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Abstract

Recent data on the sources of organic carbon buried in the ocean have emphasized the probable importance of terrigenous
organic matter in burial budgets of deltaic depocenters. The many markers used to assess relative importance of marine vs.
terrestrial sources each have ambiguities. We use the ratio of bromine to organic carbon (Br:OC) as a source indicator for organic
matter in the Mississippi delta. Progressive increases in bromine concentrations from the river to the slope indicate increasing
content of marine-derived organic matter. Quantitative estimates of marine vs. terrigenous organic matter using Br:OC ratios in
a two-endmember mixing model are consistent with recent estimates using a combination of three other source markers [Gordon,
E.S., Goiii, M.A. 2003. Sources and distribution of terrigenous organic matter delivered by the Atchafalaya River to sediments in
the northern Gulf of Mexico. Geochim. Cosmochim. Acta, 67:2359-2375]. The Br:OC vs. 6'C relationship indicates seaward
increase in 6'>C without proportionate incorporation of marine organic matter, consistent with recent arguments that isotopically
depleted terrestrial detritus derived from C3 plants is separated from C4-derived terrigenous organic matter during transport.
Decreasing Br:OC ratios downcore at many sites that have significant amounts of marine organic matter indicate that the marine
organic matter is preferentially lost during burial diagenesis. This preferential loss constrains the contribution of organic matter
burial in deltaic environments to global removal of Br.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Organic carbon burial in marine sediments is a major
flux in the long-term carbon cycle (Berner, 1982), af-
fecting not only carbon flux but also other elements
incorporated into organic matter. Most burial of organic
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matter in the ocean occurs on continental shelves and
upper slopes (Berner, 1982; Hedges and Keil, 1995).
These ocean margin sediments partition into two modes
of burial based on their ratio of organic carbon to
mineral surface area (Mayer, 1994). Deltas of large
muddy rivers, especially at lower latitudes, share lower
ratios of ~0.25 mg-OC m™ %, which is less than a third
of that found in most other shelf environments. Each of
these two shelf types accounts for roughly half of the
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overall marine burial flux of organic carbon (Hedges
and Keil, 1995).

The proximity of these depocenters to land and the
strong association between organic matter and terrige-
nous minerals (Mayer, 1994) means that terrigenous
organic matter can make up significant fractions of the
burial flux. The mix of terrigenous and marine-derived
organic matter that constitutes this flux is unknown.
Older literature inferred dominance of marine OM burial
in oceanic sediments, based largely on lignin biomarkers
and stable isotope data of the bulk organic matter pool
(e.g., Hedges and Parker, 1976; Gearing et al., 1977).

More recent literature (Hedges et al., 1997; Goiii et al.,
1997, 1998; Holtvoeth et al., 2005; Burdige, 2005) calls
into question this presumption — especially in deltaic
situations. Among the most compelling evidence is the
increasingly old '*C ages of sedimentary organic matter in
land-to-sea transects (Goni et al., 1997, 1998; Gordon and
Goni, 2003); this trend is opposite to that predicted from
addition of young planktonic material to older soil-
derived organic matter (Hedges and Parker, 1976). The
6'3C values of the presumed marine and terrestrial
endmembers are not as clear as originally supposed,
because organic matter from land-based C4 plants, upon
mixing with C3 plant-derived organic matter, results in
6'3C values of terrigenous organic matter similar to those
generated by marine plankton (Goiii et al., 1997, 1998).
Selective removal of the C3-derived detritus, by physical
or diagenetic processes, can therefore alter 6'*C values in
a direction that simulates the addition of isotopically
heavy marine organic matter. Likewise, the C:N ratios of
terrigenous organic matter are usually higher than those of
marine-derived planktonic remains. However, the C:N
ratio of the bulk terrestrial organic matter pool results from
a complex mixture of material that can become segregated
during sorting in the marine environment, winnowing
vascular plant detritus of high C:N which can then be
transported offshore and leaving behind in nearshore
regions mineral-associated soil organic matter with C:N
ratios similar to those formed in the oceans (Leithold and
Blair, 2001). Side reactions with inorganic phases can
interfere with interpretations of other elemental ratios,
such as C:P (Ruttenberg and Goiii, 1997). Various bio-
markers, especially lignin, have been used as further in-
dicators of terrigenous vs. marine origin; these approaches
have advantages in specificity of origin, but can be prob-
lematic to interpret quantitatively because they do not
always maintain a constant ratio to the pool which they
represent (Hedges and Prahl, 1993).

The challenge of quantitatively partitioning organic
matter sources would clearly benefit from the application
of more markers that distinguish between the terrestrial

vs. marine origins of organic matter (Burdige, 2005).
Especially beneficial would be markers that are indepen-
dent of the different types of terrestrial organic matter.
One such marker that has been used in the past is the ratio
of bromine to organic carbon (Br:OC; Mayer et al., 1981).
In transects of temperate estuaries bromine contents have
been used to distinguish marine from terrigenous organic
matter (Mayer et al., 1981; Malcolm and Price, 1984;
Upstill-Goddard and Elderfield, 1988). This use of the
Br:OC ratio relies on the low concentration of bromine in
terrestrial environments and its relatively high concentra-
tions in the oceans.

Bromine in the particulate phase of sediments is
thought to be associated entirely with organic matter
(Harvey, 1980), though neither the chemical nature nor
origin of this association is understood. Many primary
producers, especially macroalgae, are known to synthe-
size brominated organic compounds (Gribble, 1998).
Heterotrophic organisms, especially invertebrates but
including bacteria (Gribble, 1998; Van P¢e, 1996), also
produce brominated compounds. Last, bromination
may occur via nonbiological reactions (Miiller et al.,
1996). Anthropogenic oxidation processes such as
chlorination are well known to cause bromination of
various organic moieties (e.g., Sigleo et al., 1980;
Howard et al., 1984) and natural versions of this type of
reaction may occur.

As part of a study examining organic matter in the
Mississippi delta region, we therefore examined the
bromine contents of riverine, shelf and slope sediments
to assess their contribution to the question of marine vs.
terrestrial origin. We concentrate on a spatial analysis of
Br:OC ratios in surface sediments, and also examine
possible changes in these ratios resulting from downcore
diagenesis.

2. Methods and materials

We sampled both deposited and suspended sediments for
this study, in areas including the lower Mississippi and
Atchafalaya Rivers, and coastal, shelf and slope sites offshore
of the Mississippi and Atchafalaya deltas (Fig. 1, Map).
Suspended sediments were obtained from water samples
collected on the Mississippi River at St. Francisville, LA, and
Venice, LA, and on the Atchafalaya River at Morgan City, LA.
Suspended particulate matter (SPM) was occasionally con-
centrated from large volumes of river water samples in plastic-
lined garbage cans by adding Instant Ocean (TM) to reach a
salinity of 5-10%o, and allowing coagulation to occur
overnight. After decantation of the clarified supernatants, the
concentrated suspensions were then centrifuged to remove
most of the remaining water. Tests showed that insignificant
changes in organic matter content result from this separation
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Fig. 1. Map of stations, along with the percentage of organic matter at the sediment—water interface that is marine, calculated from Br:OC ratios and
the equation described in the text. Seabed samples shown by solid circles and riverine SPM samples by solid triangles.

approach as compared with direct centrifugation or filtration of
bulk river water without seasalt coagulation. Deposited
sediments were collected by gravity corer, Kasten corer, box
corer, multicorers, and various grabs, on a number of cruises
during 2003-2005. Cores were dissected using core extruders
within hours of collection and samples frozen until analysis.

Bromine was analyzed by neutron activation analysis
(Activation Laboratories, Ancaster, Ontario). Samples were
rinsed twice in deionized water, to remove interstitial seawater
with its associated bromide. We tested for possible removal of
brominated organic compounds in this study by measuring solid
phase bromine before and after the deionized water rinse, and
comparing the decrease in bromine with that calculated from a
separate determination of seasalt bromide using ion chromatog-
raphy. This test showed excellent agreement between the two
approaches, indicating that insignificant organic bromine was
washed away. This finding confirms previous assumptions
that distilled water removes Br only to the extent that would
be expected from dried interstitial water (Harvey, 1980; Mayer
et al., 1981). We tested for complete removal of seasalt by
performing up to four washes and found no further Br loss. The
coefficient of variation of Br analyses by this method was 2%.

Organic carbon was analyzed on a Perkin-Elmer 2400B
Elemental Analyzer, after decarbonation by gas phase
acidification (Mayer, 1994). Carbon isotope ratios were
determined by isotope ratio mass spectrometry on a Europa
20-20 mass spectrometer (MBL Stable Isotope Laboratory,
Woods Hole MA).

3. Results

The Br content of sediments (Table 1) is low in the riverine
suspended particulate samples, and similar to the global average

of 5 ug g ' reported by Martin and Meybeck (1979). Br
concentrations in deposited sediments just outside of the mouths
of the Mississippi and Atchafalaya Rivers are similar to riverine
suspended sediments, and generally increase with distance from
their river mouths. The river SPM samples do not contain the
lowest Br concentrations, largely because they are relatively
fine-grained sediments; Br concentrations are grain size-
dependent (Mayer et al., 1981) and thus coarser-grained
sediments in nearshore sites often exhibit even lower concentra-
tions. Organic carbon concentrations show the opposite trend to
Br, instead generally decreasing across the river to ocean
transition in keeping with trends observed in most deltaic envi-
ronments (Keil et al., 1997). 6'3C values also show the usual
enrichment in the river-offshore direction, consistent with
numerous studies from this region (e.g., Goni et al., 1998).

Downcore changes in Br and OC concentrations were
variable in sites close to shore (e.g., A-1, P4S5), likely as a
result of recent and nonsteady state sedimentation. More
distant sites offshore (e.g., MC-2, P4S8) showed more
consistent drops in both parameters downcore, reflecting the
slower sedimentation rates and hence greater time for
diagenetic reactions to affect concentrations.

4. Discussion
4.1. Provenance

The only known, nonaqueous phase association for
Br in marine sediments of normal salinity is organic
matter (Price and Calvert, 1977; Price et al., 1970;
Harvey, 1980). Harvey (1980) indicated that Br likely
forms a wide variety of organic compounds. We have
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Table 1
Station names, locations, water depths, depths within cores, total organic carbon (TOC) and bromine (Br) concentrations, bromine:organic carbon ratios
(Br:OC), the percent of the organic matter that is of marine origin as calculated from Br:OC values by the equation in the text (MAR), and 8'*C values

Sampling site Latitude Longitude Water depth Core depth TOC  Br Br:0OC %-MAR §'°C
(degrees) (degrees) (m) (cm) (mg/g) (ng/g) (mg-Br:g-OC) (per mil)

Suspended particulates

Atchafalaya, Morgan City 4/03 (5240) 29.7 91.17 19.0 89 047 0 —26.1

Mississippi, Venice, 3/05 29.26 89.35 23.8 8 0.34 0 —24.3

Mississippi, Venice 4/05 29.26 89.35 14.8 7 0.47 1

Mississippi, St. Francisville 3/05 (18700) 30.47 91.23 25.1 10 0.40 0 -26.8

Mississippi, St. Francisville 4/05 (17700) 30.47 91.23 18.1 8 0.44 0

Mississippi, St. Francisville 2/03 (21700) 30.47 91.23 10.50 4.6 044 0 -25.8

Coastal SPM, off Freshwater Bayou 29.53 923 239 278 1.16 10 -22.6

Atchafalaya region

A-1 29.32 91.47 3 0-1 11.5 85 0.74 4 -233
1-2 10.5 7.5 0.72 4 -23.2
2-3 10.8 8.0 0.74 4 -23.0
3-4 9.9 7.8  0.79 5 -22.7
4-5 12.7 84 0.66 3 -23.0
5-7 14.5 8.0 0.5 2 -22.6
8-10 12.0 73 0.61 3 -22.8
10-15 10.0
15-17 10.2 51 051 1 -23.0
22-24 6.9 3.8 055 2 -22.7
32-34 13.2
42-44 6.7 43  0.64 3 —22.1
52-54 12.5
63-64 11.0 9.1 0.83 5 -22.6

A-2 29.40 91.45 2 0-1 14.4 113 0.78 5 -23.6
1-2 6.1 53 0.86 6 -235
2-3 9.7 7.7 0.79 5 -23.2
3-4 15.2 10.8  0.71 4 -22.4
4-5 14.0 18.6 133 12 -22.7
5-7 12.8 9.7 0.75 4 —22.6
8-10 10.4 6.7 0.65 3 -23.2
14-16 9.4 55 058 2 -235
22-24 13.1 102 0.78 5 -21.9
28-30 9.5 53 056 2 —23.7
32-34 12.4 94 0.5 4 -21.9
38-40 153 15.7  1.03 8 -229
42-46 11.4 8.1 0.71 4 -21.3
50-53 124 9.6 0.78 5 -21.8
62-65 11.7 9.1 0.78 5 -21.7
72-75 12.2 102 0.84 6 -21.9
82-85 12.3 88 0.72 4 -23.7

A-3 29.45 91.45 2 0-2 18.7 19.7  1.05 9 -232
2-3 197 222 113 10 -23.0
3-4 15.0 18.0 1.20 11 -22.8
4-5 7.7 6.6 0.85 6 -233
5-7 7.0 51 073 4 -235
7-10 9.8 7.5 0.77 5 -235
1315 13.2 8.1 0.62 3 -22.7
18-20 11.9 7.2 0.60 2 -23.1

Atchafalaya Bay Stn 29.40 91.43 204 282 138 13 -22.7

FWB-1 29.53 92.30 1 0-1 189 289 153 15 -22.5
ca. 1-6 204 29 1.42 14 -225

FWB-6 29.52 92.32 3 0-1 174 26.1 150 15 -22.6
ca.l-6 169 285 1.69 17 -22.6

(continued on next page)
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Table 1 (continued)

Sampling site Latitude Longitude Water depth Core depth TOC  Br Br:0C %-MAR §'°C
(degrees) (degrees) (m) (cm) (mg/g) (ng/g) (mg-Br:g-OC) (per mil)
Western shelf
B7 29.53 92.87 16 0-2 7.18 19 2.65 30
2-4 720 19 2.64 30
4-6 799 21 2.63 30
B8 29.45 92.75 15 0-2 941 29 3.08 36 -21.7
2-4 941 27 2.87 34 -21.7
4-6 9.14 22 2.41 27 -21.7
B9 29.45 92.65 14 0-2 15.1 40 2.65 31
2-4 11.8 30 2.55 29
4-6 104 26 2.50 29
B10 29.45 92.55 12 0-2 150 38 2.53 29
2-4 133 31 2.33 26
4-6 125 34 2.72 31
BI11 29.45 92.45 10.5 0-2 163 28 1.72 18
2-4 16.0 19 1.19 10
4-6 15.7 16 1.02 8
BI2 29.43 92.35 9 0-2 15.1 16 1.06 9
2-4 16.0 14 0.87 6
4-6 158 32 2.02 22
BI3 29.43 92.25 0-2 139 31 223 25
2-4 174 34 1.95 21
4-6 146 26 1.78 19
B14 29.43 92.15 0-2 157 33 2.10 23
2-4 148 28 1.89 20
4-6 145 24 1.65 17
BI5 29.42 92.05 0-2 154 26 1.69 17
2-4 140 22 1.57 16
4-6 8.5 13 1.52 15
Circum Birdfoot Delta
P4S2 28.85 89.42 50 0-1 173 21 1.21 11
3-5 15.7 10 0.64 3
11-14 14.7 15 1.02 8
P4S5 29.40 89.27 6 0-2 158 23 1.46 14
8-11 12.8 13 1.02 8
20-23 20.4 18 0.88 6
P4S6 28.88 89.6 69 0-1 193 37 1.91 20
1-4 182 29 1.59 16
7-10 16.5 33 2.00 22
13-16 159 29 1.82 19
16-19 153 26 1.70 17
19-22 155 25 1.61 16
P4S7 28.97 89.83 40 0-1 176 48 2.73 32
1-4 16.3 45 2.76 32
4-7 149 37 2.49 28
7-10 139 38 2.73 32
10-13 13.0 32 2.46 28
13-16 12.1 26 2.14 24
P4S8 28.93 90.07 72 0-1 120 33 2.76 32 -21.7
1-3 10.7 29 2.71 31 -21.9
3-6 7.6 18 2.37 27 =220
6-9 7.7 18 2.33 26 -21.6
9-12 8.4 13 1.55 1 -214

5
12-14 72 6 0.84 6 -21.2
MSS-2 28.83 89.48 45 0-5 13.0 11.8 091 7 -234
5-10 12.8 9.6 0.75 4 —234
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Table 1 (continued)
Sampling site Latitude Longitude Water depth Core depth TOC  Br Br:0C %-MAR 4'°C
(degrees) (degrees) (m) (cm) (mg/g) (ng/g) (mg-Br:g-OC) (per mil)
Circum Birdfoot Delta
MSS-2
15-20 12.6 8.4 0.67 3 -23.1
30-35 13.6 10.8  0.79 5 -224
50-55 13.3 112 0.84 6 -22.6
70-75 13.0 10.3  0.79 5 -22.7
90-95 12.4 6.1  0.49 1 —24.1
150-160  12.0 89 0.74 4 =235
MC-2 29.00 88.83 200 0-0.5 17.1 65 3.81 46 -21.9
0.5-1 16.3 -21.8
1-1.5 16.2 -22.2
1.5-2 15.6 -21.6
2-3 153 50 33 39 -21.5
3-4 15.4 -21.6
4-5 15.3 -21.9
5-6 152 -21.7
6-7 15.1 -214
7-8 14.8 =215
8-9 14.7 -21.6
9-10 14.7 -21.3
10-12 148 39 2.6 30 -21.5
12-14 14.8 -21.7
14-16 15.3 -21.6
16-18 14.6 -21.5
18-20 14.4 -21.5
20-22 14.8 -21.6
22-24 139 -21.3
24-26 13.9 -21.7
26-28 14.0 -21.8
28-30 133 27 2.0 22 -21.5
MC-1 29.30 88.68 62 0-0.5 155 54 3.5 42
2-3 144 47 33 39
10-12 126 37 29 34
28-30 11.1 28 2.5 29
Slope
6T 29.63 95.03 730 SWI 120 45 3.6 43
7T 27.63 94.87 713 SWI 12.0 46 3.7 45 -19.9
14T 27.50 93.47 587 SWI 11.9 45 3.8 46
15T 27.47 93.33 662 SWI 103 38 3.4 41
21T 27.67 91.12 973 SWI 10.7 39 3.5 42 -19.7
CT-7 27.46 91.50 964 4-6 120 40 33 40 -20.0*
28-30 11.3 17 1.5 15
55-57 105 26 2.5 28
73-75 9.6 24 2.5 28
91-93 154 29 1.9 20
CT-5 26.98 91.5 2250 2-4 88 24 2.7 32 -21.8 %
8-10 74 21 2.8 33
14-16 7.6 15 2.0 21
20-22 8.0 38 4.8 59

Values in parentheses associated with river samples are river flow (m* s~ ).

? From Ruttenberg and Goiii (1997).

no reason to suspect any other phase association for
bromine in sediments from the Mississippi delta region
and will therefore assume this association for the
purposes of this paper.

We can infer provenance of bulk organic matter
assuming that the Br:OC ratio, as a chemical marker,
acts as a tracer for marine vs. terrestrial source. The Br:
OC ratios in the river suspended particulates all fell
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within the narrow range 0.34-0.47 mg-Br g-OC ™'
(Table 1). Values in nearshore sediments close to the two
river mouths are generally close to this value, and hence
indicate a largely terrigenous nature for the organic
matter in these sites. The increase in Br:OC ratios with
distance from the sites of river discharge presumably
reflects increasing marine primary production in the
overlying water column as suspended sediment levels
decrease and the light field for phytoplankton improves
(Lohrenz et al., 1999; Lane et al., 2002). This increase in
primary production will roughly correlate with a
decrease in sedimentation rate of terrigenous detritus,
which settles close to shore (Wright and Nittrouer, 1995;
Hitchcock et al., 1997). Lower sedimentation rates away
from the river mouths or in deeper waters hence provide
a greater exposure time to marine organic matter input to
the sediment—water interface, as well as continued loss
of terrigenous organic matter due to decay and
winnowing (Gordon and Goiii, 2004; Chen et al., 2005).

Quantification of the mix of terrigenous and marine-
derived organic matter could be calculated by a two-
endmember mixing model, once we know each end-
member. An average terrestrial endmember value of
0.43 mg-Br g-OC™ ' can be calculated from the river
SPM samples (Table 1), and is similar to those found in
soils and sediments from other terrestrial environments
(Mun and Bazilevich, 1962; Song and Miiller, 1993;
Keppler et al., 2000). Because the Br and OC contents of
our riverine suspended sediments are similar to those of
other rivers (Martin and Meybeck, 1979; Meybeck,
1982), it follows that these values may well be ap-
plicable to other land—sea interfaces. While it is possible
that components of terrigenous organic matter (e.g., C3-
derived vascular plant detritus vs. C4-derived grassy
material) have different Br:OC ratios, the bromine
content of terrigenous organic matter may also result
from bacterial or fungal processing of terrestrial plant
detritus rather than that taken up by the original plant
(Gribble, 1998). In any case, our riverine samples derive
largely from winter—spring river flows, which typically
dominate the delivery of sediments to the Louisiana
coast, and it seems likely that the narrow range of low
values we found accurately characterizes the terrestrial
endmember for the purposes of a binary, linear mixing
model (see below).

The appropriate marine endmember is problematic
for this area, because we don’t know if the highest value
found (4.8 mg-Br g-OC™ ') represents organic matter
that is 100% marine in origin. Values from the literature,
for shelf sites with likely minimal terrestrial influence,
average 7.7 mg-Br g-OC ™" (Table 2) — which is 60%
higher than this value. The values in Table 2 represent

average ratios calculated from individual samples in the
literature rather than reported slopes of regression plots,
because the latter approach leads to ratios that are not
representative of many of the samples. In addition, we
have excluded the review compilation of Ten Haven
et al. (1988) whose Fig. 5 summary incorrectly forces
slopes from other papers through the origin and
misrepresents the data from Mayer et al. (1981).

The choice of the marine endmember value has
greater potential to affect calculations of marine vs.
terrestrial carbon content than variations in the terrestrial
endmember. If, as a first approximation, we use the
average of the Table 2 values as a marine endmember,
we can calculate percent marine organic matter (%-
MAR) by the formula

% — MAR = 100 X (Br : Ocgumpic — 0.43)/(7.7 — 0.43),

where 7.7 and 0.43 mg-Br g-OC™' are the marine
and terrigenous endmember ratios, respectively, and Br:
OCsample 1s the sample ratio.

These calculations (Table 1) yield values for the
Atchafalaya region coastal sediments that are similar to,
though a bit less than, those calculated by Gordon and
Goiii (2003) for nearby locations. These authors used a
combination of stable carbon isotopes, lignin composi-
tions and C:N ratios to derive their estimates, which
they argued provide much better estimates of %-MAR
than mass balance calculations that use the classical
stable isotope approach alone. Thus Br:OC ratios pro-
vide a fourth source indicator, independent from the
others, that provides inferences consistent with the
combination of the other three parameters used by
Gordon and Goni (2003), and builds confidence in both
approaches.

These calculations indicate that sediments within a
few km of the Atchafalaya and Mississippi River
mouths have %-MAR values at the sediment—water
interface of generally less than 20% (Fig. 2). Shelf

Table 2

Average Br:OC ratios (mg-Br:g-OC) of surface sediment samples from
shelf sites in areas not proximal to major source of terrigenous organic
matter

Br:0OC Location (n) Reference

(mg-Br:g-0C)

6.6 Gulf of Maine (8) Table 1 Mayer et al. (1981)

6.0 Namibian Shelf (15)  Fig. 3. Price and
Calvert (1977)

~8.8 Baja California (3) Fig. 3. Shimmield and
Pedersen (1990)

7.7 Barents Sea (8) Table 1 Price et al. (1970)

Number of samples given by 7.
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sites extending tens of km westward of mouths of the
Atchafalaya River (stations A 1-3, B 7-15) and
Mississippi River (stations P4 S2, 6-8) outflows,
which represents the main coastal plume directions,
achieve progressively greater %-MAR values of up to
36% at the sediment—water interface. Two deeper shelf
sites to the east of the Mississippi Birdfoot delta (MC-1
and MC-2) showed values of 42—46%; this region
receives a relatively small portion of the Mississippi
River outflow and presumably has more time to ac-
cumulate marine organic matter. The offshore, slope
sites (>500 m water depth) have similar %-MAR values
of 32-46%. Thus in none of the sites sampled does
marine phytodetritus appear to become the dominant
contributor to the standing stock of sedimentary organic
matter, assuming that we have used an appropriate
marine endmember value for Br:OC.

The relationship between Br:OC and 6'°C would be
expected to be a linear one if both indicators of bulk
organic matter provenance had simple endmembers —
e.g., if terrigenous organic matter did not contain
significant amounts of both C3 and C4 detritus. Indeed,
Mayer et al. (1981) found an approximately linear trend
in the Gulf of Maine, whose watershed has a lower
production by C4 grasses than that of the Mississippi
watershed. The relationship between Br:OC and 6'°C
for the Mississippi sediments is clearly nonlinear,
however (Fig. 2).

The concave upward shape of the data trend could be
due to a greater variation in 6'°C values between C3-
and C4-derived organic matter than in Br:OC ratios,
coupled with sorting of these two terrigenous organic
matter types in the lower river and coastal region. For
example, the various riverine data points in the lower
right corner of Fig. 2 show a horizontal data trend,
presumably resulting from physical separation of C3-
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Fig. 2. Scatter plot of Br:OC (mg-Br (g-OC) ") vs. §">C (per mil) for
all samples.

and C4-derived terrigenous organic matter in the lower
river channel (Bianchi et al., 2007). The 6'*C of riverine
suspended particulate organic matter from the upstream
sampling site at St. Francisville is lighter than that from
the downstream site at Venice (Table 1), but the Br:OC
ratio is similar. This trend implies downstream loss of
isotopically light, terrigenous, C3 detritus from the sus-
pended load during river flow, and also indicates sim-
ilar Br:OC ratios for C3- and C4-derived terrigenous
organic matter. Separation of C3 from C4 terrigenous
detritus might continue in coastal sediments as a result
of differential winnowing (Goili et al., 1998; Bianchi
et al., 2002) and hence lead to the concave upward shape
in the mixing line.

4.2. Downcore diagenesis

The downcore behavior of Br:OC ratios provides
insight into the relative loss of these two materials. Loss
patterns vary among sites. Nearshore cores with low Br:
OC ratios at the sediment—water interface generally
show little consistent change downcore (e.g., Table 1:
A-1, A-2, MSS-2). More offshore cores with higher
Br:OC at the sediment—water interface, indicating a
significant fraction of marine organic matter, usually
exhibit decreases in the Br:OC ratio downcore. For
example, of those cores having a Br:OC value>1.5 mg-
Br g-OC ™! at the sediment—water interface (e.g., BS,
P4S8, MC-2), about 60% show consistent decreases in
Br:OC ratios and none show consistent increases. It is
possible that some of the changes in Br:OC ratio are due
to nonsteady state sedimentation in this dynamic
environment, instead of downcore diagenesis. For
example, the deepest slope core (CT-5) displays a rise
in Br:OC in its lowest horizon, and core A-2 from a
shallow area near the Atchafalaya River mouth showed
varying Br:OC values that correlate positively with
219pp activities (unpub. data) — another indicator of
marine input. Nevertheless, simultaneous downcore
losses in OC without any change in grain size (with
grain size indicated by sediment specific surface area —
Mayer, 1994) in most cores strongly imply normal
diagenetic loss of OC during progressive burial rather
than changes in OC concentrations due to changing
types of sediment input.

Br:OC ratios in sediment cores reported from
other marine studies are usually fairly constant downcore
(Price and Calvert, 1977; Pedersen and Price, 1980;
Mayer, unpub. data for Gulf of Maine), but downcore
decreases in this ratio have occasionally been observed —
e.g., in the Barents Sea shelf (Price et al., 1970). Upstill-
Goddard and Elderfield (1988) found small decreases in a
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pair of cores from an estuary, with the more terrestrially
influenced core showing a ~ 10% decrease and the more
marine influenced core showing 35—-40% decrease in Br:
OC ratio — similar to the pattern we find in this study.
These decreases are usually ascribed to preferential
degradation of Br-containing compounds (Price et al.,
1970); Upstill-Goddard and Elderfield, 1988, and refer-
ences therein). In the context of sediments with mixtures
of marine and terrigenous organic matter, we suggest that
this interpretation implies preferential loss of the marine
organic matter component that is enriched in Br.

It is possible that these drops in Br:OC in our study
sites are instead due to dehalogenation of Br-containing
compounds (Bossert et al., 2003) without remineraliza-
tion of the organic carbon. However, studies of shelf
environments with dominantly marine organic matter
inputs (e.g., Price and Calvert, 1977) frequently show
relatively constant Br:OC ratios downcore in conjunc-
tion with OC loss. Such behavior implies similar loss
rates of the tracer Br and its host organic matter, and
argues against a major role for simple dehalogenation of
the marine organic matter component in our cores.

The explanation of more rapid loss of marine organic
matter would instead agree with the scheme proposed
by Aller and Blair (2004), in which modern marine
organic matter makes up a small but relatively reactive
component of sedimentary organic matter that decom-
poses in deltas. Their conclusions were based on car-
bon isotope compositions, especially '*C, which was
presumed to derive preferentially from recent marine
primary production. Bromine here performs this same
functional role, as would any element preferentially

enriched in marine relative to terrigenous organic mat-
ter. Upstill-Goddard and Elderfield (1988) found that
brominated organic compounds of marine origin were
more easily oxidized chemically than brominated organ-
ic material of terrestrial origin, consistent with greater
lability of marine organic matter. We stress that this
inference depends on the use of Br as a tracer for the
overall marine component of OM; if Br-rich compounds
decay more quickly than other marine-derived OM, or if
compounds are simply dehalogenated but not further
degraded, then our inference is incorrect. Similar
caveats would apply to any marker, including isotopes.

Downcore decreases in Br:OC were not accompanied
by progressively lighter 6'°C values, which we would
expect if the terrigenous component of the residual
organic matter had a 8'C value lighter than ~24%o. The
core P4S8 is particularly illustrative of this trend, showing
a small enrichment in 6'°C rather than depletion with
decreasing Br:OC downcore, (Fig. 3A and B). This trend
implies that the material being left behind after diagenetic
loss of the marine organic matter is even more enriched
than bulk organic matter. If the Br:OC and §'*C data are
extrapolated (Fig. 3 C) to a Br:OC value equivalent to that
of the terrestrial endmember (~ 0.4 mg-Br g-OC™ "), the
predicted value of §'*C for this terrestrial component
would be —21.1 (£0.5) per mil, considerably heavier than
the sediments delivered by the river. This relatively heavy
terrestrial isotopic value should, of course, be regarded as
particular only to this core, and presumably due to
selective loss of the isotopically light, C3 component of its
terrigenous organic matter via a process such as
winnowing prior to burial. Goiii et al. (1998) used lignin
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analyses to point out that the §'°C value for the
terrigenous component of the organic matter varied
according to the site-specific mixture of C3- and C4-
derived lignin compositions; in the case of the core shown
here a value of —21.1%0 would correspond to roughly
equal contributions from organic matter deriving from
these two plant types. Of course, if terrestrial organic
matter 6'*C values vary among sites then they might also
vary among depths in a core.

Assuming that the Br:OC ratio of the marine-derived
organic matter does not change during downcore
diagenesis, then the downcore decreases in Br:OC ratio
that are frequently observed imply that the marine
fraction of organic matter that is buried will be lower than
would be inferred from Br:OC ratios at the sediment—
water interface (Fig. 2). Few of our cores are more than
20-30 cm deep, in an area with high sedimentation rates,
so we cannot quantitatively infer the proportion of
marine organic matter transiting into the geological
record. Nevertheless, to the extent that the preferential
loss of marine organic matter is correctly inferred from
decreasing Br:OC ratios and that this trend continues
downcore, then these sediments may bury primarily
terrigenous and not marine organic matter.

Marine organic matter instead appears to serve pri-
marily as short-lived kindling that enhances the me-
tabolism of terrigenous organic matter (Aller and Blair,
2004). Marine production may therefore dominate the
incoming organic flux, but not achieve dominance in
terms of the standing stocks measured in this study.

5. Conclusions

Marine sediments deriving from the outflow of the
Mississippi River have Br:OC ratios consistent with an
increase in marine organic matter along the direction of
sediment transport. A simple, two-endmember mixing
model with Br:OC ratios gives quantitative estimates of
the fraction of marine vs. terrigenous organic matter that
are consistent with estimates previously obtained from
more complex suites of provenance indicators. These
source calculations may misrepresent actual mixtures of
marine and terrigenous organic matter if the Br:OC ratio
is not conservative to the marine or terrigenous pool.
For example, we have found that Br is released from
sediments containing only marine organic matter upon
irradiation under simulated sunlight (unpub. data), and
that this release is greater than simultaneous release of
bulk organic carbon (Mayer et al., 2006). However, we
find similarly disproportionate changes in other source
indicators such as lignin and C:N ratio (unpub. data), so
that if photodissolution is important in the marine en-

vironment then other source markers may also be af-
fected. If further research should demonstrate this caveat
to be unimportant, we note that Br is a less expensive
measurement (by commercial means) than stable iso-
topes, and as a single measurement in this deltaic system
seems to provide a less ambiguous answer to questions
about partitioning of marine vs. terrigenous organic
matter source in marine sediments. The use of this
halogen complements the recent application of iodine
concentrations to determination of organic matter source
in the Mississippi region (Santschi et al., 2007). To the
extent that the Br:OC ratio retains accurate estimate of
this mix, marine organic matter inputs are exhibited
most strongly at the sediment—water interface, and are
attenuated before long-term burial. Deltaic sediments
may, therefore, be rather poor sinks for marine organic
matter and associated bioactive elements such as
bromine.
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