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[1] Black carbon (BC) is a significant percentage of
sedimentary organic carbon (SOC) at abyssal ocean sites,
but its presence in shelf sediments is not well studied.
Approximately 1600AD, Santa Monica Basin bottom waters
shifted from oxic to very low oxygen (dysoxic) deposition
conditions. Under oxic deposition conditions BC was 11 +4%
of SOC, whereas after the overlying water became dysoxic
(and sediments became anoxic), BC was 5.2 + 1.2% of SOC.
This shift may reflect the preferential remineralization of non-
black SOC under oxic conditions. There is an offset between
BC and SOC '*C ages which changes with oxidation
conditions, suggesting that BC storage is related to oxygen
exposure and confirming a previously published report of the
vulnerability of BC to sedimentary oxidation [Middelburg,
1999]. Terrestrial carbon is 17 + 5% of total SOC in this core’s
anoxic region, and 31 £+ 11% of this terrestrial carbon is
BC. INDEX TERMS: 1030 Geochemistry: Geochemical
cycles (0330); 4219 Oceanography: General: Continental shelf
processes; 1615 Global Change: Biogeochemical processes
(4805); 1050 Geochemistry: Marine geochemistry (4835,
4850); 1040 Geochemistry: Isotopic composition/chemistry.
Citation: Masiello, C. A., and E. R. M. Druffel, Organic and
black carbon '*C and '#C through the Santa Monica Basin
sediment oxic-anoxic transition, Geophys. Res. Lett., 30(4),
1185, doi:10.1029/2002GL015050, 2003.

1. Introduction

[2] ‘BC’ is the suite of refractory carbonaceous com-
pounds remaining after biomass burning and fossil fuel
combustion and is best understood as a geochemical con-
tinuum, ranging from partially charred biomass to submi-
cron soot spheres. While char retains some plant chemistry
and morphology, soot is created by the secondary conden-
sation of hot combustion gases, and its geochemistry is
reflective of combustion conditions.

[3] We focus on BC in coastal ocean sediments to
understand the role of BC as a component of stored SOC.
BC is on the order of 10% of the carbon buried in the deep
ocean [Herring, 1985; Masiello and Druffel, 1998; Smith et
al., 1973; Suman et al., 1997], suggesting feedbacks
between biomass burning and ocean SOC storage, including
the possibility that biomass burning is a long term carbon
cycle sink as well as a short term carbon cycle source.
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[4] However, abyssal sediments account for only ~5% of
Holocene SOC burial, while continental slope and shelf
sediments, along with river deltas, account for the remaining
95% [Hedges and Keil, 1995]. Because shelves are closer to
continental sources of combustion, they receive a much
higher BC flux than the open ocean [Suman et al., 1997];
however, data on coastal BC storage are sparse. Measure-
ments of BC in coastal sediments and river deltas are essential
in determining the role of BC in the ocean carbon cycle.

[s] Data is also lacking on BC loss processes. Mass
balance calculations show that a large BC sink exists in the
terrestrial biosphere: if BC has been produced since the last
glacial maximum at the current biomass burning rate of
0.050-0.270 Gt/year [Kuhlbusch, 1998] and soils have been
developing for at least 7,000 years, then there should be a soil
BC pool of 350—1900 Gt, or 25—125% of the total soil OC
pool. Even the lower end of this range requires substantial
changes in our understanding of soil carbon cycling. Sim-
ilarly, the BC production rate is currently greater than the
removal rate of carbon to deep-sediments [Hedges and Keil,
1995]. Imbalances of this magnitude would eventually
(~10,000 years) lead to geologically implausible perturba-
tions in atmospheric O,. It had been suggested that there were
no loss processes for BC once it reached open ocean sedi-
ments [Herring, 1985]; however, recent evidence shows that
there is a significant oxygen exposure effect on BC concen-
tration [Middelburg et al., 1999].

[6] Santa Monica Basin (SMB) sediments are a coastal
system more representative of global SOC storage condi-
tions. Also, the geochemistry of one of the major terrestrial
sources of carbon to this coastal region (Santa Clara River)
is now available [Masiello and Druffel, 2001]; making
possible a more complete estimate of basinwide SOC and
BC sources and sinks. Finally, SMB bottom waters under-
went a transition from oxic to dysoxic deposition conditions
recently (~A.D. 1600) [Hagadorn et al., 1995], creating an
opportunity to study BC and SOC storage at one site under
varying oxidation states.

[7]1 BC had two 20th century sources: biomass burning
and fossil fuel combustion, which can be separated based on
their '*C: BC from fossil fuel combustion is '*C-free
(>45,000 years BP or A'C = —1000%o), while BC from
biomass burning is modern (<100 y BP or A'C > —50%o).
Accelerator mass spectrometry (AMS), routinely measures
A™C to £5%o, making BC source identification possible.

2. Study Site and Methods

[8] The SMB is one of the California Borderland Basins,
a series of sills and basins bordered by San Diego, Santa
Barbara, and the Channel Islands. Until recently the sedi-
ments have been anoxic and laminated, but not varved.
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Although there is apparently no single process controlling the
formation of laminae, surface fluxes of OC and fluxes of
terrestrial OC are correlated to varve thickness [Hagadorn et
al., 1995]. The sedimentation rate is 16.0 + 0.4 mg/cm?/yr.

[o] We collected cores from the centermost, oldest region
of anoxia (902 m at 33°44.00'N, 118°49.99'W). Sediments
from this region have been studied as part of the Department
of Energy California Basins Study, and both 219ph and X-
rays are available from a neighboring core collected in 1988
(DOE 26) [Christensen et al., 1994]. The 8 year difference
between the collection of DOE core 26 and our core results
in <l cm offset between our depths and those previously
published [Christensen et al., 1994]. All data is archived at
the national geophysical data center.

3. Results and Discussion

[10] Signatures of non-black SOC (SOC,gc) can be
calculated by mass balance (e.g. SOC;,@=SOC,gc+BC;
AM™C SOC@=A""C SOC,5c-SOC,sc+A'C BC-BC).
This allows meaningful calculation of A 14C SOC,z¢
(Fig. 2b). However, error from BC/SOC,,, measurements
is large enough to render indistinguishable SOC,gc and
SOC o °C values (not shown).

3.1. Bomb Carbon, Fossil Carbon, and the Potential
Effects of Increased Erosion On SOC,, and BC

[11] The atmospheric tests of nuclear weapons in the late
1950s and early 1960s nearly doubled the "*C concentration
in the atmosphere, creating an isotopic marker for modern
biological, chemical, and physical processes. The 4c ages of
SOC;ya1 and SOC, 5 at the sediment’s surface are negative,
reflecting the presence of ‘bomb carbon,’ that is, carbon fixed
since humans began detonating thermonuclear weapons.

[12] Another human-influenced trend appears in the BC
'4C age profile, which is linear from 10 to 20 cm, reflecting
a slow aging of BC downcore. However, at 5 cm (~1880
A.D.) the BC 'C age profile folds, reflecting the increasing
contribution of an older pool of BC in the surface sedi-
ments. One exZPlanation for this trend is the Suess effect: the
lowering of '*C in the atmosphere and environment due
mostly to the combustion of fossil fuels. Fossil fuels became
a source of BC in the late 19th century, and as humans
burned more coal and oil, they ‘aged’ the Earth’s BC pool
through injection of '*C-free BC. Another possible explan-
ation for this trend is the increase in California soil erosion
rates in the 19th century due to land use change. Increasing
inputs of SOC and BC from eroding deep soils may have
aged coastal California sediments.

3.2. Effects of Deposition Conditions on Bulk and
Isotopic Properties

[13] The transition from oxic to anoxic conditions occurs
between 20 and 25 c¢m, simultaneously with changes in the
downcore profiles of %SOC 4, OC/N, (not shown) §13¢C
SOCya and the '*C age of SOC pools and BC. The cause
of the ~1600 A.D. shift in oxygen concentrations is not
known, although increases in marine productivity and
carbon rain rate are related to bottom water O, concen-
tration in this basin [Stott et al., 2000]. This shift occurred
concurrent with a drop in atmospheric CO, recorded in
Antarctic ice cores [Etheridge et al., 1996; Trudinger et al.,
1999], and a series of global climate events, including a
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massive California flood and a drought in eastern N.
America [Schimmelmann et al., 1998]. Analysis of varve
thickness in the nearby Santa Barbara Basin show the
abrupt onset of interdecadal-frequency oscillations [Biondi
and Lange, 1997]. It appears that some combination of a
very strong El Nifio, a solar irradiance maximum, and a
series of volcanic events [Schimmelmann et al., 1998] either
changed upwelling, circulation, and/or productivity patterns
in California’s coastal basins and caused the onset of anoxia
in the SMB.

[14] Although massive flooding associated with the 1600
AD climate event could have caused a shift in local rivers,
increasing delivery of OC to sediments and causing the
onset of dysoxia, §'>C data show that this did not happen.
SOC §'C became ~1.5%o heavier after 1600 AD (Fig. 2a).
However, we cannot rule out the possibility that changes in
circulation may have caused changes in productivity,
increasing or decreasing the delivery of OM to sediments.
Therefore in discussion below we state only that our results
are consistent with the effects of an oxic-anoxic shift, not
that this shift is the exclusive cause of our observations.

[15] Under oxic conditions, SOC decomposition was
much more efficient. The average SOC concentration
increased by >3x following the onset of anoxia, from 1.4
+ 0.1% below 21.0 cm to 4.5 + 0.5% above 21.0 cm
(Fig. 1a). The SOC/N ratio (not shown) changed from an
oxic average of 10.3 = 0.2 to an anoxic average of 8.9 + 0.5,
suggesting a more efficient preservation of N under anoxic
conditions. While there was less SOC,y, stored in sedi-
ments under oxic conditions, the percent of SOC,y, com-
posed of BC was higher, 5.2 + 1.2% vs. 11 £ 4% at the
bottom of the core, suggesting preferential storage of the
more refractory BC component of SOC gy

[16] Finally, both SOC and BC '*C age profiles are
discontinuous at the oxic-anoxic transition. When oxygen
is present the top 5—20 cm of sediments are bioturbated,
effectively averaging the '“C age of the bioturbated region
and giving the surface an older '*C age. However, under
dysoxic bottom water conditions there are no bioturbating
organisms, creating an age discontinuity when sediments
undergo a drop in O, concentration (Fig. 2b).

3.3. Controls on the BC-SOC, zc Age Offset:
Oxygen Exposure and Continental Proximity

[17] The '*C age trends for SOCya1, SOC, 5, and BC at
this site show the same general trends as sediments from
open ocean sites [Masiello and Druffel, 1998], with BC
significantly older than concurrently deposited SOC,gc. In
the SMB sediments the age offset between BC and SOC,gc
is 1700 + 800 '*C y in the anoxic, top portion of the core
(calculated in the sediment regions not affected by either
bomb or fossil '*C), while in the deeper, oxic region of the
core the BC-SOC, z¢ age offset more than doubles to 4400
+ 800 '“C y. This offset is less than that in the abyssal
Northeast Pacific (5,400 + 520 '*C y) and the Antarctic
(13,900 + 3,900 '*C y) [Masiello and Druffel, 1998]. The
smaller age offset is a result of the proximity of the SMB to
North America, and the difference in offset between the
oxic and anoxic portions of the core is consistent with the
expected effects of sedimentary oxidation on BC.

[18] The concept of a BC combustion continuum explains
site-to-site variation and sediment oxidative effects on age
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Figure 1. (a) OC per dry sediment. (b) BC/OC ratio.
SOC;o1a1% measurements were made on a Carlo-Erba
NA1500. Reproducibility of % SOCy is better than 5%.
BC concentration was calculated using an average Pacific
BC half-life with respect to dichromate oxidation of 474 +
75 (1o) hours [Masiello et al., 2002]. All data have been
salt-corrected.

offset. BC particle size, transport pathways, oxidizability,
and retention of plant morphology vary along the combus-
tion continuum. Lightly charred biomass, for example,
tends to be composed of identifiable plant fragments >10
pm, and is easily chemically oxidized, while more refrac-
tory soot bears no chemical resemblance to biomass and is
0.1—1pm. Smaller BC particles (e.g. soot) have long atmos-
pheric residence times and are widely disbursed in sedi-
ments. Large BC particles are deposited close to the
combustion source, while small particles remain aerosols,
causing abyssal sediments to receive predominantly small,
refractory, particles while coastal sediments while sediments
preserve a broad region of the combustion continuum.
Because charcoal is more susceptible to oxidation than soot
[Masiello et al., 2002] charcoal soil and sediment residence
times should be younger, and should have a relatively
younger sedimentary '*C age. The addition of these larger,
less refractory charcoal particles to coastal sediments should
decrease the BC-SOC age offset.

[19] The abrupt change in the offset between BC and
SOC,5c at the oxic-anoxic boundary is also consistent with
the effects of oxidation on the combustion continuum model
of BC. It has previously been shown that BC can be
destroyed in oxic ocean sediments [Middelburg et al.,
1999]. As the SMB became anoxic, it became easier for
regions of the combustion continuum more prone to oxida-
tion (charcoal and char) to be stored in sediments. The
increase in preservation of younger char and charcoal frag-
ments in the anoxic surface sediments may account for the
decrease in the age offset between BC and SOC.

3.4. Terrestrial Carbon in the Santa Monica Basin

[20] A major source of terrestrial carbon to the California
coastal basins is the Santa Clara River, which drains into the
Pacific north of the SMB. It is appropriate to compare Santa
Monica sediment isotopic data to weighted average Santa
Clara isotopic data, as flood sediment is thoroughly dis-
persed [Wheatcroft et al., 1997]. The A'™C of high-flow
river particulate OC was older than the SMB surface carbon
samples on average (—428 + 76%o, [Masiello and Druffel,
2001]) and for all river events sampled. The age difference
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between the SMB and Santa Clara SOCyy, pools can be
explained by the inclusion of bomb carbon in SMB sedi-
ments (surface sediment A'"C = +1%o). The SMB marine
SOC source is dissolved inorganic carbon in Northeastern
Pacific surface waters, which currently contains bomb car-
bon [Masiello et al., 1998]. There is no observable bomb
signal present in Santa Clara carbon pools, likely due to the
erosion of soil from deep within the soil profile [Masiello and
Druffel, 2001]. The A'*C of BC exported by the Santa Clara
river is 295% lighter than the BC observed in SMB surface
sediments, likely due to increased erosion as Southern
California land use changed, and may have been exacerbated
by the heavy rainfall of the 1997—1998 ENSO event.

[21] SMB stable isotope data suggest effective storage of
terrestrial sediment carbon: average SOC o (—22.5%0) is
lighter than pure marine SOC (~—19%o to —21%o), con-
sistent with a mixture of marine and terrestrial sources.
Additionally, the lighter 6'°C signature prior to the onset of
anoxia suggests that under more oxidizing conditions, §'*C-
light terrestrial OC was preferentially preserved, a trend also
observed in the Madiera Abyssal Plain turbidite [Prahl et
al., 1997]. Average §'°C signatures are the same for the
Santa Clara River particulate OC and the SMB anoxic SOC
(—22%o), precluding the use of §'°C to deconvolve the
amount of terrestrial vs. marine OC stored at this site.

[22] However, the average A'*C signature of these two
pools is significantly different, making it possible to esti-
mate the amount of OC using the equation: A"C SOC,,, =
A"™C SOCo(FT) + A™C SOC,,.(1 — FT), where FT is
the fraction of carbon with a terrestrial source, A'*C SOC
is the average A'C of organic carbon exported by the Santa
Clara River, A™C SOC,,,, is the prebomb reservoir age of
surface SMB waters, and A'*C SOC,,, represents the A'*C
signature of surface SMB sediments. Petroleum hydrocar-
bons can be omitted as a source of SOC,, because they are
present in only the n-alkane fraction of the lipids and made
up ~5% of lipids in prebomb horizons [Pearson et al.,
2001]. As lipids are ~5% of SOC [Wang et al., 1996],
petroleum is not more than 0.2% of SOC.

anoxic

' oxic

b

Lealeail N : N N
-25 245 -24 -23.5 -23 -22.5 -22 -21.5 210 2000 4000 6000 8000 1104
3¢ 14C age

Figure 2. (a) 6'°C of Santa Monica SOC and BC. Error is
£0.1%o. (b) "*C ages of Santa Monica SOC and BC. Errors
for '*C ages are less than the size of the points. We extracted
CO? for "*C measurement as described by Druffel et al.
[1992] and prepared graphite as described by Vogel et al.
[1987]. Radiocarbon measurements were made at LLNL
Center for AMS. For discussion of uncertainties associated
with BC measurement, see Schmidt and Noack [2000];
Schmidt et al. [2001]; and Masiello et al. [2002]. For
discussion of 'C terminology, see Stuiver and Polach
[1977].
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[23] The pre-bomb A'™C of S. CA coastal waters has
been estimated at an average of —84 + 8%o [Ingram and
Southon, 1996]. We use this value for an age-corrected
A'"C SOC,,r. For A'™C SOC,.,r we use the average A'*C
of particulate OC exported by the Santa Clara River in
1997-98, —428 + 76%0. Because this estimate for the
average A'*C of Santa Clara OC may be low, the resulting
FT will be a lower bound.

[24] This does not include a term for bomb or fossil *C,
requiring that the AM™C SOC,y value be taken from the 5.5
cm horizon, which is deep enough in the sediment core to
exclude fossil or bomb carbon influences. Because this
sediment has aged since deposition the A'*C value must
be age-corrected [Stuiver and Polach, 1977] to its value in
1880 + 25 AD (the year of deposition, taken from previ-
ously published straigraphy [Hagadorn et al., 1995]), giv-
ing —142 + 2.6%0 (FM = 0.8505). Using this data, we
estimate SOC,; to be 17 &+ 5%o of the SOC, stored in the
anoxic portion of Santa Monica sediments. As BC is 5.2 +
1.2% of SOC,y, BC is 31 + 11% of SOC .

4. Conclusions

[25] At this coastal site BC is 5.2 + 1.2% of SOC,,; under
anoxic deposition conditions and 11 + 4% of SOC,,, under
oxic conditions. The difference in BC storage can be
explained by preferential remineralization of SOC,gc in
the presence of oxygen. Radiocarbon evidence is consistent
with the explanation that BC is decomposed more effi-
ciently in oxic environments, and also suggest that the
sedimentary BC-SOC,zc age offset is related to at least
two variables: the distance from the nearest continent (a
variable that has been previously suggested to control
overall BC sediment storage [Suman et al., 1997]), and
the sediment’s oxidative exposure history. Implicit in this
second variable is the idea that different regions of the BC
continuum suffer environmental oxidation at different rates,
with larger, less combusted char and charcoal particles
decaying more rapidly than smaller soot particles.

[26] Our estimate of the terrestrial fraction of the Santa
Monica sediments is 17 = 5%, making BC 31 + 11% of the
terrestrial organic carbon stored at this site. As at least the soot
fraction of BC lacks all plant biochemical tracers, this fraction
of terrestrial organic matter is ‘invisible’ to the standard
biochemical techniques (such as lignin analysis) used to
identify the presence of terrestrial material in ocean sediments.

[27] Acknowledgments. We appreciated the laboratory assistance of
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and Shuhui Zheng. All 'C data were measured by CAMS LLNL, and §'°C
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