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ABSTRACT

The terrigenous mineral fraction of sediments recovered by drilling during Ocean Drilling Program Leg 167 at Sites 1018
and 1020 is used to evaluate changes in the source and transport of fine-grained terrigenous sediment and its relation to regional
climates and the paleoceanographic evolution of the California Current system during the late Pleistocene. Preliminary time
scales developed by correlation of oxygen isotope stratigraphies with the global SPECMAP record show average linear sedi-
mentation rates in excess of 100 m/m.y., which provide an opportunity for high-resolution studies of terrigenous flux, grain
size, and mineralogy. The mass flux of terrigenous minerals at Site 1018 varies from 5 to 30 g(cm?- k.y.)™! and displays a gen-
eral trend toward increased flux during glacials. The terrigenous record at Site 1020 shows a similar pattern of increased glacial
input, but overall accumulation rates are significantly lower. Spectral analysis demonstrates that most of this variability is con-
centrated in frequency bands related to orbital cycles of eccentricity, tilt, and precession. Detailed grain-size analysis performed
on the isolated terrigenous mineral fraction shows that sediments from Site 1018 are associated with higher energy transport
and depositional regimes than those found at Site 1020. Grain-size data are remarkably uniform throughout the last 500 k.y.,
with no discernible difference observed between glacial and interglacial size distributions within each site. X-ray diffraction
analysis of the <2-um clay component suggests that the deposition of minerals found at Site 1020 is consistent with transport

from a southern source during intervals of increased terrigenous input.

INTRODUCTION

Sediments recovered during drilling of Ocean Drilling Program
(ODP) Leg 167 along the California margin reveal important infor-
mation for paleoclimate and paleoceanographic studies. Because
they monitor regions of very high marine primary production, they
can record changes in upwelling timing and intensity, track interme-
diate and deep-water transport pathways, and provide evidence for
linkages between continental and marine systems. Shipboard data in-
dicate that Leg 167 sites provide continuous records with generally
abundant carbonate and foraminifers available for stable isotopic de-
termination (Shipboard Scientific Party, 1997a, 1997b). Moreover,
very high sedimentation rates along the margin make these sites suit-
able to address questions about the evolution of the California Cur-
rent system and its link to paleoclimatic conditions from millennial
to orbital time scales. Standard piston cores provide very useful
records, but the high rate of sedimentation makes it difficult to sam-
ple a full glacial cycle even with the longest cores available without
drilling. Previous drilling along the California margin occurred dur-
ing the Deep Sea Drilling Project (DSDP) before the advent of ad-
vanced hydraulic piston corer technology and recovered core that
was discontinuous and very disturbed, thus unsuitable for modern,
high-resolution paleoceanographic studies.

The sediments recovered during Leg 167 represent a mixture of
terrigenous clays and silts, biogenic silica, and carbonate. Each of
these components can be helpful in deciphering the paleoclimatic his-
tory of this region; however, this study will focus on the input of ter-
rigenous material at two sites along the northern California margin,
ODP Sites 1018 and 1020. The input of terrigenous sediment carries
with it important information about climatic conditions on the conti-
nent and about mechanisms and/or processes by which the material is
transported to the site of deposition. The amount or mass flux of ter-
rigenous minerals reflects the supply of sediment in the continental
source region and can provide an important signal of changes related
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to precipitation and climate (Griggs and Hein, 1980; Karlin, 1980;
Griggs, 1987). Likewise, the grain size of terrigenous mineral mate-
rial can be used to characterize the process and intensity of transport.
Ledbetter (1986) showed the distinct influence abyssal currents have
on terrigenous component grain size for the southwest Atlantic.
Dowling and McCave (1993) identified changes in bottom current
activity since the last glacial maximum based upon the varying im-
portance of size modes in detrital silt along the Fenni Drift. Others
used grain-size distributions to discern different transport and depo-
sitional processes and assist in the paleoenvironmental interpretation
of terrigenous signals (Rea and Hovan, 1995; Joseph et al., 1998;
Boven and Rea, 1998).

The provenance and relative importance of continental source re-
gions can be traced by the regional pattern of terrigenous clay miner-
alogy (Karlin, 1980; Krissek, 1982; Petschick et al., 1996). In the
northeast Pacific, Karlin (1980) found that modern terrigenous sedi-
ments deposited along the continental margin were supplied by two
main sources: (1) a chlorite- and illite-rich source input by streams of
the northern California Coastal Range and Klamath Mountains, and
(2) a smectite-rich (montmorillonite) component from discharge of
the Columbia River Basin. Clay mineral distribution patterns also
record dominant dispersal pathways in this region and are strongly in-
fluenced by coastal currents (Karlin, 1980; Krissek, 1982). Thus, with
the high-resolution records of terrigenous sedimentation recovered
during Leg 167 and using modern surface sediment as a reference, we
should be able to track changes in the late Pleistocene location of
dominant current systems transporting terrigenous sediment in this
region.

Here we show the results of our effort to study physical and min-
eralogical tracers of terrigenous sediment in an attempt to identify re-
gional climatic controls and possible transport pathways during the
past few glacial cycles of the late Pleistocene.

SITE SELECTION AND ANALYTICAL METHODS

This manuscript presents the results of our study of the terrige-
nous component of sediment deposited along the northern California
margin—particularly Sites 1018 and 1020 (Fig. 1). Composite strati-
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graphic sections were developed for each site using high-resolution
shipboard measurements of gamma-ray attenuation porosity evalua-
tor (GRAPE), magnetic susceptibility, and color reflectance data
(Lyle, Koizumi, Richter, et al., 1997). Site 1018 is located ~75 km
west of Santa Cruz, California, on a sediment drift deposit just south
of the Guide Seamount at a water depth of 2477 meters below sea
level (mbsl). This site is on top of a sediment mound that is elevated
from surrounding sediments by more then 400 m. Overall sedimenta-
tion rates are extremely high, averaging 100 to 400 m/m.y. during the
late Pleistocene, reflecting the site’s close proximity to its sediment
source in the north from Pioneer Canyon, west of San Francisco Bay
(Lyle, Koizumi, Richter, et al., 1997). Site 1018 was selected to pro-
vide a nearshore end-member of terrigenous sediment supplied from
the area draining the central and northern California Coastal Range.
Site 1020 contains a continuous sequence of sediment deposited at
rates in excess of 100 m/m.y. during the late Pleistocene. It is located
on the east flank of the Gorda Ridge on an abyssal hill at a water
depth of 3038 mbsl. To the east of Site 1020, the floor of the Gorda
Basin is covered with thick Pleistocene turbidite deposits, but the site
itself contains only a few, thin turbidite layers (these intervals were
avoided during sampling). Site 1020 is located between major
sources of sediment supplied from the Columbia River to the north
and the Klamath, Eel, and Rogue Rivers to the south. This site should
enable us to evaluate the relative importance and magnitude of vari-
ous continental sources and provide a deeper water, offshore signal
of terrigenous input.
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Figure 1. Location map of Sites 1018 and 1020 along the northern California
margin.

The terrigenous mineral fraction of these samples was isolated us-
ing a series of chemical leaches that sequentially dissolves biogenic
and authigenic phases. Carbonates were removed by treating each
sample with a weak acetic acid solution. A buffered sodium citrate
and sodium hydrosulfite solution was used to remove oxides, hydrox-
ides, and zeolites, and warm sodium carbonate baths were used to
dissolve biogenic silica. Details of this procedure were provided by
Rea and Janecek (1981). The resulting precision of this method de-
termined from duplicate analyses is ~+5% relative error. Note that
this method provides a segregated sample of terrigenous material that
can be analyzed further for physical, chemical, and mineralogical pa-
rameters without concern about the dilution or contamination that of-
ten accompanies analysis of bulk sediment or other proxy measures
of the terrigenous component.

The mass flux or mass accumulation rate (MAR) of terrigenous
material was determined by the product of the linear sedimentation
rate (LSR), dry bulk density (DBD), and weight percentage of terrig-
enous material for each sample as follows:

terrigenous MAR (g[cm? - k.y.] ™)) =
% extracted X LSR (cm - k.y.™") x DBD (g - cm™).

Dry bulk densities were determined from shipboard GRAPE mea-
surements using the relationship given by Boyce (1976). Linear sed-
imentation rates were calculated from age models constructed by cor-
relation of the foraminiferal oxygen isotope stratigraphy at each site
(see Lyle et al., Chap. 11, this volume) with the SPECMAP global
chronology (Imbrie et al., 1984). At the time of publication, only pre-
liminary oxygen isotopic correlation age models were available for
these sites. The record from Site 1018 was complete through Stage 6
(186 ka) and from Site 1020 through Stage 9 (339 ka), beyond which
we extrapolated age and linear sedimentation rate data between two
control points provided by the top of Pseudoemiliania lacunosa da-
tum (460 ka) and the Brunhes magnetostratigraphic Chron (780 ka).
All data used to calculate the terrigenous MAR are provided in Ta-
bles 1 and 2 and Figure 2. Although we show terrigenous data collect-
ed beyond ages in the oxygen isotope age model, we have excluded
these from our discussion and interpretation until we are more confi-
dent in our age assignments.

Detailed grain-size measurements of the isolated terrigenous
component were made using an electronic particle size analyzer
(Coulter Counter multisizer). This device measures the spherical vol-
ume equivalent of each particle counted as it is drawn through an
electrical field. Mean grain size and standard deviation (sorting) data
were calculated for each sample from a total size distribution based
on a count of 150,000 particles divided into 256 size channels in the
range of 1-30 um. Precision of data is generally within 0.5 pm based
on replicate analyses.

Table 1. Data used to calculate the mass accumulation rate of terrigenous material and grain-size variations in sediments from Site 1018.

Top Bottom  Depth Depth Age LSR DBD Terr. MAR Size Sorting
Hole Core  Section (cm) (cm) (mbsf) (mcd) (ka) (cm-ky™) (g-cm?) %Terr.  (glem?-ky.]")  (um) (um)
1018C 1H 1 15 18 0.17 0.09 1.3 17.54 0.65 38.46 4.37
1018C 1H 1 55 58 0.57 0.49 3.6 17.65 0.65 62.53 7.15 4.63 8.73
1018C 1H 1 75 78 0.77 0.69 4.7 17.70 0.65 51.04 5.85
1018C 1H 1 115 118 1.17 1.09 7.0 17.61 0.68 62.00 7.45 4.97 8.98
1018C 1H 1 135 138 1.37 1.29 8.1 17.74 0.67 67.60 7.98
1018C 1H 2 17 20 1.69 1.61 9.9 17.70 0.75 65.37 8.70 3.49 6.41
1018C 1H 2 45 48 1.97 1.89 10.9 64.71 0.72 66.79 31.00
1018C 1H 2 85 88 2.37 2.29 11.6 44.00 0.73 4.38 7.92
1018C 1H 2 105 108 2.57 2.49 12.2 23.40 0.75 70.41 12.40
1018C 1H 2 145 148 2.97 2.89 15.6 12.64 0.77 60.90 5.93 3.97 7.36

Notes: Sorting data presented are expressed as a standard deviation of the grain-size distribution; blank spaces = unavailable or lost data. LSR = linear sedimentation rate, DBD = dry

bulk density, Terr. = terrigenous, MAR = mass accumulation rate.

This is a sample of the table that appears on the volume CD-ROM.
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Table 2. Data used to calculate the mass accumulation rate of terrigenous material and grain-size variations in sediments from Site 1020.

Top Bottom  Depth Depth Age LSR DBD Terr. MAR Size Sorting

Hole Core  Section (cm) (cm) (mbsf) (med) (ka) (cm-ky™) (g-cm?) %Terr. (glem? - k.y.]™") (um) (um)
1020C 1H 1 15 18 0.17 0.17 1.3 12.50 0.65 58.00 4.69 2.90 5.11
1020C 1H 1 35 38 0.37 0.35 2.8 12.50 0.65 76.20 6.17 2.70 4.69
1020C 1H 1 55 58 0.57 0.57 4.5 12.50 0.72 96.50 8.65

1020C IH 1 75 78 0.77 0.77 6.1 12.50 0.70

1020C 1H 1 95 98 0.97 0.97 7.7 12.50 0.67 74.50 6.19 2.57 4.34
1020C 1H 1 115 118 1.17 1.17 9.3 12.50 0.70 63.80 5.58 2.75 5.22
1020C 1H 1 135 138 1.37 1.37 10.9 12.50 0.73 77.70 7.14 2.76 4.48
1020C 1H 2 5 8 1.57 1.57 12.4 17.34 0.75 81.20 10.59

1020C 1H 2 25 28 1.77 1.77 13.5 17.34 0.93 76.80 12.33 3.14 5.73
1020C 1H 2 45 48 1.97 1.97 14.7 17.34 0.91 75.70 11.92 343 6.24

Notes: Sorting data are expressed as a standard deviation of the grain-size distribution; blank spaces = unavailable or lost data. LSR = linear sedimentation rate, DBD = dry bulk den-

sity, Terr. = terrigenous, MAR = mass accumulation rate.

This is a sample of the table that appears on the volume CD-ROM.

The clay mineralogy of the terrigenous component was deter-
mined on a subset of samples using X-ray diffraction pattern analysis.
Samples were centrifuged to segregate the <2-um fraction and X-
rayed from 2° to 30° 20 at 45kV and 40 mA using the XDS Scintag
2000 X-ray diffractometer at the University of Rhode Island. Peak ar-
eas for each phase were normalized to an internal standard (10% talc)
and converted to weight percentages according to the weighting fac-
tors given by Heath and Pisias (1979). The mineral phases quantified
were smectite (17A; 001, expanded by ethylene glycol), illite (10A;
001), chlorite (7A; 002), and kaolinite (7A; 001). The 7A peak is di-
vided between kaolinite and chlorite in proportion to the relative in-
tensities of their 3.58A (002) and 3.54A (004) peaks, respectively
(Biscaye, 1965).

RESULTS

Terrigenous mineral input dominates the sediments found along
the northern California margin, comprising an average of 70-80 wt%
of the bulk sediment composition (Fig. 2). As such, there are only
slight downcore variations in the dry bulk density, and linear sedi-
ment rates generally reflect changes in the amount of terrigenous
mineral contribution. The overall terrigenous accumulation rate is
significantly greater at Site 1018 compared to Site 1020, a difference
that becomes more pronounced during glacial periods. Terrigenous
MAR at Site 1018 averages 15.06 g(cm? - k.y.)! (N =174; 6 =9.10)
but varies from 5 to 20 g(cm? - k.y.)™! throughout the late Pleistocene.
At Site 1020, which is farther offshore and deeper, terrigenous mass
accumulation and variability are significantly reduced, averaging
about 8.81 g(cm? - k.y.)™' (N = 336; 6 = 3.29). Both sites display a
general trend toward increased terrigenous flux during glacial peri-
ods, although the details of this comparison vary slightly at each lo-
cation. Spectral analysis confirms a strong relationship between ter-
rigenous flux and glacial-interglacial periodicity with clear periodic-
ity concentrated at the orbital frequencies of eccentricity, tilt, and
precession (Fig. 3A, B). Cross-spectral analysis shows that the terrig-
enous flux records are coherent and in-phase (i.e., greater terrigenous
flux during glacial 8'0 values) with SPECMAP at 100, 41, and 19
k.y. (Fig. 4).

Grain-size data also display important differences between Sites
1018 and 1020. Average grain-size distributions for terrigenous sed-
iment from Site 1018 are coarser and more poorly sorted than those
deposited at Site 1020 (Fig. 5). Terrigenous minerals at Site 1018 are
characterized by a moderately sorted, broad size distribution centered
with a mode near 4 um that peaks at ~1 wt% (Fig. 5A). Downcore
there is little variation, with mean grain-size values averaging 3.87
um (N = 164; ¢ = 0.53) and sorting values (shown as standard devi-
ation of the grain-size distribution) of 7.26 um (¢ = 0.82) during the
past 300 k.y. At Site 1020, size distributions show a size mode near
3 um that peaks at 2 wt%, are better sorted, contain a significant

amount of smaller material, and are concave up in the coarse tail (Fig.
5B). They are remarkably uniform throughout the late Pleistocene,
with average mean grain-size values of 2.89 um (N =244; 6 =0.17)
and sorting values of 5.18 pm (¢ = 0.49). Grain-size data vary at a
higher frequency than terrigenous mass accumulation rate but show
no obvious relationship to glacial cycles or orbital periodicity (Fig.
3C, D).

A subset of samples was selected for clay mineral analysis. Ideally,
we wished to compare mineralogical variation at both sites; however,
constraints imposed by time and instrumentation permitted only
analysis of Site 1020 at the time of publication. The normalized clay
mineral content varies considerably downcore (Fig. 6). In general, il-
lite is most abundant, comprising as much as 50% of the clay fraction,
but its percentage varies throughout the interval. Chlorite and smectite
percentages are less variable but also less abundant, averaging ~15%
and 7%, respectively. Kaolinite contributes little to the clay mineral
assemblage in these sediments. The low-resolution nature of clay min-
eralogy data makes it difficult to identify temporal patterns; however,
the data show a general increase in the input of chlorite minerals dur-
ing intervals of increased terrigenous flux. Likewise, smectite shows
a general inverse pattern and is reduced during these intervals. This is
more clearly evident in the upper and lower portion of the record and
less so during isotopic Stages 6 through 8.

INTERPRETING TERRIGENOUS RECORDS

Downcore variations in the mass input of terrigenous material
provide an important signal of changes in source area climate. In
modern systems, large variations occur in the amount of sediment de-
livered to the seafloor of the northeast Pacific that are directly linked
to large flood events along coastal areas and more efficient transport
of sediment at times of peak river discharge (Griggs and Hein, 1980;
Griggs, 1987). On longer time scales, however, sediment yield is
more closely related to sediment supply in the source area, which can
vary with a combination of factors: basin relief and area, changes in
sea level, and climatic factors such as precipitation or vegetative
cover (Milliman and Syvitski, 1992; Rea, 1992). Within the time
scale of the late Pleistocene, tectonic factors (basin relief and area) do
not change significantly. The deposition of terrigenous material on
the seafloor mainly reflects some combination of sediment supply
from shallow shelf regions exposed during glacioeustatic sea-level
changes and variations in precipitation/erosion in the source area
drainage basin associated with shifts in climate.

Both Sites 1018 and 1020 show a significant increase in terrige-
nous accumulation rate during times of glaciation. Glacial terrige-
nous flux values are more than twice the values observed during in-
terglacial episodes. Spectral and cross-spectral analysis performed on
the 0-300 ka portion of these records confirms this pattern and shows
that increased terrigenous flux values are coherent and in-phase with
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Figure 4. Cross-spectral analysis between the terrigenous flux at Site 1020
and SPECMAP §'%0 time series shows coherency at 100, 41, and 19 k.y.

oxygen isotopic records at each of the major Milankovitch periodic-
ities. Implicit in this pattern is that there was an enhanced supply of
terrigenous mineral grains to the northern California margin coinci-
dent with periods of glacial advance in the Northern Hemisphere. To
distinguish whether this increase is related to sea-level changes or to
climatic factors requires some knowledge of the provenance, trans-
port, and depositional processes associated with these deposits.

1020, however, shows increased illite and chlorite content during in-
tervals of enhanced terrigenous input, suggesting that much of this
material may be transported from southern source regions. Deposi-
tional records at Site 1020, therefore, probably represent a distal
record of sediment supplied to Site 1018. This is not surprising given
the similar temporal variability observed in terrigenous input at each
location. However, to interpret whether terrigenous mass flux data
record changing sea level or climatic factors requires more informa-
tion about transport pathways and depositional processes.

Recent studies involving terrigenous mineral size distributions
suggest that they may permit reasonably good delineation of the
dominant mode of sediment transport to the seafloor (Ellwood and
Ledbetter, 1977, 1979; Rea and Hovan, 1995; Joseph et al., 1998).
These studies show that distinct differences exist between the size
distributions associated with sediment found in hemipelagic, drift,
and turbidite depositional regimes. Although a few thin turbidite lay-
ers were identified throughout the upper sections of sediments at
these sites (Lyle, Koizumi, Richter, et al., 1997), grain-size distribu-
tion data suggest we were successful in avoiding them during sam-
pling for this study. Grain-size distributions for Site 1018 are charac-
terized by a coarser mean size broadly distributed over 1-30 um and
are more similar to sediments found in higher energy drift deposits.
Size distributions for Site 1020 are finer grained with better sorting,
reflecting sedimentation under lower energy hemipelagic conditions.
When plotted together, the grain-size data fall along a mixing line be-
tween end-members represented by samples from each site, which in-
dicates that sediments from Site 1020 may also represent a distal
counterpart to Site 1018 with respect to transport mode and deposi-
tion process (Fig. 7).
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This has important implications in our interpretation of the terrig-
enous flux records. If lower sea level during glacial episodes caused
increased terrigenous mineral flux at both sites during these times,
then grain-size data should also show similar temporal patterns. But
records of terrigenous grain size contain much higher frequency vari-
ability than terrigenous accumulation rate data and display no obvi-
ous Milankovitch periodicity (Figs. 2, 3). Thus, it seems likely that
increased terrigenous input during glacial times reflects enhanced
supply from the continental source region. These findings are consis-
tent last glacial maximum climate reconstructions made from vegeta-
tional history and lake-level records in the southwestern United
States (Van Devender et al., 1987; Mifflin and Wheat, 1979) but con-
trast with those from the Northwest (Barnosky et al., 1987).

Perhaps just as significant is the remarkable similarity observed
between grain-size distributions throughout glacial cycles of the late
Pleistocene (Fig. 5). Glacial size distributions are nearly identical to
interglacial size distribution within sediments examined at each site
and give no indication of changes in the energy of transport or type
of depositional processes associated with sea level or other glacial—
interglacial variability.

CONCLUSIONS

1. The terrigenous component at Sites 1018 and 1020 is domi-
nated by hemipelagic transport and drift depositional processes
throughout the late Pleistocene. Terrigenous mass flux records
are closely linked to orbital-scale variability and show in-
creased input during times of increased 8'30 (glacial), indicat-
ing increased supply from the source region that may be
associated with increased erosional supply, either from greater
exposure of shelf regions during lower sea levels, increased
fluvial discharge from wetter regional source areas during
these intervals, or a combination of both.

2. Detailed grain-size analysis can help distinguish the relative
contribution of different terrigenous mineral transport/deposi-
tional processes and suggests that higher energy regimes were
associated with sediment deposits at Site 1018, whereas Site
1020 sediments were dominated by lower energy hemipelagic
processes. Average grain-size distributions within each site
are nearly identical during glacial and interglacial intervals, in-
dicating little difference between the energy of transport and
depositional processes at those times.

3. Clay mineralogy patterns suggest that periods of increased ter-
rigenous input can be explained by transport of materials pri-

TERRIGENOUS MINERAL DEPOSITION

marily from source regions similar to Central and Northern
California.
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