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INTRODUCTION

This study was initiated to investigate the distribution, composition, and modern dispersal
patterns of surface sediment on the continental shelf and slope of the Gulf of the Farallones,
directly west of San Francisco, California. Results of analyses for major and trace elements,
organic carbon (Corg), and calcium carbonate (CaCQz3) are used as fingerprints to locate sites of
sediment accumulation and erosion, and to identify sediment sources in the area.

The Gulf of the Farallones (Fig. 1) is a present-day re-entrent in the otherwise relatively
straight coastline of northern California. The Gulf stretches about 75 km from north to south and
is less than 60 km from the shelf break to the Golden Gate. Water depths in the study area of the
Gulf range from <50 m to about 120 m on the shelf and between 500 and 3000 m on the slope.
The land adjacent to the Gulf consists of a relatively high, steep metamorphic terrane in the
northeast and a lower sedimentary and metamorphic terrane in the southeast (Hall, 1966;
California Division of Mines and Geology, 1980).

The continental shelf of the Gulf of the Farallones has a gradient of about 0.1° but the slope
drops away relatively steeply at 3°. Although the shelf is uncut by channels and canyon heads,
the upper slope is incised with numerous submarine canyons and gulleys, including Pioneer
Canyon (Fig. 1).

The basement rocks of the Farallon region are composed of remnants of the long-lived
subduction complex and accreted terranes. The oceanic crust of the Farallon Plate is represented
by pillow basalts, gabbros, and diabase dikes. Pelagic sediments deposited far out in the central
Pacific away from any influence of the North American Plate are represented by beds and
fragments of radiolarian chert and seamount carbonate rocks. Hemipelagic and terrigenous
sediments deposited over the pelagic sediments as the Farallon and North American Plates
converged are represented by turbidites of graywacke, claystone, shale, and sandstone. Each of
these rock types, as well as mixtures, is well exposed on the San Francisco Peninsula (Hall,
1966; Blake and others, 1984; Wahrhafig, 1984).

The drainage system through the Golden Gate was tectonically changed about 500 ka from a
large, internally drained lake, and began to flow to the ocean (Hall, 1965; 1966). Since then,
sediment has been deposited on the continental shelf during the numerous eustatic high stands of
sea level. The Farallon shelf was subaerially exposed during major global glaciations, the most
recent of which was from ~20 to ~15 ka. During these eustatic low stands, a river probably
coursed across the shelf to the shelf break, although no channel has been identified to date. Since
~15 ka, the eustatic rise of sea level has allowed sediment to accumulate on the shelf. San
Francisco Bay estuary receives run-off from approximately 40% of the land area of California
(Conomos, 1979).

The main oceanographic influences on the western margin of the Guif of the Farallones
include the southward-flowing California Current and a counter-clockwise gyral circulation
caused by the protrusion of a headland at Point Reyes (Fig. 1). The California Current is driven
by northwesterly winds, primarily during the spring and summer months when the Pacific
subtropical high-pressure system dominates the northeastern Pacific Ocean (Huyer and others,
1991; Strub and others, 1991). Winters are dominated by southwesterly swells punctuated by
periodic Aleutian low-pressure systems that produce southwesterly winds that sweep over the
region during the Winter months.
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Figure 1. Index map showing locations of cores, bathymetry, and shorelines of the California
continental margin from 37° N to 38°20" N, and from 122°20' W to 123°30'W.



Poleward flow, to compensate for the California Current, takes the form of northward
flowing countercurrents, the Davidson Current and the California Undercurrent, with maximum
velocities of up to 30 cm/sec on the upper slope in water depths of 150 to 300 m (e.g. Huyer and
others, 1989; Noble and others, 1992). The countercurrent is strongest during the late fall and
winter months, but appears during the summer upwelling season when northerly winds diminish

(Send and others, 1987).

Coastal upwelling of cold water by Ekman transport generated by the northwesterly winds
occurs as a fairly distinct "front" along most of the California margin, but "squirts", “jets", and
"filaments" of cold, upwelled water commonly form off coastal promontories such as Point
Reyes and extend several hundred kilometers offshore (e.g. Huyer and others, 1991; Ramp and
others, 1991; Strub and others, 1991). The filaments have maximum dynamic-height ranges and
velocities during the summer upwelling season (Strub and others, 1991). Swong offshore
currents can be generated by these filaments (Ramp and others, 1991). Observations of an eddy
between Point Reyes and Point Arena associated with a filament during two months in the
summer of 1988 showed a total mass transport of sediment offshore on the order of 105 metric
tons (Washburn and others, 1993). Movement of sediments across the shelf to the deep sea has
important influences on primary production, but also has important implications of transport of
waste in the coastal ocean (Washburn and others, 1993).

Cross-shelf currents also are generated by tides, with diurnal ranges in the Gulf of the
Farallones of 6 to 9 cm/sec (Noble and Gelfenbaum, 1990; Noble and others, 1992). Tidal
currents account for 35 to 60% of the total variability in the currents on the shelf in the Gulf of
the Farallones, and 15 to 33% of current variability on the slope (Noble and others, 1992). Tidal
currents are responsible for resuspension of sediment and transport of this sediment seaward
(Noble and Gelfenbaum, 1990; Noble and others, 1992).

The oceanographic climate in the Gulf of the Farallones has two modes; a spring—summer
mode and a fall-winter mode produced by the dominance of an atmospheric subtropical high
pressure system and a Great Basin low during the spring and summer and an Aleutian low and
Great Basin high that dominate during the fall and winter months (e.g. Huyer and others, 1991;
Strub and others, 1991) The spring—summer mode is relatively storm free with coastal fog and
persistent 20-kt afternoon winds. In contrast, the fall-winter mode is characterized by brief (one
to two days) intense storms, followed by several days of calm conditions. Strong northwesterly
or southwesterly winds from winter storms can generate large waves and swells.



METHODS

A total of 93 Soutar Van Veen cores were collected from the shelf 1989, and 19 gravity cores
were collected from the slope in 1990 (Fig. 1). Surface grain-size data for all Van Veen and
gravity cores are presented by Maher and others (1991) and Karl (1992), respectively.

Splits of the Van Veen and gravity core samples for geochemical analyses were air dried and
ground in a ceramic mill to pass a 100 mesh sieve. Concentrations of 10 major elements (Si, Al,
Fe, Mg, Ca, Na, K, Ti, P, and Mn) were measured by wavelength-dispersive X-ray fluorescence
spectrometry (XRF; Baedecker, 1987). Concentrations of 27 major and trace elements (Al, Fe,
Mg, Ca, Na, K, Ti, P, Mn, Ba, Ce, Co, Cr, Cu, Ga, La, Li, Nd, Ni, Pb, Sc, Sr, Th, V, Y, Yb, and
Zn) were determined by inductively coupled, argon-plasma, emission spectrometry (ICP;
Baedecker, 1987).

An estimate of precision of the XRF and ICP techniques were obtained by performing
duplicate analyses on 9 samples of surface sediments (cores F2-89-V03, -V48, -V58, -V61,
-V86, -V89, -V94, F8-90-G09, and -G32), and 8 samples from different depths in three slope
cores F8-90-G21, -G25, and -G27). The percent difference between duplicates was calculated
for each type of analysis (XRF and ICP) and for each group of samples (surface sediments and
down core samples from G21, G25, and G27). Histograms of average and maximum percent
difference between duplicates are plotted in Figure 2. Scatter plots of major-element oxide by
ICP versus major-clement oxide by XRF are shown in Figure 3. The histograms (Fig. 2) and the
scatter plots (Fig. 3) show that although XRF has a better record of replication of major-element
concentration, agreement between the two methods is quite good. The biggest difference shown
by Figure 2 is the difference in precision for both XRF and ICP between the surface samples that
are mostly shelf silts and sands, and the samples from slope cores G21, G25, and G27 that are
mostly fine-grained muds. Most average differences in duplicate analyses for major elements by
XREF in the surface-sediment duplicate group were <10%, although a few were considerably
higher. By contrast, average differences in duplicate analyses for major elements by ICP in the
slope-core duplicate group were all <1%. The only explanation that we can think of for this
difference in precision between the shelf and slope sample groups is greater inhomogeneity in the
shelf samples caused by coarser grain size. In other words, fine-grained, slope muds (average of
45% sand) with a more homogeneous mineralogy are more likely to yield nearly identical
duplicate splits than are shelf sands (average of 74% sand) that have much more inhomogeneous
mineral content. A slightly different ratio of heavy to light minerals in different splits of a shelf
sand could result in completely different chemical compositions of the two splits. Although the
samples were ground, they were only ground to pass a 100-mesh (0.177 mm) sieve (still sand-
size range). Duplicate analyses of other sample sets that we have analyzed, consisting
predominantly of fine-grained muds, usually show percent-difference histograms that look more
like those for the slope-core duplicate set in Figure 2.
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Concentrations of total carbon and carbonate carbon were determined by coulometry
(Engleman and others, 1985) in splits of the geochemistry samples. Carbonate in the untreated
sample is reacted with perchloric acid to liberate CO?2, which is then titrated in a coulometer cell
to measure carbonate carbon. Total carbon is measured by liberating CO2 by combustion of an
untreated sample and titrating the CO2. Values of organic carbon (Corg) were determined by
difference between total carbon and carbonate carbon. Replicate analyses demonstrate the
coulometer technique has a precision of better than +1% for both carbonate and total carbon.
Percent CaCO3 was calculated by dividing percent carbonate carbon by 0.12, the fraction of

carbon in CaCO3.

Multivariate analysis of the geochemical data was carried out by Q-mode factor analysis to
determine associations among elements, and to objectively determine geographic groupings of
samples over the Gulf of the Farallones based on geochemical similarities. The computer
program used is a modified version of the extended CABFAC program described by Klovan and
Miesch (1976).

RESULTS

Distribution of Grain Size

Measurements of grain size for surface sediments on the Farallones margin are reported in
Mabher and others (1991) and Karl (1992), and a generalized map of the distribution of mean
grain size based on these data (Fig. 4) is included here for of comparison with the distribution of
the various geochemical parameters. Very fine sand (3-4 ©) dominates the inner shelf and
margin, whereas medium to fine sand (<3 @) occurs in a central area of the shelf directly
offshore from the Golden Gate (Fig. 4). This distribution of coarser sediment on the shelf west
of the Golden Gate may reflect relict sediment from a low-stand deposit or a winnowed lag of
San Joaquin-Sacramento River sediment reworked by strong diurnal tides and major storm
events. The areas of finer grain size between the Golden Gate and Half Moon Bay may represent
the winnowed material that was transported in the nearshore zone away from the coarser material
that lies to the northwest. Some fine-grained sediment is carried across the San Joaquin-
Sacramento delta, through the Golden Gate and across the continental shelf. However, once in
the mid-shelf region, the fine-grained material is intercepted by the northward-flowing
undercurrent. Studies by Drake and Cacchione, 1985 and Cacchione and others (1994) show that
fine-grained sediment along the mid-shelf about 100 km to the north of the Gulf of the Farallones
is transported northwards offshore during strong winter storm events, and that prossibly occurs in
the Gulf as well. As expected, the mean grain size decreases with increasing depth on the slope,
with generaly coarser grain sizes in Pioneer Canyon (Fig. 4).

10
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Distribution of Element Concentrations

Results of analyses of major-element oxides, and total and inorganic carbon in samples of
sediment in cores from the continental shelf and continental slope in the Gulf of the Farallones
are listed in Appendixes I and II, respectively. Results of analyses of trace elements in samples
of sediment in cores from the continental shelf and continental slope in the Gulf of the Farallones
are listed in Appendixes II and IV, respectively.

Before running the Q-mode factor analyses, values given in the appendixes were normalized
to fraction of each variable’s range because of the widely differing values, ranging from fractions
of a percent to thousands of parts per million. The normalized values, therefore, all ranged from
0 to 1. A number of iterative runs were made using two different similarity coefficients
(correlation coefficient and cosine theta) and three different types of factor axes in
multidimensional space (principal components, varimax rotation, and oblique rotation) (Klovan
and Miesch, 1976; Miesch, 1981). Most runs produced two dominant factors, an iron-titanium-
rare earth element (REE) factor and an organic-clay factor. Most other factors were expressing
the variance in one or two elements. The best results were obtained using the correlation
coefficient as a measure of similarity together with a four-factor model and varimax rotation to
maximize the variance in the normalized data. Eighty-three percent of the variance in the
normalized data was explained with this combination. The factor loadings represent the
intensities of the composite variables. To determine which geochemical variables had the most
influence in each factor, the factor loadings were correlated with the concentration of each
geochemical variable. The results of this correlation analysis are given as correlation coefficients
in Table 1.

12



Table 1. Correlation coefficients between loadings for Factors 1-4 and concentrations of major-
element oxides (in wight perrcent) and trace elements (in parts per million, ppm).

Oxide or

Element Factor 1 Factor 2 Factor 3 Factor 4
SiO2 -0.167 -0.627 -0.027 0.692
AlhO3 -0.214 0.626 -0.040 -0.502
Fe2013 0.855 -0.049 -0.096 0.217
MgO 0.570 0.587 -0.244 -0.154
CaO 0.249 -0.102 0.576 0.470
Na0O -0.069 0.791 0.060 -0.372
K20 -0.252 0.643 0.221 -0.500
TiO? 0.843 -0.496 -0.098 0.383
P20s 0.614 0.280 0.010 -0.409
MnO 0.774 -0.527 -0.119 0.483
LOI 0.210 0.409 0.166 -0.712
Ba 0.009 0.747 -0.056 -0.190
Ce 0.845 -0.521 -0.026 0.399
Co 0.624 0.058 -0.213 0.212
Cr 0.659 -0.416 -0.081 0.268
Cu 0.428 0.782 -0.247 -0.149
Ga -0.094 0.312 -0.263 -0.524
La 0.837 -0.540 -0.026 0.403
Li 0.299 0.841 -0.229 -0.561
Nd 0.860 -0.473 -0.019 0.362
Ni 0.462 0.781 -0.339 -0.361
Pb 0.109 -0.102 0.068 -0.076
Sc 0.680 -0.100 -0.187 0.100
Sr -0.281 0.023 0.671 0.268
Th 0.749 -0.341 -0.003 0.321
\"/ 0.840 -0.120 -0.217 0.244
Y 0.825 -0.410 -0.117 0.216
Yb 0.788 -0.274 -0.093 0.154
Zn 0.583 0.744 -0.269 -0.256
Corg 0.292 0.830 -0.223 -0.451
CaCO3 0.035 0.127 0.807 0.362

Factor 1 explained 38% of the variance in the normalized data. Table 1 shows that Factor 1
loadings have high correlation coefficients (r>5.0) with many geochemical variables. Those
variables (elements or oxides) that have the most influence on Factor 1, in order of decreasing
importance (decreasing value of correlation coefficient; Table 1), are: La, Fe203, Nd, TiO2, Ce,
V, Y, Yb, MnQ, Th, Sc, Cr, Co, P205, Zn, and MgO. Contour maps of Factor 1 loadings and
concentrations of most of the Factor 1 elements over the Farallones margin are shown in Figure
5.

Sediments with highest loadings for Factor 1 (Fig. SA), as typified by concentrations of
Fe203 >5.0% and TiO2 >1.4% (Figs. 5B and D), have maximum concentrations of Factor 1
elements in an area between the Golden Gate and the Farallon Islands. Some of the Factor 1
elements (La, Ce, MnO, Th, and Cr) show a minor concentration of Factor 1 centered on the

13



Farallon Islands, whereas other Factor 1 elements (Fe203, TiO2, P205, and MgO) have low
concentrations in sediments around the Farallon Islands. This distribution of Factor 1 sediments
falls within the sand-rich belt around the Farallon Islands (Fig. 4) and probably reflects deposits
of heavy-mineral components in relict sediment that has been continuously reworked by the
fluctuations of eustatic sea level and major (100-yr) storms. The heavy minerals probably were
derived from the metamorphic rocks of the Franciscan Complex that the San Joaquin-
Sacramento River system traverses as it approaches the bay. The bullseye of relatively low
values of Fe203, TiO2, P205, and MgO (Figs. 5C, D, L, and M) around the Farallon Islands
probably reflects the composition of sand derived from the granitic islands.

Factor 2 explained 25.5% of the variance in the normalized data. Table 1 shows that Factor 2
is essentially a clay-Corg factor. Those variables (elements or oxides) that had the most
influence on Factor 2, in order of decreasing importance (decreasing value of correlation
coefficient; Table 1), are: Li, Corg, Na, Cu, Ni, Zn, Ba, K, A1203, and MgO. Contour maps of
Factor 2 loadings and concentrations of most of the Factor 2 elements over the Farallones margin
are shown in Figure 6.

The distribution of sediments with high loadings for Factor 2 (Fig. 6A) reflects the
downslope decrease in grain size (Fig. 4) and concomitant increase in Corg content (Fig. 6B).
The higher clay content of Factor 2 sediments is expressed in the higher concentrations of Li, Na,
K, Al203, and MgO. The higher concentrations of Cu, Ni, and Zn in Factor 2 sediments are
related to enrichment of these metals in Corg-rich sediments (Vine and Tourtelot, 1970;
Brumsack, 1986; Holland, 1989). The relations between %Corg and concentrations of these
three metals are shown in Figure 7, and are clearly better developed in the finer grained slope
sediments. The concentrations of Corg (Fig. 6B) are relatively high for a continental shelf and
margin, reflecting the high productivity supported by the nutrient-rich seasonal upwelling.
Higher concentrations of Ba associated with siliceous biogenic debris (e.g. Dymond, 1992)
probably accounts for the higher concentrations of Ba in Corg-rich Factor 2 sediments (Fig. 6H).
Concentrations of Corg, Ba, and several trace metals (esp. Cr, Cu, Ni, V, and Zn) in sediment-
trap samples increased markedly following a spring diatom bloom off shore from the Russian
River in northern California (Dean and Gardner, unpublished data). Notice that the distribution
of MgO (Fig. SM) has high concentrations in shelf sands (Factor 1 sediments) reflecting mafic
heavy minerals, and slope muds reflecting a clay-mineral association. The concentration of
P205 correlates most highly with Factor 1 loadings (Table 1) but does increase downslope (Fig.
SL) reflecting an association with organic carbon.

Calcium carbonate is a very minor constituent of surface sediments, with values mostly less
than 1% over the entire margin (Fig. 8A). The distribution of CaCO3 is dominated by a bullseye
on the northern portion of the Gulf of the Farallones probably caused by occasional bivalve
fragments. Factor 3 loadings reflect this distribution of CaCO3 (Table 1). Although the
concentration of Sr also is correlated with Factor 3 loadings (Table 1), the distribution of Sr in
surface sediments (Fig. 7B) is very different from that of CaCO3 suggesting that most of the Sr
is contributed from detrital clastic material rather than from the very little CaCO3 that is present.

Table 1 shows that most of the contribution to Factor 4 loadings is from SiO2, Minor
contributions to Factor 4 loadings come from CaQ, TiO2, MnO, Ce, La, and Nd, but the variance
in these oxides and elements is mainly accounted for by Factor 1 or, for CaO, by Factor 3. A
map showing the concentration of SiO2 over the Farallones margin is shown in Figure 9.

Concentrations of SiO2 are generally 67% to 69% on the shelf with distinctly higher values
(>70% up to 77%) adjacent to the Farallon Islands reflecting granitic sand shed from the islands
(Fig. 4). Values of SiO2 also tend to decrease downslope reflecting the downslope increase in
clay. The higher concentrations of SiO2 on the slope at the southern end of the study area

14



probably reflects larger amounts of sand moving down Pioneer Canyon (Fig. 1). The contrast in
composition between quartz-rich granitic sands and heavy-mineral-rich sands is clearly shown in
Figure 10 by the negative correlation between SiO2 and A1203, Fe203, and MgO in shelf sands.
Concentrations of A1203, Fe203, and MgO in the fine-grained slope muds are fairly constant.
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Figure 5. Maps of Factor 1 loadings (A), ppm La (B), %Fe203 (C), %TiO2 (D), ppm Ce (E),
ppm V (F), %MnO (G), ppm Th (H), ppm Sc (1), ppm Cr (J), ppm Co (K), %P205 (L), and
%MgO (M) in surface sediments from the Gulf of the Farallones. Black solid rectangles
indicate the locations of the Farallon Islands.
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Figure 5B. Map of ppm La in surface sediments.
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Figure 5C. Map of % Fe203 in surface sediments.
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Figure 5D. Map of % TiO2 in surface sediments.
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Figure SE. Map of ppm Ce in surface sediments.
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Figure SF. Map of ppm V in surface sediments.
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Figure 5G. Map of % MnQO in surface sediments.
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Figure 5H. Map of ppm Th in surface sediments.
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Figure 5I. Map of ppm Sc in surface sediments.
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Figure §J. Map of ppm Cr in surface sediments.
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Figure 5K. Map of ppm Co in surface sediments.
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Figure 5L. Map of % P205 in surface sediments.
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Figure 5K. Map of % MgO in surface sediments.
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Figure 6. Maps of Factor 2 loadings (A), %Corg (B), ppm Li (C), %Na20(D), ppm Cu (E), ppm
Ni (F), ppm Zn (G), ppm Ba (H), %K20 (I), and %Al1203 (J) in surface sediments from the
Gulf of the Farallones. Black solid rectangles indicate the locations of the Farallon Islands.
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Figure 6B. Map of % organic carbon (Corg) in surface sediments.
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Figure 6C. Map of ppm Li in surface sediments.
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Figure 6D. Map of % Na20 in surface sediments.
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Figure 6E. Map of ppm Cu in surface sediments.
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Figure 6F. Map of ppm Ni in surface sediments.
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Figure 6G. Map of ppm Zn in surface sediments.
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Figure 6H. Map of ppm Ba in surface sediments.
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Figure 6l. Map of % K20 in surface sediments.
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Figure 6J. Map of % Al203 in surface sediments.
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Figure 8. Maps of %CaCO3 (A) and ppm Sr (B) in surface sediments from the Gulf of the
Farallones. Black solid rectangles indicate the locations of the Farallon Islands.
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Figure 8B. Map of ppm Sr in surface sediments.
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Figure 9. Map of %8iO2 in surface sediments from the Gulf of the Farallones. Black solid

rectangles indicate the locations of the Farallon Islands.
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