

Possible mixing of samples of
slightly different ages.

Zffective temperagures
approximately 0.5 warmer
than Negtor Terrace assumed,

Protothzca and Saxidomug
Tivela and Falinices

Zffective temperatures
approximately 1,07 warmer
than Restor Terrace assumed,

Calidbration sitet mean of
two U-series dates

Temperature uncertainty
precludes better aze estimate

Inversion of Saxidomus and
IrpTothaca relationship
rrecludes better are estimate




Table 12, continued

Trinidad Head

San Pedro Sand
{LACK 332)

Huntinzton Beach
{K2902)

Newnort Mesa
(M1479)

Timms Point Silt
(LACK. 130-7)
Newport Beach

{LACM 66=-2)

Palos Verdes Hills
12th terrace

San Joaguin Hills
3réd Terrace

500 + 100

350 to 450

35C te 450

350 to 450

1,000 + 200

240 + 50

L50 + 100

Lso = 100

Zffective temperature 2°
cooler than Feoint Ano Nueve
assumed,

ngect$ve temperatures
2 = 3% ceoler than
Palos Verdes Sand assumed,

Similarity of raties 4o
those from LACM 332

Similarity of ratios to
those from LACM 332

ngectige temperatures
5 to 77 cooler than
Palos Verdes Sand assumed.

Effective temperatures
egual to M2074 assumed

Similarity of Tesula data
with that of San Nicolas
Island (upper ferraces) .
Tezula data o

Similarity of Tegula and
Epilueina with San Nicolas
Island results for these
two genera,
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Figure 2i: Huntington Beach, California.
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Figure 2k: Torrey Pines Park, California.
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D/L RATIOS

VERTICAL TERRACE  FLIGHT
SAN  NICOLAS  ISLAND
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Figure 3a: Enantiomeric ratios on a vertical terrace flight on San
Nicolas Island. Note that D/L ratios in Diodora do not
increase with age indicating this genus i3 not reliable
for amino acid dating purposes.
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Figure 3b:  Enantiomeric ratios, vertical terrace flight, Newport

Beach, Corona del Mar.
do not increase with age indicating this genus is not

reliable for amino acid dating purposes.
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D/L RATIOS

VERTICAL TERRACE FLIGHT
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Enantiomeric ratios, vertical terrace flight,
Palos Verdes Hills, Tegula, unlike the other
two gastropods analysed, polinices and diodora
(see figures 3a and 3b}, yields internally
consistent results and therafore may be
reliable for dating purposes. Data from

Hare, 1974, written communication.
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Proline enantiomeric ratios, southern region localities.
Localities are listed from left to right in order of generally
decreasing D/L ratios indicating decreasing ages.
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Figure 15: Possible temperature history for Orcas Island
samples, as inferred from data summarized in

Table 8.
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Figure 16: Temperature models for the estimation of effective

diagenetic histories of late Pleistocene samples.
§ee Table 11. Stages 2,3, and 4 refer to marine
isotope stages of Shackleton and Opdyke, 1973.
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Figure 17;:

'8.' PROTOTHAGA & CHIONE « LEUCINE
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Proposed kinetic models for glutamic acid, valine,
a]an1ne, proline, and phenylalanine racemization
in Protothaca and Chione. Ages assigned are those
derived from leucine kinetic model; only samples
Trom Goleta, Pacific Beach, and Point Loma (Nestor
and Bird Rock terraces) are considered.
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