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ABSTRACT: This study was designed to determine the amount of particulate organic carbon (POC) introduced to the 
Gulf of Mexico by the hfississippi River and assess the influence of POC inputs on the development of hypoxia and 
burial of organic carbon on the Louisiana continental shelf. Samples of suspended sediment and supporting hydrographic 
data were collected from the river and >50 sites on the adjacent shelf. Suspended particles collected in the river averaged 
1.8 '. 0.3% organic carbon. Because of this uniformity, POC values (in pmol I-') correlated well with concentrations of 
total suspended matter. Net transport of total organic carbon by the Miissippi-Atchafalaya River system averaged 0.48 
X 10" moles y-a with 66% of the total organic carbon carried as POC. Concentrations of POC decreased from as high 
as 600 pmol I-' in the river to <0.8 pmol I-' in offshore waters. In contrast, the organic carbon fraction of the suspended 
matter increased from <f% of the total mass in the river to >35% along the shelf at 210 km from the river mouth. 
River flow was a dominant factor in controlling particle and POC distributions; however, time-series data showed that 
tides and weather fronts can influence particle movement and POC coneentmtions. Values for apparent oxygen utilization 
(AOU) in- from - 60 pmol I-' to >PO0 pmol 1-' along the shelf on approach to the region of chronic hypo*. 
Short-term increases in AOU were related to transport of more -ch waters. Sediments buried on the shelf 
contained kss organic carbon than incoming river particles. Organic carbon and 6'Y: values for shelf sediments iadiated 
that large amounts of both terrigenous and mvine organic a r b o n  ue b c i i  decomposed in shelf waters and sediments 
to fuel observed hypoxia. 

Introduction particles play an important role in the mnsport of 
suspended particles are a landmark feature of organic carbon to the Gulf of Mexico. Once intr* 

the ~ i ~ ~ i ~ ~ i ~ ~ i  ~i~~~ its plume. ~h~~~ duced by the river or fixed in shelf waters, partic- 
ulate organic carbon (POC) is carried along and 
across the Louisiana shelf to be deposited, remi- 
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neralized, or ~no\.ed on to the open Gulf of Alex- 
ico. Along the way, decomposidon of I'OC ill  the 
water coltcnln and sediments plays a key role in the 
creation and persistence of ol>served hypoxia. This 
study qrtantifies riverinc inputs of organic carbon 
to the Louisiana shelf and considers the distril~u- 
tion and fate of tcl-I-igenous and inarine POC in 
the Gulf of Mexico. 

Globally, rivers are estimated to carry about 15 
X 10" moles of' POC and i ~ l ~ o u t  17 X 10" ~noles 
of dissolved orgunic c;lrl,on (1)OC) lo the oceans 
per year (Meyl~cck 1982; Sn~itll and Hollilrarlgh 
1993). Work by Milliman el ;11. (1984) 011 tllc Yang- 
tze River suggests illat POC transport 11y rivers wit11 
particle loads >500 Ing 1 - I  may be greater than 
previously reported and that total riverinc POC 
transport may be as much as 19 X 10" ~iiol yr-I. 
Oceanic budgets for carl>on sllow that only -9 X 
1012 ~ n o l  yr-I are buried in deltaic-shelf sediments 
(Berner 1989). Part of the explanation for the low 
burial rate of carbon i l l  coastal sediments follows 
from studies stlch as that by Ittekkot (1988), who 
estimated that at least 3.5% of the riverbonlc POC 
is chemically labile and readily decomposed. Fur- 
thermore, Smith and Hollibai~gh (1993) presented 
arguments to support net heterotrophy in tile 
coastal ocean. In their scenario, the 18 X 10" mol 
of missing C yr-I in oceanic budgets is slowly re- 
spired in the open ocean. Regionally, data on 
transport of total organic carbon (TOC) by the 
Mississippi River are rather limited. A 1969-1970 
survey by Malcolm and Durum (1976) reported 
that the ,Mississippi River carries 0.28 X 10" mol 
TOC yr-I, with 54% as POC. 

Terrigenous inputs of organic carbon (OC) by 
the Mississippi-Atchafalaya river system (MARS) 
are augmented substantially by new marine pro- 
duction. Continuous increases in the nitrate load 
of the river system during the past few decades are 
hypothesized to have enhanced primary productiv- 
ity in shelf waters (Rabalais et al. 1991). This OC 
fuels oxygen consumption and leads to observed 
instances of chronic hypoxia along the Louisiana 
continental shelf (Rabalais et al. 1994). Bacterial 
decomposition of OC in both the water column 
and sediments is important; however, the relative 
importance of each is not well established for the 
Louisiana shelf (Dagg et al. 1991; Benner et al. 
1992). Globally, Smith and Hollibaugh (1993) e s  
timate that 70% of respiration in the coastal zone 
occurs in the water column and 30% on the bot- 
tom, with respiration exceeding primary produc- 
tion by only - 1 %. Knowledge of the sources, trans 
port, and fate of biogenic carbon on the Louisiana 
shelf is critical to understanding the development 
and persistence of shelf hypoxia, as well as to the 
overall cycling of carbon. 

Fig. 1 .  h,l;cl) sllo\\.ing stttdy area at tllc. h4ississilq)i K~wI-  and 
adjacent continent;ll sllelf with gencr;llizcd distril)ution o f  total 
sllspended trtattcr (TSM) in s~lrface \*.arrlx (0-5 111) for Fc-bru- 
ary 1991. N ~ t ~ ~ l l > c r s  gi\*cn oil the 111al) slto\\. I'SM c ~ l u e s  in n ~ g  
I ' k)r I Icitd of  Passcs and I)ro;td areas seic\\.;trtl o f thc  river. Solid 
trianglrs idrntif- k ~ y  station locations. incl~lding ancl~or  stations 
I and 2 (AN-1. AN-?). ~\dditional sites \*.ere sa~tll)lctl 10 the west 
of  the arcs sl~os\-n Ilew. 

Materials and Methods 
During July-August 1990 and Fcl,ri~ary-March 

1991, 50 stations were occupicd on each of two 
cruises of the Nutrient-Enhanced Coastal Ocean 
Productivity (NECOP) Program of the National 
Oceanic and Atmospheric Administration 
(NOAA). The area shown in Fig. 1, plus an addi- 
tional 50 km to the west, were sampled using a 
rosette equipped with a Neil Brown conductivity- 
temperature-depth (CTD) system, Sea Tech trans- 
missometers, and General Oceanics Go-Flo water 
bottles. To best match real-time data with results 
from water samples, the CTD sensor and optical 
path of the transinissometer were placed approxi- 
matelv at the vertical center of the Go-Flo bottles. 
The &D and transmissometer data were used to 
provide snapshots of the hydrography and distri- 
bution of suspended particles throughout the 
study area. 

Sample sites were chosen to provide a river 
mouth to shelf edge transect, a transect from the 
head of the Mississippi Canyon to the area of 
chronic hypoxia, the hypoxia area, and offshore 
stations. In addition to the sample sites described 
above, two anchor stations (AN-1 a t  28"54.4'N, 
89O29.9'W and AN-2 at 28"53.5'N, 8g056.1'W) were 
occupied for approximately 36 h each on both 
cruises (Fig. 1). Anchor station 1 (AN-1) was cho- 
sen to characterize tem~oral  variations in the con- 
centrations and composition of particles within 
hundreds of meters of the river mouth at South- 
west Pass. Anchor station 2 (AN-2) was situated 30 
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km west of South~\.est Pass within an area of chron- 
ic hypoxia as established by the ongoing monitor- 
ing of Rabalais et al. (1991). At each anchor sta- 
tion, a current record was obtained in the 
near-bottom flow field using a General Oceanics 
winged current ~ilcter. 

To complement tllc data obtained by CTD, 
transnlissometer, we collected 400 particle samples 
on both glass-fiber fi lters and polycarbonate filters 
during the July-August 1990 and Februar-y-March 
1991 cruises for cllemical analysis. Tlie water- sam- 
ples were collected eitller \\fit11 10-1 Go-Flo bo~tles 
or I>y in-sit11 prl~ilping. All filtrations of water saln- 
ples wer-e carried out inlnlediately upon collection 
i l l  a NOAA clean van aboard ship. 

Suspended matter collected on precombusted, 
13-mm Whatman GF/F glass-fiber filters was used 
to determine concentrations of POC and particu- 
late organic niuogen (PON). To obtain the OC 
fraction of each sample, all filters were placed in a 
desiccator along with a small beaker containing 10 
ml of concentrated HCI. Fumes that evolved from 
the acid in this closed container decomposed any 
CaCO, present in the samples. The complete effi- 
ciency of this technique was tested using replicate 
aliquots of CaCO,. Following acid treatment, anal- 
yses for POC and PON were carried out by placing 
a filter in a 10-mg tin cup and combusting the sam- 
ples at l,OOO°C using a Carlo Erba NA1500 NCS 
system. Measurements for particulate nitrogen in- 
clude organic nitrogen as well as adsorbed am- 
monia; however, the fraction of total particulate ni- 
trogen that is inorganic is small (Meybeck 1982) 
and PON is used to identify the resultant data in 
this paper. Instrumental precision was generally 
2% or  better based on analysis of numerous t r ip  
licate samples. Reproducibility for field replicates 
tended to be higher, as much as 20% in some sur- 
face water samples. M'here such large variations 
were observed, they most likely resulted from par- 
ticle inhomogeneities at low total suspended mat- 
ter (TSM) values along with possible particle set- 
tling in the Go Flo bottles, even though the bottles 
were shaken regularly during the filtration process. 
The accuracy of the technique was within 2% of 
values obtained by the National Research Council 
of Canada for their standard sediments MESS1 
and BCSSl. 

The OC content of sediments from the Missis- 
sippi Delta was determined for samples pretreated 
with acid to remove any inorganic carbon present. 
Initially, 5 ml of H$O, were added to preweighed 
aliquots of sediment to remove any CaCO, present 
in the samples and then oven dried a t  70°C. Ap 
proximately 10-15 mg of pretreated sediment were 
added to the tin cups and analyzed as described 
above. 

Water samples for carbon isotope analysis wer-e 
carefully vacuuul-filtered through precombusted 
(4 11 O 400°C), 47-nl~n M'llatman GF/F glass-fiber 
filters. Mhen tlie filtration rate slowed significantly, 
the filter \\.as e\acuated to dryness and the vacuum 
broken. Appl-osi~nately 10 rill of 1 N NCI were add- 
ed to a f~rnnel and allowed to drip through the 
filter to remove CaCO,. Each filter was rinsed with 
-5 ml of distilled water, vacuum-dried, and stored 
frozen in a precleaned plastic Petri dish. 

In prcpal-ation for 8'?C analysis, filters were cut 
illto quarters, rollcd with solrlc precombtrsted 
CrrO, placed in a 9-111111 Vycor s;~~ilple tube and 
evacuated to dryness. Approxi~~lately 2 g of C u 0  
and 1 g of Cu were then added to the sample, and 
the sample was evactlated and sealed. Samples 
were combusted for G 11 at 750°C. cooled to 600°C 
for 2 h, and then allowed to cool to ambient tem- 
perature. Carbon dioxide was separated by cryo- 
genic vacuum distillation and 6'" was measured 
using a VG PRISM isotope ratio Inass spectrometer. 
Results are reported versus the PDB standard with 
an analytical precision of 0.1 %o. 

Concentrations of inorganic (carbonate) C in 
suspended matter and sediment samples were de- 
termined by the gasometric method of Schink et 
al. (1978). Samples of 2-5 g were analyzed to ob- 
tain reliable data. The method was standardized 
using pure CaCO, Precision of 5% or  better was 
obtained at levels of 1-2% carbonate. 

Concentrations of suspended matter along with 
particulate Al were determined in samples collect- 
ed on 0.4pm pore size polycarbonate filters. Anal- 
ysis for Al was by atomic absorption spectropho- 
tometry following complete digestion with 
HF-HNO, in a sealed Teflon tube (Trefry and Tro- 
cine 1991). 

River Particles and POC 

Concentrations of suspended particles in the 
Mississippi River at Head of Passes averaged 44 mg 
1-' and 170 mg 1-I for the July-August 1990 and 
February-March 1991 cruises, respectively (Table 
1). Higher values during February-March 1991 
were consistent with increased water flow and sed- 
iment discharge (Table 1). In addition to the 1990 
and 1991 samples, we also have collected multiple 
samples from the Mississippi River on  eight previ- 
ous occasions that include four seasonallppaced 
periods during 1982-1983 and four times during 
1974-1975. Our river data span 17 yr and include 
a variety of water depths from the surhce to 11 m 
at Head of Passes (Table 1). Values for total sus- 
pended matter (TSM) at Head of Passes vary sea- 
sonally by a factor of 10 or  more (Table l; Everett 
1971), with highest values generally measured dur- 
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TAB1.E 1. Meitn conccnrr;ttions o f  tot;tl suil)c.nded nlattcr (TShl), l~ardcttlate 01-ganic carbon (I'O(:), 1)articlll;ltc. org;lnic. 11itl-0gc.n 
(PON), and stq)l)o~-ting I);lranletcrs Ibr selcctcd dates at Head ol' Passes in chc lo\ver h1ississil)l)i Kivc-n 

FcI)rt~;try 1991 
July 11)!)0 
No\re~nl)er 1!)8:3 
Al)ril 1118.7 
Sel)twtibcr 1982 
May 1!)82 
Novc-t1111er 1973 
S r l ) ca~ l l~c r  
A I I ~ I I S ~  1975 
M;trcIl l!)75 
May 1!)74 

170 
41 
21 

"00 
s.5 

110 
3 s 
1 1  

I :Ui 
I I!) 
14.1 

ing the late-winter and spritlg rilnoff and lo \ \~s t  
values during late s u ~ i i ~ i ~ c r  and cat-I? fall. 

Concentratio~is of I'OC in the Mississippi Ri\.er 
at Head of Passes avcl-ageti 105 pmol I - '  (1.26 mg 
I-') during the sunilner 1990 cri~ise and 330 p~nol  
I-' (4.0 mg I-') during tlic winter 1991 cruise. Al- 
though POC values (in pmol I-') were higher dur- 
ing winter, these particles contained less OC on a 
weight percent I>asis t l~an o1,scrvcd d i l r i~~g  the low 
TSM summer period (Tablc 1). Within ow- ~nillti- 
year dataset (n = 27), POC valites ranged from 40 
pmol 1-I to 600 pmol I-' and correlated well with 
concentrations of TSM (Fig. 2). Data from the 
1969-1970 study of Malcol~n and Di~rurn (1976) 
also fit the trend \re observed very well (Fig. 2). 
Thus, the strong POC versils TShl relationship 
shown in Fig. 2 and discussed belo\\. suggests that 

TSM (mg I-') 

Fig. 2. Scatter plot showing concentrations of particulate or- 
ganic carbon (POC) versin total suspended matter (TSM) for 
the laver Miissippi River. Solid circles are for data from this 
study and open triangles are for data from htalcolm and Durum 
(1976). The line. equation, and correlation coefficient (r) are 
from linear regression of both datasets. 

we can predict I'OC v;ili~cs Li-on1 TSM conccntra- 
tions. 

Good cot-relations I,etwceli POC (ill p~nol  I-') 
versrls TSM, rcsultetl from a I-elativcly itnil'orni 
%OC in Mississippi River ~~articles. At TSM con- 
centrations >50 111g I-), 0111- vali~cs for %POC in 
the river particles averaged 1.8 2 0.3% (Fig. 3). 
These results compare wvcll with values of 2.0 2 
0.4% POC reported 11y Malcoltn and Duriun 
(1976) for Mississippi River saniples with TSM > 
50 rng I-' (Fig. 3). As TSM concentrations de- 
creased below 50 nlg I-', the %OC content of the 
particles increased sharply. This trend is consistent 
with previoitsly defined patterns for world rivers by 
Meybeck (1982) and Milliman et al. (1984) .as 
shown on Fig. 3. We have chosen to present our 
data in Fig. 3 with linear coordinates, rather than 

TSM (mg I-') 

Fig. 3. Plot showing concentrations of particulate organic 
carbon (POC) on a weight percent barb versus total suspended 
matter (TSM) for the lower Miissippi Riw. Solid circles are 
from data reported in this study and open triangles are for data 
from Malcolm and Durum (1976). Solid line shows trend for 
world rivers from Meybeck (1982) and dashed line shows trend 
for Yangae River from Milliman et al. (1984). 
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Fig. 4. Sc;ttter 11101 sltowing concc.ttt~-;tti<)t~s of'~~;crtir~~l;~tc. (11.- 
ganic carlxm (PO<:) \.crstts ~~;tt-ticttl;ttc ot.g;tnic nitt-ogc.11 (I'<)N) 
on a weigltt perrcnt basis 1i11. rltc. lowe-r .\lississil~l~i Kive~: Solid 
circles are fiwn d;lta 1.c11ortc.d in tltis stcttiy ;ctlcl oprli tri;lngIe.s 
arc: for data frcltt~ ~ I I I C O I I I I  ; ~ t i < I  ~ ) I I I . I I I I I  ( 1!)7(i). TIIC litic-  is ( ~ . < I I I I  

:I linear re!grvssion lit I - ~ I .  cI;~t:i f't-<)111 !Itis s ! I I ~ \ .  

on logaritlin~ic scales, to tilot-c clear-ly show [lie rel- 
atively uniform %POC i l l  the river on most occa- 
sions. 

Our measured valrtcs for POC also corrclatc well 
with those for PON (r = 0.99) with an average C:N 
ratio of 8.5 on a weight percent basis (Fig. 4). This 
C:N ratio is the same as that shown by Meybeck 
(1982) for selected North American rivers and 
within the range of 8 to 10 typically found for 
world rivers. Meybeck (1982) ascribed this range 
of ratios in suspended particles to a mixture of 
aquatic plants (C:N = 5.7 by wt), terrestrial plants 
(C:N = 6 by wt), and average soil (C:N = 10 by 
wt). Although somewhat more scattered, data from 
Malcolm and Durum (1976) fit the same overall 
trend we observed. They suspect that some of the 

, deviant points may be related to seasonal shifts in 
the composition of terrigenous POC. 

The long-term uniformity of the %POC values 
from our work and those of Malcolm and Durum 
(1976) justify a straightforward approach to cal- 
culating POC transport wherein the total suspend- 
ed sediment load of the river is multiplied by an 
average value for %POC. Meade and Parker 
(1985) calculated an annual sediment load of 210 
X 10IY g yr-I for the Mississippi-Atchafalaya river 
system, averaged for the past 25 yr. R H. Meade 
(personal communication) has just compiled a 29- 
y r  mean value of 140 X 1014 g ~ 1 - l  (Fig. 5a) for 
just the Mississippi River, which carries about 70% 
of the total transport of the MARS. Using a value 
of 140 X loLS g suspended sediment yr-I and 1.8% 
POC for the Mississippi River, we calculated a long- 
term average of 0.21 X 10" mol POC yr-I. One 
possible limitation to this estimate is that few Sam- 
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A - Water Year 
6 

Month 

Fig. 5. (a) Annual srtslwnded-seclit~tent discharges of tile 
Mississippi River at Tarkrt l-anding, Mississil)pi, fro111 1963 (the 
year tlie Old fiver Conu-ol SWIIC~IIIP WAS c01111>1eted and regu- 
lation of the Atcllafalaya River began) to 1991. (b) hfonthly 
averages of suspendedsediment discharges for 1963-1991. Data 
compiled in May 1993 by R. H. Meade from data of tile United 
States Army Corps of Engineers, New Orleans District, and the 
United States Geological Sut-ve); Baton Kouge. 

ples were collected during very high sediment flow. 
For example, only three of the TSM values ob- 
tained by Malcolm and Durum (1976) and one of 
our values are close to or above the reported 360 
mg TSM I-' average for the river (Fig. 2). Unpub- 
lished reports from the United States Geological 
Survey (USGS) suggest that the long-term average 
POC concentration may be closer to 1.5% or 1.6%. 
However, assuming that %POC does not decrease 
considerably as TSM levels increase above 400 mg 
1-I (Fig. 3; Miliiman et al. 1984), our estimate of 
POC transport based on sediment load seems with- 
in 10-1596 of probable levels. Assuming similar 
%POC values for the Atchafalaya River, total POC 
transport by the MARS is 0.32 X 1012 mol yr-I. 

We also measured an average of 0.15% particu- 
late inorganic carbon (-1.3% CaCO,) for sus- 
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pended matter sa~~lples fi-om Head of Passes. This 
valuc is the same as .\lalcolnl and Durum (1976) 
reportcd for tlie h4ississippi Kivel- but considerably 
lower than the wol-Id average val~le of 0.9% partic- 
ulate inorganic cal-l~on (PIC) prcsentcd by Mey- 
beck ( 1982). Based on our v;~lrlc, tile PIC load of 
the Mississippi River is 0.018 X 101%nol yr-I (0.026 
X 10" mol PIC yl--' Sol- the AUKS) and represents 
-8% of the total pal-ticulate cal-bon (POC + PIC). 

Rcportcd conccntratio~ls of DOC in the Missis- 
sippi River do not \ f ; ~ ~ - y  greatly 011 ;I ~ C I -  litc1- Imsis. 
Trefry and 1'1.eslcy ( 197(i) li)uild an avcl-age of 270 
+ 30 p~nol  l)<)(: I - '  during 1974-1975 and Mal- 
colm and Duruill (1976) 1-epo1-red 280 + -50 ptnol 
DOC I-' Lor 1969-1070. Bc11nc1- ct al. (1992) mca- 
silred valilcs of 330 pnlol I-' and 270 pmol I-' for 
summer 1990 and winter 199 1, respectivcl~ During 
rnost sampling periods, coticentratio~ls of DOC bc- 
have conscrvativcly ( t 10%) across the frcshwatcr- 
seawater mixing zone. Taking all overall avel-agc of 
280 pmol I-' (3.4 ntg I-') and an annual water flow 
for the Mississippi Kivcr of 4.1 X 10'" 1 yr-I (Mil- 
liman and Meade 1983), DOC transpor; is calcu- 
lated at 0.11 X 1012 mol yr-I (or 0.16 X 10" mol 
DOC yr-I for the MARS). 

Using grand averages, we calculate overall TOC 
transport of the Mississippi-Atchafalaya river systenl 
to be 0.48 X lo i2  lnol yr-I, with 66% of the TOC 
associated with particles. Our total transport value 
is about 20% higher than that calculated for a sin- 
gle water year by Malcolm and Durum (1976); 
however, it is consistent with annual variations in 
sediment and water transport (Fig. 5a). Overall, 
our results show that large amounts of particulate 
organic carbon are carried by the Mississippi- 
Atchafalaya river system to the Gulf of Mexico, with 
about 80% of the sediment transport, and thus 
POC transport, occurring during tlie 7-mo period 
from December to June (Fig. 5b). 

Shelf Trends for Suspended 
Particles and POC 

As the Mississippi River empties into the Gulf of 
Mexico, a sharp decrease in TSM values for surface 
waters (0-5 m) to <lo% of levels at Head of Passes 
occurs within 5 km of the river mouth at Southwest 
Pass. A further decrease of TSM in surface waters 
to <3 mg 1-I was observed 15-30 km from the river 
in July-August 1990 and 30-70 km in February- 
March 1991 (Fig. 1). The generalized spatial ex- 
tent of particle loadings during the higher-flow 
winter 1991 sampling can best be compared with 
the low-flow summer 1990 period by noting that 
the 3 mg 1-I contour for winter (shown in Fig. 1) 
approximately matched the 1 mg 1-I boundary for 
the summer sampling. 

Seasonal variations in the concentrations of sus- 

pended matter near the river nlouth contribute to 
shifts in the sites of maxinltum productivity. 1,011- 
renz et al. (1992) found gcncl-ally l o ~ \ ~ c ~ -  pi-i~ilar-y 
production at lo\\l s;tlinities Ileal- t l ~ c  ~nouth of the 
Mississippi River, \\'it11 highest Ic\,cls at inter~llcdi- 
ate salinities. Col~lparison of I,ol~rcnz et ;il.'s 
(1992) contour- Iiiaps for integral I,iological 1x0- 
duction with our distributions of TSM sllow that 
producti\ity is lo\v in the >5 Ing TShl I-' area ncal- 
tllc I-iver 11iout11 \ \ r i l l 1  ~ilaxi~lluill ~)i.od~~ctivity \~iilt~cs 
in tllc rcgio~l whcrc TSM v;~ltlc.s art! I>ct\\.cc.11 3 111g 
I - '  aiid 5 iiig I - ' .  1 . 1 1 ~  11egitivc i ~ ~ f l t ~ c ~ ~ c c -  of- river- 
I)oi-nc ~xwticlcs collll~i~lcd \\it11 tile posirivc <!ffcct 
of' I-ivcl.-dcri\.cd 11r1t1-icnts sccil~ to I>c o1)tiillizcd Sol- 
pi-oductivity soulc 20-100 k111 of tile 111o11tll of' 
Soi~tliwest I'ass. This arcit of lligll prociuctivity co- 
incidcs wit11 tllc castcrll region of'doctr~llc~ltcd sea- 
sonal hypoxia (Kabalais et al. 1991). 

The spatial distril)ution of I'OC during wintcl- 
1991, follo\vs tlic trcnd for susl)cndcd p;~rticlcs ill 
the area (Fig. 1). ~ v i t l l  valucs dcc~.casing Li-oln .50 
p11101 I- '  near thc river ~llot~tll to al~otrt 1.5 p~nol  
POC I- '  .in surhcc watcr by station AN-2. Bcyoild 
that point, the pattern is patchy, with values of <2 
pmol POC I-' to 50 pniol POC 1-I. In contrast, 
even tliough river flow and particle loading wcre 
lower during the summer 1990 cruise, POC lcvcls 
on the shelf were generally higher, with valt~cs of 
30-90 pmol POC I- '  for more than 100 km along 
the Louisiana shelf. Thus, more organic-rich par- 
ticles and higher levels of POC were present dur- 
ing the summer sampling period. 

Jn addition to broad spatial patterns for TSM 
and POC, short-term (hours to days) shifts in the 
concentrations of suspended particles and POC 
were also observed along the shelf at AN-1 and AN- 
2, located adjacent to the mouth of Southwest Pass 
and within the area of chronic hypoxia, respectivc- 
ly. For example, at AN-1 during February-March 
1991, surface salinities varied from <5%0 to 1 8 7 ~ ;  
TSM concentrations varied indirectly with salinity 
and ranged from 4 mg 1-I  to 25 mg 1 - I  over about 
30 h. This observation is common in this area and 
is related to tidal effects. 

Within the near-bottom nepheloid layer (-27 
m) at AN-1, salinity remained at about 36Ym; how- 
ever, short-term variations in TSM values from 
<1.5 mg 1-I to 9 mg 1-I were observed (Fig. 6). 
These changes in concentrations of suspended par- 
ticles in near-bottom water can be directly related 
to passage of a shortduration weather front over 
the site. As the front passed, bottom current veloc- 
ities increased from about 5 cm s-I to about 35 cm 
s-I (Trefry e t  al. 1992). with a concurrent increase 
in concentrations of TSM (Fig. 6). Even though 
levels of TSM increased considerably during pas- 
sage of the front, the %POC content of the parti- 
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Fig. 6. Upper graph illustrates light attenuation for 25cm 
path length transmissometer versus time with corresponding to- 
tal suspended matter concentrations noted in mg I-' and lower 
graph illustrates current speed versus time for February 24, 
1991, at anchor station 1 (Ah1-1) at the mouth of the Mississippi 
River modified (from Trefry et al. 1992). 

cles remained relatively uniform at 4.4 + 1.2%. 
Thus, the net transport of POC followed the trend 
observed for TSM. These changes in particle load- 
ing share a direct relationship with oxygen deple- 
tion as will be described below. 

Concentrations of POC for the waters of the 
Louisiana shelf can be divided into terrigenous 
and marine components using both the POCAl 
ratio and WSC values. The P O W  ratio at Head of 
Passes varies somewhat seasonally, with values of 
0.49 for July-August 1990 and 0.32 for February- 
March 1991. Higher POCAl ratios for the summer 
1990 samples are consistent with lower TSM values 
(Fig. 3) and possibly more autochthonous POC. 

Howe\.el; these river diffel-ences are small relative 
to P0C:Al ratios of >50 along the shelf when ter- 
rigenous material settles out of the plume and pro- 
duction of marine POC begins. By multiplying the 
A1 concentration for a given sample by the riverine 
P0C:AI ratio, we can estiniate the terrigenous frac- 
tion of the POC as shown by 

Terrigenoils OC = [All,,,,,,,,, x (POC/AI) ( 1) 

The n~arine POC is calct~lated by sttbtracting tlie 
tcrrigcnous POC fro111 the total POC. \'alttcs for 
6l3C can be used in the same manner. The 6°C of 
terrigenous POC in the Mississippi River is about 
-25.5%0, increasing to - 19.5%0 in tlle marine 
POC. By assu~ning a til"C of -25.5%0 for the ter- 
rigenous endmember and - 19.5% for the marine 
endmember, we can estimate the relative contri- 
butions of river runoff versus new production us- 
ing the 6':'C value for a given sample. Agreement 
between the two approaches is good in most in- 
stances. A tendency to overestimate the terrige- 
nous POC using the P0C:AI ratio may be a poten- 
tial problem in aged samples as tlie more labile 
components of this fraction are decomposed. How- 
ever, because the terrigenous component of the 
POC generally decreased quickly away from the riv- 
er mouth, this effect seems to be minimal. Thus, 
the overall combined approach provides a good 
along-shelf perspective of sources and transport of 
POC. 

Temporal and spatial trends in POC can be seen 
in Fig. 7 at anchor stations 1 and 2 for the summer 
1990 and winter 1991 cruises. At AN-1, the terrig- 
enous POC in surface waters is almost 50 pmol 1-I 
in February-March 1991 relative to 20 pmol I-' in 
July-August 1990 (Fig. 7). This difference occurs 
in response to an increased particle load and POC 
levels in the river during the late winter period 
(Table 1). The seasonal difference in marine POC 
in surface water at AN-1 is equally dramatic; how- 
ever, the trend is reversed in the summer with a 
five times higher marine component (Fig. 7). In 
subsurface waters, the terrigenous component is 
an important fraction of the total POC during both 
sampling periods. Collectively, these trends for 
POC at AN-1 reflect the seasonal influence of riv- 
erine inputs of POC and nutrients, along with shelf 
hydrography, on levels of terrigenous and marine 
POC in near-river-mouth waters. 

At AN-2, some 30 km to the west, values for ter- 
rigenous POC (Fig. 7) were lower than at AN-1 
during both cruises with all values <5 pmol I-'. 
Values for marine POC at AN-2 are similar 
throughout the water column for both the summer 
and winter cruises. If we compare integrated values 
for marine POC over the entire water column (0- 
38 m), the integrated value at AN-2 of 370 mmol 
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Fig. 7. (;ral>lls sl~owing values for rerrigenous (Terr.) ant1 ~narine (Mar.) ~ ) : ~ r t i c ~ ~ l ; ~ t c  oqanic  carln)n (PO(:) versus d c p t l ~  for ancl~or  
stations 1 and 2 (AN-I and AN-2) during July-Allgust 1990 (SIIIIIIII~I.) and Fvl~r~~ary-M;u-cI~ 1991 (Winter). 

POC m-2 for summer 1990 is only 25% higher 
than calculated for winter 1991. In near-bottom wa- 
ter samples, the terrigenous POC is again an in~- 
portant fraction of total POC during both summer 
and winter. 

A primary focus of the NECOP program is to 
understand the mechanisms that lead to develop 
ment of seasonal hypoxia along the Louisiana 
shelf. Hypoxia (dissolved oxygen concentrations 
<60 pmol 1-I or <2 mg 1-I) has been found to 
extend over areas as large as 9,000 km2 in bottom 
waters along the Louisiana shelf (Rabalais et al. 
1991). One method for assessing and tracking 
trends in oxygen distribution is by apparent oxy- 
gen utilization (AOU) values. Concentrations for 
AOU are calculated here in pmol 1-I using the 
equations of Chen (1981): 

+ 220.18329(1n T,,,) - 0.351229(TkW,) 

where 

O,, = the dissolved oxygen concentration in 
1111 I-' at saturation. 

Do2 = observed dissolved oxygen concentration - 
for a given sample (ml I-'). 

Values for AOU at AN-1 of 50-100 pmol I-' dur- 
ing July-August 1990 are only slightly greater than 
those for February-March 199 1 (Fig. 8). However, 
during the summer sampling period a distinct 
trend of increasing AOU with depth is observed. 
Maximum values for AOU of 100 pmol 1-' at sta- 
tion AN-1 represent consumption of about 60% of 
the dissolved oxygen in these waters from near the 
mouth of the Mississippi River. 

During both time periods, values for AOU be- 
tween stations AN-1 and AN-2 increase significantly 
in the bottom water (Table 2). This trend is con- 
sistent with continued oxygen consumption west of 
the river mouth. In contrast with this spatial trend, 
seasonal differences in verical profiles for AOU be- 
tween the July-August and February-March sam- 
pling periods are relatively small (Fig. 8). In many 
ways, the bottom water at station AN-2 is poised 
near hypoxia during both periods (Table 2). 

Spatial trends for POC and AOU observed be- 
tween AN-1 and AN-2 can be followed farther west 
into an area of more intense seasonal hypoxia. ,At 
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Fig. 8. (;ral)lls showing val~les for apparent oxygen utilization (AOU) WISIIS tleptll br ancllor stations 1 and 2 (AX-l and AN-2) 
tlr~ring July-A~rgust 1990 ( S ~ I I I I I I ~ ~ )  and February-Marc11 1cX)l (Winter). 

station 26, some 100 km west of station AN-2 
(2B036.4'N, 91°00.8'W), during February-March 
1991, POC values were 6-26 pmol I-', essentially 
all marine and similar to concentrations observed 
at station AN-2 (Fig. 7). However, levels of AOU at 
station 26 of 100 pmol 1-I  were somewhat less than 
observed at station AN-2 (Table 2) during this time 
of year. In contrast to our winter observations, 
POC values during July-August 1990 in this area 
at 9 1 W  were 6-50 pmol 1-' and levels of AOU 
approached 200 pmol I-'. Measured concentra- 
tions of dissolved oxygen were as low as 12 pmol 

TABLE 2. Hydrographic and chemical data for bottom water 
samples from anchor stations 1 and 2 located 0.5 km and 30 
km, respectively, west of Southwest Pass. TSM = total suspended 
matter, POC = particulate organic carbon, AOU = apparent 
oxygen utilization. 

Anchor l AnchorP 

July I990 Mwh 1991 July 1990 Much 1991 

Depth (m) 27.6 27.5 37.1 36.2 
Salinity (%) 35.8 36.2 36.0 36.4 
Temperature ('C) 24.88 20.64 24.80 20.65 
TSM (mg I-') 5.0 1.7 2.9 1.6 
POC (pmol I-') 15.2 5.5 16.2 11.2 
POC (%) 3.6 3.8 6.6 6.6 
Measured 
0, (pmol I-') 80 160 85 103 
AOU (pmol I-') 95 65 127 178 

1-I (0.4 mg 1-I). Thus, AOU values continue to in- 
crease toward the west during the summer. 

In addition to the seasonal and spatial changes 
discussed above, we also have observed small but 
consistent short-term shifts in TSM and AOU while 
occupying the anchor stations. For example, data 
for bottom water from station AN-2 during sum- 
mer 1990 show a statistically significant increase in 
TSM of 0.5 mg 1 - I  coupled to an AOU increase of 
10 pmol I-' over a 3-h time period (1 15-298 min, 
Fig. 9). Salinity varied by <0.01'%60 and tempera- 

20  I..... 120 
O z z a s s x g ~ ~ ~ ~ g g ~ ~ ~ ~ g ~  

Fig. 9. Plot showing trends in total suspended matter ( E M )  
and apparent oxygen utiliition (AOU) versus time for near- 
bottom water at 28 m for anchor station 2 (AN-2). 
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ture by <0.04"C during the same time period. Sim- 
ilar events ~vere ol>sel-ved during each occupation 
of the anchor sites. 

One possible explanation for the coincidc~lt 
TSM and AOU increases is that particles a[-c ser\.- 
ing as a substrate for I~actei-ial activity as dcscril~cd 
by Ucnner et al. (1992) and that net consulnption 
of oxygen is related to the mass of particles ~noving 
along with a given parcel of water. Tl~rts, a5 the 
particle load of the water sliifts, a ro~-~-csl~o~lding 
shift in AOU is 01,servcd. Givcn a cl1;lngc ill AOU 
of 10 pliiol I-' over the tinic ilitcr\al showli in Fig. 
9, along wit11 ;I I-atio of 1.3 for tlic ratio of oxygen 
rrti1ization:OC conslrml>tion, an additiollal 13 
pniol of' OC I-' had been dccolilposed i l l  the wa- 
ters that flowed by station AN-2 near the end of 
the time interval. The 13 pnlol OC I-' that \votlld 
need to deconlpose in order to produce the o l ~  
served AAOU represent about 10% of the TOC in 
the bottom water at the end of the obscl-vation 
period (I'OC -30 pnlol I - '  and DOC -80 plilol 
I-'). The relative consuniption of I'OC versus IX)C 
is not well-defined at tliis tillic; howc\~ctr, the par- 
ticles certainly serve as an i~rlportant bacterial sub- 
strate (Benner et al. 1992). This scenario for oxy- 
gen col~su~nption along the 1,ouisiana sllelf 
enroute to station AN-2 invokes a continuous pro- 
cess of OC consumption in the water coliumn by 
bacteria during particle transport and water mass 
movement over distances of 30 km and a period 
of one to several days. 

Watercolumn POC is eventually delivered to the 
sediments; however, concentrations of sediment 
organic carbon on the Louisiana shelf are far be- 
low those predicted from combined inputs of riv- 
erine POC plus primary productivity. Analyses of 
more than 50 surficial sediments from the Missis- 
sippi Delta show that sediments typically contained 
1.4 + 0.2% OC, whereas particles from the Missis- 
sippi River averaged 1.8 It 0.3% OC. Superim- 
posed on riverine inputs of terrigenous OC is car- 
bon fixed during primary productivity. Using 
primary production rates of 50-300 g C m-* yr-I 
(Redalje et al. 1992) for an area where sediment 
accumulation rates average 5,000 g m-' yr-I, we 
predict that sediments could contain a range of 
-343% OC [(1.8% terrestrial) + ( 1 4 %  marine)]. 
Comparing this value with the 1.4 rt 0.2% OC 
present in sediments indicates that only 2650% of 
the TOC is actually buried. Furthermore, a'-% val- 
ues for shelf sediments (Eadie et al. 1994) suggest 
that <40% of the OC buried is terrigenous. One 
possible explanation for this observation is that 
POC is transported off the shelf and buried in 
slope sediments as postulated by Walsh et al. 
(1981). However, concentrations of OC in slope 
sediments are consistently less than the 1.8% OC 

observed in riverine particles. Therefore, tlie con- 
clusion at this time is that respiration of sizable 
amounts of both tcrl-igenous and marine OC on 
the shelf, as well as export of OC to the open \\.a- 
tcrs of tllc Gulf of Mexico balance tllc coastal car- 
I>on t,ttdget along thc 1.orlisialla shelf in the salllc 
Inanller as projected globally by Sl~litll and I-folli- 
baugh ( 1993). 
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