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ABSTRACT

Minerals 1iu Holocene and late Pleistocene basin
sediments of the northern California Continental Border-
land are derived from local sourcee, and in minor amounts
from wind- and current-borne sediment. Source, sea level
fluctuations, differential settling, and sedimentation by
floods control the distribution of the mineralogy.

The sediments are clayey silts composed of illite,
sontmorillonite, and quartz, with subordinate kaolinite,
chlorite, vermiculite, feldspar, and amphibole. Montmoril-
lonite consists partly of mixed layers with 1llite, and of
trioctahedral, iron-rich varieties. Quartz and feldspar
are abundant only in the silt-sizes, and their proportions
are strongly affected by sediment size.

River-sediment mineralogy can be divided into
northern sedimentary, central igneous-metamorphic, and
southern batholithic sultes. Basin sediments, however, are
relatively homogenous owing to mixing by currents. Basin
sediments are higher in montmorillonite and chlorite, and
lower i illite than the river sediments. Chlorite en-
richoent is caused by deposition of chlorite-rich sedil-
ment transported by the California Current from the North
Pacific coast, This process is recognizable in Santa
Barbara Basin, where chlorite in hemipelagic sediment 1is
twice that in rapidly deposited local flood-layers.
¥Yontmorillonite enrichment may also be caused by the same
process, but could be due to the dominance of several
rivers. An offshore increase of montmorillonite and a
corres onding decrease of 11llite appears to be the result
of segregation by differential settling. Fine-grained
quartz increases offshore and reflects the increase in
ieportance of the eolian component.

Analysis of cores reveal mineralogic variations
that are largely controlled by sea-~level fluctuations.
High quartz-feldspar ratios in Pleistocene sections of
cores from the outer borderland are similar to those on
Santa Rooa-Cortes Ridge, which was subject to wave erosion
during low sea level 18,000 years B.P. In Catalina Basiln,
a distinct metamorphic plagioclase=-chlorite-amphibole
suite from Cataiina Island was diluted by a volcanlic sulte




from Santa Barbara Bank during low sea level. An increase
in montmorillonite-illite ratios colncident with rising
sea level 1s attributable to a differential settling ef-
fect, and to the removal of offshore banks as sources as
they were flooded and submerged by the rising sea. De-
crease of kaolinite since the Plelstocene is related to
climatic change.

Numerous well-sorted gray silt layers in Santa
Barbara Basin appear to be flood-deposits that formed
after unusually heavy storms, such as occurred in 1969.
Comparison of mineralogy and sedimentologlc parameters
shows that the Santa Clara River 1s the dominant source
of these deposits.

xi




INTRODUCTION

General Statement

The purpose of thlis study is to determine the
silicate-mineral composition of fine-grained basin sedi-
ments in the California Continental Borderland. Two
portions comprise the study: the relation of basin sedl-
ment mineralogy to sources and sedimentatlon processes,
and the effect of late Pleistocene-Holocene climatlc and
sea-level fluctuatlons on the basin mineralogy. The
location of the area studied is the northern Callfornia
Continental Borderland from Lat. 32° 45' N to Lat. 35° 00’
N, and from Long. 117o 15' W to Long. 121° 00' W (fig. 1).
Basins that were studled are Santa Monica Basin, Santa
Barbara Basin, Santa Cruz Basin, Catalina Basin, Tanner
Basin, and the continental rise. In addition, major and
representative rivers along the southern Californla coast

were sampled to determine the source-area mineralogy.

Previous Work

Emery (1960) adequately summarized the geology and
oceanography of the California Continental Borderland.

This work also serves as a reference for most studles




Figure 1.

Bathymetric map of California Con-
tinental Borderland and sample

locations with RV Velero IV station

numbers.
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made in this area up to 1960.

There has been a general absence of mineralogilc
studies on borderland sediments as compared to other parts
of the continental margins of the United States. The
earliest and only major work is a clay-mineral study by
Dietz (194l1), also presented in part by Grim, Dietz, and
Bradley (1949). This work demonstrated the predominance
of montmorillonite and 1llite in the basin sediments. It
was also concluded that kaolinite 1s gradually being lost
from the sediments, and that degraded 1llite is being re-
constituted by potassium uptake. This work was undertsken
at a time when x-ray diffractlion technology and especially
1ts application to clay mineralogy was in an early stage
of development. In addition, the number of samples
analyzed was relatively small, and only core tops and
bottoms were used. These conslderations show that the
basis of the conclusions drawn from this work may be
questionable and should be reexamined.

Subsequent mineralogic work has been of minor ex-
tent. Clay minerals in cores from Santa Barbara Basin,
Santa Monica Basin, and Santa Catalina Basin were studied
by H. M. Thorne in 1955 (Emery, 1960); he found that
111ite was dominant and concluded that there were no
variations 1n the cores. Orr and Emery (1956) reported
montmorillonite and 1llite to be dominant in several

analyses from Santa Barbara Basin.




Quartz and feldspar determinations have been made
on a few samples by E. D. Goldberg and D. S. Gorsline
(Emery, 1960). They noted quartz-feldspar ratios of 2.2
and plagioclase-orthoclase ratios of 4.5 for borderland
sediments.

A number of studies of clay minerals from sub-
marine canyons in the borderland have been undertaken by
students at the Unlversity of Southern California. These,
like the above work, are plagued by lack of uniformity of
methods and interpretation, and are therefore of limited
value. Of interest is a study by H. B. Zimmerman (un-
published report, 1965) of clay minerals from Catalina
Submarine Canyon, in which he used electron microscope and
x-ray diffraction methods. He reported the presence of
frequent tubular objects that he identified as halloysite.
Although this interpretation 1s probably correct, the ob-
Jects may also be seplolite or attapulgite.

Work on the mineralogy of fine-gralined river sedl-
ments is virtually nonexistent. A few diffraction analyses
by Rodolfo (196%) show the presence of quartz, feldspar,

111ite, montmorillonite, and chlorite.

Sampling Methods

The intent of the sampling approach was to obtaln
maximum geographlic coverage of the late Plaistocene to

Holocene stratigraphic interval with a minimum number of




samples. This objlective was partlally attalned with a
get of cores from nearshore, intermediate, and offshore
basins. In this manner, a profile from nearshore to off-
shore environments was obtained.

Cores were collected in the centers of the above-

mentioned basins (fig. 1) with a modified Kullenberg
plston corer aboard R.V. Velero IV. A Reineck box core
taken on Redondo Submarine Fan was used as a surface
sample from that basin, and also as a standard to develop
analytical methods and to measure reproducibility.

Bed-load sediment was collected from Gaviota Creek,
Ventura River, San Gabrliel Rlver, Santa Ana Rilver, San
Onofre Creek, and Santa Margarita River. Suspended-load
sediment was sampled from Santa Ynez, Ventura, and Santa
Clara Rivers during the February-March flood of 1969 (fig.
1).

Core Descriptions

Cores range in length from 435 to 665 cm (fig. 2).

Most of the sediment consists of uniform-appearing olive ?
gray mud of varying shades. Small sand layers are common
in most of the cores, and several thicker, graded sand
layers are present in the Santa Cruz, Tanner Basin, and
continental rise cores. A thick graded bed and some
mottling in the core from the continental rise indicates

possible slumping, reworking, and unconformities. The




Figure 2.

Core litholo and station numbers.
Approximate locations of tlme
horizons A and B based on carbonate
and colling ratlo markers.
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location of this core (fig. 1) makes 1t subject to these
processes.

Laminatlons were observed in the Santa Barbara
Basin core and in lower portion of the Santa Catalina
Basin core. 1In addition, numerous, distinctly gray silt

layers mark the Santa Barbara Basin core.
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ABALYTICAL METHODS
Sanple Preraration

The cores were oxtruded and split lengthwise into

two gections while atil] moist. After the cores were
descridbed, 5 cz increments were sanpled at 50 cm intervals
froz one oplit for slze and mineralogical analysis. These
incroezents correspond to about 20 to 50 gm of sample on a
dry-weight basis. Only fine-grained "pelagic" sediment
wag sampled, and sand layers were avoided. The 5 cm
sazples wore preserved in a moist condition until used.

In order to provide adequate dispersion for size
analysis, and to obtain good x-ray diffraction patterns,
both core and river sediments were cleaned by removal of
cartonates, organic matter, and iron oxides. The methods
for the romoval of these components were adapted from
procedures outlined by Jackson (1956).

Carbonates were removed by digestion of the sample
in 100 ml of 1, pH 5 sodium acetate buffer solution at
about 85°C, The solution was removed from the sample by
centritugation, and the procedure repeated until digestion
was corplete, usually two to four times.

The carbonate-free samples were then transferred to
1 I, beakers for removal of organic matter with hydrogen

peroxide. All samples were heated to 85°c, and 30 percent




12
hydrogen peroxide was added in 5 to 10 ml increments until
the reaction was completed. This required 50 to 100 ml
hydrogen peroxide.

During this treatment, the characteristic olive-
green color of the basin sedlments, which was already
partly lost during the acid digestion, changed to a gray-
ish tan. The color change seems in part to be caused by
removal of organic pigments, but also probably by oxida-
tion of colloidal 1iron oxides adsorbed on mineral grains.

After the organic matter was removed, the samples
were washed by centrifugation with 100 ml of pH 5 sodium
acetate, with 100 ml of 95 percent ethanol, and twice
with 100 ml of 1N, pH 7 sodium acetate in preparation for
removal of lron oxides.

Pree iron oxides were removed by the sodium
dlthionite-citrate-bicarbonate method developed by Jack-
son (1956). Because of the size of the samples, the
quantities used by Jackson were quadrupled. The samples
were placed in 1 L beskers, 160 ml of 0.3M sodium cltrate
and 20 ml of 1M sodium bicarbonate were added, and the
suspension heated to 75° to 85°C. Four grams of sodium
dithionite was added and the suspeunsion agitated for 5
minutes; this step was repeatrd twice. The sample was
then cooled, 40 ml of acetone and 50 ml of saturated
sodium chloride solution were added to promote floccula-

tion, and the liquild removed by centrifugation. After the
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lron oxides were removed, the color of the sediments was a
faint greenish gray. The green color appears to be as-
soclated with clay minerals, such as chlorite, and with
montmorillonite, because the greenish color is enhanced in
the finest size fractlons.

To achieve uniform and adequate dispersion during
size analysis of the samples, the exchangeable cations
were replaced with sodium. Sodlum saturatliorn was carried
out by centrifuge-washing the samples five times in 100 ml
of 1N sodium chloride solution. Acetone was added when 1t
was necessary to increase flocculation. The samples were
S5hen washed with 150 ml of 95 percent ethanol and cold-

stored until used.
Size Analysis

Purpose and Methods

The purpose of the size analyses was twofold; to
determine the size-frequency distribution of the detrital
portion of the sediments, and co determine individual slze
frequency distributions for each mineral. Mineralogical
analysis of individual size fractions usually requires
laborious decantation procedures, and weilght determina-
tions of the fractionated sample are difficult to combine

with x-ray clay-mineral determinations. The method

developed here comblines the fractionatlon and size

analysis.,
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This method is a modification of the standard
pipette analysis (XKrumbein and Pettijohn, 1938), in which
two plpette aliquots are taken slmultaneously at each
interval., One aliquot 1s placed in a tared beaker, dricd,
and welghed in the usual manner, and the other 1s process-
ed for mineraloglical analysis. By multiplying the mineral
percents of each fraction by the pipette-weight fraction
percent, cumulative distributions for each mineral are
obtained. Milneral size-frequency distributions can then
be derived by incremental or graphic differentiation of
the cumulative mineral distributions in a way analogous
to the method used for total size distributions (Krumbein,
1934).

4 one-half split of the cleaned samples was used
for size analysis; this was equlvalent to 10 to 20 gm 1n
most instances. The half-split was wet-sleved through a
62,u mesh, and the coarse fraction dried and welighed. The
less than 62,u fraction was placed in a 1 L cylinder, and
the volume of the suspension aijusted to 1000 ml. A dis-
persing agent was not needed. Aliquots were taken at 1-
Phi unit intervals with a double 25 ml plpette. One 25 ml
aliquot was used for welght determination, and the other
saved for x-ray analysis. After the less than 1/u pipette
was taken, another double allquot was removed; these
aliquots were centrifuged to obtailn the less than 0.25/u

fraction. The centrifugation was repeated five times,
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until no less than 0.25/u sediment remained in the

decantate. The less than 0.25 u fractlons were then
treated like the pipette fractions.

A computer program was used to calculate size
fraction weight percents, mean dlameter, standard devia-
tion, skewness, kurtosis, and a nonparametric sorting
index. Calculation of these measures requires the use of
equal increments. Since the plpette analysis was based on
1-Phl intervals, the finer fractions were also treated in
these intervals. The 0.25 to 1.0 u fractlon was included
as two intervals with equal welght fractions, 0.5 to 1.0
/u and 0.25 %o 0.5 m. The less than 0.25 u fraction was
divided into three equally welghted 1-Phi intervals to
spread out the tall of the distribution, extending it to
0.0}l/u. This figure 1s close to the minimum size of
clay minerals; only a small portion of the clay minerals
appear to be smaller than 0.02/u (Jackson, 1956).

The sorting index used in this work was derived by
Sharp and Fan (1963) to provide a better measure of dis-
persion for multimodal or non-normally distributed sedl-
ments. It 1s based on a 25-interval 1-Phl scale from +15
to =10 Phl units. The sorting index, S, in percent sort-
ing, 1s glven by

/ \
n

S = 100 + T1.5338 f ~— fi(loglofi)\

- =1 :

\ /
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where fi is the fracvion observed 41.a the ith class,

Comparison of Pipette Methods

4 study of four pipette techniques was undertaleu
to examine the precision end accuracy of the double
pipette method. The methcds invastigrtid weve (1) one
standard 50 ml pipette, (2) one manual 25 ml pipette, (3
a double 25 ml (50 wl *veal) pinetta, cnd (4) a combina-
tion of 2 50 ml sexlautciatic acc a 25 ul mannal pipetie,

A cleaned, well-uouogaulzed sedimeni from Santa
Morica Dasin was used as a standavd. Approximately equal
quantities of this sediment Were put intc 1000 ml sus-
pensions after removal of the greater than 62!u fractions.
4 total of four analyses was made with each technique.

Average frequency distributilons, standard devia-

ions, and coefficlents of variatior for thes: analyses
are shown in Figure 3. The averags frequercy distribu-
tions from the fcur msthcds are similar, and there are no
systematic differences detectable amou.g these methods.
Average coeff{lclents of varliailon are lowest, at /..6 and
&, 7 percent. for the 25 ml and 25-25 ml nmethods. Par the
25~50 ml ard 50 ml methods, average coefficlients of varia-
tion are 5.8 and 8.5 percent, respectively.

Reproducibility of standard measurcs is higu for
all methods (Table 1). Only the 50 nmi method has signifi-

cantly higher varlation than the other methods.




Figure 3.

Precision of pipette methods. Weight

fractions, standard deviations, and
coefficients of variations for four

types of pipettes and for sieve
analysis.
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Table 1. Precision of standard measures for pipette
methods; coefficients of variation, C (mean/
standard deviation) for 4 replicate analyses

— ——
a — —— -——

C, %, standard measures

Mean
Pipette Mean Diam. Skew=
Method Phi mm Std. Dev, negs Kurtosls _
25 ml 0.2 0.0 0.1 4,8 1.6
25-25 ml 002 0.0* 005 2-2 106
50 ml l.2 0.0% 0.2 10.9 2.8
25-50 ml 0.2 0.0 0.1 1.7 0.9

# Variation is less than 0.01 mm.
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The double 25 ml pipette method 1s therefore at
least as accurate as the normal 50 ml method, and probably

more so. The reason for this may be that the suspension

1s withdrawn at two points rather than one, which glves a
closer approximation of the theoretical cylindrical sampl-

ing increment.

Effect of Sample Welght

The effect of variation in sample weight for size
analysis was studled in order to detect any systematic
errors and to find the optimum sample size. Faur sample
welghts, approximately 8, 12, 15, and 19 gm, were used;
and four pipette analyses were made for each sample
welght, one by each of the four methods described above.
The variation in sample weights was about 2 to 6 percent.

Coefficients of varlation for pipette size frac-
tions are shown in Table 2. There 1s no systematic error
in the frequency distributions with sample size. Average
coefficients of variation are between 5 and 6 percent for
all except the 8 gm samples, for which they are 10 percent.

Coefficients of varliation for standard measures are
again very low (Table 2), but there seems to be no rela=-
tion between sample size and precision of the measure.

From these data it may be concluded that sample
welghts of 10 to 20 gm are adequate. The error in

individual size fractlons lincreases with samples under 10
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g, but the standard measures are not affected by samples

as small as 8 gum.
ess Than 2 Vicron Centrifuge ctions

A comparison was made between less than 2u frac-
tion weights as determined by centrifugation and by pipntta
methods, because less than 2/u centrifuge fractions were
used to make a detailed determination of clay mineralogy
in addition to the pipette fraction analysis. Fifty-ml
aliquots for centrifugation were removed from oight sus-
pensions on which pipette analyses had been performed. A
total of six centrifugations was made on eacin aliquct, and
the less than 2/0 decantate dried and weighed. The centri-
fuge fraction welght *: .3 compared to the less than 2 u
pipette fraction weight after the former had been corrected
for the removal of a less than 1 u aliquot from the sus-
pension as part of the pipette analysie. For six of the
analyses, the variation between the two methods is about
5 percent at the 95 percent confidence limit. For the

remaining two analyses, clay cake contamination raised the

centrifuge fraction weights about 20 percent.
Carbonate Analysis

Samples for calcium carbonate determination were
obtained from the remeining one-haif 8split of the cores at

intervals corresponding to those at which the samples fcr

E—
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sizo and oinersl enalysis were taken. The samples for
carbonate analysir were then dried and finely ground. Cal-
ciuzs carbonate was determined gasometrically by hydroxide
absorption on ~ L2CO machine by a technique described by
Kolpaok and Eell (1968).

X-Ray Mineralogy

Methods

Pipette Fractions

Pive size fractions in 2-Phi unit intervals, the
less than 62, 16, 4, 1, and 0.25u fractions, were used
for x-ray diffraction analysis. These fractions were
saturatcd with Mg** in order to reduce variations caused
by exchangeable cations, and to allow determination of
vermiculite. The aliquots were centrifuge-washed twice

with 10 ml of 1N magnesium chloride, then with 1N, pH 7

magnesium acetate to remove exchangeable H*, and once with
1N magnesium chloride. Excess saltis were removed by three
to four centrifuge washes with 50 ml water-ethanol mix-
tures. For the final wash, 95 percent ethanol was used

to keep the sediment flocculated duriung centrifugation.

An internal standard, reagent-grade calcium

carbonate powder was added tu the magnesium-saturated
sediment in amounts 30 percent of the dry weight of the

aliquots. The standard was used to make quantitative
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x-ray determinations of the non-clay minerals.

Sufflcient water was then added to the sediment and
standard to make a thick suspension. After thorough
agitation, 1 to 2 ml of the suspension was transferred to
a porous porcelaln plate and onto a glass slide. The
porcelain mount was used for clay mineral analysis, and
the slide for the non-clay minerals. One ml of 10 percent
glycerol solution was added to the tliles while the sedl-
ment was still moist. Glass slides had to be used for the
non-clay minerals because the diffraction pattern of the
tiles interferes in the angular range where the non-clay
minerals were determined. The slide mount was scanned
three times, for higher precision, over the major peaks of
the non-clays and the standard.

The problem of clay mineral segregation on glass
slides has been noted by Gibbs (1965), and porous porcelain
plates were used for all clay mineral analyses to avold
this error. The porosity of the porcelain plates is
enough to remove about 3 ml of water in a few minutes by
capillary suctior, thus preventing most settling effects.
In addition, the high density of the suspension also in-
hibits segregation.

To find the degree of segregation actually taking
place when mounting sediments studied in this work on
glass slides, five replicate analyses of less than 2/u

clays were made by tiles and by slides. ©Segregation was
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significant formntmorillonite, which was 24 percent
higher on the slide, and for kaolinite, which was 25 per-

cent lower on the slide. Other clay minerals varied 5

percent or less.

Less Than 2 Mlcron Fractions

In addition to the plpette fractions, clay mineral
analyses were performed on less than 2 m centrifuge
fractions of the cleaned samples. This was done because
it was desirable to have a clay mineral analysis of higher
precision and greater scope than is possible with the

pipette fractions, where small sample size and dilution
by addition of the standard reduce diffraction intensity.
The less than 2/u fractions were recovered by
centrifugation from a quarter-split of the cleaned
samples. Three aliquots were taken from the centrifuged
suspension and saturated with Mg™, K*, and 1i*. The
magnesium-saturated aliquots were used for the baslc clay
mineral analysis, the potassium-saturated aliquots for a
determination of potassium fixing, and the lithium-
saturated aliquots for a determination of beidellitic
montmorlllonite by a method developed by Greene-Kelly
(1953). Potassium and lithium saturation procedures were
similar to the procedure for magnesium described above.
The washes were with 99 percent methanol followed by 100

percent acetone to keep the clay flocculated; also,




26
saturated lithium chloride was substituted for the 1N
solution in the first step of the lithium-saturation pro-
cedure.

One mount on a porous porcelain was made for each
of the magnesium, potassium, and lithium-saturated ali-
quots. The magnesium clay was additionally treated with
glycerol, and the potassium saturated mount vapor-
saturated with ethylene glycol. The magnesium-saturated
mounts, including those from the plpette fractions, were
scanned after glycerol treatment, a- ? again after they
had been heated 12 hours at 400°C and at 600°C. Potas-
sium-saturated mounts were scanned after the glycol treat-
ment, and again after a 12 hour heating at 400°C. The
lithium-saturated mounts were scanned, heated at 200°C for

12 hours, treated with glycerol, and scanned again.

X-Ray Diffraction Techniques

X-ray diffraction analyses were made with Norelco
wide-angle goniometers and instrumentation. Copper K-
alpha radiation; 1° divergence and antiscatter slits, and
a receiving 0.006" slit; a scaunning rate of 1° 2-theta/
min; and a recorder chaort speed of 0.5 in/min, with a 2
sec time constant, was used for all scans.

Non-clay mineral determinations were made with a
proportional counter and graphite-crystal monochromator

system using 50 kv and 30 ma full-wave power. For the clay

Y
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analyses, a scintillation counter and nickel-filter system
at 40 kv and 30 ma continuous power was employed because
this system allowed scanning as low as 2° 2=theta, as
compared to 3° 2-theta for the monochromator.

During the clay-mineral scans, the x-ray intensity
was monitored every hour with a silicon powder standard.
Two 100 sec scans were made over the silicon (1lll) peak,
and the count number used to calibrate the clay mineral
peak intensities. Thils procedure was requlired because
nmultiple scans were needed for the clay mineral determina-
tions.

Integrated peak intensities of the clay mineral
basal reflections were determined planimetrically after
the low-angle background had been falred with a French
curve. Pesk areas were then adjusted for variations in
x-ray intensity with the silicon calibration-standard

intensity.

Non-Clay lMinerals

Identification

Non-clay minerals detected in the silt and clay
fractions were quartz, plagioclase, potassium feldspar,
and amphibole.

Quartz is an abundant constituent in the silt

fractions and was identified on the basis of its 4.26 A
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(100) and 3.34 A (101) peaks. For quantitative iletermina-
tion, both peaks were measured, but only the weaker (100)
peak was used because the 3.33 A (003) illite peak was
found to interfere significantly with the (101l) quartz
peak.

Peldspars were identified by their 6.4 A (020) and
3.17 A to 3.25 A (040) peaks. In the coarse silt frac-
tlons, a number of intermediate peaks were also observed.
The distinctlon between plagloclase and K-feldspar is
made difficult by overlapping peaks, and by peak shifts in
both minerals caused by compositional variation and
temperature of crystallization. Since the feldspars were
usually present in quantitles under 10 percent of the
total sediment, only the (040) peak complex could be used
as a quantitative estimate. For plagioclase, this peak
is at 3.19 A, and for K-feldspar it is at 3.24 A. How-
ever, there i1s some ambigulty in these peaks which cannot
be resolved because both feldspars may in some instances
have peaks at 3.19 A and 3.24 A.

Amphibole was ldentifled 1in many samples on the
basis of its 8.4 A (110) peak. This spacing is normal to
the 110 cleavage of amphibole. The prominent cleavage
causes preferred orientation of amphibole, with the re-
sult that the (110) peak is enhanced. This allows detec-
tion of minute quantities of amphibole.
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Quantitative Analysis
Quartz, plagloclase, K-feldspar, and amphibole were
determined quantitatively by x-ray diffraction with an
internal standard technique (Klug and Alexander, 1954).

The method can be expressed by the relations

where X; and X  are the welght fractlons of the ith compo-
nent and the internal standard, s; Ii and Is are the inte-
grated peak intensities of the iih component and the
internal standérd, and k' and K are constants. The ad-
vantage of thls method is that when the standard is added
in a constant proportion, the concentration of the unknown
component is a linear relatlion of Ii/Is'

Calibration curves were made by preparing a number
of mixtures in varying proportions of finely ground quartz,
low andesine, orthoclase, and hornblende with aliquots of
less than 2 u suspensions of known sediment concentration
from Santa Monlca Basin sediment. Reagent-grade calcite
powder was used as the internal standard and added in
amounts equal to 30 percent of the dry weight of the
aliquot plus the standard mineral. After thorough mix-
ing, two glass-slide mounts were made for each concentra-
tion of each mineral. Filve scans over different portions

of each slide were recorded, average Ii/Is ratios deter-
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mined for each concentration, and calibration curves

drawn from these. The curves were corrected for the
small amounts of minerals to be determined that were
present in the less than 2,u fraction of the sediment,
and the final curves (fig. 4) used to determine mineral
concentration in unknown mixtures. Because of the
ambiguities encountered in the feldspar determinations,
particularly K-feldspar, the andesine calibration curve
was used for both plagloclase and K-feldspar.

Because of the large number of determinations made,
peak heights, rather than integrated peak areas, were em=-
ployed in these analyses, and this accounts for the devia-
tion from linearity in the calibration curves at very low

concentrations.

Clay Minerals

Identification

The clay mineral groups identified in the basin
sediments include kaolinite, chlorite, vermiculite,
111ite, montmorillonite, and talc/pyrophyllite. In addi-
tion, expandable mixed layer clays, beidellitic montmoril-
lonite, and potassium-fixable clays are present to some
degree.

Kaolinite was identifled by basal spacings of 7.1 A

and 3.5 A. These spaclngs remaln unaffected by all treat-




Flgure 4. X-ray diffractlon calibration curyes
for quartz, feldspar, and amphibole

using 30 percent calcite ((104)
peak? as internal standard.
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ments except heating at 600°C, which eliminates them. The
kaolinite peaks are moderately sharp, indicating falrly
good crystallization. Upon glycerol saturation, the 7 A
peak cften developed a low shoulder that extended to about
8 A. This reflection appears to be caused by partly ex-
panded halloysite (Brindley, 1961). Tubular structures
believed to be halloysite have been observed in electron
micrographs of clays from submarine canyons 1n the border-
.and (H. B. Zimmerman, unpublished report).

Chlorite 1s characterized by a basal spacing of
about 14 A, and a sequence of higher order peaks at 7 4,
4.8 A, and 3.5 A. Upon heating at 600°C, a sharp peak
develops at 13.8 A, and the higher order peaks disappear.

Vermiculite could not be identified directly since
1ts basal spacings are similar to those of chlorite. 1Its
presence, however, could be inferred by comparison of the
14 A, magnesium-glycerol peak with the 13.8 A chlorite
peak after 600°C heat treatment. Magnesium-glycerol treat-
ment 1s the only sure method of distinguishing vermicullte
from montmorillonite. With this treatment, vermiculite
will not expand as 1t may under other conditions (Walker,
1961). This means of vermiculite identification does not
give unequlvocal results in the presence of chlorite, and
may result in erroneous identification if poorly crystal-
lized chlorites that do not develop a good 13.8 A peak are

present in the mixture.
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Illite wans 1dentifled as being those minerals which
give a series of basal reflections at 10 A, S5 A, and 3.3
A that is unaffected by cation exchange, glycerol satura-
tion, and heat treatments. The borderland illites have
fairly sharp peaks, indicating reasonably good crystal-
linity. Although (060) reflections were not measurable
owing to the number of minerals in the mixture, most of
the 11lite may be assumed to be dioctahedral. linor
amounts of biotite, glauconite, and mixed-leyer clays may
also be included in this classification.

Montmorillonite was identified by a 14.5 A basal
ref{lection that expanded to 17.8 A with glycerol treatment
after magnesium saturation. In the potassium-caturated
state, it contracts to 12.3 A. Upon heating to 400°C or
more, all these spacings collapse to 10 A. Normal mag-
nesium montmorillonite has a basal spacing of 15.5 A,
which corresponds to the pre:ccnce of two molecular water
layers; and potassium montmorillonite has a spacing of
12.4 A spacing, which corresponds to one molecular water
layer (MacEwan, 1961). The observed lack of complete ex-
pansion in the magnesium-saturated state may indicate some
random mixed-layering with illite (Weaver, 1956). The
(060) spacing of montmorillonite could not be deterzined.
However, 1ts greenish color, which becomes a rusty buff
upon heat treatment, suggests that a considerable amount

of iron may be preseut in the montmorillonite: and there-
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fore trioctahedral montmorillonite may occur in signifi-
cant amounts,

Expandable mixed-layer clay appears to be falirly
abundant in the basin sediments. Mixed layering was esti-
mated by a method developed by Schultz (1964), in which an

‘cess intensity of the 10 A peak after heating to 400°¢,
when the intensities of 1llite and montmorillonite have
bden accounted for, 1s attributed to mixed layers. The
nixed-layer clay appears to be mainly montmorillonite with
minor amounts of i1llite because expansion to 17 A or more
was always observed with glycerol treatment, and also be-
cause no other spacings attributable to mixed layering
were present after the 400°C heating. A "crystallinity
index" as used by Biscase (1965), which 1s a ratio of the
17 A montmorillonite peak heights to the depth of the
"valley" at about 4° 2-theta, was determined in . few basin
sediments in a preliminary study. Because of the large
arrors encountered in measur<ment at very low angles, and
because ¢ number of factors can affect this index, it was
not further used. There was no correlation between the
mixed layer clay as determined by Schultz's method and
Bigcaye's crystallinity index.

Beidellite, as determined with a test developed by
Greenc-Kelly (1952), was present in all samples. 4ith
this test, an expanded spacing of 17.7 A for lithilum-

caturated montmorillonite, after heating at 200° ¢ o
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300°C and subsequent treatment with glycerol, indicates
the presence of beidellite or a trioctahedral montmoril-
lonite. The presence of beldellitic montmorillonite by
thls test supports the observation that trioctahedral
montmorillonite is present on the basis of the green color.

Expandable minerals which are irreversibly cen-
tracted to 10 A, or "fixed" by interlayer potassium ions,
were found in minor quantities in the basin sediments.
These minerals do not re-expand with ethyene glycol treat-
ment after the exchangeable cations are replaced with
potassium. In addition, the expanslion that did occur in
the montmorillonite was always incomplete, which again
confirms the illitic character of some of the montmoril-
lonite as was seen in the mixed-layer clay.

Talc and/or pyrophyllite was identified in Santa
Catalina Basin sediments by a 9.1 A to 9.3 A shoulder on
the 10 A 1llite peak. Because of the lack of resolution,

the mineral is probably talc, which has a basal spacing of
9.3 A,

Qantitative Aspects

Proportions of clay minerals were determined seri-
quantitatively by multiple ratio methods (Copeland, 19€3),
eimilar in principle to that first used on clays by Johns,

Grim, and Bradley (1954); and in part by a techniquec

developed by Schultz (1964),
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To make the multiple ratio method truly quantita-

tive, intensity factors must be determined experimentally
for each phase, and all phases must be included in the
calculation. These requirements were approximated by us-
ing estimated peak-intensity factors, and by assuming that
the clay minerals comprise 100 percent of the fractlon
analyzed. The latter requirement 1s closely approached in
the less than 2/u fractions, and partly corrected for in
the coarser fractions by quantitative analysis of the non-
clay minerals. X-ray-amorphous matter and minor quantlities
of other minerals are not included in the calculation.

The estimation of intensity factors is a more dif-
ficult problem. These could be determined experimentally
only in one 1instance; and intensity factors similar to
those used by other workers (Johns, Grim, and Bradley,
1954; Schultz, 19€4; ibbs, 19€T7a) were taken for the re-
mainder.

The intensity factors used were: (a) unity for all
10 A peak areas and peak heights, including 1l1lite on the
glycerol-saturated mount, and illite, montmorililonite, and
mixed-layer clays after 400°C heat treatment; (b) 4 for
the 18 A montmorillonlte peak area; (c) 3 for the 18 A
montrmorillonite peax hei'ght; (d) 2 for the 7 A kaolonite
peak area; (e) 3 for the 13.8 A chlorite peak area after

heating to 600°C; and (f) 3 for the 14 A vermiculite peak

area on the pglycerol saturated mount. A chlorite peak
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height ratio of 2 was assumed for the 600°C-peak at 14 A
to the untreated 14 A peak; and a 14 A-600°C chlorite to
7 A untreated chlorite peak areae ratio of 1.5 was experi-
mentally determined.

The quantitative distinction of chlorite and
kaolinite is one of the more difficult and critical
problems in clay mineralogy. One solution is to use a
3.5 A (002) kaolinite to (004) chlorite peak ratio (Grim,
Bradley, and White, 1957); another is to use the 4.8 A
(003) chlorite peak (Griffin and Goldberg, 1963); and a
third 1s utilizing the 14 A (00l) peak after 600°C heat
treatment (Schultz, 1964). The third method was applied
in this study. Resolution of the 3.5 A peaks was poor,
end the diffraction patterns of the tiles resulted in
interference. It was also difficult to accurately measure
these superimposed peak heights. The (003) chlorite peak
was weak, and suffered from interference by the (002)
1111te peak. The 14 A-600°C peak, on the other hand, in
free from interferences, but careful temperature control
during heating and close monitoring of the x-ray intensity
are essential.

Kaolinite was measurcd on the basis of its 7 A
peak area on the glycerol-saturated mount. Iu order to
determine the true intensity of this peak, the iuterfering
chlorite was removed from a sample of Santa !onica Basin

clay by aclid dissolution. The intensity of the 7 A
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chlorite peak as compared to the 14 A-600°C chlorite peak

can then be expressed by:

1144-600° chlorite = 1144-600° chlorite

I7a-untreated chlorite I7A kaol+chlor - I7A-ka01,
acid-leached

where I is the integrated peak area.

Chlorite was removed by leaching the less than 2
fraction in 6N HCl at 60°C for varying lengths of time.
Absolute intensities of the 7 A peaks were measured on the
leached allauots and also on the unleached sample, and a
time-intensity curve plotted. This was necessary because
the chlorite was removed faster than expected, and some
kaolinite was also lost (fig. 5). Since kaolinlite solu-
tion seemed to follow a slow, linear rate, a stralght-
line extrapolation was made, and the extrapolated intens-
ity of the 7 A kaolinite peak was used 1n the computation
of the chlorite ratio. 3y this method, a value of 1.5
was obtained for the 14 A-600°C-7 A chlorite ratio; and
with this factor, the kaolinite peak area can be derived
by subtracting 1/1.5 of the 14 4-600°C chlorite peak area.

Quantitative estimation of vermiculite in the
presence of chlorite and montmorillonite apparently has
not been reported before. The method employed here
utilizes the difference in peuk heights between the 14
A-glycerol and 14 A-600°C chlorita peaks as an estimate of

verciculite. Peak heights were used because the uncertain-




Figure 5., Determination of 7 A kaolinite peak

intensity by dissolution of chlorite
with 6N HCl. Dashed line is

kaolinite solution curve.
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ties of the method do not make 1t advantageous to use peak

areas, Conversion to peak area, in order to include
vermiculite in the multiple-ratio calculation, is made by
obtaining a vermiculite-chlorite peak height ratio and
multiplying by the 14 4-600°C chlorite peak area.

The ratio percent, X, of any particular included

clay phase can be calculated from the equation

x,%:loo.__ kP
3C + 2K = I + 4M + 3V

where C, K, I, M, and V are the intensitles of chlorite,
kaolinite, 1llite, montmorillonite, and vermiculite; P is
any of the phases in the denominator; and k is its cor-
responding intensity factor. Peak intensities of the
phases are given by the equations

C = (14A-600° peak area)

K = (7A-glycerol peak area) - (1.5 (14A-600°
peak area)

I = (10A-glycerol peak area)
M (18A-glycerol peak area)

and

vV = (1#A-600o peak area).

. (14p-glycerol pg?g hg%gnt) - (0.5(14A-600° peak height))
14A-600" peak height

The percent of expandable mixed-layer clay was
estimated by the method of Schultz (1964). ith this cal-
culation, the proportions of illite, montmorillonite, and

mixed-layer clay are based on thelr common 10 A peak after
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heating to 400°C. 1In calculating this parameter, it 1s
necessary to determine the ratlo percents of the other

clay minerals because

mixed-layer clay, % = 100 - (kaolinite, % +
chlorite, % + 111lite %, + vermiculite, %)

The equations to determine kaolinite, chlorite, 1llite,
and montmorillonite are the same as those presented by
Schultz (1964), and the intensity factors listed above

were used., Vermlculite was calculated by the equation

vermiculite, % = (100 - kaolinite, % - chlorite, %).

.(l4A-glycerol peak height) - (0.5(144-600° peak height)
3 (10A-400° peak height)

These calculations were origlnally used for all

minerals. However, errors resulting from the 10 A-400°C

peak were larger than expected because temperature control

was not satisfactory. Therefore, this method was dlscarded

save for the mixed-layer clay calculations.

The percent beidellitic montmorillonite was cal-
culated from ratios of the 10 A-glycerol peaks to the
10 4-200-400°C peeks of the lithium and magnesium-

saturated fractions by the equation
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beldellitic montmorillonite of total montmoril-

lonite and mixed-layer clays, % =
1 - 104-11-200° glycerol peak area)
10A-L1-200" peak area)

1l - §10A-Mg glycerol peak area)

. 100

(10A-Mg peak area)

—
The percent of potassium-fixable expandable clay
was similarly calculated; here 10 A peaks of potassium and
magnesium-saturated clays were compared after glycuiol and
glycol treatment, and after heating to 400°C, by the
equation
Potassium-fixable expandable clay in the total

expandsble fraction, % =

1 - (10A-K glycol peak area
§IOA-K-§OOU peak area)

1-1{ . 100

[ -~

1 - (10A-Mg glycerol peak area)
(10A-Mg=400° peak area)

Computation of the clay mineral ratio percents was
performed with a computer because of the large number of
calculations which had to be made on each sample. In the
case of the pipette size-fraction calculations, weight
fractions, ncn-clay mineral welght-percents, and clay
mineral peak intensities were combined in one program which
calculated the total mineralogy on a weight-percent basis

of all size fractions.




45
Long=-term Reproducibility

Long-term reproducibllity was determined for all

parameters in order to estimate cumulative errors in all
analyses, For this purpose, eight splits of the standard
sample were processed at intervals with all analyses as
they were performed on the sediments. Mean values,
standard devistions, and coefficlents of varlation
(standard deviation/mean) were calculated for all para-
meters (Table 3).

Standard deviations are generally low for carbonate
and size parameters. An exception is kurtosis; the large
variation of this parameter appears to be due to the low
values encountered. Individual size fractlons are less
reproducible, and have coefficients of varlation of 10 to
20 percent, and 10 to 15 percent for all but the very
small fractions and the sleve fractions.

Less than 2/u clay mineral ratio percents have
good reproducibility for the amounts present. Mixed-
layer clay, potassium-fixable clay, and beidellite ratio
percents, however, have large standard deviations. These
are attributable mostly to the 10 A peak after heat treat-
ment at 400°Cc. The reproducibility of this peak proved to
be low because temperature control during heat treatment
was inadequate., Disorientation of the clay mount upon
glycerol saturation, and possibly incomplete cation ex-

change in the lithium-saturated clays, contribute to the
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Table 3. Long-term reproducibility of sediment and
mineral parameters of 8 replicate analyses
of a basin sediment

= mean, s = standard deviation, C, %7 = 100 (f/s)

X s €y &
Mean Phi 6.90 0.094 l.4
Mean diam., u 8.4 0.58 7
Standard
deviation 2,97 0.087 3
Skewness 0.91 0.051 6
Kurtosis -0.06 0.11 195
Sorting index 29 1.18 4
CaCO3, % 5.19 0.19 4

Size Fraction VWelght Percents, Microns

500-1000 (sieve) 0.03 0.019 62
250~ 500 (sieve) 0.12 0.038 31
125~ 250 281eve) 2.40 0.41 17
62- 125 (sieve) 6.90 0.62 9
31- 62 (pipette) 23.08 331 14
16- ;1 ipipetteg 17.12 2.66 16
- 16 (pipette 13.23 1.52 12

4- 8 (pipette) 7.27 0.79 11
2- 4 (pilpette) 6.20 0.74 12
l1- 2 épipette) 4,77 0.72 15
1-0.25 {pipette) 9.94 1.63 16

Less than 0.25
(centrifuge) 8.13 1.55 19
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Table 3. Long-term 1eproducibility of sediment and

mineral parameters of 8 replicate analyses
of a basin sedimeut (continued)

|

Less Than 2 Micron Clay Mineral Ratio Percents

Illite

Montmorillonite

Vermiculite
Chlorite
Kaolinite

Mixed-layer clay

K-fixable cla
Beidellitic ¢

# O0Of expandable clay fraction.

Pipette Fraction Mineral Percents, Fractions in Microns

x 8 c, %
37.4 1.4 4
47,1 2.2 5

3.3 0.6 20

4,2 0.5 13

8.0 < 1.7 21
29.5 8.1 27

6.2 6.1 99#
51.7 18.1 35#

Plagioclase
16-62
4-16
1- 4

0.25-1

< 0.25

K-feldspar
16-62
4-16
1- 4
O- 25-1
& 0.25

14.0 3.4 24
5.0 1.2 23
0.94 0.19 2l
0.40 0.061 15
0.0 0.0 0.0
4,2 1.5 36
0.94 0.21 22
0.13 0.046 35
0.05 0.014 28
0.0 0.0 0.0
105 0.60 41
0.24 0.077 32
0.047 0.023 50
0.026 0.006 21
0.0 0.0 0.0
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Table 3. Long-term reproduclbility of sediment and
mineral parameters of 8 replicate analyses
of a basin sediment (continued)

X 8 c, %

Plpette Fraction Mineral Percents, Fractions in Microns
(continued)

Amphibole
16-62 0.25 0,076 31

0.25-1 0.0 0.0 0.0
< 0.25 0.0 0.0 0.0
Illite
16-62 16.5 5.8 35
4"16 708 203 29
l" 4 504 107 31
0.25-1 4.4 103 29
<;O.25 1.5 0.42 28
Montmorillonite
16-62 0.93 5.0 540
4-16 3.9 1.9 48
1- 4 loa 102 83
0.25‘1 208 1.0 36
£0.25 6.0 1.0
Vermiculite
l (ot 2 203 0087
4'16 0.42 0041
1- 4 0.29 0.23
0125-1 0042 0021
< 0.25 0.038 0.027
Chlorlte
16-62 2.5 1.5
4"16 lol 0070
1- 4 0.61 0.13
0.25-1 0.44 0.097
< 0.25 0.049 0.053
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Table 3. Loung-term reproducibility of sediment and
mineral parameters of 8 replicate analyses
of a basin sediment (continued)

X 8 C, %
Plpette Fraction Mineral Percents, Practions in Microns
G = R
Kaolinite
16-62 1.1 1.9 166
1- 4 2.1 0.85 41
0.25-1 1.4 1.0 73
& 0.25 0.60 0.40 67
Less Than 62 Micron Fractions 1
Quartz 22.5 37 16
Plagioclase 5.9 1.7 28
K-feldspar 2.0 0.64 32
Amphibole 0.42 0.095 22
Illite 38.9 T7 20
Montmorillonite 14.5 4,8 33
Vermiculite 3.8 h - § 28
Chlorite 5.2 1.3 26
Kaolinite 7.0 2.1 30
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Figure 8. Mineral size-distributions of
river sediments. M, montmoril-

lonite; I, illite; K, kaolinite;

C, chlorite; V, vermiculite; Q,
quartz; P, plagloclase; 0, K-
feldspar; MD, mean diameter.
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Figure 9.

Mineral-size histograms of river
sediments. }M, montmorillonite;

I, 1illite; K, kaolinite; C,
chlorite; V, vermiculite; Q,
quartz; P, plagloclase; 0, K-
feldspar; A, amphlbole. Minerals
are arranged in order listed.
Sand, 62-2000A1; silt, 2-62 m;
clay, less than 2/u.
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1s supplied directly from the mainland shelf, and Tanner
Basin receives turbidite sands from Santa Rosa-Cortes
Ridge. The coarse mode seems to be the result of winnow-
ing of sediments by local short-term bottom currents.
Measurements of such currents on the La Jolla Submarine
Fan near San Diego (Shepard, Dill, and von Rad, 1969) has
shown that velocities of 5 to 30 cm/sec are frequent and
almost continuous in the lower range. For particle sizes
between 31 and 62/u, current velocity-particle size
relations (Hjulstrom, 1939) are such that erosion will
occur at veloclties over about 30 cm/sec, and deposition
takes place at velocities under about 0.3 cm/sec. The
measured current veloclties thus fall well within the
upper velocity range required for transportation of this
mode. They are high enough to keep the coarse silt sus-
pended much of the time, but only occasionally great
enough to erode it., This size range 1s also close to the
erosional veloclty minimum (Hjulstrsm, 1939). Together
with the current velocitles, this fact explains the
presence of a distinct mode. Smaller particles require
increasingly higher erosional velocities and these occur
only infrequently. Hence coarse silt has greatest mobil-
i1ty under these conditious.

The dominant mode in the basin sediments 1s in the

fine- to medium-~silt range. Here the importance of

mineraloglic control on the size distribution must be con-
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sidered. As expected, quartz and feldspar dominate in the

coarse silt range, and montmorillonite and 1llite in the
clay sizes. The dominant fine-silt mode, however, owes
1ts presence to a rapid increase over the coarse mode in
1llite and expandeble montmorillonite-mixed layer (?)
minerals, Quartz, feldspar, and other clay minerals do
not increase correspondingly in this range, which would be
expected if the dominant mode were entirely controlled by
sedimentologlic processes. Thus, although a porilon of the
fine-silt mode is undoubtedly deposited as dlscrete
particles, and therefore by current-domlinated processes.
1ts dominance in the basin sediments is controlled by
mineral composition. The medium- to fine-silt mode is
also present in the river sediments (Fig. 8); here it is
again caused mainly by an increase in illite.

Presentation of the size distributions on Figures
7 and 8 has been terminated at 0.032 1 because only a
relatively small part o. the clay fraction occurs below
0.02/u (Jackson. 1956). A 0.032 m cutoff then should
produce relatively little dlstortion in the size distribu-
tion, and most of the basin sediments indeed show a smooth
decrease to 0.032/u. WHen attempting to interpret the
less than 0.25/u portion of these size distributions, the

cleaning procedures, particularly the acld leaching, must

be recalled. Solution of very fine partlcles may quanti-

tatlively decrease the fine-clay fraction, but breakdown of
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large particles may increase it. It 1s difficult to test
for these effects. Comparison with unleached basin sedi-
ments (Emery, 1960) shows no significant differences be-
tween leached and unleached sediments, but this comparison
1s made almost meaningless by abundant calcium carbonate in
the unleached sediments.

The clay and fine silt portions of the size distri-
butlons are probably not indicative of sedimentation
processes, but represent the size distribution of minerals
in this range. ©Sedlmentation of clay-size partiicles 1s
slow enough that bottom currents keep them in suspenslon
indefinitely; therefore, some process like flocculation or
coagulation by organic agencles must be called upon to
promote deposition. In this regard, 1t 1s interesting to
note that the importance of organisms in marine sedimenta-
tion processes has been generally ignored (R. H. Meade,
oral communication). Considering the high content of
organic matter and the frequency with which fecal pellets
are observed in these sediments, it is likely that the fine
fraction becomes coagulated with organic matter by pro-
cesses such as passing through the gut of organisms.
Organic coagulation would seem to be a particularly at-
tractive process whereby suspended sediment could be
transferred from the turbid bottom layer and "fixed" to the

hottonm.




Less Than 62 Micron Minerals

General Aspects

Inasmuch as carbonate-free basin sediments contailn
only 1 or 2 percent material coarser than 62,u, the bulk
mineralogy of the less than 62/u fraction represents essen-
tially the total mineral fraction of these sediments. The
river sediments analysed contain an appreciable fraction
greater than 62/0; here the less than 62 u mineralogy is
fractional and influenced by the sand modes.

Average percents of less than 62/u minerals for
basins and rivers are listed on Table 5. Illite, mont-
morillonite, and quartz are most abundant and make up 70
percent of the sediments; kaolinite, plagioclase, and
chlorite make up another 20 percent; and vermiculite, K-
feldspar, and amphibole are in the remaining 10 percent.

A glance at Table 5 reveals an important aspect of
basin sediments in the California Continental Borderland,
namely a striking mineralogic similarity. Coefficlents of
variation (Table 4) for the basin sediments support this
observation; the average coefficient of variation i: only
22 percent. The river sediments are considerably more
varied, and have a coefficient of variation of 50 percent.
A tight clustering of basin sediments also can te seen on

a total mineralogy ternary diagram (fig. 10). Here it is

evident that the river sedlments are considerably more
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Flgure 10. ILess than 62 u mineral romposi-
tion diagrams of average basin

and river sediments. SYs, Santa
Ynez River, suspended load; G,
Gaviota Canyon; V, Ventura River;
Vs, Ventura River, suspended load;
SCs, Santa Clara River, 3suspended
load; SG, San Gabriel River; SA,
Santa Ana River; SO, San Onofre
Creek; S!, Santa Margarita River,
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scattered and also that they are richer in illite than
basin sediments. The similarity among basin sediments
suggests that considerable mixing of source material occurs

during transport over the borderland.

Hon=-Clay Minerals

Quartz and feldspar comprise the bulk of the non-
clay silicates in the less than 62m fraction. Amphibole

i1s present only in very small quantities or absent (Table
5); 1t is highly variable and serves well as a source
indicator.

Quartz~feldspar ratios for basin sediments range
from 2.8 to 3.9 with an average of 3.0, and river sedi-
ments range from 1.4 to 4.1 with an average of 2.2, These
figures correspond to 25 and 31 percent feldspar in the
non-clay fractions for basins and rivers, respectively.
The greater spread and higher feldspar content in the
river sediments is displayed on a quartz-plagloclase-
orthoclase ternary diagram (fig. 10).

A ready petrologic interpretation of the ratlos is
not possible because these sediments are clayey silts and
would be classified petrologically as argillaceous silt-
stone, mudstone, or shale. Because little work has been
performed and no compositional classification 1s 1in use for
fine-grained rocks (with the possible exception of clay

mineralogy), 1t becomes necessary to interpret the quartz-
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feldspar ratios in terms of sandstone classifications. By
Gllbert's classification (Williams, Turner, and Gilbert,
1954) the sediments border between an arkosic and a feld-
spathic wacke; according to Pettijohn's classification
(1954) they would be on the border of feldspathic gray-
wackes (less than 25 percent quartz). Because of the pre-
dominant sllt size of the sediments, however, arkosic or
feldspathic mudstone 1s a more appropriate name.

The apparently high feldspar content of basin and
river sediments is not surprising; 1t has been long known
(Reed, 1928) that feldspar in Mesozoic and Tertlary Calif-
ornla sandstones averages 50 percent. Even beach sands on
the southern California coast average 40 percent feldspar
(Gorsline, 1968). The question then is not why the high
proportion of feldspar, but rather why it is not higher.
Although the significance of feldspar in arenaceous rocks
has been extensively investigated, its importance in
argillaceous sediments is not as well known. Early esti-
mates of mineral composition of average shales, calculated
from chemical analyses (Leith and Mead, 1915; Clarke,
1924), give high values of feldspar and low values of clay
ninerals (Table 6). These often-quoted estimates have been
shown to be somewhat erroneous by Shaw and Weaver (1965),
who calculated the mineral composlition for average shales
directly from quantitative x-ray diffraction analyses.

Basin and river sediments examined in this study have
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feldspar and clay mineral percents similar to Shaw and
Weaver's average shale (Table 6). Somewhat higher
feldspar and lower quartz percents are doubtless a reflec-
tion of the feldspathic nature of California sediments.
Plagloclase-K-feldspar ratios are more uniform than
quartz-feldspar ratios; they are about 3.5, and show
relatively little variation (fig. 10). Figure 10 also
reveals that the plagloclase-K-feldspar ratio is
independent of quartz; therefore, plagioclase and K-
feldspar appear to behave similarly in the less than 2.
fractions of these sediments. Studlies on river sands by
Gorsline (1968) have shown that the southern California
sands are distinctly bimodal in their plagioclase-K-
feldspar ratlos, with a large mode at 1.0 and a smaller
mode at 16. This division is not evident in the less than
62/u fraction of river sediments in this study. One ex-
planation is that plagloclase-K-feldspsr ratios converge
in the smaller size fractions; another is that the x-ray
technique employed in this study has a determinate error
which significantly raises the value determined for very

small amounts of K-feldspar.
lay Minerals

The less than 62 ,u clay mineral fraction, or es-
sentially the total-sediment clay mineralogy, is pre-

dominantly illite-montmorillonite (Table 5, fig. 11), with




Figure 1l1l.

Less than 62 m and less than 2
clay mineral composition dlagrams
for average basin and river sedi-
ments, SMB, Santa Monica Basin;
5B, Santa Barbara Basln, green
mud; SBg, Santa Barbara Basin,
gray layers; SC, Santa Cruz Basin;
C, Santa Catalina Basin; T, Tanner
Basin; CR, continental rise. SYs,
Santa Ynez River, suspended load;
G, Gaviota Canyon; V, Ventura
River; Vs, Ventura River, sus-
pended load; SCs, Santa Clara
River, suspended load; SG, San
Gabriel River; SA, Santa Ana
River; SO, San Onofre Creek; SM,
Santa Margarita River.
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ninor amounts of kaolinite, chlorite, and vermiculite.
Thls assemblage 1s typical of those dasveloped in arid and
semiarlid regions. The predominance of montmorillonite and
11lite in soils developed in these climatic regions has
been shown by Knox (Grim, 1968, p. 515) and Winters and
Simonsen (1951).

Iwo anomalies are apparent in Figure 11. First,
although river sediments do show more scatter, they are on
the whole more 11litic than the basin sediments. Second,
chlorite is very low in a number of river sediments, and
lower on the average than in the basin sediments. The
same pattern is displayed even better in the less than 2,u
fraction, and 1ts implications will be dlscussed. The

legs=than 62/0 clay mineral fraction is not 4 particularly
useful interval because 1t includes both silt and clay

modes which were affected by somewhat different transporta-
tional and depositional processes. This problem does not
occur in non-clay minerals because the quantity of these

in the less than 2 m fraction 1s negligible., The average
size-fraction mineralogy of basins and rivers is discussed

in the sectlon on geographlic varilations.

Effect of Particle Size on Mineral Distribution

A questicon which arises from the discussion of the
mineralogic trends above 1s: To what degree does a shift

in size distribution affect the mineral composition in a
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glven fraction? Or, put more genmerally, how does mineral
composition vary with grain size? It i1s obvious from the
work on this subject, including this study, that the non-
clay minerals are more abundant in the silt sizes, whereas
the clay minerals predominate in the clay sizes, Size
ranges of clay particles are well-known, and can be rather
extensive (Grim, 1968). Among studies in which minerals
vwere quantitatively determined in size fractions (lielenz
and King, 1955; Gibbs, 1967Tb; Windom, 1969) including the
present one, there 1s considerable variety in size distri-
butions of individual minerals, both clay and non-clay.
Source, weathering, and depositional process all influence
these distributions, and for this reason no general
relations for individual mineral distributions can be
devised. However, even if mineral size-distributions are
consistent for a given group of sediments, as they appear
to be in this case (fig. 7), variations in the grain size
distribution will affect the mineral composition of any
given fraction because analysis requires a finite and
often large size fraction. This size effect 1s gererally
ignored or only indirectly considered in many studies in
which one or two size fractions of a sediment are analysed.
To investigate the grain-size effect in the basin
sediments, average ratios and ratio percents of all bdbasin
samples were plotted for each mineral in the five fractions

analysed (fig. 12). All minerals have essentially the same




Figure 12. Variation of minerals with particle
size, basin sediments, California

Continental Borderland. Q, quartz;
P, plagioclase; O, K-feldspar; A,
amphibole; I, 1llite; M, montmoril-
lonite; K, kaolinite; C, chlorite;
V, vermiculite.
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cineral size-distributions; therefore, an average of all
samples was used.

The proportions of clay minerals (fig. 12) are
relatively constant between 0.5 and 8/u; below 0.5m, all
decrease rapidly except montmorillonite, which increases.
Above B/u, only vermiculite increases; possibly this roarge
vermiculite is altered biotite. The persistence of moat-
morillonite into the medium silts, and 1ts absence in the
coarse silt fraction, could be related either to a limit
on montmorillonite aggregates or to a size limit on ex-
pandable illitic-montmorillonitic clays. The behavior of
the clay ratios in sizes over 2/u is more erratic than
below 2/u. For this reason, clay minerals of the coarse
to medium silt fractions, and of the less than 62,u
fraction, may be difficult to interpret and may obscure
characteristics in the more distinctive less than 2 u
fraction.

The non-clay minerals decrease steadily with grain
size and are difficult to detect in sizes unaer 0.5/

(fig. 7). Quartz-plagioclase and quartz-K-feldspar ratios
increase considerably with smaller particle sizes, indicat-
ing that the feldspars are less persistent into these
sizes. This relationship explains the quartz-feldspar
problem discussed above, and indicates that finer sediments
will have higher quartz-feldspar ratios. Thus the basin

sediments have higher quartz-feldspar ratios than the
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coarser river sediments, and all of the lees than 62 u
fraction quartz-feldspar ratios will be higher than those
of beach and river sands.

Plagioclase and K-feldspar have essentially the
same trend with size except in the 0.25 to 1 u fractlon,
where K-feldspar increases. The increase is probably
caused by a determinate error in the x-ray technique that
becomes evident at very low concentrations. [he quartz-
amphibole ratio is almost constant, with a slight increase
of amphibole In the finer sizes.

Causes for the variation of quartz, feldspar, and
amphibole with grain size must be related to the size of
the source material, degree of weathering, and to the
minerals' resistance to corrosion and abrasion. Abrasion
in the silt and clay sizes 1s insignificant (Pettijohn,
1957); therefore, the more rapid decrease of feldspar is
probably caused by corrosion at the source or in transport.
The persistence of relatively unstable amphibole may be
related to abundant fine-grained amphibole in the source

rock.
Less Than 2 Micron liinerals

General Aspects

The less than 2,u fraction makes up from 30 percent

to over 50 percent of the basin sediments; therefore, any
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parameters determined for this fraction applies to the

finer-grained half of the basin sediments. Conveniently,
the bulk minerals of this fraction are all clay minerals,
and the quantity of non-clay minerals 1s negligible (figs.
7, 8, 9). Therefore, a semiquantitative x-ray clay mineral
analysis will give a close approximation of the total
mineralogy of this fraction, and only the x-ruy-amorphons
material then remains an undetermined component. Large
variation in x-ray-amorpheus material could influence the
pattern of clay mineral distribution. If it i1s assumed
that there are no large variations in this component, the
clay mineral distribution will not be affected.

Average less-than 2,u clay mineral percents are
listed in Table 7. Unlike the total sediment (Table 5),
vwhere illite predominates, montmorillonite is the most
abundant constituent in this fraction of the basin sedi-
ments. As in the total sediment, kaolinite, chlorite, and
vermiculite are present in decreasing abundance. In the
river sediments, 1llite remains the most abundant, and the
order of abundance is the same as in the total sediment
(Table 5).

The close similarity of composition is agaln dis-
played in the less than 2/u fractions of the basin sedi-
ments, with an average coefficlent of variation of 16 per-
cent, and a range from 3 to 29 percent. River sediments

arc considerably more varied, and have coefficients of
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variation of 20 to 65 percent, with an average of 43 per-
cent. The differences in scatter between basin and river

sediments can be seen in Figure 11l.

Clay Minerals

Ternary diagrams in Figure 11 and Table 7 1llus-
trate the relations of the important less-than 2 a1 clay
mineral groups. These diagrams show a similar distribu-
tion as the clay minerals of the less-than 62 u fraction,
but more clearly. Kaolinite and vermiculite contents of
basin and river sediments are similar; however, illite isr
on the whole significantly more abundant in river sedi-
ments, whereas the basin sediments are higher in mont-
morillonite; and chlorite 1s also more abundant in the
basin sediments., Three mechanisms could be invoked to
explain this distridbution and will be examined bdelow.
These are differential settling, diagenesis, and sources
other than rivers which have been studied.

If differential flocculation is used as an explana-
tion, it must in this case be applied to the river-ocean
boundary area, since the problem above is not one of a
gradient over the borderland, but a difference in sediment
suites. Differential flocculation in brackish waters has
been experimentally demonstrated (Whitehouse, Jeffrey, and
Debbrecht, 1960) and observed in nature (Van Andel and
Postwma, 1954). These studies show that illite will floc-
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culate and settle faster at low chlorinity than montmoril-
lonite. 1Illite might thus be preferentially removed at the
river mouths, whereas montmorillonite would be bypassed to
the borderland. It is readily evident that this situation
is unstable, and eventually 1llite would be flushed out of
the river mouths and onto the borderland by a flood. The
net effect would then be the same as if no brackish-water
flocculation had occurred. As an alternative to this con-
clusion, one might assume that the flocculated illite is
transported with the fine sand-coarse silt fraction. One
would then expect higher i1llite concentrations on the shelf
and possibly in turbidite sands. The fine fractions of
coarse sediments were not investigated in this study; how-
ever, the current velocities required for sand transport
are probably great enough to disperse any floccules and
winnow out the finer illite.

Another problem raised by differential settling 1s
that with this process, the other clay minerals should
behave simllarly to illite since thelir settling velocitles
are much closer to illite than montmorillonite (Whitehouse,
Jeffrey, and Debbrecht, 1960), and this 1s not the cass.

Diagenesis must be considered as a possible cause
of chlorite enrichment in basin sediments. Preferential
adsorption of Mg** onto clay minerals has been experi-
mentally demonstrated (Whitehouse and McCarter, 1958;

Carroll and Starkey, 1960) and observed in nature (Powers,
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1957, 1959). In most cases, dlagenetic changes appear to

be minor, and consist of reconstitution of degraded
111ite, chlorite or vermiculite, and of formation of some
mixed-layering. True authigenic chlorite has been ob-
served forming from gibbsite near Hawaii (Swindale and
Fan, 1967; Moberly, Kimura, and McCoy, 1968). Tidelands
solls in the San Francisco Bay aree which have been drain-
ed for 60 years show chlorite destruction, which seems to
indicate authigenic chlorite of marine origin (Lynn and
Whittig, 1966).

The apparent dilution of illite and enrichment of
montmorillonite, on the other hand, is contradictory to
the diagenetic behavior of these minerals in sea water.
The abundance of 1l1lite in the oceans is well known,
particularly in the North Atlantic and North Pacific
(Biscaye, 1965; Griffin, Windom, and Goldberg, 1968).
I1lite has been believed to be diagenetic in origin, as an
alteration from tiontmorillonite (Milne and Early, 1958;
Johns and Grim, 1958); and the reconstitution of illite by
potassium uptake from sea water, has also been considered
an important process (Grim, Dietz, and Bradley, 1949;
Whitehouse and McCarter, 1958; Weaver, 1967). However,

potassium-argon ages of marine illites are on the order of
several hundred million years (Hurley and others, 1963;
Krylov and Tedrow, 1963); therefore, authigenic and re-

constituted 1l1lites must comprise only a small part, if
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any, of the 1l1llite in the oceans. The distribution of
111lite in the oceans also suggests detrital sources rather
than dlagenesis. Thus, even though illite may not be form-
ing in the oceans today, it appears to be stable in sea
water by observation; and 1t is also stable by thermo-
dynamic considerations (Garrels and Christ, 1965). For
these reasons, diagenesls cannot be invoked to explain en-
richment of 1llite in the basin sediments.

Montmorillonite, on the other hand, has been shown
to be forming in the ocean (Griffin and Goldberg, 1963;
Peterson and Griffin, 1964; Moberly, Kimura, and McCoy,
1968), but is always related to areas of oceanlic volcanism
and low terrigenous sedimentation. 1In the case of the
California Continental Borderland, it is doubtful if
enough unaltered volcanic material reaches the basins to
account for the montmorillonite enrichment by diagenesis.

Another approach to the problem of chlorite enrich-
ment and 1llite dilution in basin sediments is to examine
more carefully the sources studied and to conslder other
sources beyond the borderland perimeter. In the case of
the illite-montmorillonite problem, 1t is worth noting
that the three rivers which have the same proportions of
111ite and montmorillonite as the basins are the Santa
Ana, Santa Clara, and San Gabriel Rivers (fig. 11). These

rivers are most centrally located with respect to the

section of the borderland studied (fig. 1), and have large
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drainage areas and discharges (Table 8). It is therefore
possible that the mineral suites of these rivers dominate
in the basin sediments and thus at least partly explain
this problem.

Sediment from areas beyond the perimeter of the
borderland could be transported in by two currents. One
of these 1s the Californla Current, which sweeps along the
North American continental margin from Alaska to Mexico
(Emery, 1960). Most of the California Current bypasses
the borderland, but a part of the current enters in the
south and sweeps over it in a large counter-clockwise eddy
(Emery, 1960); another portion of the current enters
Santa Barbara basin from the west (R. L. Kolpack, oral
communication).

Clay mineral suites along the North Pacific coast
are largely illite-chlorite-montmorillonite. Off south-
east Alaska, chlorite and i1llite predominate (Griffin and
Goldberg, 1963); further south, off Oregon, chlorite,
montmorillonite, and i1l1lite are most abundant (Duncan,
Kulm, and Griggs, 1970). If these clay sultes are present
in the borderland, they would be most readily indicated by
a net increase in chlorite. Iliite and montmorillonite
would not be appreciably affected because they are present
in large amounts on the borderland. In fact, montmoril-
lonite might be expected to dcminate over 1llite in the

California Current because of ‘ts abundance off the coast

4
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of the northwestern United States, and because it has a
lower settling velocity than 1llite or chlorite.

Chlorite enrichment by this process can be demonstra-
ted in Santa Barbara Basin. Here laminated green hemi-
pelagic mud alternates with gray silt layers that are al-
most entirely local river sediments deposited during
storms (fig. 2) (see following section). The average
chlorite content of the gray layers is 1.6 percent, whero-
as the green mud contains 3.1 percent chlorite on the
average, nearly twice as much (fig. 13); but still less
than the other basins. The small quantities of chlorite
in the gray layers suggests that the chlorite enrichment
in the basins 18 not due to diagenesis. River sediments
from the perimeter of Santa Barbara Basin contain an
average of 1.9 percent chlorite, and it is unlikely that
diagenesis would affect only the green mud and not the
thin gray layers. The fact that even the green mud con-
tains less chlorite than the other basin sediments also
suggests enrichment from the California Current; sedimenta-
tion rates in the other basins studied are lower than in
Santa Barbara Basin (Emery, 1960), and a greater Calil-
fornia Current contribution would be expected.

The amount of the California Current contribution
can be estimated from the chlorite content of sediments
derived from the HNorth Pacific coast. Off Oregon, the

chlorite content of marine and river sediments averages




Figure 13,

Less than 2,u clay mineral composi-
tion diagram of Santa Barbara Basin
sediments, showing chlorite enrich-
ment of green, laminated mud as com-
pared to rapidly deposited gray silt
layers of local ovigin.
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25 percent (Duncan, Kulm, and Griggs, 1970). If the
California Current carries this proportion of chlorite,
the total sediment contribution from this source to
Santa Barbara Basin, assuming a 1.5 percent chlorite en-
richment, would amount to 7 percent. A very small portion
of the chlorite may be derived from streams entering the
borderland south of Santa Barbara Basin; however, sedi-
ments from these sources do not contain enough chlorite to
cause significant enrichment in Santa Barbara Basin.

Another supplier of clay minerals to the borderland
may be Southern water, which moves into the borderland at
intermediate depths (Emery, 1954). Although information on
clay minerals cff Mexico and Central America is scant,
montmorillonite apparently increases along the east equa-
torial Pacific margin (Griffin, Windom, and Goldberg,
1968). Thus, any contribution from Southern water would
be mainly montmorillonite. The effects, if any, of this
source cannot be delineated, and would be minor owing to

less runoff from Central America.

xpandable Clays

Mixed-Layer Clays

Ratio percents of expandable mixed-layer clays in
the total less-than 2,u clay mineral fraction, as deter-
mined by the method of Schultz (1964) average about 31

percent; and range from 19 percent to 45 percent for basin
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and river sediments (Table 7). As with the other clay

minerals, the basin sediments exhibit much less variation
than the river sediments. A ternary dlagram of mixed-

layer clays, montmorillonite, and illite (fig. 14) shows

the enrichment of montmorillonite in the basin sediments,
but no trend as regards the mixed-layer clays. There is
no evidence thai diagenesis is affecting this component;
neither a decrease that might result from reconstitution
of degraded 1llite, nor an increase by alteration of mont-
morillonite as proposed by Whitehouse and McCarter (1958).
It should be recalled here that the clays were analysed 1in
a magnesium-saturated state; this treatment may destroy
superficial diagenetic alteratlions such as Whitehouse and

McCarter found in thelr experimental work.

Potassium-Fixable and Beide.litic Clays

Some potassium fixation of the expandable clays can

be achieved in both basin and river sediments (Table 7).

On the average, about 7 percent of the total less than 2 mu
clay fraction of the river sediments, and 4 percent of the
basin sediments can be made to contract irreversibly by
this method. The exact quantity of fixation depends to a
degree on the treatment, but the relative proportions give
a clue to the effectiveness of this process. The degree of
potassium-fixing in the basin sediments is fairly uniform;

but the rivers show appreciable variation, from zero to 18




Figure 14.

Less than 2, clay mineral composi-
tion diagrams of expandable clays

for average basin and river sedi-
ments. SMB, Santa Monica Basir;
SB, Santa Barbara Basin, green mud;
SBg, Santa Barbara Basin, gray
layers; SC, Santa Cruz Basin; C,
Santa Catalina Basin; T, Tanner
Basin; CR, continental rise.

SYs, Santa Ynez River, suspended
load; G, Gaviota Canyon; V, Ventura
River; Vs, Ventura River, suspended
load; SCs, Santa Clara River, sus-
pended lcad; SG, San Gabriel River;
SA, Santa Ana River; SO, San Onofre
Creek; SM, Santa largarita River.
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percent. From these figures, 1t appears that some
potassium-fixation, presumably reconstitution of degraded
il11ite, occurs when the sediment eanters the ocean, probably
rather quickly (Weaver, 1956). Quantitatively, this pro-
cess appears to be minor, and would result in a net in-
crease of illite under 10 percent. This result is in
agreement with the idea that diagenetic illite is relative-
ly unimportant in recent marine sediments (Griffin, Windon,
and Goldberg, 1968).

About one-third of the total less-than 2 m clay-
mineral fraction consists of "beidellitic" montmorillonite
(beldelite, nontronite, saponite, and related minerals) as
determined by lithium-gycerol treatment (Green-Kelly,
1953). Basin and river sediments contain equal amounts of
this material with equal degrees of variability (Table 7).
Although the results must be considered tentative because
of the large errors in the technique, they suggest that the
beidellitic montmorillonite is inherited and unaffected by
diagenesis.

A ternary diagram of potassium-fixable clay,
beidellitic clay, and montmorillonite (fig. 14) indicates
that the degree of potassium fixing poses a limit on the
proportion of beidellite. Since the determinations of
potassium fixing and beidellite are not necessarily mutual-
ly exclusive, this relation suggests that a part of the

potassium-fixable clay is "beidellite." Beidellite and the
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trioctahedral montmorillonites carry most of thelr charge
deficiency in the tetrahedral layer, as does 1llite;
therefore potassium fixing would be easler to accomplish
with these clays than with true montmorillonite, which
carrles 1ts charge deficlency i1 the octahedral layer. It
is 1likely that some of the beidellite-like material is
degraded blotite, as this materlal would also have
potassium-fixing properties.

By plotting mixed-layer clay, potassium-fixable
clay, and beidellitic clay, phases which again are not
mutually exclusive, essentlally the same distribution is
obtairied as when montmorillonite is included. Thls sug-
gests that the expandable mixed-layer clays are found with

no preference among oll expandable components.

Geographic I'Yztribution of Minerals

Rivers

Dralnage

The mainland dralnage areas on the perimeter of the
borderland are by far the most important suppliers of
sediments to the basins. 1Island sources and the California
Current contribution are detectable, but quantitatively are
minor. Simllarly, wind-transported sediment from the
Mo jave and Colorado Deserts comprises a minor contribution,

but 1s difficult to resolve because of its siuilarity to
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other sedlment.

The total Pacific drainage area facing the border-
land (fig. 15) is about 34,000 km>; with a total discharge
of 185,000 hectare-meters (Gorsline, 1968). Discharges of
the major drainage basins have been measured for the last
20 to 30 years, but are almost useless in comparing drain-
age basins because approximately one-half of the drainage
area in southern Californlia is controlled by dams, spread-
ing basins, and irrigation diversion (Norris, 1964).
Comparative estimates of sediment dlscharges are therefore
better reflected by drainage areas rather than by present-
day discharges (Table 8).

Estimates of total sedliment dlscharge for southern
California (Point Conception to the Mexican border) are
5 million tons by Emery (1960) who used depositional rates
in the borderland; and 10 million tons by Handin (1951),
who worked with silting rates of reserveirs. Total sus-
pended-sediment discharge has been estimated at 3.5
million tons by Rodolfo (1964) on the basis of Los Angeles,
San Gabriel, and Santa Ana River runoffs. Of this figure,
2.7 million tons were estimated to consist of silt, clay
colloids, and dissolved matter.

Four rivers, the Santa Ana, Santa Clara, Los
Angeles, and San Gabriel Rivers drain over one-half of the
area facing the northern borderland. To the South, the

Tia Juana, Santa Margarita, and San Luls Rey Rivers are the




Figure 15. Coastal drairage area, southern

California. Stippling indicates
drainage areas of rivers sampled.
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major suppliers. To the north, the Santa Ynez River, Jjust
north of Point Conception, probably has an appreciabdble
quantity of its suspended load carried 1into the border-
land by the California Current.

Lithology

The Pacific drainage of southern California is in
parts of the Transverse and Penninsular Range provinces.
Their complex structural relations and heterogeneous
lithologies have been summarized by Bailey and Jahns
(1954) and Jahns (1954).

The western Transverse Range~ are an east-west
trending anticlinal structure that extends eastward from
Point Arguello to Castaic, a distance of 100 miles. The
Santa Ynez Mountaine make up the narrow western part of
the structure and parallels the coast for 80 miles. The
Topatopa and Piru Mountains continie inland, and comprise
the wider eastern portion of this structure. These three
ranges contain almost exclusively Cretaceous to Quaternary
clastic sediments; mainly continental and marine sand-
stones, mudstones, and shales of early to middle Tertiary
age. In the northeastern part of these mountains, Meso-
zoic granitic rocks and older schists and gneisses are
exposed., A few small outcrops of Franciscan serpentines
are located in the wes’ 'rn part, and Miocene basaltic and

andesitic volcanics are scattered sparsely throughout the
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ranges.

The Santa Momica Mountains, ari their westward ex-
tension, the Chanrel Islards, are an azticlinal structure
similar, and rz2rallel to the Santa Ynez-Topatopa Mountains.
Early and ziddle Tertiary sediments and dbasaltic volcanics
make up the western part of the Santa Morica Mountains;
slate and graritic rocks are exposed in the eastern parz.

The eastern Trensverse Rarges coneist of the Libre
Mountains, the Slerra Pelona, and the extensively faulted
horsis of the San Gabriel and San Bermardino Mountairs.
These Rances are corposed of a larse varlety of crystal-
line rocks; schists, Zneisses, and granitic igneous rocks.
A gabdroic cocplex composed of anorthosite ard other basic
rocks 1s loca%“ed in the western part of the San Gabriel
Mountains, Metazorphosed Paleozoic sedimeats, inclullns
marble, occur iz the San Bernardino Mountains.

The southe™n Cnalifornia oortion of twe Peninsular
Range Frovince ircluces a sroup of southeast-northwest
trending ranges shat, tagen together, present a rough,
asyzrewric cross-sectional profile with a gentle western
3lope. 7The lan vacinto-Canta Rosa Mountalns forc the nlglh,
fault-bournded eastern ridce of tLe provirce; and extendinz
southkward, the Santa Ana, Acua Tibla, and Laguna Mountains

forz the sormew:1%t lower central and western »art of *he

--eet,
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gabbroic to granitic rocks, pr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>