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ABSTRACT

Calcium carbonate sedimentation of the Southern
California Continental Borderland can be examined by
means of a budget. Carbonate transfer is the change in
amount of calcium carbonate in the Borderland with time.
Transfer can be divided into deposition, mechanical
transfer other than deposition, biological transfer,
and chemical transfer.

Most Borderland carbonate deposition occurs on basin
floors and basin slopes. Carbonate deposition in the
Borderland is 125 x 1010 g/yr. Aragonite and Mg-calcite
percentage decrease with depth; dolomite percentage is a
function of geographic coordinates (a response to source
area). Total carbonate content of the sediments 1is
independent of depth and geography.

Potentially important forms of mechanical transfer
include river influx, aerial transfer, and ocean current
transfer. Of these, only river influx is an important
Borderland carbonate transfer process (16 x 1010 g/yx).
Aerial transfer cycles material produced in the Borderland
without removing or adding significant amounts. Ocean
currents may be important to intra-system transportation
but not to transfer, River input is low Mg-calcite,

with minor amounts of dolomite.



Discussion of biological transfer includes only
input. Biological input categories are shallow (<30
meters) rocky macrobenthos production, slope macrobenthos
production, basin macrobenthos production, foraminifera
production, and other production. Shallow rocky
macrobenthos production is evaluated from estimates
by divers of standing crop and from various estimates
of turnover. This production amounts to 40 x 1010 g/yr.
Sandy shelf, sliope, and basin macrobenthos production is

34 x 1010 g/yr. Foraminifera production is 247 x 1010

g/vyr, and other production is assumed to be 25 x 1010
g/yr. Production by shallow rocky macrobenthos is
particularly interesting, because this second-largest
of the biological production processes occurs over only
1 per cent of the Borderland area. The total production
is dominated by low Mg-calcite, with minor amounts of
high Mg-calcite and aragonite.

Chemical transfer involves solution on the basin
floor, where waters are enriched with the solution

products of 400 x 1010 g Caco Deep water flushing has

3
been estimated by other workers to be biennisl, so

200 x 1010 g/yr is dissolved. Dolomite is not dissolved;
the other carbonate minerals are dissolved to varying
extent. Aragonite solution is diminished becausr only

minor amounts of fine-grained aragonite are moved to

deep water. Dissolved calcium input rate to the
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Borderland by rivers can account for 30 per cent of the
annual calcium carbonate sedimentation. The remainder
of the calcium must be extracted from ocean water
flowing through the Borderland.

Calcium carbonate production rate in temperate-
water shallow rocky bottom areas is comparable to
tropical, non-reef production (about 500 (g/mz)/yr).
Coral reef production is about 10,000 (g/mz)/yr. Pelagic
production is about 50 (g/mz)/yr. Pelagic production
rates over the world's oceans are capable of exceeding
dissolved calcium supply rate of the world's rivers by
an order of magnitude. The other two environments may
also be able to match river supply of calcium. Excess
calcium carbonate is re-dissolved.

Tertiary limestones of the Pacific coast of North
America are generally either dominated by recognizable
debris from one or two phyla or are fine-grained, impure
limestones. Both characteristics might be expected of
limestones forming in an area similar to the present
Borderland,

This investigation has demonstrated that considering
the budget of carbonate input to and output £from an area
is an adequate method for enumerating processes controlling

carbonate content of marine sediment.
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I. INTRODUCTION

Processes of limestomne formation have largely been
investigated by studying Holocene carbonate sediments.
Limestones result when the processes of sediment supply,
transportation, and chemical alteration interact to
create sediments or sedimentary rocks with more than 50
Per cent calcium carbonate. The same processes, occurring
at different rates, can reduce the calcium carbonate
content of marine sediments and prevent limestone
formation. Therefore, the study of these processes in
provinces of Holocene carbonate-poor sediments is equally
important to the understanding of limestone formation.

The Southern California Continental Borderland is
such a province of carbonate-poor sediments. Emery (1960)
reports that Southern California sediments contain an
average of 14 per cent calcium carbonate (Table II). The
present investigation has been directed at learning why
the Southern California Continental Borderland is a
carbonate-poor province. 1In particular, the investigation
enumerates, in a general way, processes of calcium
carbonate input to and output from the Borderland.

Several review articles have considered gemneral
processes of carbonate sedimentation. Rodgers (1957)
presented a world map of calcium carbonate sedimentation.

He concluded that neritic carbomnate sediments have several
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features in common. Such sediments form in warm climates;
they form in areas of little dilution by river detritus;
and (as a corollary to warm climate occurrence) they form
in water saturated or supersaturated with CaC03.

Fairbridge (1964) arrived at much the same conclusions.
He presented a frequency curve of neritic carbonate
sediment occurrence as a function of latitude. On his
curve, peaks of carbonate sediments occur mnear 10° N and
10° s. The paucity of equatorial carbonate sediments he
attributed to terrigenous dilution; the poleward absence
he related to cooler climate.

Chave (1967) pointed out two misconceptions of both
Rodgers (1957) and Fairbridge (1964). First, calcareous
sediments do occur in many localities beyond the tropics.
Their extent is not well known, so it is impossible to
evaluate their abundance relative to tropical carbonate
sediments., Second, surface seawater is almost invariably
supersaturated with CaC03, so the climatic implications
attached to "warm seawater, supersaturated with CaCOB,"
are invalid. More recently Chave (1968, personal communica-
tion) has found surface seawéter of the Gulf of Alaska to
be undersaturated with CaCO3--one of the few such areas of
the world's oceans. Even there calcareous sediments are
accumulating (Hoskin and Nelson, 1969). Chave {(1967)
concluded that amount of terrigenous dilution relative to

carbonate input is the major factor influencing limestone

formation,



Hayes (1967) examined sediment data from most
continental shelves of the world. He demonstrated that
while coral is most common in warm water environments,
the "shell" content of marine sediments is independent
of létitude. This observation supports Chave's view that
carbonate sediments as a group are not particularly
sensitive climatic indicators.

The question remains whether non-tropical neritic
carbonate sediments documented by Chave, Hayes, and others
should be considered geological oddities or expected
common occurrences in the geologic record. My investiga-
tion has been designed to consider that problem by
answering four major questions. First, what is the calcium
carbonate production rate in a selected non-tropical
neritic environment? Second, what is the fate of the
material produced? Third, how does the production rate
in that environment compare with calcium carbonate
production rates in other environments? Fourth, what are
the geologic implications of these findings?

Two facts about the Southern California neritic
environment make it amenable to such an investigation.
Casual observation reveals a diverse and abundant
calcareous biota for study. Furthermore, economic
pressures (e.g., the search for petroleum) and other
considerations associated with high human population

density (e.g., pollution investigations) have generated
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much information about the biology, geology, chemistry,
and physical oceanography of the Southern California
Continental Borderland.

The Southern California Continental Borderland lies
about 33° N (Figure 1). 1Its non-tropical nature is
enhanced by the California Current System which maintains
surface water temperature between about 10° C and 20° ¢
(Emery, 1960). Abundant kelp beds and associated organisms
attest to the allegiance of Southern California biota with

temperate water communities.
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II. MATERIALS, METHODS, AND THE THESIS FORMAT

Rates of calcium carbonate production on the Southern
California Continental Borderland and the fate of that
material are conveniently investigated by considering a
budget of calcium carbonate input and output. Such an
approach permits comparison of the various processes
affecting the calcium carbonate. FEach term of the budget
is introduced; the methods and data pertinent to that
budget term are presented; and that budget term is
analyzed. An evaluation of the various contributions
to the budget is offered at the end of the section.

The implications of the Southern California budget,
beyond the confines of the Borderland, are discussed in
Section IV. This section of the report is speculative.

Extensive data tabulations are reserved for
appendices, as are analytical techniques pertinent to
several sections of this report. Most computations were

done in FORTRAN IV on an IBM 360 computer.



ITII. THE SOUTHERN CALIFORNIA CALCIUM CARBONATE SYSTEM

III. A. BUDGET DEFINITIONS

This investigation was inspired by the observation
that calcareous organisms abound on hard bottom areas of
the Southern Califormia mainland shelf. The many books
discussing marine life of Southern California (e.g.,
Ricketts and Calvin, 1968, and many of the works
referenced therein) attest to this fact. Thus the original
intent of this research was to characterize the calcareous
biota of the shallow shelf rocky bottom areas and to learn
the fate of the calcareous debris produced.

The system with which the investigation is concerned
is the Southern Califormia Continental Borderland (Emery,
1960). ECmery's book is the main reason for defining the
system in this way (Figure 1), because his detailed
treatment of the Borderland is a valuable reference to
the budget analysis presented here.

The Patton Escarpment is the southwestern boundary
of the Borderland. This escarpment separates the abyssal
plains of the Pacific Ocean from the irregular topography
of basins, shelves, banks, and islands of the area
ad jacent to the mainland coast. The mainland coastline
between Point Conception, California and Descansoc Point,
Baja California, is the northeastern boundary. The
remaining boundaries are defined as latitudes 31° 30' N

and 34° 30' W.



Within this area are a series of ridges, most of
which trend more or less parallel to the Patton
Escarpment. Locally the ridges rise above sea level
and form island groups. Over most of their extent the
ridges are submerged and form either banks or deep sills
between basins. Twelve basins are completely bounded
within the area; the northern ends of two more basins
are within the area. The San Diego Trough, a filled
basin, is also within the Borderland. Between the
relatively flat basin floors and the shelves or bank tops
are steeper areas termed basin slopes. The base of the
shelf is commonly near 100 m; bank tops may be deeper.
The slopes are locally incised by submarine canyons.

Emery's summary of the total area occupied by each
of the major bathymetric features of the Borderland is
given in Table I. Most of the area is occupied by slopes

(5.0 x 1010 mz). Basin and trough floors are next in

area (1.3 x 1010 m2). The shelf areas occupy 0.8 x 1010

0
mz, while bank tops cover 0.6 x 101 m2. The total

submerged area of the Borderland is about 7.7 x 1010 m2.
One subdivision of the shelf needs further considera-

tion--the shallow rocky-bottom areas. This environment

is of particular interest because of its high calcium

carbonate production. Two different methods will

establish extreme values for the likely area of shallow

rocky bottom.



TABLE I

Area of Southern California Continental
Borderland Bathymetric Provinces
(primarily from Emery, 1960).

% OF
AREA BORDERLAND

PROVINCE (m? x 10-10) AREA

Rocky shelf shallower
than 30 meters 0.1 1
Remainder of shelf 0.7 9
Bank tops 0.6 8
Basin slopes 5.0 65
Basin floors 1.3 17
TOTAL 7.7 100




First, North (1968b) states that at periods‘of
maximum extent, Southern California kelp beds occupy an
area somewhat in excess of 260 square kilometers. Kelp
beds are, in general, restricted to shallow rocky bottom
areas. Therefore the areal extent of kelp beds, within
the depth range of active kelp growth, is some indication
of the area of rocky bottom. Dawson, Neushul, and Wildman
(1960) give the depth range of kelp beds to be 20 to 60 ft
(6-20 meters), or roughly half the depth range between
0 and 30 meters, which is defined to be the extent of
shallow rocky macrobenthos production (as discussed later).
Thus rocky bottom to 30 meters may occupy about twice the
area of kelp beds, or about 500 square kilometers. This
estimate is likely to be low, unless kelp beds at their
maximum extent cover all the area available to them.

Emery (1960) provides the data for a second estimate.,
He states that about half the mainland shoreline is rocky,
and that rocky bottom is likely to be found adjacent to
rocky shores. This statement suggests that about one-half
the shallow shelf, or one-sixth of the total shelf (1300
ka) may be rocky. R. F. Dill (1969, personal communica-
tion) says that much of the shelf between Point Conception
and Santa Barbara, shown by Emery to be rocky, is in fact,
covered by sand. Thus the estimate based on Emery's data
is probably too high,

The average of the two estimates is 900 square
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kilometers (0.1 x 1010 mz). This value is used in this

report.

Two considerations became obvious early in this
investigation. First, much more calcareous material is
produced annually than remains in the rocky bottom areas.
And second, accounting for this material most easily
involves considering all of the likely processes of
calcium carbonate transfer.

Calcium carbonate transfer may be defined as the rate
of change in amount of calcium carbonate within the system.
A series of simple equations serves to explain the budget

approach which is used:

0 = I Transfer (1)
More specifically:

L Inputs = I Qutputs (2)

Within the system, mechanical, biological, and chemical

transfer occur:

m b c
0= & M 4+ I B_+ I C (3)
= =1 q:]_ q

The sum of m mechanical transfers (M), plus b
biological transfers (B), plus c chemical transfers (C)

equals zero,
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Mechanical transfer includes transportation of
material to or from the system, as well as deposition.
Biological transfer can involve either biological produc-
tion of calcium carbonate or some form of biological
removal. Chemical transfer may be either precipitation
or dissolution.,

Deposition, the variable of primary geologic interest,
is a process of mechanical transfer. 1If deposition is
isolated from the other categories of mechanical transfer,

equation (3) becomes:

b c
+ ¥ B 4+ ¥ ¢C (4)

D can be recognized as sedimentation, and M' is mechanical
transfer exclusive of sedimentation.

There are, of course, mechanical, biological, and
chemical processes which affect calcium carbonate
characteristics within the system without changing the
amount of material in the system. Such processes
occasionally arise as possible transfer processes and
are subsequently dismissed.

It is desirable to present some objective error eval-
uation of terms in the budget equation. The budget term
calculations are not rigorously determimed, so a rigorous
error evaluation cannot be employed. Instead, the following

procedure has been adopted. The mean (X) of most budget
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terms or parts of budget terms has been calculated. The
standard deviation (s) or the coefficient of variation (V)
can be given for these budget terms or parts thereof.
These error estimates can be considered the '"determinate
errors." 1If the standard deviation of only part of a
budget term can be evaluated, then indeterminate errors
also exist.

If some value Y is the sum of Xi processes, each with
an uncertainty of 6i’ then the most probable uncertainty
of Y (éy) is represented by the following equation
(Salzberg, Morrow, and Cohen, 1966):

no o9\1/2
5, = (2. 8%) (5)
i=1

By such a procedure the determinate error of the sums
of transfer processes can be evaluated. The indeterminate

errors can be considered only by intuitive arguments.

ITI. B. DEPOSITION D

r

[ g B =1

r=1
Some portion of the total material introduced to the

California Borderland is deposited in the Borderland.

Part of this material is calcium carbonate. Although the

deposition of calcium carbonate could be handled along
with the other processes of mechanical transfer, this

geologically interesting variable can be isolated for

separate consideration.



III. B.l. Quantity

Emery (1960) provides the data relevant to calcium
carbonate deposition rates on shelves and bank tops, on
basin slopes, and on basin floors (Table II). Deposition
rates on basin floors are known from radiocarbon age dates
on cores. Within individual basins deposition rates are
relatively constant (Emery and Bray, 1962) and have a
mean coefficient of variation of 34 per cent. Unfortu-
nately the deposition rates reported in that investigation
are given in cm/yr and cannot be compared precisely Qith
Emery's earlier data; which are expressed in the more
useful units (g/mz)/yr. Emery summarized the 1960 data
by ceoncluding that the mean deposition rate in Southern
California basins is 420 (g/mz)/yr. Nine per cent of the
sediment is calcium carbonate. Emery estimated that basin
slopes receive 70 (g/mz)/yr, with 19 per cent calcium
carbonate. Shelves and bank tops, he estimated, receive
only 20 (g/mz)/yr, with a mean of 33 per cent calcium
carbonate.,

These éstimates, combined, indicate a supply to the
Borderland of about 920 x 1010 g/yr total sediment, with
125 x 1010 g/yr being calcium carbonate (Table II). An
independent estimate of total deposition rate has been
made by Moore (1969) who estimates, from seismic reflec-
tion profiling data, a long-term Borderland deposition

rate of 910 x 1010 g/yr.



TABLE II

Sediment Deposition in the Southern California
Continental Borderland (from Emery, 1960).

NDETERMINATE

BATHYMETRIC AREA TOTAL DEPOSITION CaC03 DEPOSITION ERROR -10
PROVINCE (m2 x 10-10) (g/m2)/yr % Cac0oy  (g/yr x 10-10) (g/yr x 107°7)
Shelves &

bank tops 1.4 20 33 9 3

Basin

slopes 5.0 70 19 67 23

Basin

floors 1.3 420 9 49 17

TOTAL 7.7 120 14 125 29

71
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Thus, the total deposition estimates of Moore and
Emery agree well within the 34 per cent coefficient of
variation suggested by the data of Emery and Bray (1962).
The determinate error of deposition for all three
bathymetric provinces is considered to be 34 per cent
(Table II). Because Emery's (l960) estimates of carbonate
percentage in each environment are based on many analyses,
there is little error associated with the mean carbonate
percentages. The only indeterminate error is that
attributed to the slope and shelf deposition rates, for
which no coefficients of variation are available. The
close agreement between the total deposition rates
estimated by Moore and by Emery suggests that such error

is negligible.

III. B.2. Mineralogy

Mineralogic composition can also be considered in the
calcium carbonate budget, The carbonate minerals
frequently present in marine sediments are calcite
(rhombohedral CaC03), aragonite (orthorhombic CaCO3),
and dolomite (rhombohedral CaMg(COB)Z). Calcite may'
have up to about 30 per cent Mg substitution for Ca
(Chave, 1952)., Land (1967) recommends that the notation
Mg-calcite % be used to denote a calcite with x mole
fraction Mg substitution for Ca. 1In this report x is

given as per cent Mg.
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Although bulk calcium carbonate analyses are
available for Southern California sediments, no carbonate
mineralogical data have been published for the area. The
carbonate mineral content of approximately 100 sediment
samples from the Southern California Borderland has been
determined by X-ray diffraction and chemical analysis
methods discussed in Appendix I. The sample locations
are shown in Figure 2., Varying amounts of data were
available for the samples, most of which were collected
by other organizations and made available for this study.
The following data were available for each sample:
latitude, longitude, and water depth. For most samples,
per cent calcium carbonate was available and was recorded.
For the remaining samples, calcium carbonate percentage
was measured as described in Appendix I.

The carbonate minerals of the bulk samples were
separated using the froth flotation technique described
by Smith and Utley (1968). Although separation efficiency
decreases with material finer than about 50 microns, the
technique can still be used with fair success to concen-
trate the carbonate minerals sufficiently for mineralogic
analyses. Aragonite content is determined with an

approximate error of + 5 per cent; dolomite error is

* 6 per cent; and

Mg content of calcite is = 2 per cent
(Appendix I).

The sediment data are tabulated in Appendix II.
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Figure 2. Location map of sediment samples used for
mineralogic analyses. Water depths are
indicated in Figure 1.
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Sample availability is not proportiomal to deposition
rate (Figure 2 and Table II) so the unweighted means of
the variables have little significance. For all the
data, correlations among the variables considered reflect
the relationships between the sediments and other terms
of the calcium carbonate budget. Mineralogic entries
into the budget calculations can be made by grouping the
samples by depth range as approximations to bathymetric
provinces.

Table III is a correlation coefficient matrix among
the variables for all samples. The upper-half of the
matrix is a simple linear correlation matrix. For such
a matrix the correlations for any variable pair are
"apparent correlations;' the correlations include
interrelationships among other variables appearing in
the matrix element of interest. These interrelationships
can be diminished by calculating partial correlation
between each variable pair, removing the covariance
effects between each of the variables under consideration
and other variables of the matrix. Partial correlations
are explained clearly by Croxton, Cowden, and Klein
(1967). The resultant correlations are given as the
lower part of the matrix in Table III. Correlations
significant at a probability (P = 0.05) are underlined,.
Although both the simple linear (zero order) correlation

and the partial (fifth order) correlations are shown,



TABLE III

Simple Linear and Partial Correlation Matrices for Southern Califormnia Sediments.

%
CacCoO3

% ARAG
IN CaCO3

% DOLO
IN CaCO4

% Mg
IN CALCITE

N
LAT

W
LONG

METERS
DEPTH

% CaCO3

% Arag
in CaCOB

% Dolo

in CaCO3

% Mg in
Calcite

N
Lat

W
Long

Meters
Depth

Simple linear correlations above diagonal.

0.227%
0.280
0.293

-0.158
0.047

-0.031

Fifth order partial correlations below diagonal.

0.191%

(-0.409)%%

-0.025

0.024

0.011

-0.351

0.160

(-.243)%%

-0.143

0.332

-0.295

-0.144

0.307

0.199

-0.057

-0.101

0.128

-0.271

103 degrees
-0.135

0.161

0.232

0.082

0.892

-0.600

of freedom.

-0.170  -0.141
0.098 -0.378
-0.027 -0.298
0.068 -0.281
0.827 -0.489
-0.135

0.503

98 degrees of freedom.

*Underlined values are significant at P =

0.05.

*%*Values enclosed by parentheses are non-significant spurious correlations arising
from closure,

[
[o2]
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only the significant partial correlations concerning the
dependent variables (per cent calcium carbonate, per
cent aragonite of the calcium carbonate, per cent dolomite
of the calcium carbonate, and per cent Mg in the calcite)
will be discussed in detail.

The significant correlations fall into 3 categories.
Aragonite, dolomite, and Mg content of the calcite all
correlate positively with calcium carbonate content of
the sediment. Since per cent aragonite plus per cent
dolomite plus per cent calcite in the calcium carbonate
must equal unity, per cent calcite must correlate
negatively with calcium carbonate content. These
correlations may be generalized by stating that the
diversity of the carbonate minerals increases with
increased carbonate content in a sediment sample.

Although the reason for this phenomenon is not
entirely clear, an explanation may lie in analytical
considerations. Mg—calcite(<3) is the most abundant
carbonate mineral present (Table IV). The absolute error
in mineralogic analyses is constant rather than being
proportional to the amount of the mineral present
(Appendix I). Therefore, with a decreased percentage
of calcium carbonate in the sample, Mg—calcite(<3) is
the most likely mineral to be detected, and the observed
pattern of correlations is expected.

Both aragonite content of the calcium carbonate and
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Mg content of the calcite decrease with depth. These
correlations may relate eidther to increased solubility
of high Mg-calcite and aragonite relative to low Mg-
calcite with increased water depth or to increased
production of low Mg-calcite in deeper water. Probably
both interpretations are partial answers.

Dolomite correlates positively with latitude and
negatively with longitude, reflecting a geographic--
therefore source area--control. The dolomite correlation
is interesting in that it clearly demonstrates the
advantage of the partial correlation matrix over the
more commonly used simple linear correlation matrix.
The simple linear correlation matrix shows dolomite
correlated positively with latitude, not significantly
with longitude, and negatively with depth. With partial
correlation analysis, the dolomite-latitude correlation
improves; the dolomite-longitude correlation appears;
and the dolomite-depth correlation diminishes to a
non-significant level.

The high negative correlation between per cent
aragonite and per cent dolomite is a spurious and
probably non-significant correlation generated by
closure (Chayes, 1960, 1962).

In order to estimate calcium carbonate mineralogy
in the various depositional environments, the sediment

samples are subdivided into three arbitrary sets:
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set 1, shallower than 100 m, are considered to represent
shelf and bank top sediments; set 2, 100 to 1000 m, are
primarily slope samples; set 3, deeper than 1000 m, are
basin floor samples. Such operational definitions are
satisfactory for examination of the sediments. The
paucity of samples from offshore slopes and shelves is
a more serious drawback than these operational definitioﬁs
of depositional provinces.

Table IV shows the mean and standard deviation of
pPer cent aragonite, per cent dolomite, and per cent Mg
in Mg-calcite(x) for each of the three data sets. In
general the data agree with the pattern suggested by
correlation analysis. Dolomite and aragonite decrease
with depth. However, the variability in Mg of the
calcite is negligible.

Of the three depth zones, only the sediments from
water shallower than 100 meters have Mg-calcites
deviating significantly from 0 per cent Mg. It is
convenient to partition the 54 per cent calcite of this

zone into 4 classes: Mg-calcite 34 per cent;

(0-3)°
Mg—calcite(4_7), 17 per cent; Mg-calcite(s_ll), 1 per
cent; Mg-calcite, . ,-.5 2 pPer cent, This partitioning
{(12-15)

will be useful in the section dealing with chemical
transfer.
A note of caution needs to be interjected. Dolomite

was shown to correlate with geographic position rather



TABLE IV

Calcium Carbonate Mineralogy of
Southern California Sediments.

22

X s
100 meters
% Aragonite 21 24
% Dolomite 25 37 60 samples
% Calcite 54 33
Mg—calcite(x)* 3 3
100-1000 meters
% Aragonite 8 20
% Dolomite 13 27 24 samples
% Calcite 79 31
Mg-calcite(x) 1 1
1000 meters
i Aragonite 0 0
% Dolomite 0 0 22 samples
% Calcite 100 0
Mg-calcite(x) 1 1

*Mean per cent Mg in calcite. .
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than with depth. Therefore, using dolomite estimates
given here as representative of areas with little or no
data is likely to yield erroneous results. In fact, the
correlation between dolomite and geographic coordinates
suggests that dolomite decreases offshore and that
dolomite percentages for sediments shallower than 1000
meters are probably too high for the Borderland as a
whole. On the other hand, aragonite and Mg-calcite
appear from correlation analysis to be depth-related
phenomena, so the estimates of their abundance should

be relatively accurate.

III. C. MECHANICAL TRANSFER =M

1
1 p

nea g

P

Five sources of possible mechanical transfer of
calcium carbonate exist: river input of particulate
material, aerial transfer, shoreline or sea floor erosion
of pre-Holocene rocks or sediments, suspended- load
removal or introduction of calcium carbonate by ocean
currents, and bottom load transport of calcium carbonate
by ocean currents.

Several of these sources may be dismissed immediately
as probably insignificant. Emery (1960) argues convinc-
ingly from data of Shepard and Grant (1947) that shoreline
erosion is not a significant sediment comtributor. Sea
floor erosion likewise is probably insignificant,

primarily because of the exposure of a relatively small
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area of pre-Holocene material., It should be realized
that "insignificant" is measured on the scale of the
Borderland. Locally one certainly can see significant
evidence of shoreline or sea floor erosion.

Gorsline and Emery (1959) and Moore (1969) postulate
that turbidity currents £ill nearshore basins and that
suspended~ load transport supplies sediment to offshore
basins. This model agrees with the observed decrease in
deposition rate in progressively seaward basins. The
model also suggests that bottom load transport is
important as an intra-system mechanism but is not a
significant mechanical transfer process. Most sediment
never gets to the outer basins and continental slope, so
most sediment cannot spill by turbidity f£low to the ocean
floor west of the Patton Escarpment.

Three mechanical transfer processes remain for more
detailed consideration: river supply, aerial supply, and

suspended load transport by ocean currents.

ITI. C.1. River Transfer

Only one direct estimate of river supply of sediments
to the Southern California Continental Borderland is
available. Rodolfo (1964) estimated that 770 x 16'0 grams

Tre

)}

£ L P} A ~ P
of sediment arried by vivers tc the Borderland

[¢]

annually. TLess direct studies, summarized in Emery (1960),

suggest that this figure is near the total annual
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Borderland deposition rate estimated by Emery (920 x
10lo g). Moore (1969) used seismic reflection profiles
to estimate the deposition rate as 910 x 1010 g/yr. Of
course the Borderland deposition measured by Moore (1969)
and Emery (1960) includes sediment sources in addition
to rivers, but the rivers are probably the major sediment
source.

Table V and the discussion below give carbonate
content of streams to be about 2 per cent. Borderland
sediments have about 14 per cent calcium carbonate (Table
IT). Therefore, at least 12 per cent of the sediment in
the Borderland is unlikely to have been supplied by rivers.
If the excess calcium carbonate were the only non-river
supply to Borderland sediments, then the data of Emery
(1960) and Moore (1969) would suggest river influx of
810 x 10lo g/yr and 800 x 1010 g/yr, respectively.

The total deposition estimates for the Borderland do
not include material carried out of the Borderland.
However, Emery (1960) illustrates a marked maximum
deposition rate in the inner basins, decreasing to about
10 per cent of that rate by the outer basins of the
Borderland. This observation suggests that most of the
sediment supplied by rivers remains in the Borderland.
The values of Rodolfo (1964), Emery (1960), and Moore
(1969) give a mean of 795 x 1010 g/yr river input of total

sediment. The coefficient of variation on these three



estimates is 3 per cent. This value will be used for
stream influx determinate error.

During February and March 1969, the suspended load
and bedload of 35 streams between the Mexican Border and
Point Conception were sampled by G. Shepherd and the
writer for carbonate mineral composition and per cent
calcium carbonate (Table V and Figure 3). The amount of
material being carried by the streams during these sampling
periods was large due to heavy rainstorms. The composition
of the material is assumed to be independent of the amount.
The average bedload calcium carbonate content is 1 per
cent; that of the suspended load 3 per cent. Rodolfo
(1964) suggests approximately equal amounts of suspended
load and bedload to be delivered by streams to the
Borderland. Therefore stream load calcium carbonate
content is 2 per cent.

The estimated river input of calcium carbonate is
16 x 1010 g/yr. The determinate error on the estimate is
considered to be the 3 per cent coefficient of variation

attached to the total river sediment input: * 0.5 x 1010

g/yr.

Mineralogic analyses were made by the procedure
given in Appendix I, The river calcium carbonate contains
2 mean of Mg-calcite(l) and 4 per cent dolomite. No

aragonite is present.

A point of interest, although outside the scope of
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tocation of Stream Sediment
Samples Collected for Mineralogic

Analysis

k73
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Figure 3. Stream localities from which suspended load
and bedload samples were collected. Samples
were analyzed for calcium carbonate percentage
and mineral composition, Many of the streams
are intermittent streams which were flowing
after heavy storms in February and March 1969.
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TABLE V

Calcium Carbonate Content of Southern California Streams.

Stresamns 13-25 were sampled during February 1969.

during March 1969. Both sets of samples followed periods of heavy rains.

No aragonite was detected in these samples.

The remainder were sampled

STREAM

SUSPENDED

"% CaCOgy

BEDLOAD

7% DOLOMLITE

SUSPENDED

BEDLOAD

Mg-CALCITE (x)

SUSPENDED

BEDLOAD

WO~ WN -

Tia Juana R.
Otay R.

San Diego R.
Rose Canyon
Sorrento Valley
Cardiff

San Luis R.

Las Pulgas Rd.
S. of San Onofre
Dana Pt.

Aliso Creek

Sta. Momlca Canyon
Topanga Canyon
Flores Canyon
Malibu Canyon
Corral Canyon
Zuma

Las Trancas
Decker Canyon
Leo Carillo Beach
Callequas Creek
Sta. Clara R.
Ventura R.

Sea ClLiff
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*

WWINFOWHMMWINPSFEFFEFOOOOODODOOO!I OO

-
1 O0OO0OO0COoOO0OO |

] [}
1 O

COOCO !l mpH-HOI!I OO

(X4



TABLE V (Continued)

Calcium Carbonate Content of Southern California Streams.

% CaCo03 % DOLOMITE Mg--CALCITE(x
STREAM SUSPENDED BEDLOAD SUSPENDED BEDLOAD SUSPENDED BEDLOAD

25 No name, US 101 1 2 -- --
26 Carpenteria Creek 0 2 -~ 0 -- 0
27 Bridge 51-50R 5 1 -— 0 - 0
28 Arroyo Parida 3 1 -- 13 -- 0
29 E. Montecito 1 1 -- 7 - 0
30 Sta. Barbara 1 1 -— - -- -
31 Winchester Canyon 3 1 0 0 0 0
32 Dos Pueblos Creek -- 0 - -- -~ -
33 Refugio Beach - 1 - 0 - 0
34 Gaviota Beach 11 5 0 0 0 0
35 Sta. Ynez R. 19 2 0 11 0 0
X 3 1 1 6 1 0

s 4 1 3 12 1 0

*Insufficient sample for analysis.

*#%Mean per cent Mg in calcite.

8¢
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this report, is the large amount of dolomite present in
mainland shelf and mainland slope sediments. This
material is largely confined to the area from Los Angeles
westward (Appendix II) where river drainage is so affected
by human intervention that neither river sediment amount
nor mineralogy is now interpretable. Dolomite in streams

is primarily confined to those streams west of Los Angeles.

ITI. C.2. Aerial Transfer

Airborne transfer is somewhat more difficult to
evaluate than river influx. Babcock (1957) estimated the
dustfall from a Santa Ana windstorm in the Los Angeles
area. His technique was to sweep the dust from car tops
which had been dusted previous to the windstorm. Emery
(1960) extrapolated the 3 g/m2 dustfall which Babcock
observed for one windstorm by considering that perhaps
5 such windstorms occuf annually. Emery thus concluded
that 15 g/m2 of dust falls annually nearshore and less
offshore. From one calcium carbonate analysis by Emery
(4 per cent) an estimate of 0.6 g/m2 of calcareous
material annual supply as wind influx can be calculated.

Unfortunately these calculations are an oversimpli-
fication of aerial transfer. The investigation described
below is undoubtedly still an oversimplification, but the
discussion at least suggests the complexity and importance

of aerial transfer.
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Ihe Naval Undersea Research and Development Center
(NURDC) maintains a tower for oceanographic research 2 km
west of San Diego (Figure 1). The tower has been described
by LaFond (1966). During the summer of 1967 two dust
collectors (Figure 4) were designed for the present
investigation by M. Cooke and installed at this tower.
The first of these collectors, patterned after the
collectors of Smith and Twiss (l965) was designed to sample
vertical fallout of dust. The collector is a cylinder, 20
cm in diameter, with sieves (1.0 mm and 6.35 mm mesh-size)
nested near the top to catch large objects and with water
standing in the bottom to hold the dust down after it has
landed. The second collector is the same as the first
with one exception. This collector has a helmet and vane
mounted on top, designed to rotate a vertical opening into
the wind. The hope was that this collector would trap
that material moving horizontally past the other collector.
The results obtained from the two collectors suggest that
in fact both collectors sample much the same material
rather than two separate statistical populations. The
contents of each trap were drained at the end of each month
into a polyethylene bottle.

Table VI lists the results of monthly catches from
August 1967 to November 1969. The mean monthly catch of

the two traps is about 10 g/mz. The summer and fall catch

is somewhat higher than the mean monthly catch. The



Figure 4.

Photograph of dust collectors at the NURDC
Oceanographic Tower, approximately 2 km
offshore from San Diego. 1In the background is
the 20-cm diameter collector with a horizontal
opening designed to sample vertical fallout.

A similar collector in the foreground has a
vane which rotates a vertical opening into

the wind. This latter collector, designed

to sample material moving horizontally past
the other collector, in fact apparently samples
much the same material (Navy Electronics
Laboratory Photograph).

[after page 30]



TABLE VI

Dust Trap Catch at NURDC Tower, San Diego.
Calcite was the only carbonate mineral consistently present
in the traps. A trace of aragonite was present in one sample,
and several samples contained minor amounts of possible dolomite.

TOTAL CATCH CaCo03 Mg-CALCITE (x)
(WITHOUT (WITHOUT TOTAL CATCH CaCoO3 (WITHOUT
VANE) VANE) (WITH VANE) (WITH VANE) VANE)

YEAR MONTH (g/m2)/mo. (g/m?) /mo. (g/m2)/mo. (g/m2) /mo. %
August 17.3 1.7 20.8 2.5 8
September 37.9 1.5 26.9 2.7 9

1967 October 68.2 2.7 47 .4 3.8 8
November 14.2 0.1 18.0 0.2 --
December 0.1 0.0 3.9 0.0 --
January 3.8 0.2 3.3 0.1 --
February 2.7 0.1 3.0 0.0 --
March 3.6 0.0 2.2 0.0 --
April 0.6 0.0 2.0 0.1 --
May

1968 June * 14.1 1.3 12.0 1.3 9
July 9.8 1.7 8.3 2.7 7
August 12.6 0.7 6.5 0.5 9
September 4.7 0.5 2.2 0.1 9
October 3.3 0.5 6.0 0.7 10
November 13.4 1.0 13.5 0.4 11
December 4.1 0.3 4.6 . 0.2 12
January 1.0 0.3 1.6 0.0 2
February 1.5 0.1 1.8 0.1 11
March 8.6 0.2 1.7 0.1 11

1€



TABLE VI (Continued)

Dust Trap Catch at NURDC Tower, San Diego.

TOTAL CATCH CaCO3 Mg-CALCITE (x)
(WITHOUT (WITHOUT TOTAL CATCH CaCo3 (WITHOUT

VANE) VANE) (WITH VANE) (WITH VANE) VANE')
YEAR MONTH (g/m2) /mo. (g/m?) /mo. (g/mz)/mo. (g/m2) /mo. %
April 6.4 0.6 3.2 0.2 8
May 3.6 0.3 3.8 0.3 8
1969 June 6.6 0.5 1.6 0.1 6
July 15.8 1.3 5.2 0.6 11
August 20.7 1.3 8.7 0.5 9
September 7.7 0.1 1.8 0.1 10
October 7.1 0.4 2.4 0.1 8

November 6.9 0.3 2.7 0.1 7
X 10.6 0.6 7.7 0.6 9
s 13.7 0.6 10.0 1.0 2

*These samples were collected in a two-month batch. For calculations of standard
deviation each month is given half the two-month amount,.

[43
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calcium carbonate catch is also variable but averages 0.6
(g/m%/month. The estimate of total catch is 8 times that
of Emery (1960).
The carbonate mineral composition of this material
(determined by the methods of Appendix I) is strikingly

different from the river samples. Mg-calcite is the

(9)
major constituent (Table VI). Furthermore, the common
detrital minerals, quartz and feldspar, are rare. One
might expect the mineral content of the samples to
resemble river samples if the origins were similar.
Mg-calcite(g) is absent in the river samples, and dolomite
is a frequent--although minor--constituent of rivers
(Table V).

The Yikely explanation of these mineralogic differ-
ences requires information that is explained in detail
later in the text (Section III. D.l.d.). Mg-calcite(lo)
is the mean calcite composition of shallow rocky
macrobenthos production (Table XIV). From this observa-
tion, the likely explanation of the dust mineral
composition is straightforward. Kelp and other biota
from the shallow rocky bottom environment get washed
ashore annually. ZoBell (1959) estimates that less than
10 per cent of this material remains trapped ashore. Some
of this material dries, is abraded to powder, and is
re-distributed aerially. Undoubtedly some of the material

goes landward and represents aerial transfer out of the
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system, Some of the material obviously (from the offshore
collection) returns to the system.

Again looking ahead, shallow rocky macrobenthos
production is estimated to equal 40 x 1010 g/yr (Table
XVIII). ZoBell (1959) suggested that 10 per cent of the
seaweed that goes ashore stays there, and that the kelp
ashore is 1 to 10 per cent of the total dead seaweed
available annually. Thus 0.1 to 1 per cent of the total
seaweed produced annually is likely to be stranded.

Assume the associated calcium carbonate production has

the same proportion stranded as the kelp. This estimate

is likely to be a maximum because the specific gravity of
calcium carbonate makes calcareous organisms somewhat less
portable than calcium carbonate-free organic material,

The estimate suggests that a maximum of 0.4 x 1010 g/yr

of the shallow rocky macrobenthos production is moved
ashore. The dust collector data indicate that some of

this material returns to the system after an excursion
from the system., Thus it is assumed that airborne transfer
has little effect on the calcium carbonate budget, although
aerial transportation may be important for relocating
material within the system,

As Emery (1960) points out, sporadic Santa Ana winds
undoubtedly do transfer some material to the Borderland.
His statement that this amount is small appears correct

in spite of the complexity of aerial influence. Recent
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data by Ferguson, Griffin, and Goldberg (1970) support

the assertion that aerial transfer to the Borderland is

small compared to other avenues of transfer.

III. C.3. Ocean Current Transfer

Transfer of calcareous debris to or from the
Borderland by ocean currents is possible. Various lines
of evidence support this possibility. Since 1967,
suspended-load samples have been collected at the NURDC
Oceanographic Tower off San Diego (Figure 1). Until
February 1968 these samples were analyzed by X-ray
diffraction (Appendix I) for carbonate mineral composi-
tion. Aragonite is occasionally present; Mg—calcite(o_lz)
is frequently present. Other mineralogic analyses
summarized in Appendix III show similar carbonate mineral
variability. Quantitative analyses of the samples
collected at the NURDC Tower from April 1968 to September

1969 have a mean CaCO, content of 90 pg/liter (Table VII;

3
Appendix III). The technique for quantitative analysis
is given in Appendix I.

Water samples collected from several locations among
the Channel Islands (Table VII; Appendix III) have an
average of 30 pg/liter CaCO3. Samples from Santa Barbara
(Table VII; Appendix III) contain 240 pg/liter CaCly.
In order to test the hypothesis that suspended load

transport is significant to the California Borderland
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carbonate budget, the stations shown in Figure 5 and
Appendix III were occupied during July 1969 aboard the
R/V JORDAN. Most of the stations were chosen to outline
the approximate boundaries of the Borderland. The numbers
obtained are too few and too variable to permit careful
calculation of calcium carbonate mass transport, but the
following approximations suggest that more detailed mass
transport calculations are unnecessary.

Emery (1960) states that the California Current has
a volume of about 3 x 1014 m3/yr, and the CALCOFI Atlas
No. 4 (Wyllie, 1966) maps of geostrophic flow above 500 m
indicate that only about 20% of the Califormnia Current

13 m3/yr. The

volume enters the Borderland--about 6 x 10
average amount of offshore suspended calcium carbonate is
0{7 pg/liter, suggesting that the maximum likely suspended
carbonate transfer is probably about 4 x 1010 g/yr. The
actual net transfer is probably less than this amount
because part of the material removed by suspended 1load
transportation is likely to be replaced. Such an amount
does not justify serious consideration or partitioning of
suspended load transfer into the compomnents of input,

output, and intra-system transport.

Net transfer by this process is considered for the

J

urposes of this investigation to be zero.

Short-distance suspended- load transport of CaCO3

may be important in relocating carbonate sediment within
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R/V Jordan — July, 1969
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Figure 5. R/V JORDAN suspended-mineral sample localities.
These localities were chosen to outline
approximately the boundaries of the Borderland
in order to evaluate suspended-load transfer
across these boundaries. Water depths are
shown in Figure 1.
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TABLE VII

CaCo, Content of Suspended Mineral Samples

in the Southern California Borderland.

37

CaCO3
_we/liter
LOCATION X s

Ellwood Pier, near

Sta. Barbara%* 240 540 25 samples
Around the Channel

Islands 30 40 54 samples
San Diego, NURDC Tower 90 170 38 samples
JORDAN samples across

Borderland 0.7 1.5 47 samples

*Some of these samples were collected during a rainstorm

in January 1969.
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the Borderland even though suspended- load transport to

or from the Borderland is unlikely to be important.

III. C.4. Mechanical Transfer Summary

Of the several possible mechanical transfer terms
mentioned initially, all but river input, aerial transfer,
and ocean current transfer can be dismissed immediately
as unlikely to be significant. Both aerial transfer and
ocean current transfer also prove to be of only minor
consequence. The remaining process, river transfer,
apparently introduces approximately 16 x 100 g/yr
calcium carbonate to the Borderland. The determinate
error is about 1 x 1010 g/yr. Most of this material is
Mg-calcite(<4). Dolomite apparently makes up approxi-
mately 4 per cent of the river load, although the effects
of habitation in the Los Angeles area prevent satisfactory
examination of the most likely drainage area to provide

large dolomite influx.

b
IIT. D. BIOLOGICAL TRANSFER pX Bn

n=1
Biological production is an important input of
calcium carbonate to the Borderland. Both the abundance
of live calcareous organisms and the presence of their

£ o ml, 2 .
S racc. TNnis

ot

remaing in the sediments attest to th
section is largely devoted to estimating how much material

is added to the system by biological processes.
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It is also likely that a significant portion of
the carbonate output is biotic, Organisms involved in
removing material from the system do so either
mechanically or chemically. Bio-mechanical removal,
such as by floating drift wood or kelp or by sea mammals
(Emery, 1963) may create curious occurrences of "exotic"
sedimentary particles far from shore, but these processes
seem unlikely to be of major consequence in terms of the
calcium carbonate budget. Biologic solution of calcareous
material, on the other hand, may be of great importance.
A recent symposium was devoted to biologic penetration
of substrates. The results of that symposium were
summarized by Carriker and Smith (1969), who 1list
approximately 15 phyla of marine organisms which penetrate
calcareous substrata by chemical activity. Chave
(personal communication, 1967) has observed that various
benthic suspension feeding organisms apparently can
dissolve suspended calcium carbonate which they ingest.
Pelagic organisms probably have the same ability (Berger
and Soutar, 1970).

Although it would be desirable for budget calcula-
tions to isolate biochemical solution as a category
separate from inorganic chemical solution, such a goal
cannot be realized at present. This portion of
biological transfer is considered under inorganic

solution--chemical transfer.
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Biological input can now be considered.

It is convenient to divide biologic input into a
number of categories. Not only is biologic input too
heterogeneous to be handled as a unit, but the methods
of data procurement are quite variable. The biologic
production categories, in the order that they will be
discussed, are shallow rocky shelf macrobenthos production,
basin macrobenthos production, foraminifera production,

and other production.

III. D.l. Shallow Rocky Macrobenthos Production

Rocky bottom with minor patches of sand and gravel
covers much of the Southern Califormnia mainland shelf
(Emery, 1960). The most obvious organisms associated
with these rocky bottom areas are the kelp, including

Macrocystis pyrifera and numerous associated species

(Dawson, Neushul, and Wildman, 1960). cCalcareous
organisms encrust the kelp, live on the sea floor in
the kelp beds, and live on hard bottom areas lacking
kelp. 1In many ways the kelp beds are analogous to
tropical reefs. Both kelp beds and reefs often have
irregular, sometimes shoaling, topography. 1In fact,
kelp beds and other bathymetrically similar areas are
often locally called reefs. Second, both envircnments
support a larger standing crop and apparently have a

larger productivity than surrounding areas (Odum, 1959;
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Figure 6. Map of shallow rocky macrobenthos stations. At
- Bird Rock (BR) 15 samples were collected in
water depths ranging from nine to 27 meters.
Six samples between the intertidal and 22
meters were collected at Pelicanm Point (PP).
One sample was collected in nine meters of
water at Naples Reef (NR).
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Clendenning, 1960; Ryther, 1963). Third, both

environments have many calcareous organisms as important
parts of their respective communities.

Three rocky bottom areas, in relatively light
stands of kelp, were selected along the Southern
California mainland shelf (Figure 6) for estimates of
calcium carbonate production rates. Each of the areas
was selected for convenient access and sampling by
divers. It will be demonstrated that the areas sampled
are probably typical of Southern California rocky bottom

areas,

ITI. D.l.a. Calcimass

The data collected by divers represent a measure
of the static condition, or standing crop, of the
community. A biologist considering the standing crop
would probably present the data as biomass, or mass of
organic material per unit area, as for example, is
discussed in Thorson (1957). Because the interest of
this investigation is calcium carbonate rather than
organic material, the word "calcimass'" has been coined
to denote the mass of calcium carbonate present per unit
map area. In this report calcimass will be given as
g/mz.

Estimates by divers of calcimass were made in the

following fashion. At each station a 10-meter cable was



Figure 7.

Diver laying out the 10-m traverse line in 9 m
of water at Bird Rock. The tangled mat below
the diver is surf grass, Phyllospadix torreyi,
which is frequently encrusted by the coralline
alga, Melobesia mediocris. In the left fore-
ground is a drifting stipe of the kelp,
Macrocystis pyrifera (Navy Electronics

Laboratory Photograph by S. Follis).

[after page 41]
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stretched along the sea floor (Figure 7). The large
organisms within one meter of this cable were counted,
and the divers then collected, as best they could, all
the live material within a square meter, estimating
what remained uncollected. Such a procedure of diver
collecting and counting must be employed rather than
conventional grab sampling devices, which function poorly
or not at all in hard-bottom areas.

The data for a given station were then synthesized
into calcimass estimates, which are tabulated in Appendix
IV. Fifteen such stations were taken between 8 and 27
meters off Bird Rock in San Diego. Six stations between
the intertidal and 22 meters were taken at Pelican Point,
near Corona del Mar. These stations differed from the
Bird Rock stations in that permanent cables were put out
and revisited. One station was taken 9 meters off Naples
Reef west of Santa Barbara.

These samples were restricted to depths of less
than 30 meters due to the limitations of repeated diving
without decompression.

Table VIII summarizes the calcimass estimates for
each of the 3 areas. Calcimass is of major interest in
eventually yielding an estimate of production, but the
calcimass values a2lso provide a2 method for evaluating a

determinate error in the production data. If an



Figure 8.

Subtidal rocky bottom at Bird Rock. The dark
object in the center of the photograph is the
echinoid, Strongylocentrotus franciscanus. To
the right of the echinoid is an unidentified
holothurian. In the upper right corner of the
photograph, as well as immediately below the
echinoid, are articulated coralline algae,
primarily Calliarthron (Navy Electronics
Laboratory Photograph by S. Follis),

[after page 42]
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homogeneous community is sampled, the variability
(either s or V) of the community's calcimass can be
estimated. TIf several communities are inadvertently
grouped together, the resulting error estimate will be
too large (i.e., conservative).

The samples can be divided objectively into four
sets which can be assumed subjectively to represent
communities: Bird Rock, Pelican Point (intertidal),
Pelican Point (subtidal), and Naples Reef. For each of
the first 3 sets there is more than one sample, and
estimates of variability can be made (Table VIII). The
mean coefficient of variation for those stations is 78
per cent, which is assumed to be the determinate error
attached to the rocky bottom calcimass estimates.

At Bird Rock the dominant calcareous organisms are

coralline algae. Bossiella, Corallina, and Calliarthron

are abundant articulated coralline algae (Figure 8).

Melobesia mediocris frequently encrusts the marine surf

grass, Phyllospadix torreyi (Figure 8), particularly

in water shallower than about 10 meters. Lithothamnioid
algae form thin pavements over much of the exposed rock.

Bryozoans, particularly Membranipora, encrust algae, grass,

and rocks (Figure 9). The encrusting bryozoans become
an important part of the calcareous biota only when they
have taken advantage of the large surface area of

Macrocystis or other brown algae. Gastropods, including




Figure 9.

Subtidal rocky bottom at Bird Rock. The fish
is swimming among various kinds of brown algae.
Light-colored spots on the algae are encrusting
bryozoans, probably Membranipora. A large
amount of suspended particulate material can

be seen in the upper right portion of the
photograph (Navy Electronics Laboratory
Photograph by S. Follis).
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TABLE VIII

Shallow Rocky Bottom Macrobenthos Calcimass
within Apparent "Communities."

PELICAN POINT PELICAN POINT
BIRD ROCK SUBTIDAL INTERTIDAL NAPLES REEF
STATION g/m2 STATION g/m2 STATION g/m2 STATION g/m2

BR-1 216 PP-1 2554 PP-2 5054 NR-1 458
BR-2 2483 PP-3 260 PP-6 12799

BR-3 465 PP-4 2336

BR-4 509 PP-5 845

BR-5 709

BR-6 133

BR-7 249

BR-8 568

BR-9 304
BR-10 752
BR-11 455
BR-12 388
BR-13 238
BR-14 514
BR-15 632

X 574 1499 8927 458
s 559 1122 5477 --

\ 97% 75% 61% --




Figure 10.

Intertidal rocks at Pelican Point. The 10-m
traverse line stretches away from the viewer,
and a portion of the m? quadrat marker lies
in the foreground. Clusters of the mussel,
Mytilus californianus, are the prominent

organisms on the rocks. The smaller
organisms among the Mytilus clumps are
primarily barnacles of various species
(Photograph by E. Anderson).

[after page 441
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Haliotis rubescens, Astraea undosa, and other algivorous

forms, are occasionally abundant, as are the echinoderms

Strongylocentrotus and various asteroids. Less abundant,

but frequently present, are brachiopods, gorgonian
corals, ahermatypic corals, and serpulid worms.
The Pelican Point intertidal stations are

overwhelmingly dominated by mussels (Mytilus californianus)

as shown in Figure 10. Several species of barnacles and
gastropods are numerous but comprise only a small portion
of the calcimass,

Diaperoecia californica, bryozoans which form balls

ranging from a few centimeters up to about 50 centimeters
in diameter (Figure 11) are abundant in the subtidal at
Pelican Point. The gorgonian coral, Muricea, is also
abundant there (Figure 11).

Strongylocentrotus is the dominant organism at the

Santa Barbara station, and Calliarthron is also present.

III. D.l.b. Turnover
In order to convert organism mass to organic (or
carbonate) production, a rate term is needed. The
. -1 .
necessary units for such a term are (years) ~, which can
be recognized as the inverse of some longevity estimate.

Mean longevity can be estimated by various methods to

1

be discussed in this section. It could be argued that

some other longevity estimate, such as the median, mode,



Figure

Subtidal rocky bottom at Pelican Point. Part
of the 10-m traverse line can be seen in the
foreground., Digitate gorgonian corals
(Muricea) are the most prominent organisms.
Headlike, light-colored masses in the upper
right portion of the photograph and in the
foreground to the right of the traverse line
are the bryozoan, Diaperoecia californica.

To the left of the traverse line is the
asteroid, Pisaster (Photograph by E. Anderson).
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or maximum might be preferable for turnover estimates,
but the uncertainty attached to any estimates for most

calcareous organisms preclude the need for such concern.

Methods gf_Turnover Calculation~--Three different methods

of turnover estimation have been used. Each of these
methods will be described, and then the results of the

turnover estimates will be presented by phylum.

Laboratory and Fouling Panel Growth--If the growth rate
of an organism and the size to which the organism commonly
grows are known, then the time to reach that size can be
calculated. Plants, such as coralline algae, and colonial
animals, such as various bryozoans, may be maintained at
that size through a balance between continued growth and
some external "trimming" process. For such organisms, the
time to grow to that maximum size is a measure of the
turnover rate for that organism. The model can be applied,
albeit more tenuously, to organisms not subject to the
combination of growth balanced by trimming. For such
organisms the assumption is made that they grow to their
maximum size and die.

Two kinds of growth data have been utilized for this
method of turnover estimation: 1laboratory growth and
growth on various fouling surfaces. Hence, the method 1is

designated "laboratory and fouling panel estimation of
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turnover" (Table IX). The size to which the organisms
grow is termed Sm. Growth rate is expressed in rate of
organism length increase or (in the case of encrusting
algae) per cent live-weight increase. Smith and Haderlie
(1969) describe the method and list much of the data

used in this investigation.

Laboratory growth data for various species of
coralline algae come from experiments undertaken at the
University of California (Santa Barbara). The experimental
data are tabulated in Appendix V, and the results of the
turnover calculations from these data are in Table IX.

Fouling-panel data come from a number of sources.
Smith and Haderlie (1969) report the growth of various
calcareous organisms on fouling panels in Monterey
Harbor, Califormia. Turnover rates for similar organisms
in Southern California are assumed to be comparable.

E. Anderson and W. North provided several fouled buoys

from Corona del Mar. M. Neushul provided coralline algae
which had grown on concrete blocks at Anacapa Island.

R. Dill provided a brick which had become fouled in

Scripps Canyon. All of these fouling surfaces were in

the water known lengths of time. It is assumed (for
conservative turnover estimates) that organisms being
considered started growing on the fouling surfaces as

soon as the surfaces were put in the water.
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Estimates of Sm have come from a number of different
sources, primarily literature estimates.
All turnover estimates obtained by this method are

summarized in Table IX.

Mortality--Longevity data are available for only few
calcareous benthic organisms, but growth and size
distribution data frequently are available. With several
assumptions, instantaneous mortality and thus mean

longevity can be calculated from growth and size distribu-

tion data.
First a set of conditions is needed.
a) Assume mortality is constant.
b) Assume growth follows the Bertalanffy equation
(Bertalanffy, 1938; Taylor, 1962).
c) Assume recruitment is constant and occurs at size 0.
d) Let Nt and St be the number of organisms and size of

organisms, respectively, at time T. Let time T, be 0

0

and let N, be 1.
From assumptions a and d:

N, = e Bt (6)

t

The coefficient of instantanecus mortality is m,
From assumption b:

S =5 (1 - e Kb (7)

t oo



TABLE IX

Laboratory and Fouling- Panel Estimates of Turnover. Turnover = size/growth rate.
GROWTH DATA GROWTH SIZE DATA TURNOVER
ORGANISM SOURCE* RATE SOURCE* SIZE (yvr' b
ALGAE
Bossiella gardneri Appendix V 4 cm/yr Common size
observed in
BR samples ~10 cm 0.4
Corallina vancouveriensis Appendix V 5 cm/yr Common size
observed in
BR samples ~ 10 cm 0.5
Calliarthron tuberculosum Appendix V 5 cm/yr Common size
observed in
BR samples ~ 15 cm 0.3
Lithothemnium sp. Appendix V 150%/yr -—-- -- 1.5
Lithophyllum sp. Appendix V 150%/yr ———— -- 1.5
BRYOZOA
Crisulipora accidentalis * 0.5 cm/mo = 3 em 2
Tubulipora pacifica * 0.2 cm/mo * 0.3 cm 6
Bugula californica * 1 cm/mo % 5 cm 2
Bugula neritina * 3 cm/mo. * 10 cm 4
Holoporella brunnea * 1 c¢m/mo * 5 cm 2
Phidolopra pacifica Buoys, Corona
del Mar 5 cm/yr Osburn (1952) 11 cm 0.5
Diaperoecia californica Buoys, Corona Pequegnat
del Mar 15 cm/yr (personal
communication) ~ 50 cm 0.3
MOLLUSCA =
Mytilus edulis * 0.5 cm/mo % 10 ¢cm 0.6 -
Chama pellucida Buoys, Corona Pequegnat &
del Mar 2 cm/yr Fredericks

(1967) 6 cm 0.3



TABLE IX (Continued)

Laboratory and Fouling-Panel Estimates of Turnover. Turnover = size/growth rate.
GROWTH DATA GROWTH SIZE DATA TURNOVER
ORGANISM SOURCE* RATE SOURCE* SIZE (yr™ )
Pododesmus pernoides Buoys, Corona Pequegnat &
del Mar 4 cm/yr Fredericks 6 cm 0.7
Aletes squamigerus Buoys, Corona Personal
del Mar 3 cm/yr observation ~10 cm 0.3
ARTHROPODA :
Balanus crenatus * 0.2 cm/mo * 2 cm 1
Balanus glandula * 0.2 cm/mo * 2 cm 1
Balanus tintinnabulum * 0.3 cm/mo * 6 cm 0.6
Chthamalus dalli * 0.1 cm/mo. * 0.7 cm 2
ANNELIDA
Spirorbis sp. * 0.1 cm/mo * 0.3 cm 4
Chitinopoma sp. * 0.5 cm/mo  * 6 1
COELENTERATA
Balanophyllia sp. Brick, Scripps Johnson &
Canyon 0.1 cm/yr Snook (1927) 1 cm 0.1
Muricea sp. Buoys, Corona Personal
del Mar 3 cm/yr observation ~ 50 cm 0.1
PORIFERA
Leuconia heathi * 0.6 cm/mo * 10 cm 0.7

*Source for these data are Smith and Haderlie (1969) unless designated otherwise.

0¢
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ﬁw is the asymptote of the Bertalanffy equation,
and k is the growth constant representing anabolism-
catabolism,.

From equations 4 and 5:

k Se = S¢
log(e) Nt = = log(e) (__E———_> (8)
This curve gives the form of the size curve if all
the assumptions are met. In practice a better size-

frequency curve is givenm by cumulating from S, to SO:

=

g N = o 198 (S_OO_S:_S_()) (9)

If the size-frequency data conform perfectly to the
exponential frequency curve model of equation (8) then
there is no difference between the results of equations
(8) and (9). The major result of the cumulating procedure
of equation (9) is the masking of size class modes.

Thus it follows that a size-frequency curve fitted
to equations (8) and (9) and a growth curve fitted to
equation (7) will yield the coefficients k/m and k, from
which m may be calculated. The instantaneous mortality
(m) is dimensionally correct for turnover (yr_l), and

its inverse is mean longevity.



TABLE X

Mortality Estimates of Turmnover. Turnover = Size Coeff. x Growth Coeff.
(yr 1)
MORTALITY
SIZE GROWTH COEFF. =
ORGANISM REFERENCE COEFF. COEFF. TURNOVER

MOLLUSCA

Siliqua paftula (Alaska) Weymouth & McMillin (1931) 1.1 0.24 0.2
Siliqua patula (Washington) Weymouth & McMillin (1931) 0.8 0.72 0.6
Siliqua patula (California) Weymouth & McMillin (1931) 0.9 1,12 1.0
Tivela stultorum Coe and Fitch (1950) 8.8 0.17 1.5
Acmaea digitalis Frank (1965 a & c) 1.0 1.22 1.2
Haliotis cracherodii Leighton & Boolootian (1963) 8.0 0.13 1.0
Haliotis refescens Cox (1962) 0.3 0.14 0.05
Littorina planaxis North (1954) 3.2 0.17 0.5
ECHINODERMATA

Strongylocentrotus purpuratus Ebert (1968) 0.6 0.50 0.3
Oregon, intertidal, eel grass

Strongylocentrotus purpuratus

Oregon, intertidal, boulder field Ebert (1968) 0.2 0.43 0.1
Strongylocentrotus purpuratus

Oregon, Postelsia zone Ebert (1968) 0.3 0.36 0.1
Strongylocentrotus purpuratus

S. Calif., intertidal, Pt, Loma North (1968a) 20.1 0.08 1.6
Strongylocentrotus franciscanus North (1968a) 8.3 0.13 1.0
BRACHIOPODA

Terebratalia transversa Paine (1969) 2.0 0.43 0.9 w
Terebratella inconspicua Percival (1944) 21,2 0.07 1.6 ~
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This model is quite similar to one proposed by
Baranov (1918) and mentioned by Ricker (1958). Most
data used in these calculations are from literature

sources. The results of such calculations are in Table X.

Literature Estimates--Some estimates of turnover for
calcareous organisms are available in the literature.
These estimates range in quality from detailed studies
of a taxon to studied guesses. The results are given in
Table XI, together with a phrase describing the basis
of the estimate.

The turnover estimates derived by the three methods
discussed give rise to other turnover estimates obtained
by analogy with the better known species, These estimates
are discussed under the respective phyla. All estimates
used for calculating production are summarized in Table

XIT.

Results of Turnover Calculations--The estimates of

turnover, by phyla, are summarized below,.

Rhodophyta~--Coralline algae turnover ranges from 0.3 to
2.0 yr_l. Estimates from laboratory and fouling-panel
growth are given in Table IX. Articulated coralline algae

Bossiella, Corallina, and Calliarthron have turnovers

ranging from 0.3 to 0.5 yr-l. Encrusting algae,

Lithothamnium and Lithophyllum, appear to have a turnover
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TABLE XI

Literature Estimates of Turnover.

TURNOVER
ORGANISM (yr-1) JUSTIFICATION

Melobesia mediocris 2 Encrusts grass which pro-
bably has rapid turnover

Membranipora 2 Encrusts kelp blades which
have turnover of 2.
(North, 1961; 1967b)

Kellettia kellettii 0.1 McGinitie and McGinitie
(1968) say it can live at
least 8 years

Bursa californica 0.1 Same

chitons 0.1 Implied in Comfort (1957)

Tegula funebralis 0.1 Frank (1965b) says long-
lived

Acanthina spinata 0.3 Can be inferred from data
in Calaprice (1962)

Cypraea spadicea 1 Rapid growth according to
Darling (1965)

Protothaca staminea 0.3 I had guessed lower than
estimate of 0.6 in Schmidt
and Warme (1969)

Ostrea lurida 0.1 Implied in Comfort (1957)

Lytechinus anamesus 1 Inferred from data in
North (1968a)

Pisaster 0.3 Long-lived according to

Feder (1956)
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of about 1.5 yr~1. Melobesia, which encrusts the

apparently short-lived marine grass Phyllospadix, is

assumed to have a turnover of 2.0 yr-1 (Table XII).

Bryozoa--Turnover of this phylum has a range from 0.3 to
6.0 yr-l. Several species appearing on fouling panels
(Table IX) apparently have extremely rapid turnover times
but do not appear in the calcimass stations. Their rapid
turnover rates are used to assume that miscellaneous

-1 X .
bryozoans have a turnover of 2.0 yr ~. Diaperoecia

californica and Phidolopora pacifica, two abundant species

1

3

at Corona del Mar, have turnover rates of 0.3 and 0.5 yr

respectively (Table IX). Membranipora, the genus which

frequently forms heavy encrustations on various algae 1is

-1
assumed to have a turnover of 2.0 yr ~, the same as that

for Macrocystis fronds, which are frequently encrusted

(North, 1961; 1967b).

Mollusca--Mollusk turnover ranges from 0.05 to 1.0 yr-l.
Estimates for mollusk turnover primarily come from
mortality calculations (Table X) and from literature
estimates. Estimates for four species have been derived
from fouling-panel growth (Table IX). Mollusks have been
studied in more detail than other phyla, so turnover'

estimates calculated for this investigation can be

compared with information already available.



TABLE XII

Turnover Estimates of Southern California
Macrobenthos.
These values are the estimates used to
calculate production from calcimass.

TURNOVER
ORGANISM (yr b

Miscellaneous articulated algae
Melobesia

Corallina

Bossiella
Calliarthron
Lithothamnioid algae
Miscellaneous bryozoans
Membranipora
Diaperoecia californica
Phidolopora

Antropora
Scrupocellaria
Miscellaneous mollusks
Acmaea

Aletes squamigerus
Astraea iundosa

Bursa californica
Conus californicus
Crepidula

Cypraea spadicea
Haliotis rufescens
Kellettia kellettii
Surculites

Tegula funebralis
Acanthina spinata
Epitonium

Lottia gigantea
Fissurella volcano
Megathura crenulata
Chione undatella
Lithophaga plumula
Chama pellucida
Protothaca staminea
Mytilus

Penitella conradi
Semele

Pododesmus pernoides
Ostrea lurida

Chitons

Nutallina californica

.

.
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TABLE XII (Continued)

Turnover Estimates of Southern California
Macrobenthos.

TURNOVER
ORGANISM (yr-1)

Miscellaneous echinoderms
Lovenia cordiformis
Lytechinus anamesus
Strongylocentrotus franciscanus
Strongylocentrotus purpuratus
Pisaster

Astropecten armatus

Patiria miniata

Henricia leviuscula
Astrometis sertulifera
Linckia columbiae
Dermasterias imbricata
Ophiuroids

Miscellaneous barmnacles
Balanus

Mitella polymerus

Tetraclita

Chthamalus

Miscellaneous annelids

SerEula

Spirorbis

Eupomatus

Miscellaneous coelenterates
Balanophyllia

Muricea

Miscellaneous brachiopods
Terebratulina

Terebratalia

HFHHOOORPHRNEFEFRFRREOOOOOOOOHKHMHOO
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Siliqua patula is a commercially exploited species,

but the data gathered by Weymouth and McMillin (1931)
antedate major exploitation. Mortality coefficients
range from 0.2 to 1 yr-l. The increased longevity from
south to north and the decreased growth rate in the same
direction agree with Weymouth and McMillin's interpreta-
tion. The mortality coefficient of 1.5 yr—1 for Tivela
stultorum agrees rather well with the annual mortality
(m = 1.1) estimated by Coe and Fitch (1950).

The Acmaea digitalis mortality coefficient of 1.2

yr_1 is within Frank's range (1965c) of 0.4 to 1.5 yr-l.

The two species of abalone provide a profound, but
apparently explainable, contrast in turnover, Haliotis

cracherodii in a heavily exploited area (Leighton and

Boolootian, 1963) appears to have a near annual turnover.
On the other hand H. rufescens in a protected area (Cox,
1962) appears to have a mean turnover of about 0.05.
This latter population may also be an old population with
very low recruitment. Such a very low turnover rate
certainly seems suspect, but it is not out of line with
the frequently quoted statement that abalone can live
in excess of 13 years.

Fouling panels have provided turnover estimates for

four species of mollusks (Table IX)., Mytilus edulis

grew on the fouling panels at Monterey and appeared to

need about 20 months to reach full size. Data in Coe
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and Fitch (1950) suggest a longevity of 3 to 5 years for

both Mytilus edulis and the more common M. californianus.

Chama pellucida growth on buoys at Corona del Mar suggests

a longevity of about 4 years; Pododesmus pernoides on the

same buoys may live about 1.5 years. These estimates
agree fairly well with estimates of 3 to 4 years and
about one year respectively by Pequegnat and Fredericks

(1967). Aletes squamigerus growth on these buoys is

suggestive of a 3-year lifespan.
Data by Comfort (1957) (Table XI) suggest about
10-year longevity £for miscellaneous chitons. McGinitie

and McGinitie (1968) comment that Kellettia kellettii

and Bursa californica can live at least 8 years. Darling

(1965) comments on the rapid growth of Cypraea spadicea,

so this information is used to suggest a l-year longevity
for this cowry. Data by Frank (1965b) suggest a great

longevity for Tegula funebralis, so a turnover of 0.1

yr is estimated. Growth rates and sizes of Acanthina
spinata by Calaprice (1962) appear compatible with a

3~year longevity estimate. Protothaca staminea mortality,

estimated in this report to be 0.3, may be about 0.6,
according to Schmidt and Warme {(1969).

Other mollusk turnover estimatesg lited in Table XTI
are based on gross size or habit similarity of the genera
in question to better known mollusks. Four years 1is

taken to be a reasonable mean longevity for mollusks in
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general. It is likely that due to high larval mortality
(after the development of a calcareous shell) mollusk
turnover is conservatively estimated by the assumption of
constant mortality and by the assumption that mollusks
generally live several years. Therefore, mollusk

production of calcium carbonate is probably underestimated.

Echinodermata--Echinoderm turnover, although only poorly
known, is estimated to range from 0.1 to 1.6 yr_l.
Mortality calculations and literature estimates are used

for echinoderm turnover. Mortality calculations for one

echinoid species, Strongylocentrotus purpuratus, give

grossly heterogeneous answers (Table X) ranging from a
turnover rate of 0.1 yr_1 for intertidal organisms in
Oregon (Ebert, 1968) to a rate of 1.6 yr-1 for subtidal
urchins in the kelp beds of Southern California (North,
1968a). The kelp beds value is likely to be the best for

the Southern California S. purpuratus, so a compromise

turnover of 1.0 has been adopted. North's (1968a) data
suggest that a turnover estimate of 1.0 is also reasonable

for S. franciscanus. North's data are insufficient for

a mortality calculation on Lytechinus anmamesis, but these

data suggest once again that an annual turnover is
reasonable {(Table XI),

Data in Thorson (1957), Feder (1956), and Fell

~
'—l
(X¢)
=)
(o)
\?

suggest that the other common echinoderms live 4 to 5
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years. The echinoderms, like the mollusks may produce
“"too much" material due to high larval mortality after

the formation of calcareous shells. 1In addition, abrasion
of echinoid tests removes material which is subsequently
replaced (Ebert, 1968), but for this investigation, the
error introduced by such regeneration is assumed to be

of no concern.

Arthropoda--Barnacle turnover ranges from 0.6 to 1.0 yr-l,

according to the fouling-panel estimates given in Table
IX. Other calcareous arthropods have been assumed to be
insignificant carbonate contributors and have not been
considered further. An annual turnover is assumed for

barnacles in general (Table XII).

Annelida--Fouling-panel growth (Table IX) suggests that
annelid turnover is 1 to 4 yr-l. The lower value, for

Chitinopoma is assumed to typify most of the phylum

(Table XII). Spirorbis apparently may produce several

crops annually.

Brachiopoda--Mortality calculations for brachiopods (Table

X) yield turnover estimates of 0.9 to 1.6 yr-l for

Terebratalia transversa and Terebratella inconspicua,

respectively. One year has been chosen as the turanover

for brachiopods in general.
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Coelenterata--Both the growth of Balanophyllia on a brick

and Muricea growth on buoys (Table IX) suggest a turnover
of 0.1 for the phylum. Grigg(l970) has estimated that

Muricea californica has a mean longevity of 11 years and

that the less abundant Muricea fructicosa has a mean

longevity of 4 years.

Porifera--No sponges were identified in the calcimass
stations, but growth of Leuconia on fouling panels

(Table IX) suggests annual turnover.

Summary of Turnover Results--Table XII contains the
turnover estimates used to calculate macrobenthos

production from calcimass,.

ITI. D.l.c. Production

The product of calcimass (g/mz) and turnover (l/yrs)
is production ((g/mz)/yr). Table XIII summarizes the
calcium carbonate production by phyla at the stations
sampled. This table is extracted from the data tabulated
in Appendix IV,

Total shallow rocky macrobenthos production ranges
from approximately 70 to 4000 (g/mz)/yr, a span of almost
two orders of magnitude. Two of the stations included
are intertidal, and their excliusion drops the upper
limit of production to about 1000 (g/mz)/yr for subtidal

stations. Bryozoans and coralline algae dominate the
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subtidal production, followed by echinoderms and mollusks
(Table XIII). As pointed out in the previous section,
both echinoderm and mollusk turnover rates, and therefore
production rates, may be underestimated due to production
from high larval mortality. Production by infauna, as
well as by small species, is also undoubtedly under-
estimated or even missed entirely.

The data in Table XIII demonstrate.a great deal of
heterogeneity among the three areas. At Bird Rock
coralline algae are the major producers. The bryozoans
at those stations, as can be seen from Appendix IV, are
largely encrusting forms, They are.abundant where there
is kelp. At Pelican Point the dominant subtidal producers
are bryozoans--headlike forms which attach to any
available hard substratum. Echinoids are the major
calcium carbonate producers at Naples Reef. The inter-
tidal station at Pelican Point has mollusks as its major
carbonate producer. These biota have been discussed more
completely under Calcimass (Section III. D.l.a.).

In spite of this heterogeneity in dominance, the
mean production rates at the three localities are
surprisingly similar: 382 (g/mz)/yr at Bird Rock, 399
(g/mz)/yr at Pelican Point (subtidal only), and 372
(g/mz)/yr at Naples Reef. The two intertidal stationmns
at Pelican Point have a much higher rate of calcium

carbonate production--a mean of 3087 (g/mz)/yr. However,
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the areal extent of the narrow band of intertidal 1is
insignificant compared to the rocky subtidal areas.

O0f all the phyla considered, only the Rhodophyta are
present at all rocky bottom stations (Table XIII).
Bryozoans, mollusks, and echinoderms were found at about
70 per cent of the stations; coelenterates were present
at 60 per cent of the stations,

Total production decreases with depth (Figure 12).
It seems likely that this decrease is related to decreased
light with depth limiting algal growth. In addition to
decreasing coralline algal production directly, algal
diminution is likely to restrict both food and substratum
for other organisms. North (l967b) points out that
calculated compensation levels for California kelp lie
between 30 and 35 meters and correspond well with deepest
occurrence of kelp areas in Southern California. These
observations conform with decreased calcium carbonate
production with depth, so 30 meters is taken to be the
deeper limit of shallow rocky macrobenthos production.

Data from 3 areas and 22 individual stations along
the Southern California mainland shelf have been presented.
How does the caicimass of these areas compare with other
rocky bottom areas of Southern California? Qualitative
comparisons can be offered, but quantitative comparisons
cannot, for several reasons. In the first place, surveys

done for biological information do not report calcimass.



TABLE XTIIT

Shallow Rocky Macrobenthos Production, by Phylum (g/mz)/yr.

DEPTH
STATION (m) TOTAL RHODO. BRYO. MOLL. ECHINO. ARTH. ANN. COEL. BRACH.
BR-1 27 89 60 2 0 13 0 0 4 9
BR-2 16 183 35 10 131 4 0 0 1 0
BR-3 09 793 89 704 0 0 0 0 0 0
BR-4 27 398 336 19 9 1 0 0 4 30
BR-5 15 489 183 155 45 75 0 2 8 20
BR-6 09 120 94 24 2 0 0 0 0 0
BR-7 24 86 65 0 8 0 0 0 12 0
BR-8 15 488 322 0 16 122 0 6 12 0
BR-9 09 254 96 148 4 6 0 0 0 0
BR-10 25 264 202 24 30 0 0 6 0 0
BR-11 14 254 90 80 44 36 0 0 4 0
BR-12 08 674 49 624 0 0 0 0 0 0
BR-13 26 282 263 10 9 0 0 0 0 0
BR-14 17 441 390 0 8 38 0 0 4 0
BR-15 09 915 112 800 0 1 0 1 0 0
X 382 159 173 20 20 0 2 3 4
s 254 117 285 34 35 0 4 4 9
v 66% 74% 165% 170% 175% 0% 200% 133% 225%
% Presemnce - 100 80 73 60 0 20 53 20
PP-1 14 1044 154 614 18 217 0 0 40 0
PP-3 22 68 6 41 2 3 0 0 16 0
PP-4 14 210 5 122 75 0 0 0 8 0
PP-5 14 274 14 245 0 5 0 0 10 0

c9



TABLE XIII (Continued)

Shallow Rocky Macrobenthos Production, by Phylum (g/mz)/yr.

DEPTH

STATION (m) TOTAL RHODO. BRYO. MOLL. ECHINO. ARTH. ANN. COEL. BRACH.
X 399 45 256 24 56 0 0 19 0
s 439 73 253 35 107 0 0 18 0
\Y 110% 162% 99% 146% 191% 0% 0% 95% 0%
% Presence - 100 100 75 75 0 0 100 0
PP-2 0 1663 25 0 1565 68 4 0 0 0
PP-6 0 4409 8 0] 4158 0 244 0 0 0
X 3036 17 0 2861 34 124 0 0 0
s 1942 12 0 1296 48 170 0 0 0
\Y 64% 71% 0% 45% 141% 137% 0% 0% 0%
% Presence -- 100 0 100 50 100 0 0] 0
NR-1 9 372 27 0 7 336 0 0 3 0

99
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Figure 12. Calcium carbonate production as a function of
water depth at the shallow rocky macrobenthos
stations. A weak trend of decreasing
production with increasing depth is present.

[after page 66]
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Also, the data presented here suggest that algae and
bryozoans are the major calcareous organisms, and these
phyla are often treated qualitatively or even ignored
in the best of quantitative surveys., Adequate ecological
interpretations apparently can be made without careful
work with these two phyla, both of which are difficult
to collect, count, or identify. Also the species numbers
in the various phyla listed in ecological surveys appears
to reflect the relative taxonomic care given by a
particular investigator to each phylum. The data of this
report exemplify this fact in that calcimass of a phylum
is more important to this investigation than the taxonomy
within that phylum,

The following procedure has been adopted for comparing
qualitatively the surveys of this report with other
surveys. Of the many biologists conducting diving surveys
along Southern California, Wheeler North and his associates
and Charles Turner and his associates have performed most
of the published and unpublished surveys available to me.
There is enough overlap in geographic areas which they

have surveyed that their terminology can be related. TIf

thése investigators are consistent in their observations,
then a qualitative comparison can be formed among various

rocky bottom localities. Figure 13 shows the benthic

survey locations cited in the discussion.
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Figure 13. Map of shallow rocky macrobenthos surveys
cited in the text. Qualitative comparisons
between the calcimass estimates of the present
investigation and the biomass estimates of the
other surveys suggest that the mainland shelf
shallow rocky-bottom biota are adequately
represented by the samples of this investigation.
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Kelp beds at Point Loma have been described by
Turner, Ebert, and Given (1968) and mentioned by North
(1963). Coralline algae range from sparse to abundant.
Dominant calcareous animals are stony corals, various
mollusks, and echinoderms, and a wide variety of bryozoans.
The species ﬁresent, their abundance, and their diversity
are typical for the general geographic area, water depth,
and bottom type. Bird Rock kelb beds (North, 1963) are
similar. Sessile animals are equally abundant both under
the kelp canopy and away from it. Coralline algae are
susceptible to shading by the kelp canopy but not as much
as other algae.

North (1964a) and Turner, Ebert, and Given (1965)
have described the kelp beds near San Elijo Lagoon in
northern San Diego County. Extensive development of
gorgonian corals, arborescent bryozoans, and articulated
coralline algae occur. The kelp beds resemble kelp beds
farther north rather than the La Jolla or Point Loma kelp
beds to the south. Kelp beds in the vicinity of Canyon
de las Encinas are similar to San Elijo (North, 1967a;
Turner, Ebert, and Given, 1964).

Pequegnat (1964) has described in considerable detail
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Point stations of this investigation. Of particular
interest in his study is the observation that a large

buildup of Chama occurs on the reef top, an environment
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which is not included in the samples of this investigation.
Otherwise his observation that bryozoans and gorgonians
are particularly abundant agrees with the data presented
in this report.

Clarke and Neushul (1967) have studied kelp beds of
Anacapa Island. They conclude that the Anacapa kelp beds
resemble those of the mainland coast, south of Los Angeles.
They point out that kelp beds of Ventura and Santa Barbara
Counties, immediately north of Anacapa are very different
in appearance and can even occur on unconsolidated
bottoms.

The reports which have been cited here suggest the
following about the three areas sampled for this investiga-
tion. 1In abundance, diyersity, and species present, the
Bird Rock areas are probably typical of the rocky bottom
areas from San Diego southward, as well as some of the
offshore islands. Gorgonian corals and large, headlike
bryozoans become more abundant to the north, including
Pelican Point. Polluted areas in the vicinity of Los
Angeles (North, 1963; Turner, Ebert, and Given, 1966;
Strachan and Koski, 1969; and Turner and Strachan, 1969)
do not follow this pattern. Kelp in areas such as Naples
Reef are locally heavily grazed by echinoderms, so these

P N I~

k the bryczcans commenly associated with fleshy
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In short, it appears reasonable to suppose that the
communities which have been sampled for this investigation
are representative of Southern California rocky bottom
areas.

Based on the arguments which have been presented,
shallow rocky 'macrobenthos production is assumed to be
described adequately by my data. Therefore 400 (g/mz)/yr
is a reasonable estimate of mean production in this
environment. The environment occupies 0.1 x 1010 m2
(Table I) so the total production is 40 x 1010 glyr
(Table XIX). The error analysis presented in Table VIII
yields a determinate error of 78 per cent. There is an
error attached to the estimated production area, but it
is considerably smaller than the determinate error cited.
No estimate of determinate error is available for turn-
over. Also, certain organisms produce material at a rate
faster than their apparent turnover by repairing damaged
skeletons, It is likely that the estimate of shallow

rocky macrobenthos production is conservative,

ITI. D.1.d. Production Mineralogy

Each phylum of calcareous organisms is characterized
by a distinctive skeletal mineral composition or range of
mineral compositions {Chave, 1954). Table XIV summarizes
mineralogic analyses of Southern California rocky bottom
macrobenthos as determined by X-ray and chemical techniques

(Appendix I).



Mineralogy of Southern California Macrobenthos.

TABLE XIV

ORGANISM % ARAGONITE % Mg-CALCITE(X)*
Miscellaneous algae 0 14
Melobesia 0 13
Corallina 0 14
Bossiella 0 14
Calliarthron 0 13
Lithothamnioid algae 0 15
Miscellaneous bryozoans 0 6
Membranipora 0 10
Diaperoecia 0 6
Phidolopora 0 5
Antropora 0 10
Miscellaneous mollusks 100 --
Acmaea 0 0
Aletes squamigerus 100 --
Astrea undosa 100 -
Bursa californica 100 -
Conus californicus 100 --
Crepidula 100 -=
Cypraea spadicea 100 --
Haliotis 69 0
Kellettia kellettii 100 -
Surculites 100 -
Tegula funebralis 57 0
Megathura crenulata 100 -
Chione 100 --
Tithophaga plumula 100 -
Chama pellucida 31 2

1L



TABLE XIV (Continued)

Mineralogy of Southern California Macrobenthos.

ORGANISM % ARAGONITE % Mg-CALCITE(X)*
Mytilus californianus 25 0
Ostrea lurida 0 0
Miscellaneous chitons 100 --
Miscellaneous echinoderms 0 10
Lovenia cordiformis 0 8
Lytechinus anamesus 0 9
Strongylocentrotus franciscanus 0 7
Strongylocentrotus purpuratus 0 - 8
Pisaster 0 11
Astropecten 0 12
Patiria 0 13
Henricea 0 10
Astrometis 0 10
Linckia columbiae 0 11
Miscellaneous ophiuroids 0 12
Miscellaneous barnacles 0 0
Balanus 0 1
Miscellaneous annelids 10 9
Serpula 0 10
Spirorbis 33 9
Eupomatus 0 9
Miscellaneous corals 100 --
Balanophyllia 100 --
Muricea 0 12
Miscellaneous brachiopods 0 0
Terebratulina 0 0
Terebratalia 0 0

*Mean per cent Mg in calcite.

(43
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The table includes two kinds of information. Mineral
composition listed for a particular genus or species of
organism indicates that analyses have been conducted for
that genus or species, Mineralogic compositions for
categories denoted "miscellaneous" (e.g., Miscellaneous
Mollusks) generally characterize those groups of organisms
and are used in calculating production mineralogy if
mineralogic information is not available for that organism.
For example, given a genus of mollusk for which specific
mineralogic information is not provided in the table,
production mineralogic composition was calculated from
the information that "Miscellaneous Mollusks'" are assumed
to have 100% aragonite.

From these data and the production data of Appendix
IV, production mineral composition of each station can
be calculated. The results are given in Table XV. 1In
Table XVI is listed the spectrum of Mg-calcite(x) produced
at the rocky macrobenthos stations.

Aragonite comprises 11 per cent of the produced
material., The principal aragonite contributors are
mollusks. The remainder of the material averages
Mg-calcite(lo) and can be partitioned as follows:

Ig—calcite(o 3) 11 per cent; Mg-calcite(4 7y 26 per cent;

L}

Mg-calcite(s_ll), 14 per cent; Mg-calcite 39 per

(12-15)’
cent. The partitioning will be used in the discussion

of chemical transfer.



TABLE XV

Mineralogy of Shallow Rocky
Macrobenthos Production.

STATION % ARAGONITE Mg-CALCITE (x)*
BR-1 5 12
BR-2 60 9
BR-3 0 10
BR-4 3 13
BR-5 8 9
BR-6 2 13
BR-7 23 15
BR-8 6 13
BR-9 1 11
BR-10 10 14
BR-~11 19 10
BR-12 0 8
BR-13 3 15
BR-14 3 14
BR-15 0 10
PP-1 2 8
PP-2 25 1
PP-3 23 9
PP-4 25 6
PP-5 0 7
PP-6 24 0
NR-1 2 8
X 11 10
s 14 4

*Mean per cent Mg in calcite.



TABLE XVI

Spectrum of Calcites Produced by Shallow Rocky Macrobenthos.
Per cent calcite is partitioned by category.

Mg- CALCITE Mg- CALCITE Mg- CALCITE Mg- CALCITE

STATTON (0-3) (4-7) (8-11) (12-15)
BR-1 2 0 9 89
BR- 2 38 13 5 45
BR- 3 0 2 86 11
BR- &4 2 5 0 94
BR- 5 4 53 0 42
BR- 6 0 20 0 79
BR- 7 0 0 0 100
BR- 8 0 26 4 70
BR-9 0 26 35 38
BR- 10 3 10 3 84
BR-11 0 39 17 A
BR- 12 0 51 42 7
BR-13 0 4 0 96
BR- 14 0 9 0 91
BR-15 0 0 88 12
PP-1 0 79 2 19
PP-2 93 0 5 2
PP-3 0 39 A 17
PP-4 18 74 0 8
PP-5 0 86 5 9
PP- 6 100 0 0 0
NR- 1 0 91 2 8
X 12 29 16 A

St
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ITIT. D.2. Macrobenthos Production on the Remainder

of the Shelf and Bank Tops

The production described above is restricted to a
relatively minor portion of the Borderland shelf and bank
areas. Most of the shelves and bank tops are either
covered by loose sediment or are out of convenient diving
range. Various investigators have collected grab samples
across this area.

In particular the Allan Hancock Foundation of the
University of Southern California (State Water Quality
Control Board, 1965) has collected numerous samples which
have been used in the present investigation for estimating
production other than that by shallow rocky macrobenthos.
A total of 460 grab samples were gathered in water
shallower than 100 meters. Approximate conversions can
be made from grab sample size to sea floor area. The
average biomass (wet weight) of echinoderms plus mollusks
(the only abundant calcareous macro-organisms present)
is 95 (g/mz). Mollusks comprise one quarter of this and
echinoderms the remainder. If it is assumed that roughly
one quarter of the biomass is calcareous--reasonable
according to G. Jones (personal communication, 1969) who
analyvzed these samples--then the mean calcimass is 24
g/mza In the discussion of shallow rocky macrobenthos
turnover, the average turnover of both the mollusks and

echinoderms is assumed to be 0.25 yr_l. If this value
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is used for both phyla on the sandy shelf, the mean
macrobenthos carbonate production rate ié about 6
(g/mz)/yr. The maximum value obtained, 250 (g/mz)/yr in
an echinoderm aggregation, is somewhat lower than the
average rocky shelf production.

If this production occurs over those portions of
the shelves and bank tops without shallow rocky production,
then the production occupies 1.3 x 1010 m2 of the
Borderland (Table I) and amounts to 8 x 1010 g/yr (Table
XIX). This production is only one-fifth that of the
shallow rocky shelf.

Data in an investigation by Jones (1964) can be
used for a determinate error estimate. Jones, whose
investigation deals with the same data which have been
used in the present discussion, has estimated the
coefficient of variation for two communities on the
mainland shelf. He calculated 34 per cent and 24 per
cent coefficient of variation for these communities.
These two values yield a mean coefficient of variation
of 29 per cent. As with the rocky bottom estimates, no
determinate error estimate can be attached to the
turnover estimate. Nor can an estimate of the ratio
calcimass/biomass used herein be tested. It seems likely
that both estimates are conservative and that the total

production may in fact be higher than calculated.
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Table XIV shows the echinoderms to be composed of
Mg-calcite(lo). Most of the mollusks are aragonite. The
calcium carbonate produced by sandy shelf macrobenthos
is 25 per cent aragonite from mollusks and the remainder

Mg-calcite(lo) from echinoderms.

III. D.3. Slope Macrobenthos Production

The same data source (State Water Quality Control
Board, 1965) was used for evaluating slope macrobenthos
production. 1In addition, data reported in Hartman (1963)
were included. A total of 173 stations were available
‘between 100 and 1000 meters. The mean production rate,
using the assumptions employed for calculating shelf and
bank top production, is 5 (g/mz)/yr.

Echinoderms comprise 90 per qent of the production
and mollusks the remainder.

Basin and trough slopes and §ther deep irregular
areas have an area of 5.0 x 1010 m2 (Table I), so the
total production is 25 x 10lO g/yr (Table XIX). The
same 29 per cent determinate error given for the sandy
shelf can be assumed for the'slope.

The mineral composition, based on the data in Table
XIV, is 10 per cent aragonite and the remainder

Mg—caxc1ce(10).
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III. D.4. Basin Macrobenthos Production

Hartman and Barmard (1958, 1960) give the average
biomass of the basin floors to be 12 g/mz. Their data
cannot be broken down by phyla, but approximations can
be made. If all the organisms are assumed to be
calcareous, if 25 per cent of the biomass is calcium
carbonate, and if turnover is 0.25 yr_l, then the calcium
carbonate production is less than 1 (g/mz)/yr. Over an

10 2

area of 1.3 x 10 m this amounts to 1 x 1010 g/yr--a

negligible fraction of the total production.

I1II. D.S. Foraminifera Production

Foraminifera production of calcium carbonate is at
once the most difficult biologic input to estimate
satisfactorily and, as will be seen, the largest source
of calcium carbonate to the system.

A rough estimate of minimum foraminifera supply can
be made from data available on five basins. The product
of deposition rate, in (g/mz)/yr, and number of
foraminifera per gram of sediment yields an estimate of
foraminifera accumulation rate. These values multiplied
by foraminifera weights give calcium carbonate accumula-
tion rates (Table XVII). The mean values obtained are
17 (g/mz)/yr for benthic foraminifera accumulation and
7 (g/mz)/yr for planktonic foraminifera accumulation

rate. If one assumes that these values represent the



TABLE XVII

Foraminifera Production, Southern California Borderland,
as Calculated from Sediment Data.
Production estimates are modified in the text discussion.

DEP. RATE* FORAM.

BASIN (g/m?)/yr BENTHICS/g (BENTHICS/mZ)/yr**** PLANKTONICS/g (PLANKTONICS/mz)/yr**** REFERENCE
Sta, Barbara 900 1500 135 x 104 700 63 x 104 Harman (1964)
Sta. Monica 1232 70 9 x 102 15 2 x 104 zalesny (1959)
San Diego 126 900 11 x 10 300 4 x 104 Uchio (1960)
Sta. Cruz 320 200 6 x 104 50 2 x 104 Resig (1958)
Tanner 112 1000 11 x 104 10000 112 x 104 Kheradpir

(1970)
Mean Foram. Production 34 x 104 37 x 104

Benthic Foraminifera Production*¥*

4 -
34 x 107 (BenthiCS/mZ)/yr x 5 x 10 3 g/Benthic = 17(g/m2)/yr

Planktonic Foraminifera Productionk¥i
L -
37 x 10" (Planktonics/mz)/yr x 2 x 107° g/Planktonic = Z(g/mz)/yr

*Emery (L960)
#*Benthic foram. weight from weighing individual Foraminifera is 5 x 10_5 g/Foranm.

*#%Planktonic.foram. weight from Kheradipir (1970), Belyayeva (1968), Berger (personal communication)
is 2 x 10 g/Foram.

****(Forams/mz)/yr = Dep. Rate x Forams/g.

08
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foraminifera production rate of the entire Borderland

(7.7 x 1010 m2, Table I) then the calcium carbonate

production by foraminifera amounts to about 185 x 1010

g/yr.

W. Berger (1969, personal communication; Berger and
Soutar, 1970) points out two major reasons why such an
estimate is a minimum. In the first place, numerous
small foraminifera are not counted by investigators
because these animals are lost during sample sieving.
Second, the estimate represents net, rather than gross,
production. If solution has occurred, then the population
number has already been reduced. Berger believes that
anaerobic conditions in the Santa Barbara Basin below
sill depth have perhaps minimized dissolution and
mechanical destruction of the planktonic foraminifera
there by sediment-ingesting organisms. Perhaps the very
large planktonic population recorded in the Tanner Basin
sediments (Kheradpir, 1970) indicates that this‘population
has also been protected.

Using only the Santa Barbara and Tanner Basin numbers
(Table XVII) suggests that 106 (forams/mz)/yr, and thus
20 (g/mz)/yn may be a better estimate of planktonic
foraminifera production,

Berger further argues that the foraminifera
destruction is largely differential solution of more

fragile specimens. Perhaps then the more robust beanthic
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foraminifera are not significantly affected. The 17
(g/mz)/yr value is assumed to be near the correct gross
production of benthic foraminifera.

Therefore, 40 (g/mz)/yr has been adopted as an upper
limit of foram production--yielding a total production
upper limit of 308 x 1010 g/yr. The mean of the two
foraminifera production estimates is 247 x 1010 g/yr
(Table XIX). From these two values a 35 per cent
coefficient of variation can be calculated.

Planktonic foraminifera are Mg-calcite(<1) (Chave,
1954). Benthic foraminifera are various Mg-calcites
(Chave, 1954; Blackmon and Todd, 1959) or, in rare
exceptions, aragonite (Bandy, 1954). L. Land provided
electron probe chemical analyses for five species of
Southern California calcitic benthic foraminifera. The
results are in Table XVIII. With the exception of one
species, the foraminifera examined are Mg-calcite(<1).
It seems reasonable for the purposes of this study to
conclude that the calcium carbonate produced by

foraminifera is 100 per cent Mg—calcite(<4).

III. D.G. Other Biological Production

Other forms of biological transfer contribute
material to the Southern California carbonate budget.
Pteropods occur in the Santa Barbara Basin but are

probably not abundant elsewhere (A. Soutar, 1969,
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TABLE XVIII

Benthic Foraminifera Mineralogy as Determined
by Electron Probe Analysis.

ORGANISM Mg-CALCITE(x)*
Quinqueloculina sp. 8.3
Cassidulina translucens 0.2
Cassidulina limbata 0.3
Cibicides fletcheri 0.3
Planulina ornata 0.3

*Mean per cent Mg in calcite.
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personal communication). J. Fitch (1969, personal
communication) says that fish otoliths, although present,
are probably unimportant. Ostracods apparently are also
relatively rare (State Water Quality Control Board, 1965).

Most difficult to evaluate is the contribution of
coccolithophorids to the budget. A. G. Fischer (1969,
personal communication with K. E. Chave) pointed out that
there are coccolithophorids in Southern California
sediments. I have since examined several sediments and
verified his findings. The coccolithophorids do not
seem to be abundant, but their small size makes them
difficult to examine in the predominantly nomn-calcareous
Southern California sediments.

Because these various forms of biological production
are known to occur in the Borderland, a non-zero value
sﬁould be assigned to other biologic production. Thesé
other constituents are minor in the sediments, so their
contribution is assumed to be 10 per cent of the
foraminifera production value, or 25 x 1010 g/yr (Table
XIX).

If this material is predominantly coccolithophorids,
then it contains 100 per cent hg-calcite(<1) {Arrhenius,

TQ&2)Y)
LTCC

III. D.7. Biological Transfer Summary

Although some material may be transferred out of the

Southern California Borderland biologically, only



Biological Input to the Borderland.

TABLE XIX
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INPUT PROCESS

AMOUNT
(g/yr x 10-10)

DETERMINATE ERROR

%

(g/yr x 10-10y

Shallow Rocky
Macrobenthos Production

Macrobenthos Production
of the remainder of the
shelf and bank tops

Slope Macrobenthos
Production

Basin Macrobenthos
Production

Foraminifera Production

Other Production

TOTAL

40

25

247

25

346

78

29

29

31
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biological input has been evaluated under biological
transfer. The results are summarized in Table XIX.
Foraminifera production makes up almost 75 per cent of
the total input. Shallow rocky macrobenthos production,
cccurring over less than 2 per cent of the total area,
contributes over 10 per cent to the total production.
Slope macrobenthos and possibly "qther” are the only
other important contributors to the biologic input,

Use of equation (5) yields a determinate error,
based on coefficient ¢f variation calculations of 92 x
1010 g/yr, or 26 per cent of the production. This error
analysis is deceptive in that each term is probably
conservative. In other words, indeterminate error effects
are likely to push the biological production values

higher than have been estimated.
c
ITII. E. CHEMICAL TRANSFER r C

The budget terms presented so far have calcium
carbonate input greatly exceeding calcium carbonate output
(Table XXII). Tﬁus the expected direction of chemical
transfer (and the one mentioned during the discussion of
foraminifera production) is output by solution.

Three possible types of calculation can be imagined
for transfer by calcium carbonate solution. An equilib-
rium model might be postulated to estimate how much

material should dissolve. The spectrum of carbonate



87

minerals coexisting in California sediments (Appendix II)
as well as the variability in saturation states of
California seawater (L. S. Land, 1967, personal communica-
tion; Emery, 1960; Presley and Kaplan, 1968; S. Ben-Yaakov,
1970, communication with K. E. Chave) suggest that an
equilibrium model for chemical transfer is inapplicable.

Reaction rates differ by orders of magnitude from
laboratory to the field (Chave, 1965; Suess, 1968;
Wangersky, 1969). Therefore a kinetic model is difficult
to realize.

However, a direct calculation of the amount of CaCO3
solution in California waters can be coupled with
residence time estimates of that water in the Borderland.

Park (1968) points out that seawater pH changes are
primarily a function of oxygen utilization and secondarily

"a function of CaCO3 dissolution:
APH = -2.0 pa + 2.4pc (10)

Apparent oxygen utilization (mmoles/liter) is
represented by Aa, and calcium carbonate dissolution by

Ac (mmoles/liter).

Rittemburg, Emery, and Crr {(1955) report the
variability of several dissolved constituents in the

water columns of the Santa Barbara, Santa Mounica, and
Santa Catalina Basins. Dissolved oxygen and pH measure-

ments from that investigation can be used for considering
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equation (10)., Emery (1960) calculated CaCO3 saturation
from the data of Rittenburg, Emery, and Orr (1955).

Emery's saturation curves are informative. Surface

waters are supersaturated with CaCO, (as are surface

3
waters over most of the world's oceans). Below the
surface, the saturation states are relatively constant
(around 50 per cent) to within 15 m of the bottom. The

CaCO, saturation state then rises by about 20 per cent,

3
Ben-Yaakov (1970, personal communication with K. E. Chave)
has found from direct measurements of CaCO3 saturation
in California basin waters that the pattern of saturation
change is more complex than that calculated by Emery.
It is unlikely, however, that Emery's qualitative pattern
of an abrupt saturation increase near the sea floor is
in error.

The pH versus O2 variation documented by Rittenburg,
Emery, and Orr (1955) is presented in Figure 13. The
PH change greater than 15 m from the basin floors
conforms closely to equation (10) responding only to Aa.
The samples within 15 m of the basin floor have pH values
higher than that predicted solely by oxygen utilization.
The regression line for those samples greater than 15 m
from the basin floors has been calculated. At the mean
O2 content of the basin floor waters, the deviation of

that regression line from the mean pH of basin floor

water is 0,1 pH units. This enrichment corresponds to
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Oxygen content versus pH for Southern .
California basin waters (from Rittenburg, Emery,
and Orr, 1955). The regression line slope for
samples more than 15 meters above the basin
floors approximates Park's (1968) equation for
H change responding toc apparent oxygen
utilization. The increased pH at a constant
oxvgen content for samples near the basin floors
also corresponds to Park’s model. The mean
increase of 0.1 pH units is apparently due to
calcium carbonate dissolution of 0.04 mmmoles/
liter in water within 15 meters of the basin
floors.

[after page 88]
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CaCO, dissolution of 0.04 mmoles/liter, according to

3
equation (10). ‘Yhe standard deviation of the basin
floor pﬁ is 0.06 pH units, so the coefficient of
variation for the mean basin floor dissolution estimate
is 60 per cent.

If this dissolution process occurs over the area
of the basin floors and basin slopes, it occupies
6.3 x 1010 m2 (Table I). If, as suggested by the data
of Rittenburg, Emery and Orr (l955), a layer 15 m thick

is dissolving this much CacCoO then the volume of this

3’
. . 12 3 .
solution is 10 m-, The total dissolved CaCO, would

3
be 400 x 10%0 §.

Rittenburg, Emery, and Orr (1955) suggest that
bottom waters of the Borderland must be renewed about
every 2 years in order to supply adequate 02 for
oxidation of organic material in the sediments. If the
bottom water turnover is biennial, then 200 x 1010 g/yr
CaCO3 are dissolved. The determinate error on this
estimate, based on the A pH coefficient of variation,
is 60 per cent, or 120 x 1010 g/yr.

The effects of chemical transfer on carbonate
mineral composition can also be considered, although
the model presented is not quantitative. Winland (1969)

has used the data of Chave et al. (1962) to calculate

Ksp for the 4 groups of Mg-calcites described in this
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report. Those Ksp values, squared, are dimensionally
equivalent to the KSP for dolomite and can be compared
to that Ksp value (given by Hsu, 1963).

If increased reaction rate proceeds in the order
of increased solubility (Schmalz, 1967) then arranging
PKsp (—log10 KSP) values in order of increasing solubility
should also arrange the values in order of decreasing
sedimentation to input ratio. Table XX demonstrates
that, with one exception, that ordering is realized.

Aragonite is out of sequence. The following
explanation can be offered. Mollusks, the primary
suppliers of aragonite, are more resistant to abrasion
than most other calcareous skeletons (Chave, 1964).
Therefore aragonite generally remains in shallow water
which is probably not dissolving calcium carbonate. The
percentage of aragonite in shallow water sediments (21
per cent) compared with its shallow water production
(13 per cent) attests to this explanation. The absence
of aragonite in fine-grained aerially transported and
apparently shallow-water derived sediments is also
evidence of its resistance to abrasion.

Dolomite appears to be enriched in the sediments,
The explanation for this phenomenon seems to be the
likely overestimation of dolomite percentage in shelf

and slope sediments. That problem has been discussed
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TABLE XX
Relation of Deposition/Input

to Kgp for Carbonate Minerals
of the Borderland.

CARBONATE

MINERALS pKSp* DEPOSITION/INPUT**
Dolomite 17.0 11
Mg-calcite(0_3) 16.5 0.35
Mg-calcite(4_7) 16.3 0.20
Aragonite 16.2 0.78
Mg-calcite(s_ll) 16.1 0.000
Mg-calcite(lz_ls) 15.9 0.000

*K values for all minerals other than dolomite

s
wege squared to make them dimensionally equivalent,

and thereby comparable, to dolomite Kgp.

*%Relevant data are summarized in Table XXII.
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(Section III. B.2.). Dolomite is probably neither added

nor lost by chemical transfer.

III. F. SUMMARY OF TRANSFER PROCESSES

The summation of terms in the budget calculations
is presented in Table XXI. The table shows a net transfer
of 37 x 1010 g/yr (excess input), with a determinate
error of 154 x 1010 g/yr. Thus, within the error limits
estimated, the condition of equation (1) is realized;
the sum of the transfer processes is 0.

Two terms contribute most of the determinate error:
chemical transfer and foraminifera production. Thus the
error estimates on these two terms point the way to
future research.

Calcium carbonate input to the Borderland occurs
almost exclusively by biological production. TForaminifera
supply the bulk of this material. In view of the small
production area available to shallow rocky macrobenthos
production, it is interesting that this input is the
second greatest supplier of calcium carbonate.

Qutput, within the determinate error limits, is
accomplished equally by chemical dissolution and by
deposition.

Budgeting of individual carbonate minerals is alse
revealing. Dolomite transfer is minor to the overall

problem of carbonate transfer, but more widespread



TABLE XX1I

Calcium Carbonate Budget for the Borderland.
The deviation of the net transfer from 0 is within the range
of the determinate error. Input transfer is +; output is -.
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DEPOSITION
Shelf - 9 3 -2 -2 - 3 -2 0 0 21 25 34 17 1 2
Slope - 67 23 -5 -9 - 53 0 0 0 8 13 79 0 0 o]
Basin - 49 17 0 0 - 49 0 0 0 0 0 100 0 0 0
MECHANICAL TRANSFER
River 16 1 0 1 15 0 0 0 0 4 96 0 4] 0
Aerial [} 0 0 0 0 0 0 0 [4] 0 0 0 100 0
Ocean Current 0 0 -- -- .- - -- —— = == .- -- - --
BIOLOGICAL TRANSFER
Shallow Rocky Macrobenthos 40 31 4 0 4 10 6 16 11 o] 11 26 14 39
Sandy Shelf Macrobenthos 8 2 2 0 0 o] 6 0 25 0 0 0 75 ]
Slope Macrobenthos 25 7 3 0 0 0 22 0 10 0 0 0 90 0
Basin Macrobenthos 1 0 - a- _—— .- - — e a- -—— .- - -
Foraminifera 247 86 0 0 247 0 0 0 0 0 100 0 0 0
Other 25 [ 4] 0 25 0 0 0 0 0 100 0 ] 0
CHEMICAL TRANSFER* -200 120 -2 Ox -186 -8 -34 -16 55 0 65 80 100 100
NET TRANSFER** 37 154

*Dolomite transfer by chemical processes has been adjusted to 0 for reasons discussed
in the text.

**Net transfer is shown only for total calcium carbonate. Net transfer is fixed by
calculation for the individual minerals,
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sediment coverage should improve the estimates of
dolomite transfer. The transfer of the other carbonate
minerals can be handled more satisfactorily. An obvious
need exists for a quantitative model of mineralogic
transfer by chemical processes. The qualitative pattern
is increased solubility resulting in increased proportion
removed. Aragonite, which does not conform to this
pattern, undergoes less than expected solution. This
situation can be explained by the fact that its resistance
to abrasion tends to keep it in shallow water.

The calcium to be deposited as calcium carbonate
must come either from stream water entering the
Borderland or from the ocean water flowing through the
Borderland. Table XXII summarizes data on calcium input
by California streams. Calcium input is approximately
2 mmoles/liter or 0.2 g/liter calcium carbonate input.
Revelle and Shepard (1939) estimated the annual runoff
to the Califormnia Borderland to be 16 x lO11 liters/yr.
This estimate is remarkably close to the estimate of

18 x 10!

liters/yr which can be derived from the

Mineral and Water Resources of California Report (1966).
It appears then that enough calcium for 36 x 1010 gl/yr
calcium carbonate is supplied by streams. Therefore about

30 per cent of the calcium carbonate deposited annually

in the California Borderland can be supplied by dissolved



TABLE XXII

Dissolved Calcium Content of Southern California
Streams (from Department of Water Resources, 1969).

STREAM

CALCIUM
(mmoles/liter)

Santa Ynez River
Ventura River
Matilija Creek
Santa Paula Creek
Santa Clara River
Sespe Creek

Piru Creek

Rio Hondo

San Gabriel River
Mission Creek
Santa Ana River
Chino Creek

Warm Creek

San Timoteo Creek

Santo Margarita River

San Luis Rey River
San Diego River
Tia Juana River
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load of stream runoff. The remainder must be extracted

from the ocean water flowing through the Borderland.
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Iv. IMPLICATIONS OF THE SOUTHERN CALIFORNIA CARBONATE

SYSTEM

IV. A. CALCIUM CARBONATE PRODUCTION RATES

How does the rate of calcium carbonate production
in Southern California compare with calcium carbonate
production rates in other environments? Direct dafa on
carbonate production are difficult to obtain. Calcium
carbonate deposition rates are not directly a measure
of carbonate production, because these rates provide no
way to account for the ratio of production area to
deposition area. However, net production can be
estimated and may be close to gross production.

Coral reefs can be considered first. Growth of
modern reefs over several hundred or thousand years
provides information about net reef production. Easton
(1969) has estimated that the reef in Hanauma Bay, Oahu,
has grown about 0.5 cm/yr. 1If the reef has 50 per cent
porosity, and if it has retained all it has produced,
then its calcium carbonate proauction rate is about 6800
(g/mz)/yr. Hoffmeister and Multer (1964) have estimated
growth of the Key Largo, Florida, Pleistocene reef to have
been 0.4 cm/yr, or 5400 (g/mz)/yr.

Estimates of reef carbonate production have been made
in conjunctinn with productivity studies. Sargent and

Austin (1949) estimated the standing crop of coral on
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Rongelap Atoll in the Marshall Islands and used Mayor's
(1924) estimates of coral growth to calculate an average
production of 34,000 (g/mz)/yr. Odum and Odum (1955)
adjusted that estimate downward to 24,000 (g/mz)/yr by
using coral bulk density rather than mineral density.
Odum and Odum (1955) used the same method as Sargent and
Austin to arrive at a production rate of 31,000 (g/mz)/yr
on a reef at Eniwetok Atoll,

Mayor (1924) measured coral cover on a reef flat in
Samoa, estimated growth rate, and calculated calcium
carbonate production of 1600 (g/mz)/yr, which he
incorrectly converted to 8 mm rather than 0.8 mm annual
growth. Oostdam (1963; quoted in Moberly, 1963)
calculated that coral growth on an old lava flow on Maui,
Hawaii, amounted to 1600 (g/mz)/yr.

Thus six estimates of coral and coral reef produc-
tion differ by over an order of magnitude. This range
may be due to differing ecologic conditions or differing
estimation methods. It is interesting to note the group~
ing of estimates in three pairs of similar numbers:
1600-1600, 5000-6000, 20,000-30,000 (g/mz)/yr.

The differences among the pairs of production
estimates may be real. However, the possibility exists
that all six reefs have similar gross production, that
all six estimates are correct, and that differences among

the numbers represent differing amounts of material
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retained by the reef. All else being equal, it is likely
that the ratio of net production to gross production is
directly proportional to sea level rise., If the rate of
sea level rise is now decreasing (as suggested by Scholl,
1964) or oscillating about zero (Fairbridge, 1966) then
contemporary rate of net production is probably lower
than has been the case in the past.

The Odum and Odum (1955) and Sargent and Austin (1949)
estimates may represent gross production. The two
estimates integrated over an extended time period
(Hoffmeister and Multer, 1964; Easton, 1969) are likely
to include a faster mean sea level rise than the two
remaining studies (Mayor, 1924; Oostdam, 1963).

An important non-reef shallow water carbonate
environment is that typified by Florida Bay. Beds of

Penicillus, a calcareous green alga, and associated biota,

produce abundant calcareous material there. Stockman,
Ginsburg, and Shinn (1967) measured the standing crop and-

death rate of Penicillus in Floridz Bay. They calculated

Penicillus production to range from 3 to 25 (g/mz)/yr and

to comprise from 4 to 10 per cent of the total production.
They conclude that 75 to 250 (g/mz)/yr is produced. Data
in Neumann and Land (1969) suggest calcium carbonate
production of about 500 (g/mz)/yr for a similar environment

in tue Bahamas. Calcareous green algae standing crop
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measured by Cloud (1962) in the Bahamas is somewhat lower
than recorded by either of the other investigations.

D. Kinsman (1969, personal communication) suggests
that coralline algal production in Bermudian Thalassia
beds is 700 to 1500 (g/mz)/yr. It seems likely that the
total calcium carbonate production in this environment
is several times the algal production.

Broecker and Takahashi (1966) have taken a different
approach to calcium carbonate production. Using water
residence time calculations and information on saturation
state changes across the Bahamas Banks, they calculated
a mean production rate of 500 (g/mz)/yr. Schmalz and
Swanson (1969) point out that temporal variations in
saturation state can exceed the lateral variations
observed by Broecker and Takahashi and invalidate their
conclusions. However, it is remarkable how closely the
Broecker and Takashi estimate agrees with the various
Bahamas estimates cited above.

These various shallow tropical water estimates can
be summarized as follows. Coral reefs can produce several
thousand (up to perhaps 30,000) (g/mz)/yr calcium
carbonate. Carbonate productiocn associated with Thalassia

beds can be at least 700 (g/m" )/yr, and in fact, may range
2

(==t

up to several thousand {g/m )/yr. Other shallow t ca

o
(=

op
non-reef production ranges from about 100 to about 500

(g/mz)/yr.
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The pelagic environment is the most extemnsive realm

of calcium carbonate production. Absence of calcium
carbonate in some sediments is probably primarily a
solution rather than a production phenomenon. An estimate
of pelagic calcium carbonate production uninfluenced by
solution is provided by considering rates of pelagic
carbonate ooze deposition, which range from 1 to 40
1969).

microns/yr (Fischer, If the sediment porosity is

assumed to be 50 per cent, these sedimentation rates
indicate possible production rates of 1 to 50 (g/mz)/yr.
The higher estimate is likely to be the more nearly

due to the effects of solution losses on

correct one,

the lower rate.

California shallow rocky
Subtidal carbonate production
IOOQ (g/mz)/yr. Chave (1967)
production on individual kelp
14,000 (g/m>)/yr-
(g/mz)/yr.
1600 and 4400 (g/mz)/yr.

appears to be

P
Q

tropical non-reef shall
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________________ is

reef production and Thalassia

shelf can now be considered.
generally ranges from 70 to
points out that bryozoan

Plants can be as high as

The mean production is about 400
Two estimates of intertidal production were
Subtidal carbonate production

about the same as or slightly higher than

water carbonate environments.
he same magnitude as coral

bed production.

Figure 14 illustrates the spectrum of calcium

carbonate production.

Non-reef shallow water tropical
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Calcium carbonate production in selected marine
environments. Coral reefs produce the most
calcium carbonate per unit area, but Thalassia
bed production and temperate water intertidal
production are comparable to the lower rates

of coral reef production. Chave (1967) points
out that carbonate producers on individual

kelp plants can have production rates

comparable to coral reef production. Generally,
however, temperate water rocky subtidal produc-
tion is intermediate between rates of production
in Penicillus beds and the lower limit of corzl
reef production. Pelagic calcareous organisms
produce substantially less per unit area than
do other carbonate-producing communities.

[after page 101]
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carbonate production does not differ significantly from
Southern California shallow rocky bottom production. The
order of calcium carbonate production rates (Figure 14)
generally agrees with the order of gross primary produc-
tivity rates (Odum, 1959; Clendenning, 1960) for the same
kinds of environments.

It is interesting to speculate briefly about the
calcium budget of the world's oceans. Mackenzie and
Garrels (1966 a and b) suggest that approximately 1015
g/yr calcium carbonate is deposited in order to maintain
the calcium carbonate concentration of the world's oceans.
If calcium carbonate production occurs over half the area
of the world's oceans, or 1.8 x 1014 m2 (Sverdrup, Johnson,
and Fleming, 1942) and if the pelagic calcium carbonate
production rate is 50 (g/mz)/yr (Figure 14), then about
nine times as much calcium could be precipitated annually
in the ocean as 1is necessary to maintain a constant
calcium concentration,

Shelf carbonate provinces can produce on the order
of 500 (g/mz)/yr (Figure 14)., 1If this production rate is
occurring over 2 x 1012 m2, or 10% of the area of the
world's continental shelves (Sverdrup, Johnson, and
Fleming, 1942), the production would also exceed the annual
calcium input.

Coral reefis have a production rate on the order of

10,000 (g/mz)/yr (Figure 1l4). No estimate for the aerial
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extent of coral reefs is available, but if reefs occupy
0.5 per cent of the continental shelf area, then they,
too, could match the calcium input to the world's oceans.

This order of magnitude discussion of the world's
calcium budget can be summarized as follows. Pelagic
production of calcium carbonate can (and probably does)
far exceed the steady state requirements of the present
dissolved calcium input to the oceans. This model of
lavish overprecipitation and re-solution agrees with the
recent conclusions of Li, Takahashi, and Broecker. (1969)
and Pytkowicz (1968). The excess production is apparently
rapidly redissolved. Shelf carbonate production may be
capable of matching the calcium input but cannot overwhelm
the calcium input as impressively as pelagic production.
Coral reef production lags a distant third and may not

be able to match the calcium input of the world's rivers.

IV. B. GEOLOGIC IMPLICATIONS OF SOUTHERN CALIFORNIA
CARBONATE PRODUCTION
This investigation has established that much of the
Southern California mainland shelf has calecium carbonate
production comparable to production rates in tropical
carbonate areas. Yet with local exceptions, limestones
are not forming in this area., Why? A number of answers

can be offered, each telling at least part of the story.
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In the first place, the high production community is
a rocky (or at least firm and stable) bottom community.
Its calcareous products are loose debris, mostly easily
broken by wave action and by biological activity. Unless
the material is removed from the production area, the

community would perish in its own debris. Any in situ

limestones resulting from such a community would probably
record a geologically short-lived event.

The rocky bottom exists in the first place, so some
mechanism is probably operating to remove the debris, so
the net production in the rocky areas is near zero.

The debris moves. The farther it moves, the more
widely it is likely to be dispersed. The more widely it
is dispersed, the slower is its accumulation rate per unit
area. The more slowly the material accumulates, the more
important is the diluting effect of a constant influx of
terrigenous debris.

Local calcareous accumulations can be explained in
terms of the above discussion. Some matérial does remain
more or less in place for short periods of time. Sand or
(more descriptively) shell channels cutting across the
rocky bottom areas serve as outlets for much of the debris.
It moves out, joins sediment from other areas, and is
progressively diluted as it moves "downstream.'" Any
material which gets routed into accumulation areas
isolated from major terrigenous influx will result in

calcareous accumulations.
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Calcareous material is abundant around several of
the islands in the Borderland (summarized in Emery, 1960).
These accumulations apparently result from a lack of major
terrigenous influx regardless of the shallow water
dispersal area for the calcareous debris.

The dominant calcareous materials found in the
shallow water sediments are mollusks, echinoderms, and
foraminifera (Emery, 1960). This observation is supported
by the high aragonite content and the low magnesium
calcite content of the sediments. Differential resistance
to abrasion is the likely explanation for the enrichment
of mollusks, echinoderms, and foraminifera over the
apparently more productive but also more fragile bryozoans
and coralline algae (Chave, 1964). The abundance of
Mg-calcite(g) in the fine-grained airborne material
(Table V) argues in favor of this suggestion. Thus the
calcareous remnants on the Califormnia shelf are "abrasion

resistates,"”

and the more fragile material moves elsewhere.
At least part (if not all) of the "elsewhere'" is the

deeper area offshore. There material is dissolved. I1f

it were not dissolved, the carbonate content of those
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Patton Escarpment (Emery, 1960). This low O2 content is

accompanied by a correspondingly high CO, content (Park,

2
1968) and low CaCO, saturation state. On the other hand,

3
the bottom water flushes relatively rapidly (Rittenburg,
Emery, and Orr, 1955) and prevents the build-up of a
protective blanket of water saturated with CaCO3 to
protect the basin sediments. Therefore the calcium
carbonate saturation state of this water is probably
lower than that of open ocean water at corresponding
depths. The bathymetric configuration and bottom water
circulation, then, have combined to make Borderland basins
chemically harsh environments for calcium carbonate
accumulation.

Limestones produced in an environment such as the
Southern California Continental Borderland might be expected
to have a number of geologically interesting properties.
The limestones would probably be §f local extent and be
formed near rocky bottom areas; the limestones might
therefore rest upon or be indicative of unconformities.
Such limestones would be likely to occur at the base of
transgressive successions.

If the limestone consisted of sand sized or coarser
particles, the presence of algae or bryozoans would
indicate little transport or abrasion of the constituent

grains. The absence of coralline algae or bryozoans as

recognizable particles implies nothing about the abundance
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of these organisms in the biologic community which
produced the limestone. In the absence of a chemically
harsh environment of deposition, fine-grained, impure

limestones might also be expected to originmate from

®

Southern Califormia-type production.

Numerous localized outcrops of Tertiary limestones
océur along the Pacific coast of North America.

S. 0. Schlanger and his students have collected from
these outcrops (Schlanger, 1969, personal communication).
Limestones with recognizable skeletal debris are generally
dominated by one or two calcareous phyla in a particular
sample--particularly arthropods (barnacles), mollusks
(pelecypods), bryozoans, foraminifera, or rhodophytes.
Fine-grained limestones are common and are usually clay-
rich, impure limestones.

All of these characteristics might be expected of
limestones forming in areas somewhat similar to contempo-
raneous sediment of the California Borderland. Future
investigations might consider the possibility that
Holocene analogues to California Tertiary rocks lies

only as far away as the neighboring sea floor.
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V. CONCLUSIONS

Calcium carbonate production rate on portions of
the California Borderland is about 500 (g/mz)/yr. This
rate is less than coral reef production rates but is
comparable to non-reef production rates of tropical
environments. Therefore the consideration of production
alone indicates that temperate-water limestones should
not be considered geological "oddities." There are,
however, other circumstances which must be considered.

It is the nature of this kind of carbonate-producing
environment that, if the environment is to persist, its
products must be dispersed. Dispersion may also occur
from other carbonate-producing environments, but is not
so essential to the maintenance of those environments.
The importance of a constant amount of production is
inversely proportional to the area over which the material
is dispersed.

With dispersion comes mixing of the carbonate
material with terrigenous material. This effect on
limestone formation is the dilution by river detritus
recognized by Chave (1967), Fairbridge (1964), and
Rodgers (1957). An interesting corollary to this

b}

consideration exists. If the land area sheddi

I

18
terrigenous material is a calcareous terrain, the

terrigenous dilution will yield limestones. If the
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limestones formed are uplifted and eroded, they, in turn,
will help create more limestones. Thus a calcareous
province tends to maintain limestones through time
(perhaps exemplified by Florida sediments and by the
late Paleozoic limestones of the North American
midcontinent region) and a non-calcareous province tends
to prevent limestone formation through time (California).

Solution can play a major role in destroying calcium
carbonate. California basins, with COz—rich water masses
and rapid flushing rates are more important to implement-
ing solution than is climate or regional water temperature.

The minor roles played by ocean current transport
and wind transport in the California Borderland must
also be considered an accident of the location. Elsewhere
either or both of these processes could be of more
importance.

In short, limestone formation cannot be dismissed
as largely controlled by climate, largely controlled by
river influx, largely controlled by saturation state of
seawater, and so forth. Numerous factors aid or impede
limestone formation. The budget approach has adequately
explained the calcium carbonate content of Southern

California sediments.
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APPENDIX I, ANALYTICAL PROCEDURES

Calcium Carbonate Mineralogic Analysis

Calcium carbonate mineralogy of both sediments and
skeletal parts of organisms is of major interest to this
investigation. Therefore, although the general analytical
techniques for such analysis are well known, the details
of the techniques employed merit attention.

Sample preparation begins with grinding a dried
portion of the unknown sample to a powder. Roughly
one- fourth as much fluorite powder as there is sample
is mixed with the sample for an internal standard. About
0.1 to 0.5 grams of this mixture is sedimented on a clean
glass microscope slide using a small amount of Duco
Cement® dissolved in acetone (approximately 1% Duco®).
A smooth-surfaced powder mount is necessary.

The slide is then examined by X-ray diffraction,
scanning the goniometer from 25° to 32° 26. Copper Ko
radiation is used. This procedure ascertains the
presence of aragonite, calcite, dolomite, and the
fluorite standard. Peak area, determined as discussed
below, can be related to the relative abundance of the
3 carbonate minerals. Peak position, either read

é

I=t

rectly off the chart recorder or calculated during the
area determinations, can be related to the fluorite

standard and give the Mg content of the calcite.
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The area of the following 3 peaks is determined:
aragonite--near 26.20, calcite--between 29.4° and 300,
and dolomite--about 30.9°., The relative area of a peak
is determined by measuring counts over a fixed interval
(usually 2 seconds) at 0.1° increments across the peak,
measuring a background count near the peak, subtracting
that background from each fixed interval éount, and
summing the remaining counts across the peak.

Calcite and dolomite have comparable peak intensities.
That is, the relative areas of their peaks are the same
as their relative abundances. The precision (standard
deviation units) of this procedure is about 6% absolute,
determined from repeated analyses on 1 slide,

Aragonite (A) has a much less intense peak than
calcite (C). Their intensities (I) is related to their
relative abundance by the following least squares

regression line fit:

I 9
LA
log (—A> = -0.5 + 1.2 log (1—) (11)
I %G
C

The precision is approximately 5% absolute,

The calcite peak position relative to fluorite can
be denoted A20. Increased Mg in the calcite increases
A26 (Chave, 1952). The relationship between A28 and
mole % Mg in the calcite is given by the following

equation:
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A26 5 1.135 + 0.283(Mg) (12)

The precision is approximately 2% absolute. If the
calcite present yields a symmetrical peak, A206 can be
read directly off the chart recorder. Otherwise the
values obtained for determining area can be used to

calculate A26.

Calcium Carbonate Analyses

Calcium carbonate content of a sample can be
measured by cation analysis, if only the carbonate
minerals release divalent cations to acid digestion, or

CO, analysis if only calcium carbonate releases CO

2 2°

Cation analysis used in this investigation follows
the method of Land (1966) for EDTA titration. The method
can be used to determine total divalent cation, calcium,
or magnesium (total minus calcium). The technique is
good for relatively large and clay-free samples.

A Beckman® Model IR-215 infrared analyzer was

used for CO, analysis. The method consists of streaming

2
nitrogen through the analyzer to clear the system of 002,

acidizing the sample in the nitrogen stream, and measuring

the CO, released. Ascarite is used at the outlet of the

2

nitrogen tank to remove any traces of CO, from the

2
nitrogen. Anhydrone downstream from the acid digesticn

chamber removes water vapor. The physical setup used

is similar to the soluble organic carbon method of
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Strickland and Parsons (1968). The acid used is 10%
HCl, purged of CO2 with nitrogen. It is introduced to
the sample, which is in an unsealed 10 ml glass ampule,
by means of a syringe.
Both EDTA titration and the 002 measurement by
infrared analysis have a precision, with careful

calibration and replication, of less than 1 per cent.
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APPENDIX II. SEDIMENT MINERALOGY

Sediment samples for this investigation were
furnished by several organizations. The calcium carbonate
mineral composition of these samples was measured by the
procedures described in Appendix I. Table XXIII contains
the results of these analyses. Samples designated to
USC identification numbers were provided by the
Universiﬁy of Southern California (D. Gorsline, P. Barnes,
G. Rattman). SB samples are from the University of
California at Santa Barbara (from J. Clarke and
D. Doerner). Scripps samples have the prefixes LC, MEN,
LFGS and were supplied by N. Marshall and T. Walsh.

DSSP samples were supplied by the Naval Oceanographic
Office (from 0. Huh). The remainder of the samples
(NR, BR, PP, CI, and SC) were collected for this

investigation.
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APPENDIX III. SUSPENDED MINERALS

Samples of suspended minerals have come from a
number of sources. The data are given in the tables of
this appendix. The samples were used for one (or both)
of two purposes: X-ray diffraction analysis for
carbonate mineralogy, and calcium carbonate analysis
for total calcium carbonate load.

The samples were treated as follows. A measured
amount of water was passed by either gravity (JORDAN
data) or vacuum (all other samples) filtration through
a 47 mm diameter, 0.8 micron pore-size MilliporeCD
filter (AAWP O 47 00). The amount of water passed
through the filter was either enough to clog the filter
or all available. The sample was then rinsed twice with
20 to 50 ml distilled water or filtered tap water to
remove most of the soluble salts, placed in an envelope
or petri dish, and stored with silica gel in an airtight
container.

Most early samples were examined by X-ray diffraction
analysis (Appendix I). Slides were prepared by dissolving
the filter in acetone, centrifuging down the sediment,
and plastering the centrifuged sediment to an X-ray

<r

slide for amnalysis. X-1vay peak positions can be

r A=Y=
determined only very approximately, and the absence of

calcite (or any other) peaks may be an accident of slide
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preparation. One set of X-ray slides (Table XXVI) was

prepared by crumpling the filter on the glass slide and
dropping acetone on the filter. This procedure dissolved
the filter with little or no sediment loss, so the

material could subsequently be recovered for CO, analysis.

2

To determine quantity of suspended calcium carbonate,
the CO2 analysis technique of Appendix I was used.

Most of the filters of the JORDAN cruise (Table XXX)
were weighed before and after use to determine total
suspended load weight. Also for the JORDAN cruise silver
filters were used to collect suspended load samples for
particulate organic carbon and nitrogen analyses by
D. C. Gordon (Table XXX).

Filters supplied by K. Beckett were weighed before
and after use, so total suspended load was determined
for the Channel Island samples (Table XXVII).

Tables XXIV through XXX contain the results of the

suspended mineral analyses.
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TABLE XXIV

Suspended-Load Mineralogy, NURDC Tower,
San Diego. Collected under the direction of Bud Lien.

DEPTH OF MINERALS
DATE SAMPLE (m) RECOGNIZED*
1 May 1967 0
10
17 Q, C12, Gy
17 May 1967 0 C
10 12
1 June 1967 0 Q(?), C12, Co
10 Q, F, A(?), Cy9, Cq12
17 Q, ¥, Ci12, CZ
16 June 1967 0
10 Q, F, Clz, C2
17 Q, F, C12, CZ
23 June 1967 0
10
17
7 Nov. 1967 0 C12, Cz
10
i7 Q, C,
27 Nov. 1967 0 Q
10
17 Q, F, Cy9, Cy
11 Dec. 1967 0 Q, Co, C19
10 Q, F, C2, Ci12
17 Q, F, A, Cy, Cqy
29 Dec. 1967 0
10 Q(?), C2(?), C7(?)
17 Q, F, CZ: C7
5 Jan. 1968 0 Q,
10
17
19 Jan. 1968 0 Q, C2
10 Q, F, C2
17 Q, F, Cy, Cy
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TABLE XXIV (Continued)

Suspended-Load Mineralogy, NURDC Tower,
San Diego.

DEPTH OF MINERALS
DATE SAMPLE (m) RECOGNIZED*
2 Feb. 1968 0 Q, C2(?), C12(?)
10 Q(?); €y (2
17 Q(?), C2(?)
16 Feb. 1968 0
10 Q, Co
17 Q, F, Cy, Cqp

*Q = quartz, F = feldspar, Qx = Mg-calcite = aragonite

A
(x)’
Carbonate minerals in order of decreasing peak intensities.
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Suspended-Load C,C03 Content, NURDC Tower,

San Diego.

Collected under the supervision of Bud Lien.

DATE DEPTH (m) CaC03 (pg/liter)
15 Apr. 1968 0 60
10 00
17 130
14 May 1968 0 60
10 20
17 40
10 June 1968 0 40
10 50
17 00
28 Aug. 1968 0 20
10 20
17 40
26 Sept. 1968 0 10
10 30
17 30
31 Oct. 1968 0 00
10 00
17 -—
21 Nov. 1968 0 190
10 80
17 140
3 Jan. 1969 0 20
10 20
17 40
30 Jan. 1969 0 120
10 160
17 ~1000
1 Apr. 1969 0 70
10 60
17 160
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TABLE XXV (Continued)

Suspended- Load C,C03 Content, NURDC Tower,
San Diego.

DATE DEPTH (m) CaC03 (pg/liter)
1 May 1969 0 80
10 60
17 60
29 May 1969 0 170
10 80
17 350
30 Sept. 1969 0 80
10 80
17 90
X 94

s 167
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Suspended-Load Samples, Ellwood Pier, near
Santa Barbara.

Collected by R. W. Holmes.

MINERALS
DATE FILTER # BY X-RAY* CaCO3 (pg/liter)
25 Nov. 1968 1 Q, F, C(?) 40
2 A(?) 180
3 Q, F(?2) 50
4 Q, F(?2), C 60
27 Nov. 1968 1 Q, F, ¢(?) ---
2 -——— -
3 -- 50
4 _—— ———
4 Dec. 1968 1 - 50
2 - 10
3 - 70
4 Q, F(?), €(?) 20
6 Dec. 1968 1 - -——
2 c(?) 20
3 _—— -
4 - 10
9 Dec. 1968 1 - 30
2 Q(?)
3 Q(?), F 20
4 - 00
11 Dec. 1968 1 Q, F, C(?) 130
2 _——— 60
3 Q, F, C(?) 110
4 Q, F, C 120
16 Dec. 1968 1 Q, F, C(2) 550
2 - 130
3 Q, F(?7), ¢c(?) 50
4 Q, F 120
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TABLE XXVI (Continued)

Suspended-Load Samples, Ellwood Pier, near
Santa Barbara. Collected by R. W. Holmes.

MINERALS
DATE FILTER # BY X-RAY*  CaCO, (pg/liter)
20 Jan. 1969%% 1 F(?2), M(?) 2000
3 -——— _——
A Q(?) 60
6 Q, F(?) 2000
X 238
s 541
*Q = quartz, F = feldspar, M = muscovite, C = calcite,
A = aragonite.

*%*Collected during heavy storm.



Suspended-Load CaCO

TABLE XXVII

Content in the Vicinity
of the Channel Islands.

126

Collected by K. Beckett, June 1968.
STATION DEPTH TOTAL CaCOj3
NO. LOCALITY (m) (pg/liter) (nwg/liter)

12126A 34.05° N 0 1700 40
120.27° w 15 1200 -

30 1000 50

121268 L 0 2800 50
15 3300 140

30 1500 50

12126¢C noon 0 1200 80
15 1800 130

30 1400 30

12126D woon 0 2700 --
15 2300 --

30 1200 -

12126E noon 0 2500 70
15 _——— --

30 1500 40

12126F noon 0 2700 150
15 1300 70

30 900 00

12126¢ nmom 0 2000 40
15 1200 -

30 1200 -

121261 "on 0 2600 00
15 1100 40

30 500 --

121263 "non 0 1200 00
15 1600 40

30 1100 70

12126K moon 0 1900 -
15 1900 20

30 1600 00



Suspended-Load CaCO

TABLE XXVII (Continued)

Content in the Vicinity

127

of the Cgannel Islands.
STATION DEPTH TOTAL cago
NO. LOCALITY (m) (pg/liter) (pg/liter)

12126L won 0 2500 60
15 3000 50

30 2000 -

12127A 34.00° N 0 2500 -
119.94° w 20 2500 10

40 2200 10

12127¢C "non 0 1900 40
20 2200 10

40 2100 --

12127p non 0 2600 20
20 4800 00

40 2900 -

12127E non 0 2100 10
20 2100 20

40 1800 40

12127F 0 1300 00
20 1900 -

40 2900 -

121276 "noon 0 2900 10
20 1500 20

40 2400 40

12127H nwon 0 2000 10
20 1700 -

40 2700 20

121288 34.01° N 0 2100 10
119.48° w 25 1900 50

50 1600 -

12128¢ noon 0 2300 06
25 1600 -

50 2600 10



Suspended- Load CacCoO

TABLE XXVII (Continued)
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Content in the Vicinity

of the Channel Islands.
STATION DEPTH TOTAL CaCos
NO. LOCALITY (m) (ug/liter) (pg/liter)

12128E LI 0 1500 10
25 1600 00

50 1700 40

12128F LI 0 1800 10
25 2300 20

50 1800 -

12128¢ now 0 1300 --
25 2000 --

50 1200 00

12128H LN 0 700 -
25 1400 10

50 700 -

121281 non 0 1300 30
25 2200 30

50 1700 00

12130 34.06° N 0 2300 10
119.24°% w 50 1700 00

100 1200 -

X 1895 31

s 722 35
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TABLE XXVIII

Suspended-Load Mineralogy, Northwestern Borderland.
Collected by Ray Sepulveda aboard R/V SWAN, July 1968.

LAT.(N) LONG.(W) STATION SAMPLE MINERALS
STATION (DEGREES) (DEGREES) DEPTH DEPTH RECOGNIZED*
SB-1 34.29 119.87 410 0 Q, F
210 Q, F, Cj
400 Co
SB-2 34.28 120.26 480 0 Co
250 Q, Co
SB-3 34,16 120.28 400 0 Q
200 Q, F(?), Cy
390 Q, Cp
SB-4 34 .14 120.28 200 0 ---
100 Q, F(?2), Cop
190 Q
SB-5 34.06 120.30 70 0 Q, Cy19
60 Q: F, A(?)a CO
SB-6 32.56 120.02 ~ 2000 0 Q, Cp
SB-7 32.65 120.90 ~ 4000 0 Q(?), Cg, Cq4
SB-8 33.05 121.00 600 600 C7, Cp
SB-9 32.93 120.97 ~ 3000 0 Q(?)
0 -
SB-10 32.57 120.13 ~ 2000 0 -—-
SB-11 32.60 119.88 ~ 1500 0 Q(?), Co(?)
*Q = quartz, F = feldspar, Cy = Mg—calcite(x), A = aragonite.
Carbonate mineral in order of decreasing X-ray peak
intensities
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TABLE XXIX

Suspended-Load Mineralogy, San Diego Trough
and San Clemente Basin. Surface samples collected
by S. V. Smith aboard R/V OCONOSTOTA, July 1968.

STATION

LAT. (N) LONG. (W) WATER MINERALS
STATION (DEGREES) (DEGREES) DEPTH (m) RECOGNIZED*
sc-1 32.71 117.64 1060 Q, F, Cy, Cyo
Sc-2 32.69 117.68 1100 -—-
Sc-3 32.70 117.67 1090 Q, F(?),
SC-4 32.45 117.53 1200 Q
Sc-3 32.39 117.48 1230 -—--
Sc-6 32.33 117.60 1370 Q, F, A(?), C15(?)
SC-7a 32.31 117.66 1600 Q, F, A, Cy, Cyy
SC-7b 31.31 117.66 1600 Q, F, Cy
SC-8 32.99 117.92 1870 Q, F, A, Ciss €y
Sc-9 32.19 117.95 1870 Q, C,y
SCc-10 32.42 118.13 1870 Q, F, C,
Sc-11 32.55 118.04 1940 Q, F, C,, Cio
Sc-13 32.74 117.66 1050 Q, Clz(?), Cz(?)
sc-14 32.73 117.62 1000 ---
*Q = quartz, F = feldspar, C_, = M_~calcite,_,, A = aragonite.

Carbonate minerals in order of décreas1n ‘®Zray peak
intensities.



TABLE XXX

Suspended-Load Samples. Collected by S. V. Smith
aboard R/V JORDAN, July 1969.

STATION SAMPLE

STATION DEPTH DEPTH TOTAL CaCoOj N C
NO. LAT. (N) LONG. (W) (m) (m) pg/liter pg/liter yg/liter pg/liter
93.30 32.84 117.52 g10 0 100 0.0 14.7 138.5
10 000 0.0 25.7 174.2
100 200 0.0 4.0 55.8
750 000 0.0 2.2 28.7
93.50 32.14 118.85 1530 0 1400 2.8 17.1 78.0
10 800 1.3 12.4 63.9
100 300 0.5 2.7 36.3
1000 400 0.2 2.9 0.7
93.60 31.382 119.53 3600 0 100 0.4 3.0 19.2
10 200 0.1 4.2 27 .4
100 400 0.2 2.6 21.4
1000 400 0.7 0.8 5.2
93.100 30.50 122.23 4140 0 - 0.0 - --
90.28 33.48 117.85 410 0 -——— 0.5 -- --
90.37 33.18 118.37 1170 0 -—— 1.0 -- -
90.60 32.42 119.96 950 0 -_——— 0.7 -- -—
90.80 31.74 121.33 3690 0 - 0.1 -- -
90.140 29.75 125.33 4410 0 - 0.0 -- --
87.40 33.67 118.97 300 0 300 0.6 7.2 52.3
10 500 1.1 13.6 89.6
100 200 0.0 3.0 28.8
800 200 0.2 1.8 8.8
87.50 33.33 119.66 70 0 -——- 0.0 -- -

I€1



TABLE XXX (Continued)

Suspended-Load Samples. Collected by S. V. Smith
aboard R/V JORDAN, July 1969.

STATION SAMPLE

STATION DEPTH DEPTH TOTAL CaCO3 N C

NO.  LAT. (N) LONG. (W) (m) (m) pg/liter pg/liter pg/liter pg/liter
87.60 33.00 120.37 950 0 300 1.1 2.0 46.4
10 500 10.0 10.9 67.2

100 300 0.1 2.1 18.2

900 200 0.2 0.7 1.1

83.43 34.16 119.51 190 0 700 1.0 7.5 49.2
10 1200 1.5 5.4 36.6

100 400 1.8 3.3 20.3

170 300 0.4 0.8 6.8

83.60 33.57 120.75 1260 0 400 0.4 7.6 35.9
10 200 0.1 8.9 45.4

100 400 0.2 2.2 10.0

1000 000 0.5 2.8 21.8

83.80 32.90 122.13 4140 0 100 0.5 6.4 32.6
10 100 0.5 17.8 110.0

100 200 0.1 3.3 35.9

1000 100 0.1 2.4 8.7

80.51 34.43 120.54 120 0 200 0.1 16.3 79.1
10 300 0.7 26.6 130.5

50 300 0.0 4.4 20.9

100 200 1.1 3.7 22.6

80.60 34.15 121.15 2430 0 500 0.0 13.9 76.2
10 000 0.4 8.2 120.1

100 000 0.5 2.7 18.4

1000 000 1.9 0.6 5.2

CET
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APPENDIX IV. SHALLOW ROCKY MACROBENTHOS PRODUCTION

In order to compare shallow rocky bottom macrobenthos
production with the production of calcium carbonate in
tropical neritic environments 22 samples were collected
at 3 localities along Southern California (Tables XXXI
through LII).

At Bird Rock, near San Diego (Tables XXXI through
XLV) collection was done by divers from the Naval Undersea
Research and Development Center. Among the divers who
collected the Bird Rock data are M. Sullivan, S. Follis,
J. Wiskovich, R. E. Saillant, R. F. Dill, R. Seeley, and
W. Andrew. In addition, Follis took numerous underwater
photographs.

E. Anderson, W. North, C. Mitchell, and M. Boule
gathered data at Pelican Point (Corona del Mar) (Tabies
XLVI through LI). Anderson, who supervised this data
collection also provided photographs.

D. Doerner collected the Naples Reef sample, west
of Goleta (Table LIII).

Diver-gathered data were used in preference to data
obtained by grab sampling or dredging, because the latter
techniques are unsatisfactory for sampling organisms firmly
attached to hard, irregular substrate.

The following general technique was employed. A

10-meter cable was layed along the bottom at each station.
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Divers swam the length of the cable, counting large
organisms and collecting representative samples. 'Large
organisms" included primarily the brown algae, which are
frequently encrusted with calcareous organisms; large
mollusks--primarily algivorous gastropods; large
echinoderms--the echinoids and asteroids; and gorgonians.
A square meter area (or some other convenient and noted
size) along the traverse was denuded and the materials
collected. This step included collecting slabs of rock
to examine for boring calcareous organisms. Because the
denudation was rarely complete, the divers estimated what
fraction of the components--plants, rocks, and animals--
was left behind. This collection was used to evaluate
coralline algal cover, bryozoan cover, and amount of
other small encrusting, boring, or otherwise evasive
calcareous invertebrates.

The 10-meter and l-square-meter data were synthesized
to yield the calcimass data in this appendix. Turnover
data (given in Table XII) were used to calculate calcium
carbonate production from the calcimass data. The
organisms are listed in the order of decreasing percentage
cf total production. Mineralogic analyses (summarized in
Table XIV) yield the estimates of the mineralogy of
calcium carbonate production.

The headings of Tables XXI through LII give the date,

latitude, longitude, water depth, and station designation.
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TABLE XXXI

Shallow Rocky Macrobenthos Production.

27/ 1767 32.82N  117.27W 27. METERS BIRD ROCK - 1
ORG ANI SM Ge/M.SQe (G./M.SQ.)/ YR, z

NAME CALCIMASS PRODUCTION PRODUCTION
ARTICULATED CORALLINE ALGAE 100. 50, 56,
LITHOTHAMNIOID ALGAE 7. 10. 12.
TEREBRATUL INA 9. 9. 10.
PATIRIA 34, 9. 10,
HENRICEA 20. 5. 6o
BALANOPHYLLIA 41, 4. 5.
MEMGBRANIPGRA ON LAMINARIA 1. 2. 2.
HALIOTIS RUFESCENS 5. 0. 0.

TOTAL CALCIMASS = 216.
TOTAL PRODUCTICN = 89.
PERCENT ARAGONITE = Se
PERCENT MG IN CALCITE = 12.
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TABLE XXXII

Shallow Rocky Macrobenthos Production.

21/ 11617 32.82N  117.27W 16. METERS BIRD ROCK -2
ORG AN SM Ge/M.SQ. {G./M.SQ. ) /YR, T

NAME CALCIMASS PRODUCT ION PRODUC T ION

HALIOTIS 1885, 75. 41.
ASTRAEA UNDOSA 519, 52. 28.
LITHOTHAMNIOID ALGAE 21. 31. 17.
HISCELLANEOUS BRYOZOANS 5. i0. 5.
ARTICULATED CORALLINE ALGAE 9. 5. 2.
ASTROMETIS 15. 4 2.
ALETES SQUAMIGERUS 7. 2. 1.
BALANGPHYLLIA 13. 1. 1.
CREPIDULA 4. 1. 0.
CHAMA PELLUCIDA 3. 1. 0.
LITHOPHAGA PLUMULA 2. 0. 0.
STRONGYLOCENTROTUS FRANCISCANUS c. 0. 0.

TOTAL CALCIMASS = 2483,
TOTAL PRODUCTION = 183.
PERCENT ARAGONITE = 60.
PERCENT MG IN CALCITE = 9.
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TABLE XXXIII

Shallow Rocky Macrobenthos Production.

28/ 1/61 32.82N  117.27W 9. METERS BIRD ROCK -3
ORGANI SM G./M.SQ. (Go/MeSQ. ) /YR, z

NAME CALC IMASS PRODUCT 10N PRODUC T10ON

MEMBRANIPORA ON MACROCYSTIS 183. 366. 46.
MEMBRANIPCRA ON LAMINARIA 160. 320. 40.
LITHCTHAMNIOI O ALGAE 33. 49. 6.
ARTICULATED CORALL INE ALGAE 80. 40, 5.
PEMBRANIPORA TUBERCULATA 9. 18. 2.

TOTAL CALCIMASS = 465,
TOTAL PRODUCTICN = 793.
PEKCENT ARAGONITE = O.
PERCENT MG IN CALCITE = 10.



TABLE XXXIV

Shallow Rocky Macrobenthos Production.

25/ 8/61 . 32.82N 117.27H 24. METERS

ORGANISM G./M.SQ.

NAME CALC IMASS
LITEOTHAMNIOIC ALGAE 162.
ARTICULATED CURALLINE ALGAE 183.
TEREBRATULINA 30.
CHEILCSTOME BRYOZOANS ON ROCKS 9.
ASTRAEA UNDOSA 78.
BALANOPHYLLIA 41.
MNELCBESIA 1.
CYPRAEA SPADICEA 1.
PATIRIA 3.
CHEILOSTOME BRYOZOANS ON ALGAE l.

TOTAL CALCIMASS

TOTAL PRODUCTION
PERCENT ARAGONITE
PERCENT MG IN CALCITE

wouon ok

242,
92.
30.
18.

B
4o
2.
1.
1.
1.

138

BIRD ROCK - 4

(G./M.SQ)/YR,
PRODUCTION

509,
398,

13.

2
PRODUCTION

61.
23.
8.
5
2.
l.
1.
0.
0.
0.
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TABLE XXXV

Shallow Rocky Macrobenthos Production.

25/ 8/61 32.82N 117.27w 15. METERS BIRD ROCK - S
URGANISM G./M.5Q. (G./M.5Q.)/YR. E 4

NAME CALCINMASS PRODUCTION PRONDUCTION
CHEILCSTOME BRYUZOANS 17. 154, 31.
ARTICULATED CORALLINE ALGAE 215. 108. 22.
LITHOTHAMNIOI O ALGAE 51, 16. 16,
STRUNGYLUCENTROTUS FRANCISCANUS 3. 73. 15,
ALETES SQUAMIGERUS 65, 22. 4.
TEREDRATALIA 20, 20. 4.
CHAMA PELLUCIDA 45, 11, 2.
BALANCPHYLL1A 81. 8. 2.
LITHOPHAGA PLUMULA 24, 5. 1.
ACMAEA Se 5. 1,
EUPCMATUS 2. 2. 0.
DIAPEROECIA 4e 1. 0.
ASTRAEA UNDOSA 13. l. 0.
MISCELLANECUS OPHIUROIDS 5 1. 0.
HALIOTIS 24 l. 0.
PISASTER GIGANTEUS 3. 1. O.
KELLETTIA KELLETTII 2e 0. 0.
CONUS CALIFORNICUS 0. 0. 0.

TOTAL CALCIMASS = 709.
TOTAL PRODUCTICN = 489,
PERCENT ARAGONITE = 8.
PERCENT MG IN CALCITE = 9.
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TABLE XXXVI

Shallow Rocky Macrobenthos Production.

25/ 8/617 32.82N 117.27HW 9. METERS BIRD ROCK - 6
ORGANISM G./M.SQ. (G./M.SQe) /YR, 2

NAME CALCIMASS PRODUCT ION PRODUCTION
LITHOTHAMNIOID ALGAE 30. 45. 37.
ARTICULATED CORALLINE ALGAE 13. 3t. 30.
MEMBRANIPORA TUBERCULATA 6. 12. 10.
MELCBESIA 6. 12. 10.
CHEILCSTOME BRYOZOANS ON ROCKS 6. 12. 10.
MISCELLANECUS PELECYPODS 10. 2. 2.
PISASTER GIGANTEUS 2. 0. 0.
SPIRORBIS 0. 0. 0.
OPHIUROIDS 0. 0. 0.
CHEILGSTOME BRYOZUANS UN KELP 0. 0. 0.

TOTAL CALCIMASS = 133,
TOTAL PRODUCTION = 120.
PERCENT ARAGONITE = 2.
PERCENT MG IN CALCITE = 13,



TABLE XXXVIT
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Shallow Rocky Macrobenthos Production.

12712767 32.R2N L17.27W

ORGANI SM
NAME

LITHUTHAMNIOID ALGAE

BOSSIELLA
BALANOPHYLLIA
CCRALLINA CHILENSIS

ASTRAEA UNDOSA
CYPRAEA SPADICEA
CHICNE

CREPIDULA

PATIRIA

KELLETTIA KELLETTII
GASTRCPOD
VEMBRANIPORA
TEREBRATULINA
PELECYPODS

SMALL RED CHITONS
ANTRUPURA

MURICEA

HENRICEA

TOTAL CALCIMASS

TOTAL PRODUCTICN
PERCENT ARAGONITE
PERCENT MG IN CALCITE

24.

METERS

G./Me5Q0 (
CALCIMASS

25.
39.
122.
18.
26.
2.
6.
3.
3.
Se
0'
0.
0.
0.
0.
0.
0.
0.

e n

BIRD ROCK - 7

s

Ge/MeSQ.)/ YR, b 4
PRODUCTION PRODUCTION
37. 43,
20. 23.
12. l14.
9. 10.
3. 3.
2. 3.
l. 1.
l. l.
l. 1.
1. 1.
0. 0.
0. 0.
ol 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. O.
249.
86.
23.
15.
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TABLE XXXVIII

Shallow Rocky Macrobenthos Production.

14/12/67 32.82N  117.27w 15. METERS BIRD ROCK - 8
ORGANI SM G./M.SQ. (G./M.SQ. /YR, z

NAME CALCIMASS PRODUCTION PRODUCT ION
LITHOTHAMNIOID ALGAE 216. 322. 66,
STRCNGYLOCENTROTUS FRANCISCANUS 122. 122, 25.
BALANOPHYLLIA 122. 12. 3.
SERPULA 8. 8. 2.
EUPOMATUS 8. 8. 2.
ALETES SQUAMIGERUS 14, 5. 1.
KELLETTIA KELLETTII 32. 4. 1.
ASTRAEA UNDOSA 26. 3. l.
CREPIDULA 13. 3. 1.
CHIONE 6. l. 0.
CALLIARTHRON CHEILOSPOROIDES 2. 0. 0.
BALANUS 0. 0. 0.
SPIRORBIS 0. 0. 0.
BOSSIELLA ORBIGNIANA 0. 0. 0.
SMALL GASTROPODS 0. 0. 0.
SMALL PELECYPODS 0. 0. 0.
TEREBRATALIA 0. 0. 0.
MURICEA 0. 0. 0.
HENRICEA 0. 0. 0.
PISASTER GIGANTEUS 0. 0. 0.
STRONGYLOCENTROTUS PURPURATUS 0. 0. 0.
OPHIUROIDS 0. 0. 0.
CHITON 0. 0. 0.
CHEILOSTOME BRYGZOANS 0. 0. 0.

TOTAL CALCIMASS = 568,
TOTAL PRODUCTICN = 488,
PERCENT ARAGUNITE = 6.
PERCENT MG IN CALCITE = 13.



Shallow Rocky

TABLE XXXIX

Macrobenthos Production.
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z
PRODUCTION

35.
30.
24,
8.
2.
l.
0.
0.
0.
0.
0'
0.
0.
0.
0.

12/12/67 32.82N 117.27W 9. METERS BIRD ROCK - 9
ORGANI SM G./M.5Q. (G+/M.SQ. ) /YR,
NAME CALCIMASS PRODUCTION
VEMBRANIPORA 44. 88.
CORALLINA CHILENSIS 152. 16,
MISCELLANESUS BRYOZOANS 30. 60.
BOSSIELLA GARDNERI] 40. 20.
STRCNGYLOCENTROTUS FRANCISCANUS 6. 6.
ASTRAEA UNDOSA 26. 3.
CHICNE 4. 1.
KELLETTIA KELLETTII 2. 0.
SMALL PELECYPODS O. 0.
EUPCMATUS 0. 0.
SERPULA 0. 0.
SPIRQORBIS 0. 0.
PISASTER GIGANTEUS Q. 0.
HENRICEA 0. 0.
LITHOTHAMNIOI D ALGAE 0. 0.
TOTAL CALCIMASS = 304.
TGTAL PRODUCTICN = 254,
PERCENT ARAGONITE = 1.
PERCENT MG IN CALCITE = 11.
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TABLE XL
Shallow Rocky Macrobenthos Production.

11/ 6/68 32.82N 117.27H 25. METERS BIRD ROCK - 10
ORGANI SM G./M.SQ. (G./M.S5Q. V1 /YR, E 4

NAME CALCIMASS PRODUCTION PRODUCT ION
LITHOTHAMNIQID ALGAE 120, 179. 68.
MISCELLANEGUS BRYOZOANS 12. 24, 9.
HALIOTIS RUFESCENS 471. 19. 7.
BOSSIELLA ORBIGNIANA 26. 13. Se
KELLETTIA KELLETTII 92. 11. 4
CORALL INA CHILENSIS 20. 10. 4e
SERPULA 6. 6. 2.
SMALL PHOLADS 5 1. 0.
SPIRORBIS 0. 0. 0.
CHITONS 0. 0. 0.
MISCELLANEQUS GASTROPODS 0. 0. 0.
MELOBESIA 0. 0. 0.

TOTAL CALCIMASS = 752.
TOTAL PRODUCTION = 26%.
PERCENT ARAGONITE = 10.
PERCENT MG IN CALCITE = la,



TABLE XLI

Shallow Rocky Macrobenthos Production.
BIRD ROCK - 11

11/ 6768 32.82N  117.27W 14. METERS

ORGANI SM Ge/M.SQ.

NAME CALCIMASS
MISCELLANEOUS BRYOZOANS 40.
CORALL INA CHILENSIS 136.
KELLETTIA KELLETTII 44,
PISASTER GIGANTEUS 144.
CALLIARTHRON 44,
LITHOTHAMNIOID ALGAE 5,
BALANOPHYLLIA 41,
CONUS CALIFORNICUS 1.
MELOBESIA Ge
SPIRORBIS 0.

TOTAL CALCIMASS
TOTAL PRODUCTION
PERCENT ARAGONITE
PERCENT MG IN CALCITE

9 0h

80.
68.
44 o
36.
15,
T.
4.
0.
0.
0.

(G./M.SQ. ) /YR,
PRODUCTION

455.
254,

19.
10.

145

%
PRODUCTION

31.
27.
17.
14.
6.
3.
2.
0.
0.
0.



Shallow Rocky Macrobenthos Production.

11/ 6/68 32.82N

ORGANISM
NAME

FEMBRANIFORA TUBERCULATA
FEMBRANIPORA ON KELP
CCRALLINA CHILENSIS
MISCELLANEOUS BRYOZOANS
MELOBESIA

LITHOTHAMNIOID ALGAE
BOSSIELLA GRBIGNIANA
MEGATHURA CRENULATA
CPHIURDIDS

MISCELLANEOUS PELECYPODS
ALETES SQUAMIGERUS

TABLE XLII

117.274 8+ METERS

G./M.5Q.
CALCIMASS

160.
140.
56.
12.
S5e
5.
8.
20
0.
0.
0.

TOTAL CALCIMASS

TOTAL PRODUCTION
PERCENT ARAGONITE
PERCENT MG IN CALCITE

(G./M.SQ.) /YR,
PRODUCTION

L I I}

BIRD ROCK - 12

320.
280.
28.
244
10.
7.
4.
o.
0.
0.
0.

388.
674,

0.
8.

146

z
PRODUCTION

47.
42.
4
e
1.
1.
1.
0.
0.
0.
0.
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TABLE XLIII
Shallow Rocky Macrobenthos Production.

3/ 9/68 32.82N 117.27W 26. METERS BIRD ROCK - 13
ORGANISM G./M.5Q. (G./M.5Q.)/YR. z

NAME CALCIMASS PRODUCT ION PRODUCTION
LITHCTHAMNIOID ALGAE 175. 261, 93.
MISCELLANEQUS BRYOZOANS Se 10. 4.
PENITELLA 20. S5e 2.
ASTREA UNDGSA 26, 3. 1.
BOSSIELLA 3. 2 1.
KELLETTIA KELLETTII! 5e 1. 0.
CORALL INA 1. 1. 0.
PISASTER 2e 0. 0.
PATIRIA 2. 0. 0.
MISCELLANEQUS ANNELIDS 0. 0. 0.

TOTAL CALCIMASS = 238.
TOTAL PRODUCTION = 282,
PERCENT ARAGONITE = 3.
PERCENT MG IN CALCITE = 15.
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TABLE XLIV

Shallow Rocky Macrobenthos Production.

3/ 9/68 32.82N 117.27W 17. METERS BIRD ROCK =~ 14
ORGANI SM G./M.S5Q. (Ge/MsSQ.) /YR, £ 9

NAME CALCIMASS PRODUCTION PRODUCTION
LITHCTHAMNIOID ALGAE 200, 299, 68.
BOSSIELLA 160, 80. 18.
STRONGYLCCENTROTUS FRANCISCANUS 31. 37. 8.
CCRALL INA 22, 11. 2.
BALANDPHYLLIA 41, 4o l.
ALETES SQUAMIGERUS 10. 3. l.
ASTRAEA UNDOSA 26, 3. l.
CHAMA PELLUCIDA 8, 2. 0.
CYPRAEA SPACICEA i1, l. 0.
ASTRCMETIS 3. l. 0.
MISCELLANEQUS MUOLLUSKS 3. l. 0.
KELLETTIA KELLETTII 5. l. 0.
FINNITES a. 0. 0.
MISCELLANEQUS ANNELIDS 0. 0. 0.
MISCEL LANEQUS BRYOZODANS 0. 0. 0.
CALLIARTHRON 0. 0. 0.

TOTAL CALCIMASS = Sla4.
TOTAL PRODUCTICN = 441.
PERCENT ARAGONITE = 3.
PERCENT MG IN CALCITE = 14,



149

TABLE XLV
Shallow Rocky Macrobenthos Production.

4/ 9/68 32.82N 117.27w 9. METERS B8IRD ROCK - 15
ORGANT SM G./M.SQ. (Ge/M.5Q.) /YR, E 4

NAME CALCIMASS PRODUCTION PRODUCTION
VEMBRANIPORA 400, 800. 87.
CORALL INA 80. 40. 4.
CALLTARTHRON 90. 30. 3.
BOSSIELLA 45, 23. 2.
MELCBESIA 10. 20. 2e
FENRICEA 6. | I 0.
MISCELLANEOUS ANNELIDS 1. l. 0.
MEGATHURA CRENULATA 0. 0. 0.

TOTAL CALCIMASS = 632.
TOTAL PRODUCTICN = 915.
PERCENT ARAGONITE = 0.
PERCENT MG IN CALCITE = 10.
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TABLE XLVI

Shallow Rocky Macrobenthos Production.

24/ 2/68 33.58N 117.81u 14. METERS PELICAN POINT - 1
ORGANI SM G. /M, 50, (Ge /M. SQe)/YR, A

NAME CALCIMASS PRODUCTIUN PRODUCTION
CIAPEROECIA CALIFORNICA 1600. 533. 51.
STRUNGYLUCENTROTUS FRANCISCANUS 195. 19S5. 19,
LITHOTHAMNIOIOD ALGAE 100. 149, 14,
MISCELLANEGUS BRYOLZOANS 40. 80. 8.
FURICEA 400. 40. 4.
KELLETTIA KELLETTII 110. 14, l.
LINCKIA COLUMBIAE 48, 12. 1.
FISASTER GIGANTEUS 36. 9. l.
CORALLINA CHILENSIS 14, S5e 0.
RINNITES MULTIRUGOSA 5e 3. 0.
PHIDCLOPORA PACIFICA 2. l. 0.
FENRICEA LEVIUSCULA 4. l. 0.
SEMELE DECISA 4o 1. 0.
PHOLADIDEA GVOIDEA 0. 0. 0.
CPHIUROIDS 0. L 0.

TOTAL CALCIMASS = 2554.
TOTAL PRODUCTICN = 1044,
PERCENT ARAGONITE = r
PERCENT MG IN CALCITE = 8.



Shallow Rocky Macrobenthos Production.

25/ 2/68 33.58N 117.81w

ORGANI SM
NAME

MYTILUS CALIFORNIANUS
STRONGYLOCENTRUTUS PURPURATUS
CORALLINA CHILENSIS
PROTOTHACA STAMINEA
ACANTHINA SPIRATA
HALIOTIS

TEGULA FUNEBRALIS

MITELLA POLYMERUS

LOTTIA GIGANTEA
NUTTALLINA

ACMAEA SCABRA

EPITONIUM CRENIMARGINATUM
CREPIDULA ADUNCA

CONUS CALIFGRNICUS
TETRACLITA RUBESCENS
FISSURELLA VOLCANO
BALANUS GLANDULA

CSTREA LURIDA
VEMBRANIPORA

TOTAL CALCIMASS

TOTAL PRODUCTION
PERCENT ARAGONITE
PERCENY MG IN CALCITE

TABLE XLVII

0.

G./M.SQ.

METERS

CALCIMASS

4560,
68,
50,
63.
23.

188,
64.
l'l
16.
10,
2.
3.

151

PELICAN POINT - 2

(Go/MeSQe) /YR,
PRODUCTION

1520.
68.
25'
16.

5054,
1663,
25.

z
PRODUCT ION

ql.
4.
2.
l.
o.
0.
0.
0.
0.
0.



Shallow Rocky Macrobenthos Production.

25/ 1/68 33.58N

ORGANI SM
NAME

ANTROPORA TINCTA
UTAPEKROECIA CALIFORNICA
BALANOPHYLLIA

MURICEA

CORALL INA

KELLETTIA KELLETTIIL
MISCELLANEQUS BRYOZOANS
PHIDCLOPORA
CALLIARTHRON

LYTECHINUS ANAMESUS
ASTRCMETIS SERTULIFERI
LITHCTHAMNIOID ALGAE
BOSSIELLA

CPHIURCIDS

LINCKIA COLUMBIAE
ASTROPECTEN VERRILLI

TABLE XLVIII

117.81HW 22+ METERS

G./M.5Q.
CALCIMASS

10.
50.
130.
27.
56
18.
1.
be
5.
2.
-
1.
1.
0.
0.
0.

TOTAL CALCIMASS

TOTAL PRODUCTICN
PERCENT ARAGONITE
PERCENT MG IN CALCITE

(Go/MeSQe) /YR,
PRODUCTION

[ (O I}

152

PELICAN POINT - 3

20.
17.
13.
3.
3.
2.
2.
2.
2.
2.
1.
1'
l.
0.
0.
0.

260,

68.
23.
9.

E 4
PRODUCT ION

29.
25.
19.
4o
e
3.
3.
3.
2.
2.
2.
26
1.
0.
0.
0.



TABLE XLIX

Shallow Rocky Macrobenthos Production.

25/ 1/68 33.58N 117.81W 14. METERS

ORGANI SM G./M.SQ.

NAME CALCIMASS
DIAPEROECIA CALIFORNICA 360.
KELLETTIA KELLETTII 1885.
NURICEA 8C.
CORALL INA 10.
MISCELLANEQUS BRYOZOANS 1.

TOTAL CALCIMASS

TOTAL PRODUCTICN
PERCENT ARAGONITE
PERCENT MG IN CALCITE

(Gs/M.5Q.) /YR,

153

PEL ICAN POINT - 4

PRODUCTION

120.
5.

2336,
210,
25,

z
PRODUCTION

57.
36.
4.
2.
l.
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TABLE L

Shallow Rocky Macrobenthos Production.

21/11/68 33.58N 117.81W 14, METERS PELICAN PQINY - 5
ORGANI SM G./M.SQ. (G./M.S5Q.)/YR, %

NAME CALCIMASS PRODUCT ION PRODUCTION
CIAPERQECIA CALIFORNICA 700. 233, 85.
ANTROPORA TINCTA S5e 10. 4.
MURICEA 100. 1o0. 4.
LITHTHCTHAMNIOID ALGAE Se Te 3.
CORALL INA 10. 5. r
PISASTER GIGANTEUS 14, 4. 1.
SCRUPUCELLARIA 1. 2. 1.
CALLIARTHRON Se 2. 1.
ASTRCMETIS SERTULIFERA 3. l. 0.
LINCKIA COLUMBIAE 2. 0. 0.
CREPIDULA ONYX 0. 0. 0.
MEGATHURA CRENULATA 0. 0. 0.

TOTAL CALCIMASS = 8454
TOTAL PRODUCTION = 274,
PERCENT ARAGONITE = 0.
PERCENT MG IN CALCITE = Te



Shallow Rocky Macrobenthos Production.

21711768

ORGANI SM
NAME

MYTILUS CALIFORNIANUS
BALANUS

ACMAEA

MITELLA POLYMERUS
TEGULA FUNEBRALIS
PROTOTHACA STAMINEA
CORALL INA

TETRACLITA

LOTTIA GIGANTEA
MISCELLANECUS MOLLUSKS
CHTHAMALUS

33.58N

TABLE LI

117.81W 0. METERS

G./M.5Q.
CALCIMASS

12000.
200.
95,
37.
320.
112,
15.
Te
8.
S5e
0.

TOTAL CALCIMASS

TOTAL PRODUCTICN
PERCENT ARAGONITE
PERCENT MG IN CALCITE

(G./M.SQ.) /YR,
PRODUCT ION

Wnauaun

155

PELICAN POINT - 6

4000,
200.
95.
t.
32.
28.
8.
T.
2.
l.
0.

12799.
4409,

24,
0.

b 4
PRODUCTION

1.
Se
2.
1.
1.
1.
0'
0.
0.
0.
o.
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TABLE LII
Shallow Rocky Macrobenthos Production.

2/ 1/68 34.38N 119,.88HW 9. METERS NAPLES REEF - 1

ORGANI SM G./M.SQ. (G./M.5Q.) /YR, E 4

NAME CALCIMASS PRODUCTION PRODUCT ION
STRONGYLOCENTROTUS FRANCISCANUS 329. 329. a9,
CALLTARTHRON 60. 20. Se
LITHOTHAMNIOID ALGAE 5 7. 2.
CYPRAEA SPADICEA 6o 6. 1.
PISASTER OCHRACEUS 14. e 1.
BALANOPHYLLIA 28. 3. 1.
CERMASTERIAS IMBRICATA 11. 3. 1.
KELLETTIA KELLETTI! Se 1. 0.
LYTECHINUS ANAMESUS 0. 0. 0.
MISCELLANEQUS BRYOZOANS 0. 0. 0.
LINCKIA COLUMBIAE 0. 0. 0.

TOTAL CALCIMASS = 458,

TOTAL PRODUCTICN = 372.

PERCENT ARAGONITE = 2.

PERCENT MG IN CALCITE = 8.
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APPENDIX V. GROWTH OF CORALLINE ALGAE

Coralline algae are among the most abundant shallow
rocky bottom calcareous organisms of the California coast,
but relatively little is known about growth of temperate
water coralline algae. Johansen (196%) and Johansen and
Austin (1970) have measured length increase of the

articulated coralline algae Calliarthron tuberculosum in

the central California area to be 2 to 3 cm per year.
Chave and Wheeler (1965) have estimated that the crustose

coralline algae Clathromorphum compactum grows 0.5 mm in

thickness annually. Few other data are available.

Therefore, R. Sepulveda carried out a series of
coralline algal growth experiments to obtain turnover data
for this investigation. The experiments were undertaken
in the laboratory of M. Neushul of the University of
California, Santa Barbara. The general laboratory setup
is described by Neushul and Dahl (1967). Table LIII
summarizes the temperature, light energy, and photoperiod
conditions used.

The results of two series of experiments are

summarized in Table LIV. The crustose algae, Lithothamnium

sp. and Lithophyiium sp., each grew about 3 per cent per

week, as measured by weight increase. Corallina

vancouveriensis and Bossiella gardreri, two common species

of articulated coralline algae had growth rates ranging
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from 0.3 mm length increase per week to 1.8 mm per week,
as measured from photographs. Each averaged near 1 mm
per week growth.

M. Neushul provided algal samples which had grown on
concrete blocks in 10 to 15 meters of water at Anacapa
Island (Table LV). Four species of algae (B. gardmeri,

C. vancouveriensis, Lithothrix aspergillum, and Calliarthron

tuberculosum) each grew about 5 cm per year--comparable to

the laboratory experiments.

E. Anderson furmnished buoys on which coralline algae
at Corona del Mar had grown (Table LVI). Algal growth
there is somewhat slower than either the laboratory or
the Anacapa data. The slower growth rate of the algae at
Pelican Point may explain their relative unimportance at

that location.
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TABLE LIII
Tanks Used in Coralline Algae Growth

Experiments. Temperature Approximately 15°C
and Water Flow Rate Approximately 1.6 liters/minute.

TANK PHOTOPERIOD
DESIGNATION (min. on/day) LANGLEYS/PHOTOPERIOD
A 1440 13.3
B 868 197
C 868 1.34
Greenhouse 868 392

(approx.)




TABLE LIV

Coralline Algal Growth Observed During
Laboratory Experiments Using Various Light Energy Conditions.

Experiment Series 1

Tank A Tank C Average

Lithothamnium sp. 4%/week 2%/week 3%/week
Lithophyllum sp. 5%/week 2%/week 3.5%/week
Bossiella gardneri 0.9 mm/week 0.3 mm/week 0.6 mm/week
Corallina vancouveriensis 1.3 mm/week 0.9 mm/week 1.1 mm/week
Expexriment Sexies II

Tank A Tank B Tank C Greenhouse Average
Bossiella gardneri 1.3 mm/wk 0.3 mm/wk 0.3 mm/wk 0.8 mm/wk 0.7 mm/wk

Corallina vancouveriensis 1.8 mm/wk 0.8 mm/wk 1.0 mm/wk 1.5 mm/wk 1.3 mm/wk

091
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Growth of Coralline Algae on Blocks in 10 to 15
Meters of Water at Anacapa Island.

ai ol

ORGANISM

GROWTH RATE

Lithothrix aspergillum

Calliarthron tuberculosum

Bossiella gardneri

Corallina vancouveriensis

4 cm/yr
5 cm/yr
5 cm/yr

4 cm/yr
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TABLE LVI

Growth of Coralline Algae on Buoys
at Corona del Mar.

ORGANISHM GROWTH RATE
Bossieila gardneri 2 cm/yr
Bossiella interupta (?) 3 cm/yx

Corallina chilensis 3 cm/yr




163

REFERENCES

Adey, W. H., 1967, The genus (Clathromorphum (Corallinaceae)
in the Gulf of Maine: Hydrobiologia, v. 26, p.
539-573.

Arrhenius, G., 1963, Pelagic sediments, p. 655-727,in
Hill, M. N., ed., The sea, v. 3, Interscience,
New York, 963 p.

Babcock, B. A., 1957, Analysis of wind blown sediment:
Univ. Southern California, unpublished report in
sedimentation, 16 p., [quoted in Emery, 1960].

Bandy, 0. L., 1954, Aragonite tests among the
foraminifera: Jour. Sed. Petrology, v. 24, p. 60-61.

Baranov, F. I., 1918, [On the question of the biological
basis of fisheries] Nauchnyi issledovatelskii
ikhtiologicheskii Institute, Izvestiia, v. 1,

p. 81-128, [80 page manuscript translated from the
Russian by W. E. Ricker, Fish. Res. Bd. Canadal.

Belyayeva, N. V., 1968, Quantitative distribution of
planktonic foraminiferal tests in Recent Pacific
sediments: Oceanology, v. 8, p. 85-89.

Berger, W. H., and A. Soutar, 1970, Preservation of
plankton shells in an anaerobic basin off California:
Bull. Geol. Soc. America, v. 81, p. 275-282.

Bertalanffy, L. von, 1938, A quantitative theory of
organic growth: Human Biol., v. 10, p. 181-213,

Blackmon, P. D., and R. Todd, 1959, Mineralogy of some
foraminifera as related to their classification
and ecology: Jour. Paleo., v. 33, p. 1-15.

Broecker, W. S., and T. Takahashi, 1966, Calcium carbonate
pPrecipitation on the Bahama Banks: Jour. Geophys.
Research, v. 71, p. 1575-1602,

Calaprice, J. R., 1962, The ecology and growth charac-
teristics of Acanthina spinata (Blainville): M. A.
Thesis in Zoology, Univ, of California (Santa
Barbara), 51 p. °

Carriker, M. R., and E. H. Smith, 1969, Comparative
calcibiocavitology: summary and conclusions:
American Zoologist, v. 3, p. 1011-1020,



153

164

REFERENCES (Continued)

Chave, K. E., 1952, A solid solution between calcite and
dolomite: Jour. Geology, v. 60, p. 190-192.

> 1954, Aspects of the biogeochemistry of
magnesium, 1. Calcareous marine organisms: Jour.
Geology, v. 62, p. 266-283.

, 1964, Skeletal durability and preservation,
p. 377-387, in Imbrie, J., and N. D. Newell, ed.,
Approaches to paleoecology. John Wiley and Sons,
New York, 432 p.

, 1965, Calcium carbonate: association with
organic matter in surface seawater: Science, v. 148,
p. 1723-1724,

, 1967, Recent carbonate sediments--an
unconventional view: Jour. Geol. Education, v. 15,
p. 200-204.

, K. S. Deffeyes, P. K. Weyl, R, M. Garrels,
and M. E..Thompson, 1962, Observations on the

solubility of skeletal carbonate in aqueous solutions:
Science, v. 137, p. 33-34.

, and B. D, Wheeler, Jr., 1965, Mineralogy
changes during growth in the red alga, Clathromorphum
compactum: Science, v. 147, p. 621.

Chayes, F., 1960, On correlation between variables of
constant sum: Jour. Geophys. Research, v. 65,
p. 4185-4193,

, 1962, Numerical correlation and petrographic
variation: Jour. Geology, v. 70, p. 440-452.

Clarke, W. D., and M. Neushul, 1967, Subtidal ecology
of the Southern California coast, p. 29-42 in
Olson, T. A., and F. J. Burgess, Pollution and marine
ecology. Interscience, New York, 364 p.

Clendenning, K. A., 1960, Organic productivity of giant
kelp areas: Quarterly progress report, Kelp
Investigations Program, Univ. Califorania Inst.

Marine Resources, IMR Ref. 60-6, p. 1-11.

Cloud, P. E., Jr., 1962, Environment of calcium carbonate
deposition west of Andros Island, Bahamas: U. S.
Geol. Survey Prof. Paper 350, 138 p.



165

REFERENCES (Continued)

Coe, W. R., and J. E. Fitch, 1950, Population studies,
local growth rates, and reproduction of the Pismo
clam: Jour. Marine Research, v. 9, p. 188-210.

Comfort, A., 1957, The duration of 1ife in Mollusca:
Proc. Malacological Soc. London, v. 32, p. 219-241.

Cox, K., 1962, California abalones, family Haliotidae:
California Fish and Game Comm., Fish Bull. 118,
133 p.

Croxton, F. E., D. J. Cowden, and S. Klein, 1967, Applied
general statistics. Prentice Hall, Englewood Cliffs,
N. J., 754 p.

Darling, S. D., 1965, Observations on the growth of
Cypraea spadicea: Veliger, v. 8, p. 14-15.

Dawson, E. Y., M. Neushul, and R. D. Wildman, 1960,
Seaweeds associated with kelp beds along Southern
California and northwestern Mexico: Pacific
Naturalist, v. 1, 80 p.

Department of Water Resources, 1969, Hydrologic data:
1967, v. V: Southern California: State of Califormnia
Resources Agency, Bull. N¥No. 130-67, 259 p.

Easton, W. H., 1969, Radiocarbon profile of Hanaume
Reef, Oahu [abstractl]: Geol. Soc. America Special
Paper 121, p. 86.

Ebert, T. A., 1968, Growth rates of the sea urchin
Strongylocentrotus purpuratus related to £food
availability and spine abrasion: Ecology, v. 49,
p. 1075-1091.

Emery, K. 0., 1960, The sea off Southerm Califormnia,
John Wiley and Sons, New York, 366 p.

, 1963, Organic transportation of marine
sediments, p. 776-793, in Hill, M. W., ed., The sea,
v. 3. 1Interscience, New York, 563 p.

.~ d T ™ P )
u au

29

ks o P 1TNnNLND [ N i R T
;) e Lo D.La-y’ L?UL, LULCCYL 1202) uau:.us
of California basin sediments: Am. Assoc. Petroleum
Geologists Bull., v. 46, p. 183%-183%



166

REFERENCES (Continued)

Fairbridge, R. W., 1964, The importance of limestone and
its Ca/Mg content to palaeoclimatology, p. 431-478,
in Nairn, A. E. M., ed., Problems in palaeoclimatology.
Interscience, London, 705 p.

, 1966, Mean sea level changes, long-
term--eustatic and other, p. 749-485, in Fairbridge,
R. W., ed., Encyclopedia of oceanography. Reinhold,
New York, 1021 p.

Feder, H. M., 1956, Natural history studies on the
starfish Pisaster ochraceus (Brandt, 1835) in the
Monterey Bay area: Ph. D. Dissertation, Stanford
Univ., 310 p.

Fell, H. B., 1966, The ecology of ophiuroids, p. 129-143,
in Boolootian, R. A., ed., Physiology of Echinoder-
mata. Interscience, New York, 822 p.

Ferguson, W. S., J. J. Griffin, and E. D. Goldberg, 1970,
Atmospheric dusts from the North Pacific--a short
note on a long-range eolian transport: Jour.
Geophys. Research, v. 75, p. 1137-1139.

Fischer, A. G., 1969, Geological time-distance rates:
the Bubnoff unit: Geol. Soc. America Bull., v. 80,
p. 549-552.

Frank, P. W., 1965a, Growth of three species of Acmaea:
Veliger, v. 7, p. 201-202.

,» 1965b, Shell growth in a natural population
of the turban snail, Tegula fumebralis: Growth,
v. 29, p. 395-403.

, 1965c, The biodemography of an intertidal
snail population: Ecology, v. 46, p. 831-844.

Garrels, R. M., and C. L. Christ, 1965, Solutie=ns,
minerals, and equilibria. Harper and Row, New
York, 450 p.

Gorsline, D, S., and K. 0. Emery, 1959, Turbidity current
deposits in San Pedro and Santa Monica Basins off

Southern California: Geol, Soc. America Bull,,
v. 70, p. 276-260.



167

REFERENCES (Continued)

Grigg, R. W., 1970, Ecology and population dynamics of
the gorgonians, Muricea californica and Muricea
fructicosa Coelenterata: Anthozoa: Ph. D.
Dissertation, Univ. of California (San Diego), 261 p.

Harman, R. A., 1964, Distribution of foraminifera in the
Santa Barbara Basin, California: Micropaleontology,
v. 5, p. 81-96.

Hartman, 0., 1963, Submarine canyons of Southern
California, Part 2, Biology: Allan Hancock Pacific
Exped., v. 27, Part 2, 424 p.

, and J. L. Barnard, 1958, The benthic fauna

of the deep basins off Southern Califormnia, Part 1,
Introduction and preliminary report: Allan Hancock
Pacific Exped., v. 2, p. 1-67.

, and , 1960, The benthic fauna

of the deep basins off Southern California, Part 2,
Systematics, summaries, and results: Allan Hancock
Pacific Exped., v. 22, p. 69-297,.

Hayes, M. 0., 1967, Relationship between coastal climate
and bottom sediment type on the inner continental
shelf: Marine Geol., v. 5, p. 111-132.

Hoffmeister, J. E., and H. G. Multer, 1964, Growth rate
estimates of a Pleistocene coral reef of Florida:
Geol. Soc. America Bull., v. 75, p. 353-358.

Hoskin, C. M., and R. V. Nelson, Jr., 1969, Modern marine
carbonate sediment, Alexander Archipelago, Alaska:
Jour. Sed. Petrology, v. 39, p. 581-590.

Hsu, J. J., 1963, Solubility of dolomite and composition
of Florida ground waters: Jour. Hydrology, v. 1,
p. 288-310.

Johansen, H. W., 1969, Morphology and systematics of
coralline algae with special reference to
Calliarthron: Univ. Califormia Publ. Botany,
v. 49, 98 p.

, and L. F, Austin, 1970, Growth rates
in the articulated coralline, Calliarthron
(Rhodophyta): Canadian Jour. Botany., v. 48,

p. 125-132.




168

REFERENCES (Continued)

Johnson, M. E., and H. J. Snook, 1927, Seashore animals
of the Pacific coast. McMillan, 659 p. [Republished
by Dover, New York, 1967].

Jones, G. F., 1964, The distribution and abundance of
subtidal benthic mollusca on the mainland shelf of
Southern California: Malacologia, v. 2, p. 43-68.

Kheradpir, A., 1970, Foraminiferal trends in the
Quaternary of Tanner Basin, California:
Micropaleontology, v. 16, p. 102-116.

La Fond, E. C., 1966, Fixed platforms, p. 273-278 in
Fairbridge, R. W., ed., Encyclopedia of oceamnography.
Reinhold, New York, 1021 p.

Land, L. S., 1966, Diagenesis of metastable skeletal
carbonates: Ph. D. Dissertation, Lehigh Univ.,
141 p.

, 1967, Diagenesis of skeletal carbonates:
Jour. Sed. Petrology, v. 37, p. 914-930.

Leighton, D., and R. A. Boolootian, 1963, Diet and
growth in the black abalone, Haliotis cracherodii:
Ecology, v. 44, p. 227-238.

Li, Y-H., T. Takahashi, and W. S. Broecker, 1969, Degree
of saturation of CaCO3 in the oceans: Jour. Geophys.
Research, v. 74, p. 5507-5525.

Mackenzie, F. T., and R. M. Garrels, 1966a, Chemical
mass balance between rivers and oceans: Am. Jour.
Sci., v. 264, p. 507-525.

, and -, 1966b, Silica-
bicarbonate balance in the ocean and early
diagenesis: Jour. Sed. Petrology, v. 36,

p. 1075-1084.

Mayor, A. G., 1924, Growth-rate of Samoan corals: Papers
from the Dept. Marine Biocl. of the Carnegie Inst.
Washington, v. 19, p. 51-72,.

McGinitie, G. E., and N. McGinitie, 1968, Natural history
of marine animals, 2nd ed., McGraw-Hill, New York,
523 p.



169

REFERENCES (Continued)

Mineral and Water Resources of California, Part II, 1966,
Report for the Committee on Interior and Insular
Affairs, U. S. Senate, 89th Congress, 2nd session.,
U. S. Gov't Printing Office, Washington, p. 451-650.

Moberly, R., 1963, Coastal geology of Hawaii: Hawaii
Inst. Geophysics Report No. 41, 216 p.

Moore, D. G., 1969, Reflection profiling studies of the
California Continental Borderland: Structure and
Quaternary turbidite basins: Geol. Soc. America
Special Paper 107, 142 p,.

Neumann, A. C., and L. S. Land, 1969, Algal production
and lime mud deposition in the Bight of Abaco: A
budget [absitract]: Geol. Soc. America Special
Paper 127, p. 219.

Neushul, M., and A. L. Dahl, 1967, Composition and
growth of subtidal parvosilvosa from Califormnian
kelp forests: Helgoldnder wiss. Meeresunters.,
v. 15, p. 480-488.

North, W. J., 1954, Size distribution, erosive activities,
and gross metabolic efficiency of the marine inter-
tidal snails, Littorina planaxis and L. scutulata:
Biol. Bull., v. 106, p. 185-197. -

, 1961, Life-span of the fronds of the giant

kelp Macrocystis pyrifera: Nature, v. 190,
p. 1214-1215.

, 1963, Ecology of the rocky nearshore
environment in Southern Califormia and possible
influences of discharged wastes: 1International
Jour. Air and Water Pollution, v. 7, p. 721-736.

, 1964a, [Untitled mimeographed report to
the California State Water Quality Control Board,
concerning kelp beds in the vicinity of Sam Elijo
Lagoon, San Diego County] Standard Agreement 12-1,
26 p.

, 1964b, An investigation of the effecis of
discharged wastes on kelp: The Resources Agency
of Califormia, State Water Quality Control Board
Publ. No. 26, 124 p,.




170

REFERENCES (Continued)

, 1967a, [Untitled mimeographed report to
the California State Water Quality Control Board
concerning the kelp beds in the vicinity of Caayon
de las Encinas, San Diego County], Standard
Agreement 12-7, 30 p.

, 1967b, Integration of environmental

conditions by a marine organism, p. 195-222 in
Olson, T. A., and F. J. Burgess, Pollution and
marine ecology. Interscience, New York, 364 p.

, 1968 a, Kelp habitat improvement project,
annual report, 1 July, 1967-30 June 1968: California
Inst. Technology, 123 p.

, 1968b, Foreword, p. 7-12, in North, W. J.,
and C. L. Hubbs, ed., Utilization of kelp bed
resources in Southern California: California Fish
and Game Comm., Fish Bull., 139, 264 p.

Odum, E. P., 1959, Fundamentals of ecology, 2nd ed.,
W. B. Sanders, Philadelphia, 546 p.

Odum, H. T., and E. P, Odum; 1955, Trophic structure and
productivity of a windward coral reef community on
Eniwetok Atoll: Ecol. Monographs, v. 25, p. 291-320.

Oostdam, B. L., 1963, Thickness and rates of growth of
corals on top of the historic lava flow near
La Perouse Bay, Maui, Report of field work, spring
1963: wunpublished report, 68 p., [Quoted, in
Moberly, 19631].

Osburn, R. C., 1952, Bryozoa of the Pacific coast of
America, Part 2, Cheilostomata-Ascophora: Allan
Hancock Pacific Exped., v. 14, p. 271-611.

Paine, R. T., 1969, Growth and size distribution of the
brachiopod Terebratella transversa Sowerby: Pacific
Science, v. 23, p. 337-343.

Park, P. K., 1968, Seawater-hydrogen ion concentration:
vertical distribution: Science, v. 162, p. 358-359,.

Pequegnat, W. E., 1964, The epifauna of a California
siltstone reef: Ecology, v. 75, p. 272-283.



171

REFERENCES (Continued)

, and A, D. Fredericks, 1967, Organic

production of epifaunal organisms: Texas A & M
Univ. Dept. Oceanography, Ref. 67-15t, 45 p.

Percival, E., 1944, A contribution to the life history
of the brachiopod Terebratella inconspicua Sowerby:
Trans. and Proc., Roy. Soc. New Zealand, v. 74,

p. 1-23.

Pytkowicz, R. M., 1968, The carbon dioxide-carbonate
system at high pressures in the oceans: Oceanogr.
Mar. Biol. Ann. Rev., v. 6, p. 83-135.

Presley, B. J., and I. R. Kaplan, 1968, Changes in
dissolved sulfate, calcium, and carbonate from
interstitial water of near-shore sediments:
Geochim. Cosmochim. Acta, v. 32, p. 1037-1048.

Resig, J. M., 1958, Ecology of foraminifera of the Santa
Cruz Basin, Califormia: Micropaleontology, v. 4,
p. 287-328.

Revelle, R., and F. P. Shepard, 1939, Sediments off the
California coast, p. 245-282 in Trask, P. D., ed.,
Recent Marine Sediments: Amer. Assoc. Petroleum
Geologists, Tulsa, 736 p. [Republished by Dover,
New York, 1968]. :

Ricker, W. E., 1958, Handbook of computations for
biological statistics of fish populations: Fisheries
Research Board of Canada Bull., v. 119, 300 p.

Ricketts, E. F., and J. Calvin, 1968, Between Pacific
tides, 4th ed., revised by J. E. Hedgpeth.
Stanford Univ. Press, Stanford, 614 p.

Rittenburg, S. C., K. O. Emery, and W. L. Orr, 1955,
Regeneration of nutrients in sediments of marine
basins: Deep-Sea Res., v. 3, p. 23-45.

Rodgers, J., 1957, The distribution of marine carbonate
sediments: a review, p. 2-14, in Le Blanc, R. J.,
and J. G. Breeding, Regional aspects of carbonate
deposition: Soc. Economic Paleontologists and
Mineralogists Spec. Pub. 5, Tulsa, 178 p.

Rodolfo, X. S., 1964, Suspended sediment im Southern
California waters: M. A. Thesis in Geology, Univ.
Southern Califormnia, 91 p.



172

REFERENCES (Continued)

;, 1970, Annual suspended sediment supplied
to the California Continental Borderland by the
Southern California watershed: Jour. Sedimentary
Petrology, [in press].

Ryther, J. H., 1963, Geographic variations in productivity,
p. 347-380 in Hill, M. N., The sea, v. 3., 554 p.

Salzberg, H. W., J. I. Morrow, and S. R. Cohen, 1966,
Laboratory course in physical chemistry. Academic
Press, New York, 319 p.

Sargent, M. C., and T. S. Austin, 1949, Organic
productivity of an atoll: Am. Geophys. Union
Trans., v. 30, p. 245-249.

Schmalz, R. F., 1967, Kinetics and diagenesis of
carbonate sediment: Jour. Sed. Petrology, v. 37,
p. 60-67.

, and F. J. Swanson, 1969, Diurmnal varia-
tions in the carbonate saturation of seawater: Jour.
Sed. Petrology, v. 39, p. 255-267.

Schmidt, R. R., and J. E. Warme, 1969, Population
characteristics of Protothaca staminea (Conrad)

from Mugu Lagoon, Califormnia: Veliger, v. 12,
p. 193-199,

Scholl, D. W., 1964, Recent sedimentary record in
mangrove swamps and rise in sea level over the
southwestern coast of Florida: Part 1: Marine
Geol., v. 1, p. 344-366.

Shepard, F. P., and U. S. Grant, IV, 1947, Wave erosion
along the Southern Califormnia coast: Geol. Soc.
America Bull., v. 58, p. 919-926.

Smith, R. M., and P. C. Twiss, 1965, Extensive gaging
of dust deposition rates: Trans. Kansas Acad.
Sci., v. 68, p. 311-321.

Smith, S. V., and E. C. Haderlie, 1969, Growth and
longevity of some calcareous fouling organisms,
Monterey Bay, Califormnia: Pacific Science, v. 23,
p. 447-451,

, and R. W. Utley, 1968, Froth flotation for

impure carbonate sediments: Jour. Sed. Petrology,
v. 38, p. 664-665,



173

REFERENCES (Continued)

State Water Quality Control Board, 1965, An oceanographic
and biological survey of the Southern California
mainland shelf: State of Califormnia, Resources
Agency, Publ. No. 27, 232 p., plus 445 p. appendix.

Stockman, K. W., R. N. Ginsburg, and E. A. Shinn, 1967,
The production of lime mud by algae in south
Florida: Jour. Sed. Petrology, v. 37, p. 633-648.

Strachan, A. R., and R. T. Koski, 1969, A survey of algae
off Palos Verdes Point, Califormia: California
Fish and Game, v. 55, p. 47-52.

Strickland, J. D. H., and T. R. Parsons, 1968, A practical
handbook of seawater analysis: Fisheries Research
Board of Canada, Bull. 167, 311 p.

Suess, E., 1968, Calcium carbonate interaction with
organic compounds: Ph. D. Dissertation, Lehigh
Univ., 153 p.

Sverdrup, H. U., M. W. Johnson, and R. H. Fleming, 1942,
The oceans. Prentice-Hall, Englewood, N. J., 1087 p.

Taylor, C. C., 1962, Growth equations with metabolic
parameters: Jour. Cons. Int. Explor. Mer., v. 27,
p. 270-286.

Thorson, G., 1957, Bottom communities (sublittoral or
shallow shelf), p. 461-534, in Hedgpeth, J. W., ed.,
Treatise on marine ecology and paleoecology, v. 1,
ecology: Geol. Soc. America, Mem. 67, 1296.

Turner, C. H., E. E. Ebert, and R. R. Given, 1964, An
ecological survey of a marine enviromnment prior to
installation of a submarine outfall: California
Fish and Game, v. 50, p. 176-188.

) , and , 1965, Survey
of the marine environment offshore of San Elijo
Lagoon, San Diego County: California Fish and

Game, v. 51, p. 81-112,

s , and , 15606, The
marine environment in the vicinity of the Orange
County Sanitation District's ocean outfall:
California Fish and Game, v. 52, p. 28-48.



174

REFERENCES (Continued)

s , and , 1968, The
marine environment offshore from Point Loma, San
Diego County, State of California: The Resources
Agency, Dept. Fish and Game, Fish. Bull. 140, 85 p.

, and A. R. Strachan, 1969, The marine
environment in the vicinity of the San Gabriel
River mouth: California Fish and Game, v. 55,
p. 33-68.

Uchio, T., 1960, Ecology of living benthonic foraminifera
from the San Diego, California area: Cushman
Foundation Foram. Research Spec. Pub. 5, 72 p.

Wangersky, P. J., 1969, Distribution of suspended
carbonate with depth in the ocean: Limnol. Oceanog.,
v. 14, p. 929-933.

Weymouth, F. W., and H. C. McMillin, 1931, The relative
growth and mortality of the Pacific razor clam
(Siliqua patula, Dixon) and their bearing on the
commercial fishery: Bull. U. S. Bureau of
Fisheries, v. 46, .p. 543-567,

Winland, H. D., 1969, Stability of calcium carbonate
polymorphs in warm, shallow seawater:’ Jour. Sed.
Petrology, v. 39, p. 1579-1587.

Wyllie, J G., 1966, Geostrophic flow of the California
Current at the surface and at 200 meters: California
Cooperative Oceanic Fisheries Investigatiomns, Atlas
No. 4, State of California Marine Research Committee,

288 p.

Zalesny, E. R., 1959, Foraminiferal ecology of Santa
Monica Bay, Califormia: Micropaleontology, v. 5,
p. 101-126,

Zobell, C. E., 1959, Factors affecting drift seaweed on
some San Diego beaches: Univ. California. Inst.
Marine Resources IMR Ref. 59-3, 122 p.



