What controls Organic C preservation in sediments?

(Sediment accumulation rate)
(Bottom water oxygen concentration)
(Productivity / carbon flux)

Organic C sorption onto mineral surfaces

Turbidite data (a clear role for O,)
Oxygen exposure time

Focus on
continental margins
— that’s where the
carbon is.
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Premuzic et al. - % C org in surficial sediments




Table 2 )
Organic carbon burial rates (and percentages) in different ocean regimes

Deltaic Shelf Slope Pelagic

Sediment type
Data from Gershanovich et al. (1974)
All sediment types

00 23(10) 195 (88) 5

Data from Berner (1989)

Terrigenous deltaic-shelf sediments 104 (82) 0
Biogenous sediments (high-productivity zones) 0 0
Shallow-water carbonates 0 6(5)
Pelagic sediments (low-productivity zones) 0 0
Anoxic basins (c.g. Black Sea) 0 1(1)

0
3
0

54
0

Recalculation of data from Berner (1989) *
Deltaic sediments

Shelves and upper slopes

Biogenous sediments (high-productivity zones)
Shallow-water carbonates 6(4)
Pelagic sediments (low-productivity zones) 0
Anoxic basins (€.g. Black Sea) 1(0.5)

0 0
68 (42)
0

50)
0

70
68
32 10
0 6
5
1
3

=160

Units are 102 g C yr™ ' (parenthetical units = % of total burial).
* Deltaic-shelf sediments were reapportioned assuming that 33% of the sediment discharge from rivers is deposited cither along non-delatic
shelves or upper slopes, and assuming that those deposits have total loadings of 1.5% organic carbon rather than 0.7% as in defatic regions.
Estimates for all other regions remain the same.

90% of burial on deltas,
shelves, & upper slope

Hedges and Keil, 1995

The role of sedimentation rate.
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Correlation driven by sed rate?

% C org. vs. sed rate
100 not too impressive.
J.I: Hedges, R.G. Keil

Org. Carbon Acc. Rate (g m'zy")

. 1 10 100
-2
10 100 Sedimentation rate (mg cm

Sedimentation Rate [ cm(lOOOy)"] Fig. 4. P!ol of weight p.erccnt of organic lcarban (%O(.I)' vs.
accumulation rate for sediments from a variety of depositional

environments. ¢ = data from Miiller and Suess, 1979; © =data
compiled by Henrichs and' Reeburgh, 1987; O =data from
Reimers et al. (various papers); O =data from the Washington
Coast (Carpenter et al., 1981, 1982).

Burial Efficiency = burial / (burial + remineralization)

Susan M. Henrichs and William S. Reeburgh
100

30 sél,
il S

Hedges and Keil, 1995

Same data, linear B.E. axis .
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Fig. 5. Plot of percent burial efficiency of sedimentary organic
carbon vs. sediment accumulation rate at different sites. Burial
iency is defined as the organic carbon accumulation rate
1 0.3 10-‘ 1 10 below the diagenetically active surface layer divided by the input

| . rate to the sediment/water interface (dat i -
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Weird plot; but no sign of oxygen control

But Hedges and Keil 1995

Fig. 4. Total (depth-integratcd) rates of organic carbon oxidation in normal marine sediments conclude
are compared to total rates in cuxinic and semi-cuxinic sediments. Rates of organic carbon
oxidation in normal marine sediments are enclosed by the outlined arca, with the dark line .
designating the center of the field. Euxinic data include sites from the Black Sea, and the Cariaco No obvious oxygen control
rench. The semi-euxinic data is from the Gotland Deep in the Baltic Sea, the Black Hoic in
ng Island Sound, Skan Bay, Alaska, and Saanich Inlet, British Columbia,

J.I. Hedges. R.G. Keil
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Henrichs and Reeburgh, 1987

Bottom-Water Oxygen (uM)

ngher purlal'efﬁmency Fig. 6. Plot of percent burial efficiency vs. the wﬂeSPOﬂdf“g
in anoxic settings (not bottom water oxygen concentration at different depositional sites
just low O,, but no O,) (after Betts and Holland, 1991).




TRAMAR RoDUCTION

’ What about productivity?

Rough correspondence
between high % C org
and primary production.

1 Protuckion S : A carbon flux control on
N carbon preservation, or

abed. [——— ] . . .
Cavtaine v -~ is the correlation driven
by other factors?

Oceanographic controls on the accumulation of organic matter in marine sediments

75°
T

50

High % C org in upwelling
regions — more than a
1aeoincidence.

But Peru margin is low O,
as well as high C flux.

15°

26° 26°

FIG. 7. Distribution of organic carbon (% dry weight) in the surface sediments of (a) coastal Namibia (after
Calvert & Price 1983), and (b) the continental margin of Peru (after Reimers, 1981). Dashed lines represent the
edge of the continental shelf. Dots are sample locations.

“Carbon flux (productivity) vs. bottom water oxygen”

Calvert, 1987
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FIG. 9. Organic carbon (% dry weight) contents of
| and lami i from the
central Gulf of California (data from Calvert 1964b).

F1G. 6. Distribution of organic carbon in sediment
cores from the central parts of Saanich and Jervis
Inlets, British Columbia. Analytical method given in
Calvert & Price (1971) and data salt-corrected.

Oxygen not the primary control; observed O,:Corg relationships often
due to particle properties (e.g., grain size) that are correlated with O,.

Calvert, 1987

Lack of enhanced preservation of organic matter in sediments under
the oxygen minimum on the Oman Margin . . .
. Promn . B S a0t .. P’ Sites with monsoonal upwelling

Gt s of G o0 e, Ui f Bt et e Roch, Edbarss b 33W, UK and low-O, bottom water
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T. F. Pedersen, G. B. Shimmield, and N. B. Price

(@) (b)
Oman Margin, Slopa Sediments Oman Margin, Slope Sediments
(0-1 cm depth) (0-1 cm depth)
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No convincing C org:O, relationship

But all of these sites have relatively low
bottom water O,, and many of the %C
values are very high.

Are these good sites to generalize from?

Canfield (1989) Sulfate reduction and oxic respiration in marine
sediments: implications for organic carbon preservation in euxinic
environments

Compare rates of sulfate
reduction and oxic
respiration, to see whether
oxygen is “special”.

~10cm/ ky

Integrated Sukate Reduction Rate (mmoes cri? yr™)

Oxygen Consumption Rate (mmoles cif yr')

o
Sediment Burial Rate (g crifyr) Sediment Burial Rate (g crityi')

Fig. 1. Rates of sulfate reduction are plotted as a function of sediment burial rate. In some

instances, for modelled rates, sulfate gradients are not well defined and a small bar has beefFig. 2, Rates of oxygen consumption in marine sediments plotted as a function of sediment

added 10 the ‘point, showing that the value may be higher or lower than that used (with the bar burial rate. For a list of data see Table 2.

giving the most probable direction of error). Also, a bar has been used for sites where sulphate

reduction rates are high (steep gradients) and some sulfate reduction may have occurred within

the bioturbation zone. An arrow designates data points where it is certain that sulfate gradients

(or sedimentation rate data) are g:vlng only minimum or maximum sulfate reduction rates (or X
sedimentation rates). O, consumption rate vs. sed rate.

Sulfate reduction rate vs. sed rate.

How “normal” are these “normal marine sediments?”




Sulfate reduction and oxic respiration rates

Convert sulfate reduction
and oxic respiration rates to
organic C oxidation rates.

Offset at low sed rate due to
near-total C org oxidation
by O,. (the good stuff is
gone)

No obvious offset between
SR and O, resp at high sed
rate / oxidation rate

Integrated Carbon Oxidation Rate (mmoles cri yi')

& Normat marine!

O Semi-euine (modelied)

/Mus[b,‘y
p
Sediment Burial Rate (g crifyr)

Fig. 3. Data from Figs 1 and 2 have been d to depth-i rates of org; “ c b

oxidation. Rates of organic carbon oxidation by sulfate reduction have been plotted as individual

points. Rates of organic carbon oxidation by oxic respiration are given as the outlined nru_(fmm
Fig. 2) and are superimposed over the organic carbon oxidation rates by sulfate reduction.

Canfield, 1989

3

JP— Canfield, 1989

© Euniic (modelied)
(mecsured)
© Semi-eunine (modeled)

Integrated Carbon Oxidation Rate (mmoles criRyr)
A

Just compare integrated
1% 163 02 o' | [

Sediment Burial Rate (gertyr) organic C oxidation rates

Fig. 4. Total (depth-integrated) rates of organic carbon oxidation in normal marine sediments between “normal marine”
are compared to total rates in euxinic and semi-euxinic sediments. Rates of organic carbon . ..
oxidation in normal marine sediments are enclosed by the outlined area, with the dark line sediments, and euxinic and
desigatingth cente o the feld. Eusinic data includests from the Black Sea, and the Cariaco ’
rench. The semi-cuinic data is from the Gotland Deep in the Baltic Sca, the Black Hole in i-euxinic si i
Long Island Sound, Skan Bay, Alaska, and sll‘;icﬁ Inlet, British Columbia. " HSHTHEIRIINE Sltes (anOch

& near-anoxic).

Again, no obvious offset —
anaerobic decomposition
not inherently slower




Surface area control of organic carbon accumulation in continental shelf sediments.

LAWRENCE M. MAYER

Walpole, ME 04573, USA

Organic C protection by adsorption onto
mineral grains:

(Received December 31, 1992 acceped i revised form September 24, 1993)

Sediments is here rinterpreted i terms of the surface arca of the sedimens. Cores from many North
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Surface area control - C org
el e e : ] .
B e e D concentrations consistent with a
s o “monolayer equivalent” OM coating of
: o .
e R minerallsucfaces
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ORGANIC CARBON (mg-OC g-1)

SURFACEAREA (m2 g'1)

FIG. 2. Total organic carbon concentration vs. sediment surface
area for sediment-water interface samples from the Gulf of Maine.
Open circles are samples from water depths shallower than 75 m and
closed circles are from deeper sites. Linear regression slope of data
from deeper site samples is 0.57 mg-OC m~2. Modified from MAYER Mayer (1994)
etal. (1988).

Organic carbon content and surface area of sediment
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FIG. 3. Total organic carbon concentration vs. depth in cores from (a) the Damariscotta estuary (#3, depth = 33
'm), central Maine, and (b) deeper Gulf of Maine (PEM, depth = 89 m). Solid circles are OC values. Horizontal bars
represent the range of OC values for the data envelope of the deeper site samples plotted in Fig. 2 (i.e., the vertical
width of the zone), for the surface area of each depth horizon. Curve fits represent
fit to exponential model OC = OCgp + OCmet €xp(—f2), in order to determine OCrsp (see text).

C org concentrations decrease downcore, evolving
toward the “monolayer equivalent” OM coating
predicted based on previous figure




The shelf sediment C org / SA relationship
seems global

ORGANIC CARBON (mg g-1)

SURFACE AREA (m2 g°1)

FIG. 4. Total organic carbon concentration vs. surface area for the
refractory background of twenty-two cores from throughout North
America. The OC concentration in the refractory background was

by fitting datatoat decay model .
(see text). Diagonal bars are the 95% confidence intervals for this
data set, and represent the ME zone as defined by the refractory
background data. Symbols: 0, CHUKCHI; 4, SKAN BAY; O,
PUGET SOUND; +, CHESAPEAKE; ®, GULF OF MAINE.

ORGANIC CARBON (mg g-1)

SURFACE AREA (2 g'1)

FIG. 5. OC concentration vs. surface area for sediment-water in-
terface samples from continental shelf sites around Europe and North
America. Diagonal lines represent the 95% confidence intervals for
the refractory background data of Fig. 4. Symbols: ®, BERING,
CHUKCHI SEA; *, SKAN BAY; O, PUGET SOUND; A, WASH-
INGTON SHELF; m, W. MEXICO SHELF; ®, PERU SHELF; +,
CHESAPEAKE BAY; V, LONG ISLAND SOUND; O, BARENTS
SEA; 4, DENMARK; O, W. MEDITERRANEAN SEA; >, BLACK
SEA.

- Monolayer-

- » bl
S = =

% Organic Carbon

e
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Equivalet  .*’
Zone .

But different
environments seem to
yield different slopes:

Lower in deltas and
abyssal sediments,
higher in high-
productivity / low-
oxygen regions

0 60 80
Surface area (m2/g)

Fig. 9. Weight percentages of organic carbon plotted vs. mineral
surface area for hydrodynamically-separated size fractions from
surface sediments collected at 140° W and 9° (O), 5° (+), and
0° (O) N in the Equatorial Pacific (Keil, unpubl. data). For
comparison, the range of monolayer-cquivalent organic loadings
cxhibited by non-deltaic continental margin sediments is indicated

by dashed lines.

Hedges and Keil, 1995
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Age of sediment (yr Bp)

T

P = Peru size fractions
M = Mexico Shelt
B = Black Sea

* “monolayer equivalent zone|
m=056-10 _ _ .- - "]

75

2 -
Surface area (m g 1)

Fig. 14. Weight percent of organic carbon plotted vs. mineral
surface area for surficial sediments from productive regions with
low bottom water oxygen concentrations such as the Black Sea
(bulk material), Mexico shelf (bulk material), and Peru margin
(spurtT size fractions). The typical data range for continental
margin sediments exhibiting monolayer-equivalent organic load-
ings is given for comparison (e.g. Keil et al., 1994a).

Sorptive preservation of labile
organic matter in marine
sediments

OC (%) Richard G. Keil*, Daniel B. Montiugon®,
2.0 25 X . Fredrick G. Prahlf & John I. Hedges™

- * School of Oceanography, WB-10, University of Washington, Seattle.
- Washington 98195, USA
SA (m?g™h 1 Callogs of Oceancgraphy, Oregon State Universty, Corvalis,
30 w 97331, USA B

Washington margin —
OC/SA constant (so
change in %C at this
site doesn’t reflect
evolution toward
monolayer equivalent.

(paleoceanography)
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Figure 1 Water column O, and sediment carbon contents for study sites from the
Washington and Mexican margins. a, Dissolved O, concentration as a function of
water depth for the continental margins of Washington State (squares) and
northwestern Mexico (circles). Note that the Mexican O, concentrations between
150 and 600 m depth are indistinguishable from zero. b, Weight per cent organic
carbon as a function of depth in sediments for representative stations from the
Washington (empty squares, 630m; filled squares, 120m) and Mexican
continental margins (empty circles, 620 m; filled circles, 150 m).

Desorbed organic
matter is quite reactive
(implying protection by
mineral surfaces)

25-50 % could be
desorbed

70 — 95 % of this,
decomposed

Influence of oxygen exposure
time on organic carbon
preservation in continental
margin sediments

Hilairy E. Hartnett, Richard G. Kell, John . Hedges

& Allan H. Devol

School of Oceanography, Box 357940, Universvyof Washingon, Seatle
Washington 981957940, USA

Can oxygen exposure
time explain the observed
range of preservation
behaviors?
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FIG. 1. Porewater data;
from both cores and pos

Manganese
M

Wilson et al. 1985 — turbidite evidence for the importance of oxygen

comparison of stations 10552 and 105.54. This figure is a composite of data
rewater samples. No manganese in solution was detected at station 10552,

Pelagic
sedment
10YR 6/2'

hlloozoo

Porewater Mn, ym

02 4 6 810

HG. 6. Concentration/depth profiles for the diagenesis-sensitive elements Cory, uranium and manganese
for the box core at station 10554. The porewater Mn?* profile for this core is also included.

“Burn-down” into a turbidite

Organic C that had been buried (and

preserved) is readily decomposed in the
presence of porewater oxygen — O, matters.

No turbidite

13



surficial reaction
layer o0<z<z,

Intermediate
layer 2, <z<2,
nitrate

subsurface reaction layer
IESN

FIG. 7. Schematic of model profiles for organic-carbon,
oxygen and nitrate. The model is valid for the interval 0
< Z < Z,. Below Z,; the organic layer breakdown rates for
the processes of oxidation and denitrification are estimated
from the oxygen and nitrate fluxes through Z; (see text).

Lithology CaCO; wt%) Corg (Wt %) S (wt %)
o 20 40 0 1 2 o 1 2

Fig. 3. Lithologies and element vs. depth profiles for CaCOs, Cory and S in the four trbidites studied.

Thomson et al. 1998
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Fig. 10. Depth distributions of (a) weight percent organic carbon, (b) combined mole percent of two nonprotein amino acids ( B-alanine plus
y-aminobutyric acid), and (c) total pollen abundances (grains g~*) in oxidized and unoxidized sediments from two cores of the f-turbidite
collected at separate sites in the Madeira Abyssal Plain (data from Cowie et al., 1995; Keil et al., 1994b).

Decreases in percent C org and #
pollen grains, and selective
preservation of resistant amino acids.

Hedges and Keil, 1995
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XE = O, penetration depth (cm)

B

w = sediment burial rate (cm/yr)

O, exposure time (yr) =x; / w

Note — particle mixing doesn’t alter
average OET




Empirical — no particular
mechanism proposed.

9 ©
0 200 400
Oxygen exposure time (yr)

i3
L1

L
0.01 0.1 1 10
Oxygen exposure time (yr)

OC burial afficiency (%)
c388888

Organic carbon burial efficiency (%)

Figure 2 Organic carbon burial efficiency as a function of oxygen exposure time.
Symbols are as follows: the Mexican shelf, 100-150m (empty circles); Mexican
slope oxygen-deficient zone, 150-1,000m (filled circles); the Washington shelf
and upper slope, 100-600 m (shaded squares), Washington lower slope (JIH.et
al., manuscriptin preparation) 600-2,500m (empty diamonds); and the California
margin", 1500-3,500 m (shaded triangles). O, exposure time is plotted on a log-
linear scale so that variations in burial efficiency at short exposure times can be
distinguished; the dotted line is a least-squares fitto the data. For Mexican slope
stations with zero O, exposure time, the data are plotted at 0.003yr (<2d) as the
log scale cannot accommodate a value of zero. Where we calculate a maximum
and minimum total carbon oxidation rate, we present the corresponding range in
carbon burial efficiency as two ols. Inset, as main figure but with
ali i scale to the nature of the

Hartnett et al., 1998

1.1 Hedges, R.G. Keil / Marine Chemistry 49 (1995) 81-115

4

0 4 6

2
Log(t), yr

Fig. 3. Log/log plot of the measured reactivity (k) of organic
carbon vs. the time interval (1) of experimental measurement.
¢ = data from laboratory studies; O = data from water column
measurements; O =data from sediment cores. The uppermost
data point (@) is calculated for 75% assimilation of an algal diet
by zooplankton with an average gut passage time of 1 h (Cowie
and Hedges, in press) (after Middelburg et al., 1993).
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Role of the oxygen-deficient zone in transfer of organic carbon to the deep ocean

Allan H. Devol and Hilairy E. Hartnett* .
School of Oceanography, University of Washington, Seattle, Washington, 98195-7940 Comparison of low O,

and high(er) O, sites.
0, (uM)
0 100 200 300
0 135°

115° 105°

Fig. 1. Locations of the Washington State and Mexican conti-
nental margin transects along with the dissolved oxygen profiles
from the two areas.

Rain rate (mmoles m2 d'l) Rain rate (mmoles m"2 d'l)
10 15 20 5 10 15 20 25

400
600
800

Washington 1000

1200 1200

Fig. 2. Carbon rain derived from the sedimentary data for the two Washington and Mexican
transects. Rain rates are shown as histograms of the two components with the solid portion repre-
senting benthic carbon oxidation rate and the white portion showing the carbon burial component.

At 100 m, Ro(WA) > R-(Mex)
At 1000 m, Ro(WA) ~ R-(Mex)

| Devol and Hartnett, 2001
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Rain Rate (mmoles m2 1) Rain Rate (mmoles m™ d'1)
678 910
——

Washington 1000

1200

Fig. 3. P ve 1 of the i derived carbon rain rates (C,) for the Wash-
ington margin (C, = 16.2-[z/100]°%) and the Mexican margin (C, = 7.4-[z/100]-°%). Note that
the scale on the x-axis is different between the two panels.

Different attenuation of organic C sinking flux
(in response to deep-water oxygen?)

Carbon rain rate (mmoles m2 d'l)

‘@ Traps NH 96
v Traps NH93a
®  Traps NH 93b
Rain rate
— .36

=0
seener 0=0.93

1200

Fig. 4. Sediment-trap-derived rain rates (solid symbols) from
three deployments of trap strings and rain rates derived from carbon
oxidation and burial (open circles) on the Mexican margin. Also
shown are a 100-m rain rate of 7.5 mmoles C m~2 d~! attenuated
as the. Martin et al. (1987) power function with the attenuation co-
efficient derived from the Mexican data, « = 0.36 and the attenu-
ation coefficient derived from the Washington data, a = 0.93. Error
bars on the trap data show the range of replicate sediment-trap mea-
surements, while error bars on oxidation plus burial derived rain
rates are standard deviations.

Devol and Hartnett, 2001

Sediment trap data match flux predictions
based on benthic remineralization and burial.
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SEDIMENTARY ORGANIC MATTER PRESERVATION: A TEST FOR
SELECTIVE DEGRADATION UNDER OXIC CONDITIONS

JOHN L. HEDGES*, FENG SHENG HU**, ALLAN H. DEVOL*,
HILAIRY E. HARTNETT*, ELIZABETH TSAMAKIS*, and RICHARD G. KEIL*

John L. Hedges and others—Sedimentary organic matter preservation

Water Depth, m

Distance Offshore, km

cm

Deeper oxygen penetration
farther offshore (in deeper
water)

O, Penetration Depth,

100
Distance Offshore, km

pene52, Tyl propetis of sediment coresamples (4) Water depth versus distance ofishore, (B) Oz Hedges et al., 1999




And lower sedimentation rates
farther offshore (in deeper
water)

Sedimentation Rate, cm/kyr

100
Distance Offshore, km

So OET increases offshore

O, Exposure Time, yr

Distance Offshore, km

Fig. 2(C) Average sediment accumulation rate versus distance offshore, and (D) Calculated oxygen

exposure. n(me (OET) versus distance offshore.
Hedges et al., 1999

John 1. Hedges and others—Sedimentary organic matter preservation

100 Percent organic C and the
Distance ffshors, km Organic C / Surface Area ratio
decrease moving offshore

(OC/SA not constant)

OC/SA, mgOC/m?2

Distance Offshore, km

ok 8.3 e orguic cubon comtets of ndividunl sediment corcsgoenas () Weight percencages Hedges et al., 1999
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John I. Hedges and others—Sedimentary organic matter preservation

6
115 2203
8

%BAL+GABA

50 100 150
Distance Offshore, km

100/%GLC

100 150
Distance Offshore, km

Fig. 6. Distance from shore of individual sediment cores versus ave deg tion indicators,
includisg: (A) Mole percent af balonine phis y aminobutye acid, SuBALA + GABA): () One bundred
times the inverse of weight percent glucose, 100/%GLC; and

Amino-acid based “degradation
indicators” increase moving
offshore

Hedges et al., 1999
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