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9. A 160,000-YEAR HIGH-RESOLUTION RECORD OF QUANTITY AND COMPOSITION
OF ORGANIC CARBON IN THE SANTA BARBARA BASIN (SITE 893)!

Ruediger Stein® and Frank R. Rack?

ABSTRACT

To identify the factors controlling the organic-carbon accumulation in the Santa Barbara Basin and their relationship to the
(global) climatic history through the last 160,000 years, total organic carbon (TOC), Rock-Eval parameters, and C/N ratios
were determined on 990 samples from Hole 893A, For a selected set of samples, n-alkanes and pristane/phytane ratios were
also determined. In the major lithologies. TOC values vary between 1% and 4%, with the higher values more typical for the
interglacials and the lower values more typical for the glacials. The source of the organic matter is a mixed marine/terrigenous
type, with a higher marine proportion during interglacials. Gray flood/turbidity deposits and sandy turbidites are characterized
by significantly lower TOC values of 0.9%—1.8% and 0.1%—-0.3%, respectively, with a clear terrigenous origin.

During the Holocene, increased surface-water productivity and the inflow of oxygen-depleted waters from the East Pacific
probably resulted in anoxic bottom water and, thus, in the preservation of varved-like laminations and large amounts of marine
organic carbon. During the warm interstadials 5e and 5a, surface-water productivity and, thus, marine organic carbon flux also
increased; anoxic bottom water conditions, however, were not reached throughout, as indicated by the dominance of massive
non-laminated sediments. Furthermore, distinct higher-frequency variations of a few thousands of years are present in Stages 1.
5a, and 5c. During glacial Stages 6 and 4 1o 2 and cold interstadials 5d and 5b, surface-water productivity was reduced and the
bottom-water conditions in the Santa Barbara Basin were more oxygenated. At those times of lowered sea level, also the supply
of terrigenous organic matter was probably increased.

INTRODUCTION

In the past, paleoceanographic and paleoclimatic studies of Qua-
ternary sediments from the Santa Barbara Basin, California, were re-
stricted to the Holocene time interval. Numerous high-resolution
studies of varve chronology and sedimentology, oxygen stable iso-
topes, microfossil assemblages (foraminifers, radiolarians, diatoms,
pollen), and biomarker demonstrated that distinct changes in precip-
itation, terrigenous sediment input, surface-water temperature, inten-
sity of the California Current, surface-water productivity, and/or
oxygenation of water masses occurred during the Holocene (e.g.,
Soutar and Crill, 1977; Heusser, 1978; Pisias, 1978; Dunbar, 1983;
Lange et al., 1990; Reimers et al., 1990; Schimmelmann et al., 1990,
Bernhard and Reimers, 1991: Kennedy and Brassell, 1992a, b). The
extremely high resolution of some of these investigations even allows
the identification of historic El Nifio events (e.g., Dunbar, 1983;
Lange etal., 1987; Kennedy and Brassell, 1992a). From these results,
it is obvious that the Santa Barbara Basin is of major importance for
research of the (global) climate system and its change through time.

The drilling of the almost 200-m-thick sedimentary sequence of
Ocean Drilling Program Site 893 offers the opportunity to extend
high-resolution studies of climatic change in the Santa Barbara Basin
to pre-Holocene times (i.e., back to about 160,000 years ago; Ken-
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dark laminations (varves) caused by seasonal variations in the bio-
genic and terrigenous sediment, growth of bacterial mats, and/or bot-
tom-water oxygenation (e.g., Soutar and Crill, 1977; Lange et al.,
1987, 1990; Reimers et al., 1990; Baumgartner et al., 1991; Schim-
melmann et al., 1992). The high surface-water productivity is mainly
controlled by the California Current System (CCS), which itself is
triggered by ocean-atmosphere interactions over broad areas of the
Pacific Ocean. Seasonal variations in the CCS caused by changes in
wind strength and direction result in changes of surface-water tem-
peratures, upwelling intensity, and surface-water productivity (Hick-
ey, 1992; Kennett, Baldauf, et al., 1994),

MAJOR LITHOLOGIES AT SITE 893

Site 893 (which consists of Hole 893A and Hole 893B) was
drilled at 34°17.25'N, 120°02.2'W in the central part of the Santa
Barbara Basin, 20 km south of the Santa Barbara coastline at a water
depth of 576.5 m (Fig. 1). At this site, a 196.5-m-thick sequence of
upper Quaternary terrigenous silt and clay with variable contents of
calcareous nannofossils and diatoms was recovered (Fig. 2). Based
on oxygen-isotope stratigraphy, the sequence represents isotope
Stages 1 to 6 (i.e., about the last 160,000 years; Ingram and Kennett,
this volume). The sediments at Site 893 are considered to form one
lithologic unit that can be divided into six subunits (Fig. 2; Kennett,
Baldauf, et al., 1994):

Subunit IA (Hole 893A, 0 to 24.25 mbsf) mainly consists of olive
gray diatom nannofossil clayey silt and diatom nannofossil silty clay.
The subunit is characterized by variably preserved laminations
throughout most of the interval. Thin (1-15 ¢cm) gray beds of clayey
silt to silty clay are commonly interbedded (PI. 1, Fig. 1).

Subunit IB (Hole 893A, 24.25 to 37.0 mbsf) is composed of olive
gray silty clay: microfossils only occur in minor amounts (2%—10%).
Laminations are completely absent.

Subunit IC (Hole 893A, 37.0 to 131.0 mbsf) consists of olive gray
silty clay and clayey silt with diatom silty clay (Pl. 1, Figs. 2-5). The
subunit is characterized by the intermittent presence of laminations.
Four medium to thick beds of sand occur between 56.5 and 64.7
mbst, and a 2.5-m-thick sand bed occurs at 114.4-116.9 mbsf.

Subunit ID (Hole 893A, 131.0 to 145.5 mbsf) consists of olive
gray diatom silty clay (PL 1. Fig. 6). Except for two short intervals in
the middle part, lamination occurs throughout. The subunit contains
abundant thin (1-15 cm) gray beds of clayey silt to silty clay. Thin,
millimeter to submillimeter laminae of pale olive diatom ooze are
present sporadically.

Subunit IE (Hole 893A, 145.5 to 160.5 mbsf) consists of olive
gray to pale olive silty clay and clayey silt with diatom silty clay.
Laminations are completely absent.

Subunit IF (Hole 893A, 160.5 to 196.5 mbsf) consists of olive
gray silty clay, clayey silt, and diatom silty clay. The sequence is
characterized by an alternation of 0.2- to 3.0-m-thick packets of lam-
inated diatom silty clay and homogeneous sediment.

METHODS

For the high-resolution study on organic-carbon variations, the
196.5-m-thick sediment sequence of Hole 893A was routinely sam-
pled at 20-cm intervals, resulting in a total of 990 samples (Table |
on CD-ROM, back pocket of this volume). Taking sedimentation
rates of 75 to 333 cm/k.y. (Table 2; Ingram and Kennett, this vol-
ume), the time resolution is about 60 to 250 years. Another high-res-
olution study on carbonate and organic-carbon variations was
performed by Gardner and Dartnell (this volume). The combination
of both data sets gives a time resolution of 30 to 125 years.

Total carbon, nitrogen, and organic carbon were determined on
ground bulk samples and carbonate-free sediment samples by means
of a Heraeus CHN-analyzer. Carbon measurements have an accuracy
of 0.02%. The carbonate content was calculated as:

CaCO, =(TC - TOC) - 8.333

where TC = total carbon and TOC = total organic carbon (both in
wt% of the bulk sample). It is assumed that all carbonate is calcite,
which has been proved by X-ray diffraction (XRD) analysis for a
selected set of samples (see Stein, this volume). C/N ratios, as indi-
cator for the composition of the organic carbon, were calculated as
“total organic carbon/total nitrogen ratios.”

Rock-Eval pyrolysis was conducted on bulk sediment samples to
determine the amount of hydrocarbons already present in the sample
(S1 peak in mg hydrocarbons per gram sediment), the amount of hy-
drocarbons generated by pyrolytic degradation of the kerogen during
heating of up to 550°C (52 peak in mg hydrocarbon per gram sedi-
ment), the amount of carbon dioxide generated during heating of up
to 390°C (S3 peak in mg carbon dioxide per gram sediment), and the
temperature of maximum pyrolysis yield (Tmax value in °C) (Espi-
talié et al.; 1977; Peters, 1986). As further indicators for the compo-
sition of the organic matter, the Rock-Eval parameters hydrogen (HI)
and oxygen index values (OI) were used (cf., Tissot and Welte, 1984;
Stein, 1991, and further references therein). The HI value corre-
sponds to the quantity of pyrolyzable hydrocarbons per gram TOC
(mgHC/gC); the OI value corresponds to the quantity of carbon diox-
ide per gram TOC (mgCO./gC).

For liquid extraction, samples were treated successively with
methanol, methanol/dichloromethane (1:1), and dichloromethane
(cf., Farrimond et al., 1990). After each step, the sample was centri-
fuged and its clear extract decanted; all extracts were combined. As
internal standard, squalane was added. Then, the total extract was
fractionated by column chromatography. The “hydrocarbon fraction”
was collected upon elution with hexane and injected into a HP5890
(Series II) gas chromatograph. The GC was equipped with a silica
capillary column (50-m x 0.32 mm; 0.17 pm film of dimethyl-polysi-
loxan). The temperature program was as follows: 60°C for 1 min;
60°C to 150°C at 10°C/min; 150°C to 300°C at 4°C/min; isothermal
at 300°C for 45 min. Helium was used as carrier gas. The n-alkanes
(C,5—C5,). and phytane and pristane were identified on the basis of re-
tention times.

Mass accumulation rates of total organic carbon (MARTOC)
were calculated according to van Andel et al. (1975):

MARTOC = (TOC/100) - LSR - [WBD — 1.026 - (PO/100)]
=(TOC/100) - LSR - DD

where TOC = total organic carbon (wt%), LSR = linear sedimenta-
tion rate (cm/k.y.), WBD = wet bulk density (g/fem?®), DD = dry den-
sity (g/em?), and PO = porosity (%). The linear sedimentation rates
are based on AMS™C chronology and oxygen-isotope stratigraphy
(Ingram and Kennett, this volume; Kennett, this volume); for deter-
mination of physical properties, see Kennett, Baldauf, et al. (1994).

RESULTS

The data determined on 990 samples are summarized in Table I.
In this paper, the organic-carbon data including total organic carbon
(TOC), Rock-Eval parameters, C/N ratios, and n-alkanes are present-
ed and discussed. The carbonate data also included in Table 1 are dis-
cussed in Gardner and Dartnell (this volume).
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In the following description of the organic-carbon data vs. depth,
the void-corrected depth values were used (Table 1; Rack and Mer-
rill, this volume). In general, TOC values vary between 1% and 3%
(Fig. 3: Table 1). The intervals from 196.1 to 150 mbsf (correspond-
ing approximately to lithologic Subunits IE and IF) and 95.2 to 20
mbst (corresponding to the upper half of Subunit IC and Subunit [B)
are characterized by low-amplitude variations of TOC between 1.2%
and 2.2%. The few exceptions with very low TOC contents of 0.1%
to 0.3%, especially between about 56 and 65 mbsf, correspond to
sandy turbiditic layers (Figs. 2 and 3). Between 150 and 95.2 mbsf as
well as in the upper 20 m, fluctuations in TOC content are significant-
ly higher, ranging between 1% and 4%. In Sample 146-893A-12H-4,
89-90 cm (106.57 mbsf), and near-surface Sample 146-893A-1H-1,
31-32 em (0.31 mbsf), the absolute TOC maximum values ol 4.58%
and 4.38%, respectively, were measured. Minimum TOC values of
0.08%—-0.12% characterize the 2.5-m-thick sand bed at 114.4-116.9
mbsf (Figs. 2 and 3). The short-term high-amplitude variations are
most prominent in the laminated intervals of Subunits [D and [A. The
distinct TOC minima between 1% and 1.7% recorded in these two
subunits are from the macroscopically visible gray clayey silt to silty
clay beds (Figs. 2 and 3).

To get an estimate of the composition of the organic-carbon frac-
tion (i.e., to estimate the amount of terrigenous and marine propor-
tions), Rock-Eval pyrolysis parameters (S2 peak, HI and OI values)
and elemental analysis data (C/N ratios) are useful indicators in or-
ganic-carbon-rich (TOC > 0.5%), immature sediments (Figs. 3 and 4;
Tissot and Welte, 1984 Stein, 1991). In immature sediments, HI val-
ues of <100 mgHC/gC are typical of terrigenous organic matter (ker-
ogen type III), whereas HI values of 300 to 800 mgHC/gC are typical
of marine organic matter (kerogen types I and II) (Tissot and Welte,
1984). Tmax values of <425°C (Fig. 3) display the thermal immatu-
rity of the organic carbon; thus, the HI values determined in the or-
ganic-carbon-rich sediments of Site 893 should yield reliable data. C/
N ratios can be used as further indicator for the origin of the organic
matter: C/N ratios of marine organic matter (mainly phytoplankton
and zooplankton) are around 6, whereas terrigenous organic matter
(mainly from higher plants) has C/N ratios of >15 (e.g., Bordovskiy,
1965; Scheffer and Schachtschabel, 1984). For more precise determi-
nations of the marine and terrigenous proportions of the organic-car-
bon fraction, other methods such as kerogen/coal petrography and
gas chromatography (GC) are required. The distribution of n-alkanes
determined using GC techniques allows an identification of contribu-
tions of land-derived vascular plant material (characterized by long-
chain C,y and C;, n-alkanes) and of marine phytoplankton (dominat-
ed by C,; n-alkane) (e.g., Blumer et al., 1971; Kollatukudy, 1976;
Prahl and Muehlhausen, 1989). These much more sophisticated
methods, however, can only be applied for a small set of selected
samples because they are very time consuming (see also Hinrichs et
al., this volume), whereas Rock-Eval pyrolysis and elemental analy-
sis (as well as §"°C,,,, however, not used in this study) have the ad-
vantage of being fast and requiring small samples so many analyses
can be performed.

Based on Rock-Eval data (Figs. 3 and 4), the organic carbon of the
Site 893 sediments has in general a mixed terrigenous/marine source.
Hydrogen index values of 100 to 250 mgHC/gC suggest that signifi-
cant proportions of marine organic matter have been preserved (Figs.
3 and 4). A large number of samples, on the other hand, have HI val-
ues between 50 and 100 mgHC/gC, indicating the dominantly terri-
genous origin of the organic matter. Particularly, the laminated
intervals (corresponding to lithologic Subunits 1D and TA) are char-
acterized by high-amplitude variations in S2 and HI values, suggest-
ing short-term variations in organic-carbon composition (Fig. 3). The
minimum S2 and HI peaks are mostly from gray beds. The increased
TOC contents at depths of 156.8 to 95.2 mbsf and in the upper 20 m
coincide with increased HI values and very high S2 peaks indicating
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increased amounts of marine organic carbon preserved in the sedi-
ments (Fig. 3).

The C/N ratios generally vary between 6 and 12 and support the
Rock-Eval results, indicating a mixed type of organic matter (Fig. 3).
However, some disagreements between both data sets occur in the
details. According to the C/N signal, some increased amounts of (ter-
rigenous) higher plant material should be present at depths of 150 to
138 mbsf, 130 to 122 mbsf, 50 to 38 mbsf, and 20 to 8 mbsf (Fig. 3).
The very low C/N ratios of the organic-carbon-poor sediments should
be interpreted very cautiously because in organic-carbon-poor sedi-
ments the amount of inorganic nitrogen (fixed as ammonium ions in
the interlayers of clay minerals, especially illite) may become a major
portion of the total nitrogen, causing C/N ratios that are too low (e.g.,
Miiller, 1977). Furthermore, a quantitative estimation of the marine/
terrigenous proportions of the organic matter using C/N ratios is
more difficult because of the wide range in C/N ratios of terrigenous
plant material (e.g., Scheffer and Schachtschabel, 1984). C/N ratios
of seagrass (Zostera), which is a major organic-carbon source in the
Santa Barbara Basin, are high (around 15), whereas the HI values of
seagrass are also relatively high (around 150 mgHC/gC) (Stein, un-
publ. data). These factors may partly explain the disagreements be-
tween C/N and HI data in relation to the estimates of the terrestrial-
marine balance in organic-matter source. Furthermore, the HI values
are supported by the n-alkane data (see below). Thus, in the discus-
sion we mainly used HI values as source indicator.

DISCUSSION
Sources of Organic Carbon in the Santa Barbara Basin

One of the characteristics of Holocene sediments from the Santa
Barbara Basin is the high organic-carbon content ranging in general
between 1% and 5% (e.g., Heath et al., 1977; Schimmelmann and
Kastner, 1993). Based on detailed sedimentological, geochemical,
and micropaleontological investigations of piston cores representing
the last hundreds to thousands of years, the organic-carbon deposi-
tion is largely controlled by environmental and biological factors,
such as terrigenous sediment supply, surface-water productivity, bac-
terial mat growth, and oxygenation of bottom waters (e.g., Fleischer,
1972; Soutar and Crill, 1977; Lange et al., 1990; Reimers et al., 1990;
Schimmelmann et al., 1990; Schimmelmann and Kastner, 1993).
Seasonal variations of these processes result in the finely laminated
(varved) sediments typical for the Holocene central Santa Barbara
Basin. According to Schimmelmann and Tegner (1991), the major
sources of organic matter of the Holocene Santa Barbara Basin sedi-
ments are phytoplankton-derived biomass, macroalgal biomass from
the kelp forests surrounding the Basin (North, 1971), terrigenous bio-
mass, and redeposited fossil organic carbon. The latter two sources
are of secondary importance and restricted to a few unusual flood and
oil spill events. This identification of different organic-carbon sourc-
es is derived from 6"C,,,, values. Modern phytoplankton productivity
in the southern California Bight area is about 150-300 gC m~? y~'
(Eppley and Holm-Hansen, 1986); the modern kelp (Macrocystis
spp.) production is estimated to be about 800-1000 gC m= y-!
(Mann, 1982). For estimates of the importance of either of these or-
ganic-carbon sources in the Santa Barbara Basin, however, one also
has to consider that the area occupied by kelp forests is an order of
magnitude smaller than the area available for phytoplankton produc-
tion (Schimmelmann and Tegner, 1991). A further significant source
of organic matter should also be the production of biomass by bacte-
ria (Soutar and Crill, 1977; Reimers et al., 1990).

The TOC values of the major lithologies of Site 893 are in the
same range as those determined in sediment samples from piston
cores, with highest values in the laminated intervals (1% to 4.5%: Ta-
ble 1; Fig. 3). Based on the organic-carbon data, four different sedi-
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Table 1. Summary table of Hole 893A data.

Age
Core Sec Top Depth  Depth-cor (ka) TC TOC CaCOy N-tot ToC" S1 52 53 Tmax HI o1 C/IN Remarks
1 | 10 0.10 0.10 0.046 342 3.09 2.7 033 318 0.88 3.98 570 417 129 185 94
1 | 3l 0.31 0.31 0.153 4.44 438 0.5 0.43 4.40 1.24 546 6.07 414 125 139 10.2
| | 48 0.48 0.48 0.243 4.00 0.38 1.02 4.99 542 413
1 1 70 0,70 0,70 0.362 3.84 329 4.6 0.37 345 0.83 4.78 543 419 145 165 8.9
1 1 90 0.90 0.90 0.472 4.55 3.81 6.2 043 4.06 0.95 546 590 415 143 155 8.9
1 1 10 1.10 1.10 0.584 4.38 348 7.5 0.40 376 1.02 5.34 5.39 415 153 155 8.7
| | 130 1.30 1.30 0.697 4.10 3.36 6.1 0.36 3.58 1.02 4.90 5.64 412 146 168 9.3
1 1 149 1.49 1.49 0.805 1.75 0.25 0.83 2.30 414 47 131 gray bed
| 2 20 1.70 1.68 0.914 331 2.90 34 0.31 3.00 0.69 3.66 4.18 416 126 144 94
| 2 40 1.90 1.88 1.030 497 3.31 139 0.42 3.84 1.06 5.65 5.64 416 171 170 7.9
1 2 61 2.11 2.09 1.152 2.64 2.14 4.2 0.23 223 0.40 201 327 418 94 153 93 gray bed
1 2 80 2.30 2.28 1.263 447 3.36 9.3 0.36 3.70 111 5.68 6.05 415 169 180 9.3
1 2 100 2.50 2.48 1.381 4.76 343 11.0 0.39 3.86 0.98 578 6.34 413 168 185 8.8
1 2 120 270 2.68 1.499 4.27 295 11.0 0.37 331 0.96 5.08 5.39 410 172 183 8.0
1 2 140 290 2.88 1.617 3.25 2.82 36 0.30 292 0.67 3.68 3.87 408 131 137 9.4
1 3 10 3.12 3.09 1.743 4.15 274 1.7 0.30 311 0.79 4.63 491 418 169 179 9.1
1 3 30 332 3.29 1.862 1.73 1.60 1.0 0.19 1.62 0.14 0.72 2.58 412 45 161 8.4 gray bed
1 3 48 3.50 3.47 1.970 3.28 2.62 55 0.31 277 0.70 3.80 4.02 412 145 153 8.5
1 3 70 3.72 3.69 2,103 4.03 298 87 0.34 3.27 1.01 4.56 5.08 415 153 170 8.8
| 3 o0 3.92 3.89 2224 3.66 2.68 8.1 0.32 292 0.63 i 541 411 121 202 84
1 3 110 4.12 4.09 2.345 3.05 2.33 6.0 0.27 2.48 0.48 2.46 3.96 419 105 170 8.6
1 3 130 432 429 2,466 4.03 0.28 0.71 4.29 4.80 411
1 3 149 4.51 4.48 2.582 4.00 292 9.0 0.34 321 0.82 4.17 5.51 410 143 189 8.6
1 4 19 471 4.69 2711 3.95 2.05 15.8 0.36 243 0.72 3.96 4.82 414 194 236 5.6
1 4 41 4.93 4.91 2.846 1.63 0,16 0.12 0.70 1.74 424
1 4 &0 5.12 5.10 2.962 2.12 1.80 26 0.21 1.85 0.16 0.96 333 414 53 185 8.6 gray bed
1 4 80 532 5.30 3.085 3.09 2.32 6.4 0.27 248 0.35 232 4.01 419 100 173 8.6
1 4 99 5.51 5.49 3.203 3.23 0.55 3.27 4.00 411
1 4 120 572 5.70 3.333 1.87 0.20 0.17 0.80 2.60 417
1 4 140 592 5.88 3444 1.69 1.54 1.2 0.19 1.56 0.13 0.84 202 422 55 131 8.1 gray bed
| 5 10 6.12 6.08 3.568 1.79 1.29 4.1 0.16 1.35 0.14 0.79 2.11 416 61 164 8.1 gray bed
1 5 27 6.29 6.25 3.674 3.86 295 7.6 0.35 3.19 0.68 353 5.15 410 120 175 8.4
2 1 10 6.60 6.60 3.892 1.54 0,10 0.18 (.85 1.53 414 gray bed
2 1 30 6.80 6.79 4.011 3.61 0.28 0.59 3.62 4.16 415
2 1 50 7.00 6.99 4.136 5.76 2.09 0.41 3.01 0.56 349 4.45 418 167 232 3.1
2 1 70 7.20 7.18 4.255 333 2.54 6.6 0,24 2,72 0.52 4.66 376 422 184 148 10.6
2 1 90 7.40 7.39 4.387 3.70 0.28 0.62 3.37 4.76 409
2 1 1o 7.60 7.59 4513 3.61 2.58 8.6 0.27 2.82 0.57 317 4.79 415 123 186 9.6
2 | 130 7.80 7.79 4.639 1.41 0.12 011 0.56 112 421 gray bed
2 1 150 8.00 7.99 4.766 431 3.07 10.4 0.30 3.42 0.81 443 4.96 413 144 162 10.2
2 2 0 8.04 8.00 4.772 4.26 3.06 10.0 0.31 3.40 0.76 4.08 5.19 411 133 170 99
2 2 20 8.24 8.20 4.898 3.90 271 2.9 0.27 3.01 0.69 378 4.65 414 139 171 10.0
2 2 40 8.44 8.40 5.025 4.18 3.16 85 0.32 3.46 0.83 4.76 4.75 412 151 150 99
2 2 60 8.64 8.60 5.152 348 251 8.0 0.25 27 0.57 2.99 370 410 119 147 10.0
2 2 80 8.84 876 5.253 4.m 29 9.1 0.32 3.20 0.87 6.26 4.03 413 215 138 9.1
2 2 100 9.04 8.96 5.380 3.69 2.65 8.7 0.27 290 0.70 375 4.10 405 142 155 9.8
2 2 120 9.24 9.16 5.508 2.89 2.20 58 0.27 2.33 0.45 342 3133 416 156 151 8.1
2 2 140 944 9.36 5.635 3.65 2.54 92 0.26 2.80 0.57 2.90 4.48 405 114 176 98
2 3 10 9.64 9.54 5.750 3.31 0.24 0.56 2717 380 408
2 3 30 9.84 9.74 5.878 3.40 2.35 8.8 0.25 2.57 0.51 392 4.16 416 167 177 9.4
2 3 50 10.04 9.92 5.993 3.27 2.15 93 0.23 237 0.44 225 3.94 405 105 183 93
2 3 70 10.24 10.12 6.121 3.02 2.09 7.7 0.24 2.26 0.46 3.49 325 415 167 156 8.7
2 g 90 10.44 10.32 6.249 3.40 2.28 93 0.23 2.51 0.78 307 441 409 135 194 99
2 3 110 10.64 10.52 6.377 343 2.23 10.0 0.23 2.48 0.49 2.83 4.13 410 127 185 9.7
2 3 129 10.83 10.67 6.474 333 2.37 7.9 0.23 2.58 0.48 258 4.08 411 109 172 10.3
2 3 150 11.04 10.86 6.596 2.21 0.18 0.24 1.22 274 414
2 4 0 11.05 10.86 6,596 1.37 1.15 1.8 0.14 1.17 0.12 0.60 1.27 417 52 110 8.2 gray bed
2 4 20 11.25 11.04 6.712 3.04 222 6.8 0.22 238 0.42 226 393 410 102 177 10.1
2 4 40 11.45 11.22 6.828 3.38 0.24 0.50 2.76 3N 411

Notes: Depth (mbsf), void-corrected depth (after Rack and Merrill, this volume); age (Ingram and Kennett, this volume; Kennett, this volume); total carbon, total organic carbon, carbonate, and total nitrogen in wi% of bulk sediment; total
organic carbon values of the carbonate-free sample (= TOC'); Rock-Eval parameters: 51 (mgHC/gSediment), 52 (mgHC/gRock), 83 (mgCO,/gSediment), Tmax (°C), hydrogen index (mgHC/gTOC), and oxygen index (mgCO,/
gTOC); C/N ratios. Samples from sand beds and gray beds are indicated.

Only the first page of this table is reproduced here, The entire table appears on the CD-ROM (back pocket).
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Table 2. AMS"C chronology, linear sedimentation rates (LSR), mean TOC values, dry density values (DD), and accumulation rates of bulk sediment
(BulkAccRate) and total organic carbon (TOC-AccRate) for the past 30,000 years at Hole 893A.

Bulk acc TOC-acc

Depth Difference Age Difference LSR Mean DD Mean TOC rate rale
(mbsf) (m) (yr BP) (vr) (em/ky)  (glem®) (%) (gfem¥k.y.) (gClem?k.y.)
0 V]
3.62 1670 217 0.5 3 108 3.35
362 1,670
205 1110 185 0.61 251 113 283
5.67 2,780
3.04 3410 89 0.69 25 61 1.53
871 6,190
5.26 3150 167 0.78 2.19 130 2.85
13.97 9,340
3.02 1130 267 0.72 1.82 192 3.5
16.99 10,470
0.61 590 103 0.8 1.89 82 1.56
17.6 11,060
115 760 151 0.86 1.73 130 225
18.75 11,820
1.64 1151 142 0.8 1.9 114 2.16
20,39 12,971
1.55 465 333 0.76 1.63 253 4,12
21,94 13,436
2.18 975 224 0.83 1.6 186 298
24.12 14,411
1.46 1856 79 0.84 1.75 66 1.16
25.58 16,267
4.03 1987 203 0.94 1.63 191 311
29.61 18,254
1.91 2538 75 0,92 1.76 69 1.21
31.52 20,792
11.65 8104 144 0.87 1.76 125 221
43.17 28,896
Note: LSR from Ingram and Kennett, this volume.
Hydrogen Index (mgHC/gC) Tmax

Total Organic Cartion (%) o $2 (mgHC/gRock)
2 - 5

200 200 200

Figure 3. Total organic carbon (wt%). total organic carbon/total nitrogen (C/N) ratio, $2 (mgHC/gC), Hydrogen Index (mgHC/gC), and Tmax values of Hole
893A sediments vs. void-corrected depth values. IA to IF mark lithologic subunits, encircled data points mark sand beds, and black arrows mark gray beds (after
Kennett, Baldauf, et al., 1994). Open numbers 1 to 6 indicate oxygen-isotope stages (after Ingram and Kennett, this volume).

ment types with different organic-carbon sources can be
distinguished (Table 3):

I. In the olive laminated sediments characterized by TOC values

between 1.5% and 4.5% and HI values of 100 to 250 mgHC/
gC, the organic matter is a mixed marine/terrigenous type with
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a dominance of the marine proportions in the hydrogen-rich
intervals. Increased phytoplankton productivity andfor in-
creased preservation of marine organic matter under oxygen-
depleted bottom-water conditions may have caused the ma-
rine-organic-carbon enrichment (see below). High amounts of
diatoms and abundant Chaetoceras resting spores (P1. 1) also



support a high-surface-water-productivity environment. Inter-
vals with reduced HI values point to increased supply of ter-
rigenous material.

2. The non-laminated homogeneous, and partly bioturbated inter-
vals display lower TOC values of 1.2% to 2.5% and HI values
of 50 to 150 mgHC/gC. Here, the terrigenous organic-carbon
proportion is dominant, although marine phytoplankton-de-
rived material may be still present. Increased supply of terrig-
enous material and/or reduced preservation/production of
marine organic matter can explain this observation. The bio-
turbation and the absence of laminations suggest oxic bottom
waters. either caused by additions of more oxygenated seawa-
ter to the deep basin or reduced flux of organic matter and,
thus, reduced oxygen consumption during decomposition pro-
cess of the organic matter.

3. In the gray clayey silt to silty clay, almost microfossil-free
beds (PI. 1, Fig. 1), the TOC values as well as the HI indices
are significantly lower, generally ranging from 0.9% to 1.8%
and 40 to 90 mgHC/gC, respectively (Table 3; Fig. 3). That
means, the organic matter certainly has a major terrigenous
source. A major proportion of terrigenous organic matter in
the gray beds investigated in piston cores from the Santa Bar-
bara Basin is also indicated by the relatively low mean §"°C,,
values of —23.4%¢ (Schimmelmann and Tegner, 1991). Based
on box and piston cores studies, the gray beds correlate with
historical flood and storm events in California and are inter-
preted as deposits of low-density turbidity currents or settling
of flood-related nepheloid suspensions (Fleischer, 1972;
Thornton, 1984). During flood years, the Ventura River and
the Santa Clara River (Fig. 1) may transport large amounts of
suspension (rich in terrigenous organic matter) to the shelf/up-
per slope of the Santa Barbara Basin (Drake et al., 1972), The
origin of the turbiditic flood deposits is thus very probably the
upper slope close to the continental shoreline in the north,
where terrigenous organic matter is more concentrated.

4. In the coarse-grained sand beds, which are composed of up to
86% quartz-rich sand fraction (Stein, this volume), very low
TOC contents of 0.1% to 0.3% and HI values of 40 to 80

6007

s001 1
( 00

4007

893

Hydrogen Index (mgHC/gC)

100'./ ¥
. % om0 *

0 100 200 300 400 500 600
Oxygen Index (mgCO2/gC)

Figure 4. Hydrogen Index vs. Oxygen Index (“van-Krevelen-type”) diagram
of Hole 893A sediments. Roman numbers mark different kerogen types: I and
II = marine, III = terrigenous organic matter (classification after Espitalié et
al., 1977; Peters, 1986).
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mgHC/gC were determined. Although the HI values of these
organic-carbon-poor sediments have to be interpreted with ex-
treme caution, a terrigenous source of the organic matter is
very probable. These normally graded or massive sand beds
with sharp bases are considered to be turbidites (Kennett,
Baldauf, et al., 1994). The source of the deposits including the
organic matter is the coastal-near upper slope/shelf” environ-
ment,

Gas chromatography and gas chromatography/mass spectrometry
data generally support the Rock-Eval data. A dominance of long-
chain C,g and C;, in the n-alkane fraction (as indicator for terrestrial
higher plant waxes) and major occurrences of steroles and ketones as
well as the presence of significant amounts of the C,, n-alkane (as in-
dicators for marine organic matter) also indicate a mixed marine/ter-
rigenous organic-carbon type to be characteristic in the major olive
laminated as well as non-laminated lithologies (Fig. 5:; Hinrichs,
1994: Hinrichs et al., this volume). Furthermore, the presence of spe-
cific hopenes and fernenes in the Site 893 sediments suggests bacte-
rial biomass production (Hinrichs et al., this volume).

Estimates about the importance of fossil organic-carbon supply
into the Santa Barbara Basin are still preliminary. A tar horizon at
about 110 mbsf (Section 146-893A-12H-7) and a tar-saturated peb-
ble-sized fragment of wood or charcoal (Kennett, Baldauf, et al.,
1994) as well as a few single high Tmax values of about 440°C (Fig.
3) suggest occasional occurrences of more mature organic matter in
the Site 893 sediments. In general, however, Tmax values of <425°C
point to dominantly immature organic matter throughout the entire
section. Long-term trends in Tmax variations, on the other hand, may
indicate some variations in maturity in the low-maturity range (see
below).

To get more precise information about organic-carbon-type vari-
ations between the different major lithologies as well as between
dark/light laminae, a detailed microscopic study of resin-embedded
sediment sections from Site 893 is in progress (Stein, unpubl. data).
Based on this data set, it will be possible to distinguish the different
organic-carbon sources (i.e., phytoplankton, macroalgae, terrigenous
plant debris; fossil organic matter) more accurately.

Variations in Flux and Composition of the Organic
Carbon and Climate Change

To interpret the organic carbon variations through time and their
relationship to global climate history, the depth scale was transferred
into an age scale using the AMS™C chronology and oxygen-stable-
isotope stratigraphy of Ingram and Kennett (this volume) and Ken-
nett (this volume). From Figure 6, it is obvious that the organic-car-
bon record correlates very well with oxygen-stable-isotope stages
representing global climatic evolution (e.g., Martinson et al., 1987).
Obvious long- and short-term variations in organic-carbon content
may correspond to Milankovitch-type climate cycles and higher-fre-
quency variations. The last full interglacial/glacial 100-k.y. cycle be-
tween the Stage 6/5 and Stage 2/1 transitions (i.e., Termination II and
Termination I. respectively) is superimposed by cyclic variations
with a period of about 20 k.y. probably representing the precession
cycle (Fig. 6). Higher-frequency variations of a few thousands of
years up to seasonal variations are especially present in interglacial
Stages 1, 5a, and 5e (Figs. 3 and 6). Climate-controlled cycles on time
scales of a few thousands of years (i.e., distinctly shorter than the Mi-
lankovitch orbital cycles) are also described from other parts of the
world ocean (e.g., Bond and Lotti, 1995; Fronval et al., 1995; Stein
et al., in press) and in the GRIP Ice Core (Dansgaard et al., 1993).

In general, glacial Stage 6 and Stages 4 to 2 are characterized by
low TOC values, whereas during interglacials TOC was increased.
Interglacial Stage 5 can be further subdivided into the warm intersta-
dials 5a, 5c, and 5e characterized by increased TOC contents, and
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Table 3. Different lithologies and their organic-carbon characteristics at Hole 893A.

TOC HI
Lithology Lith. subunit Isolope stages (%) (mgHC/gC) Type of OC Source
Laminated olive 1A, 1D 1. 5e. (5a) 1.5104.5 100 10 250 Mixed (++ marine) Phytoplankton, macroalgae?; terrigenous biomass
intervals
Non-laminated olive IB,IC.IE,IF  2,3.4,5b,5d, 6 1210 2.5 5010 150 Mixed (++ terrigenous)  Terrigenous biomass, phytoplankton, macroalgae?
intervals
Thin gray beds 1A, 1D 3¢, | 0910 1.8 40 to 90 Terrigenous Flood/turbidity deposits
Sand beds IC 3, 5b 0.1t003 40to 80 Terrigenous Turbidites
Note: The hydrogen index values of the organic-carbon-poor sandy beds should be imterpreted with major caution,
A C
893-1H-1, 48 893-3H-1, 31 893-8h-4, 90
0.48 mbsf (0.24 ka) 16.31 mbsf (10.15 ka) 66.74 mbsf (45.86 ka)
TOC: 3.09 % TOC: 1.26 % TOC: 1.66 %
so7 | HI 129 mgHC/gC 50T | HI 56 mgHC/gC 50— | HI 112 mgHC/gC
C17/C29: 0.44 40 C17/C29: 0.35 40 C17/C29: 0.44
407 [PrPh:  1.58 PrPh:  1.29 PriPh: 257
u 30+ | Sediment: laminated/anoxic w 30+ | Sediment: laminated/anoxic Q Sediment: non-lam./oxic
S~
o
a

w1 P o - o wr [} =2} — wy P~ @ - o w et [=2] [ vy P~ o - (] uw B~ =1 -
S 6 - 8 8 8 8 08 O 5 6 o 8 8 0 8 08 8 5 5 G 9 80 8 8 8 8
D E F
893-15H-5, 50 893-16H-7, 49 893-19H-3, 70
136.37 mbsf (111.39 ka) 148.82 mbsf (123.20 ka) 171.57 mbsf (140.24 ka)
TOC: 1.29 % TOC: 2.62 % TOC: 1.96 %
so1 | HI 68 mgHC/gC so+ | HI 231 mgHC/gC so | HI 80 mgHC/gC
C17/C29: 0.19 C17/C29; 0.55 C17/C29: 0.20
40T | P/Ph: 2,50 40T | PPh: 240 407 | PHPh: 201
Q 30 Sediment: non-lam./oxic Q 30 Sediment: non-lam./oxic Q 30 Sediment: non-lam.foxic
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Figure 5. Distribution of n-alkanes (C <~C;.: in pg hydrocarbon per g total organic carbon) in six selected samples from laminated and non-laminated intervals.
In addition, TOC and hydrogen index values, C,-/C., ratios, and pristane/phytane ratios are shown. (A) and (B) correspond to oxygen-isotope Stage 1, (C) to

Stage 3. (D) 1o substage 5d. (E) to substage Se. and (F) to Stage 6.

cold interstadials 5b and 5d with reduced TOC contents. The absolute
TOC maxima fall into Stage 5e and the uppermost Stage 1 (Ho-
locene). According to the HI values, highest amounts of marine or-
ganic matter were preserved in the sediments of warm Stages Se, 5a,
and 1 (Fig. 6). This is also supported by the C,/C,, n-alkane ratio
reaching highest values (indicative for a relative enrichment of the
phytoplankton-derived C,; n-alkane) in substage 5e and the upper
Holocene (Fig. 5). A further peak of increased preservation of marine
organic matter appears to occur within the middle part of Stage 2 near
17-18 ka (Fig. 6).

Because changes in organic-carbon concentrations can result
from changes in both mineral components and organic-carbon con-
tent, the percentage values were transferred into mass accumulation
rates (see methods). Using these accumulation rates, dilution effects
can be excluded and the organic-carbon data interpreted in terms of
changes in organic-carbon flux. Based on the average sedimentation
rates according to the stratigraphic framework of Ingram and Kennett
(this volume) and Kennett (this volume), flux rates of total organic
carbon were calculated (Fig. 7). Because mean sedimentation rates
were used, single TOC peaks should not be interpreted. Instead, the
general trend is important. In general, the accumulation rates of total
organic carbon vary between 1.5 and 6 gC ecm= ky~'. These values are
similar to those described for modern coastal-upwelling high-produc-

tivity environments (e.g., Peru upwelling: 1.3 to 6.3 gC cm™ ky';
Reimers and Suess, 1983). Maximum organic-carbon fluxes were
calculated for the interglacial Stages 5e and 1. Keeping in mind that
in these intervals the source of the organic matter is dominantly ma-
rine, this suggests increased marine organic-carbon flux at those
times. Abundant occurrences of diatoms (Pl 1) point to increased
surface-water productivity. This increased surface-water productivi-
ty was probably controlled by the inflow of nutrient-rich California
Current waters. On the other hand, major proportions of the organic-
carbon accumulation rates calculated for the glacial Stage 6 and
Stages 4-2 and the cold interstadials of Stage 5 may reflect the supply
of terrigenous organic matter. The higher Tmax values of 420°C-
430°C (Fig. 3) may also point to a different terrigenous organic-car-
bon source during the upper glacial Stage 6. Stage 4, and most of
Stage 3. During these times of lowered sea level, the inflow of the nu-
trient-rich California Current waters might have been reduced, result-
ing in decreased flux of marine organic carbon due to decreased
surface-water productivity.

To get some ideas about the shorter-term variations in organic-
carbon flux, accumulation rates were calculated for the last approxi-
mately 30,000 years (Table 2), using the AMS'C datings from In-
gram and Kennett (this volume). According to the flux record shown
in Figure 8, increased organic-carbon flux of 3—4 gC cm~ ky' occurs
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Figure 6. Total organic carbon and hydrogen index records vs. age, plotted as three-point-moving average. Data from gray beds and sandy beds (cf., Table | and
Fig. 3) were not considered. Age scale according to Ingram and Kennett (this volume) and Kennett (this volume). Numbers 1, 2, 3, 5, 5a, 5¢, 5e, and 6 mark oxy-
gen-isotope stages, [a and Ib and 1T mark terminations I and I1. Black triangles indicate maxima in organic carbon,

between 18 and 16 ka, 14 and 13 ka, 10 and 6 ka, and during the last
about 2.5 ka. Especially during the two youngest intervals of in-
creased organic-carbon flux high HI values were recorded, indicating
phases of increased marine organic-carbon fluxes. On the other hand,
the two older maxima in organic-carbon flux more probably repre-
sent phases of increased flux of terrigenous organic matter (Fig. 8).
During the Last Glacial Maximum (18-21 ka) and near 14-16 ka, dis-
tinct minima in organic carbon flux occur.

The variations in marine and terrigenous organic carbon fluxes
can be explained by the model shown in Figure 9 (from Kennett,
Baldauf, et al., 1994). During the Holocene, increased surface-water
productivity triggered by the advection of nutrient-rich California
Current waters into the Santa Barbara Basin, and the inflow of oxy-
gen-depleted intermediate waters from the East Pacific have caused
anoxic bottom-water, resulting in the preservation of varved-like
laminations and large amounts of marine organic carbon. The sur-
face-water productivity was probably also increased during the warm
interstadials Se and 5a, as indicated in the high (marine) organic car-

bon flux. Anoxic conditions, however, did not occur throughout, be-
cause major parts of substages 5S¢ and 5a are massive sediments, and
varves are not preserved.

During glacial times (i.e., Stages 6 and 4 to 2) and cold interstadi-
als 5d and 5b, on the other hand, surface-water productivity was re-
duced (because of reduced advection of nutrient-rich California
Current waters during times of lowered sea level) and the bottom-wa-
ter conditions in the Santa Barbara Basin were more oxygenated. At
those times of lowered sea level, the supply of terrigenous organic
matter was probably increased also.

Although the pristane/phytane ratio should be used as paleoenvi-
ronmental indicator only with caution (ten Haven et al., 1987), these
ratios may reflect the variations between oxic and anoxic bottom-wa-
ter environment in the Santa Barbara Basin. The Holocene laminated
sediments (probably deposited under anoxic conditions) show rela-
tively low values, whereas the non-laminated sediments (deposited
under oxic conditions) display distinctly higher pristane/phytane ra-
tios (Fig. 5; Didyk et al., 1978).
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Figure 7. Linear sedimentation rates (after Ingram and Kennett, this volume; Kennett, this volume) and accumulation rates of total organic carbon vs. age at
Hole 893A. Data from gray beds and sandy beds (cf., Table | and Fig. 3) were not considered.

CONCLUSIONS

The results of a high-resolution study of organic-carbon-varia-
tions in the Santa Barbara Basin through the past 160,000 years can
be summarized as follows:

|. Based on the organic-carbon data, four different sediment
types with different organic-carbon sources can be distin-
guished: (1) The organic matter of the finely laminated sedi-
ments with high-amplitude TOC variations of 1.5% to 4.5% is
a mixed marine/terrigenous type with a dominance of the ma-
rine proportions, probably caused by increased phytoplankton
productivity and/or increased preservation of marine organic
matter under oxygen-depleted bottom-water conditions. Inter-
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vals with reduced HI values point to increased supply of ter-
rigenous material. (2) In the non-laminated homogeneous
sediments with lower TOC values of 1.2% to 2.5%, terrige-
nous organic carbon is dominant, although marine phy-
toplankton-derived material may be still present. (3) The gray
beds interpreted as flood or turbidity deposits, display low
TOC contents (0.9%—1.8%) of mainly terrigenous origin. (4)
The sandy turbidites are characterized by minimum TOC val-
ues of 0.1% to 0.3%.

2. Organic-carbon accumulation rates vary between 1.5 and 6 gC

em~ ky™', which are values similar to those recorded in mod-
ern upwelling high-productivity environments.

3. The organic-carbon data correlate with the global climate

record and display Milankovitch-type as well as higher-fre-
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Figure 8. Mean accumulation rates of total organic carbon for the past 30,000
years, based on the AMS'"C chronology of Ingram and Kennett (this vol-
ume); see Table 2 for data base. Hatched bars mark intervals of increased HI
values, interpreted as intervals of increased accumulation/preservation of
marine organic matter.

quency cyclicity. Glacial Stage 6, 4, and 2 as well as cold in-
terstadials 5b and 5d are characterized by relatively low TOC
values and a major terrigenous-organic-carbon signal. During
interglacials Sa. 5c, and, especially, 5e and the uppermost
Stage 1 (Holocene), on the other hand, TOC contents were in-
creased and major amounts of marine organic matter pre-
served, suggesting increased primary productivity. During the
Holocene, suboxic to anoxic bottom-water conditions oc-
curred as indicated by the preservation of varves throughout.
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QUANTITY AND COMPOSITION OF ORGANIC CARBON
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Figure 9. Depositional model to explain organic carbon accumulation in the Santa Barbara Basin and its change between interglacial and glacial times (from
Kennett, Baldauf, et al., 1994).
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Plate 1. Photographs of smear slides from different lithologies. 1. Sample 146-893A-2H-2, 126 cm. 2. Sample 146-893A-9H-5, 39 cm. 3. Sample 146-893A-
1TH-6, 115 cm. 4. Sample 146-893A-13H-7. 135 cm. 5. Sample 146-893A-13H-7, 142 cm. 6. Sample 146-893A-15H-2, 108 cm.
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