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LBSTRACT

Large specimens of M. californianus, M. edulis edulis;and M.

edulis diegensis show a positive correlation with temperature in the

percent aragonlite in thelr shells. Bhell thickness and probably other

unknown factors also affect the shell mimerslogy of M. californianus.

Shell size and salinity are the most important factors affecting the

mineralogy of M. edulis edulis and M. edulis diegensis. The shell

structure of M. californienus is temperature dependent. A method

making possible the quantitative determipation of palectemperatures
from shell structure is devised. The age of specimens of M. califor-
pianus can be determined from shell gtructure meking possible the
estimation of growth rates, which are in part a Tunction of tempera-
ture. The magnesiuw and strontium conbtents of the ouwbter prismatic
layer of the west coast species of Mytilus are positively correlated
with temperature. The strontimm content is affected by the size of the
specimen but is independent of salinity In the samples in this study.
The strontium content of the pacreous layer shows & negative corre-
lation with tempersture. Shell structure; strontium content, shell
mineralogy, and growth rates are used to determine palectemperatures
Tor fossils from four localitles in the upper Pleistocene of Celifornis
and Baja California and one locality in the lower Plelstocene of Cali-
fornia. These methods indicate that the temperatures were nmuch like

the present temperatures at these localities.
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INTRODUCTICN

The object of this study has been the development of quanti-
tative techniques of pesleotemperature and palecsalinity determination.
Interest in quantitative ecological interpretation has grown rapidly
since the development by Urey et al. (1951) of the oxygen isotopic
technique of paleotemperature determination. Since that time, other
geochemical techniques have been suggested (see especially Lowenstem,
195he); but with a few exceptions (Lowenstam, 1959 and 1961; and
Pilkey and Hower, 1960), these techniques have not been developed to
the point of quantitative usefulmess. It is important to have a
variety of methods of quantitatively &eﬁermining any paleoecological
factor, not only to act as a check between methods, but also because
not all methods will work im all cases.

In this study, three methods of guantitative paleotemperature
determin&tion have been developed for two species of one pelecypod
genug found on the Pacific Coast of North America. They depend on
stroptium content of the outer prismatic layer, shell mineralogy,
and shell structure.

Lowenstam (1954b) first showed that the relative amounts of
calcoite and aragonite in some invertebrates containing both of these
minerals ig at least im part a function of temperature. Variation in
shell structure is indireétly an expression of variation in mineralogy
of the shell. A number of workers have investigated the strontium
content of shells (see especially Vimogradov, 1953; Odum, 1956a;

Thompson and Chow, 1955; end Kulp et al., 1952). Lowenstam (1959)



found brachiopods to be temperature sensitive in their strontium
content. Pilkey and Hower (1960) found that the echinoid genus

Dendraster iz apparently temperature semsitive in its strontium

content.

A more detailed discussion of previous work in the field of
palectemperature determination is included in the various sections
concerned with specific methods.

The work of Lowenstem (1954b) on the tempersture dependence
of calecite and aregonite in shells indicatéd that the relationship
is species dependent, i.e., a paleotemperature scale for one apecies
would not necessarily be valid for any other species. The bresent,
detaliled study is of necessity limited to ome or at most a Tew species.
The selection of the particular species to be used im this study was
based on the following major comsiderations: 1) the shell must be
compoesed of a combination of caleite and aragonite, 2) it must live
in a wide ramge of temperatures, 3)’it must be relatively ebundant
and eesily collected, 4) it should grow in reduced salinity situations
as well as at normal salinities in order to evaluate a possible
salinity effect, 5) it should be represented in the fossil record.
From most of these consideratioms, the Pacific Coast mussel Mytilus

califormianus (Plate Ias, Appendix II, p. 215) is ideal. It does not,

however, live in water of’rednced salinity. For this reaéan and also
in order to compare two separate but closely related species, two sub-
species of M. edulis (Plate Ib and ¢, Appendix II, p. 215) were also

studied.



The subspecies M. edulis diegensis lives in the southern part of

the area covered in this study and M. edulis edulis in the northern

part. Whether the northern subspecies is actually the same as M.
edulisz from Burope remains to be seen. Here it will be referred %o

as M. edulis edulis in order to distinguish it from the other sub-

species. It is not the intent of this study, however, toc become in-
volved in é taxonomic discussion. These subspecies nemes are used to
distinguish what appear to be closaly related but genetically distinet
groups within the genus Mytilus on the Pacific Coast of North America.
Both fossil and modern shells were used im this study. Modern
shells ceme from points along the Pacific Coast of North America from
Bahfa Santo Tomds, Baja California, Mexico, to Neah Bay, Washington
(fig. l). When possible, collections were made at or near temperature
recording stations of the U. 5. Coast and Ceodetic Survey and the
Scripps Institute of Oceanography. The modern material was collected
as live specimens from the intertidal zone. Most of the shells were
collected in ome month during the summer of 1958. Additional collections
were pade during the fall of 1959. Periodic collections were made
between the spring of 1958 and the summer of 1960 at Coroma del Mar,
California. Fossils were collected from several localities im Baja
California and California (fig. 2). They were collected between the
spring and fall of 1960. The analytical work on modern and fossil

shells was done between the spring of 1959 and the fall of 1960.
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MYTILUS SHELL STRUCTURE

Literature Review

A number of workers have studied the structure of Mytilus
shells, in particuler Ebrenbaum (1885), Schmidt (1924), Field (1922),
and White (1937). These workers studied the structure of the shell
of M. edulis. They described the mineralogic.form and arrangement of
the crystals in the outer prismetic and imner nacreocus layer of this
species. WNo special comsideration was given to the beak area. The

structure of the shell of M. californmisnus has not been previously

studied. Bgggild (1930) made & survey of molluscan shell structure
with many important generalizations om structural types which are
pertinent to a study of the Mytilus structure. Recent work has been
done on the nacreous and prismetic structure utilizimg the technigue
of electron microscopy (Grégoire, 1957; and Tsujii et al., 1958).
(For a review of the literature of pelecypod‘shell structure in

general, see Schenck, 1934).

Methods of Shell Structure Study

Thin sections, polished sections and nitrocellulose peels were
used in studying the shell structure of Mytilus. In preparing peels,
the shells were cut and embedded in plaster of Paris. The surface wag
then ground smooth and etched for 30 seconds in & 5% soiution of
hydrochloric acid. When a section was not etched, observation of
cerystal boundaries was difficult. ©Small abrasive scratches also are

obliterated by the etching process. After the etched portion had dried,



the liguid nitrocellulose solution was poured onto the surface. Thick
peels were necessary to prevent tearing. The most satisfactory
procedure to insure a peel of adequate thickness was to pour as much
solution onto the plaster block as surface tension would hold. After
this had dried for one or two hours, an equal amount was added. The
sections were allowed to dry for a minimum of 15 hours. The peel

was then removed from the plaster block with the a&ld of a sharp knife
to loosen the edges. The edges were trimmed and excess plaster ad-
hering to the peel removed. The peel was mounted on a microscope
slide under a cover glass with cellophane tape.

The nitrocelliulose solution used to make these peels had the
same composition as that used by Darrah (1939).

Peels have many advantages over thin sections in studying shell
structure. Individual crystals only & micron in diameter can be
clearly éistinguished in what appesrs in thin sections teo be a homo-
geneous mass. Peels can be made of curved surfsaces (such as the
inside of shells) and then flattemed. Serial sections only a few
microns apart in shelle can be made. It is possible to study a
polished surface ai the exact plane whére & peel iz also available.
Actual crystals of the shell often are pulled off in meking & peel.
This makes three dimensional study of the c¢rystals possible. Other
advantages of peels are discussed by Darreh (1939) and Romer (1959).

Polighed sections of shells moumnted in plaster blocks were found
to be useful in this study, particularly when used in conjunctiom with
a peel from the same surface. Pigmentation and texture of the shell

layers differ significantly go that 1t is possible to study the



relationships between layers from inspecting these surfaces. Staining
techniques were also used, particularly in studying the beak area.
Feigl's solution (Leitmeier and Feigl, 1934) which stains aragonite
brown or black but does not affect calcite, was used 1o bring outb

detail.

Structural Units of Mytilus Shells

The Mytilus shell is composed of three and in scme cases four
layers. Praceeding from the outside in, these layers are: 1) peri-
ostracum, 2) outer prismatic layer, 3) nascreous layer, U4) inner
prismatic layer (not found in all specimens). In addition, a blocky
aragonite layer can sometimes be recognized withim the nacreous layer
and on the muscle scars. The beak of Mytilus shells contains varying
gmounts of calcite which cannot be included with one of the regular
layers. The aragonitic ligemental ridge is also a distinct structural
unit. Figure 3 shows the orientation of sections used 1n the following
discussion of the shell layers and gives some of the terms used.

Figure 4 shows the generalized arrangement of structural units in the

shell of M. californianus. M. edulis edulis and M. edulis diegensis

have the ssme general structure except that they lack the inner
prismatic layer. Figure 4 also shows the relationship of scme of the
photographs used to illusirate shell structursl festures to the complete

longitudinal section.

Periostracum
The outermost layer of the Mytilus shell is the periostracum.

It is éomposed of organic material. Shells exposed to surfi action
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Figure k. Disgrammatic representation of the relationship between
layers in M. californianus. The lower sketch shows the positiom of
the photographs showing shell structural features. The numbers and
letters in the rectangles refer to plates in Appemndlx II. A - peri-
ogtracun, B - outer prismatlc layer, C - macreocus layer, D - inmner
prismatic layer, B - blocky aragonite layer, F - beak area, G - "color
band” in ioner prismetic layer.
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soon lose their periostracum. This lsyer is often worn from s large
portion of the shell of living specimens which are exposed to surf
action due to abrasion with other shells or the substrate.

In thin section the periostracum layer hes a light greenigh-
brown color. It may contain streaks of deep red to black pigmentation,
particularly towsrd the outer edge. Except for these color streasks,
the siructure of this layer seems to be homogeneous. Previous workers
(Field, 1922 and White, 1937) have noted a three layered structure of
the periostracwm on the basis of staining with organic dyes. Ehrenbsum
(1885) recognized five layers.

The thickness of the periostracum is rather wniform within s
given specimen. Its thickness increases slightly towards the posterior
end of the shell. It is almost invariably worn from the besk area.

The larger the shell is, the thicker the periostracum &t the posterior
margin. It often thickens somewhat in depressions in the shell and
thins on ridges where 1t iz more exposed 10 abrasion.

The structure of the periostracum of M. californianus and the

two subspecies of M. edulis sppears identical. This layer is much
thinner, however, in individwals of the latber specles than in indi-
viduals of the same size of the former.

Previous Workerg bave interpreted the pericstracum to be
gecreted by the cells in the outer surface of the middle fold of the
mentle edge (White, 1937). The layer folds around the posterior edge
of the shell (Plate IIa, Appendix II, p. 216) and in this region is
not attached to the calcareous part of the shell. The free edge of

the periostracum cen be observed in contact with the mantle edge of



living specimens. The periostracum is thus being formed only at the
edge of the shell. It is thicker in the posterior region because 1t
was formed when the ipdividual was larger and because 1t has been
gubjected t0 less wear.

The ligament of Mytilus appears to be comtinuous with and made

of the same material as the periocstracum.

Outer Prismatic layer

The outer prismetic layer of the shell is composed of elongate
crystals of calcite (as determined by x-ray diffraction and staining)
having a diameter of 1-3 microns and a length of wp to 35 microms and
probsbly more (Plate IIa and b, Appendix II, p. 216). It is difficult
to determine the length of these long crystals as the section would
heave to be oriented‘exactly parallel to the long axis for the length of
the crystal. The optic axis parallels the long axis of the crystal.

The crystals as seen in longitudinal sectlion are inclined
toward the beak at an angle of O to 45 degrees with a line normal to
the shell surface. Occasionally smsll reverse angles are chserved.
This angle may vary comsidersbly within an individusl shell. Indi-
vidual groups of crystals may have the same orientation or mayvdiverge
inward from & common point or ares forming fan-shaped groups or cones
in three dimensions (Plate IIIa, Appendix II, p. 217). These crystal
fans commonly occur at points of apparent shell damsge.

Crystals often terminate at growth lines (Plate 1Tz, Appendix
IT, p. 216}, but in meny cases they pass on through. It is uncertain

whether these growth lines are due to crystal termination or some other
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textural difference. The long axes of the crystals are usually normal
to growth lines but may be inclined. The growth lines curve down
anteriorly from the outer surface at an angle as high as 60 degrees
and gradually become sub-parallel with the surfsce until they reach
the comtact with ipner layers where they disappear.

In transverse sectioms of the shell, the individual crystals
are usually seen in oblique section (Plate IITb, Appendix II, p. 217).
Occasionally the long axes of the crystals are psrallel te the plane
of the section. These are usually in fan-sheped sggregetes as
described asbove, and correspond to those crystals which can be observed
as nearly normel to the shell surface in longitudinal section. The
above generalizations do not apply to the ends of transverse sections,
where the directiom of section is parallel to the directlion of growth.
Here the section loocks much like the posterior end of longltudinal
sections.

The growth lines appear much the same in transverse section as
in longitudinal section. The lines curve downward from the shell surface
towards the interior until becoming parallel with the surface in the
center of the section. They then curve upward to the surface at the
other side of the shell.

Thin sections of the outer layer show stresks of blue-violet

pigmentation. In longitudinal section they seem to be parallel to the
growth lines. The degree of pigmentation varies counsidersbly between
shells and even‘vithin a particular shell. In tangential section, the
pigment has a streaked appearance with the streaks being parallel to

the direction of growth.
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The sbove comments on the outer prismatic layer in general

apply to M. edulis edulis and M. edulis diegensis as well as M.

californignus, but they differ in some respects. In longitudinal

section crystal fans are not as common &s in M. californiesnus. The

crystals are more uniformly oriented with & beskward inclimation of
50 to 60 degrees for the most part. Growth lines are more distinct.

than in M.

californisnus. Transverse sectlons show a greater 4if-

ference between ends and center of the section than in M. californianus,

because of the fewer faps and the greater inclimation of the crystals.
The thickness of the outer layer al amy point is largely &
funetion of the size of the individual et the time when that particular
segment was deposited. In general, as seen in longitudinal section,
the thickpness rapidly incresses from the posterior end of the shell
towards the beak to the point where the nacreous layer begins (pallial
line). From the pallial line to the beak, the layer more or less
gradually decreases ip thickness. This decrease is due to the fact
that the individual was progressively smaller when increments
progressively nearer the beak were formed. Mipor fluctuations in

thickness are observed in this zone, particularly in M. californianus.

They decresse in amplitude toward the beask. These [luctuations are
due to shelvipg and undulations parsllel to the growth lines as seen

on the shell surface. In M. californianus, they are due in part %o

the broad plicatioms of the shell. Worn portions of the shell may
also contribute in some cases.
In transverse section, through the posterior part of the shell,

the layer repidly increases in thickness from both emnds to the point
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where the nacreous layer begins and then decreases t0 & minimuwm in the
center. This is due to the fact that the shell was growing outward,
and the oldest part, which was formed when the animal was smallest,
is in the center. The oubter layer reaches & greater thickness near
the dorsal edge and thickens more rapidly inward from the dorsal edge
than from the ventral. Perhaps this is incipient hinge formation.
Since the thimnest part of the outer layer (where it is under-
lain by nacreous layer) is presumably the oldest, it is possible to
trace the center of growth in successlve transverse sections through
a8 shell. In the amﬁerior portion of the shell, this cenmter is near
the hinge indicating that there is little growth at the hinge (prob-
ably none after the hinge is estsblished). Toward the posterior part
of the shell, the center of growth progressively moves toward the
center and the ventral side of the shell indicating that dorsal

growth gradually increases until 1t surpasses ventral growth.

Hacreous Iayer

The nacrecus layer of the Mytilus shell is typical for the
Mollusca (Bgggild, 1930), consisting of laminae composed of tabular
crystels of arsgonite. The nacreous layer of molluscs has been rather
extensively studied previously (see Grééaire, 1957). The crystals have
been shown by x-ray diffrection and stalning to be aragonite. They
have their optic axes parallel to their least dimemsion and ther@fcre
perpendicular to the surface of the lamellase. As seen in tangential
section, these crystals have an average diameter of 5-6 microms and are
wniform in size. They have irregular polygomnal outlipes. In longitudi-

pal and transverse section they are seen as thin (1 microm or less)
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streaks with & meximum length of 5-6 microns. Nitrocellulose peels of
the inner surface of a Mytilus shell reveal a characteristic arrange-
ment (Plate IIIc, Appendix II, p. 217) of irregular, zigzag lines
which are due to crystal borders on overlapping laminse (Field, 1922).
This same structure has been found inm the nscreous layer of other
molluscs (Grégoire, 1957).

In longitudinal sectioms of M. edulis edulis and M. edulis

diegensis and some M. californianus this layer can be seen to increase
in thickness uniformly from the pallial line to the besk. This Is
what would be expected from the fact that the nacreous layer is
secreted by the surface of the mantle. The more anterior parts of

the layer began forming when the animal was younger and the more
posterior portions as it was progressively older. Thus the anterior
parts have had & considerably longer time in which to thicken. In

some specimens of M. californisnus, the layer increases uniformly in

thickness 1o the point where it ls covered by the imner prismatic
layer. From this point the layer somewhat irregularly decreases in
thickness towerd the beak. The explanation for this decrease ls the
same as for the outer prismatic layer, i.e., the smaller animsl
secretes a thinner shell.

In trapsverse section, the nacrecus layer graduslly thickens
from iﬁside the dorsal and ventral margins to a meximum near the
center. This maximum corresponds with slight varistion to the minimum
in the outer prismatic layer thickness, i.e., the oldest part of the

gsection.
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Toner Prismatic layer

This layer is found only im M. californianus but is quite common

in that species. It is composed of calcite crystals as determined by
x-ray diffraction end staining. These crystels are similar to those
of the outer‘prismatic layer although they tend to be somewhat larger
(3-6 microms in diameter). The crystals are up to 40-50 microms in
length apd probably often longer. The length of such narrow prisms is
difficult to measure since they yasé out of the sectlon unless exactly
parallel to it. Impressions of the imner surfaces of shells having
this layer (Plate IVb, Appendix II, p. 218) show a mosaic of polygons
3-6 microns in diameter with some & micron of intervening space. As
the above measurements imdicate, crystal size in this layer is more
variable than in the other two. More complex structure appears in
this layer.

The fan arrengement of crystals described above for the outer
prismatic layer is the usuasl arrangement in the inmer prismatic layer
(Plate IVa, Appendix II, p. 218). The angle of divergence of crystals
in a fap is usvally larger in this layer than in the outer prismatic
layer. Divergences from 0° to 90° are found im this layer. Diver-
gences of 0° to k5° are more common in the outer prismatic layer.
These crystal fans (actually comes in three dimensioms) usually extend
Trom top to bottom of the layer unless interrupted by streaks of
nacreous structure within the imner prismatic layer. New fan systems
begin below these streaks. In those areas where there are no obvious

fans, the crystals usually aﬁe reclined toward the beak as 1n the
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outer prismstic layer. The symmetry axes of the crystal fans are
perpendiculer to the layer surface to slighitly reclined toward the
beak.

Growth lines or zomes of & different type occur in the imner
prismatic layer. These are zones of smaller (and perhaps differently
oriented) crystals parallel to the surface of the layer (Plate IVb,
Appendix II, p. 218). In nitrocellulose peels this gives a different
texture which is expressed as zones of yellowish-white im & background
of gray. In regular thin sections they appear as brownish stresks in
the generally clear layer. The zones may be more or less contimuously
traced from the beak to a juﬁcture with the macreous layer. Streaks
of nacreous structure sometimes sppesr within these zonpes.

The inper prismatic layer begins at varying relative positions
between the beak and the posterior edge of the shell. All transitions
seem to exist from shells having extensive inner prismatié layers
extending half the length of the shell or cccasiomally even more to
shells having no immer layer (Plates VII and VIII, Appendix II, p. 221),
Some shells have & beak area composed largely of aragonite. In others,
the beek is composed of calcite. This calecite material may extend
outward from the beak, az a wedge (Qr wedges) within the necreous layer.
In shells with progressively better developed immer layers, this
material forms & wedge to the inside of the nacreous layer and then
extends progressively further forward. Thus a completely uniform
transition exists between the normal three-layered structure amd the

four-layered structures, all within the same speciles.
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In longitudinal section, the inmer prismatic layer appears as a
thin wedge and increases very rapidly im thickness toward the beak.
If the section passes through the depression of the anterior adducter
muscle scar, there is a sharp decrease followed by snother increase
in the layer thickmess. When this layer is well developed, it con-
stitutes practically all of the besk ares, particularly in shells
which are worn in this ares.

In transverse sections of the anterior portion of the shells,
the inner prismatic layer begins a short distance imside the ventral
edge of the shell and increases rapidly toward the hingé on the
dorsal side. There is no decrease in thickness on this side since
the thickened hinge sres is composed largely of this layer.

No true immer prismatic layer is found in M. edulis edulis or

M. edulis diegemsis. Varying amounts of calcite do, however, occur in

the beak area. In some mortherm forms this beak calcite extends
forward for a distance egual to the width of the beak (Plate VIb,
Appendix II, p. 220). The southern California forms have a much more
limited amount of calcite in the anteriormost part of the beak (Plate
VIa, Appendix II, p. 220). A small "pseudo-inner prismatic layer" is
often present in the hinge area,vhere the nacreous layer wedges o&t
within the outer prismatic layer.

The inper prismatic layer must be deposited by the mantle
surface Jjust as is the nﬁcreous layer. The same mantle cells must
change from sragonite to calcite precipitation. This has rather

interesting physiologic implications.
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Ap arsgonitic layer which differs froﬁ the nacreous layer by its
irregular, equidimensional crystals is often found on the muscle scars
and within the nacreous layer. This is probsbly the durchsichtige
substanz of Ehrepbaum (1885). The crystals of this blocky arsgonite
layer (Plate Va, Appendix II, p. 219) are relatively coarse (25-60
microns). A very thin zome of this structure can occasionally be
observed between the oubter prismsetic and macrecus layers of both
species. This appears to be the usual form of calcium carbonate

secreted under the muscles of these species.

Relationships between layers
Figure 4 is a diagrammatic representation of the generalized

relationship between layers in a specimen of M. californisnus.

The periostracum covers the outer surface of the shell and is
in contact with the outer prismatic layer. HNo apparent intertonguing
occurs between these layers.

Only im rare cases does intertonguing occur between the nacreous
and outer prismatic lesyer. HNo intertonguing would be expected if
deposition of the outer layer occurs only outgide of the pallial line
and this line never regresses during the life of the individusl.

Contact near the dorsal margin may occur belween the inner and
outer prismatic layers imn those individuals bhaving sn lnner prismatic
layer. Since these twe‘layers are quite similar, thelr comntact is
difficult to define. The layers are in comtact only where the nacreous
layer wedges out between them.

The relsationship of the macreovs and the inner prismatic layer

is the most complicated. Lenses of inner prismatic structure
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occasionally occur withim the nacreous layer. Tongues of the nacreous
layer may project anteriorly and occasionally posteriorly into the
inner prismatic layer (Plate Vb, Appendix II, p. 219). The "color
bands" of finer crystal structure within the inner layer described
above‘are continuous with these nacreous tongues. Sometimes these
projections of nacreous structure do not appear to be commected with
the maln body of bthe nacreous layer. These streaks are usually asso-
clated with the fine grained zones of the immer prismatic layer.

Small projecticns of the blocky aragonite layer in the posterior

muscle socket of M. californisnus into the imner prismatic layer can

sometimes be observed (Plate Va, Appendix II, p. 219). These pro-
Jections extend into the fine grained zomes of the immer layer and
thus are also essociated with the anteriorly projecting tongues of
the nacreous layer.

The lenses of inner prismetic layer within the nacreous layer are
particularly common in worn shells. Points of excessive wear appar-
ently are strengthened by deposition of calcite on the interior of the
shell. Subsequently, the normal nacreous layer is deposited over these
areas .

The anteriorly projected tomgues of nacrecus structure are inter-
preted as repregenting summer deposition. Increased deposition of
aragonite relative to calcite in Mytilus is favored by higher tempera-
tures (see below). In the summer, the limits of aragonite deposition
would extend further toward the anterior portion of the shell, i.e.,
would cover a larger portion of the immer surface. With the advent of

colder temperatures, the boundary between calcite and arsgonite
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deposition would move posteriorly once again, enclosing a tongue of
aragonitic nacreous layer within the imner layer. If this interpre-
tation is correct, one should be able to determine the approximate age
of the individual by counting the number of anteriorly extending
aragonite tongues. This can apparently be done in many cases.
Weymouth (1923) indicated that he could determine the age of the Pismo

clam (Tivels stultorum) from its shell structure. Coe (1947) indicates

that this cannot be done relisbly for that species.

Formation of posteriocrly projecting tongues of macrecus layer
into the inner prismatic layer is more difficult to visuaslizZe. A zone
of aragonite deposition must have existed for a time within the limits
of calcite deposition. Perhaps this occurred when the limit of calcite
deposition was moving repldly posteriorly with the omset of cold
temperatures. This "island” of aragonite deposition then moved toward
the posterior with time and graduslly decreased in size until it dis~
appeared, forming & posteriorly projecting tomgue. If this interpre-
tation is correct, the posteriorly projecting tengueé should reprasent
fall or winter deposition. These posteriorly projecting tongues are
almost always associated with anteriorly projecting tongues which sare
interpreted as representing summer deposition.

The explanation of the formastion of the projections of the
blocky sragonite layer is the same as for the anterior macreous layer
projections.

If these interpretations are correct, there are three possible

methods of determining the age of specimens of M. californianus: 1)

counting projections of mecreous structure, 2) counting "color bands',
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3) counting projections of the blocky aragonite layer. The three
methods were used in determining the ages of several specimens of M.

californisnus. Each method gave the same age for & particular indi-

vidual.
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SHELL MINERALOGY
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That shells may be composed of either calcite or aragonite or of
a combination of the two minerals was first recognized by Brewster
(1836, from Vinogradov, 1953). Sorby (1879) confirmed this observation
and noted the variable position of layers containing the two minerals
in shells of different species. Cornish and Kendell (1888) observed

that some shells contaln both polymorphs of caleiun carbonate. Various

papers concerned with shell strucbure mention the mineralogic nature

of the layers in shells of different specles of orgenisms (see
Schenck, 193k and Bgggild, 1930). For example in his study of shell

tructure, Schmidt (192h) includes observations on mineralogy.
Bhggild (1930) made an extensive survey of the distribution of caleite

and aragonite in the invertebrates with speclal emphasgsis on the

]

[}

molluscs, Lﬁggiia made the first observation of an ecological conbrol

of mineralogic composition when he noted that, with only one exception,
all fresh water molluscs consist of aragonite. Lowenstam (1954b and c)

noted a temperature effect on shell mineralogy. He noted three mani-

festations of this effect: 1) the great increase in abundance of

specles and individuals in the tropics of groups characterized by
aragonitic shells, 2) the restriction of some aragonite precipiitsting

groups to tropilcal and subtropical waters 3} an increased per entage

of aragenite with increase in temperature in groups containing both

B

minerals. Mytiius was noted to be in the third group. In the present

-

study an abtitempt has been made Lo determine gquantitatively the
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relationship between temperature and relative amoupts of calecite and

arsgonite within & speciles.

Sample Preparation

Semples were prepared in the same manner as by Lowenstam {1954b).
For larger specimens (approximately 30 mm. or more in length), only
one valve was used. For specimens less thep approximetely 20 mm. in
léngﬁh, both valves of two or more imdividuals were used when appro-
priate material was available. Commonly the shells of Mytilus are
worn in the besk srea. Only unworn or inelgnificamtly worn shells
were used in this study. The shells were first mechanically cleaned
under a binocular microscope of encrusting organisms and adhering sedi-
ment. Wext the shells were placed in a golution of commercial Clorox
t0 remove the organic msterial. The Clorox oxidized the pericstracum
and adheriang soft parts but removed only & portion of the protein
matrix and plgmentation from the shell. After the semple had remained
in the Clorox for from ome to five days, the solution was filtered and
the sample washed with distilled water. After drying, the sample was
ground in an agate mortar until all of i1t passed through & 200-mesh
screen. Very large shells were quartered after they had been reduced
to coarse fragments. Large shells were ground in portions to prevent
excessive grinding on already fine material which could conceivably
cause some conversion of arasgonite to calcite. The ground portions

were thoroughly mixed.

Method of Analysis

Percentages of aragonite were determined by x-ray diffraction.
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A Vorth Americen Phillips x-ray diffraction unit, & goniometer
spectrometer equipped with CGeiger counter, & Brown recorder, and an

autom

atic timing and recording unit were used. HNickel filtered
copper radistion at 35 kv. and 20 ma. was used. Some ssmples were
run by chart as by Lowenstam (1954b). Most samples were run by
ecunting over the stromgest calecite peak (3,03%) and the strongest
aragonite peak (3.4@8).

In order to minimize the effect of preferred orientation, samples
were packed by brushing the powder through a 100-mesh screen onto an
sluminum disk which was covered with & thin film of petroleum jelly.
Crystal fragments should thus fall randomly ontec the disk and stick
in the petraleumvjelly in the oriemtation in which they fall. The
disk was placed in & rotating semple holder 1o further reduce the
effect of preferred orientetion.

For those samples run by chert, a gonlometer speed of one degree
per minute and a chart speed of one half inch per minute was used.
Peak heights at 29.46 26 (calcite) and 26.2° 20 (aragonite) were
measured and background subtracted. When the aragonite value is
multiplied by the factor 3.76, the peak heights are directly propor-
tionel to the amounts of the minersls in»th& sample. The actusl per-
cent aragonite was taken from & graph besed on g Serieé of known
standard samples. A ninimum of three runs Wiﬁh three separate packings
was made op each sample. The error of this method wes at least 10%.

Most samples were anslyzed by step scanning over the peaks. In
this technique the time required to take 6400 counts at each point

wag determined at 0.0l degree 20 intervals over the peaks with an
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avtomstic btimer and recorder. The shortest peak times as well as
background times determined by linear inmterpolatiocn from readings st
32.00° and 24 .00° 26 were converted to counmts per second and background
subtracted. The value for the aragonite peak was multiplied by the
factor 3.76. The percent arsgonite was then determined from these
corrected values. A finmal smell correction was msde to take inte
account the deviation of the theoreticasl and empiricel curves.

In order to determine the precision of this technique eof
analysis, one sample was run eight times on eight different days apd
with eight different sample packings. The mean value for the percent
aragonite obtained in these rums was 30.2% with & standard deviation
of 0.6%. This is a precision of 2% and is adequate for this study.
Semples used in this study at the extremes of the range in percent
aragonite were also run three and four times and gave similer pre-
cisions. For the sake of simplicity im plotting graphs, all samples
apalyzed by this technigue were considered to have an uncertainty of
plus or minus 1% sragonite. Most samples were run only one time al-

though som

e were run twice. Those ssmples showing an wacertainty in

graphs of greater then 1% aragonite were run by chart.

Percent Aragonite in Seasonal Collections of Mytilus

Since young specimens of Mytilus are continuvally being spawned
(Whedon, 1936; Coe and Fox, 1942; and Young, 1942 and 1946), small
specimens can be collected throughout the year. Smell individuwals of

M. edulis diegensis ranging in length from 6-32 mm. were collected

every three to Bix weeks from the pler of the Kerckhoff Marine



D8

Biological Station im Corone del Mar, Califoramia. Small specimens of

M. californisnus ranging in length from 11-29 mm. were collected from

rocks on the open coast approximately a mile south of the Marine
Station.

The specimens were always taken Ifrom spproximately the same spot
in order to minimize any microenvirommental effect. All were from
intertidally exposed positions. The samples were composed of from
one to four imdividusls.

Figure 5 shows the percent aragonite in specimens of M. cali-
fornisnus of varying sizes. The smallest individuals (11-14 mm. in
length, probably 2-2%»m0nths 0ld*) show no regular sessopal variation.
This indicates that these specimens bave mimeralogy which is independ-
ent of temperature.

The next group of specimens of M. califormisnus (17-22 mm.,

probably 3-4 months old) does show & probable minor cyclic variation.
This curve could be due in part at least to chesnce. One would expect
the lowest proportion Qf aragonite im shells collected from mid- to late
winter, but the March value is the highest of the series. The highest
value would be expected im mid- to late summer. The varietion in the
percentages in the 17-22 mm. series is only slightly greater than in
the apparently temperature insensitive 11-14 mm. shells. Even if the

17-22 mm. individuals are begimning to show s temperature effect in

* The probable ages shown here are based on the work of Coe and Fox
(1942) and Coe (1945) for specimens frem Le Jolla. As the conditions
under which the specimens used im this study grew were different than
those In Ls Jolla, these age estimates are uncertain. They are likely
to be somewhat too low.
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Figure 5. « Seasonal varistion in the percent aragonite in specimens

of varying sizes of M. californiapus. The solid line comnects poinie
for specilmens 11-14 mm. in length, the long doshed line specimens of

17-22 mm., and the short dashed line specimens of 25-29 mm.
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Figure 6. - Seasonal variation in the percent arsgonite in specimens

of varylng sizes of M. edulis diegensis. The solld line connects
pointa for epecimens 6-10 mm. in length, the long dashed line specimens
of 13-17 mm., and the short dashed line specimens of 28-32 mm.
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their mineralogy, the larger portion of their shell wes not affected
by temperature during its formation. This tends to mask the effect
of the temperature sensitive portion.

The largest individuals (25-29 mm., probably 4-5 months old)
are clesrly temperature sensitive. The highest value is for late July
(no August or September samples were analyzed) and the lowest for mid-
Jepvary. The range of values is larger thap in the smaller individuals
and ls outslde of the range of normel individual variation. One point
(May) is off the expected curve. Why such a low value should occur
8t this time of year is not kuown.

One would expect that if other groups of still larger individuals
were anslyzed, the veriastiom would reach a maximum and then decrease.
After a certain size, the shell laid down in any one season would be
a relatively small part of the total shell.

These results thus indicate that small specimens of M. califor-
nisnus are not sensitive to temperature in the relative amounts of
calcite and aragonite that they secrete. After reaching a certain
size (15-20 mm.), they become temperature semsitive. All larger imdi-
viduals then contain a portion of their shells which way be called
temperature insenslitive in the sense that its mineraslogic composition
does not reflect the temperature at which it grew. The remainder of
the shell is apparently temperature sensitive.

The presence of a temperature insensitive portion has rather
interesting physiclogic Impliestions. It would seem to suggest that

& profound chs

nge occurs in the animal at this stage of life, perhaps

even comparable to the change from the larval stage.
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The samples of M. edulis diegemsis give different results (fig.

6). The percemtege of aragonite in the smallest individuals (6-10 mm.,
probebly 1-13 months old) do mot fluctuate with the seasoms. Their
values are rather constant around 29 + 3% which is a veristion only
a little greater than the precision of the technique of amalysis.
Somewhat larger individusls (13-17 mm., probably l%-@ months old)
vary considerably more in their mineralogy but do not vary seasomally.
8ti1ll larger specimens (28-32 mm., probably 2-3 months old) show
no seasonal trend. They vary less in percent aragonite than do the
specimens in the 13-17 mm. group.
From the results of these three groups, it appears that specimens

of M. edulis diegensis, at least through the size of approximately

30 mm., are not temperature semsitive in their shell mineralogy.

These results differ comsiderably from those of Lowenstem (1954e)
for M. edulis from Ocean City, Maryland. ©Shells collected from a
wooden stake in the swmmer at this locallity showed that the smaller
individﬂals definitely had & higher proportion of aragonite than the
larger ones. Since the smaller individuals grew mainly in the sunmer
and the larger ones more in the winter, & definite temperature sensi-
tivity of shell mimerelogy ls indicated. This differing response may
be a subspecific difference. It lends support to Coe's (1946) con-

tention that M. edulis diegensis is a valid subspecies.

Model Growth Series
If the relative amounts of cslcite and arsgonite in the shells

of Mytilus are temperature dependent, a series of specimens of
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increasing size collected at one place and time should show & cyclical
variation in percent aragonite. Some shells will contain a relatively
larger amount of materisl deposited in one season than another.
Although the many variables in a biological system meake rigorous
mathematical treatment difficult, & mathematical model will help to
illustrate the nature and magnitude of this variation. For purposes
of this comsideration, it is assumed that at a particular locality,
the sea water temperaiure varies as a sine function of season:
Temperature = M+ ¥ sin ¢
where M is the mean temperabture, K is the maximum deviation in
temperature from the mesn, and t is time {in seasons with:rr/z radian
to the season). It is further assumed that the rate of increase in
shell weight for the particular hypothetical species under consider-
ation is constant. The mean temperature of deposition of the shell
(actually the mean life temperature) at any time can be determined by

dividing the integral of the temperature function by the length of

growth time:
b
M+Xsint

a ST M+ K -co8 b + cos a =T

b-a b-a
where & is the time of the start of growth, b is the time of completion
of growth of any particular fraction of the shell; T is the mean temper-
ature of shell deposition and the other symbols are as above. For apy
particular specimen, @ is constant. In fig. 7, the variastion of T with

b bas been plotted for four specimens starting growth in the middle of
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Figure 7. - Variation in mean temperature of shell deposition with
season. The four lines represent individuals starting growth in the
middle of sach of the four seasons.



each of the four seasons.

Several significant facts concerning seasonal variation in the
mean temperature of shell deposition can be noted from this graph.
For exsmple, & specimen which begins growth in mid-spring will show a
maximum temperature at the end of the swmer and will never show a

temperature lower then the mean

apnual temperature. Conversely, a
gpecimen starting growth in mid-fall shows a minimum temperature at
the end of winter and never shows & temperature higher than the mean
annual temperature. After an initial period of extreme temperatures,
individuals starting growth in mid-summer and mid-winter fluctuate
about the mean. The range of variation in a specimen decreases with
age. The older the specimen, the less the extreme values differ from
the meen annwal temperature. ILarger individuals shovw meximem tempera-
tures in the fell sand minimun temperstures in the spring. As the
individual increases in asge, this meximm Gccﬁrs nearer mid-fall and
the minimum nearer mid-spring. From & consideration of these factors,
it appears that swmer and winter collectlons of the largest possible
individuals would give the most representative sample of shell
material showing the mean annvual temperature of a given locality.
Spring and fall would seem more appropriate since the ltemperature is
then nearest the mean annual temperature. HMaximum variation from the
mean annval temperature of the ltempersture of shell depesition for
individuals of & particular age can be determined. Specimens between
one and two years of age differ by as much as 11% of the total range
in temperatures from the mean annusl temperature. Those between two

and three vears differ by up to 6% of the range. Individuals with an
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sge of exactly an imtegrel number of years will always give the exact
mean annusl temperature.

If the rate of increase in weight is constant as has been assumed
in this model, specimen weight would correspond to age and can be used
as the ordinate of & similar graph (fig. 8). For this graph, it is
gssumed that the growth rate is x grams per year. Individusls of
varying weights were assumed to have been collected at the begimning
of apring. The mean temperature of deposition corresponding to indi-
viduals of various weights is teken from fig. T and plotted on the
graph in fig. 8. This yields a curve much like what has been called
8 growth series in this study and that of Lowenstam (1954b).

Certain pertinment observations about growth series curves in
general can be made from this model study. As in the seasonpal
variation curves for individusls discussed &bove, this curve shows a
seasonal fluctuation of graduslly decreasing amplitude. The distance
between maxims and between minima (with the exception of the first
minimun) is epproximately x grams or ome year's growth. The curve
fluctuates around, but largely below, the mean annual temyerature.
This is because collecting was assuned to be in early spring when all
individuals were approaching their lowest mean Lemperatures.

Before spplying the results of this model study to actual cases,
the assumptions used in the model study must be evaluaited. Sea water
tenperature cammot be considered strictly a sine fumction of szeason.
However, recorded seasonal temperature variation at verious points
along the Pacific Coast shows that, at least in a gemeral way, tempera-

tures do follow a sine function pattern (U. S. Coast and Geodetic
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Survey, 1956). Highest temperatures are usually displaced towards the
fall and lowest temperatures towards the spring. The seasons as used
in the above ﬁiscﬁssioa gre defined strictly on the basis of tempera-
ture and do not necessarily correspond to sessons determined by
relative position of earth and sun. The assumption of & constant rate
of shell weight increase is only epproximately correct for Mytilus.
Coe and Fox (1942 and 1944, and Fox and Coe, 1943) made an extemsive
study of the rate of increase in both length and weight in M. cali-
fornianus. Their plot of welight sgeinst age shows a slightly sigmoidsl
curve which indicates that rate of inmcrease is relatively lower at the
beginning and end of the life spen than in between. Growth rate is
lower during the first two months and ressonsbly counstant thereafter

except for seasomal fluctuations. Growth rate in M. californianus at

Ia Jolla is somewhat faster in suwmmer than in winter. Growth rate is
retarded during exceptionally warm periods. The deviation from the
sssumed growth pattern would result in some insccuracy of the early
portion of the growth cur?es in fig. 7 and some shifting of the whole
curve toward higher temperatures. The general form of the curves
should not be sltered.

In the model case above, mean tempersture of shell deposition
was used as the absclssa. Actuelly, any property vwhich is a linear
function of the temperature of shell deposition can be used (any
monotonic function should give the sawme geperalized form of the
carves ). If the relative amount of calcite and aragomite is such a
function, a plot of percent aragonite vs. shell weight should give

the same gemeral form. A factor other thep shell weight or age can
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be the ordinate. Any property which is proportional to age can be
used. Shell length is such a property. The rate of length inecrease
decreases expomentially with age of the individual in Mytilus, however,
so that cycles will have & gradusally decreasing wave length with length
of the individual. Figure 9 shows a semi-logarithmic plot of length

vs. age based on the date of Coe and Fox (19k2) for M. californianus

from Ls Jolla.

Growth Series in M. californisnus

Figure 10 shows & plot of shell length vs. percent arsgonite for

& series of specimens of M. californianus from Corome del Mar. As was

noted sbove, the early stages of M. califormianus are apparently

tenperature insensitive. This adds an additionsl complication to

the model case discussed above. A true cycle does not begin wuntil

the individuel reaches & size of 15-20 mm. Most of the points lie
close to the cycle indicated. Two poimts are significantly off the
curve. The proposed reason for this deviation and a corrected graph
is presented below. The firstminimumon the graph is at 55 mm. From
the model study above, it would appear that 55 mm. individuals started
tenperature sensitive growth in the fall. At that time the individusl
must have already been 15-20 mm. long. This would indicate 35-40 mm.
of growth since the preceding fall. Since the collection was made in
early fall (temperature fall) 55 mm. individuals should bave grown 35-
40 mm. in & little less than a year. This growth rate is considersbly

less than that found by Coe and Fox (1942) for M. californianus at

Ia Jolla. However, the Ls Jolls specimens were continually submerged
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and grew at a locality with & O.SOC higher mean annual temperature than
the Corona del Mar specimens. The first certainmeximm in the curve
at sbout 80 mm. represents individuals which became temperature sensi-
tive in the sprimg a little less than 1} years before the collection
was made. The secondminimmat 97 mm. represents individusls a little
more than 2 years old. The distance between the two minims gives a
measure of the growth rate for the second year of life for the indi-
viduals of 40 mm. The largest specimen would appesr t¢ be between
2%»3 years old. According to the model study, the value for the per-
cent aragonite in this specimen is too high to be explained solely im
terms of temperature. Figure 9 shows that the growth rate determined
from this series is expomential, and the curve has approximately the
same slope as the one for the ILa Jolls specimen.

The sbove growth series leaves little doubt that the relative
amounts of calcite and aragonite are affected by some seasonally
varying factor, the most obvious of which is temperature.

If the percent aragonite im this growth series is temperature
dependent, temperatures determined by oxygen isotope amalysis of the
samples used for percent arsgonite determinations should have the same
order relatiomship as the aragonite percentages. Oxygen isotopic
determinations of temperatures were made on three samples from this
growth series. The oxygen isotope temperatures were determined from
the relationship:

T = 16.5 - 4.3 (J-A)+ 0.14 (J -A)2

where d = [0%8/016 sample - 018/016 stamaara) 1000
618

/016 standard
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and A iz the CYOKS value for the water in which the specimens grew
(Epstein et al., 1953). An uncertainty of 1°¢ is estimated for these
temperatures. They are reported 0 the nearest %QC. The mass
spectrograph was not operating at peak efficiency when these sawmples
were analyzed. The unceriainty of 1% assigned to the temperatures
may be too low. The relationship of oxyzen isotope temperature to

percent aragonite was:

38.8% aragonite - 19.5°C + 1.0
33.7% aregonite - 19.0°C + 1.0
26.84 aragonite - 19.0°C + 1.0

All the temperatures appear to be too high Ffor this locallity
which hes a mean annual temperature of 16.4°C. Tme rirst tvo samples
give the expected corder but the second arnd third b&va the seme value.
Thus these date neither contradiet nor prove the hypothesis of tempersa-
ture comtrol of mineralogy.

That isotopic temperatures are higher than the recorded mesn
annuel temperature is not surprising. Epstein and Lowenstem (1953)
showed that in Bermudas, many shells, particularly pelecypods, give
temperatures whicﬁ are higher then the mean annusl temperature. This
is spparently because some specles grow only during the warmest peart
of the year or at least grow fastest then. Coe and Fox (1942) showed

that M. californisnus does grow a&ll year but bhas a faster growth rate

in the summer (with the exception of unusually warm periods).
Care must be taken in the interpretation of growth curves such
as the above because of the many uncertainties involved. For exsmple,

it is assumed that length is propertiocnal to age; however, growth
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rates can vary cénsiderably between individuals. It is also assumed
that the rete of increase im weight is the same for all individuals,
and that weight increase approaches linearity. Neither of these
assumptions 1s completely correct. The presence of & temperature in-
sensitive portion of the shell probsbly presenis the biggest problem.

It is uncertain at precisely what size M. californianus becomes tempera-

ture gsensitive and vhether or not the change is abrupt or gradusl. AllL
specimens pay not chenge at the seme time. All these uncontrolled
varigbles may interact to comfuse the apparently straightforward conse-

guences derived in the model study sbove.

Growth Series in M. edulis diegemsis from Coroms del Mar
As a class project, a paleocecology class at the Californis Insti-
tute of Technology mede s series of analyses of a group of specimens

of M. edulis diegensis of imcreasing size. The specimens came from a

float in Newport Bay, California (they were thus comtinuously sub-
merged). Figure 11 shows the results of that study. The large spread
in the results is due to the use of the graphic technigue of amalysis.
The Qr&inéte of this graph is welght and not length.

A possible cycle can be drawan through the points. The collection
was made in the fall. If no tempersture insensitive portion of the
shell is postulated, the firstninimumat approximately 0.2 grams
should represent shells starting growth during the preceding fall.

This rate is much lower thanm that cbtained by Coe (1945) for M. edulis
diegenais from La Jolla. The secondninimumet 2.0 grams would repre-

sent two years of growth which again ls much lower than would be
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Figure 1l. - Crowth serles of M. edulis diegensis from Corona del Mar.
These analyses were done ag a class project in a palececology clagse at
the California Institute of Techunology.
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expected from Coe's data. The firstminimum probably represents sabout
20 mm. of growth and the second an additional 25 mm. Thus, a faster
growth rate for the second than the first year would be indicated.
This is comtrary to the ususl growth pattern shown in fig. 9. Perhaps
& more reasonable interpretation of these data is that some factor

other than tempersture csuses the scatler of values.

Growth Series in M. edulis diegemsis from Avila Beach

Another geries of determinations wes made for M. edulis diegensis

from Avila Besch, Californis (fig. 12). These specimens were col-
lected in the foll from ome large boulder, low in the intertidal zone.
In comtrast to the Newport Bay series described sbove, these specimens
come from an open coast iocation. The veriation in the proportion of
aragonite in these specimens is large. A possible seasopal cycle can
be drawn through this group of points. The over-all trend of this
series seems to be an increase in percent aragonite with size, and the
possible cycle is secondary. If the minims represent Individusls
sterting growth in the fall, reasonable growth rates may be inter-
preted. A growth rate of 40 mm. for the first year is sbout what
would be expected. The mean amnuel temperature is 3.8°C lower at
Avile Beach then at La Jolla where growth of comntinuously submerged
specimens averaged.?é mm. for the first year (Coe, 1945). An imcrease
of 30 mm. in the second year fits the pattern of length increase shown

in fig. 9. This gives a growth rate similar to that for M. celifornianus

from Corcma del Mar as determined by the growth series. More samples

would help to delineate the seasonal cycles. The domimant trend is
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a general increase im percent aragonite with size. The coefficient

of correlation for the relstionship between length end percent
aragonite is 0.94. Figure 11 does not clearly show such & trend al-
though it is suggestive. Lowenstem's (1954b) two growth series of

M. edulis from Woods Hole, Messachusetts, show a defimite trend towards
increase in proportion of aragonite with increased size; although his
values show a much greater fluctustion in mineralogy with temperature.
This is due in part to the fact that the temperature range at Woods
Hole is much greater than at Avila Beach.

None of the values for Avils Beach lies more than epproximstely
five percentage units off the least squeres line. The total d4if-
ference in percent aragonite between 25 and 80 mm. specimens (appar-
ently due to the size difference)is 30%. The largest difference due
to the other factors would appear to be 5%. Thus the size effect is
apparently the most important factor in determining the relstive amount

of calcite end aragonite in M. edulis diegensis at this locatiom.

Geographic Varistion of Percent Aragonite in Small Specimens of M.

eglifornisnus

The percent aragonite in small (less than 20 mm.) specimens of M.

californianus (fig. 13) appears to vary irregularly around & value of

approximately 30% arsgounite. The magnitude of the variation is signifi-
cant. The variation between individuals at any one locality is much
less then that between stations. The Corona del Mar ssmples vary only
within a range of 8% while the total range of veriation of all samples

is 20%. Individual variation was further reduced by combining three
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Tigure 13. - Ceographic varlation in shell minerslogy lu small specimens of M. colifornianus .

numbers sbove the points are the station nmumbers taken from fig. L.
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or Pour individuals into each sample for amelysis. The percent
aragonite may very between localities due to ecological factors which
have not been measured in this study. It is perbaps gemetically
controlled. At any rate, the lack of regulsr variation of percent

aragonite in the shells of small specimens of M. californisnus with

latitude indicates that thelr minmerslogy is independent of temperature.
This esgrees with the data for specimens collected sessomally from a

single location.

Geographic Variation in Percent Aragggite in Small Specimens of M.

edulis edulis and M. edulis diegensis

The percent aragonite in the two subspecies of M. edulis varies
with latitude in a much more regular menner (fig. 1k), With the
exception of ome point, the values of the percent aragonite for M.

edulis diegensis decreases rather regularly with increase in latitude.

This indicates that the proporition of aragonite in small shells is
temperature dependent. This comtradicts the apparent lack of varia-
tion with season in small individuals from Corona del Mar.

Horth of Ban Francisco, a sharp discontinuvity exists. The six
pointe morth of San Frencisco show an irregular decresse with latitude.
This division of points into two distinet groups clearly indicates
two genetieally separate groups.

This distribution sgrees ressonably well with the distribution

of M. edulis edulis and M. edulis diegensis suggested by Coe (1946).

Prior to the early 19h0's only a few specimens of M. edulis diegensis

were found south of San Francisco. They were assumed to be the same
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&s M. edulis found farther morth. In the early 1940's, M. edulis
diegensis increased emormously in abundance along the southern Cali-
fornia Coamst. Coe states that this resurgence was probably due to
the development of a genetically different strain which was able to
rapidly expand in the more southerly asrea. It may have been & dif-
ferent subspecies accldentally imtroduced at that time from some other

part of the world. M. edulis diegensis differs somewhat morphologi-

cally from M. edulis edulis®. For instance, M. edulis diegemsis is

usually broader, has & more poorly developed anterior adductor muscle,

and usually has fewer teeth than M. edulis edulis. M. edulis is such
g variable species that differentistion of ecological and genetic dif-
ferences is difficult. On morphological grounds some doubt remains as

to whether or not M. edulis diegemsis is & true subspecies.

Lowenstam (1954b)} has analyzed specimens of Littorins saxatilis

obligate from & single tide pool in Greenland. They were morphologi-
cally identieal but fell inte two distimet groups with respect to per-
cent aragonite. One group was 100% aragonite while the other group
had a varisble proportion (between 12 and 48%) which appears to vary
with season.

A study of shell minerslogy would thus seem to be & useful

taxonomic tool for differsntiating morphologically idemtical or

¥ The northern subspecies may ln fact be different from M. edulis from

Burope. It has been called M. trossulus (Gould, 1850) and Coe (1946)
suggested M. edulis trossulus. Some authors (Schenck, 1945} have
recognized both M. edulis (probebly from bays) and M. trossulus (from
the open coast) im the Pacific morthwest area. The taxonomy remsins
to be clarified.
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similar groups. Since variastion in shell mineralogy is reflected in
variation in shell structure, mimeralogic variation is reflected

morphologically.

Geographic Variation of Percemt Aragonite in Larger Specimens of M.

edulis edulis and M. edulis diegensis

Figure 15 shows the variation in the percent aragonite in larger

specimens of both subspecies of M. edulis. The large gap in the middle
of the graph is due to the lack of samples of larger specimens in this
region. This is because most collecting was done at open coast loca-
tions. Both subspecles of M. edulis are common on the open coast at
the extrames’of the range; however, large specimens could not be found
betwesn Avilae Beach and Point Gremville. Apparently larvae are present
in the water, probably coming from nearby bays. Small specimens are
thus sometimes able to develep for & short time but apparently are not
able to compete successfully in this enviromment for lomg. What
makes them adaptable in some places and not in others is not kuown.
The southern specimens are in the size range of 37-47 mm. The speci-
men from Avila Beach which falls withim this range is circled on the
graph. The Avila Beaech samples are the same ones used in the growth
series discussed above. The northern specimens are smaller, 29-33 mm.
in length. The three northern and the ls Jolla specimens were col-
lected in thé summer. The remainder of the specimens were collected
in the fall.

The general decrease In percent aragomite with increase in

latitude may have little significance. The fact thet the northern
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specimens have a lower percent aragonite mey be a svbspecies dif-
ference. The difference may be due to the discrepancy in size of the
individuals. The points in fig. 15 for the specimens from Avila Beach

and Corons del Mar which f8ll within the size range of the northern

specimens have been underscored. If only these poimts are included,

no decreasing trend is obtaimed. Thus geographic variation gives no
conclusive evidence that the percent arsgonite in g, edulis is tempera-
ture dependent. These results agree with those of lack of seasonsl
variation in small specimens from Coroma del Mar and the low sessonal
variation im the growth series from Avila Beach. However, 1t disagrees
with the results based on small specimens collected from variocus

localities.

Geograrhic Variation in Percent Avagonite in larger %pectmens of M.

californlanus

Larger specimens of M. californianus from several localities

along the Pacific Coast of Horth America were amalyzed. Series of
gradually increasing size were always used.

o distinet growth curve can be seen in the series from northern
stations (figs. 16, 17 and 18). The rate of growth is so slow that
several seasonal c¢ycles are represented im the largest specimens
present in the series. With sessonal cycles compressed, irregulari-
ties in growih rete beitween individuals may completely cobliterate the
regular cycles on a percent aragonite vs. length graph which would show
up on & percent sragonite ve. age graph. A much lasrger number of

samples would be necessary to show the several seasonal cycles probably
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represented. In some cases the range in percent aragonite is not
large so that uncertainties in apalysis tend to cbscure the seasonal
varietions.

The mesning of what appears to be a ssasonsl cycle in the Avila
Beach series (fig. 19) is uncerteain. If the apparent cycle is taken
at face value, it would suggest that the 55 mm.minimum represents
individuals becoming temperature semsitive during the precedimg fall.
Themsximum at 25 mm. would represent individuals becoming tempersture
sensitive shortly before collecting time in the spring or esarly summer.
This would suggest & growith rate of the order of 55 mm. in the first
vear which is unduly large for infertidally exposed individusls grow-
ing at these temperatures. In fact, & study of the shell structure
indlcates that the largest specimen is 2%~3 vears old. The reason for
the difficulty is probably the lack of a sufficient number of samples
to delineate the true cycles. The growth rate at this station is
probably too slow for a clear seasonal cycle to be indicated.

The low value of the percent asragonite in the shells from Ia
Jolla iz unexpected (fig. 20). This series of samples outlines a
seasonal growth cycle representing e little over one year. The largest
individusl became temperature sensitive during the preceding suwmer or
the spring preceding that. Consequently it has a higher vpercent
arasgonite than the somevhat smaller individuals vwhich became tempera-
ture sensitive in the fall. The percent aragonite rises sgain in those
individuals first responding to temperature iu the preceding spring.
The drop in the curve is explained by the temperature insensitive

portion of the shell. Although these smaller individuals started
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growth in late sprimg or early summer their valves are composed
largely of material which does not reflect growth temperature. If the
above interpretation iz correct, the largest individual shouvld be
glightly more than one year old. This would give & growth rate of
spproximately 50 mm. for the first year. This would be & reasonsble
rate for intertidally exposed individuwals.

The La Jolla semple is thus considersbly skewed toward the winter
deposition direction. The largest specimen which has the highest per-
cent arsgonite would probably be the most representative sample of the
mean tempersture of deposition at Ia Jolla. Even it is probsbly some-
what too low because of the temperature insensitive portion. This
sample 1s inadequate for determining mean tempersture of deposition
at this station. Several seaszons of growth are necessary to average
the seasonal fluctuations. For this reason northern stations where M.

californianus grows much slower and are older are more easily sampled.

On the other hand, a larger number of semples are necessary to outline
seagonal growth cycles than at the southern stations.

Lowenstam (1954b) analyzed & larger number of semples over &
greater size range from Ls Jolla than has been done in this study.
The mean of his values is 42% aragonite and 2 years of growth are
represented. His collection was made in the winter. For this reason
the temperature insensitive portion cannot be observed. This sample
- gives a much better representation of the mean temperature of depo-
sition at La Jolla. This value should be essentially correct since the

collection was made in the winter.
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The percent aragonite in different shells at a single locality
varies more at southern than northern stations. This may be due in
part to a lower limit effect, l.e., below a certain temperature, M.

californianus may secrete a constant percent aragonlte no matter how

low the temperature may become. The slower growth rate at the northern
stations (Fox snd Coe, 1943) would also tend to make the percent
aragonite more uniform. As seen from the model study, the older the
individuals are, the less the variation between them.

In addition to the series of samples run from individusl stations,
s8ingle large individuals were run from a few statioms. Large shells
from Pacific Grove, Sante Monica and Coroms del Mar were run. An
additional specimen from Avils Beach was included. As indicated by
the model study and the series of analyses sbove, a single, large
individuel gives a reasonable measure of shell material deposited at
the mean annual temperature of the station.

Figure 21 shows & plot of all individuval values, mean values
for stations and single large individuals against the latitude of the
station. The scatter in this graph is large. Some factor or factors
other than temperature would appear to be responsible for such an
irreguler pattern. Névertheleas, a general trend toward lower percent

aragonite with higher latitude is apparent.

Variation with Temperature of Percent Aragonite in M. californisnus

Figure 22 is & plot of percent aragonite in M. californianus vs.

meap spnual temperature of the collecting station. Values for the

mean amnual temperature of stations were teken from Special Publication
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Figure 21. - (eographic varistion in shell mineralogy in large specimens of M. californisuus. The
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Ho. 280 of the U. 8. Coast and Geodetic Survey (1956). These mesns
cover varying nubers of years, all of them at least 10 years. For
stations which were not &t a temperature recording station, the meen
annual temperature was estimated by interpolation from recording
stations. It shounld be noted that the mean sunual temperature as
determined by resdings over a number of years may vary apprecisbly
from the tempersture of any one year. Therefore, the temperatures
which existed during the periocds of growith of the specimens used Iin
this study are not necessarily the same as the mean apnual tempera-
ture. Temperétures during 1957-58 were as much as a degree centigrade
higher than the mean epmual temperature at some stations. In this

graph, only the values for largest specimens of M. californiasnus from

a station and station means are used. The station mesn for lLa Jolls
was not used for reagsons discussed above. The mean of Lowenstam's
(1954b ) data for la Jolla was used.

This plot gives a correlation coefficient of 0.80 and & least
sguares line of:

% aragonite = 2.55 temperature (°C) - 6.1.

With the exception of two points (Hoh and Westport) the points
lie nmearly on an exponential trend as is indicated by the dashed line.
When plotted om & semi-logarithmic scale (fig. 23) these points lie
¢close to a straight line.

These results indicate that the relative proportion of calcite

and aragonite in large specimens of M. californianus is definitely

related to tempersture, but that other complicating factors are

invelved. This relationship might be useful in the determination of



OJ
e
5
Q.
n
7
1) 8
=
[
Q
S
1Y
[
< Ly
ES
O
[§V]
9 ] 7 ¥ ¥ L] L] Li ¥ H I
10 15

Temperature (°C)

Plgure 23. - Semi-logarithmic plot of the variation of the shell
mineralogy of M. californiasnus with temperature. This figure
containg the same date as fig. 22. The symbols are as in fig. 22.
The equatlon of the line is:

log % arsgonite I 0.52 (temperature “C) + 0.47.
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paleotemperatures. However, two factors limit the usefulness of this
technique: 1) the gemeral scatter om the curve, 2) some localities
do not Fit the ususl pattern (Westport, for example). This techmique
could be useful in suggesting a generalized temperature particularly
when sceompanied by a study of shell structure. It would probably be
noet useful as & check for comparison asgsinst palectemperatures deter-~
mined by other techmiques to determinme if at least generalized agree-

ment exists.

Variation of Percent Aragonite im M. californianus with Oxygen Isotope

Temperatare

Temperaiures were determined from analysis of oxygen isotopilc
composition for & mwber of ssmples and plotted against the percent
aragonite of those samples in Ffig. 24. The mass spectrograph was not
functioning at peak efficlency when these apalyses were made. This may
in part explain the =mewhat high results for the temperatures. Tempera-
tures somewhet higher than the actual mean snnuvel temperatures of the

stations sre expected because the growth rate in M. californianpus is

higher in summer then winter (Coe and Fox, 1942). Another reason for
some uncervainty in the results is the correction fer the isotopic
composition of the water. A water sample collected at ope time during
the year may not be representative of the isoteple composition through-
out the year. The only result which seems completely unreascmnable is
the one from Hoh. It is uwmnlikely that the temperature here ever
resches 16.5°C. Some of the points do appear to lie on an expomential
trend as in fig. 22, but three of the points are significantly off the

curve.
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Figure 24. - Variation of the shell mineralogy in M. califormisnus
with temperature as determined by oxygen isoctope analysis. The aumbers
above the polnts are the statlion numbers taken from fig. 1.
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The best method for resclvipg these difficulties wowld be to
grow specimens at controlled comstant temperatures from larvae to the
adult stage. As is described below, an attempt was made to grow
specimens from very smell individuals (2-4 mm.), but the rate of
growth with the available facilitlies was so slow es to meke this
impractical. There is also dapger in extrapolating lsboratory resulis
to the natural situation, particularly when the lsboratory set-up is

unnstural.,

Relationship between Shell Thicknesa and Minerslogy at Corona del
Max

The term thickness as used in this section refers to the actual
gauge of the shell wall and not 1o maximum distance from the outer
gsurface of one valve to the ouber surface of the other as is the ususl
paleontologic meaning. The main problem in investigating the relation-
ship of shell thickness and percent arsgonite is objectively messuring
shell thickmess. One possible method would be to measure the thick-
ness of the shell at the same relative point in all shells and to form
& ratio between this measure and shell lemgth. This method would,
however, represent the thickness &t only one point and might not be
representative of the whole ghell.

Shell thickness for a given sized shell should be directly pro-
portional to shell weight. Fox and Coe (1943) showed that & plot of

the log of weight vs. the log of lemgth of shells of M. californianus

from La Jolls gives a straight line. They further showed that thick

shelled individuals collected from rocks in the intertidally esxposed
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zope fell to one side of the line, and thin shelled lmdividuals eol-
lected from below the low tide zome off the pier fell %o the opposite
gide of the line. If weight end length of shells from a perticular
locality are plotted on logerithmic paper, the points secatter along a
linear trend (fig. 25). A line can be drawn along this trend and the
variation of peints from this line used as a measure of shell thick-
ness. For each shell, a calculated weight can be determined Ffrom the
line. The percent devistion of the actuwal weight from calculated
weight can then be used as the thickness measure. The actual percents
have no particular significance in themselves since they are based on
an arbitrarily drawn lime, but the relative differences at any given
station are significant. Ome line could be used for comparison at all
stations, but the slopeseof the matural trends vary between stations.

Figure 25 shows & plot of lemgth ve. weight for the specimens
used in the growth series from Corona del Mar. The lines obtained by
Fox and Coe (1943) are included for comparison. It should be noted
that their linas’are based on both valves while the data in this paper
erebased on only one valve. Figure 26 shows & plot of the percent
deviation of actual from calculated weight vs. percent aragonite. Al-
though the scatter on this graph is large, a distinct trend of increeased
percent aregonite with lncressed thickness is indicated. The go-
efficlent of correlation is 0.45 and the equation of the least squares
line is:

% aragomite = 0.11 x % deviation + 3k.

The large scatter in the graph is due to the effect of other

factors, most notebly temperature. The points above the line
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Plgure 25. - Log weight vs. log length of M. californisnus from
Corona del Mar. The long deshed line is from the date of Fox and
Coe (1943) for specimens from pier and rocks at la Jolls. The short
dashed line is for specimens from the pier omly. The points for the
Corona del Mar specimens are based on single valves. Fox and Coe's
data are for both valves.
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Pigure 26. - Effect of shell thickness on shell minerslogy in M. ealifornianus from Corons dJdel
Mar. See text Tor a detalled explanstion.
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represent shells with a relatively higher temperature of deposition
than the points below the linme. A1l points lying on or mear the lime
should represent shells with the same mean temperature of deposition.
As a check of this hypothesis, shell length and deviation in
percentage units from the lime in fig. 26 were plotted. If the hypo-
thesis is correct, this should yield seasocmal cycles which have less
scatter then in the uncorrected plot of length vs. percent sragonite.
Figure 27 is a graph of this type. While the points still scatter,
no point lies far off the cycle. The two points which sre far off
the curve inm fig. 10 fall closer to the curve in fig. 27. Some of
this scatter is probably due to the lack of sufficient date to clearly
define the thickness-mineralogy relationship. A line of glightly

greater slope would further reduce the scatter in fig. 27.

Relationship between Shell Thickness and Mimeralogy at other Locations

Figure 28 is a plot of percent deviation of weight from calcu-
lated weight vs. percent aragonite for Lowenstam's (1954 ) specimens
from le Jolla. These also form a distinct trend of increase in
aragonite with incressed thickness. The coefficient of correlation is
0.57 and the l@ast‘squares line is:

% aragonite = 0.40 x % deviation of weights + 46.

These are the omnly two locations where the data are sufficient %o
have much meaning. More date would be prefereble st even these
locations since the scatter mf‘points is great.

Least squares lines and coefficients of correlation were calcu-

lated for the other locatlons where several analyses were available:
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Figure 28. - Effect of shell thickness on shell wmineralogy in M. californismus from La Jolla.
This figwre 1s based on the data of Lowenstem (1954 b).
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Correlation Slope of Least No. of

Location Coefficient Squares Line Semples
Avila Beach 0.85 0.38 7
Westport 0.14 0.02 7
Waldport 0.36 0.0k 7
Hoh 0.7k 0.22 7

A test for the relationship of shell thickness and percent

aragonite in M. edulis diegensis from Avila Beach gave a correlation

coefficient of 0.00 and a slope of 0.00 for the least squares line.
Thickness thus eppears to have no relationship to percent aragonite in

M. edulis diegensis, at least from this location. The sample size

(seven) is too small to allow e comclusive statement.
The coefficients of correlation at Westport and Waldport are
low, and the slopes of the least squarés lines near zero. A corre-
lation between thickness and percent aragonite appears to exist at
Hoh and Avila Beach. The coefficients are relatively high as are the
slopes of the least squares lime. Differences between stations prob-
ably are due to the inadequate samples and perhaps in part to the
placing of the limes on the log length vs. log weight graphs. With
80 few samples avaeilable, it is difficult to place this line. A
positive correlation between thickness and percent arsgonite in
northern shells is unexpected. In these shells with an imner prismatic
layer, thickening could result from thickening of the calcitic inner
Prismatic layer a&s well as thickening of the arsgonitic nacreous layer.
A possible source of error results from the method of messuring
thickness. If two shells were examctly alike in all respects except

that one was entirely arsgomite and one entirely calcite, the aragonite
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shell would be 8.5% hesvier than the calcite one due to the difference
in density of the two minerals. Determining shell thickness on the
basis of weight would thus mske the sregonite shell appear thicker
than the calcite gshell. The actunl differences in weight observed
are much greater than 8.5%, and the range of veriation in mineralogy
is less than half the pure calcite-pure aragonite case cited above.
Therefore difference in density of the minerals has & very minor effect
in the relatiomship between percent aragonite and shell thickness.

Percent aﬁag@nite may not vary as & result of lincreased thick-
ness, but shells which happen to have more aragonite for some reason
may be thickened as a result. This study does not exclude this possi-
bility.

This study did not determine what factors cause some shells to
be thicker than others. Other workers have noted (Fox and Coe, 1943)

that shells of M. californianus subjected to relatively greater water

turbulence have relatively thicker shells. For exemple, intertidally
exposed individuals heve thicker shells than continuously submerged
ones. This relationship was also noted in collecting for this study.
Since all specimens used were collected from the intertidal zome on

the open comst, the degree of turbulence should have been reasonably

constant except @3 1t might be affected by micreenviromental factors.
Fox and Coe (1943) also suggest that growth rate mey be 8 factor in
determining shell thickness, slow growing shells being thicker than
fast growing ones. This 1s not always the case. Some northern shells
which have & slower growth rate than southern cnes are no thicker than

the southern shells. Other factors must affect shell thickness. A
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certaln amount of variation would be expected due te random genetic

variation.

Variation of Shell Minerslogy with Salinity in M. edulis edulis

Selinity values for this sectiom were determined by the silver
nitrate titration method. Two or three runs were made of each sample
and the mean determined. Anslytical errors and other varisbles such as
possible small evaporation due to storage in polyethylene bottles for
several months probebly mske the results no more accurate than the
nearest two tenths of & per mil.

Samples of M. edulis edulis were collected at various points im

the Juan de Fuce Strait and Hood Canal regioms of Washington. The
salinity at collecting time at these stations varied from 32.48°%/co

at Heah Bay to 18.60°/o0 at Potlatch. The difference in mesn annual
salinity is probably much greater. The collecting was dome in early
August when salinity was probebly comsidersbly higher than usual at
the locations in the Hood Cansl. At Seattle, where records of varia-
tion in salinity are kept by the U. S. Coast and Geodetic Survey (1954),
the mean August salinity is higher tham the yearly mesn. Mean annusl
temperature should be near the same for all stations since they are
from the same latitude and are protected from rapid exchenge with the
open ocean. HNo records are available to prove this, however. Col-
lecting time temperatures were influenced by the time of the day when
collecting was dome (due to solar heating of low turbulence water).

The specimens amalyzed in this series were 28-32 mm. in length. Figure
29 shows the variation in percent aragonite with salinity at collecting

time.
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Figure 29. - Variation of salinity at collecting time and shell minersl-
ogy of M. edulls edulis from the Weshington area. The nuwbers sbove
the pointe are station nuxbers teken from fig. 1.




..?9 -

Such & shsrp rise iy percent aragonite with the drop from near
normal salinity is unexpected. It should be noted that an open coast,
pormal salinity semple from Hob has a much higher percent aragonite
than the Neabh Bay sample although it is only 50 miles farther south.
This may be due to water turbulemce. The open coast specimens have
thicker shells which is evidently the result of thickening of the
nacreous layer. The possibllity exists that the open coast and bay
forms are different subspecies.

On the basis of analysis of European specimens from the Baltic
Sea, Lowenstam (1954b) suggested that shell mineralogy might be
affected by salinity. Bdggild (1930) noted that all fresh water

molluses, with one exception, have arggonitic shells.

Variation of Shell Mineralogy with Salinity in M. edulis diegensis

Figure 30 shows variation of percent aragonite with salinity

at collecting time for a series of aamgleﬁ of M. edulis diegemsis

from the San Framcisco ares. Salinities at collecting time may not
be representative of the mean apnual salinity. The San Frausecisco
samples were collected in late July. The mesn &ﬁnual salinity is

thus probebly lower than the salinities shown on these graphs. MNean
annual temperature should be approximetely the same at &ll localities,
slthough perhaps cooler at the Fort Point andVSausalito stations which
are in more direect communication with the open ocean. The other two
stations are ferther back in San Pablo Bay and are subject to greater
extremes in temperatures, particularly higher summer temperatures.

Specimen size rapge was 15-38 mm. The Ssn Pedro sample was composed
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Pigure 30. -~ Variation of salinity at collecting time and the shell
mineralogy of M. edulis dlesgensis from the Sen Francisco area. The
nunbers sbove the poinits are statlion mumbers taken from flg. 1.
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of dead shells. Ho live specimens could be found at that location at
the gollecting time.

A trend of imcrease in the percent aragonite with decrease in
salinity was noted. The San Francisco samples do not show the rapid
rise and subsequent leveling off of the curve as shown in the
Washington series. The reasom for this is unkmown but may be &
subspecles difference.

The effect of salinity on the mineralogy of M. califormisnus is

not certain. M. californianus is a relatively stenohyaline form,

seldom found in habitats of more than slightly reduced salinity.
This relationship may be more apparent then resl since the true

limiting factor on the distribution of M. californisnus may be water

turbulence (Youmg, 1941). Emviromments of reduced salinity, at least
on the Pacific Coast of the United States, usually have low turbu-
lence. One open coast collecting locality, Crescemt City, California,
had a distinctly reduced salinity (30.48%/00) at collecting time.

M. californianus collected from this locality had 42.9% aragomite im

longitudinal thin section (see below). This is substantially higher
then would be expected from a specimen growing in water of normal

salinity at a locality with the mean annual temperature of 11.506.

Variation of Shell Minmeralogy between Microenviromments
The shell mineralogy of smsll specimens of Mytilus from differing
microenvironments at one genmeral locatlon was investigated. Specimens

of M. edulis diegensis collected from high on a piling at Corona del

Mar had shells containing 27.5% aragonite. Specimens collected from
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Q% feet lower om the piling where they were under water for longer
periods of time had shells containing 28.6% arsgomite, an insignifi-

cant difference. M. californianus specimens were collected from &

tide pool whieh was not im open communication with the ocean at low
tide. Shells of these specimens contained 32.0% aragonite as compared
to the 48.0% arsgonite of specimens from the openm coast at the same
loeation. These were large enocugh to be past the temperature insensi-
tive stage. The results are not what might be expected. Tide pool
temperatures mey be signifiecantly warmer during sunny days than the

open ocean. Other upknown factors must be invelved here.

Upnkuown Factors Affectimg Shell Mineralogy im Mytilus

The various factors dlscussed above account for a large part
of the variation in the mineralogy of the Mytilus shell; but do not
seem to be the onmly factors lmvolved. Im the two subspecies of M.
edulis, most of the vaeriation in shell mineralogy can be explained.
&s temperature, size, or salinity effects. The major unexplaiped
observation im this species is the lack of seasomsl variation among
gmall individusls from one locality, while geographic variation does
occur. In addition, some of the veriation between statioms im larger
individuals of the northern subspecies do not seem to be explaimsble
in terms of the gbove factors.

In most cases varistion in the relative proportions of caleite

and aragonite im M. celifornisnus can be explainmed as resulting from

the effect of temperature and shell thickmess. This may explain most

of the variation at any given location. Other factors must be
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lous results obtained from

involved, however, as indicated by the anoms

individuals from Westport and Hoh.

Mytilus Specimens Grown in Aguarivms

In the early stages of this study, it was thought that growing
specimens of Mytilus from & very small size to a conslderably larger
size in temperature controlled agquariums would demonstrate the effect
of temperature on shell minerslogy. It was later realized that this
would not be possible due to the temperature imsensitive nature of

young specimens of M. californianus and the apparent temperature inm-

sensitivity of small specimens of M. edulis diegensis from & given

loeality. Growing specimens in aguariums would be meaningful if they
gould be grown from a very small to at least a moderately lerge size.
Growth rate was much toc slow in the set-up used for this study to
meke this practical.

In order to fecilitate feeding and thus to lpcrease the growth
rete of the experimentsl specimens, they were placed in oune liter
beakers sitting iﬁ temperature controlled aquariume. The water in
the beaker was serated. Using the beakers allowed the food to be
concentrated and more quickly and completely Tiltered out by the
individuals. A small number of calcareous oolites was added to the
beakers to keep the water saturated with celcium carbonste. The water
was changed at intervals of twoe to three days. The specimens were fed
two or three times a day with approximately 20 ml. of a concentrated
sugpension of diatoms. The distom Nitzschis wes used in some of the

earlier experiments but Dumsliells was used in later ones because it
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is easier to maintain and grows more rapidly. Various other foods
such as fine fish food, flour, and milk were tried but without success.
The results shown below are x-ray apalyses of individuals of M.
edulis diegensis which had at least doubled in weight in the tempera-
ture controlled aquariums. These individuals were all very small, in
most cases less then 5 mm. long &t the begimning and less than 10 =m.

at the end of their growth ln the aguariums.

Temperature (°C) % Aragonite
12.3 23.3
15.1 26.7
18.3 28.1
21.0 25.5
a2y.2 28.8

The slight general increase in percent aragonite with tempers-
ture in these ssmples may be comesidered ag evidence of a positive
correlation of these two variables. However, the variation between
samples is no greater than the nmormal variation between individuals
collected at any one time from a given location. The very gemeralized
trend observed may be purely fortuitious.

The amount of mew growth in the aquariwms of the calcite layer
can be easily observed in thim section. It iz possible to meke a
reasonable estimate of the increase in thickness of the aragomite
layer from an observatlon of the thin section. An estimate of the
relative amounts of calcite and arsgonite in the new growith as seen
in lopgitudinmal thin section can thus be made. The results of such

observetions on specimens of M. edulis diegensis from 16.4 to 23.0 mm.
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in length are as follows:

Temperature % Aragonite in New Shell
(°c) in Longitudinal Section
2.3 26
15.1 2k
18.3 27
19.9 19
21.0 29

Yo genmeral trend is evident. These estimates have a very low

precision, probebly no better thsn 20%.

Miscellaneous Observations on Specimens Grown in Aquarivms

Certain other observatiocns were mede op the specimens grown in
the aguariums. These do not necessarily have any bearing on the re-
lationskip of shell mineralogy to tempersture. but have interesting
ecological implications.

‘Both species grew at temperatures as low as 10°C. Too many
uncertainties exist to meke & guantitative meagure of the growth rate.
Qualitatively, a gemeral increase in growth rate of both species was
apparent to & maximum at 15 and 189¢. The rate decreased at ElOC,

particularly in M. californianus. The rate appears to remsin high

o
in M. edulis diegemsis. At 24 C, growth apparently stopped in M. cali-

forpianus;end all specimens died after sbout one momnth. M. edulis
diegensis survived at this temperature and even showed substantial

o
growth. M. edulis diegensis survived for over s momth at 26 C. Death

at that time may have been from lack of food rather thamn high tempera-

ture. In geperal, growbh rate was much higher in M. edulis diegensis.
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This may be due to the lack of turbulence which M. californianus seems

to reqguire in matural situvations.

Specimens were also grown at varying salinities. Both species
survived in substantial numbers at salinities as low as approximately
120/00. Most specimens did not grow as rapidly at these reduced
salinities as did those in water of normal salinity. The specimens
survived en immediate transition from normal to greatly reduced

salinities epparently with no ill effects. M. californianus had a

somewhat higher fatality rate, but nevertheless, several specimens
lived even at the low salinities. This would suggest that perhaps
factors other than salinity may be involved inm restricting M. cali-
fornisnus from emviromments characterized by low salinity. Fox (1936)

conducted experiments which showed that M. californianus could survive

for considersble lemgths of time at salinities between 17 and 45°/co.

The general morphology of both species often chang

es during

growth in the aquariums. The shell deposited in the aquariums was
usually thinner then the earlier part of the shell. Gibbous shells
usually begin to grow thinmer. Bro&d’shells became narrower. A very
distinctive shelf or growth linme usually developed &t the division
between old and new shell. This suggests that the great morphologic
variabllity in theée species is not comtrolled genetically but is an
individual responsge to a variable envircnment.

The relative distance between the pellial line and the posterior
margin of the shell varies alightly with temperature. Shells grown
at lower temperatures have a relatively broader zone between pallial

line and edge than those grown at higher temperatures. This difference
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is subtle amd difficult to messure, however. As the pallial line
marks the boundary between nacreous and outer prismatic layers, this
correlates with the relatiomship of increased aragonite with tempera-
tures although this relationship was not noted in the aquarium

specimens .
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SHELL STRUCTURE VARIATION

Determining Percent Aragonite in Thin Section

Since calcite and aragonite in the shells of Mytilus are
segregated into dlscrete structural units, variation im the mineralogy
of the shells should be reflected in the shell structure. Im fact,
one possible method of measuring the veriation in mimeralogy is by
estinating the veristion im velume of the strustursl units. A method
of measuring variation in the mineralogy, although not necessarily the
exnct magnitude of the wvariation, is to messure the relative amount of
calecite and aragonite in sections of constant oriemtation. In this
study, the percentage of aragonite in lopgitudinal sections (fig. 3)

was determined for several specimens of M. californianus.

The percent sragonite in section was determined by measufing Lrav-
erses across the section at regular intervals (uswally of ome or two
ma.). The total distance measured across each structursl unit was
determined for each wnit. The percent aragonite was determined by
dividing the traverse distance across the arsgonitic unit by the total
traverse distance. This is essentially the same as the line integral
technigue used im petrography. All ﬁeﬁérminati@ns included traverses
of at least 1000 units and large shells contained many more.

In order to check the precision of this technigue for deter-
mining the percent aragonite in a longitudimsl section, nine deter-
minations were made on the same section. These determinations were
made on separate days to mimimize the effect of memory of the section.

The traverses on this section measured s total of approzimately 2500
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units. The mean of these determinations was 36.7% aragonite with a
stendard deviation of 0.8%. Variation in orientation between sections
of different shells produced a larger error than this.

An sattempt was made to determine ths effect of variation in
orientation of the lomglitudinal sectiom. 4 shell was sectioned trans-
versely at intervels of epproximately 2 mm. Traverses were made across
each section at 2 mm. intervals. By taklng ome traverse from each
transverse section at & position with constant relationshlp to the
center of the section,the equivalent of measurements from lopgitudinal
sections could be made. Variation in the proportion of aragomite for
variously centered sectlons could then be studied. Figure 31 shows
how percent aragonite varies with centering of the section. It can
be seen that the maximws proportion of aragonite is exposed in sections
from L to 2 wm. to the dorsal side of g perfectly centered section.
The percent aragonite falls off rapidly from both sides of this max-
imum. The orientation of the section thus bas & significant effect
on the percent eregonite cbserved in a longitudinal section. MNost
sections inm this study were probebly within 1 or 2 mm. of belng cen~
tered. Many polished sections were reground until they gave a max-
imum value for the percent aragonite. This meaximum value wes then
used. Exeept in s@ﬁa obviously badly centered sectioms, regrinding
usually did not change the percent aragonite by more than 3 or 4%.

In meny cases, percent aragonite in longitudinal section of

one valve of M. californianus was determined and the mineralogy of the

opposite valve of the same individual was determined by x-ray dif-

fraction. Figure 32 shows a plot of percent aragonite im lomgitudimal
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the seme individual.



section vs. percent aragonite in the opposite complete valve‘as deter-
mined by x-ray diffraction. The large scatter noted in this graph
can be attributed te such factors as veriation in the oriemtation of
the sectioms, variation between individuals in the distribution of
structural wnits, small differences in the mimeralogy of opposite
valves, and the uncertainty of the determimations. A definite trend
exists for the percent aragonite in longitudimal sections o increase
more rapidly then x-ray determined percent aragonite in the complete

valve. This ls probably largely due to the cha

nge in mineralogy of
the besk ares. Beimg very thick but merrower than the rest of the
shell, the beak area contributes more to the total ares of a section
than it does to the totel volume of the shell. Specimens having a low
percentage of aragonite usually have beaks composed largely of calcite

and specimens having a higher percentage of aragonite have largely

aragonitic besks.

Varistion with Latitude of Percent Aragomite in Section

Pigure 33 shows how the percent asragonite in lomgitudinal
section varies with latitude of the collecting loecality. The percent
aragonite shows a definite increase with decreasing latitude but with
& great deal of scatter. With a few exceptions, shells greater than
45 mm. in length were used. The three triangles represent worn shells.
The low values for these shells are apparently due to thickening of
the ipmer prismetic layer to patch the demaged area. The linear trend
is clear for points north of Westport. The range of values from indi-

vidusl stationse is lower in the porth. This is due in part to the
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pupbers taken from fig. 1.
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fact thait the northern shells are from older individwals and less sub-
Jeet to seasonél fluctuations in temperature. It may be in part due
to the lower sessonal range of temperature at the northern stations.
The x-ray determinations of percent arsgomnite from southern stations
discussed sbove also have a wider range than those from northern
stations.

The variation of percent aragonite in longitudinal section with
mean annual temperature of the collecting locality is shown in fig. 3k4.
As in the case of fig. 22, dats for the temperatures is taken from
Special Publication No. 280 of the U. S. Comst and Geodetic Survey
(1956) where possible and interpoleted from the data im this publi-
cation vhere not available directly. Only the mean and exireme values
used in fig. 33 are included im this graph. An uncertainty of @.506

is allowed for each station =8 im fig. 82. The trend of increasing

Percent aragonite with increasing temperature is seen in this graeph.
The trend is not exponmential in this case as it is in the plot of x-ray
determined percent aragonite vs. temperature. The stations north of
Westport form & clearer limear trend than all stations together.

From a study of longitudimal sectioms of M. californianus from

various localities along the Pacific Coast, it is evident that a
definite correlatlion between latitude or temperature and shell
structure exists. This variation is only partially expressed in the
determination of percent aragonite in section. For example, although
the Avila Beach specimens have the same relative amounts of aragonite
in section as do specimens fram as far north as Oregon, the structure

of the shells is distinetly differemt. The inner prismatic layer of
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the Avila Beach specimens is much less developed. It is in some cases
discontinuous and is often broken by wedges of the nacrecus siructure
continuous with the nacreous layer. Some of the southern shells which
have only slightly more arsgonite than morthern omnes aectually have
little inper prismatie layer. Distipguishing the approximate mean
annual temperature of the collecting loeality by examining the extent
of development of the inper prismatic layer in a2 gualitative manner is
possible. It is in fact possible to make & generalized approximation
of the temperature of deposition by observing the imner prismatic
layer visible on the inmer surface of the shell (Plate VIec, Appendix
II, p. 220). 1In meking these interpretations, using only unworn or
very slightly worn shells is important. A worn southern shell which
has been "patched” by the addition of am inner prismatic layer may

resemble & specimen collected far te the morth.

Structural Types

Before the gquantitative relationship between shell structure and
temperature can be determined, a guantitative method of measuring shell
structure must be devised. In this study, a completely arbitrary
system of designation has been developed. It is not presented as a
unique method of numerical notetion of structure but as one possible
method.

Structure type nuwmbers have been assigned to certsin ranges of
veriation in shell structure, particularly as affected by the degree
of development of the immer prismatic layer. A higher structure type

nupber denotes a betiter developed ipmer prismatic layer. Plates VII
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and VIII (Appendix II, pp. 221 and 222) give a diagrammatic repre-
sentation of ea@hﬁstrucﬁure type and show actual photographs of
lopgitudinael sections of shells with the various btypes of structure.
An effort was made to make the boundary between structure types sharp.
However, in some cases, distinguishing the precise boundary may be
difficult.

For purposes of structure type determination, the beak is de-
fined as that area of s longitudinal section anterior to a stralight
line which is & projection of the posterior side of the muscle scar
or socket (fig. 4). If the section is not properly centered, the
anterior muscle scar msy not be visible and the position of the line
bounding the beak must be inferred. Percentages used im the descrip-
tions are areal percentages. The table below gives a description of
the structural types.

Iype

0 Ho ipner prismatic layer or caleite 1s present in the beak
except iﬁ the outer prismatic layer (beask area calcite may be
continvous with the outer prismatic layer cutside the plane of
the section, but beak ares cslcite is not here considered as
part of the outer prismetiec layer). No examples of this type
have yet been found.

1 No inmer prismatic layer occurs ocutside the beak proper. The
beak contains some but less than 50% calcite.

2 Wo inmer prismetic layer occurs outside the beak area, but the
beak conteins more than 50% calcite.

3 Small patches of inner prismatic layer occur outside the beak



ares, but the area of calcite outside the besk is less than 50%
of the total calcite area in the beak. In structural types of
3 or higher, the beak 1s usually completely calcite, but small
patches of aragonite, usvally forming less than 10% of the beak
area, often occur.

A distinct wedge of imner prismatic layer occurs outside the
beak ares but has a meximum posterior extent equal to less than
the maximws width of the beak.

The inper prismstic layer extends to the posterior from more
than one to less than three times the maximum width of the
beak. The inmer prismatic layer in structure types 5 through
7 in & few cases is not continuous.

The inner prismatic layer extends to the posterior meore than
three but less than six times the maximum width of the beak.

A fully developed imper prismatic layer ocecurs (exten&ing
posteriorly more than six times the maximum width of the beak),
but the layer may be discontinuous or incised for more than
half its length by tongues of aragonite.

A fully developed inner prismatic leyer occurs. The nacreous
layer 1s also well developed, being at least one-fourth as thick
as the inner prismatic layer at all places except in the beak.
Tongues of the npacreous layer may extend 2 or more mm. intc the
inner prismatic layer.

These shells contain a fully developed imner prismstic layer

and a weak nacrecus layer with poorly developed tongues of
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nacreous structure in the imner prismatic layer.

The distinction between most structural types is mot diffieculi
and can be done objectively. Unusual structures such as discontinuous
imner prismestic layers and arv unusually large amount of aragonite in
the beaks of shells with extensive inner prismatic layers cause some
difficulty. The rule followed in these cases wag to give the shells

the higher of two posgible type nunbers.

Varistion of Mean Structural Type with Temperature

In order to determine the correlation between structure type and
temperature, a number of shells was examined from several locations,
largely in the southerm part of the study range. Figure 35 shows a
plot of the mean structural type vs. mean annusl temperature of the
collecting localiiy. The vertical lines represent the probable error
of the means. Since the structural types were arbitrarily selected,
there 18 no reason to expect & straight linear trend from these points.

The structure type of large shells is usually slightly higher
than in smeller shells. The crosses in fig. 35 represent the mean
structural type of shells over 50 mm. in length. This may be due to

the fact that M. californianus does mot begin to develop an inmer pris-

matic layer immediately after starting growth.
Larger samples would have been desirsble in some cases, particu-

larly at El Morro.

Geographic Variation in Growth Rates in M. californianus

As discussed above in the section om shell structure in Mytilus,

determining the age of & specimen of M. californisnus from the
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relationship between the nacreous apnd inner prismatic layers is often
pogseible. Thus a generalized interpretation of growth rate can be
made. Finding a method of expressipg growth rate quantitatively
presents a problem. As shown in fig. 9 above, the log of age plotted

against length of M. californianus from La Jolla forms a stralght linme

for the greater part of the range. If this relationship holds at all
locaticns, points of log age vs. length plotted for mature specimens
can be used to characterize growth rate for the whole range of sizes.

Figure 36 shows such a graph for a number of stations. Data
from Avile Beach and Port Hueneme give growth rates essentially the
seme a8 that at Pacific Grove. These data were not included in fig.
36 in order to avoid a confusion of points. The La Jolle results of
Coe and Fox (1942) and the results from the Coroma del Mar growth
series described above have alsc been plotted for comparison.

The relationship of decrease in growth rate with increase in
latitude shows clearly. Fox end Coe (1943) have indicated that growth

rate in M. californisnus is probably greater in southern latitudes

than farther north. This relationship has been found in meny other
species and is apparently related to the greater rate of biological
activity at higher temperatures (Allee et al., 1949). If this relation-
ship holds, a correlation should exist between mean annual temperature
at & given locality and the growth rate. This correlation may be
greatly modified by other factors such as varistion in intertidal
exposure time, food supply, oxygen temsion of the water, and possible
variation in many other ecological factors. Swan (1952) discusses a

number of factors such as temperature, salinity, food supply, nature of
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Figure 36. - Crowth rate of M. califorpienus at selected stations. The
vertical bars indicate the uncertainby lo the agze determination. The
lines were drewn by sight to best £it the date. The nuwbers at the
right end of the lines are station numbers taken from fig. 1. Following
the station muber ig the synbol used for that station. The lines

from flg. 9 are included for comparison.
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the substrate, and smount of dissolved oxygen which might affect the
growth rate of pelecypods.

The limitetions of this study of growth rates should be borne
in mind. It‘is impossible to determine the age of a specimen of M.

californianus more precisely than a half year. A mistake of one year

in the age can be made 1f & color zope or pacrecus wedge is not devel-
oped for a particular year. Growth rate is not necessarily the same

for all individuals at a given locality. To obtain an accurate estimabe
of mean growth rate, larger samples would be needed. Fachors other
than temperature may be dper&ting to affect growth rate. This may
explain the fact that the Pacific Grove rate is not lower than that ab
Avile Beach and Port Hueneme although the Pacific Grove temperature is
lower. The results for the growth rate at Pacific Grove are similar

to that suggested by Richards (1928) for that location.

Btructural Variation in M. edulis diegensis and M. edulis edulis

The variations in shell structure discussed above apply only to

M. californienus. No great variatiom in structure is found in the sub-

species of M. edulis;although percent aragonite in longitudinal section
does vary in the same general mapner as the x-ray determined percent
aragonite. As noted in the first section, northern specimens have
more calcite in the beak area than scuthern specimens (Plate VIa and

b, Appendix II, p. 220). No intermediate forms between these end
mewbers have been found. This suggests that this difference in
structure is & suvbspecific difference. All specimens exsmined from

San Frepcisco and further south had the beak struchure which seems to
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be characteristic of M. edulis diegensis. Those from the Pacific north-

west appear to have the beak structure chsracteristic of M. edulis

edulis. Before the rapid spread of M. edulis diegensis in the esrly

1940's, the southern limit of sbumdant mumbers of M. edulis edulis was

in Ssn Framcisco Bay. The present subspecies there apparently is M.

edulis diegensis (at least all of those specimens examined from that

area in this study were M. edulis diegensis). This suggests that a

radical change of the makeup of the M. edulis population had occurred
in the San Frencisco Bay area. To check this, a museum specimen of M.
edulis collected before 1940 from Sen Francisco was sectiomed. It

showed the characteristic beak structure of M. edulis edulis. A more

extensive study of this species in the San F?a@cisca Bay area may prove
to be informative. Perhaps both subspecies are still present in sepa-
rate places in the area. Perhaps some very old specimens of M. edulis
edulis still live in the bay but no young individuals. Apperently M.

edulis diegensis is for some reasom better adspted for this enviromment

and has filled the niche formerly occupied by the other subspecies. A
study of shelles collected at various times since the 1940°s (if such

collections exist) would be useful in studying the rate of this change.

Growth rates in M. edulis edulis and M. edulis diegensis

The small lnner calcitic wedge in M. edulis edulis sometimes

intertongues with the nacreous layer. This apparently is the same

relationship as in M. californianus with the arsgomitic projections

representing summers. HNot enough sections showing this relationship

are avallsble to make a detailed study of growih rates. The San
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Francisco specimen of M. edulis edulis mentioned above,which is 53.5

mm. long,was apparently at least two years old. Ome of the Washington
specimens which is 32.8 mm. long appears to be approximetely three
years old. This would indicate a slower growth rate at lower tempera-

ture just as in M. californisnus. Both of these rates are slower than

the 76 mm. for the first year found by Coe (1945) for M. edulis
diegensis from La Jolla. The San Francisco rate is slower than that

suggested by the growth series for M. edulis diegemsis from Avila

Beach.
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STRONTIUM AND MAGNESIUM CONTENTS

Literature Review

The amount of magnesium and strontium in certaln types of in-
vertebrate shells has beern shown by variocus workers to be temperature
dependent. Clarke and Wheeler (1922) first demomsirated apparent
variation in Mg content with temperature. Chave (1954) made a more
detailed study of this variation in all major marine invertebrates.

He noted that the Mg content was dependent on three factors: minersl-
ogy, temperature, and phylogenetic level of the organism. Mg is more
readily accommodated in the calcite than in the aragomite structure.
Within a given group of orgenisms,; a positive correlation exists be-
tween Mg éentent and temperature of growth. In general, organisme of
lower phylogenetic level have & higher Mg content. In at least one
group, the brachiopods, Lowenstem (1959) has found that, at a given
temperature, a positive correlation exists between Mg comtent and the
salinity of the water in which the organism grew. Pilkey and Hower
(1960) made a study of the Mg and Sr content of the echinoid Dendraster.
They found a positive correlation between Mg comtent and both tempera-
ture and salinity.

Until relatively recently, only scattered analyses of Sr content
of invertebrate shells have been made. Many of these analyses have
been compiled by Vinogradov (1953). More recently, several comprehen-
sive studies of Sr im shells have been made. Odum (1950, 1951a, 1951k,
1956a) has shown that the Sr contemt of shells is largely dependent on

the Sr/Ca ratic of the water in which they grew, Sr/Ca of the shell
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being directly preportiomal to Sr/Ca of the water. He also demon-
strated a minerslogic effect, the Sr content of aragonite being higher
on the average than the Sr coptent of calecite. This effect does not
seem to be as pronounced as the mineralogic effect on the Mg content.
Sr content is also dependent on the taxonmomic position of the orgsanism
but not in the regular mepner of the Mg content. Swan (1956) inter-
preted some of the date of Thompson and Chow (1955) as indicating that
relatively faster growth rates within a specles result in relatively
lower amounts of Sr im the shells. Odum as well as several other
workers including Kulp et al. (1952), Thompson amd Chow (1955) and
Krinsley (1960) loékeé for a variation im Sr content with temperature
but found nope. Turekian (1955) attempted to demomstrate that the Sr
content of fossils was salinity dependent but did mot directly do so.
Lowenstem (1959) demonstrated that & positive correlation exists be-
tween the Sr content of brachiopod shells and both temperature and
salinity. Pilkey end Hower (1960) showed & negative correlation be-
tween temperature and the Sr content of Dendraster. The Sr content of
Dendraster is apparently independent of the salinity of the water in
which 1t lived.

Several workers have investigated the Sr content of fossils to
determine if & variation im Sr exists which would indlicate changes in
the Sr content of the oceans with time (Odum, 1951b; Kulp et al.,
1952; Bowem, 1956e and b; Turekien and Kulp, 1956; and Lowenstam,
1959). The most recent evidence indicates that the Sr content of the

oceans has been constant since the Mississippian (Lowenstam, 1959).
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Bpectrographic Technigues

Preliminary work om the Mg and Sr content of Mytilus was done
by emission spectrography. Twenty-five mg. portions of the samples
were dissolved in a 1% solution of HCl. Anm sxmonivm molybdate internal
standard was added. The solutions were allowed to stand overnight
before being diluted with 1% HCL to exactly 2% ml. Standard amounts
of the solution were placed on copper electrodes and allowed to dry
under infrared heat lamps. A%t least five electrodes were loaded with
sach sample. Stendard emounts of & series of nine standard solutiocns
ranging in value from 0.01 to 4.6k wt. % Mg snd Sr were also placed on
copper electrodes. The semples were then excited for 30 seconds by a
B. €. spark in a Jarrel Ash emission spectrograph.

Percent transmission of light by the Mg 2803, Mo 2848, Mo 3903,
Sr 4078, and Sr 4216 lines was determined. The percent transmission
values were converted to intemsities. The ratio of intensity of the
Mg line to inténaity of the Mo line on the same plate and intensity
of the Sr lines to intensity of the Mo line on the same plate was
deternined for samples and standards. Working curves were made from
the ratios and amounts of Mg and Sr for the standards. Values for
the samples were takem from these curves.

The error of spectrographic methods is usually assumed to be
approximately + 10%. The standard deviation of six values for the Mg
determinations is approximately 1,10% of the mean. The Sr determi-
nations are considerably more precise with a standard deviation of
approximately + 5%. The uncertainty shown on the graphes of spectro-

graphic date is the standard deviation of the determinatiomns.
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The spectrographic determinations give weight percent Mg apd Sr.
Welght percents of the elemenis were converited to weight percents of
the carbonates. Mole percents of the carbonates were then determined
from graphs of the functions:

wt. % 8rCog

mole % SrCOB = 1h7.64
x 100

wt. SrCog 100-wt. % SrCoq

147 .6k * 100.09
wt. % MgC@B

mole % MgCOB = 84,33
x 100

whe % MgCOB 100-wt. % %gCOS

+
84.33 100.09

Each of these functlons assumes that the sample is composed entirely
of the carbonates of that trace element and calcium. The error caused
by the fallacy of this assumption is small and within the uncertainty

of the messurement.

Seasopal Varistion in Strontium and Mognesium Content of the Quter
Prismatic Layer of Mytilus

Analyses were made of samples of M. edulis diegensis collected

at varying times of the year from one locality, the Kerckhoff Marine
Leboratory ln Newport Bay at Corona del Mar.

The outermost one or two mm. of the calcitic outer prismatic
layer was clipped from the sample so that only a few days growth
immediately preceding the collecting time was represented. Small

specimens (9-16 mm. in length) were used in this series. After the
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samples were clipped from the shells (several shells were used for each
sample) they were placed in Clorox to remove as much organic material
as possible. This treatment did not completely remove the protein
matrix between the crystals. Weighing of acid insoluble residues in-
dicated that 2% organic material remeined in the treated samples. This
small amount is within the amslytical error of the technique so it was
ignored.

The contrast between summer and winter temperatures is greater
ir bays then along the open coast. The tempersture in the shallow
water of the baj may be raised comnsiderably above that of the open
coast in the summer. The bay water may likewise be cooled to a greater
extent in the winter. Since the specimens are intertidally exposed,
they grow only at high tide when the water temperature may be differ-
ent from the average of sll tidal heights.

Figure 37 shows the variation of mole percent MgCOB with col-
lecting date of the samples. The MgCO3 gontent clearly shows a
seasonal varistion. The maximum value in late September and the mini-
mum value in February correspond with the times of maximum and minimum
temperatures at this locality. Mgeos content thus correlates with
temperature at this locality. The salinity here is nearly comstant
throughout the year. Variation in this factor can be ruled out as a
cause of variation in the MgCOB content. The value for April of the
first year is much higher than expected. The reason for this is not
known.

- The variation in mole percent S5rCO03 with collecting date is

shown in fig. 38. The SrCO3 content also varies with temperature.
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The two curves match in gemeral ferme slthouvgh not in some details.

One reason for this is the greater precision of the snalyses for Sr.
Some of the minor irregulerities shown in the Sr@@E graph may be
hidden by the experimental error in the ﬁg@@s graph. The variation in
Mgﬁ@s content in both sbsolute and percentage terms is greater than

the variztion in SrCQB, Hone of the SrCOS values differs significantly

from the expected.

Correlation between Temperature and Spectrographically Determined

%5603 and SrC@E

Percent SrC03 and ﬁgﬁeg was plotted against the mean temperature
for one week at the collecting time. When the data were available,
this was for the week preceding the collecting date. In other cases

1t is for the week followimg or including the collecting date. These

temperatures are uncertain. They were cbtained from a recording
thermometer in a 15 gallon aguariwm through which water continuously
circulated. This water was pumped from the bay into a large storage
tank from which it cir@ulé@@ﬁ through the asguariuwms. The waiter in
the storage tank mey werm slightly in the summer or cool in the winter
aceording to the atmospheric tempereture.

The temperature recorded &t the Laboratory veries considersbly
with the tidal cyecle. The Laboratory is located near the mouth of
the extensive, shallow Newport Bay. The water in the shallow upper
reaches of the bay is heated considerably. When the tide goes out,
this warm water flows out of the upper bay, raising the temperature in

the lower Newport Bay. When the high tide comes in, it brings cool,
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open ocean water and pushes the warmer water back into the upper bay.
The magnitude of this effect can be readily observed by recording the
temperature on the bay and open ocean side of one of the breakwaters
at the mouth of thé bay. On the morning of July 9, 1958, the tempera-
ture on the bay side was 20.8°C and on the ocean side, 15.5°C, a dif-
ference of 5.39C. Temperature differences recorded in the laboratory
within & 12 hour period are as great as QBSQC but are often consid-
erably less.

Particularly comsiderimg all the uncerteinties in the tempera-
tures, the points in fig. 39 for wole percent SrGGB 8. temperature
fall remerkebly close to the curve. The cwrve was drawn by sight to
best f£it the data. This curve has the seme genersl shape as the curve
for mole percent SrC@B vs. temperature in brachiopods {L@wemst%m,
1961} although the absolute values differ. A similar plot for MgCog
(fig. 40) shows a poorer correlation of MgCOy with temperature. The
sight curve is problematical, but it alsc has a shape similar to the
curve for mole percent Egﬁeg vs. tempersture in brachliopods {L@W@ﬁgtamﬁ
1961). This shows a low correlation of Mgﬁog with tempersture at
relatively lower temperatures but a marked correlatiom at higher
temperatures. The poor it of the Egﬁag temperature curve is in part
due to the poor precision of the technigue as well as the uncertainty
of the temperature data. The shaps of the two curves for SrCGS and
%gﬁég suggests that SrC®3 determinations may be more useful Ffor paleo-
temperature studies. Temperatures above 20°C are uncommon except im
the extreme southern part of the range of this study and in embayments.

Below this temperature, the slope of the MgCO3 curve may be too low to
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be of much use, even with & more precise method of analysis.

X-ray Fluorescence Analysis Technique

Due to the low level of the variation of SrCO3 content of the
outer prismatic layer, a more precise technique of analysis than
emission spectrography is desireble. An x-ray fluorescence technigue
was developed which gave considerably greater precision then emission
gpectrography.

Samples were prepared %y clipping or grinding with a dentist's
drill portions of the outer prismatic layer parallel to the growth
lines. These samples were ground in an agate mortar. The sample was
packed into an opening a quarter inch in dismeter in an aluminum sample
holder. The sample was placed in the x-ray beam of a modified North
American Phillips x-ray fluorescence spectrometer set at 58 kv. and
35 ma. The chi radiation of the Sr was measured by a flow propor-
tional counter. No’carrectian was made for background. Omne hundred
thousand counts were teken on each sample and the times converted to
counts per second.

A series of standard semples ranging im value from 0.12 to 0.78
welght percent Sr was run sixz times. The standards were shell samples
which had been repeatedly analyzed for Sr content. The values for
the standards are not as accurately known as desirable. This limits
the accuracy of the technique, but the precision is nevertheless high.
Thereforé, the results obtained from these analyses are internally con-
sistent although analysis with other standards or by other techniques

might give quite different absolute values. To minimize the effect of
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gradual changes in the stability of the machine, a standard was run
between each sample. A correction determined from averege reading for
the standard run before and after the sample was added or subtracted
to the reading for the sample.

Subtracting background from stendsrds and semples did mot im-
cresase precisiom. Taeking the ratio of Sr to Ca intemsities gave poorer
results.

A lower limit exists to the size of a sample which can be
analyzed by this technique. Figure 41 is a plot of the weight of
sample used against the difference in counts per second between the
semple and & stendard. A decrease in the difference for samplaes below
the 35 mg. size indicates & decrease in the apparent amount of Sr in
the sample. Thirty-five mg. was thus set as the minimum sample size
for these determinations. Most samples weighed at least 50 mg. Three
separate packings of most samples were run, in some cases only two.

Separate packings of one sample were run 20 times over a period
of six months. The mean of all these runs was 0.117 wt. % Sr with a
standard deviation of 0.0017. The precision of the method is prob-
ably better than this would imdicate. Many of these packings were run
before certain detalils of the technique were established. This sample
was usually the first rum of a group of samples, and the machine may
have on occasion not been thoroughly warmed up. For example, Tive
backings of one ssmple run under more ideal conditioms gave a mean of
0.115 wt. % Sr with & standard deviatiom of 0.0005. The precision of
the analyses dope later in the study was better than those done earlier.

The uncertainties shown in the graphs are the standard deviations of
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the runs on that particular sample to the nearest thousandth of a
percent. In those cages where the standard deviastion was less than
0.0005, an uncertainty of 0.001% was arbitrarily essigned.

The precision of this tecknique was high enough that the 2%
orgenic material in some of the samples could affect the results. As
the blue color characteristic of the organic perticn of the outer
prismatic layer of Mytilus disappeared after short exposure to the
intense x-radlation, it was assumed that the organic materisl was
destroyed in the process. Ho change Iin the intensity of the fluores-
cence of the sample‘with time was noted; apperently the presence of

a small smount of organic material does not affect the results.

Correlation between Temperature and SrCO3 as Determined by Z-rey
Fluorescence

In order to establish a scale of veriation of SrCO3 content with
temperature, samples were selected from several stations with normal
salinity and where detailed temperature data were available. Three to
three and one-half mm. of the edges of the outer prismatic layer of
several individuals averaging approximately 20 mm. in length were used.

Ho difference was noted in the SrCO_ content of the outer pris-

. 3
matic layer between M. californienus and the two subspecies of M.

edulis which were collected at the same place and time. Both species
were used in determining the relationship of SrCO3 contenﬁ to temperas-
ture.

Figure 42 is a plot of mole percent Sr003 against the average

temperature for the preceding half month. This should represent the

approximate time required for the outer rims to grow. The uncertainty
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in the temperature shown in the graph is an estimate of poszsible error
in determining the averages. The correlation coefficient for these
date is 0.916. The eguation of the least squares line is:
mole % Sr@@s : 0.0028 x tempersture (°C) + 0.096.
This line is compared with the spectrographic datae in fig. 39. The
temperature data used with the fluorescence samples are better than
those used for the spectrographic samples. No sswmples with good tempera-
ture data were available in the higher temperature rangs to determine
if the uvpward inflection suggested by the aspectrographic curve ccocurs.
A larger muber of samples for the temperature vs. mole percent

SrGQB curve would heve been desirable. Using material from specimens

grown in the aguariums was originally planned. However, sufficient
amounts of this material for use with the fluorescence techmigque were
not availsble.

A series of five samples from the open coast at Corons del Mar
was analyzed with the intent of including them in the temperature-
mole percent SrCGB graph. The results for these (Table 16, Appendix
I, p. 205 ) proved to be completely inconsistent with the results from
samples from other stations. Inclusion of these samples in the graph
would appear to largely invalidate the concept of tempersiure combrol
of 5rCO3 comtent. All other evidence indicates that 33693 content is
clearly related to tempersature. Exclusion of these snomslous resulbs
therefore seems Justified. Fo explanation caen be offered as to why
these samples do not conform to the usual pattern. Since these
samples did give anomelous results, the possibility that this is not

an isolated case should be considered 1n meking temperature



interpretations from SPGOg content.

EBffect of Shell Size on SrCOB Content
Figare 43 shows the mole percent 8rC03 in the outer rims of

shellie of M. ecalifornisnus of verious sizes collected in late October

from Senta Mopica. Narrower rims were taken from larger shells to
take the slower growth rate of larger individuals into eonsideration.
The @r603 content deersases with increasing size of the individual.

ien 5% of the value for the 23 mm.

The total decrease is sligﬁtly less tk
imﬁivi&uals, The emount of decrease in shells of 70 $o0 90 mm. in
length from two other locations is 4%.

The reason for this decresse can only be speculated on st this
stege. It may result from the slower growth rate of larger individuals.
This interpretation mey explain the entire temperature effect on Sr@§3
content. Tempersture may directly affect the growth rate and only in-
directly the Sr003 content of the outer prismatic layer. This may ex-
plain the two poimts im fig. 42 which fall comsiderably off the curve.
The point falling om the low side is for thicker than average shells,
suggesting a possible slow growth rate; and the point falling on the
high side is for shells thimner than average, suggesting a possible fast
growth rate. OSome factor other than temperature may have caused this
variation im growth rete. One method of checking this interpretation
would be to vary the growth rate of individuals grown in aguariums by
varying the amount of food while keeping the temperature constant.

This interpretation is opposite that of Swan (1956), who suggested

& negative correlation between Sr comtent and growth rate. Swan was
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handicepped in his interpretatlon by the fact that total shells were
used. Two of the species used by Swan in his interpretation are forms
containing both calcilte and aragonite. The thicker shells which he
indicates are representative of slow growth rate possibly contained a
relatively lerger amount of aragonite. Aragonite usually comtains &
larger amount of SrCQB than the calcite.

Before Sr@@B content ¢an be used to estimete temperatures of
growth, a method must be devised to take differences in size into con-
sideration. Temperatures taken from the curve im Ffig. 42 for TO to
90 mm. individuals would be almost two degrees too low. Figure bk
shows an ldealized approsch to thig problem. The solid line is the
least squares line from fig. 42. The broken lines have been moved
over percentage-wise in accordance with the apparent linear trend of
decrease in 33@03 content with increase in size shown by fig. 43. The
scatter of points about the least sguares line mekes this approach
applicable only in & generalized way.

The limitations of this technigue Por estimating shell deposi-
tion temperstures must be borme in mind. The original curve is based
on & limited awber of samples. Some uncertalnty exists gbout the
exact temperature at which the analyzed shell portions grew, perhaps
more wancertainty than is indlecated in the greph. The scatter of at
least two of the samples is too great 10 explain as due to temperature,
thus some other factor (perhaps growth rate) must be affecting the
Srﬁ@S content of the shells. The one group of specimens which grew at
known temperatures fell far off the curve for some unknown reascn.

With all these uncertainties, it 1s aspperently not possible to estimate
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temperature of shell depesition from the SrCOS content better than +
i1°c. Occasional samples may give even less scourate results then this.
In the following discussions when temperatures are estimated from STCQB

content, an uncerteinty of + 1% is implied.

Variation of SrCOS Content with Salinity

Semples of M. edulis edulis were collected from the Hood Canal

area of Washington and M. edulis diegensis from the San Francisco Bay

ares. The samples were prepered im the same mapner as those for the
temperature study. The %&mpies from the Hood Capal were excellent for
this purpose because temperature was apparently nserly comstent at all
stations. Bpecimens used for these analyses came from the same
stations dlscussed above in considering the effect of salinity on shell
mineralogy. Figure 45 shows the results of the Washington analyses.
The values do not differ greatly. They have & random scatter with no
trend noted with salinity. Variation In the values is probebly
entirely due to the temperature effect. As mentioned above, the
temperatures at these stations depend to & large extent on the time
of day (highest temperatures cccurring in the mid-afternoon end lowest
in early m@rmiﬁg}o Temperatures varied from 13.7 fo QE.QGC at col-
lecting time. Shell growth tempersiures of l?«l?oﬂ suggested by the
Srﬁﬁg coptent ars reascnable.

The results for the two samples from the Bap Francisco area are

not 80 clear.
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Salinity at Temperature at Mole %
Location Collecting Tiume Collecting Time Sr€93
Bsusaliteo 28.75 16.1 0.131
China Camp 19.96 £22.5 0.148

The ﬁrCOS content of the samples appears 1o increase with decresse in
sallinity, but temperature is higher at the low salinity station so it
is not pessible to determine with certainty what ceuses the change in
Srﬁ03 content from these two semples alome. If any possible salinity
effect iz ignored, the value for Sausalito indicates a temperature of
shell deposition of 12.5 to 13°C. Although the temperatures in this
part of the bayare comparable to open coagt temperatures, this velus
ie too low for late July, when the samples were collected. The possgi-
bility exists that the Sr/Ca ratio of the water in this partially
restricted area was not that of open ocean water. The China Camp
sample has a SrGQB content which indicates & temperature of 1895@6.
This locality is back in San Pablo Bay where late July mean tempera-
tures of thils order are probable.

Under certain conditions SrCGB may very with salinity. Presum-
eble variation in the Sr/Ca ratio of the water would cause varistion
of that ratic and thus the SrCOS content in the shell, Investigation
of the Sr/Ca ratio of the water in areas of reduced salinity in con-
nectlon with imvestigetion of the Sr@Dg content of the shell would be

desireble.

Seasonal Variation Series from Single Shells
Figure 46 shows where a series of samples was teken parallel

to growth lines from a pumber of modern and fossil shells. Figure 47
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Flpure k6. - Location of sanples used in seascnal varlastlon etudiss of
the SrCO: content of imdividusl shells. “he samples were removed
from the Cross-hatched areas which parallel growth lines.
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is a plot of the mole percent SrCOB against the distance from the

chteri&r end of a specimen of M. californiasnus from Pacific Grove.

The specimen was 87 mm. long.

Since the SrCO3 content of the ouber prismatic layer sppears 1o
be temperature dependent, the series of samples should show seasonal
variation. This series shows three maxima in Sr303 content separated
by minima. The maxime represent summers and the minims winters. The
final maxirumis not as high as the preceding two because of the size
effect on SrCOS content discussed above. The Sr603 content of the
initisl portion of shells camnot be determined because the outer layer
ig very thin and merrow in this ares of the shell so that a sample of
sufficient size cannot be obtained. This series indicates that the
specimen was approximately three years old. A study of the shell
gtructure of the opposite valve of this individual also indicates that
this specimen is three years old. Thus, these data lend support to the
interpretation that certain struectural Ffeatures of the shell reflect
seasonal changes. This sample series indicates that the growih rate
during the fimal year was greater than in preceding years. This is
contrary to the expected result.

The range of values of mole percent SrCO3 from this shell is wpot
great. This would indicate a narrow temperature range at this lecation.
The range indicated from the SrCO; content is approximately 11 to 16%¢
with a meen annusl temperature between 13 and 14°C. The actual range
in temperatures at Pacific Grove during the life of this specimen was
10.8 to 18.2°C. These temperature extremes persisted for very brief

periods and would be lost in the averaging process of taking semples
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representing asfmush as a month's growth. An estimate of the effec-

tive range of temperatures which would be recorded by samples of this
type would be 11.5 to 17.0°C. The mean annual temperature at Pacific
Grove during the life of this individual was approximately 13.936.

A M. californianus shell 92 mm. long from the open coast at

Corona del Mar was used to prepare a similar series of samples. The
results of the analysis of the samples are shown in fig. 48. The
interpretation of the series is not as obvicus as in the case of the
Pacific Grove specimen. It is mot certain whether one or two maxima
are represented. An anomslous growth patiern is indicated if am imter-
pretation of two maxima is made. If there is really omly one maximum,
it is difficult to explain the two low values at 45 and 50 mm. If
only opmeweximum is presept, this indicates that the shell is npot much
over one year old and has grown much faster than suggested by the other
date presemted sbove. This shell came from the same location as the
series of samples which fell completely off of the temperature curve.
Temperature iﬁterpretationsvbased on this series of semples are not
unreasonsble, however. A temperature range of il %o 1900 wiﬁh & mean
of 16 to 17°C is indicated. The effective range in temperatures at
Corona del Mar which might be represented in samples during this period
is 15.0 to 20.5°C and the mean annual temperature was 17.7°C. Neither
the Corona del Mar nor the Pacific Grove samples show such a large
variation in SrCOS content a8 the series of samples from the Kerckhof?f
Marine Laboratory in Newport Bay. This appears to be due to the

heating of the water in the shallaw'bay mentioned gbove.
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Similar sample series were prepared from fossils. They will be
discussed in detall in a later section. The fossil series in fig. 51

shows the seaso

pal variation even better than the modern samples.

SrGOE Content of Cther Layers

The sbove discuseion has been limlited to the cuter prismestic
layer of Mytilus. HNo extensive study of the SrGGB content of the
other two layers was made. One reason for this is the difficulty in
preparing ssmples from the mserecus and inner prismatic layer. FPre-
paring a sample of sufficient size pressnis no problem, but kaowing
the period of time during which this sample has been growing is diffi-
cult. Ideally, it would be best to skim thin samples off the inner
surface of the shells. Such samples should represent a relatively

ghort period of growth ilmmedlately preceding the collecting time.

One analysis of the imner prismatic layer of M. californianus

was made. The sample was prepered by scraping the surface of this
layer with a dentist drill. The Sr@GS content of this sample was
O.l@%rm@le %. This is & lower value than that for the outer prismatic
layer of the same shell which contains 0.136 mole %.

The nacreous layer %as sampled by two methods. In one case the
inper surface was scraped with a dentist drill. In other cases, the
shells were put imn Clorox. This removes the orgenic materisl from be-
tween the first fev layers of the nacreous structure and frees flakes
of aragonite.

The results of the snalysis of five samples prepared in this way

are shown in fig. 49. A negative correlation apparently exists between
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temperature and Srﬁﬁg content. The magnitude of the temperature effect
is much greater 1n this layer than in the oubter prismatic layer. A
negative correlation between temperature and SrCQB content was found
by Pilkey and Hower (1960) in the echinoid Dendraster. The @61id line
in fig. 49 is the least squares line for the correlaticn between SFCOB
content and tempersture in the outer prismetic layer. The usual re-
lationship of higher‘SrCOS content in aragonite then in calecite (Odum,
1956a) thus apparently does mnot hold im all cases.

Due to the sempling technique, the estimated temperatures shown
may differ appreciably from the actusl growth t&m@&r&tﬁre. The
apparent correlstion between temperature and Srﬁ@3 content may thus
not be as obvicus as it appears from these results. The possibility

axists that the Sr teken wp by My

ilus is pertitioned between the
nacreous and ocuter prismatic layers in such a8 way that the totel Sr
content per unit weight of shell deposited is approximately constant.
This w&ul&‘@xplaim why previous workers found no tempersture effect on

the 5re@3 content of total Mytilus shells.
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PALEOECOLOGICAL INTERPRETATIONS

Comparison of Paleotemperature Methods

Several techniques have been developed in this study which can
be uged to indicate past temperatures. Some of these methods are more
satisfactory than others. Some are effective under certain conditions
and not under others. Before illustrating the use of these technigues
to determine paleotemperatures, & discussion of the relative merits of
each is in order.

Perhaps the most effective method developed in this study is
the use of the mean structural type. Since it is besed on a number
of shells, cne nom-representative shell will not affect the results
unduly. No ceses have been found in modern shells where this technique
gave in@omaist@ﬁt results. This method is not subject to instrumental
errors. 1t is the easiest to use and requires the least amount of
equipment. GCeneral spproximeations of paleotemperatures could even be
made in the field. Diagenesis cannot produce wnsuspected slteratlons
in structural type; however, dlagenesis can complicate the use of this
technique in some cases as discussed below. Even if the sragomitic
necrecus layer had comverted to calcite or been dissolved and replaced
by secondary calecite, this techmigue will still work if the layers can
be distinguished.

This method does have certain disadvantages, however. It can-
ot be used onr shells which have been subJjected to wear during the
1life of the individual (this often inecludes e large proporition of the

specimens at a given lecality). It will not work for mesn snnual
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temperature below 1363, A% this temperature the lmper prismstic layer
of most specimens is fully developed so that further lowering of
temperature does not produce changes which can be measured by this
‘meshod. It would probably not work sbove a mean apnual temperature

of sbout 18%C. It gives no measure of meximum or minlmum temperstures

during a given year. This method cannot be used for M. edulis edulis

or M. edulis diegensis.

The second most effective method of determining palectemperatures
is by the 5EC63 content of the outer prismetic layer. In some respects
this iz the most effective. This technigque gives maxinvm and minimum
a8 well a8 mesp snpual temperstures. It cap be used to tell tempera-
tures for one particular year and can thus be used to study varistion
in temperstures from year 1o yé&r, Growth rates can also be determined.
The demonstratiocn of sessonal varistion curves ilp the Sr@@3 content
along the layer can be used to discount disgenetic alteration. This
method works for both west coast species of Mytilus.

Some disadvantsges are connected with use of this metheod. Only
well preserved materisl cen be used. Unless a seasopal variation
curve can be demonstrated, a small loss of Sr which would give lower
temperatures camuot be dlscounted. Sr@@a content varies with size of
the individual az well ez with tempersbture adding sn additionsl compli-
cating facter. A few cases In modern shells have been found in which
SKCOE content 414 not seem to be correlsted with temperature. Such
cases may occur in fosgils. Demonstration of sessopal variation can
eliminate this peseibility. ZElaborate eguipment is reguired to meke

the determinsticns. The Srﬁﬁg contents are low enough and differences
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between samples grown at different temperatures are smell epnough that
g small smount of contamination of samples can invallidete the results.

The Srﬁégvaamt@nt of the nacreous layer is a potentially effec-
tive method of determining psleotemperatures. Sample preparation is
the main obstacle to using this technigues.

Determination Qf shell mineralogy by x-vay diffraction can be
used as & method of paleotemperature determination in some cases.

This method invelves some unceriainties, however. The variation in
wmineralogy at any one locality is often large compared o variation
between localities. Shell thickness, and other unknown factors,
gffect shell mineralogy. Omly large, complete, unworm, very well
preserved fossils can be used. In some cases shell minerslogy in
modern shells could not be explained by factors measured in this study.
This method probebly should only be used in conjunction with %the above
two more reliable methods.

Growth rate as determined from shell structursl and seasonal
variation curves in the 83@03 coptent of the outer prismetic layer
gives some indication of temperature. Factors other than temperature
mey also affect the growth rate, however. This method should not be
used for worn shells as their growth rats msy be slower at & given
temperature then voworn shells. Shells from differing microenviron-
ments may also have varying gréw%h rates. For instance, specimens
which ere continually submerged grow faster then those which are inter-
tidally exposed. This method cannot at present be used to precisely
deternine actual temperatures. It can be used to support or csst

doubt on values determined by more precise methods.
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Review of Califeornis Upper Pleistocene Faunas

The faunas of the Californis Pleistocene have recelved & great
deal of attention in the last 100 years, particularly since Arnold's
(1903) monograph on the Pleistocene of San Pedre. Valentine (1958a)
has reviewed previous work on the Pleistocene faunas of the Pacific
Coast as well as added much additional informstion. Upper Pleistocene
faunas have been described from numerous locations along the southern
California and northern Baja California Coasts. These are practically
all found in terrace deposits formed at shallow depths. The exacf age
and eorrslation of these faunas is problematical. The relationship of
the age of the Califoranis marine Pleistocene sediments to the age of
the glacial drift in the midwestern United States is unknown (Woodring
et al., 1946). Attempts at radiocarbon dating of some of these fossils
have shown that they are too old to date by this technigue. Shells
from the lowest terrace at Sam Pedro give an age of > 30,000 years
(Kulp et al., 1952b). Bradley (1956) reported an age of >39,000
yéars for shells from Santa Cruz, California. The terraces onm Santa
Rosa Island are > 33,000 years old (Crr, 1960).

Some guestion exists &5 to whether or not the deposits are
glacial, interglacial, or both; and 1f the deposits are of approxi-
mately the same age. Some of the faunas containing elements charscier-
istic of warmer temperatures than presently found have been provision-
ally correlated with interglacial stages (Gale in Grant and Gale, 1931;
Smith, 1919). Some of the faunas have & cold water element. Recently,
Valentine (1958a) has made the interpretation that all the faunas are

glacial. Those on the open coast where intepse upwelling of cold
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subsurface waterrhas ocourred are characterized by a ¢old temperature
element. Those faunas in more protected situations have a warm water
element (Valentine, 1954a and 1955). Emerson (1956a and b) and Addi-
cott and Emerson (1959) suggest that intemse upwelling explains the
cold water feumas, but indicate that they are interglacial.

Care must be taken 1n msking generalizations shout these faunas.
Any implication that all faunas from the Plelstocene terraces are of
the same age must be viewed with skepticism. The tectonic instability
of southern Californis mskes such correlation impossible without de-
tailed investigetions. The safest course is to treat the fauna from
each particular terrace as & separate entity.

Paleoecological interpretations based on these Pleistocene
terrace faunas have been made by meny writers. Since practically all
the species listed in these papers are still living, these interpreta-
tioms are based on known ecological requirements. Temperature inter-
pret&tions have been particularly common. Most temperature interpreta-
tions are based on the present ranges of species. If the fossil
species is south of its present range, this is considered as evidence
of colder temperatures. Fossil species north of their present ranges
eare evidence of warmer temperatures. This technique is handicapped by
the lack of complete knowledge of ranges. These species are often
represented by few specimens and the limit to the presently known range
may be only a few miles from the collecting locality.

Schenck and Keen (1937 and Schenck, 1945) developed a technigque
of estimating past temperatures by & comparison of the median of the

latitudinal mid-points of species ramges with the latitude of the
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collecting locality. This method has several advantages over those
hased on fossils outside the present range of the speciss, particularly
in that it considers all species present.

The extent to which the fossil feuns at any particular lecallty
may represent the fauna at any given imstant of time is questionable.
The time involved in the accumulation of these fossil faunas may be
of the order of hundreds or even thousands of years. During such
periods of time, rather large fluctuations in ecological Pfactors, such
as temperature can occur. Sigpificant temperature fluctuations have
occurred on the Pacific Coast in the last 100 years. Marked changes
in the fish fauns have cccurred in response to this variation (Eﬁbbs,
1948). Thus, the existence of forms which are presently confined to
the south or north of the particular collecting locality may represent
temporary tempersture fluctustions. Emilieni and Epstein (1953) demon-
strated by oxygen isotope asnslysis what appears to be marked fluctus~
tions in temperature during the deposition of the lower Pleistocene
Lomite Marl. The total fauna thus cannot be considered as character-
istic of any particular temperature regime. In large faunas, usuvally
slements are preseant which are characteristic of both relatively
colder and warmer temperstures than presently occurring at that lati-
tude. The predominance of one type or another certainly does not
mean that the temperature at that locality was always warmer or colder
than the present. This problem of fossil faunas covering a considersble
span of time is further complicated by the combination of all fossils
from & particular terrace deposit. Confinipg collecting to ome partic-

ular horizon would help to restrict the magnitude of the time factor.
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Woodring (1951) suggests that some of the contradictory evidence
in the upper Pleistocene may be due to physiologic evolution of species
which is not expressed morphologically. Johnson (1960) discusses
this possibility and also observes that f‘éctors other than temperature
may be involved in limiting the present ranges of these species.

A study of these faunas which estimates paleotemperature on a
basis other than faunal interpretation should help to clarify some of
the contredictions. Woodring (1951) suggested that a study of paleo-
temperatures based on oxygen isotopes might be useful in clarifying
the apparent contradiction of having warm and cold water elements in
the seme fauna. Such a study would be & major underteking., Here it
is only hoped to give some indication of the problems involved in, and
the results that might be expected from, such a study. The main
purpese here is to test the applicability to fossils of the techniques

developed for modern shells.

Use of M. californianus for Paleotemperature Interpretations

M. californisnus is abundant in many of the Pleistocene terrace

deposits. For this study, specimens were collected from four localities
from northern Baje Califormia to central California. In additicn,

specimens of M. edulis edulis were collected from the lower Pleistocene

of the Seven Mile Beach (Merced formation) in San Framcisco. Figure 2
shows the callecti‘ng loecalities.

The ecolegy of M. californianus should be briefly reviewed in

order to more satisfactorily evaluate the meaning of the palectemperature

results. This species is usually intertidal or occurs only & few feet
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below low tide. A few specimens have been found from greater depths
{Berry, 195hk), but they are apparently not abundant. Newcombe (1935)
suggests that predators may place a lower depth limit on M. edulis

from the Bay of Fundy area. This may also apply to M. californianus.

M. californianus is only found om rocky shores which provide a hard

substrate for attachment. They appear to be restricted to the open

coast vhere the salinity is mormal and the water 1s turbulent. Speci-

mens mey occasionally be found just inmside bays. M. californlenus

should thus record the surface or nsar surface water temperatures of

the open coast.

M. californianus Fossils from Rosarito Beach

Several specimens of M. californianus were collected from terrace

deposits approximately lé-miles south of Rosarito Beach, Baja Cali-
fornia. This was probably the same as UCLA lccaﬁian Ro. 2720 dis-
cussed by Valentine'(l95hb and 1957). The fossils were found immedi-
ately sbove the terrace platform which ls cut into the basaltic bedrock.
The elevation is from 15 to 20 feet sbove sea level. The sediment is
poorly sorted with grain sizes &ll the way from silt or clay size to
boulders a foot or more in diameter. The fossils were in & lens-

shaped body extending for only & few feet laterally and two or three

feet vertically. M. californignus is an sbundant constituemnt of this

fauna. The originel erystalline structure of these shells is preserved.
They are crumbly because most of the organic matrix which holds the
érystals together lg apperently gone. Two specimens were found with

valves still articulated. To find fossil specimens of this species
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with both valves itogether is unususl. This indicates that little
transportation at least of this species has occurred. A complete
collection of all species was not made.

The estimated mean annual temperature at this approximste local-
ity between 1949 and 1960 (from date supplied by C. L. Hubbe) was
15.6°C. Considersble upwelling of cold water occurs atvthis locality
today, reducing the mean annual temperature below that of locations
many miles to the morth. Upwelling along many parts of the northern
Baja California Coast is intense (Dewsom, 1951) msking temperatures
here generally lower than those.alomg most of the southern California
Coast.

Study of the structure of 10 shells gives a range in structure
type from 2 to 6 with a mean value of 4.4. This indicates a mean
ennual temperature approximately the same as or slightly lower than
at Sante Monica. Thus a temperature of 15.5 to 16.0°C 1is indicated.

On the basis of M. californianus shell structure, the mean temperature

in the upper Pleistocene at this loecality was no different from the
Present day value.
Figure 50 is & graph of mole percent SrCOS ve. distance from the

posterior end of a Tl mm. long M. californianus shell. This shows a

fluctuation which is apparently seasonmal. This indicates a fairly
rapid (but not unreasonable) growth rate. There are no minime in this
curve 1o indicate with certainty what the winter values would be. If
the low values at both ends of the curve are considered as minimum
values, a temperabure ranmge of 13 to 1706 with a mean annual tempera-

ture of 15°C is indicated. This is the mean annual temperature for
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only ope year and should not be regarded as necesserily appliceble %o
the whole deposit. To determine how temperature may have varied from
year t¢ yvear, it would be necesgary to run series of samples from &
nupber of shells. This temperature 1s a little lower than that given
by the study of shell structure and may be due to variation in the
mean amnval temperature from year to year. In the two cases above,
where seasonal curves were obtained for modern specimens, the indicated
mean ennual temperatures were slightly low. This is probably due to
the imaccuracy of the original temperature vs. mole percent Sr@©3 line.
A value of 19.0% arsgonite was obtainmed by x-ray diffraction for

a 45 mm. specimen of M. cgliforniasnus from this locality. This speci-

men was too small to be representative of the mean snnuel temperature
of this locality, particularly in view of the growth rate suggested
above. In addition a small portion of the shell was broken off. Al-
though & number of besks of larger shells were collected, only smell
complete shells were found at this loeality. This is due to the
fragile nature of the fossils discussed above. Also the lamellase of
the nacreous layer tend to peel off very readily. For this reason,
some of the aragomite origimally im this shell may have been losgt.
As mentioned in the section on shell mineralogy above, this is not
always @ reliable method of determining paleotemperatures. In this
case; it indicates a temperature of approximately 11%¢ which appears
t0 be too low based on the evidence of the above two methods.

Data on growth rate are in general agreement with shell structure
and Sr@@s content. Two of the ten shells examined in section have a

slower growth rate than the remsinder. The rest of the shells indicate



& growth ratve slightly faster than that at Pecific Grove. This is
weak evidence of temperature since it ls based on g swmall number of
samples. The slow growth rates in two shells are difficult to explain.
Perhaps they grew during unusually cold periods. The slow growth rate
may be due to some factor other than temperature. Detailed growth
rates cannot easily be determined from fossils which msy come from a
variety of microenviromments. Some of the specimens may have been
intertidal and others continuously sulmerged so that growth rate may
vary considerebly at any given locality.

The two most relisble methods of paleotemperature determination
give temperatures between 15 and 16°¢ for this station. Crowth rates
do mot in genmeral contradict this suggested temperature. X-ray deter-
mined shell mineralogy gives a lower temperature, but this technigus
is not reliable and the sample used was far from satisfactory. On
this basis, an estimate of 15.5 + l.O@C for the mean temperature during
the deposition of this fossil deposit seems Justified.

Velentine (1957) listed 32 species from his UCLA lecality 2720.
He lists 230 molluscan species and subspecies from the upper Pleisto-
cene of the morthern Baja Celifornis area. Nineteen of these have the
southern limits of thelr present ramnge north of this location. Three

have their present northern limits to the south. Eleven of the 22

species and subspecles which are outside of their present range are
less than 20 miles from the known endpoint of their range. Valentine
interprets this as indicating that this locality was one with intense
upwelling and colder temperstures than found at present. The fauna

contains an admixture of a few species carried in from nearby protected
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sites which were characterized by warmer temperstures than those

presently found. Since M. califormianus is characteristic of exposed

rocky shores and since the specimens show no sign of much transport,
presumebly they should have grown at the lov temperatures if this

interpretation is correct.

M. californisnus Fosails from Torrey Pines

Pleistocene specimens of M. californisnus were collected from

the terrace deposits at Torrey Pines, north of San Diego, Californis.
The locallity ls spproximetely 1 mile south of the north end of the
Torray Pines cliffgo This locality is probebly the same as locality
SPSHH Ho. 68 of Stephems (1929) and UCLA locality No. 3458 of Valen-
tine (1958a and 1960). The terrace here is some 65-70 feet above sea
level. It 1s a rempant of a terrace which once was presumebly more
extensive and which has been preserved 1n a re-entrant formed im’the
cliff by a henging valley (Valentine, 1960). The fossils are embedded
in sand which is better sorited than that ét Rogarito Beach. Fragmented

and worn specimens of M. californiapus are more common than complete

specimens. A distinction should be made in species such as M. cali-
fornlapus between pre- apd post-mortem wesr. As discussed above,

living specimens of M. californisnus are often extensively abraded,

particularly in the beak area, from scraping against other individusls
or the substrate. This can usually be distinguished from genersl
abrasicn ol the entire surface and particularly the edges of the
shells which has occurred after death. The fragmentation and post-

morten wear of lthese shells suggest that they were transported at
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least a short distance. That a sultable hard substrate for attachment
was available at the site of deposition ;s uwnlikely. The terrace is
cut in a relatively soft sandstone which does not stand up under the
erosive action of waves. The abundance of specimens indicates that

M. celifornianus did not live far from the depositional site, however.

The preservetion of M. californisnus at this locality is dif-

ferent from that at the Rosarito Beach locality. Fossils here are
harder, in fact harder than wmodern shells. They have a reddish colora-
tion which is apparently related to the originel blue pigment pattern
of modern specimens. The original crystels are apparently preserved.

This lecality is only a few miles morth of La Jolla along a
straight coast. The present mean annual temperature should be approxi-
mately the seme as at La Jolla (16.9°C).

Determination of the structural type of nine shells from this
locality gave a range of 2 to 4 and a mean value of 3.2. This is
approximately the same as Corona del Mar and indicates & mean apnusl
temperature of sbout 16.506. This would indicate that the mean amnusl
temperature during this period of the upper Pleistocene was about the
same as at present. The slight difference indicated is not significent.

A plot of the mole percent SrCOB vs. distance from the posterior
edge of the shell of a 85 mm. long specimen gives a beltter seasonsl
curve than was found im the modern shells used (fig. 51). Two mexima
and two minima are present indicating that this individual was slightly
more than two years old. A study of the structure of this shell indi-
cates & probable age of 2% years. The peak in the anterior portion of

the shell is higher (younger shells have relatively more SrCOB at a
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given temperature) and brosder (growth rate is faster in younger
shells) than the peak in the posterior portion. These values indicate
a temperature range of 14 to lSGC and a mean annusl temperature of
16°C. As was the case with the Rosarito Beach fossils, this gives a
mean anonval temperature slightly lower than that indicated by the
shell structure. The difference is not outside the range of uncer-
tainty, however. The discussion of the reasons for this st Rosarito
Beach is appropriate here also.

X-ray diffraction determination of thé mineralogy of a 100 mm.
long specimen shows that it is composed of 27.2% arsgonite. This
specimen was more satisfactory for this purpose than the one frsm
Rosarite B@ach; This specimen was complete and woworn. A few bryo-
Zoans growing on the inner surface indicated that not much of the
aragonite could have flaked off the immer surface after deposition.
Nevertheless, the value of 27.2% aragonite indicates & mean annusl
temperature of only 1% or slightly higher. As in the Rosarito Beach
fosslils, there is no indication of comversion of aragonite to caleite.
Ho explepation can be offered as to why this temperature should be so
much lower than the other two except that unknown factors apparently
influence the mineralogy.

Approximate ages were determined for five shells. All shells
indieated a relatively rapid growth rate (similar to that at Corons
del Mar).

The two most relisble methods of paleotemperature determination
givé temperatures between 16 and l?ﬁﬁe Growth rates do not contradict

this estimate. Shell mineralogy suggests a lower temperature. A
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temperature of 16.5 + 1.0°C would appear to be the best estimate of
the mean temperature during the time of deposition of this fauna.
Valentine (1960) recognized that much of this fauna must have
been transported from some other loecality. He postulated that longe-
shore currents cearried shells north from the ls Jolla region. From
his study of the fauna, Velentine estimated that the mean apnual
temperature of this locality, unlike most open localities, was about
the seme as 1t is today. He ldentified omly one species nerth of its
present range. .Th&t species is o rare constituent of the fauna. Mo

species were ldentified which are south of their present range.

M. californisnus Fossils from Newport Bay

The third locallity from which specimens of M. c¢californianus were

collected for this study was near upper Newport Bay nesr Corcona del
Mar, California. These specimens were collscted from the lower
terrace some 60-T0 feet sbove ses level. The locality is im a gully
cut in the terrace some 200 yards from upper Newport Bay. The locality
is the same as locality 66 of the Los Angeles County Museum (Kanskoff
and Emerson, 1959). Im fect, some of the specimens used in this study
were supplied by Mr. Kanakoff. The fossile here are found in a pre-

dominantly sendy sediment. M. californisnus is common but not as

ebundant as in the preceding localities. Most of the specimens show
no post-mortem wear indicating only very short transport from the
actual life site. The general condition of the fossils is much like
thet at Torrey Pines. The original crystals of these shells are

preserved. The shells are hard and some are discolored.
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The mean of the structural type of eight shells of M. californismus

from this loecality is 3.4 with a range of 1 to L. This is ebout the
same a8 at Coroms del Mar and indicates a temperature of aspproximeately
16.5%C or about the same as et this locality today. The total fauns
represents & diverse number of enviromments. It is not suggested that
this temperature is charascteristic of all of them. Since M. califor-
nianus ig never féumd far from the openr coast, probably the tempersiure
indicated by these shells 1s for the surfece water of the sxposed coast
in this area. The tempersture in & hypothetical upper Pleistocene
Newport Bay may well have been warmer than the open coast.

bnalyses for Sfﬁﬁg content of the oubter prismetic layer at this
locality are incomclusive. Flgure 52 is & plot of mole percent Sr@@s
v8. disgtance from the posterior emd of & 105 mm. shell. ¥o well de-
fined seasomsl c¢ycle cen be seen. With the exception of the ome high
value at 90 mm., ell the values fall within a narrow range of varia-
tion. This indieates some loss of Sr in dlagenesis. A spectrographic
analysis shows that the iron conbent of at least some of these shells
is four times highér than in modern shells. This indicaltes the addi~
tion of some material. Perhaps these shells are similer to the group
of modern shells from Corone del Mar discussed ebove which spperently
were not temperabure sensitive im their SECGB eontent for some unkanown
reason. If these SrSOB values do reflect temperature, the values for
this shell suggest & range of 12 to 14.5°C with a mean annual tempera-
ture of 13,566« This excludes the ome high value which gives a tempera-

ture of 17.0°¢C.
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An 89 mm. long specimen contains 27.9% aragonite as shown by
x-ray diffraction. This indicates a temperature of 1k to l@.5@8‘

This temperature appears to be too low as in the case of the tempers-
ture based on mineralogic determinations of shells from the other
loecalities.

Age determinations of five specimens at this loecality lndicate
growth rates of from approximately that at Pacific Grove to rates
comparable with those ocecurring presently at Coroma del Mar.

The most relisble method of determining paleoctemperatures gives
& value of l6.§@C' Growth rates suggested by shell structure study
do pot contradicet this. The 8r®03 content 1s spparently altered or
at least not & reflection of temperature. The shell mineralogy gives
a low bemperature as in the case of other locslities. Sinece struc-
turally determined temperatures are apparently the most reliable, a
value of 16.5 I.LaG@G is & reasonable estimate of the mean temperature
of the open coast surface waters during the formatiom of this deposit.

Three pspers have appeared on the upper Pleistocene paleontology
of this area. Bruff (1946) collected fossils from several localities
in the Newport Bay area. He determined the median of miﬁ»@@iﬁt@ of
the Egmg@ of all the species in his collection. This medlan was at
the latitude of San Diego. He comncluded that the mean annusl tempers-
ture was the same as at San Diego todsy. Schenck and Keem (1937)
warned ageinst using this technigue to put such precise velues on the
temperature. The medien of mid-points at best suggests that the
temperature during deposition of these faunas was not significantly

different from that of today. Modern faunas collescted in the Sen Pedro
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ares o few miles north of Hewport Bay give medians of mid-points south
of the actual latitude of Sam Pedro (Schenck and Keen, 1937).

Valentine (19%8a) interpreted the fauna of this ares as indi-
cating warmer temperstures than occur in this region today. His inter-
pretation was based on the presence of several species north of their
present range. He Indicated that the warmer temperatures were due o
the sbsence of wpwelling at this point and the presence of insolated
water.

Kanakoff and Emerson's (1959) interpretation of the fauna is
essentially the same as Valentine's. The fauns indicates a gemerally
warmer but more diversified climate than exists at this point today.
They base thelr interpretation on the presence of 47 species (12% of
the fauna) which today do not renge this far north. They comclude
that the temperature in protected embayments ln this ares pust bave
been at least 4°F (2.2°C) warmer than today. Six species (less than
2% of the fauna) were cbserved which today ocour only north of this
locality. They interpret thle as meaning that nearby areas were
characterized by low temperatures and strong upwelling of cool, sub-

gurface water.

M. californianus Fossils from Cayucos

The most northerly locality st which M. californianus was col-

lected in this study was at Cayucos, California. The fossils were col-
lected from exposures of the terrace deposit in the low sea cliffs in
the town of Cayuces from a point 50 feet g@uth of the foot of 5th

Street to & point south of the end of Tth Street. This probsbly
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includes Valentine's (1958b) UCILA localities 3389, 3390, 3391 and 3392.
A Tossiliferous bed immedlately above the terrace platform is contin-
wous throughout this area. The elevation is 10-15 feet above sea
level. The fossils occcur in & zandy sediment.

The preservatiom of M. californianus is different at this lo-

eality. The aragonitic nacreous layer has been completely dissolved
from every specimen. The only srasgonite found in awy of the shells is
in the form of smell flecks within the inner prismatic layer. Hot all
of the other arsgonitic fossils are dissolved, however. Hvidently the
necreocus gtructure is nmost susceptible to scolubtion. With the middle
layer missing, ccllecting shells with outer and inner prismatic layers
intact is extremely difficult. The thip oubter prismetic layer of the
beak reglon is always lost. Had the arsgonite which was removed by
solution been replaced by secondary calelite, structural interpreta-
tione could have been made 23 readily &z 1f the actual nacrecus layer
were atill present. The crystal structure of the prismatic layers is
preserved.

Sections were made of the beasks of four specimens of M. cali-
fornleapus. The extent of development of the lnmper prismatic layer was
observed. Topgues of nacreous structure within this layer were ob-
served as voids within the layer. The mesn value of the struetural
type was 8.0 with a range of 7 to 9. This indicates a mean annual
temperature slightly lower than that at Pacific Grove (12.996).

Structural studles of M. californjanus from this locality are

difficult due to the absence of the pacreous layer. The mein problenm

is deciding whether or not a given shell had been worn in the beak
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region during the life of the individusl. Worn specimens aslmost in-
varisbly have better developed inuner prismatic layers than unworn ones.
Thus if whether or not the specimen wag worn capnot be determined,
structural type is of limited value in determining temperatures. With
a well developed inner prismatic layer, pelectemperature determinations
from structural type are reaching the limlt of semeitivity. An esti-
mation of tempera%ure iz hardly Jjustified since no estimate of the
amount of shell wear can be made, and since the sample is smaell.

The results of S:rCOE determinations for this loecality are in-
eonclusive. TFigure 53 shows the varistion in SrEOS content along the
outer prismatic layer of a 82 mm. long shell. With the exception of
one high value, the SrCGS content is nearly comstant. This indieates
that loss of 8r in diagenesis has destroyed the sessonal variation
effect. The only other possible imterpretation ls that the tempera-
ture &t this locality was nearly comstant throughout the year and hence
1o sessonal varistion appears in the SrSOS conbent. This is unlikely.
Hot much loss could have occurred becsuse the velues for mole percent
SrCGB are still relatively high. In fact, the values are slightly
higher than those for winter depositicn at Pacific Grove. The possi-
billty that the shell could heve gained Sr in dlagenesls is considered
extremely remocte. Eguilibration with ground water, which almost in-
variably has & relatively low Sr/Ce ratio (Odum, 1956b), always causes
2 loss of Sr (Lowenstem, 1960). The minimum possible change in 8rCOg
conbent would occur 1f those portions of the shell baving a low Sré@g
content were uwpaffected and only those portions with high values re-

duced. At any rate, these values would then represent a minimum
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posaible mean temperature for this locality of 13060 The one high
value could perhaps be an unsltered poriion of the layer. This indi-
cates a temperature of 17-18°C.

Age determinstion of three shells from this location Indicates
& slow growth rate. BRates bebtween those at Wesitport and Waldport are
suggested. These may be worn shells. The effect gbrasion may have on
growth rate is unknown, but may cause a slower growth rate. Ages
determined on worn shells are thus of doubtful velue.

None of the paleotemperature determining technigues gives the
exact tempsrature of this location. tudy of structursl types indi-
cates & mean temperature of the ovder of 12%C. This should be regarded
as & minimum value. 5rc@3 content indicates 1306 &8s o probable minimum
value for the mean temperature and one temperature &s high as l?.SGCE
Growth rates, which are probably not reliable in this case; indicate
lower temperatures.

On the basis of these data the most reasonable interpretation
is that temperatures were probsbly at least ss warm 2z the present
temperatures at this locality and may have been slightly higher.

Valentine (1958a and b) listed 130 species from the Cayucos
region. Most of them are characteristic of a rocky, open coast en-
viromment. He listed four species as north of their present ranges
and two south of thelr present ranges. Valentine sztates that this
indicates a greater range in temperature than at present. He infers
that the mean temperature did not differ greatly from the present

value.
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M. edulis edulis Fossils from San Francisco

A number of specimens of M. edulis edulis were collected From the
B =

upper Merced formatlon exposed in the ¢liffs st the Seven Mile Beach
Just south of the Sen Francisco city limits. The fosslls were col-
7 lected from a fossilifercusz bed some five feet above the base of the
eliff at a péin@ Immediately west of the intersection of Skyline and
Alemany Bouleverds in the Thornton Beach Park. It is pear locality
B-U810 of Glen (1959). The fossils were found im an uncomsolidated,
fine sand. The fossils were fraglle and difficult to collect intach.
The material is apparently well preserved. The originel crystals are
8611l present.

The exact age of the upper Merced ls uncertain. It has been
assigned both to the upper Plioccene (Martin, 1916) and the lower
Pleistocene (Woodring, 1952). Glem (1959) comsiders this fossil zone

- %o be in the lower Pleistocene. Both valves of M. edulis edulis were

usuelly intect and meny of the other pelecypods were apparently inm
their life position. Although this is presently an exposed coast,
this bed was deposited in & protected situation.

Study of structure of M. edulis edulis does not give informa-

tion on envirommental conditioms. The structure of these fossgil

specimens does confirm that the subspecies M. edulis edulis is repre=

sented here.

These fossils are toc small to allow preparation of samples
along the outer prismatic layer of sufficilent slze to make STCOS deter-
minations to show seasonal variation. One composite sample was made

of portions of the outer prismatic layer from six individusls.
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Provided this is & representative ssmple and disgenesis has not changed
the composition, the amount of 83633 should be an indication of the
mean temperature of shell deposition during the lives of these gpeci-~
mens. This sample comtained 0.127 mole % Srﬁﬁﬁ. This indicates a
temperature of lLQEQQQ This is 2°C colder than San Framcisco (Fort
Point) mesn annusl tempersture today. There is no way to tell with
certainty that disgenesis has not lowered the 33@@3 conbent.

Aeray determination of shell minerslogy for four separate valves
of individuals approximstely 10 mm. in length gave a result of 20.9%
aregonite. This value is higher than that for individusls living =t
near pormel salinities in both the San Francisco Bay region and
m@rﬁhexm Washington. Reduced saliniitles may thus be represented bul
no estimetez of exactly what the salinity mey have been can be made
on the basis of these data.

Glen (1959) made a detalled study of the fauns of the Merced

formation in this region. He comcluded that the Pauns

indicated that

the Herced formation was deposited at shallow depthe in & "sheltered
basin” with a probeble redueed salinity. Glen made ne statements sbout
tenperature implieations of the feuns. Using the range dataz in Keen
(1937}, all the species from the upper Merced are apparently within
their present range.

& more detailed study of paleotemperatures and paleosalinities
of the upper Merced formation would be lpformpative. A study of this
type might help to indicate where the Plioccene-Pleistocene boundary

ghould be placed in that fermetion.
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Oxyeen Isotope Avelysis of Fossils

Oxygen isotope analyses were mede of porivioms of the ouber
prismatic layer of fossil spscimens from each of the above localities.
Results of these apalyses have pot been included with those of the
other paleotempersture technigues because these resulls are considered
a8 only provisiomal. The mass spectrograph was not operating at peak
efficiency during these analyses. More samples would be necessary
to definltely establish the results cbtained from this limited nuwber
of samples.

The advantages and limitations of this method have been exten-
sively discussed elsevwhere (Urey et al., 1951; Epstein et al., 1951
and 1953; Epstein and Meyede, 1953; and Lowenstam and Epstein, 19%4).
Of particular importence in the fossils discussed in this study is the
water correction. The Califoraie current lowers the present Cfélg
value of the surface water along southern Californla by as much as
0.4%/00. Therefore, if a cﬁf}l8 value of 0.0%/00 (mean ocean water)
were used as the water correction for shells collected im southern
California today, the resultant temperatures would be 2°C too high.
During the glaclal stages of the Pleistocene, the Californias curvent
may have brought in a grealter smount of glaciasl meltwater so that the
5;518 values may beve been even more negative. The Cfﬁlg values for

the middle of the interglacial steges may have been nearer @.OS/@@
than today. Thus whether or not the faunas are glacial or imterglacial
is significant in the use of oxygen isotopic temperatures. Valentine
and Meade (1960) did not comsider this in their pelectemperature deter-

mipations for the Californis Pleistocene.
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Oxygen isotople paleotemperatures give the mean temperature of
deposition of the shell. Thiz is not necessarily the same as the
mean amnual temperature st the locality where the shell grew (Lowen-
stam and Epstein, 1953). Some organisme deposit shell only during
parts of the temperature range. The rate of deposition varies with
temperature in many species. Some of the shells used by Valentine
and Meade (1960) are probably of this type. Some of their samples
are southern specles near the northern extremes of their range. They
likely grow only during the warmer part of the year or at least grow
Tagter then. They also used northern species mesr the southern
extremes of their range. They likely grow most during the colder
part of the year.

Ag has been discussed sbove, the rate of growth in the Mytilus
species studied here is apparently in part bemperature dependent (Coe
and Fox, 19h2}y, Therefore, oxygen isotope determination of complete
Mytilus shells should give higher temperstures than the mean annual
temperature becsuse growth is fester in the sumer. This was true for
the modern shells anslyzed.

If the temperature at which a shell or a portion of & shell grew
can be determined by some other method, determination of the isotopic
composition of the wabter in which it grew is possible. This w@ul@‘b@
ugeful in estimeting the paleocsalinlty of the water in which the

sample grew.

Oxygen Isotope Amalyses of Portioms of M. californienus Fossils

Table 23 (Appendix I, p. 213) shows the wvalue of palectemperabures
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at each fossil locality if the water is assumed to have & C;ng valus
of 0.0%/c0. The C{@i@ value of the water assuming that the tempera-
ture of growth was that indicated by the SrCGS content is also given.

BSemples of the outer prismatic layer used for oxygen isotope
enalysis were alsc analyzed for Srl0y content. Those samples which
have an Sr§03 content indicating that they were deposited st near the
mean annual temperature were used in some cases. In other cases, com-
posite samples were made which should represent shell mebterial growa
throughout the year.

The sample from Rosarito Beach had & 83603 contbent indicating a
temperature of lﬁcODC» This is approximstely the mean annvel tempersa-
ture estimated on the basis of Srﬁﬁg content and shell strueture. The
wneorrechted @x&g@n isotopic palectemperature for this sample is llmﬁgGg
Thisz is epparently too low and does not asgree with temperatures estl-
mated by obther technigues with the exception of the mimerslogy tempers-
ture, which was considered poor Tor this locality. This discrepancy
can he explained in & nuwiber of ways. The sample may sctuslly haeve
been deposited at this temperature. This would mean that the other
technligues of palectemperature Iinterpretation were insccurate. This
does not seem probsble. The sample may have been deposited In water
with a Cf@ié value of 4—0.6®/o@a That water of this composition could
exist on the open coast at this loecation during the Plelstocene appears
unlikely. This would indicate hypersaline water. Another possibility
is that the shells established post-depositional equilibrium with

water of this composition. The Sr@QS conbent gives no indication of

post-depositional alteraticon. Nore simply, perbaps the analysis was
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poor or the sample contaminated.

The sample from Torrey Pines has a Srﬁﬁﬁ comtent which also
indicates & temperature of 1§°©®G, The wncorrected isotopic tempera-
ture agrees exactly with this value. This indiecates that the water
actually had & cfﬁlg value of @gﬁa/@@ when this shell was deposited.
This would be slightly different from the present water &t la Jolla
{cf@ig =z -0.4%/0c) and would indicate & lack §f glacial meltwater in
the Californie current and hence interglacial conditioms. The speci-
mens from Torrey Pines thus give the same paleoctemperature resulis
from shell structure, SKCGB content and oxygen iscotope analysis with
supporting evidence from growth rate. Only shell mimeralogy conflicts.

The Newport Bay semple is a composite sample which should repre-
sent at least & year's growth. It has a Sr@@§ content which indicates
a temperature of 13.0°C. The Sr603 content gives indlcations of beling
dilagenetically lowered. The oxygen lsotope temperature for this sample
is 19@5@6, This temperature iz higher than would be expected from the
other techmigues. This ecould most readily be explained as resulting
from diagenetic alteration imvolving partial eguilibration with ground
water baving & relatively more negative cf@lg value than sea water.
Diagenetic alteration would lower SrGGB temperatures and reise oxygen
isotopic temperatures. If the 5r803 temperature is considered to be
correct and no disgenetic alteration is assumed, the water in which the
shell was deposited would have to have a J 0°C value of -1.4%/co. This
would indicate reduced salinity. The fauns gives no evidence of this

(Kanakoff and Emersom, 1959).
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The Cayucos sample is a composite sample which should cover
several seasons of growth. Since the size of the specimen from which
this sample came 1s not precisely kunown, the temperature of 13.,5%
represented by the SrﬁOB content of the sawmple should be considered
as only approximete. The isotopic temperature of 13,3% agrees with
the Sx“‘@i}g temperature snd suggests that the lsobopic composition of
the water is not much different from that at present, although slightly
more positive. This indlcates interglacial conditions. The resulte
of the oxygen isotope determinations give added confidence %o the
Sr@% temperatures from this locality. Since they do not vary much
seasonally, at least the higher samples appear to have been lowered.
The agreement of STC% and oxygen isotope palectemperatures indicates
that this lowering wmust have been zlight.

The San Francisco ssmple is composed of several pieces of ouber

prismatic layer from small specimens of M. edulls edulis and should thus

be representative of the mean btemperature at this locality. The oxygen
isotope tempersture of 16.0°C is considerably higher than the Srﬁiag
temperature of 11.5°C. This could either be the result of slight
disgenesis or deposition in water of reduced salinity. Deposition in
water of sglightly lowered salinity would give apparently higher oxygen
isotope temperatures when no water correction is made, but would not
affect Sr@é}g temperatures. Glen (1959) suggested that this fauna did
live under conditions of reduced sslinity. If the SZ‘CGB palectempera-~
- 16
ture iz congidered to be correct, the water would have had a O( 0
value of -1.1%/0cc. What salinity this represents depends om the

1 . ; o . .
g 0 8 value of the fresh water which was diluting the normal sea water.
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IT the diluting water was glacisl meltwater with & very negative Cf@lg
value, the salinity would not be as low as if it were temperate zone
rain water (Epstein and Mayeds, 1953). Using the relationship found
between salinity and cf@lS value of present surface water off the
Pacific Coast of North America by Epstein and Mayeda (1953), a salinity
of approximetely 32.50/00 is obtained. There is no particular reason
to belleve that this relationship held in early Pleistocene time, how-
ever. Dilubtion with normel temperete rain water with a C{O15 velue

of ~?.Qg/a@ would give a salinity of approximstely 29.50/0G. These
specimens probably grew in water which was in this salinity range of

29.5 to 32.5°/o0.
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CORCLUSION

A detailed description of the structure of the shells of M.

californianus, M. edulis edulis, and M. edulis diegensis Is included

in this study. The Mytilus shell consists of three and sometimes
four layers: periostracum, outer prismetic layer, nacreous layer,

snd inper prismatic layer. The imper prismatic layer is found in

some specimens of M. californianus but not in M. edulis edulis or M.

edulis diegenmsis. A blocky aragonite layer sometimes oceurs in both

species. The periostracum iz composed entirely of orgenic material.
The outer prismetic layer consists of elomgate erystals of caleite.
The long axes of these crystals recline at varying angles toward the
besk and characteristically form come-shaped aggregates. The nacreous
layer is composed of tebular aragonite crysials arranged iﬁ lamellse
parallel to the lumer surface of the shell. The inner prismwatic layer
is composed of caleite erystals much like those of the outer prismétic
layer. Cone-ghaped aggregates are more common in the lpner prismatic
layer. The inper prismatic layer conteins zones which are charscter-
ized by finer crysbtal texbture tham the rest of the layer.

The spatial relationship between the nacreous and ilnner pris-
matic layer can be used to determine the age of specimens of M.

galifornianus. Tongues of nacreous structure in the lnner prismatic

layer, zones of fine texture in the imner prismatic layer, and tongues
of the blocky aragomite layer in the inner prismatic layer apparently

form during the swmer.
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Lowenstam (19%54b) demonstrated on the basis of a growth series

from La Jolla that percent aragonite in M. callifernisnus is corre-

lated positively with temperature. The present study demopstrates
that the shell mimeralogy of specimens less than 15-20 mm. in length
is not affected by temperature. (lLowenstam's growth series did mot
include specimens this small.) This is indicated by the lack of
variation in specimens collected seasonally from a single locality,
the lack of geographic varlation, and the lack of regular variation
in growth series in specimens below this size range. That percent
aragonite in the shells of larger specimens increases with temperature
is indicated by growth series from Corona del Mar and lLa Jolls. Geo-
graphic variation in a large number of specimens also indicates thisg
felationship. & guantitative relationshipy between tempersture and

shell mineralogy in M. californisnus was determined. Factors other

than temperature also affect the shell minerslogy of this species.
Statistically, thick shelled specimens have a higher percent arsgonite
than thin shelled individuals. The factors caﬁsing shell thickening
are unknown. Other unknown factors also affect shell mineralogy.
Lowvenstam (1954b) demonstrated that percent aragonite in M.
edulis 8. s. from the Atlantic Ocean has & positive correlation with
temperature. The present study shows the shell minerslogy of the
Pacific Coast representatives of that speciles to be secondarily af-
fected by temperature. Genetically distinect groups can thus be

distinguished by shell mineralogy. Specimens of M. edulis diegensis

collected seascmally from ome locatiom do mot vary ecyeclically. Ko

reguler variation with latitude in larger specimens of M. edulis edulis
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and M. edulis diegemsis was noted. An apparently distinct positive

correlation between tempersture and percent aragonite in small (less
than 20 mm. in length) specimens of both subspecies, particularly in

M. edulis diegemnsis, contradicts this evidence. A probable low level

temperature effect was noted in the growth seriles from Avila Beach.
Increase in percent arsgonite with increased shell length is the

dominant factor im M. edulis diegensis from Avilas Beach. Decreased

sallnity causes inecreasse in percent aragonite in both subspecies of
M. edulis.

Veriation in shell mineralogy is expressed as varistion in
shell structure. No previous study of the variation of shell structure
within 2 specles has been made. Variation in the percent aragonite in
longitudinal sections of Mytilus reveals the same general relation-
ships a8 shown by x-ray determinations of the total shell mineralogy.

Shell structural types in M. californianus were established and found

to vary in a regular manner with temperature. These structural types
are based on the degree of development of the inuner prismatic layer.
The higher the temperature, the less developed is this layer. A
study of shell structure was used to determine the age of specinmens

of g. callfornisnus and thus the growth rate of the shell. A positive

correlation exists between temperature and growth rate in both species

of Mytilus.

The relationship of variation in megmesium and stromtium to
environment in pelecypod shells has not previocusly heen determined.
Mg and Sr content of the outer prismatic layer of both species Ils

gorrelated positively with temperature. Spectrogrephic analysis of the
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rims of seasonally collected specimens of M. edulis diegensis show

eyelical variation in the coumtent of both of these elements. X-ray
fluorescence apalysis of Sr content of pertioms of outer prismetic
layer grown at known temperatures at various localities was used to
establish the guantitetive relationship between temperature and SrCOE

content. Analyses of specimens of M. californianus collected gt omne

place end time indicate that Sr603 content is negatively correlated
with the size of the specimen when that portion of the ocuter prismatic
layer was deposited. The SrCO3 content of the outer prismatic layer

of M. edulis edulis was demonstrated to be independent of salinity.

Seésanal variation in 8r003 content in samples of the outer prismatic
layer teken across growth lines was demomstrated. BEstimates of mean
amnusl, meximum, and ninimum temperatures of the collecting locality
could be made from these analyses. On the basis of & limited mumber
of samples, a negative correlation between temperature and SrC@3
content was demonstrated for the pacrsous layer.

The sbove relationships meke possible four methods of quanti-

tetive palectemperature determination from M. californispus shells.

In order of apparent decreasing relisbility, they are: shell structure
type, STCOB centent of the outer prismatic layer, growth rate, and shell

mnineralogy. Sz'CO3 content of the cuter prismatic layer can also be

used for M. edulis edulis and M. edulis diegensis. MgCGB content of
the outer prismatic layer and SrCO3 content of the nacreous layer are
alsc potential paleoctemperature determination methods but requirs addi-

tional work.
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These methods of palectemperature determination were ﬁsed on
fossils from five localities im Californis and Baja Californls. In
all cases, shell structure type imdiceted temperatures approximately
the same as exist today at the latitude of the fossil locality. In
at least two and probably four localities, Sr003 content of the outer
prismatic layer gave relisble temperstures. Diagenetic alteration
has affected the fossils at one location (Newport Bay). Growth rates
varied too much for a precise estimste of paleotemperatures but were
in general sgreement with shell structure temperatures in all cases
but one (Cayucos). With one exception, shell mineralogy temperatures
were lower than indicated by the other methods. The exception was
at Newport Bay where low Srco3 temperatures resulted from diagenetic
alteration of the fogsils. The oxygen isotopic composition of the water
in which the shells grew was estimated from oxygen isotopic analyses
of shells and temperatures determined from SrCQs contents.

The resulis of these paleotemperature delerminations and five
oxygen isotope analyses indicate that the fouwr upper Pleistocene
terrace deposits investigated had temperatures approximately the same
as found at that lastitude today and were probably formed during inter-
glacial stages. The lower Plelstocene fossils from Sapn Franelsco imdi-
cate & temperabure 2°C lower than presently found at that locality

and & slightly redueced salinity.
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APPENDIX I

TABLES OF DATA



Table 1

X~-ray Determinastion of the Percenmt Aragonite in M. californianus
Collected Seasonally from Corona del Mar, California
S

Collecting No. of Length of Total Sample Temperature at %
Bate Specimens Specimens Weight Coliecting Time Aragonite
(rm. ) (mg.) (°c)
6-30-58 4 11.8, 12.5, 13.7, 13.6 832.1 21.6 41.5
9=13-58 i 11.6, 11.0, 11.2, 11.0 517.0 20.2 39.0
o 11-14-58 L 12.8, 13.0, 12.0, 12.0 7614 19.2 40.5
- B 1-16-59 3 13.8, 12.5, 12.7 595.0 15.8 37.5
g u o 5« 7-59 3 12,0, 12.2, 12.2 521.8 18.6 L6.0
o g
R B 6-30-58 1 20.4 87k 4 21.6 40,2
g0 9-13-58 2 19.7, 20.6 1299 .4 20.2 43.7
< 2 11-14-58 1 21.7 755.0 19.2 37.9
= 1-16-59 3 17.7, 19.2, 18.3 1283.2 15.8 38.2
3-19-59 2 17.8, 17.6 878.4 17.8 47.8
7-2h-59 1 26.6 1360.4 20.7 48,0
10-29-59 1 26.5 1280.0 19.7 38.9
12-16-59 1 28.6 1403 .4 16.3 32.4
1-15-60 1 25.5 846.3 14k 25.6
2-25~60 1 27.3 1105.0 13.6 32.4
5= L-60 2 27.0, 27.8 24k8.0 16.9 24,5
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Table 2

A-ray Determination of the Percent Aragonite in M. edulis diegensis
Collected Seasonally from Corona del Rmﬁ& California

Collecting No. of Length of Total Sample Temperature at %
Date Specimens Specimens Weight sollecting Time Aragonite
(. ) (mg.) (°c)
6- 6-58 L 8.k, 9.3, 7.1, 9.0 187.7 19.8 31.0
6-30-58 L 8.3, 7.8, 6.2, 6.7 119.9 22.0 31.5
7-25-58 b 7.5, 6.8, 6.6, 8.3 103.2 9.2 25.5
8-11-58 L 8.4, 6.9, 7.2, 7.3 95.1 19.8 27.0
9-13-58 4 8.k, 8.4, 7.6, 7.9 128.5 21.5 27.0
10-10-58 4 8.0, 7.5, 8.2, 7.7 112.0 20.3 27.5
11-14-58 4 9.3, 8.5, T.4, 7.8 k1.4 19.2 27.5
1-16-59 i 7.3, 8.0, 9.1, 7.9 156.1 16.2 30.2
6- 6-58 3 13.7, 13.3, 1k4.0 576.4 19.8 28.0
8-11-58 2 15.3, 13.9 412.3 19.8 31.5
10-10-58 1 15.4 239.2 20.3 27.0
12- 5-58 3 16.3, 13.6, 13.5 504.6 17.4 22.0
12-27-58 L 16.5, 15.5, 17.3, 15.5 937.5 16.5 31.0
2-27-59 2 1.3, 14.3 378.2 15.5 28.0
5= 7=59 7 13.6, 13.5, 12.5, 12.5 5544 19.3 26.5
13.5, 13.7, 13.7
T= 2-59 L 15.3, 14.8, 15.0, 15.4 984 .9 2.2 30.5
9-16-59 1 29.8 1224.8 22.9 2L .3
10-29-59 1 23.3 1801.0 19.9 31.0
12-16-59 1 31.6 14610 16.4 28.6
1-15-60 1 30.0 1548.0 13.4 33.7
2-25-60 1 32.1 1931.0 4.3 31.0
5= 460 1 30.1 1216.5 17.7 34.5
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Table 3

X-ray Determination of the Percent Aragonite in Specimens of
M. californianus Collected at Corona del Mar on October 29, 1959

Length Weight % Aragonite

(mm. ) (g.)

110.0 26.75 {one valve) 38.6
97.7 26.03 " 33.2
91.1 20.22 " 3.7
8.7 12.13 " 3.9
7h .2 7.65 " 29.0
67.3 7.30 " 33.4
63.2 4.9l ) 29.3
54.0 3.19 " 26.3
48.8 3.39 ) 33.3
Wi .5 2.67 K 30.3
Lo L 1.31 " 28.1
32.8 .81 " 32.9
20.2 491 (bvoth valves) %0.3
7.3 .389 " 36.5
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Table &

X=ray Determination of the Percent Aragonite in Specimens of
M. edulis diegensis Collected at Avila Beach on October 16, 1959

Length Weight % Aragonite
(om. ) (g.)
76.5 5.68 (one valve) 48.9
62.0 .59 ) 3L.6
58.4 L2z ! 40.3
Ll 1 2.63 ) 32.5
L.k 1.28 ) ol .o
30.5 650 ! 16.1
18.3 237 " 18.4



Table 5

L-ray Determination of the Percent Aragonite in Small Specimens of M. californianus
from the Pacific Coast of North America (collected between July 15, 1958 and August 3, 1958)

Collecting Collecting

No. of Length of Sample Time Time %
Location Specimens Specimens Weight Temperature Salinity Aragonite
(mm. ) (mg.) (°c) (°/oo0)

H

o Behia Sto. Tomas (1) 3 16.4, 14,0, 13.2 630.3 15.3 33.96 20.5

I La Jolla (&) 2 20.4, 19.5 1211.0 20.8 3L, 40 30.5
Avila Beach (8) L 15.0, 15.3, 13.6, 13.3  1091.5 16.8 34.23 25.9
San Francisco {10) 3 1.2, k.7, 17.2 698.4 1 31.75 27.9
Westport (14) 2 15.8, 17.1 730.8 k.0 34,02 38.3
Bandon (19) 2 15.3, 15.8 519.2 11.0 34.18 27.9
Indian Beach (22) 3 15.5, 13.8, 13.4 519.5 12.9 33.84 27.6



Table 6

X-ray Determinstion of the Percent Aragonite in Small Specimens of M. M%gwum,AWOﬁwAmsﬁm@mawmmv
from the Pacific Coast of North America (collected between July 15, 1958 and August L, 1958)

Collecting Collecting

o

No. of Length of Sample Time Time %
Tocation Specimens Specimens Welght Temperature Salinity Aragonite
(wm. ) (mg.) (°c) (°/o0)
Halfway House {3) 3 13.8, 13.4, 1h.6 452 4 19.8 34.00 24,1
La Jolla (&) 3 15.2, 13.4, 1k.5 781.6 20.8 34,40 48,5
Santa Monica (6) 2 13.7, 15.0 417.9 18.8 34.05 32.1
San Martin (9) 3 11.1, 12.0, 11.0 356.1 13.4 34,00 21.6
San Francisco (10) L 13.7, 11.8, 13.8, 12.3 396.4 Lk 31.75 16.8
Cape Mendocino (15) 3 14.8, 14.8, 12.7 401.8 12.8 34.24 28.9
Ophir (18) 3 15.2, 15.1, 13.0 450.8 2.8 33.77 19.7
Umpgua, (20) 3 15.4, 15.7, 1k.7 539.6 10.0 33.80 31.0
Waldport (21) 3 13.6, 15.3, 13.2 531.2 10.9 34.33 37.4
Point Grenville (23) 3 13.5, 13.9, 13.0 395.0 11.1 33.66 8.7
Hoh (24) b 2.2, 11.5, 11.2, 11.8 278.8 12.8 33.66 26.6
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X-ray Determination of the
of M. edulis diegensis and M. edulis

Table 7

Percent Aragonite in larger Specimens
edulis from the Pacific Coast of North Americs

Location Length Subspecies
{mm. )

La Jolla (&) 37.4 M. e. d.
Corons del Mar (5) Lo 7 "
Santa Monica (6) he.2 "
Avila Beach (8) 76.5

" 62.0 K

1t mmw.wm 1t

77 Ekour 1§

1 M,WH.‘NW "

1 WO‘W 1t

11 Hmw.w 1
Point Grenville (23) 31.3 M. e. e.
Hoh (24) 30.7 i
Neah Bay (25) 30.3 ;

Welight
(1 valve)

(g.)

e
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RO OV B O e
o
(o)

o
(8]

®

650
237
539
539
1.19

Collecting
Time

Temperature
(°c)

20.8
19.7
18.8
18.5

Collecting
Time
Salinity
(°/o0)

3440
34,63
34.05
3Lh.01

%
Aragonite

- e s ®

e
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Location

La Jolla (&)

Corona del Mar (5)
Santa Monica (6)
Avila Beach (8)

11

Pacific Grove (10)
Westport (15)

=18

v Determinations of Percent Arasgonite

Length
(mm. )

Weight
(1 valve)
(g.)

k.99
3.21
L.79
1.40
1.69
ST
435
26.75
6.27
9.48
9,20
5.25
L,21
2.69
1.92
1.79
<753
27.62
8.67

Table 8

Collecting
Time

Temperature
(°c)

20.8

i)

in Larger Specimens
of M. californiasnus Tfrom the Pacific Coast of the United States

Collecting
Time
Salinity
(°/oo)

34 .40

Mean Annual

Temperature
(°c)

16.9

IT

5

P

Aragonite

° e 2 e @ ® - e
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From U. S. Coast and Geodetic Survey (1956) or interpolated from this data.



Table 8 {con't.)

Collecting Collecting
Weight Time Time
Location Length (1 valve) Temperature Salinity

(mm. ) (g.) (oc) (°/oo)

Westport (15) 55.2 7.94 k.0 34.02
" 50.2 5.12 " "
1 r.mem :\«.W e_omNO i n
1 ,..\\wm fw PBWO it "
" 27.3 739 " "
11 mmai‘w cmﬂNm 13 i

Waldport (22) 55.3 L,o1 10.9 34.33
" 45,7 2.87 ! "
m 42.6 2,01 " "
N " 38.5 1.56 " "
..% 1 wm ewz u;amw@ 1t 1t
$1 w‘«.w:am a_NqNWM: 11 1A
" 23.9 612 " "

Hoh (25) 64 .2 8.11 12.8 33.66
" k,.q.m.m w .mm 1 1
1 wm .ﬂ_w w iﬁ@ 1 1
" hi.5 2.85 " "
" 39.5 1.9k j "
1t w,.wawa m.w.ﬁ iy it
N 36.5 L.37 n "

Mean Annual
Temperature
(°c)

%
Arsgonite
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Mean Temperatures of Growth as Determined by Oxygen Isctopic Analyeis
for M. californianus from Various Points along the Pacific Coast of North America

Mean Annual % ) oHmu ) me § ¢t3 O isotopic

Location Length Weight Temperature Aragonite of Shell of Water of Shell Temperature
(mm.)  (g.) (°c) (®/00) (®/oc) (9/00) (“c
S La Jolla (4) 53.5 4,99 16.9 34.0 -0.9 -0k +0.4 18.5
S Corona del Mar (5) 110.0 26.75 16.h 38.6 -1.1 -0.4 0.0 19.5
] " 67.3 7.30 " 33.4 -1.0 -0.4 0.0 19.0
: 54,0 3.19 " 26.3 -1.0 -0k +1.4 19.0
Avila Beach (8) 69.2 2.48 13.1 2z2.7 -0.3 -0.5 +0.5 15.5
Pacific Grove (10) 91.7 27.62 12.9 23.5 +0.3 -0k +0.6 13.5
Westport (15) 60.2 8.67 12.0 31.9 +0.,2 -0.5 -0.7 3.5
Hoh (25) &h.2 8.11 9.9 20.5 -0.8 -0.8 -0.3 16.5
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Location

Neah Bay (26)

Port Townsend (27)
Brinnon (28)

Eldon (29)
Potlatch (30)

San Franciscoe (11)
Sausalito (12)

San Pedro (13)
China Camp (14)

Table 10

X-vay Determination of the Percent Aragonite in Specimens
of M. edulis edulis from Washington and Sen Francisco Bay

Weight
Length {1 valve)
{mm. ) (g.)
30.3 1.19
31.7 1.23
30.5 1.33
30.7 1.03
29.2 .932
12.9 (ave.) .099
28.3 787
37.5 669
25.1 .613

Temperature ab
Collecting Time
\Oﬁg
Ly

°

i et

O oW O

PO O Ut L)
NI SO e

LY

o= DN

Salinity at
Collecting Tinme

(°/oo)

32.48
31.73
28.15
27.56
18.60
31.75
28.75
26.65
19.96

%

Arsgonite

° o °

o

a Y =
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X-ray Determination of the Percent Aragonite in Specimens of M. californianus
and M. edulis diegensis from Corona del Mar Showing Microenvirommental Rffects

Collecting No. of Semple %
Species Dat Specimens Length Weight Aragonite Remarks
(mm. ) (mg.)
M. e. d. 5~ 7-59 1 13.6 80.5 29.0 Opposite valves
M. e. d. 5= T=59 1 13.5 82.0 31.5 of same specimen
M. e. d. 5= 7=59 1 12.5 76.4 23.5 Opposite valves
M. e, d. 5- T7-55 1 i2.5 71.5 20.5 of same specimen
M. e. d. 5~ 7-59 1 13.5 79.3 29.0
M. e. d. 5~ 7-59 1 13.7 79.8 25.5
M. e. d. 5w 7=59 1 13.7 8.9 25.5
M. c. T-24.-59 3 22.3, 21.7, 18.5 1784.3 32.0
M. e. 4. 9-16-59 3 7.3, 19.1, 19.5 1150.9 27.5 High in intertidal
M. e. d. 9-16-59 2 20.2, 15.8 508.5 28.6 Low in intertidal
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Location

Bahfa Sto. Tomge (1)
El Morro (2)
1t

11

1%

La Jolla (&)

Corona del Mar (5)

11

17

Santa Monica (6)
71

Table 12

Percent Arasgonite in Longitudinal Sections of Shells
of M. californianus from the Pacific Coast of North Americs

Length
(mm. )
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32
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Y .78
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L,16

Temperature at
Collecting Time
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Location

Avils Beach (8)
Pacific Grove (10)
"

it

San Francisco (11)
Westport (15
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Location

Bl Morro (2)

Ia Jolla (&)
Corona del Mar (5)
Santa Monica (6)
Port Hueneme (7)
Avila Beach (8)
Pacific Grove (10)

Table 13

Shell Structural Types in M. californianus
from Southern California and Northern Baja Californis

Range of

Neo. of Longest Shortest Structural Standard
vecimens Specimen Specimen Type Deviation
(. ) {(mm. )

L Lo.5 31.8 13 0.9

8 53.7 34,7 1-k 0.9

12 111.7 344 1-6 i.h

8 76.0 Lok 2-6 1.9

13 67.1 39.3 L-& 0.6

12 70.8 33.8 5=9 1.3

10 o2 .¢ Lr,1 b-g 1.4

Mean Value
(+ Probable
Error of
Mean)

.
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®

®
e

s
e

2
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9-13-58
10-24-58

12~ 5-58

1-16-59

2-27-59

k-13-59

Table 14

Hmission Spectrographic Determinations of Strontium and Megnesium
in ﬁWQ Outer Two mm. of the Outer Prismatic Layer in M. edulis diegensis

rom the Kerckhoff Marine Laboratory at Corona del Mar, Californis
Estimated

Length of Growth Weight % Mole % Weight % Mole %
Specimens Temperature Mg wﬁnew Sr mwoo

o 3

{(mm. ) (°c)

k.5, 13.4 - 0.153 + 0.016 0.630 + 0.065 0.118 + 0.004 0.134 + 0.005
13.6, 14.3
11.2, 11.7 19.1 0.110 1 0.013 0.452 + 0.053 0.131 4 0.008 0.149 + 0.010
11.8, 11.8 -
12.3
11.9, 9.3 20.4 0.135 + 0.009 0.555 + 0.039 0.145 + 0.011 0.165 + 0.113
9.1, 9.3
9.0
16.0, 12.7 20.2 0.159 + 0.016 0.653 + 0.065 0.152 4+ 0.00k 0.173 + 0.005
12.3, 13.2 -
13.8, 14,7 19.4 0.156 + 0.011 0.641 + 0,047 0.133 + 0.004 0.151 + 0.005
13.8, 14.2 N -
13.5, 12.0 16.2 0.126 + 0.022 0.519 + 0.091 0.129 + 0.002 0.147 + 0.003
11.5, 11.4 B B
10.6
4.0, 12.8 15.6 0.108 + 0.008 0.445 + 0.033 0.119 + 0.007 0.135 + 0.008
13.4, 12.7 = -
11.9
18.3, Hm.w 15.3 0.106 + ,018 0.437 + 0.073 0.116 + 0.005 0.132 + 0.006
13.5, 14.0
12.6, 12.5 16.3 0.109 + 0,017 0.450 + 0.069 0.125 + 0.00k 0.142 + 0.005
11.1, 11.5

[
O
3
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Table 15

A-ray Fluorescence Determination of the Strontium Content

in the Outer Prismatic Layer of Mytilus from Various Polnts along the Californis Coast

Tstimated
Date No. of Length of Growth Weight %
Location Collected Specimens Species Specimens Temperature S5r -+ g
(mm. ) (oc)
La Jolla (&) 7-15-58 Iy M. ¢. 2h.b, 19.6 18.9 + 0.3 0.131 + 0.002
19.2, 19.0
Corona del Mar (5) 1-15-60 5 M. e. d. 20.5, 24.5 14,0 + 0.k 0.117 + 0.002
2.2, 2.1 -
18.8
! 2-25-60 3 M. e. 4. 30.3, 32.8 12.6 + 0.4 0.115 + 0.001
22.3
" L.13-59 7 M. e. d. 8.7, 9.5 16.3 + 0.5 0.122 + 0.001
9.7, 9.8
10.2, 10.1
10.5
Santa Monica (&) 7-22-58 5 M. c. 23.7, 2k.0 18.1 + 0.3 0.126 + 0.002
22.2, 19.9
17.0
K 10-31-59 L M. c. 23.8, 19.5 19.4 4+ 0.2 0.133 + 0.001
32.0, 16.-
" " 1 M. c. 33.7 " " 0.131 + 0.001
" " 1 M. c. 53.2 " " 0.131 + 0.002
" " 1 M. c. 717 " " 0.127 + 0.001
K " 1 M. c. 91.7 " " 0.126 + 0.002
Avils Beach (8) 7-22-58 Ly M. c. 20.5, 19.4  1h.8+ 0.2 0.122 + 0.002
22,8, 22.6 -
" 10-16-59 b M. c. 25.6, 21.h  16.3 4+ 0.2 0.133 + 0.002

Mole %

mﬁeow + o
0.149 + 0.002
0.133 + 0.002
0.131 + 0.001L
0.139 + 0.001
0.143 *+ 0.002
0.151 + 0.001
0.1k9 + 0.001
0.149 + 0.002
0.144 + 0.001
0.143 + 0.002
0.138 + 0.002
0.151 + 0.002
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Table 15 (con't.)

Hgtimated

fo. of Length of @%Dﬁcw
Specimeans Speciles Speclmens Temperature
(. ) (ec)
1 M. c. 69.5 16.3 +
3 i c. 2h.h, 15.7 1h.9 4 0.
- 8.2

oo
[

N

Las o
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Table 16

X-ray Fluorescence Determination of the Stromtium Content
in the Outer Prismatic Layer of Mytilus from the Open Coast at Corons del Mar

Estimated
Date No. of Length of Growth Weight % Mole %
Collected Specimens Specimens Temperaturs Sy SrCo
(. ) (°c) 3
7-25-58 i ik.2, 15.0, 13.6, 1L.6 18.3 + 0.5 0.124 4 0.00L  0.141 4 0.0
2-27-59 4 b7, 17.9, 17.8, 15.0 15.0 4+ 0.2 0.115 + 0,001 0.131 4+ 0.0
4-13-59 3 17.2, 16.3, 15. 16.1 4 0.4 0.117 + 0.001  0.133 ¥ 0.0
7-24-59 4 17.%, 19.3, 19.5, 15.5 20.3 + 0.5  0.117 + 0.00L  0.133 + 0.0
10-29-59 24 38.-, 23.2, 16.3 19.5 + 0.k 0.122 + 0,001 0.138 ¥ 0



Table 17

X-ray Fluorescence Determination of the Strontium Content
in the Outer Prismatic Layer of M. edulis edulis from Hoomwhsﬁc with Reduced Salinity

Collecting Collecting

Date No. of length of Time Time Weight % Mole %
Location Collected BSpecimens Specimens mmwﬂﬁww% Temperature ST o4 ¢y mwacw o
(. ) (¢/o0) (°c)
Neah Bay ﬂmmv 8- 4-58 3 19.8, 18.5 32.48 15.8  0.126 + 0,002 0.143 + 0.002
19.9
Mw Port Townsend (27) 8- 5-58 3 17.3, 18.0 31.73 1.5 0.131 + 0.003 0.149 + 0,003
1
a4 «rwww.mw
" Brinnon (28) g~ 5-58 3 21.2, 20.5 28.15 23.8 0.126 + 0.001 0.143 + 0.001
22,2
Twanoh Park (31) 8- 5-58 3 20.0, 20.9 25.75 25.0 0.126 + 0.001 0.143 + 0.001
23.5 : -
Potlatch (30) 8- 5-58 3 20.0, 23.5 18.60 25.0 0.128 + 0.001 0.145 + 0.001
20.8 - -
Sausalito (12) 7-30-58 2 23.1, 21.7 28.75 16.1 0.115 + 0.001 0.131 + 0.001
China Camp (14) 7-30-58 3 16.5, 16.6 19.96 22.5 0.130 + 0.001 0.148 + 0.001
16.5 - -
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Table 18

L~ray Fluorescence Determination of the Strontium Content
of Segments of the Outer Prismatic Layer Parallel to the Growih Lines of M. californianus

Distance from

Length of  Posterior End Weight % Mole %
Location Specimens of Sample 5r + o SrC0s + g
(ram. ) {mm. )

Corons del Mar (5) 92.0 0- 2 0.114 + 0.001 C.129 + 0.001
! ! 9-11 0.116 4+ 0.001 0.132 + 0.001
" " 19-21 0.118 + 0.001 0.134 4+ 0.001
: 29-31 0.121 + 0.001 0.137 4 0.001
; " 39-41 0.127 + 0.001 0.144 4 0.001
) " 4L L6 0.120 + 0.001 0.136 + 0.001
i ) 4g-51 0.123 + 0.001 0.140 4+ 0.001

) N 54-56 0.127 + 0.0 0.144 1+ 0.0
; ! 59-61 0.125 + 0.001 0.142 + 0.001
: " 69-71 0.118 + 0.003 0.13% + 0.003
Pacific Grove (10) 87.=- 0- 2 0.115 + 0.001 0.131 + 0.001
! ; 5- 6 0.3110 + 0.001 0.125 + 0.001
. " 9-11 0.112 + 0.001 0,127 + 0.001
" " 19-21 0.111 + 0.001 0.126 4 0.001
" ) 29-31 0.117 + 0.001 0.133 + 0.001
) d 39-41 0.120 + 0.001 0.136 + 0.001
! Lh L6 0.112 + 0.001 0.127 4 0.001

" ' 4951 0.112 + 0.0 0.127 + 0.0
) " 59-61 0.120 + 0.001 0.136 + 0.001
ﬂ M 69-72 0.112 + 0.001 0.127 + 0.001
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Date

Location Collected

La Jolla mrv 7=-15-58
Corona del Mar (5) 2-25-60
Santa Monica (6) 7-22-58

" 10-31-59
Pacific Grove (10)  10-18-59

Table 19

XL-ray Fluorescence Determination
of the Strontium Content of the Nacrsous layer of Mytilus

Bo., of
Specimens Species
L M. c.
5 M. g. d.
L M. c.
1 M. c.
1 M. c.

Length of

Specimens
(rm. )
Li.6, 50.3
50.3, 35.-
35.2, 37.7
37.2, 35.6
38.2
50.2
53.2
87.0

Estimated
Growth
Temperaturs
(°c)

18.

O

+ 0.3

1

o
o
i+

2

= e
SND o
O e
I+ i+ 1+

0.4

Weight %

Sr o+ O
O.1h1 + 0.002
0.199 + 0.002
0.133 + 0.00
0.124 + 0.001
0.155 4+ 0.002

Mole %

m%wow + o
0.160 + 0.002
0.227 + 0.002
0.151 + 0.001
0.141 + 0.001
0.177 + 0.002
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Table 20

Structural Type of Fossil Specimens of M. californianus

Mean Value

Range of (+ Probable
No. of Longest Shortest Structural Standard Error of
Location Specimens Specimen® Specimen® Type Deviation Mean )
(v, ) (on. )

Rosarito Beach 10 70.0 35.0 2-6 1.0 LY 4 0.2
Torrey Pines 9 99.6 41.0 2-4 0.9 3.2 + 0.2
Newport Bay 8 138.0 52.6 1-4 1.0 3.4 ¥ 0.3
Cayucos L 90. £0. 7-9 0.7 8.0 + 0.3

Y3
o

Lengths of broken specimens estimated
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Table 21

-ray Fluorescence Determination of the Strontium Content of Segments

'
AL
of the Outer Prismatic Layer Parallsl to the Growth Lines of Fosail Specimens of M. californianus
5 e

Length of

Location Specimens

(mm. )
Rogarito Beach Tl =

T 11

1 1

I Tt

i (54

1 0t

i H
Torrey Pines 8.5

H T

13 1

11 i1

1

Tt i

1 1
Newport Bay 105, -

11 11

i1 H

1 134

T i

i 13

1A i
Cayucos 82.0

i1

Distance from
Posterior Bnd
of Sample
{wm, }

O~ 2
h- g
9-11
19-21
29-32
37-41
55-58
0= 2
9-11
19-21
29-31
39-42
hg.52
59-62
0- 2
9-11
19-21
29-3
49-51
69-71
90-93
0~ 2
10-12

Weight %

sr+ g
0.112 + 0.001
0.115 4 0.001
0.118 4+ 0.001
0.122 + 0.001
0.122 + 0.0
0.124 + 0.002
0.115 + 0.001
0.114 + 0.0
0.115 + 0.001
0.120 + 0.0
0.113 + 0.0
0.121 + 0.001
0.128 + 0.001
0.121 + 0.001
0.113 + 0.0
0.111 + 0.001
0.115 + 0.001
0.108 + 0.0
0.110 + 0.001
0.11k + 0.001
0.127 + 0.0
0.112 + 0.0
0.114 +0.001

Mole %
+

8rC0,

0.127
0.131
0.134
0,138
0.138
0.1hk1
0.131
0.130
0.131
0.136
0,128
0.137
0.145
0.137
0.128
0.126
0.131
0.123
0.125
0.130 +
.14k +
0.127 +
0.130 +

0.001
0.001
0.001
0.001
0.0
0.002
C.001L
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Table 21 {con't.)

Distance from
Length of Posterior End
Specimens of Sample
{rm. ) (mmm. )

82.0 116
" 19-21
K 31-33
v L4648
B 56-60

COOOO
fod ed e b e
PO bt ol
O W
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Table 22

-
{

Mineralogy of Fossil Specimens

of Mytilus from the Pacific Coast of North Americs
Length of %
Location Spacies Specimens Aragoni
{mm. )
Rosarito Beach M. c. 4y, - i9.0
Torrey Pines M. ¢. 99.6 27.2
Newport Bay M. c. 89.1 27.9
San Francisco M. e. e. 8.8, 10.7, 8.6, 8.6 20.9
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Oxygen and Carbon Isotopic Analysis of Portions
“ Prismatic

Layer of Fossil Specimens of Mviilus
N Sy eadus

Mole % S50 @ 18 g 13 O isotope §o 18
Location Spacies msQOw Temperature o ¢~ Temperature™ of Water ¥
(°c) (°/o0)  (%/o0) (°c) (°/oo)
Rosarito Beach M. c. 0.134 + 0.001 15.0 1.2 -1 11.5 +0.8
Torrey Pines M. c. 0.137 3 0.001 15.0 A .3 15.0 0.0
Newport Bay M. c. 0.127 + 0.001 13.0 -7 -.6 19.5 ~1.h
Cayucos M. c. 0.130 + 0.0 13.5 .8 -.2 13.0 +0.1
San Francisco M. e. e. 0.127 ¥ 0.001 11.5 1 ~.6 16.0 -1.1

# Temperature of deposition based on m%aow content

\ . 18 . . N . .
** Temperature of deposition based on %&;< considering %o@m of water = 0

HH % n%OFm of water considering the Sr w temperature to be the actual temperature of deposition
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APPENDIX II

PHOTOGRAPHIC PLATES



a. - Mytilus californisnus

Facing ». 215

PLATE I
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-}

PLATE

&. - Thin section showing the outer prismatic layer and periostracum
of M. californianus. The periostracum bends around the posterior
end of the shell. The faint lines whichrecline slightly to the left
are crysial boundsries. In places, these lines can be seen to
diverge in s fan-shaped pattern. The faint, nearly horizontal lines
are growth lines.  The dark band showing in both the periostracum
and outer prismatic layer in this pholtograph are not characteristic.

. -~ Peel showing calcite crystals of the outer prismatic layer.

The plane of the section is nearly bul not guite parallel Lo the

long axes of the crystals. This peel contains actual crystals as
well as crystal lmpressions.

c. ~ Peel containing calcite crystals of the outer prismatic layer
{crossed Nicols).
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Facing p. 217

PLATE IT

-

a. - Outer prismatic ¢aye; cf M. edulis di“geﬂSLS {crossed Nicols
The anterior end is toward the left. The lines reclining toward
the left in the left half of this photograph are the crystal
boundaries showing the normal orilentation found in this species.
The right side of the photograph shows a very pronounced crystal
fan. The irregularity at the top of the sectlod suggests that this
fan formed at a point where the shell was. damaged as 1t was being
deposited. The nearly horizontal lines are growth linss. The
light band at the bottom of the section is the thin edge of the
nacreous layer.

3
).

-

b. - Transverse thin section of M. californisnus (crossed Nicols).
The lighter, top part of the section is the outer prismatic layer.
The darker zone at the bottom of the section is the nacreous layer.
The other lines which are parallel to the layer boundasry are growth
iines. The top of the section is irregularly worn.

¢. - Peel ghowing the inner surface of nacreous layer. The zigrag
iines crossing the photograph are formed by the overlapping of the
lamellae of crystals. The individual "pumps” on the lamellse are
1ﬂle¢&ual aragonite crystals. The hazy polygonal cutline between
lines are probsbly also individual crystals.
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Facing p. 218

PLATE TV

a. - Peel ghowing the inner priswatic layer of M. californianus.
The small, nearly vertical bars are individual calcite crystals.
They diverge in their characteristic fan-shaped arrangement in this
photograph. The horizontal band of fine texture crossing & quariter
inch below the top is a "color band” which appears to be character-
igstic of summer deposition. The crystal fans appear to be inter-
rupted by this zone and then contianue below it.

%. - Peel of the inner surface of the inner prismatlic layer. Due
to the irregular nature of this surface, part of this photograph is
out of focus. The polygonal outlines in the rectangle are the
cross-gectional boundaries of individual crystals. The light areas
probably represent the organic framework and the darker areas the
actual calcite. Crystal outlines can be seen less clearly in other
portions of the photograph.
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Facing p. 219~

This layer appears
The area below this
inner prismatic layer. Small
tongues of the blocky layer can be seen to extend into the inner
prismatic layer at several points in this section, particularly

in the poorly focused ares at the right.

a. - Peel showing the blocky aragonite layer.
to form only under the muscle attachments.
layer in the photograph 1s the

. ~ Peel showing ilntertonguing
layer in M. californianus.
the left.

of nacreous and inner p
The anterior end of the shel
The nacreous tongue presumably formed g

igmatic
1 is %o
the summer.

£
&
i

uri
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Facing p. 220

PLATE VI

. -~ Longitudinal polished section of M. edulis dlegeunsis.
Staining of this seciion is not well sbown.bj the photograph.
iNg

w0 o

}__-—.

e thin layer at the top is the outer prismatic layer. DMost of
the remainder of the section is the nacreous layer. The light
material in the extreme anterior end is beak calcits.

. - Longitudinal polished section
3

b i of M. edulis edulis. The outer
prismatic and nacreous layers ar 1
= By

c mafl} visible in this section.

The entire ’mak area is composed of calcite. A wedge of this
calcite extends forward from the beak for a short distance.

c. - Interior of a valve of M. californianug showing the inner
vrismatic layer. The mottled area nearest the beak is the inner
prismatic layer. The smooth whilte and the shiny area are the
nacrecus layer. The outermost rim in the posterior portion of
the shell is the outer prismatic layer.
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Facing p. 221

Photographs and drawings of sections showing shell structural type

The drawings on the left were traced Irom the photographs to mors
clearly show relstionships between the layers.
are beak calcite and the inner prismatic layer. The numbers be-
tween the drawings and photographs are structural types. !
text for a description of the structural types.

8.

The lined arsas

bee the
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