Abstract
Perkey, David Wayne. Long-term sediment accumulation rates and organic
carbon burial on the middle Eel shelf: northern California. (Under the direction of

Elana L. Leithold and Neal E. Blair)

The Earth’s continental margins are currently the primary site of organic
carbon burial. Over geologic time the burial and preservation of organic carbon
plays a significant role in regulating atmospheric composition. The efficiency at
which organic carbon is buried is influenced by many factors that include
dissolved oxygen levels, sedimentation rates, and organic carbon composition.
The Eel River shelf off of northern California is a well-studied system that is ideal
for exploring the interplay between some of these factors

Examination of a recent piston core taken from the middle Eel shelf off
the coast of northern California revealed that sediment accumulation rates over
the last five decades are elevated when compared to the previous 1900 years. '*C-
dating of woody debris and clay organic carbon indicate that accumulation rates
range between 0.9-1.4 cm/yr over the later half of the 20" century. However,
prior to 1964-1955 sediment accumulation rates were 0.15+0.02 cm/yr. A change
in core stratigraphy was also observed at a depth corresponding to the middle 20"
century. Modern shelf sediments were finer grained and dominated by more
frequent flood deposits when compared to sediments deposited before the later
half of the past century. Despite the recent increase in preserved flood layers off

shore of the Eel River, correlation between reconstructed river discharge of the



nearby Sacramento River and the Eel River revealed that current levels of
discharge are not unique over the past 2000 years. Therefore increased
precipitation is not thought to be the key factor for the change in sedimentation on
the middle shelf. Instead, the peak of logging activity in the basin was correlated
to change in sedimentation. '*C-ages of woody debris recovered from the piston
core revealed that old growth wood was present only in shelf sediments below a
depth that corresponds to the 1955-1964 era. Therefore land use alteration is a
key reason for the change in sediment accumulation rates on the middle Eel shelf.
The 6-11 fold increase in modern sediment accumulation rates was linked
to changes in the content of organic carbon being buried on the shelf. Unlike
other studies, the majority of the organic carbon being buried on the Eel shelf was
found within the coarse (>25um) fraction. Modern mean %OC of this fraction
was twice the mean %OC prior to 1955-1964. Analysis of the sedimentary
organic carbon associated with clay particles revealed organic carbon loading
(OC/SA) to be 30% higher when accumulation rates were lower. An isotopic
mass balance of the organic carbon sources loaded on the clays showed that
approximately half (40-60%) of the OC was from a kerogen source. This is true
for samples deposited before and after the change in sedimentation rates.
Furthermore, the increase in %OC associated with lower sedimentation rates is
due to higher amounts of marine and terrestrial OC being preserved on the clay
particles in response to longer residence times in both the regolith and benthic

mixed layer.
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1. Introduction

Continental margins are the primary site for accumulation of sediments
(Erickson, 1996; Seibold and Berger, 1996). In association with sediment, organic
carbon is also buried and preserved. Even though less than 1% of the total
terrestrial organic carbon delivered to the oceans is buried within marine
sediments, continental margins are currently the primary site for organic carbon
burial, and therefore play a significant role in regulating atmospheric
compositions of carbon dioxide and oxygen on geologic time scales (Berner,
1982, 1989; Hedges and Keil, 1995).

Factors that could influence the rate of organic carbon burial are numerous
and include dissolved oxygen levels, sedimentation rates, mineral particle
association, and organic carbon composition (Hedges and Keil, 1995; Hartnett et
al., 1998). Because oxygen is required to support an active benthos, and is the
most relevant oxidant in the series of electron acceptors in remineralization of
organic carbon, the residence time of particles in an oxic environment has been
strongly correlated to organic carbon burial efficiency (Hartnett et al., 1998). In
turn, accumulation rates are thought to affect the preservation of organic carbon
due to the fact that bacterial and animal activities are generally highest at the
sediment surface, where oxygen levels are also highest (Hedges and Keil, 1995).
Rapid deposition rates remove organics from this active zone of destruction
quickly, which generally increases organic carbon preservation. Other
investigations have concluded that organic carbon is preserved due to its

association with mineral particles, where it may be protected in intra- or inter-



granular pores (Bock and Mayer, 2000). A direct correlation between mineral
surface area and organic carbon concentrations supports the idea that fine, clay-
sized mineral particles play a role in the burial and preservation of organic carbon
(Mayer, 1994a, b; Keil et al., 1994; Ransom et al., 1998). While the depositional
environment likely influences organic preservation, the type of organic matter
buried may also be a factor. Sedimentary organic matter may include fractions of
different ages, reactivity, and preservation potential (Blair et al., 2003).

The Eel River shelf off the coast of northern California is a well-studied
area and is an ideal location to explore the interplay of some of the factors that
control organic carbon preservation. Sediment accumulation rates on the shelf
have been shown to be high, but variable over several different time scales
(Creamer, 1998; Sommerfield and Nittrouer, 1999; Sommerfield et al., 2002). In
addition to rapid accumulation rates, mid-shelf sediments are predominately fine-
grained and therefore have high surface areas. Previous work has shown that the
organic carbon associated with these mineral particles include fractions of
different ages and reactivities that range from modern marine and terrestrial
carbon to ancient (kerogen) carbon (Leithold and Blair, 2001; Blair et al., 2003).
In this study a detailed, long-term record of the upper 3 meters of the seabed on
the middle Eel shelf was examined to ascertain how the changes in sediment
supply from land and accumulation rates offshore have controlled carbon burial

on annual to millennial time scales.



The Eel River Watershed

The Eel River drains a small (approx. 8,000 kmz), mountainous,
tectonically active basin in northern California (Fig. 1.1; Milliman and Syvitski,
1992). Primarily sedimentary rocks of the Jurassic-Tertiary Franciscan Complex,
including coherent sandstone blocks and sheared, shale-rich mélange, underlie the
basin. Sandstones typically underlie areas dominated by forest cover, while
grassland regions of the basin are underlain by shaley mélange material (Kelsey,
1980; Blake et al., 1988). Maximum rates of tectonic uplift throughout the basin
range between 1-5 mm/yr due to the subduction of the Gorda Plate beneath the
North American Plate (Clarke, 1992; Orange, 1999; Burger et al., 2001).

The Eel Basin is strongly affected by winter storms. Annual rainfall
ranges between 125-250 centimeters (Kelsey, 1980), with 80% of that
precipitation falling during the winter months (Syvitski and Morehead, 1999). As
a result, over 90% of the river’s runoff occurs in the months from November to
May (Sommerfield and Nittrouer, 1999). Approximately 50% of the annual
sediment load transported by the Eel River is discharged in 1-2 week periods
associated with floods from winter storms (Brown and Ritter, 1971). Much of
this sediment transported by the river is derived from mass-wasting events. A
study of the Van Duzen River suggested that earthflows along the riverbanks and
grass covered mélange areas, along with debris slides from the more consolidated

sandstone slopes, provide a major sediment source to the river (Kelsey, 1980).
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Figure 1.1. Location of the Eel River watershed and shelf in northern
California. Sample station K70 is indicated with the dot on the Eel shelf. A
recently mapped flood deposit (1997) is also indicated with shading north of

the Eel mouth.



Land use in the basin has varied over time and location. Aboriginal tribes
inhabited the area for thousands of years and periodically used fire as a form of
vegetation management (U.S. Environmental Protection Agency, 1999a, b). The
first Euro-American colonization did not take place until the mid 1800’s. Most of
these early settlers were ranchers, and primarily used the land for farming and
grazing (U.S. Environmental Protection Agency, 1999a, b). Timber industry
developed in parts of the basin soon after Euro-American colonization, however,
due to the remoteness and steep terrain of the basin much of the timber was
inaccessible for harvest. After World War II modern equipment allowed for the
harvesting of much of the remaining timber stands. Timber production in the area
reached its peak in the late 1950’s, but still remains a significant land use today
(Hackett, 1999; U.S. Environmental Protection Agency, 1999a, b). Current
significant land uses also include agricultural grazing, recreation, and residential
development.

The combination of tectonic activity, weak sedimentary rocks, and wet
winter conditions results in a system with high sediment yield (Milliman, 1997).
Studies also indicate that anthropogenic alterations of land use by grazing,
logging, and road building often increases erosion (Goff, 1997; Milliman, 1997,
Rooney and Smith, 1999; VanGreen et al., 1999; Hilfinger et. al, 2001). The Eel
River has the highest sediment yield (i.e., sediment eroded per unit drainage area)
in the contiguous United States (1700 t/km?/yr), despite the fact that the river is

only discharging sediment for half of the year (Brown and Ritter, 1971; Milliman



and Syvitski, 1992). Such a large discharge of sediment provides for rapid

accumulation rates on the continental shelf.

Eel Shelf Environment

The Eel shelf runs from Cape Mendocino to Trinidad Head, and extends
out to the 150 m isobath, making the shelf approximately 10-20 km wide
(Sommerfield and Nittrouer, 1999). An across-shelf gradation from nearshore
sandy deposits to offshore muddy deposits exists, with a narrow transition zone
found between the 50-60 m isobaths (Leithold, 1989). The Eel River is the largest
source of fine-grained sediment to the northern California coast (15x10° metric
tons/yr), most of which is delivered during storm events (Sommerfield et al.,
2001).

The dominant current systems on the shelf vary seasonally. The
equatorially flowing California Current is strongest during the summer months,
however, during the winter months this current weakens and the north flowing,
inshore Davidson Current assumes dominance (Strub and Corinne, 2002).
However, transport of winter flood plumes is typically dominated by strong,
storm induced winds out of the south. This results in flood sediments being
transported north of the river mouth (Geyer et al., 2000).

Specific mapping of a flood event in 1995 illustrated that flood related
deposition was centered approximately 30 kilometers north of the river mouth
around the 70 m isobath (Wheatcroft and Borgeld, 2000). It is estimated that 20-

25% of the annual fluvial suspended load is trapped on the shelf (Sommerfield



and Nittrouer, 1999; Wheatcroft and Borgeld, 2000). The rest is either
transported off the shelf and down slope, or is stored in the near-shore sandy
deposits (Sommerfield and Nittrouer, 1999). Holocene mud deposits dominate
the shelf, as a result of the deposition of riverine sediments. Examination of the
small-scale stratigraphy of shelf sediments revealed that clay rich flood layer
deposits were preserved and play a large role in sediment accumulation rates
(Leithold, 1989; Sommerfield and Nittrouer, 1999).

219p} activities and

A study by Sommerfield and Nittrouer (1999) utilized
found that modern accumulation rates on the middle shelf ranged between 0.5-0.8
cm/yr. *’Cs activities from that study indicated that accumulation rates appeared
to increase after 1954. A later study (Sommerfield et al., 2002) measured "*C
activities and reported that from A.D. 405-495 to ca. 1954 accumulation rates for
the mid-shelf ranged from 0.02-0.18 cm/yr. Again *’Cs activities revealed a
sudden increase in sedimentation ca. 1954 (0.3 cm/yr) when compared to the '*C
based accumulation rate. These studies offer solid evidence that accumulation
rates over the last 50 years have been faster than the previous 50 years and
beyond. This recent increase in accumulation has been attributed to the increase
in flood frequency of the Eel River over this time frame (Creamer, 1998;
Sommerfield et al., 2002).

Studies conducted on the Eel shelf have also investigated organic matter
associated with recent shelf deposits. Modern shelf clays have been found to

contain 1-2% organic carbon by weight (Leithold and Blair, 2001).

Characterization of this carbon revealed that mid-shelf sediments had a fairly



constant 8'°Cppg value of -24.4+0.3%o. Though deposition has been recent, newly
deposited sediments on the shelf have been shown to have a significant proportion
of ancient (kerogen) carbon associated with them (Leithold and Blair, 2001; Blair
etal., 2003). When the 613CPDB values of modern marine sediments were
compared to those of mélange bedrock samples from the Eel River watershed, a
near identical 8'*Cppg value of -24.3+0.6%o was found (Leithold and Blair, 2001).
This similarity suggested that a large component of organic carbon found on the
Eel Shelf was derived from the Franciscan mélange complex of the Eel
watershed. A carbon isotope budget on these clay sediments (Blair et al., 2003)
revealed that nearly half of the organic carbon associated with the clay particles
was in fact ancient, kerogen carbon. The age of such carbon indicates that it has
survived significant biogeochemical processing during its formation and is now
nonreactive (Blair et al., 2003). Such old, recalcitrant carbon would most likely
escape oxidation in the benthic mixed zone and be preserved in the geologic

record.

2. Methods

Core Collection and Processing

Marine sediments were obtained from station K70 (Fig. 1.1) using piston
and box corers deployed from the R.V. Thomas Thompson in August of 1999 at 70
meters water depth, approximately 11 kilometers north of the Eel River mouth.
The box core was approximately 40 centimeters in length, and was subcored with

plastic core liners using a piston apparatus. The piston core taken at this site



measured approximately 3.5 meters in total length. Both piston and box cores
were scanned with a GEOTEK Multi-Sensor Core Logger to provide density and
magnetic susceptibility profiles of the cores. The cores were then placed in frozen
storage on the ship until shipment to NCSU. All core sections were shipped in
coolers with dry ice and placed in freezers upon arrival. Before dissection the
cores were partially thawed at room temperature and a description was made to
record any visible layers or breaks in the core. All core sections were dissected at
1 cm intervals, placed in glass jars or plastic bags, and returned to the freezer. Due
to contact with the wooden core extruder, the bottom centimeter of every core

section was discarded.

Sample Separation & Grain Size Analysis

Samples from approximately every 10 centimeters in the piston core and
every 2 centimeters in the box core were selected for separation into size
fractions. The clay (<4 um), medium-fine silt (4-25 pm), and coarse silt and sand
(>25 um) size fractions were isolated as follows. Samples were homogenized
with a glass or metal stir rod and approximately 5 to 15 grams of bulk sample
were washed through a 25 um stainless steel sieve with deionized water. Material
greater than 25 um was removed from the sieve and frozen. Material that passed
through the sieve was further fractionated into <25 um and <4 um sizes through
standard settling techniques that utilize Stokes Law (Blatt et al.1980). This
fractionation was done with deionized water through either the use of pipette

methods or a peristaltic pump. After addition of dispersant (sodium
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metaphosphate 1 g/L) to prevent flocculation, the volume of solution in the
cylinder was recorded. The solution was then mixed thoroughly with a metal or
glass stir rod for at least I minute. After mixing, the <25 um fraction was
collected by withdrawing 40 ml of solution out of the cylinder from a random
depth with a pipette. Recovery of the <4 um fraction was then started by
recording the new volume of the cylinder. Glass tubing was placed 10 cm below
the water line and clamped into place. MasterFlex size 25 viton tubing was used
to connect the glass tube to a peristaltic pump. The contents of the cylinder were
thoroughly remixed with a glass or metal stir rod, covered, and allowed to settle
for two hours (time determined by Stokes Law). At the end of two hours all
contents above the 10 cm mark were pumped into a 1000 ml beaker at a rate of 60
ml/min. The ending volume of the cylinder was recorded, and the solution in the
beaker was placed in glass centrifuge tubes. The cylinder was then refilled to the
starting volume with distilled water and the procedure was repeated. Both the
<25 pum and <4 pum fractions were collected by centrifugation and then dried in
vacuo at room temperature. Upon drying, weight percents of each size fraction
were calculated and corrected for the dispersant that was added.

To determine experimental error on separation procedures, replicate grain
size analyses were run on sediments from a nearby location on the Eel shelf
(S100). Measured weight percents of coarse material (>25 pm), medium silt (4-
25 um), and clay (<4 um) fractions had experimental errors of £0.75%, £1.3%,

and £1.3% respectively (n=4).
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Samples that were selected for a more detailed grain size analysis were
pre-treated with 30 ml of 30% hydrogen peroxide to remove organic matter.
After oxidation, the samples were sonicated for two minutes. Wet sieving was
then performed to isolate the sand size fraction (>63 um or 4 ¢). The sand
fraction was further fractionated through dry sieving at 0.5 ¢ intervals. The fine
fraction was separated using the same standard settling techniques mentioned
above. Fine material was collected at 0.5 ¢ intervals down to 8 ¢ (4 um), and then

collected at 1.0 ¢ intervals down to 12 ¢ (.02 pm).

FElemental Analysis

All size fractions of sediment that were to be analyzed for organic carbon
(OC) and total nitrogen content were first acidified with HCI vapor overnight to
remove carbonates. The sediment was then dried in vacuo at room temperature
and loaded into tin boats to be analyzed with a Carlo Erba 1108 CHNS analyzer.
The OC and N contents were then corrected to account for the weight of

dispersant and salt.

BC/'2C Measurements

The CO; gas generated from the organic matter combustion in the CHNS
analyzer was collected cryogenically (Blair and Carter, 1992) and analyzed for
carbon isotopic ratios using a modified Finnigan MAT Delta E Mass

Spectrometer (Hayes et al., 1977). The ratio of *C/"*C in a sample is reported
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relative to that of the PDB standard (Keith and Weber, 1964), utilizing the 81C

notation, where

(92C)

13C )
( /12C PDB

§C = —~1{x1000.

“C/'2C Measurements

Approximately 5 tol5 grams of bulk sample was suspended in deionized
water and sonicated for two minutes to help remove any mineral particles from
discrete plant fragments. The samples were then separated into <4 um, and >25
um fractions as previously described in sample separation procedures. Under a
microscope, small pieces of discrete wood and plant material were selected from
the >25 um fraction. These pieces of plant material, along with their
corresponding clay size fractions were processed separately on the Carlo Erba
1108 CHNS Analyzer. CO; gas was collected cryogenically, sent to the WHOI
Ocean Sciences AMS facility, and converted to graphite. '*C-analyses were then
made by accelerator mass spectrometry. Correction for natural fractionation was
accomplished by normalizing the 5"°C values of the samples to -25%o. '*C-

contents were reported as fraction modern relative to the NBS Oxalic Acid

standard (Olsson, 1970).
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Surface Area

Approximately 0.3 g of clay material were weighed and rinsed three times
with DI water to remove any dispersant. The clay fraction was then freeze-dried
and combusted overnight at 350°C to remove the bulk of the organic material.
After combustion, samples were degassed at 150°C for 45 minutes and measured
for surface area by nitrogen sorption using the multipoint BET method (Branauer

et al., 1938) on a Coulter SA 3100 surface area analyzer.

Clay Mineralogy

Samples from various depths in the cores were selected for examination of
clay mineral composition. To fully examine the clay mineralogy of sediments, it
is a common practice to saturate the clay with different cations (Moore and
Reynolds, 1989). In this study each sample went through two different saturation
treatments, one with magnesium and the other with potassium. Standard
procedures for cation saturation treatments were taken from Dixon and White
(1995). After saturation was completed, 5-10 ml of deionized water were added
to the clay and mixed to slurry. The slurries were then transfered onto glass slides
with a pipette and allowed to air dry under watch glasses. All slides were
analyzed on a Rigaku D/Max B automated x-ray diffractometer equipped with a
goniometer with a crystal monochromator. Diffraction patterns were recorded by
step scanning from 3°-35° 20, with a step size of 0.05 at 2°/min. After an initial
scan through the diffractometer, the magnesium-saturated slides were exposed to

ethylene glycol vapors in a sealed desicator for a period of 12 hours, and rerun to
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test for the presence of expandable clays (smectite). All slides were run within 1
hour of being removed from the ethylene glycol environment. After an initial
scan, the potassium-saturated slides were then heated for six hours at 300°C and
rerun on the XRD. These same slides were then reheated to 550°C for another six
hours and once again run on the XRD. These heating treatments cause d-space
collapsing of certain clays and were used to test for the presence of smectite,

chlorite, and kaolinite.

Statistical Analysis

An approximate t-test conducted at the 5% significance level (a=.05; Rao,
1998) was utilized to compare the mean values of surface area, weight %OC,
organic carbon loading, atomic C/N, 8"*Cppg, and weight %<25 pum for sediments
deposited above 60 cm depth in the core to those sediments deposited below that

level.

3. Results
Core Texture

Both cores recovered from K70 had a brown to olive green coloration, and
an overall consistency of stiff mud. Pieces of shell and wood debris were
disseminated throughout both cores. No fine-scale stratigraphy was apparent
upon visual examination. In both the box core and piston core the top 5 cm of
sediment was more fluid than sediment encountered below.

The presence of some lower density layers was detected in gamma ray

density profiles of the cores (Fig. 3.1). Ten lower density layers were
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Figure 3.1. Gamma ray density profiles of the box core (A) and piston core
(B) from K70. Lower density layers are marked with shaded boxes. Low
density returns marked with red dotted lines indicate where the piston core was

segmented on ship or the ends of the box core.
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encountered in the piston core, and two layers were found in the box core. The
distribution of the lower density layers was uneven in the piston core. Half of the
lower density layers were found in the upper 70 centimeters, and no distinct layers
were seen below a depth of 180 cm (Fig. 3.1). There was a gradual trend from
lower to higher density in the piston core, likely reflecting the effects of

compaction and dewatering during burial.

Accumulation Rates

Sediment accumulation rates at K70 were calculated using apparent '*C-
ages for clay-sized particles and from woody fragments picked from the coarse
fraction. Based upon Kelsey (1980), it was hypothesized that large flood events
could significantly increase the input of sedimentary carbon from debris slides,
and thus deliver sediment with a different organic carbon composition than
smaller annual floods. For this reason, samples with high clay content,
interpreted to have been deposited during decadal-scale floods, were deliberately
not used for '*C analysis. Figure 3.2 shows the apparent '*C age results for the
woody fraction. Below 70 centimeters depth, the apparent accumulation rate was
0.17 cm/yr (1*=0.96). The calculated mass flux, which corrects for porosity
variations down-core by plotting '*C age versus the sum dry bulk density of
sediment (Sg/cm?), was 0.11 g/cm?/yr (1"=0.97). Wood samples above 46 cm
were found to have post-modern ages, and therefore were excluded from both of

the regressions.
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A very similar accumulation rate was calculated using the clay fraction
over the same depth at K70 (Fig. 3.3). Here the sediment accumulation rate was
found to be 0.14 cm/yr, and the mass flux was 0.089 g/cm?/yr (r*=0.98; Fig. 3.3).
As for the wood fragments, the surface sample was omitted from the regressions
due to its exposure to bomb carbon. The sample from 234 cm was also omitted
from the regressions because it was suspected to be associated with a flood layer
(Fig. 3.3). This issue will be discussed in greater detail later. The resulting
accumulation rates of the wood and clay fractions were averaged to obtain an
accumulation rate of 0.16+0.02 cm/yr for the region of the piston core below 70
cm.

An approximate accumulation rate for the upper 70 cm of the piston core
was also calculated through the use of '*C data. The futuristic age of the wood
fragments at and above 46 cm results from the inclusion of bomb carbon, and thus
indicates that the onset of atmospheric weapons testing is recorded at a depth
between 46-70 cm in the core. By dating this section of the core to a period of
time between 1950-1960 an estimate of a constant accumulation rate of 0.96-1.8
cm/yr was calculated. A previous study by Creamer (1998) found similar results
(1.1-1.9 cm/yr) over the same time period in a kasten core taken at K70 in 1995.
While this increase in modern accumulation rate is large, a study by Sommerfield
et al. (2002) also showed that '*C based accumulation rates at K70 increased from
0.2-1.8 cm/yr prior to 1954 to 3.0 cm/yr after 1954. This approximate 2-15 fold

increase in accumulation brackets the 6-11 fold increase found in this study.
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Previous studies conducted on the middle Eel shelf have found that flood
layer deposits are preserved in the sedimentary record and play a large role in
sediment accumulation rates (Leithold, 1989; Sommerfiled and Nittrouer, 1999).
By identifying discrete flood layers in the K70 piston core, which will be
discussed later, and subtracting their thickness from the recovered core, an
estimate of the background accumulation rates were calculated. The background
accumulation rate for the upper 70 cm of the piston core was calculated to range
between 0.90-1.4 cm/yr. To determine the background accumulation rates of the
remainder of the piston core the '*C ages of the wood and clay isolates were
replotted against depth after subtraction of the flood layer thickness (Fig. 3.4). A
constant background accumulation of 0.16 cm/yr (r*=0.97) and 0.13 (r*=0.97) was
determined from the wood and clay isolates respectively. Thus background
accumulation rates over the last 50 years were still found to be approximately 6-

11 times faster than previous rates.

Grain Size

Grain size analysis of the piston core revealed a major change in shelf
sediments with depth in the seabed. Down to a depth of ~60 cm, clays and
medium-fine silts dominated the piston core sediments, with the mean weight
percent of the <25 um fraction being 60.3+13% (n=10). However, below 60 cm
the coarse fraction (>25 um) dominated sediment composition and the mean
weight percent of the <25 wm fraction fell to 33.9+£8.5% (n=35). Statistical

analysis showed these two means to be unequal (p=.001). This transition from
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finer to coarser sediment has been documented at similar depths in other studies
conducted at K70 (e.g., Sommerfield, 1997 and Creamer, 1998; Sommerfield et
al., 2002).

A higher resolution grain size analysis conducted on 5 samples showed the
same trend in grain size with depth (Table 3.1). The samples in the upper 60
centimeters showed a mean grain size of 23.5+2 um, while the three samples
below 60 centimeters had a coarser mean grain size of 39.3+11 um. While
overall grain size increased with depth, the clay fraction (<4 um) appeared to
become finer with depth (Fig 3.5).

Several discrete layers of finer sediment were found in both cores.
Previous studies have shown these layers of fine sediment to be dominated by
clays and fine silts, and have interpreted them as historic flood deposits (Leithold,
1989; Creamer, 1998; Sommerfield and Nittrouer, 1999; Leithold and Blair,
2001). There were only two fine layers in the piston core with clay content
greater than 20% (37 cm and 60 cm). The remainder of the core demonstrated
consistent clay content that generally ranged between 10%-15% by weight.
Therefore, flood layers in the piston core were identified by an increase in the
medium-fine silt and clay fraction (<25 um). In this study a flood layer was
identified by the presence of a relative peak in <25 um sediment when compared
to grain size data directly above and below the depth interval in question. Many
of the fine-grained flood layers corresponded with regions of lower density (Fig.
3.6). This connection between low density and fine grain size was used to

confirm the identification of flood layers in the upper 180 cm of the piston core.
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Table 3.1. Results of a detailed grain size analysis of five samples from the K70

piston core. Mean grain size and % sand was found to increase with depth.

26 cm 48 cm 212 cm 234 cm 296 cm

Median ¢ 53 5.5 5.15 4.3 4.6

(um) (25) (22) (28) (51 (41)
Mean ¢ 6.27 6.37 6.05 4.98 5.3

(um) (13) (12) (15) (32) (25)
% Sand 1.5 1.8 20.3 17.8 22.2
% Silt 78.8 69.7 57.5 69 65.4
% Clay 19.7 28.5 21.2 13.2 12.4




26¢cm 48cm
212cm 234cm
@ 296¢cm
B 42um B9y B 1-05um (10-11¢)
| <0.24um (>12¢)
(] 2-1um (9-104) B 05-0.24um (11-12¢)

Figure 3.5. Pie charts showing the weight % distribution of the clay
fraction for the five samples selected for detailed grain size analysis.

Clay grain size appears to decrease with depth.
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Below 180 cm depth density difference between flood and non-flood sediments
could not be observed. This could be due in part to compaction and dewatering of
sediments with increased depth, or to the deposition of coarser flood layers in the
past.

Because piston corers typically disturb surface sediment, a box core was
recorded at the same locality to obtain a less disturbed sample of the upper portion
of the seabed. The cores were compared by matching various flood layers based
on the grain size data and depth (Fig. 3.7). While there is some offset in depth
and grain size distribution, a reasonable comparison between the two cores can
still be made. Therefore the box core was used to get a clearer picture of the
surface record at K70. Density and grain size results from both the box and piston
cores indicated that there are 7 flood layers preserved above 60 centimeters, and 7

flood layers below.

Organic Carbon

Organic analyses of bulk, coarse silt and sand (>25 um), medium-fine silt
(4-25 um), and clay (<4 um) fractions were run on the same six samples selected
for A'*C analysis. While grain size results and the '*C age of woody fragments
showed a distinct difference between shallow and deep sections of the piston core,
the nature of organic matter in the different size fractions of these samples
remained fairly constant with depth (Fig. 3.8). When the mean values of atomic
C/N, weight %0C, and 8"°C for samples shallower than 60 cm depth were

compared to the means below 60 cm depth no statistical difference was
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determined at the 5% significance level for all size fractions. This result is due in
large part to the small population sizes being analyzed (n=2 and n=4; Rao,1998).
When the organic carbon data from the four size fractions was plotted versus
depth (Fig. 3.8) changes in the nature of the organic carbon associated with the
coarse fraction could be seen.

The coarse fraction showed an apparent decrease in %OC with depth.
Samples above 60 centimeters had a mean weight %OC (1. 5+£0.4%) that was
approximately twice the mean of samples below 60 cm (0.71£0.1%). This coarse
fraction also had a higher mean atomic C/N ratio for depths shallower than 60
centimeters (32.3+4) than below (24.6+2). The 8"°C versus depth (Fig. 3.8) also
indicated a downcore enrichment of "°C relative to '°C.

Differences in organic carbon between the size fractions were also
examined for the six samples. For all depths it was found that the clay fraction
had the lowest C/N ratios while the coarse fraction had the highest ratios. The
8'°C data also showed these same fractions to be the extremes, with the clay being
the most enriched and the >25 um being the most depleted in "*C (Fig. 3.8). The
medium-fine silt fraction had the lowest weight %OC for all depths.

The distribution of total organic carbon through the three size fractions
was determined for these six samples. Recovery of the organic carbon after grain-
size separation was first calculated by comparing the mass balanced OC contents
of the individual size fractions (>25 um, 4-25 um, and <4 um) to the
unfractionated bulk samples for all depths. The recovery of organic carbon

ranged from 74%-120%, with no observable shift in '°C (Table 3.2). A budget
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Table 3.2. A budget of the weight percent organic carbon for each size fraction.

Organic carbon recovery after fractionation ranged from 74%-120%. Despite the

wide range of recovery, 8'"°C values of bulk samples are near identical to the

summed 8"°C of the resulting fractions. A budget of the recovered organic carbon

shows that the majority of the OC is from the >25 um fraction.

4 cm 46 cm 70cm | 160cm | 234 cm | 336 cm
Weight %0C 1.3 0.68 0.96 0.95 0.84 0.90
(bulk)
Weight %0C 1.03 0.82 0.81 0.70 0.63 0.69
(calculated)
%OC recovered 80 120 84 74 79 76
%0C >25 um 52.5 74.2 64.1 69.2 55.9 60.3
%0C 4 um-25 um | 26.0 15.4 18.4 14.2 19.7 18.4
%0C <4 um 21.5 10.4 17.5 16.6 24.4 21.3
8"C (bulk) -25.3%0 | -25.2%0 | -24.7%o | -25.0%0 | -24.8%0 | -24.8%o
8"°C (calculated) | -25.1%o | -25.2%0 | -24.9%0 | -24.9%o0 | -24.8%0 | -24.9%o
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of the mass balanced total %OC showed that the majority (53-74%) of the organic
carbon recovered was located within the coarse fraction. When viewed under a
microscope large amounts of discrete, woody pieces not bound to particles were
seen in this fraction.

An examination of the mineral-bound organic carbon was of key interest
in this study. Previous studies have indicated that the majority of sedimentary
organic carbon associated with particles is found within the fine, clay fraction
(e.g. Keil et al., 1994; Mayer, 1994a,b; Ransom et al., 1998; Bock and Mayer,
2000). Therefore, the majority of organic analyses performed on sediments from
K70 were performed on clay isolates.

Weight percent organic carbon of the clay fraction from the piston core
ranged from =0.9%-1.5%, and the mean %OC for samples above 60 cm
(1.05+0.1%, n=8) was statistically different than the mean below 60 cm
(1.320.1%, n=30, p=.001). The mean %OC above 60 cm was approximately 80%
of the mean below. A similar trend was observed in carbon loading (OC/SA) of
clay particles at K70. Shallow samples had a mean OC/SA ratio that was
statistically lower (=30%) than samples below 60 cm depth (p=.001, Fig. 3.9).
The §"°C values of the clay fraction ranged from -24.5%o to -23.5%o_and the mean
above 60 centimeters (-24.1+0.3%o) was found to be indistinguishable from the
mean below 60 centimeters (-23.8+0.2%o, p=.001). While a large difference in
the isotopic signature of the clay fraction was not observed downcore, it was

found that the most negative 8'"°C values were associated with the two layers with
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Figure 3.11. Plot of surface area of the clay fraction from the K70 piston core.

The surface area profile illustrates the correlation between clay surface area

and depth. The clay surface area decreases with increasing depth downcore.
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clay content greater than 25% by weight in the upper 60 cm of the core (Fig.
3.10).
Surface Area

Surface area values of the clay isolates from the K70 piston core ranged
from 19.5m*/g to 31.6m*/g. As with the organic carbon measurements, average
surface area above 60 cm was compared to the average below. Statistical results
showed that the mean surface area above 60 cm was higher than below (p=.001).
However, when surface area was plotted against depth (Fig. 3.11) it was found
that an overall increase in depth correlated with a decrease in the surface area of

clay particles (r°=0.59).

Clay Mineralogy

The X-ray diffractograms indicated that the clay fraction was composed of
chlorite, illite, smectite, quartz, and possibly vermiculite, and that this
composition was constant for all treatments and depths at K70. Diffractogram
patterns showed peaks in areas that suggest a presence of chlorite and illite in the
clay fraction (Fig. 3.12; Moore and Reynolds, 1989). Confirmation of the
presence of chlorite was obtained by the increase of relative intensity seen in the
6° 20 peak for K-saturated slides heated to 550°C (Fig. 3.13). The presence of
this peak at 550°C also excluded kaolinite from being a major component in the
clay mineralogy (Moore and Reynolds, 1989). The expansion of the 6° 20 peak
to the 5-6° 20 region upon exposure to ethylene glycol after Mg-saturation

indicated the presence of smectites (Fig. 3.14). Confirmation of the presence of
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smectite was seen in the collapse of the 6° 20 peak to 8.7° 20 when K-saturated
slides were heated to 300°C (Figs. 3.12 and 3.13; More and Reynolds, 1989).
When a comparison of relative intensities was made between the air-dried Mg-
saturated slides and the air-dried K-saturated slides this same collapse from 6° to
8.7° 20 was seen. The increased relative intensity of the 8.7° 20 peak after K-
saturation and without heating suggested the possibility of a vermiculite
component to the clay mineralogy (Walker, 1957). Evidence for quartz was
determined through the presence of peaks at 21° 20 and 26.7° 26 (Moore and
Reynolds, 1989). A quantitative analysis of the mineralogy was not performed in
this study, however consistent relative intensity peak heights for all samples
suggests that no large scale change in percent mineral composition occurs in the
core.

During the period of usage a maintenance check and professional
recalibration of the XRD was made. This maintenance and calibration resulted in
higher intensity returns on the diffractograms and a positive 20 shift of about 0.3°.
An internal standard of quartz revealed that the peak positions prior to the
recalibration were more accurate than positions after recalibration. Because of an
increase in intensity, slides were rerun after the calibration to allow for clearer
diffractograms to be presented. The K-saturated, air-dried sample from 5.5
centimeters depth was not rerun due to lack of material, and therefore illustrates
this 20 shift and increased noise in its diffractogram (fig. 3.12). The
diffractograms were not corrected for this shift because the 0.3° 26 offset was not

constant for the duration of each scan.
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Figure 3.12. Diffarctogram patterns for K-saturated air-dried samples.
Peaks are labeled for chlorite (C), illite (I), and quartz (Q). A positive shift
of 0.3° 20 is seen for the 5.5 cm K-saturated diffractogram above due to
recalibration of the XRD. Despite this shift, a general consistency of peak
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Figure 3.13. X-ray diffractograms of K-saturated samples heated to 300°C (A)

and 550°C (B). The peak shift from 6° 2q to 8.7° 20 when heated to 300°C

suggests the presence of smectites. The presence of a 6° 20 peak after heating

to 550°C eliminates kaolinite from being a major component. A consistent

relative peak height and location is seen for all samples in both treatments.
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Figure 3.14. X-ray diffractograms of Mg-saturated slides (A) and Mg-

saturated slides exposed to ethylene glycol (B). All samples show consistent
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6° 2q peak after ethylene glycol exposure confirms the presence of expandable

clays (smectites).
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4. Discussion

Shelf Sediments

Examination of the cores from K70 reveals that sedimentation processes
on the Eel Shelf have not been constant over the historic past. The A'*C of
discrete woody pieces and clay particles indicates rapid recent accumulation rates,
but reduced, constant accumulation rate for sediments below a depth of 70
centimeters (Figs. 3.4). Prior studies (e.g. Sommerfield and Nittrouer, 1999;
Sommerfield et al., 2002) have used '*’Cs data to document decreased
accumulation rates on the Eel shelf after about 1954. A study by Creamer (1998)
showed that this change in accumulation rate coincided with deposition of a thick
flood layer (approx. 10 cm) and a downcore coarsening in grain size preserved at
a depth of 55-65 cm in a kasten core recovered from K70 in 1995. Analysis of the
K70 piston core in this study revealed a similar change from finer to coarser
sediments at 60 centimeters depth. A flood layer in the piston core was also
located in this approximate interval (48-59 cm) (Fig. 3.6). This is interpreted to
be the same flood layer that has been attributed to the historic 1955 flood in other
studies based on maximum "’Cs penetration (Creamer, 1998; Sommerfield and
Nittrouer, 1999). The post-modern ages of woody pieces found above 70 cm
depth in the piston core demonstrates exposure to bomb carbon, and therefore
indicates that this part of the core is no older than the middle 20" century.
However, because diffusion of *’Cs in the sediment column is possible, the
dating of this depth to 1955 may not be exact (Beasley et al., 1982). Historical

records indicate that the two largest flood events of the past century occurred in
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1955 and 1964 (Syvitski and Morehead, 1999), and the 48-59 cm flood deposit in
the K70 piston core could be an amalgamated deposit from both events.
Therefore, in this study, this flood layer is attributed to a period between 1955-
1964.

Dating of the floods above the 1955-1964 horizon was based on the
estimated background accumulation rate for the upper region of the piston core
(0.90-1.4 cm/yr). The approximate time frame of deposition for the 7 flood layers
identified in the box core is illustrated in Figure 4.1. These estimated dates of
deposition agree with historical records of Eel River floods. The lowermost flood
layer in the box core, located at 46 cm depth, was dated to a time period between
the 1940°s-1960’s. The depth of this flood layer corresponds to the start of the
1955-1964 period in the piston core (48 cm), and therefore is likewise estimated
to mark the 1955-1964 period. Due to overlapping age estimations, both the 35-
39 cm deposit and the 26-31 cm layer could be correlated to either historic floods
in 1969 and 1974 (Creamer, 1998; Syvitski and Morehead, 1999). The increase in
grain size and density between the layers suggests that these are two different
flood events, but a definitive correlation to a historic flood could not be made.
The flood layer located at 21 cm depth could also be associated with the 1974
flood, but more likely corresponds to documented floods that occurred in 1982 or
1986. The remaining three flood layers found at 9, 7, and 2 centimeters depth in
the core are attributed floods that occurred in 1993, 1995, and 1997, respectively

(Creamer, 1998; Syvitski and Morehead, 1999; Wheatcroft and Borgeld, 2000).



42

0
) 1990's 1997
.(,_::4 1990's 1995
n e 1980's-1990's
1 1993
20 + 1970's-1980's
— 1982, 1986
€
o)
<
=l
o
a
1960's-1980's
1969, 1974
30
1950's-1970's
1969, 1974
40
——9 1940's-1960's
1955, 1964
50 T T T T T T T
20 30 40 50 60 70 80 90 100
Weight %
—&— <25um

Figure 4.1. Flood layers from the K70 box core. Approximate time frames of
deposition based on accumulation rates are indicated in black numbers.
Historically documented floods that are proposed to be responsible for these

flood layers are indicated in red numbering.
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Below the 1955-1964 flood layer the average background sediment
accumulation rate of 0.15+0.02 cm/yr obtained from the '*C data of clay particles
and woody debris was used to date various levels in the piston core. The bottom
of the core was estimated to be just less than 2000 years old. Reasonable
agreement with this accumulation rate over a similar time span was found in a
previous study (Sommerfield et al., 2002). The Sommerfield et al. study found
"C-based accumulation rates to range between 0.1-0.5 cm/yr for a period from
A.D. 400-1954 at a nearby location on the shelf (070).

The estimated time frame of deposition for the seven flood layers below
60 cm depth in the piston core is illustrated in figure 4.2. As with the more recent
flood layers, historical records along with measured water discharge levels were
examined in an attempt to find supporting evidence for floods that correspond to
the assigned time periods. Historical records of floods in the watershed document
three major floods that occurred in 1861, 1881, and 1890 (Helley and LaMarche,
1973). Any or all of these could be responsible for the flood layer located at 81
cm depth downcore.

Because records of water discharge of the Eel River only date back to
1911, direct measurements of discharge could not be used to identify periods of
high flow for the entire core. Discharge records of the Sacramento River near
Red Bluff, CA, however, were found to correlate with discharge levels of the Eel
River (1°=0.82, Fig. 4.3). Therefore, reconstructed discharge levels of the

Sacramento River based on tree ring data (Meko et al., 2001a) were used to
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identify generally wet intervals of time within the Eel River basin. The flood
events in the 1400’s (145 cm downcore), 1200’s (169-178 cm downcore), and
900’s (212 cm downcore) correspond with periods of increased reconstructed
discharge (Fig. 4.4). The remaining flood layers below the 1955-1964 horizon
predated the tree ring data from the Sacramento River. The reconstructed
Sacramento River record provides the means for identifying wet intervals of time,
but it does not necessarily record storm events. For example, some historically
documented floods of the Eel River (e.g. 1890 and 1964) do not match up with
periods of highly elevated annual discharge of the Sacramento River (Fig. 4.4).
Provided that the remainder of the year were relatively dry, however, it would be
possible to have a high discharge flood event without raising the annual average
discharge. Historical records indicate that this appears to have been the case for
the December 1964 flood (Helley and LaMarche, 1973).

Geologic and botanical evidence has also been found for past Eel River
floods dating to A.D. 1600 and 1750 (Helley and LaMarche, 1973). While there
is a slight increase in the <25 um sediment content in the piston core that would
approximately correspond with A.D. 1600 (114 cm downcore), there is no density
log evidence to support the presence of a flood layer at this depth. No grain size
or density log evidence was identified in the piston core that would correspond
with a flood event around A.D. 1750 (92 cm depth). No data were collected from
the exact depths that correspond to 1600 and 1750, and thus it is possible that
thin, preserved flood layers were passed over during initial examination of the

piston core. It has been shown that large magnitude floods of the Eel River
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do not always leave thick flood deposits (Wheatcroft and Borgeld, 2000).
Wheatcroft and Borgeld (2000) found that an 80-year flood event in 1997 did not
leave a thick flood deposit on the middle Eel shelf, but was instead distributed in a
thin layer over a large area.

A total of 14 flood layers were identified in the cores from K70, half
occurring in the last 50 years. The remaining recorded flood events are
distributed over a time period of approximately 1900 years. This change in
apparent flood frequency has been cited as a reason for the change in
accumulation rate and grain size at K70 (Creamer, 1998; Sommerfield et al.,
2002). Since it has been documented that most of the sediment discharged by the
Eel River is associated with flood events, it stands to reason that a decrease in
flood frequency would result in a decrease in sedimentation rates (Brown and
Ritter, 1971). Past explanations for the downcore decrease in flood frequency
have focused on lower storm frequencies in the region prior to the middle 1900’s
(Creamer, 1998; Sommerfield et al., 2002). An analysis of the U.S. Geological
Survey discharge data for the Eel River at Scotia (1911-1999) showed that from
1999-1950 major floods (>10yr. recurrence intervals) were more than two times
more frequent when compared to the previous 40 years (Sommerfield et al.,
2002). As stated previously, reconstructed discharge data of the nearby
Sacramento River was used to identify periods of wetness further back in time.
The long-term record of discharge levels reconstructed for the Sacramento River,
however, suggest that recent levels of precipitation and runoff are not unique in

the past 1100 years (Fig. 4.4; Meko et al., 2001). Despite the fact that other
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periods of elevated river discharge are indicated for this period, constant
accumulation rates and grain size are recorded below 60 cm at K70. This
observation implies that lower water discharge may not be solely responsible for
the slower sediment accumulation before the mid 1950’s.

Changes in precipitation and river discharge are not the only perturbations
the Eel River basin has seen over the last 50 years. Significant anthropogenic
land use alteration also has occurred over the past few decades. After World War
I1, technological advances made development of the steep-sloped Eel River basin
more economically feasible (Hackett, 1999). Stands of timber that were
inaccessible before could now be harvested, resulting in timber production in the
region reaching its peak in the late 1950°s (Hackett, 1999; U.S. Environmental
Protection Agency, 1999). Studies conducted on the North Island of New
Zealand, which shares a very similar geology and climate with the Eel,
demonstrate that deforestation can be directly linked to increases in erosion rates
(Foster and Carter, 1997; Page and Trustrum, 1997, Hicks et al., 2000, Page et al.,
2000). Not only was a seven-fold increase in erosion rate observed in the studies,
but the mechanism of erosion was also shown to change. After logging of the
New Zealand forests, gully formation increased in grassland areas and replaced
landslides as the major source of erosion in the catchments (Foster and Carter,
1997; Page and Trustrum, 1997, Hicks et al., 2000, Page et al., 2000). Kelsey
(1980) documented this same type of gully formation in the Van Duzen River

basin, a tributary of the Eel River.
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Evidence connecting the changes in shelf accumulation rates to
deforestation was seen in the '*C ages of wood fragments from the K70 piston
core. Pieces of coarse woody debris of Douglas Fir, a common tree species of the
region, have been shown to persist on the forest floor for centuries (Sollins et al.,
1987; Stone et al., 1998; Gavin, 2001). Therefore, under natural conditions these
logs would continue to decay and provide a source of significantly aged wood to
the watershed for several years after the tree’s initial death. The fact that no
evidence for old-growth pieces of wood was found above 70 cm depth in the
piston core, i.e., they all gave post-modern '*C dates, suggests that the source of
aged wood debris was rapidly removed from the catchment. As stated earlier,
industrial logging of the old-growth forests of the Eel River basin reached its peak
in the late 1950°s (Hackett, 1999). This time period corresponds to the depth
where woody pieces transition from aged to post-modern, and where the sediment
accumulation rate increases. The fact that prior studies have linked deforestation
to elevated erosion rates in a similar basin, and that the height of industrial
logging can be correlated to a depth where sedimentation rates changed, is
consistent with a significant role of land use alteration in the increase of

accumulation rates on the shelf after 1955-1964.

Organic Carbon of Shelf Sediments

While changes in grain size and accumulation rate on the middle Eel shelf have
been previously recognized, no investigation has explored the effect of these

changes on organic carbon burial. Statistical analysis of organic carbon associated
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with bulk, coarse silt and sand, and medium-fine silt fractions of sediment
revealed that the content, atomic C/N ratios, and isotopic signature of organic
carbon associated with these sediments did not vary with depth. However, the
organic carbon associated with the coarse (>25 um) fraction displayed some
noticeable changes when plotted against depth downcore. The mean weight %OC
in this fraction above 60 cm was approximately twice of the mean weight %OC
below the 1955-1964 horizon (Fig. 3.8). The decrease in organic carbon with
depth was also associated with lower atomic C/N ratios and more enriched

8" Cppg values (Fig. 3.8). Such trends indicate that with depth less coarse
terrestrial organic carbon, which tends to have lighter '"°C values and higher C/N,
ratios (Fry and Sherr, 1984; Hedges et al., 1988; Goni et al., 1998), is found in the
shelf environment. Other studies of shelf sediments have indicated that
remineralization of terrestrial carbon is common in the marine environment (Aller
et al., 1996; Keil et al., 1997). Recent studies, however, have suggested that some
organic carbon can escape oxidation by being trapped in intra- or intergranular
pores of clay minerals (Keil et al., 1994; Mayer, 1994a,b; Keil et al., 1997; Bock
and Mayer, 2000). When viewed under a microscope, much of the organic
material in this coarse fraction is from discrete woody fragments not directly
associated with the mineral matrix. Organic matter of this size would be too large
to be protected by intra- or intergranular pores of clay minerals, and thus would
be more vulnerable to microbial attack resulting in rapid removal of terrestrial

organic carbon.
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While a case for diagenetic alteration of organic carbon can be made for
the coarse fraction, it should be noted that the downcore changes in organic
carbon could also be caused by a change in source. The 50% reduction in the
mean organic carbon content in this fraction corresponds to the depth of the 1955-
1964 horizon (48-59 cm). This time period has also been correlated to peak
timber production in the basin (Hackett, 1999). Because a large amount of the
organic carbon from this fraction is derived from discrete woody pieces it is
logical to conclude that intense logging and sawmill activity would generate more
discrete woody debris. Therefore, the apparent downcore reduction in weight
%0OC can also be explained by a lower input of wood debris before 1955-1964.

As noted above, clays were the focus of this study because they are
typically associated with the bulk of sedimentary organic carbon buried on
continental margins (Keil et al., 1994; Mayer, 1994a,b; Keil et al., 1997; Bock
and Mayer, 2000). Analysis showed that the ' °Cppg values of the clay-sized
particles were not affected by the change in sedimentation rate with means of -
24.1£0.3%o above 60 cm and -23.8+0.2%o below 60 cm. The carbon loading of
the clay particles, however, increases abruptly with the decrease in accumulation
rate (Fig. 4.5). Loading values above 60 cm are approximately 70% of loading
values below. This change in carbon loading was correlated to both a downcore
decrease in surface area and increase in %OC (correlation coefficients = -0.78 and

0.73, respectively; Fig. 4.6).
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depth in the K70 piston core and change in clay surface area (A), and organic

carbon content (B).
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Analysis of the surface area of the clay fraction showed that there was a
correlation between increasing depth and decreasing surface area (1*=0.59; Fig.
3.11). There are two possible explanations for the decrease in clay surface area.
First, because bulk grain size of the core increases below 60 cm, it is possible that
the clay fraction itself might also be coarser below this depth, and thus have a
lower surface area. Results from the grain size analysis of the clay isolate,
however, showed no obvious coarsening down core (Fig. 3.5). Procedures for the
high- resolution grain-size analysis of the clay fraction included sonication and
exposure to hydrogen peroxide in order to break up aggregates of clay. These
steps were not performed on clays analyzed for surface area, and thus the
decreased surface area with depth may be attributed to more efficient aggregation
from increased compaction downcore.

A second possible explanation for lower surface areas downcore is a
change in the clay mineralogy. Results from the XRD study, however, indicated
no significant change in mineralogy in the core. A constant mixture of chlorite,
illite, smectite, quartz, and possibly vermiculite was found at all depths. These
results are consistent with the regional geology and climate, as well as prior
mineralogical studies in the region (Griggs and Hein, 1980; Karlin, 1980; Ransom
et al., 1998). However, it should be noted that methods used in the examination
of the clay mineralogy did not allow for a quantitative analysis, and while no
large-scale change in mineralogy was detected with the XRD, it is possible that
small changes in the concentrations of the different clay minerals were not

detected in this study. Evidence for slight changes in the clay mineralogy
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downcore has been documented on the Eel shelf (Holmes, in progress). Through
the use of Fourier Transform Infrared Spectroscopy (FTIR), varying amounts of
kaolinite have been detected in the shelf sediments. XRD investigations indicated
no measurable amount of kaolinite, however, due to its highly ordered nature
trace amounts of kaolinite can be detected with FTIR (Estep-Barnes, 1977). Since
clay surface areas are highly variable from mineral to mineral (Evangelou, 1998)
it is possible that such slight changes in mineralogy might provide a reason for the
change in surface area down core.

Mean clay surface areas above and below 60 cm in the piston core differ
by 3.4 m*/g. By assigning approximate surface areas to chlorite (150 m*/g) and
smectite (200 m*/g), it was calculated that the downcore reduction in surface area
could be attributed to decreases in chlorite by 2.5%, or smectite by 1.9%
(Evangelou, 1998; Quirk and Murray, 1999). Gully erosion on the shaley
mélange, grassland slopes dominates the recent source of sediment to the shelf
(Kelsey, 1980). However, prior to the development of these gullies, landslides on
the forested, sandstone slopes are believed to be responsible for most of the
sediment delivered to the shelf (Kelsey, 1980). Such a change in sediment source
could account for the alteration of clay content and ultimately explain the change
in OC/SA at 60 cm.

The downcore increase in organic carbon loading on clay-sized particles in
the K70 piston core also corresponds to a 20% increase in weight %OC. This
increase in %OC likewise coincides with the decrease in sediment accumulation

rate. Changes in sedimentation rates would result in changes in particle residence
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times in different parts of the Eel basin, and in turn impact the amount of organic
carbon associated with the mineral matrix. A study of surface Eel shelf sediments
by Blair et al. (2003) found that three different fractions of carbon were bound to
particles. The organic carbon in association with clays was classified as being
derived from a marine, terrestrial, and ancient, mélange bedrock (kerogen) source.
In addition, the study found that half of the organic carbon loaded to these clay
particles was classified as being ancient carbon.

An observed decrease in accumulation rate in the shelf environment would
correspond with decreased rates of denudation in the terrestrial environment.
Slower removal of sediment from land would lengthen residence times in the
regolith and thus prolong exposure time to terrestrial organic carbon sources.
Likewise, exposure time in the benthic mixed zone on the shelf would also be
prolonged due to the decreased burial rate associated with slower sedimentation.
Assuming that particles being moved through the Eel watershed originated with
only ancient sedimentary OC associated with them, it would be expected that
sediments delivered to the shelf at reduced rates would have more recent
terrestrial and marine OC associated with them due to their prolonged exposure to
both types of OC sources.

Isotopic mass balance equations (Blair et al., 2003) were used to calculate
the relative amounts of kerogen, marine, and terrestrial organic carbon associated
with nine clay isolates from different depths in the K70 cores. The isotopic mass
balance equations are:

652 fk(ék) + ft(ét) + fm(ém) (1)
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A= fi(A) + fi(A) + fin(Am) (2)

1= fi + fi + fin 3)
where 0s, O, O;, O are the 8'3C values of the sample, and the kerogen, terrestrial
and marine C end members. Likewise, A, and f, represent the A'*C and fraction
for each of the above. The 8"°C end members for kerogen, marine and terrestrial
C were determined to be -24.3%o, -21.0%o, and -26.5%o, respectively (Blair et al.,
2003). Because the kerogen end member is ancient carbon, a A'*C value of -1000
was assigned for the A,. When possible, the A'*C of the wood fibers from the
corresponding core depth was used to estimate the A;. Because wood fibers were
not available for the box core samples, a modern A'*C value of 100 was
substituted, based on a regression from the Blair et al study (2003). The marine
A'™C was also set to 100 for modern samples, based on regression (Blair et al.,
2003), but with increased depth down core this end member value was estimated
by considering the average accumulation rate and the following equations derived
from Stuiver and Polach (1977):

Aw.y=(Aw0,y/1000 +1) 0.95(0.306) (4)

A=A, e™ (5)
where A, is the activity of '*C at time t, A, is the activity at A, = 0, A, is the
C/12C ratio at time t, A is the decay rate for '*C, and t is the age estimated from
the accumulation rate.

Figures 4.7 and 4.8 show the results of these calculations for samples

above and below the observed change in accumulation rate respectively. As with
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the Blair et al. (2003) study, results of the isotopic mass balance for 8 of 9
samples in this investigation indicated that approximately half (40-60%) of the
OC associated with clay particles was derived from a kerogen source. When
kerogen OC/SA values were examined for these 8 samples a constant loading
level equal to approximately 0.2 mg C/m”was observed. Therefore the increase
in total OC/SA below the change in accumulation rate must be due to increases in
either terrestrial OC or marine OC, or both. Figure 4.8 illustrates instances of
both marine and terrestrial loading levels increasing below 60 cm depth, and thus
indicates that the higher OC/SA values below 60 cm depth is due to more marine
and terrestrial OC being preserved with the clay particles.

One of the four samples below 60 cm showed a decrease in marine and
terrestrial OC/SA levels. The sample from 234 cm depth in the piston core had
70% of the OC loaded onto it coming from a kerogen source. This sample was
found in association with a flood layer, which might offer some insight into why
the composition of its OC differs from the other samples. Because of its
association with a flood, these sediments would have been buried rapidly on the
shelf, thus reducing exposure time to marine carbon, which could result in lower
levels of marine carbon loaded to the particles. If the flood sediments from 234
cm depth were associated with a large flood event then the clays in this horizon
may have been derived from a less weathered source rock, and therefore had
much less exposure to contemporary terrestrial plants. Under these conditions
one would expect to see what was found in the 234 cm sediment, that most of the

sedimentary carbon came from the ancient kerogen source (Fig. 4.8).
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5. Summary and Conclusions

Accumulation rates on the middle Eel shelf have not been constant over
historic time. Based on '*C-data from clay and wood fragments from the K70
piston core, accumulation rates over the last 50 years were estimated to be
between 0.9-1.4 cm/yr, while a constant accumulation rate of 0.15+0.02 cm/yr
was calculated for the previous 1900 years. The change in shelf sedimentation
also correlated with a downcore coarsening in sediment grain size and dated to a
period between 1955-1964. Prior studies have cited higher flood frequency and
water discharge of the Eel River over the last 50 years as the major cause for the
changes in shelf sedimentation (Creamer, 1998; Sommerfield and Nittourer, 1999;
Sommerfield et al., 2002). However, paleo-discharge records of the nearby
Sacramento River indicated that current levels of wetness are not unique over the
last 2000 years. Historical records indicate that industrial logging in the region
reached its peak at a time that corresponds with changes in sedimentation rates,
and old growth woody debris pieces were only found at depths below this change
in sedimentation rate. Therefore recent higher accumulation rates on the shelf
may be due in large part to deforestation that drastically altered land use in the Eel
River water shed during the middle 20" century.

Examination of the organic carbon associated with Eel shelf sediments
showed that the bulk of the OC is within the coarse (>25um) fraction instead of
the clay fraction (<4um). The organic carbon in the coarse fraction is composed
mostly of discrete woody pieces. Average %OC of this fraction decreases by

approximately 50% below the accumulation rate change correlated to 1955-1964.
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This decrease in woody organic carbon could be due to diagenesis, lower logging
and saw mill activities, or a combination of both.

Unlike the coarse fraction, the organic carbon associated with the clay
fraction (<4um) shows a downcore increase attendant with the decreased
accumulation rate. The average organic carbon loading (OC/SA) of clay particles
above 60 cm is approximately 30% lower than the average loading level below.
This change in loading reflects an approximate 20% downcore increase in average
weight %0C from 1.05% to 1.3% at 60 cm, and a correlation between increasing
depth and decreasing clay surface area. Isotopic mass balances of the organic
carbon associated with the clay particles indicates that the higher weight %OC
below 60 cm may be the result of more marine and terrestrial carbon being loaded
to the sediments. Decreases in clay surface area with increasing depth may be the
result of either a slight change in clay mineralogy associated with changing styles
of mass wasting in the watershed, or the more complete aggregation of clay

particles due to increased compaction with depth in the seabed.
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Appendix A: Grain-size Data

Grain-size data for K70 piston core

75

Section Depth (cm) %>25 pm %4-25 um %<4 pum

7 (3-4) 4 38.54 47.36 14.11
7 (13-14) 15 47.84 39.14 13.03
7 (23-24) 26 23.53 60.94 15.53
7 (28-29) 31 54.06 36.56 9.37
7 (33-34) 37 34.05 37.01 28.94
7 (37-38) 41 61.05 29.06 9.89
7 (41-42) 46 49.97 41.15 8.88
6 (0-1.5) 48 35.30 42.67 22.04
6 (5-6) 53 30.31 42.68 27.01
6 (10-11) 59 22.80 50.16 27.04
6 (20-21) 70 63.92 25.81 10.28
6 (30-31) 81 52.54 34.70 12.75
6 (40-41) 92 63.26 25.35 11.39
5(1-2) 101 77.20 13.37 9.43
5(11-12) 112 68.30 19.00 12.70
5 (21-22) 123 71.42 17.86 10.73
5 (31-32) 134 75.45 14.74 9.81
5(41-42) 145 42.32 41.63 16.05
4 (1-2) 150 72.41 17.06 10.53
4 (11-12) 160 76.68 13.91 9.41
4 (18-19) 169 61.45 27.91 10.63
4 (21-22) 172 61.08 24.43 14.49
4 (26-27) 178 53.27 32.12 14.61
4 (31-32) 183 76.87 13.35 9.78
4 (41-42) 194 75.99 14.78 9.23
3(1-2) 201 70.54 21.28 8.18
3(3-4) 203 69.22 21.42 9.36
3(11-12) 212 57.39 31.63 10.98
3 (21-22) 223 76.94 16.08 6.98
3 (31-32) 234 62.29 26.48 11.23
3 (41-42) 245 58.81 29.79 11.40
3 (44-45) 248 56.30 31.65 12.06
2(1-2) 252 70.60 17.94 11.47
2(11-12) 263 64.82 26.23 8.95
2 (21-22) 274 59.98 30.76 9.26
2 (31-32) 285 56.99 30.35 12.66
2 (41-42) 296 68.88 21.25 9.87
2 (43-44) 299 67.28 23.95 8.77
1(1-2) 303 69.58 22.31 8.11
1(2-3) 304 68.79 23.62 7.60




Grain-size data for K70 piston core (continued)
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Section Depth (cm) | %>25 um %4-25 um %<4 um
1(10-11) 313 68.72 18.85 12.43
1(21-22) 325 79.68 14.49 5.83
1(27-28) 334 74.26 17.39 8.36
1(31-32) 336 60.61 29.89 9.50
1 (41-42) 347 60.69 27.40 11.91

Grain-size data for K70 box core

Section Depth (cm) | %>25 um %4-25 um %<4 um
1(1-2) 2 10.59 38.95 50.46
1(4-5) 6 53.86 29.60 16.54
1(5-6) 7 35.49 45.61 18.89
1(6-7) 8 62.24 22.77 14.99
1(7-8) 9 45.69 33.38 20.93
1(8-9) 11 59.15 27.85 12.99
1(10-11) 13 74.57 17.90 7.53
1(12-13) 16 53.88 30.13 16.00
1(14-15) 18 45.76 30.65 23.59
1(16-17) 21 33.03 49.53 17.44
1(18-19) 23 55.70 27.92 16.38
1(20-21) 26 31.78 45.29 22.93
1(22-23) 28 25.24 53.53 21.23
1 (24-25) 31 21.08 71.03 7.89
1(26-27) 34 40.09 46.58 13.33
1(27-28) 35 14.45 56.69 28.86
1(28-29) 36 26.87 45.38 27.75
1(29-30) 37 15.49 58.60 25.92
1 (30-31) 39 15.20 61.67 23.13
1(32-33) 41 59.08 29.52 11.40
1 (34-35) 44 59.81 27.88 12.31
1 (36-36.5) 46 22.79 43.68 33.53




Appendix B: Organic Data

Clay organic data for K70 piston core

77

OC/SA

Section Depth (cm) 5'"°C Weight %0C (mgC/m?)

7 (3-4) 4 23.65 124 0.39
7 (13-14) 15 -24.07 1.07 0.39
7 (23-24) 26 -24.18 1.04 0.41
7 (33-34) 37 -24.53 0.92 0.32
7 (41-42) 46 -23.90 1.00 0.38
6 (0-1.5) 48 -23.66 1.13 0.37
6 (5-6) 53 -24.14 0.98 0.38
6 (10-11) 59 -24.50 1.03 0.40
6 (20-21) 70 -23.52 1.54 0.56
6 (30-31) 81 -23.78 1.31 0.47
6 (40-41) 92 -23.89 1.35 0.50
5 (1-2) 101 -23.51 1.37 0.56
5(11-12) 112 -23.47 1.33 0.56
5 (21-22) 123 -23.54 1.31 0.54
5 (31-32) 134 -23.75 1.28 0.64
5 (41-42) 145 223.96 115 0.54
4 (1-2) 150 -23.66 1.34 0.48
4 (11-12) 160 -23.85 1.32 0.51
4 (21-22) 172 -24.09 1.23 0.51
4 (31-32) 183 -23.65 1.37 0.60
4 (41-42) 194 -23.83 1.36 0.62
3 (1-2) 201 -23.81 1.40 0.59
3 (11-12) 212 -23.83 1.25 0.52
3 (21-22) 223 -23.57 1.37 0.59
3 (31-32) 234 -23.69 1.30 0.51
3 (41-42) 245 -23.99 1.18 0.50
2 (1-2) 252 -24.22 1.07 0.52
2 (11-12) 263 -23.97 1.31 0.61
2 (21-22) 274 -23.77 1.31 0.55
2 (31-32) 285 -24.08 1.18 0.57
2 (41-42) 296 -23.98 1.26 0.57
2 (43-44) 299 -23.89 1.30

1(2-3) 304 -23.77 1.41

1(10-11) 313 -23.86 1.19 0.51
1(21-22) 325 -23.76 1.31 0.67
1(27-28) 334 -24.00 1.33

1(31-32) 336 -23.89 1.23 0.57
1(41-42) 347 -23.98 1.22 0.55




>25 um organic data for K70 piston core
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Section Depth (cm) §'°C Weight %0C Atomic C/N
7(3-4) 4 -26.06 1.73 29.81
7(41-42) 46 -25.57 1.17 34.81
6(20-21) 70 -25.34 0.85 26.46
4(11-12) 160 -25.20 0.68 22.48
3(31-32) 234 -25.29 0.62 24.73
1(31-32) 336 -25.25 0.67 24.78
<25 um organic data for K70 piston core
Section Depth (cm) 5"°C Weight %0C Atomic C/N
7(3-4) 4 -24.20 0.85 12.31
7(41-42) 46 -24.42 0.50 13.61
6(20-21) 70 -24.20 0.88 12.64
4(11-12) 160 -24.28 0.93 12.88
3(31-32) 234 -24.45 0.85 12.99
1(31-32) 336 -24.51 0.86 12.16
Bulk organic data for K70 piston core
Section Depth (cm) §'°C Weight %0OC Atomic C/N
7(3-4) 4 -25.17 1.29 21.19
7(41-42) 46 -25.30 0.68 21.06
6(20-21) 70 -24.69 0.96 21.74
4(11-12) 160 -24.98 0.95 21.98
3(31-32) 234 -24.92 0.84 18.29
1(31-32) 336 -24.84 0.90 18.49
Clay organic data for K70 box core
OC/SA
Section Depth (cm) §'°C Weight %0C (mgC/m?)
1(1-2) 2 -24.57 0.92 0.35
1(2-3) 3 -23.98
1(5-6) 7 -23.90 1.18 0.38
1(6-7) 8 -24.19 1.18 0.48
1(12-13) 16 -23.82 1.21 0.45
1(16-17) 21 -23.96 1.16 0.43
1(18-19) 23 -23.93 1.14 0.43
1(28-29) 36 -24.34 0.95 0.37
1(30-31) 39 -24.50 1.11 0.46
1 (34-35) 44 -23.62 1.21 0.41




Appendix C: "*C Data

'C results for clays from K70 piston core
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Sample Depth (cm) A" C%o Age (years)
7 (3-4) 4 -402.7 4090
6 (20-21) 70 410.8 4200
4 (11-12) 160 437.7 4570
3 (31-32) 234 753.8 11200
1(31-32) 336 5272 5970
1 results for wood from K70 piston core
Sample Depth (cm) A*C%o Age (years)
7 (3-4) 4 80 2636
7 (41-42) 46 90.2 -713
6 (20-21) 70 -60.4 450
4 (11-12) 160 -108.6 875
3 (31-32) 234 -179.8 1540
1 (31-32) 336 -210.3 1850
1 results for clay from K70 box core
Sample Depth (cm) A*C%o Age (years)
1(8-9) 11 -360.2 i
1(20-21) 26 -480.1 -
1(24-25) 31 5525 i
1(27-28) 35 -509 i






