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Sciences, the National Academy of Engineering, and the Institute 
of Medicine. The members of the committee responsible for the 
report were chosen for their special competences and with regard 
for appropriate balauce. 

This report has been reviewed by a group other than the 
authors according to procedures approved by a Report Review 
Committee consisting of Members of the National Academy of Sciences, 
the National Academy of Engineering, and the Institute of Medicine. 

The National Research Council was established by the National 
Academy of Sciences in 1916 to associate the broad community of 
science and technology with the Academy's purposes of furthering 
knowledge and of advising the Federal government. The Council 
operates in accordance with general policies determined by the 
Academy under the authority of its Congressional charter of 1863, 
which establishes the Academy as a private, nonprofit, self
governing membership corporation. The Council has become the 
principal operating agency of both the Academy of Sciences and 
National Academy of Engineering in the conduct of their services 
to the government, the public, and the scientific and engineering 
communities. It is administered jointly by both Academies and the 
Institute of Medicine. The Academy of Engineering and the Institute 
of Medicine were established in 1964 and 1970, respectively, under 
the charter of the Academy of Sciences. 

This study was supported by Contract DEFG-Ol80-EV10335 with the 
U. s. Department of Energy. 
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INTRODUCTION 

The relationship of climate to changes in atmospheric 

concentrations of carbon dioxide has provoked widespread interest 

and some concern. Conbustion of fossil fuels appears to be the 

chief factor responsible for increasing the at.ospheric carbon 

dioxide concentration over the last 100 years, but less than SOt of 

the carbon dioxide released from burning fuels can be accounted for 

in the atmosphere. Most of the remainder is taken up by the 

oceans. An undetermined amount may be sequestered by the 

terrestrial biomass and the soil, or indeed, over the same time 

scale., accelerated oxidation of terrestrial t»rganic matter may 

be a net source of atmospheric.carbon dioxide. 

The transfer of organic carbon froa land to the ocean represents 

a flux of potentially storable catbon, irreversible over many 

thousands, if not millions, of years. This transport of organic· 

carbon to the oceans by rivers has received only superficial 

attention to date, but it is important if gldbal carbon cycling is 

to be understood. The state of knowledge about the role of rivers 

in the transport, storage, and oxidation of carbon is the subject of 

this report, which summarizes a workshop held at woods Bole, 

Massachusetts, in Septenber 1980. 

The main questions considered at the workshop were: 

What is the best estimate that can be made now of the flux 

of organic carbon from land into rivers and from the rivers to the 

oceans? What is the fate of organic carbon in river water, 

sediments, flood plains, and coastal marine areas? Bow much is 

oxidized, stored, and exported? What are the chief limitations in 

1 
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making these estimates, e.g., hydrologic uncertainties, 

identifica~ion and measurement of the carbon species, and the 

influence of such episodic events as floods? 

• Bow are these fluxes influenced by anthropogenic 

disturbances? 

• Is the transport of organic carbon by rivers to the oceans 

a significant flux in the glObal carbon cycle? Is it important for 

a better evaluation of the glObal carbon cycle to improve the 

estimate of this flux? Bas this flux or resultant storage changed 

with time? 

• If an improvement of the estimate is desirable, then is it 

feasible to attempt such an improvement? What data are needed and 

how might they be Obtained? 

Papers prepared by some of the participants to aid these 

discussions make up Part II of this report. These data and the 

discussions of the participants form the basis of this report. 

TERRESTRIAL SOURCES OF ORGANIC CARBON 

The first step in determining the role of rivers in the glObal 

carbon cycle is to identify the terrestrial sources of carbon. 

There are three categories of carbon transported by rivers: (1) 
. 

particulate organic carbon (POC), including leaf litter, woody debris 

and soil organics1 (2) dissolved organic carbon (DOC), resulting 

from leaching and decomposition of organic carbon in plants and 

soils1 and (3) dissolved inorganic carbon (DIC), such as bicarbonate 

and carbonate ions and dissolved carbon dioxide. 

2 
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POC enters the river via direct litterfall, overland flow and 

bank erosion, and slumping. DOC, on the other hand, enters via the 

drainage waters. Sources of DOC include direct precipitation, 

leaching from living plants in throughfall and stemflow, and 

decomposition and leaching of organic matter in the soil profile. 

DIC is produced by reaction of dissolved co2 with silicate ~~d 

carbonate rocks in the drainage basin, a small amount is derived 

from the oxidation of organic matter to form carbonic acid that 

then, as part of the ground water and river system, can release 

co2 to the atmosphere. 

Identification of the types of terrestrial carbon transferred by 

rivers to the oceans is essential in determining the types of 

materials lost by metabolic processes in the oceans and to identify 

the terrestrially derived carbon stored in marine deposits. Both 

the chemical and isotopic properties of the organic compounds are 

used as indicators in making these identifications. 

A variety of organic compounds (including vascular plant 

hydrocarbons and fatty acids, diterpenoid lipids, sterols, lignins 

and some carbohydrates) can be used to identify and characterize 

terrestrially derived organic materials in rivers, estuaries, and 

the oceans. Such modular tracers have the advantage that they 

provide a wealth of information about biological and geographic 

sources of carbon. Their chief disadvantage is that only a small 

amount of the total Organic material is directly represented. So 

far, such indicators of sources have been used primarily on samples 

of particulate matter found in lake or marine 

sediments. There are relatively few studies of the molecular 

3 
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composition of organic materials, being transported from land to 

sea. Better methods for identifying and tracing dissolved organic 

materials at the molecular level are particularly needed at this 

time to define the sources and fates of this quantitatively 

important component of the total carbon flux into the oceans. 

Stable and radioactive isotopes of carbon also have been used to 

indicate sources. Terrestrial carbon and m•rine carbon have 

different 613c values (-26 for terrestrial, -21 for marine, 

relative to the Peedee belemnite (PDB] isotope standard) and 

attempts have been made to use this criterion to distinguish between 

these two sources in riverine and nearshore deposits. These studies 

indicate that terrestrially derived particulate carbon probably is 

limited to nearshore marine sediments. 

The distinction between soil-derived carbon and carbon in modern 

land plants is made possible by considering a radioactive isotope 

of carbon, 14c. Soil carbon has been shown by a number of workers 

to be 14c-old (low 14c content), whereas the 14c content of 

land plants generally reflects the ambient atmospheric composition. 

Land plants grown since 1954 are enriched with 14c resulting from 

nuclear weapons testing. Thus, the 14c content of DOC and POC is a 

measure of the contribution of modern plant and soil carbon to the 

total riverine flux of carbon at any point along the course of the 

river. If restricted to continental shelf estuaries, the 

contribution from marine planktonic carbon may be identified by 

considering both 14c and 13c. The 14c content of plankton 

closely reflects that of the local ocean surface. 

4 
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STORAGE.AND TRANSPORT OF CARBON BY RIVERS 

Rivers are among the more fascinating and dynamic features of 

the earth. They range in size from rivulets and streams to large, 

deep rivers, and their temporal and geographic complexities are at 

the same time awesome and scientifically intriguing. Despite this 

interest, most rivers remain largely unknown from a quantitative 

standpoint. Large rivers transport impressive amounts of dissolved 

and particulate material from terrestrial drainage basins to the 

oceans, but the exact quantity remains elusive. Rivera also contain 

an extensive and diverse biota on their floodplains and in their 

waters. 

A large river tends to integrate the biogeochemical activities 

within the drainage basin. For example, the total carbon observed 

in a river is a mixture of carbon that originated from different 

sources and entered the river via various pathways (Figure 1). 

Thus, the amount and composition of organic carbon at any one site 

in a river is dependent on both in situ activities and events in the 

watershed. Qualitative and quantitative changes in the load of 

organic matter are brought about by specialized biological 

communities and physical retention processes throughout the drainage 

basin. 

Not all organic carbon that enters a river is processed 

immediately or exported. Some ia stored in river sediments or on 

-5-
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Direct (litterfall, slump, eroaion). 
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Quantity and Chemical Quality of Export 
to Downriver and Marine Environmenta. 

~ 

Fiqure 1. A general model of the biogeochemistry 
of carbon in rivers (modified from Richey, Part II). 
Terrestrial source materials originate as indicated. 
These materials, with their characteristic tracers, enter 
the river via several pathways, representing terra firma 
or floodplain inputs. Within the riverine environments, 
primary production (Macrophytes, Phytoplankton, and 
Terrestrial) sources also contribute carbon. The main 
carbon forms in the river are thus particulate organic 
c (POC: ranging in size from 0.45 ll m to trees), dis
solved organic C(DOC: < 0.45 pm), and dissolved in
organic c (DIC). The organic c in the river may be 
respired (in water, in the sediments), ingested, stored, 
exported, and flocculated. DIC may be lost through 
evasion. 
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the flood plain. These materials may be moved by extreme flooding 

events that occur on a time scale of tens of years or longer (which 

demonstrates the importance of discharge history). In turn, flood 

events, which regulate the flux and storage of large and small 

organic particles, are the elements of fluvial geomorphology that 

define the substrate for the establishment of biological communities. 

A final aspect of river biogeochemistry is that the rivers carry 

chemicals, which may stimulate (nutrients) or retard (toxicants) 

photosynthesis and decomposition within the rivers and in nearshore 

waters. With increased amounts of industrial effluents, 

fertilizers, and sewage and other human wastes, the flux and storage 

of carbon by rivers may be changed accordingly. 

Small Streams and Intermediate-sized Rivers 

Organic matter budgets have been made for only a few small 

river basins in North America and such attempts have been even more 

limited elsewhere. These studies show that approximately 10-25' of 

the total dissolved and particulate matter output was organic, 

derived from small catchments (0.10-300 km2) in North America and 

Europe (Arnet, 19781 Bormann et al., 19741 Swanson et al., in -- --
press). Although these values may not reflect streams draining arid 

lands or strongly eroding landscapes, they are markedly different 

from the low values of organic matter (a few •> previously reported 

for major rivers flowing into the ocean (MeYbeck Part II). 

Movement of organic carbon in a river basin can be viewed as a 

series of time steps down the valley as carbon is temporarily stored 

-7-

Copyright © National Academy of Sciences. All rights reserved.

Flux of Organic Carbon by Rivers to the Oceans:  Report of a Workshop, Woods Hole, Massachusetts, September 21-25, 1980
http://www.nap.edu/catalog.php?record_id=19737

http://www.nap.edu/catalog.php?record_id=19737


in tributaries, alluvial fans, and the floodplain. The residence 

times of carbon and sediments in these reservoirs increase 

downstream from decades to over 10,000 years. In small mountain 

streams and tributary channels, residence time of organic material 

may exceed decades and even centuries. Residence time for large POC 

in intermediate-gradient rivers and debris fans of tributaries may 

be on the order of hundreds to a few thousand years. On the 

extensive lowland flood plains and poorly drained wetlands, the 

period of storage of material may be on the order of thousands to 

tens of thousands of years. 

Small tributary channels in North America can store, as 

particulate carbon, the equivalent of several hundred years of 

particulate carbon discharge and several decades of dissolved 

organic carbon discharge from a drainage basin (Fisher and Likens, 

19701 Sedell et al, 19741 Triska!! al., in press: G.W. Minshall and 

K.W. Cummins, personal communication). Relatively small annual 

changes in these accumulations could result in significant changes 

in the flux of organic carbon from the basin. These changes in 

yield would not be predicted by hydrologic equations for transport 

of organic matter. 

Most small, high-gradient headwater streams are highly retentive 

of particulate organic material (Bilby and· Likens, 1980: Fisher and 

Likens, 1973: Sedell et al., 1974). Fluvial systems (channel, 

alluvial fans, and floodplains) in forested zones of North America 

can accumulate from 4 to 8 moles* c;m2 a year (Sedell et al., 

19741 Triska et al., in press). 

* 12 g C • 1 mole c. 

-8-
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Tentative global estimates derived from three different 

assumptions yield values from 4 to 78 x 1012 moles C/yr (Table 1) 

atored in upstream channel and floodplain areas. These values 

represent a significant, though poorly studied, part of river carbon 

flux and must be accounted for if one is to examine changes in 

carbon fluxes to oceans following deforestation and increased 

productivity in rivers due to nutrient additions over time scales of 

centuries. The large estimate for denudation of 900 x 1012 moles C/yr 

is included in Table 1 to emphasize that the bulk of the material 

eroded from uplands is deposited as colluvium and alluvium in the 

channels and floodplains of small and medium-sized streams. Whether 

this material should be treated as terrestrial carbon or as 

temporarily stored fluvial carbon is not clear. Potentially,land 

denudation does represent a large storage of carbon in small 

channels and floodplains. Because it is not possible to distinguish 

between these fluvial and terrestrial reservoirs, this value is not 

included in.the range of carbon stored in floodplains and channels. 

For balance purposes in Figure 3, we adopt a value of 17 x 1012 

moles C/yr for flux from rivers to continental sediments and assume 

that about 40' of this carbon accumulates in continental sediments. 

For longer time scales (103 - 104 years), steady-state 

assumptions about storage and residence times of sediment may apply, 

but on shorter time scales, the steady-state assumption is not 

applicable since the quantities of sediment in storage may change 

dramatically because of changes in climate, tectonic events, or 

disturbance of terrestrial vegetation. 

-9-
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Organic Carbon Export via Rivers to the Oceans 

The organic carbon that enters a river from terrestrial sources or is 

produced within a river by photosynthesis has three possible fates. 

As a result of such variables as chemical quality, particle size and 

density, geomorphology of the drainage basin affecting transit time, 

and water velocity, carbon is stored, oxidized, or exported to the 

marine environment. An attempt is made in this section to estimate 

the total o~ganic carbon (TOC) exported by rivers to the marine 

environment. 

Unfortunately, no systematic data, such as those based on 

rigorous sampling of representative rivers and hydrologic regimes, 

are available. Data on water discharge and total suspended 

sediments for large rivers of the earth are generally available, but 

data on concentrations of DOC and POC are few. Most of the 

available data are for temperate rivers, which are not necessa~ily 

characteristic of other areas. Thus, several methods of 

extrapolation have been used to arrive at an estimate. 

Most of the estimates pUblished prior to 1980 were based on some 

assumed average value of TOC concentration in rivers, usually from 

about 2 to 10 mg C/liter, times an average discharge. Most 

estimates considered TOC as DOC plus POC ((1 mm), althouqh several 

were DOC only (Duce and Duursma, 1977, Garrels et al., 1975, Handa, 

1977, Kempe, 1979, MeYbeck, Part 111 Reiners, 1973, Richey et !!' 
1980, Schlesinger and Melack, in press1 Skopintsev, 19711 Stewart et 

al., 1978: Williams, 1971). Likens and Miller (1978) pointed out 

that coarse organic carbon (CPOC >1 mm) had been ignored and could 

-10-
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increase the estimate of transport by· order an of magnitude. 

Documented estimates of TOC ranged from 3 to 27 x 1012 moles 

C/yr. Reiners (1973) estimated this range to be 17to 83 x 1012 

moles C/yr, but provides no support for this estimate. This large 

range of estimated fluxes show the need for better estimates based 

on area-specific weightings. 

Schlesinger and Melack (in press) used two methods of 

extrapolation from data on selected rivers to a global flux of TOC. In 

their first method they selected data for 12 rivers, mostly 

temperate, and plotted the (logarithmic) total annual organic carbon 

load as a function of (logarithmic) mean annual discharge, and 

extrapolated from this regression to a TOC export value of 33 x 

1012 moles C/yr. Their second method was based on the denudation 

rate of TOC from terrestrial watersheds, and yielded an estimate of 

34 x 1012 moles C/yr. To determine the organic carbon flux for 

the Asian rivers, they assumed a ratio for fine particulate organic 

carbon (FPOC) to total suspended solids (TSS) equal to that in 

average shale (FPOC/TSS • 0.9% carbon). 

Meybeck (Part II) has provided the most thorough analysis of 

· this genre. On the basis of data from about 100 rivers, he found 

inverse relationships between the DOC/TOC ratio and TSS, and between 

POC and TSS. Total carbon exports were then calculated from various 

relationships: DOC variation with climate, POC variation with TSS, 

and TOC export variation with runoff. The resulting total river 

export of TOC was estimated at 33 x 1012 moles C/yr, of which 

about 55% is in the dissolved form. Meybeck (Part II) cautionedthat 

this estimate represents a minimum value and could easily increase 

-11-
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if different assumptions for TOC export were used. The tropical zane 

accounted for more than 60% of the estimated flux and organic carbon 

represents about 45% of the total carbon carried by rivers. The 

estimate is of necessity biased toward colder regions and is based 

on measurements from rivers representing only 27% of tot'al river 

discharge, worldwide. 

The highest supported estimate, 83 x 1012 moles C/yr, was that 

of Richey et al. (1980). This estimate, however, includes that 

portion of the organic carbon oxidized within the river and includes 

a factor to account for the nonhomogenous distribution of TSS 

observed in the Amazon River; thus it was called a "total effective 

efflux" from the land, rather than direct input to the ocean. 

Estimates to date generally are based on the larger rivers, as 

judged by discharge of water. These rivers do not necessarily have 

the greatest discharge of TSS. For example, Nordin (Part II) states 

that the Cho-Shui, in Taiwan, has a small discharge of water, yet 

carries a sediment load equivalent to that of the Mississippi River. 

The various recent estimates converge on 33 x 1012 moles 

C/yr. This convergence, however, should not be taken as a 

validation of the estimate. Although the authors used various 

methods of extrapolation, the data base was essentially the same, 

assumptions were similar, and all data were biased to temperate 

regions. Thus the autocorrelation of the estimates was very high. 

Difficulties encountered in· extrapolating from the data base have 

been discussed. What are some of the potential constraints on the 

data base itself? 

-12-
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These estimates are sensitive to the assumed ratios of TOC to 

TSS, especially for the Asian rivers (Figure 2). If TOC/TSS is 1,, 

then TOC export is about 33 X 1012 moles C/yr, if it is 4t, then 

TOC export is about 66 X 1012 moles C/yr. One to 8t is easily 

within the range of values seen elsewhere, and since these regions 

are densely populated and heavily disturbed, and thus capable of 

high organic outputs, the estimates are all •possible.• 

Nordin (Part II) discussed the variations in discharge and TSS 

load, (i.e., the basis for all of the estimates). Large seasonal 

variations in discharge and load occur in all rivers, the most 

pronounced events occur in smaller rivers (which constitute about 

60' of total discharge). In such systems, 90- 99' of the total 

annual suspended load may be discharged during just a few days, thus 

vast underestimates can occur if these events are not sampled. Indeed . 

it is often logistically impossible to obtain quantitative samolea dur

ing periodsof flood, particularly of CPOC on large rivera. Further 

impacts of precipitation should be noted in monsoonal regions, where heavy 

rainfall results in overland flow, entrainment of surface material, 

and possibly elevated TOC levels. 

Horizontal and vertical variation in both dissolved and 

particulate concentration is large. In the Amazon River a depth -

integrated TSS value is twice that of the surface value, thus the 

•grab sample" method most commonly used would lead to 

underestimates. on the basis of these considerations, Nordin (Part 

II) estimated that values for sediment yield are prdbably low by a 

factor of 2. Accordingly, estimates of carbon export must be 

increased. 
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It should be dbvious that only a range for TOC export can be 

established. A minimum estimate can be provided from discharge and 

mean TOC concentration from mostly temperate waters, and a maximum 

estimate can be provided from Figure 2, giving a range of 33 to 100 

x 1012 moles C/yr. Taking a TOC/TSS ratio of 0.04 and a TSS flux 

of 2 x lol6g/yr we determined a "best estimate• of flux for rivers 

to be 66 x 1012 moles C/yr, which is also consistent with the 

assumption that previous errors in estimation are symmetrical around 

some mean value. 

THE FATE OF RIVER CARBON EXPORTED TO THE MARINE ENVIRONMENT 

The organic carbon transported by rivers to the oceans is 

subject either to metabolic degradation or to storage in sediments. 

Although there is uncertainty about the amount, the storage of 

terrestrial carbon in nearshore sediment has been demonstrated by 

using both chemical and isotopic indicators (See Hedges, Spiker, and 

Turekian and Benoit, Part II). Perhaps the most striking evidence 

that the refractory organic carbon stored in many estuarine regions 

is soil-derived is found in data from studies in the Baltic Sea and 

Long Island Sound. In both of these estuaries, the dominance of 

14c-old carbon in the sediments prior to the industrial revolution 

identifies a predominant soil component in the stored carbon 

(Erlenkeusec et al., 1975, Benoit et al., 1979). 

Determining the rate of storage of carbon from riverine sources 

in coastal sediments requires not only determination of the 

concentration of this carbon after it has been isolated from other 
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carbon sources ' (such as marine plankton and salt marsh) but also 

determination of the rates of accumulation of the sediments. Such 

determinations are not easy. Although both natural c14c, 210Pb, 

228Th) and man-made (Pu, 137cs, bonb 14c) radionuclides have 

been proposed and used to determine accumulation rates, the problems 

of bioturbation and physical mixing remain formidable. Rates of 

accumulation based on establishing a time of coastal inundation 

after the end of the Wisconsin glacial age may provide a suitable 

method, if appropriate acoustic and drilling methods are used in the 

survey of coastal sediments. 

Although it is of some importance, for evaluation of the global 

carbon flux, to estimate the storage rate of terrestrial carbon in 

long-term, irreversible marine repositories, the large un~ertainties 

in making such estimates must be borne in mind. The search for 

changes in the rate of storage caused by human perturbations of the 

land is subject not only to these general difficulties but also to 

the fact that nearshore deposits are peculiarly impacted by 

fossil-fuel and sewage-sludge residues that were not part of the 

river burden (Turekian and Benoit, Part II). 

THE ROLE OF RIVER-TRANSPORTED ORGANIC CARBON IN THE GLOBAL CYCLE 

The charge to this workshop was to evaluate the role of rivers 

in the global carbon cycle with regard to the relative magnitude of 

riverine fluxes to the ocean and particularly to fluxes into storage 

reservoirs and their change since ancient times. 

The results of our deliberations are summarized in Figure 3. A 

··Jiber of important aspects of the global carbon cycle which are 
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germane to the following discussion and recommendations are 

emphasized below: 

Fluxes associated with the erosion, transport, and sequestering 

of organic C in marine environments are small relative to the 

amounts of carbon involved in photosynthesis and respiration. 

There appears to be a significant flux of eroded organic carbon 

from upland areas to lowland areas and into temporary storage. 

The estimated)1et flux of organic carbon from land to oceans by 

rivers today is about 66 x 1012 moles C/yr (range of estimate from 

33 to 100 x 1012 moles C/yr). This flux of organic carbon is 

large enough so that increase~ amounts transported to and sequested 

in marine sediments may be an effective net sink for anthropogenic 

The accumulation of organic C in marine sediments today 

represents a small fraction {perhaps 0.8%) of the annual marine 

production of carbon by photosynthesis. 

The rate of accumulation of organic carbon in coastal marine 

areas (including deltas, estuaries, bays, and portions of shelves) 

may have increased by 2 or 3-fold since ancient times but it is 

difficult if not impossible to measure this change, because the 

increase is so small relative to the amount previously accumulated 

with which it is mixed biologically and physically. In addition, 

the direct impact of fossil fuel and sewage sludge residues would 

obscure natural riverine and marine inputs. 

The flux of organic carbon from coastal regions to the open 

ocean is difficult to evaluate but is known to occur. The &13c of 

deep sea sediments and organic matter dissolved in the sea water 
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FIGURE 3 Te~tative simplified ~el of a portion of the 
present-day global cycle of carbon emphasizing interactions between 
t~e riverine and ocean syste•s. The au• of all ir.puts was ~ade to 
equal the su• of all outputs in this .adel. Fluxes are in units of 
1012 moles C/yr. The range is given for sc~e flux esti~ates. 
Note that organic carbon acc~:mulation in sedilf.enu is less than 1\ 
of total annual productivity, and thus is a d1fficult value to 
estimate. So•• of today•s carbon fluxes may be greater than in 
ancient times (prior to 1,000 years J.P.). Very tentative 
calculations indicate that today's fluxes of organic carbon 
associated vith river transport and accu~ulation in continental 
sedi~ents may be double the ancient fluxes, and present-day orsanic 
carbon storage in ~arine sediments may be two to three times sreater 
than in the past. It is not known at present how to test thi~ 
proposition. 

Flux values are tentative esti~ates adapted in the main body of 
this . report or discussed in the papers in Part II of this volu•e. 
Total organic car~on production is taken as 9000 x 1012 ~les 
C/yr; 60\ of this being terrestrial and 40\ w.arine (~ackenzie, Part 
II). Total production is known to a precision of ibout + lS\. The 
land to river syste• flux of 116 x 1012 ~oles C/yr and t~e fluxes 
related to continental •ediments are taken froa Mulholland (Part 
11), Table 1 and discussions thereof. The river to ocean flux is 
based on the discussion in the text. orsanic carbon prod~ction and 
accu~ulation fluxes in the ocean are derived froa ~ac~enz1e (Part 
II) and ~ollast and lillen (Part 11). 

Care must be taken in the interpretation of this figure; note 
that the fluxes other than those related to photosynthesis and 
respiration (oxidation) are small. 
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implies that most of the carbon in these two reservoirs is of marine 

origin. 

The fluxes of carbon associated with the processes shown in 

Figure 3 are reasonable estimates at this stage of knowledge and, 

within the large errors, probably provide a picture of the movement 

of carbon in this portion of the global carbon cycle. Organic 

carbon produced and eroded from uplands is transported by streams to 

lowland areas, and in these areas of alluvial and colluvial 

deposition, organic carbon is respired and decayed and returned to 

the atmosphere as co2 • Additional carbon is also added to waters 

in their transit from upland to lowland regions by photosynthesis in 

stream channels, flood plains, and other areas. In the lowlands 

much of the organic carbon is oxidized (respired); a small part of 

the remainder, whose amount is poorly known, accumulates in alluvial 

and colluvial sediments and a larger part is carried by low order 

streams toward the ocean. En route, some of this carbon and carbon 

produced in~, is oxidized (respired). The average annual net 

export of carbon from land to the marine environment (66 x 1012 

moles) is a result of the complex balance between storage, release, 

and respiration (oxidation) of organic carbon in terrestrial and 

aquatic environments. 

In the marine environment the exported terrigenous carbon mixes 

with organic carbon produced by marine organisms. Some of the 

terrestrial carbon is oxidized in the marine environment as it 

settles to the sea floor, but much of the terrestrial POC entering 

the oceans is deposited in coastal areas and escapes degradation. 

The fate of terrestrial DOC in the marine environment is not clearly 
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understood but some of this carbon and a small amount of terrestrial 

POC is transported from coastal regions to the open ocean, where it 

is either metabolized or diluted beyond recognition by other organic 

carbon of marine origin. 

The terrestrial carbon component appears to be of more 

importance in nearshore marine sediments than in open-ocean 

sediments, and it probably decays at a less rapid rate than the 

marine carbon component of marine sediments. It may be that the rate of 

sequestering of organic carbon in marine sediments has increased in 

recent times and therefore qualifies as a sink for anthropogenic 

co2 • This sink may be expected to be the consequence of several 

complex processes resulting from human actions. Specifically, the 

processes are the extensive use of phosphorus and nitrogen 

fertilizers on land and their leaching by drainage waters, the 

cultivation of nitrogen-fixing crops, and the discharge of municipal 

wastes to aquatic systems. These processes can lead to an increased 

nutrient supply for coastal marine systems and result in increased 

organic carbon production and possible accumulation. Similarly, in 

terrestrial environments nutrients added by man's activities can 

lead to increased carbon storage in freshwater ecosystems or to 

increased runoff of organic carbon to marine systems. Furthermore, 

extensive deforestation may lead to increased nutrient losses as 

well as to greater loads of dissolved and particulate organic carbon 

in river systems (e.g., Bormann and Likens, 1979). These factors 

may lead to in increased burial of carbon in freshwater and marine 

deposits. 

The burning of fossil fuels - coal, oil, and gas - and such 

other anthropogenic sources of co2 as net oxidation of the 
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terrestrial biosphere because of deforestation, are responsible· for 

an estimated increase in atmospheric co2 of about 14t during the 

last 100 years. The rate of increase in atmospheric co2 is now 

about 1.5 ppmv per year. However, fossil fuel burning alone over 

the last century is estimated to have released to the atmosphere 

more than twice as much co2 as the total atmospheric increase. 

Estimates of the annual flux of co2 from the biosphere to the 

atmosphere range from about zero to values equal to that from fossil 

fuels, some authors have assumed that the biosphere is a net sink. 

Obviously the role of the biosphere during the last two decades and 

on into the twenty-first century is critical to models that predict 

future atmospheric co2 levels. 

Whatever the case, some models have suggested that an amount 

equivalent to the annual increase in the atmosphere (200 x 1012 

moles C/yr) may be stored in the oceans (T~le 2). A recent 

estimate of ocean uptake based on GEOSECS data (Broecker, 1980) 

leaves 5 - lOt of the total fossil fuel additions of co2 to the 

atmosphere unaccounted for, but this shortfall estimate is within 

the range of uncertainty for the major global fluxes (Table 2). All 

ocean models currently assume that co2 simply dissolves into sea 

water and include no provision for co2 uptake as a result of 

reactions with carbonate solids in contact with shallow ocean 

waters, or for organic carbon buried in sediments. 

If the most recent estimate of co2 uptake by the ocean is 

correct, then the ocean as currently modeled is at best a barely 

adequate sink for co2 from coabustion of fossil fuel. If the 

terrestrial biosphere is a significant source of co2 for the 

atmosphere, then the problem of the ocean as the only major sink for 
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TABLE 2 

Man-related Fluxes of C02 to the Atmosphere Compared with Estimates of 
Increases in Fluxes of C02 to Potential Sinks (units of 1012 moles 
C/y).! 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

a 

b 

c 

d 

e 

Flux b Source 

Fossil fuel burning 412-428 

Land use 0-415 

Total inorganic carbon 
solution in the ocean 

Dissolution of Mg-calcites 
in ocean mixed layer 

Sequestering of organic C 
in continental and marine 
systems because of N and P additions 
to these systems£ 

Terrestrial organic C 
transport to marine systems and 
storage in marine sediments~ 

Terrestrial organic carbon storage 
in such continental systems as river 
flood plains.! 

Atmospheric increase 

TOTAL RANGE 412-843 

Sink 
(increase since 
anc1ent times) 

149-161 

0-8 

0-60 

0-18 

0-7 

209-227 

358-456 

Estimates adapted from Bolin, 1977, Broecker et al., 1979, Garrels 
and Mackenzie, 1980, Walsh, 1980, Woodwell ana-Houghton, 19771 
Mackenzie, Part II of this report. 

Because processes (6) and (7) are not resolvable from (5), their 
ranges are included in (5) and not included in the Total Range. 

Maximum from Walsh, 1980. 

See Mackenzie, Part II. All of the increased flux of organic carbon 
to sedimenti is considered to be due to this process. 

For minimum accumulation estimate, see page 9 of this report. 
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the aissing co2 is ex•cerbated. Thus, it recently has becoae 

apparent that potential sinks other than the oceanic water deserve 

attention (Table 2). 

Indirect effects also must be considered. Por exaaple, it has 

been assumed that disturbance of the biosphere alters only the 

exchanges with the atmosphere. However, if carbon is routed to 

sinks via other pathways, then such carbon should not be included in 

at.ospheric exchange calculations. 
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CONCLUSIONS 

Atmospheric carbon dioxide is currently increasing at a rate of 

about 200 x 1012 moles C/yr. Relative to this increase, it is 

necessary to determine not only the relative magnitude of carbon 

fluxes in the global carbon cycle, but also to determine whether 

fluxes into reservoirs other than the atmosphere have increased 

since ancient times. ~he flux and storage of organic carbon asaoci~ted 

with the rivers of the world are summarized in Figure 3. Salient points 

relative to the role of rivers in the global carbon cycle are as 

follows: 

• The flux of organic carbon by rivers to the oceans is of 

the same order of magnitude as various other fluxes in the global 

carbon cycle, but is small relative to the large amounts of carbon 

involved in photosynthesis and ~espiration (oxidation) that exchange 

between the earth's surface and atmosphere. 

The amount of terrigenous carbon that enters the river systems 

is of the order of 116 (range of 66 to 166) x 1012 moles C/yr. Of 

this carbon, roughly 25-30' is oxidized within the river systems. 

Some organic carbon is stored in headwater regions, and there 

appears to be a significant flux (4 to 78 x 1012 moles C/yr) of 

eroded organic carbon from upland areas to lowland areas and into 

temporary storage. The net flux of organic carbon from rivers to 

the oceans is about 66 (range of 33 to 100) x 1012 moles C/yr, or 

about so• of the amount that entered the riverine system. 

• The storage of carbon in riverine reservoirs (continental 

and near-shore marine sediments) may be 10 to 15' of the annual 
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atmospheric increase in carbon dioxide over the last two decades. 

The rate of accumulation of organic carbon in coastal marine areas 

may have increased two or three fold since ancient times, but there 

is great uncertainty concerning the values. This increase in 

accumulation could reflect carbon fixed by photosynthesis within 

rivers and in coastal waters through fertilization by river-borne 

inorganic nutrients. 

• The surprisingly large flux and storage of riverine organic 

carbon indicates that rivers may play an important role in the 

global carbon cycle. 
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RECOMMENDATIONS POR FURTHER STUDIES 

Flux of carbon by rivers constitutes an important component 

of the global carbon cycle. Massive and logistically difficult 

field studies would be required to refine the current estimate of 

this flux. Thus, it is probably not feasible nor reasonable to 

attempt a significant refinement relative to an evaluation of the 

glObal carbon cycle. However, some further study should be done to 

clarify the biogeochemistry of rivers and their role in the glObal 

carbon cycle. We recognize the following as important and feasible 

studies: 

1. Detailed, long-term studies of a few carefully chosen 

rivers should be done. These should include, in addition to carbon 

measurements, other chemical and hydrologic properties useful in 

modeling the carbon system. The following points should be 

considered in designing the sampling strategy: 

• Rivers are not well mixed, therefore, representative 

samples should be collected. 

• Large flows do not always imply large fluxes, to improve 

flux estimates, representative small-flow, large-flux 

streams should be sampled. 

• Extreme events should be sampled intensively when the 

opportunity arises, and weighted according to the frequency 

of the event. 

• To determine errors in mean values of fluxes, some 

long-time series from representative rivers are needed. 

• Rivers in different parts of the world should be studied 
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during the same time period, and over at least a full year, 

to assess seasonal effects. 

• Small rivers should be sampled frequently (daily, or at 

least weekly), whereas larger rivers may be sampled less 

often (weekly or monthly). 

• A comparison should be made between "industrialized" rivers 

such as the Rhine and the Elbe, and •natural" rivers such 

as the Zaire, to determine the degree of chemical 

complexation of ooc. Studies should be extended to include 

such highly erosive basins of southeast Asia as the 

Ganges-Brahmaputra, where extensive denudation studies have 

been conducted. 

• A comparison should also be made between ground waters (at 

different depths) and river waters. Although the chemistry 

of ground water should reflect biological activities in the 

soil and sediment and the interaction with minerals, river 

water may have an additional imprint of primary 

productivity and sUbsequent biological consumption 

(grazing, bacterial action, and the like), as well as from 

industrial chemicals and sewage. 

2. A major task is to determine the composition and origin of the 

bulk carbon ~served in river waters and river and marine 

sediments. This analysis requires a sophisticated array of organic 

chemical and isotopic tracer techniques. 

• Reliable techniques for measuring dissolved organic 

nitrogen (DON), dissolved organic phosphorus (DOP), and 

dissolved organic sulfur (DOS) should be developed, because 
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variations in C/N, C/P, and C/S can be related to processes 

operating in the river systems. Identification of specific 

molecules and their quantification may help to interpret 

biologically determined elemental ratios relative to carbon. 

• Molecular weight determinations of organic material are 

essential to understand the processes of complexation and 

condensation and will lead to investigations of the 

structure of dissolved organic matter. Two of the more 

critical parameters to study are the degree of mutual 

complexation and hydrogen bonding. 

• 14c and 13c determinations in DOC and POC should be 

made throughout the river system, estuaries, and open 

oceans to determine the contribution of different carbon 

sources along the traverse. 

3. Factors affecting hydrology need careful analysis. 

• Hydrologic analysis is based on field studies and can be 

generalized through mathematical modeling. Analysis of the 

relationship between sediment budgets and the geomorphology 

of the drainage basin is also based on field work, but 

mathematical models are not yet available in this domain. 

Quantitative estimates of various types of sediment 

influxes can be made and the inputs to rivers assessed as a 

basis for interpreting carbon measurements and for 

predicting the effects of perturbations on carbon 

mobilization or sequestering. Some of these assessments 

could be made on the basis of existing data, others would 

require field studies. 
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• A major uncertainty concerns routing of sediments 

downstream, once they have left the hillslope. For 

undisturbed watersheds, geologic time-scale, steady-state 

assumptions can be made about storage and residence times 

of the sediment. For disturbed watersheds and smaller 

time-scales, the prediction is more complicated and 

requires further field measurements (see Swanson et al. in 

press: Trimble 1974, 1975). 

• Estimates of the total net rate of sediment accumulation 

and mean residence time in floodplains and lakes are needed. 

4. Need to determine the rate of storage of organic carbon in 

marine sediments and whether this rate has changed with time. To 

determine the amount of carbon from terrestrial sources that is 

preserved in marine sediments per unit time, it is necessary to know 

the total accumulation rate of carbon in nearshore repositories and 

possible deep-sea repositories (including the water column) and the 

amount of that carbon that is of land origin. In addition, the role 

of river-derived nutrients in influencing coastal carbon production 

and preservation must be evaluated. 

5. Changes resulting from anthropogenic influences should be 

identified and measured. 

• The links between river-borne nutrients and primary 

production in river and marine environments should be 

investigated. 

• The probable effects of land-use factors on runoff, 

sediment production, nutrient export, and, particularly, 

carbon export from watersheds must be identified. 
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RATE OF DENUDATION IN BLACK SEA SOURCE AREA 

Egon T. Degens 

Excerpt from Degens ·et a1. 1976 and 1978. 
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At preaent, the Black Sea is a gigantic catch baain for 

the river discharge of half of Europe and part of Aaia (Figure 1). 

The source area ia well defined and can be aubdivided into 

aeveral orographic provinces which are diatinguiahed by 

geography extension, climate, and elevation. The following 

aubdivision seems to be appropriate: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

River 

Danube 

Dnestr 

Y. Bug 

Dnepr 

Don 

Kuban 

Caucasian Rivers 

Rioni 

Coruh 

Turkiah Rivera 

Bulgarian Rivers 

Total 

Size of Drainage 
2 Area (km ) 

836,000 

61,900 

34,000 

538,000 

446,000 

63,500 

24,100 

15,800 

16,700 

231,500 

22,200 

2,290,200 

These figures are accurate within a few percent: they 

represent only the planar projection of the individual terrain 

and not the actual surface area exposed to denudation. 

The region under study is characterized by its diversity. 

We encounter all transitions between arid and humid climates and 

between lowlands ard mountainous areas. The isaue is further 

complicated, because the Pripjet swamps, the Panonic flatland, 

and the lowlands along the Black Sea coast are regions of 

sedimentation rather than denudation (Paluska and Degena, 1979). 

35 

Copyright © National Academy of Sciences. All rights reserved.

Flux of Organic Carbon by Rivers to the Oceans:  Report of a Workshop, Woods Hole, Massachusetts, September 21-25, 1980
http://www.nap.edu/catalog.php?record_id=19737

http://www.nap.edu/catalog.php?record_id=19737


FIGURE l 

Orographic t.fap 
ofttw 

Black S.a Drainage Area 

~ -
CJ ---CJ ·--,, - ---· . ------

Orographic map of the Black Sea drainage area. 
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Shimkus and Trimonis (1974) present data on the sediment 

and salt load which is annually carried by the major rivers into 

the Black Sea basin. The total load divided by the size of 

the individual drainaqe area qives the total amount of yearly 

denudation in tons per square kilometer (Table 1). From these 

fiqures, Deqens et al. (1976) derived the mean volume of eroded 

material, applyinq some "cosmetic" corrections to account for 

the areas of sedimentation within the Black Sea source reqion. 

The averaqe denudation rate for the entire source is 0.063 mm/yr 
. 2 

or about 100 t/km /yr. 

From a sedimentoloqical point of view it is of interest 

to know at what points most of the detritus enters the Black 

Sea. Fiqure 2 illustrates that: (1) the Danube carries about 

60% of the detrital load: (2) the Don and Kuban discharqe into 

the Sea of Asov where the material comes to rest: (3) the 

Caucasian Rivers, Rioni and Coruh, contribute 20% of the total 

detritus: and (4) Onestr, Y. Buq, Dnepr, and the Bulqarian 

rivers yield very little material. 

HOLOCENE VARVE CHRONOU>GY 

On the basis of radiocarbon dates from the Black Sea 

sediments, it was concluded that the rate of deposition in the 

deep basin has remained fairly uniform over the past 7000 years, 

averaqinq 10 cm/1000 years (Ross and Deqens, 1974). In a recent 

study (Degens et al., 1976), varve chronology was applied which 

put in question some of the previous interpretations. It appears 

that recent Black Sea sediments contain a certain amount of dead 

orqanic carbon which makes them "older" by 2,000 to 3,000 years. 
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TABLE 1 Denudation in Source Area of Black Sea Basin 

UOUIIt O.Udation 
Delritu .. ...... Tota1Loed1 Size of ANI oiWeiJht Volume Deaudation Rate .... (lo't/yr) uo't/yr) (lo't/yr) (ltm2) (t/kml,r) (m3) (mm/yr) 

...... 1).00 S2.SI US.SI Al,ooob 199.0 124.4 0.125 .,..., 2.SO 2.79 S.29 61,900 IS.5 S3.5 0.054 
Y . ... O.Sl us 1.11 M.OOO SS.4 M.6 0.035 .,..,, 2.12 10.79 12.91 JI3,SOOb 24.0 IS.O 0.015 
Doll 6.40 1.43 14.13 446,500 33.2 20.1 0.021 
& ..... 1.40 1.95 10.35 63,500 163.0 102.0 0.102 
c.aai•RMII 6.79 7.3 24,100 303.0 119.5 8.190 
aloni 7.01 2.16 7.6 IS,IOO 411.0 301.0 0.301 
Conah IS.U 16.2 16,700 971.0 607.0 0.607 
Ttlrtilll Coest 17.00 6.70 23.70 2U,SOO 102.4 64.0 0.064 
lulpri• Cout 0.50 0.10 1.30 22,200 sa.s 36.6 0.037 

~ Data from Shimkus and Trimonis (1974) 

b Reduced area 
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FIGURE 2 Black Sea catch basinr modern detrital flux expressed 
in percent of total. Danube (l)r Dnestr (2)r Y. Buq (l)r 
Dnepr (4)r Don (S)r RUban (6)r Caucasian Rivera (7): 
Rioni (8): Coruh (9): TUrkish Rivers (10): and 
Bulqarian Rivers (11). 
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The Holocene varves of the deep Black Sea have been described 

in detail (Ross and Degens, 1974). Light and dark layers alter

nate regularly, and the pattern is principally caused by seasonal 

plankton blooms which insert white coccolith bands into a darker 

matrix (coccolith ·unit), or fine, almost black bands into a dark 

brown matrix (sapropel unit). As many as 270 individual bands 

per meter of core section were counted (Degens et al., 1980), 

and one double layer represents one year of depositional 

history. 

One core from the upper basin slope examined for varves was 
..,. 

found to be essentially free of turbidites: probably because 

a deposit covering about 300 years of sedimentation history 

was stripped off in the form of a slump about 500 years ago. 

In this core (Figure 3), sedimentation rates ~uniform from 

800 B.C. to about 200 A.D., from this dateline they increase in 

a fluctuating fashion to the present. The high "noise level" 

observed for the past 1,500 years can best be accounted for 

by agricultural activities such as deforestation and the 

development of a "Kultursteppe." Episodic floods have carried 

higher amounts of detritus than normal to the Black Sea and 

have produced high peaks on the sedimentation curve. 

The evolution of anoxic conditions during the Holocene is 

also of significance. Each gram-atom of carbon in plankton re

quires 1.3 moles of oxygen for its oxidation. Since the amount 

of organic matter that falls though the o2-~s interface is 

fairly well known (Deuser, 1974), the decay constant of the 

oxygen reservoir can be calculated (Deuser, 1974). From this 

figure, the upward progression of the o2-H2S interface can be 

derived. Calculations show that the thermohaline boundary 

requires about 3,000 years to rise from the 2200-meter deep 
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FIGURE 3 

0 ..... c. 

' ' 

Rates of sedimentation in a sediment core from the 
Black Sea at a water depth of 470 meters (Core 35: 

Figure 4). 
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abyssal plain to a water depth of 500 meters. Varve-counting 

techniques substantiate these findings. Figure 4 (compare cores 

18 and 35) shows that finely laminated sapropels started to come 

in on the basin slope at a depth of 470 meters almost 2,300 

years after they first appeared on the bottom of the Black 

Sea Basin. 

In summary, during the past 5,000 years, normal rates of 

sedimentation in the deep basin were 10 cm/103 yr for the sapropel 

unit and 30 cm/103 yr for the coccolith unit. Turbidites and 

slumps supplied substantial amounts of detritus to the central 

basin and increased rates to 1 m/103 yr. In contrast, the 

sedimentation rate on the upper basin slope is generally three 

times greater than in the deep basin. There, however, submarine 

stripping and erosion may have removed material, thereby 

lowering the actual rates of accumulation. The sapropel unit 

has formed at times of forest vegetation, whereas the coccolith 

unit began when agriculture had already transformed the Black 

Sea source area into a steppe. 
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FIGURE 4a 

•• •• 

46• 
N 

Coring sites occupied off the coast of Turkey and 
Bulgaria. 
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FIGURE 4b Stratigraphic correlation of short cores: 
sites depicted in Figure 4a. 
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THE USE OF CARBON ISOTOPE MBASURBMBlft'S 

TO EXAMINE THE HJVBMENT OP LABILE 

AND REFRACTORY CARBON IN 

SOIL 

B. J. O'Brien, J. D. Stout, and K. M. Gob 
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The genesis of a soil is complex. Factors contributing 

to the complexity include the weathered rock matrix, the over-

lying plant species, and the temperature regime and hydrology 

of the area. The soil is an ecosystem in itself. ita nature 

depending on physical, chemical, and biological interactiona. 

Because of these complex interaction•, it baa been difficult 

to understand in detail its geneaia and dynamic ateady atate 

behavior. 

Soon after carbon-14 dating waa eatabliahed, attempta 

were made to date soil charcoal. Around 1960 it waa eatabliahed 

14 that the c in living plant leaf material was in equilibrium 

with that in the atmosphere, even though this was riaing ateadily 

14 because of the production of c in the atmoaphere from atmoa-

pheric nuclear tests. Studies were begun in the 1960's to uae 

14 
the increasing atmospheric c to determine the turnover timaa 

of carbon in a variety of soils (Broecker and Olaon, 1960: 

Rafter and Stout, 1970). 13 
At the same time, c5 c measurements 

were often made on the soil carbon refractions (Stout 

!!, al •• in press). 

13 . h c w1t respect to 

Becauae biological processes fractionate 

12 c, the juvenile co2 , which probably had 
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a 6 13c of -5%, has been fractionated into an organic pool with 

13 13 
6 c of -25% and an inorganic pool with a 6 c of 0% (Degens 

and Kempe, 1978). 

i 13 d 14 . '1 d From extens ve measurements of c an c 1n so1 an 

plant components it has become possible to model the carbon 

movement and turnover in soil (Rafter and Stout, 1970: 

Jenkinson and Rayner, 1977: O'Brien and Stout, 1978). 
13 . 

Carbon-14 and C measurements have also been made on carbon 

components in ground waters. In this report we review some 

data for New Zealand and indicate how carbon isotope measure-

ments can help us to understand the movement of carbon from 

plant to soil to ground water. 

CARBON ISOTOPES IN SOIL CARBON 

Measurements of 14c and 13c in soils were begun in the 

1960's (Rafter and Stout, 1970: Stout and O'Brien, 1973). The 

interpretation of these results was complicated by the fact that 

14 . c from nuclear weapons had already enr1ched atmospheric 

carbon -dioxide and was beginning to penetrate the top layers 

of soil. The work of Rafter and stout confirmed that 14c levels 

in the leaves of trees and in grass were essentially the same 
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a a in atmospheric carbon dioxide. The activity in the grass 

grub was the same as in grass, but in earthworma it was 13" 

lower. 

14 
The c levels in the atmosphere rose to a maximum in 

14 1965, and it can be seen in Table 1 that the c activity in 

topsoil under pastures increased markedly during this time. 

14 Also shown in Table 1 are the c acitivities in the litter 

and soil profile of the waipawa Foreat measured in 1971. In 

14 this case the nuclear-weapon c appears to have penetrated 

only the upper litter: the bottom litter layer and the soil 

have not been significantly affected by bomb carbon. At 

greater depths the measured carbon-14 ia much leas than 

expected in a modern sample: and when used to determine an 

age, it often gives values of thouaanda of years. Data on 

14 13 carbon content and c and c concentration in a soil pro-

file at Judgeford, New zealand, are shown in Table 2. The 

positive values for 6 14c, in the profile above 20 em, indicate 

14 the presence of nuclear-weapon c. Carbon-14 ages for aoil 

carbon below this depth are given in the table and are about 

9,000 years for the 80-100 em horizon. There ia need to reconcile 

the great ages of subsoil carbon with the turnover time of 

aoil carbon of a hundred years or leas (Baea et al., 1976) as --
determined by respiration measurements. Jenkinson (1971) 
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TABLE 1 Radiocarbon in Forest and Pasture Soils~ 

. '1 d b Wa1poua so1 un er Forest-
Sampled September 1971 
Clay from basalt 

Horizon Litter 

Depth -66 to -56 
(em) 

%C so 

613C% -25.2 

6 14C% +208+5 

Aqe (years before 1950) 

Tokomaru soil under pasture£ 
soil, silt loam from loess 
Depth 0-7 em 

Litter Topsoil 

-10 to 0 0 to 10 

44 34 

-24.5 -24.7 

-16+5 -6+5 

Collection Date Soil Under under Pasture 
House Built sown 1870 

1895 

Nov. 1962 + 37 

Oct. 1965 - 16 +146 

Feb. 1969 +lOS +295 

a - Goh et al., 1979 
b - Stout and O'Brien, 1973. 

£ Rafter and Stout, 1970. 

so 

Subsoil 

71 to 102 

2.1 

-24.9 

-182+5 

1595 

under Pasture 
sown 1945 

+ 39 

+135 

+233 
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Table 2. Carbon content and ~arbon isotope data or soil 
samples before and nrter acid hydrolysis.! 

Soil Sample 
" c 

ll14c ~ 14c 6 13c 
depth de script- above Age wrt 
(em) ion oxalic acid PDP std 

standard before ~ .. 
1950 

0-10 Whole soil 4.8 +178± 4 - 28.0 
Hydrolysate .25 + 117± 4 - )0.6 
Residue 2.9 +1.36± 4 - 28.6 

10-20 Whole Soil 2.6 + 2 - 27-.3 
Hydrolysate 0.20 - 29-5 
Residue 1. 6 - 28 210 - 28.9 

20-40 Whole Soil 1. 5 - 79 650 - 26.8 
Hydrolysate 0.04 -199 1810 - )0.4 
Residue 0.5 -116 990 - 28.2 

40-60 Whole Soil 0.)5 -280 2690 - 25.8 
Hydrolysate o. 14 -.3.31 .3.300 - 28.7 
Residue 0.09 -.372 )820 - 29.5 

60-80 Whole Soil 0.)7 -505 5300 - 25.8 
Hydrolysate 0.21 -471 5240 - 28.8 
Residue 0.08 -558 67.30 - 28.9 

80-100 Whole Soil 0.21 -668 9100 - 25.0 
Hydrolysate 0.08 -6.30 8190 - 27-9 
Residue 0.05 -679 9.380 - 28.5 

.. !) Judgerord silt loam, sampled January 1977• 

Whole soil is from one core. 
Hydrolysate and residue from an adjacent core. 
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found that some 70% of the radiocarbon present in decomposing 

ryegrass was lost within the first year. one possible explanation 

is that soil contains biologically inert fractions that remain 

almost indefinitely in the soil. A number of investigators have 
14 

made c measurements on the humic acid, fulvic acid, and humin 

fractions of the soil organic matter, separated by using acid 

or alkaline extraction methods (Rafter and Stout, 1970: 

Scharpensel, 1972: Stout et al., 1977). 

Although these soil fractions show differences in 14c 
14 content, they are not large and the resulting c age estimates 

are not very different and do not throw much light on pro-
14 13 ceases occurring. The main differences in c and c appear 

to be related to the stage of decomposition (Gob et al., 1977). 

A DYNAMIC SOIL CARBON WJDEL 

In order to account for the 14c distribution, including 

th t t . f b mb 14c into d 1 f '1 o• · e pene ra 1on o o eeper ayers o so1 , Br1en 

and Stout (1978) used a steady state diffusion respiration model 
14 in which it was assumed that most of the lowering of A C below 

modern was due to a small amount of very old carbon diatributed 

throughout the soil profile. This study was made on the Judge

ford silt loam under permanent pasture and the results of 14c 
and 13c measurements are shown in Figure 1. The ahallow rooting 

c£ the pasture (0-10 em) meant that soil carbon must diffuse down 

the profile from the surface. Such a model could account for 
14 d 13 the distribution of c an c down the profile as well as for 

the increase in 14c activity in the surface soil layer due to 

bomb 14c, which is shown in Figures 2 and 3. This model 

analysis indicated that about 16% of the carbon was relatively 

old and fairly uniformly distributed with depth (Figure 4), that 

the turnover periods of the modern carbon was 63 years and 

that the flux of carbon in the surface layer 
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Distribution with depth of total carbon (circles), 

14c (triangles), and 13c (squares) in Judgford 

silt loam, sampled May 1974. The solid and 

dashed lines fitted to the 13c data are based 

on a steady state soil model. (O'Brien and Stout, 

1978.) 
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Figure 2. Radiocarbon enrichment of the atmosphere, pasture, 

earthworms, and soil following thermonuclear bomb 

testing since 1954. (O'Brien and Stout, 197&) 
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Figure 3. Measured increases in 14c in Judqeford silt loam. 

The curves were fitted by using a diffusion carbon 

transport model. (O'Brien and Stout, 1978.) 
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Figure 4. The concentration of "modern" and "old" carbon 

in soil derived from measurements. The solid line 

shows the concentration of modern carbon predicted 

from the steady state model. (O'Brien and Stout, 

1978.) 
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-2 -1 
of soil was 300 g carbon m y • In a steady state the last-

named figure is identical with the carbon loss from the soil: 

it does not include respiration taking place in plants or plant 
13 

litter. In Figure 1 it can be seen that the ~ c values 

become more positive with depth,. indicating that the deeper soil 

carbon is more enriched with 13c than the top soil layer, which 
13 has about the same ~ c as for grass, i.e., 27%. 

DIFFERENT FRACTIONS OF SOIL ORGANIC CARBON 

The Judgeford silt loam was sampled again in 1977 down to a 

depth of 1 m, two cores, between 1 and 2 meters apart were taken. 

Both cores were separated into 10 em horizons. The total organic 
14 13 carbon, c and c concentrations were determined for each 

horizon of the first core. Part of each sample from the second 

core was separated by hydrolysis with 6N HCl and additional 

measurements were made on both the hydrolysate and the residue. 

This data is shown. in· Table 2. 

The data in Table 2 have several features. The residue 

makes up the greater part of soil organic carbon in the topsoil, 

but only 30% in the subsoil. The concentration of carbon present 

in the hydrolysate is fairly constant at all depths whereas that 

in the residue drops by a factor of 50 between the top and 
14 

bottom sections. The residue has a greater c age at depths 
14 bomb c present below 40 em than the hydrolysate but it has more 

13 
in the shallow soils. Values of ~ c for the residue are fairly 

constant compared with those for the total soil and hydrolysate 

h . h be 1 i Th . . f 13 . h w 1c appears to ess negat ve. e var1at1on o c w1t 

depth is shown in Figure 5 for the residue and hydrolysate. 

14 Jenkinson and Rayner (1977), also found that the use of c 
ages in the residue were older than in the hydrolysate, but the 
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Fiqure s. Distribution of 13c in different orqanic carbon 

fractions of Judqeford silt loam. 
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differences were much qreater than observed here. An increase 

in 13c with depth was also reported in the Judqeford soil by 

O'Brien and Stout (1978), who interpreted this as due to 

fractionation durinq the respiration process or due to the 

presence of some "old" carbon fraction with more 13c present. 

Carbon present in soil orqanic matter of well-drained sandy 
13 

soils have also shown an increase of c with depth (Goh et al., 

1976) h 1 b d h 13 . . h d h • It as a so een reporte t at c 1ncreases w1t ept 

in soil organic carbon of well-drained soils under tussock 

grass in New Zealand (Stout and Rafter, 1978). However, the 

same authors report that in peat soils under tussock qrass 

the 13c level tends to remain constant or become lower with 

increasinq depth. The C/N ratio in the well-drained soils ranqe 

from 10 to 15, which is typical for New zealand soils, whereas 

in peat soils it ranqes from 20 to 30. 

It is possible to interpret this information in the following 

way: If the residue material, shown in Table 2 and Fiqure 5, 

consists of material that has not been metabolized by decomposers, 

then it should have a 6 13c value equal to that of the parent 

plant material and it would be constant with depth. It would 

also be expected that such material would make up a larqe 

fraction of orqanic carbon in the topsoil layers but a much 

•maller fraction in the soil layers, as :can be seen in Table 2 

and even more clearly in Fiqure 6. If the soil orqanic material 

removed durinq the hydrolysis represents material that has been 
13 metabolized by decomposers, one would expect the c to be 

fractionated and so vary with depth. 

The relatively hiqh C/N ratios observed in peat soils 

indicate that much of the orqanic matter in these soils is 

not decomposed (Stout and Rafter, 1978). The C/N ratios of 
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Figure 6. Distribution of organic carbon fractions with 

depth in Judgeford soil. 

60 

Copyright © National Academy of Sciences. All rights reserved.

Flux of Organic Carbon by Rivers to the Oceans:  Report of a Workshop, Woods Hole, Massachusetts, September 21-25, 1980
http://www.nap.edu/catalog.php?record_id=19737

http://www.nap.edu/catalog.php?record_id=19737


vegetation range from 10 to 200. Therefore, much of the carbon 
13 at all depths should be unfractionated, tendinq to· make the 6 c 

remain constant throuqhout the soil profile. as is observed. Prom 

the above discussion it would seem appropriate to label the 

residue as the un-metabolized or refractory fraction and the 

hydrolysis or mobile fraction as the metabolized or labile 

fraction. 

The more uniform distribution of hydrolysate carbon with 

depth (Fiqure 6) suqqests that this fraction is mare mobile. This 

is suppor~ed also by the fact that this fraction has siqnificantly 

younqer 14c aqes than the residue at all depths, and that in the 

0-10 and 10-20 em horizons the hydrolysate has been much more 

enriched with bomb 14c. If this fraction is more mobile and is 

readily separated by acid hydrolysis, one might expect that this 

fraction would be the most likely to qive rise to dissolved orqanic 

carbon (DOC) in qround water. 

CARBON ISOTOPES IN GROUND WATER 

carbon can enter the qround water as co2 , as dissolved 

orqanic matter (DOC), or as particulate orqanic matter (POC). 

A knowledqe of 14c and 13c concentrations in these materials 

is useful for understandinq the movement of carbon from soil 

into rivers. 

13 
Hedqes and Parker (1976) used c data as an indicator of 

land-derived orqanic matter in the sediments of the Gulf of 

Mexico. 

Lerman (1973) reported measurements of 13c in soil co2 
13 

where c4-type plants (with 6 c values of -10 to -15%), were 
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13 growing in soils with organic carbon with a 4 c of -25 to -27%. 
13 The soil co2 had 6 c values identical with the value of the 

plant material (15%), which indicated that the soil co2 was 

mostly derived from plant root respiration. Rubin and Spiker 

(1973) measured 13c and 14c in the dissolved organic carbon 

(DOC) of some rivers in the United States in 1972. Because 

of the very low concentration of DOC, 2-4 mq/1, very large samples 
14 were needed to determine the c. Rock creek had 2 mg/1 of DOC, 

with a 4 13c of -28.2 and ll 14c of +480%. In the Potomac River 
w 13 14 

there was 4 mg/1 of DOC with a ll c of +350%. The c and c 

measured in the DOC of other rivers showed that there was dilution 
14 with fossil carbon. The above c data show that the DOC 

originated from plant material less than 10 years old and 

probably came from the uppermost layer of soil. 

Table 3 lists some carbon isotope measurements in New 

Zealand freshwaters. The dissolved carbon dioxide and carbonate 
13 

ion have 4 c values ranging from about +1 to -20. Ground 

water is likely to contain dissolved co2 with a partial pressure 

of several percentage points of 1 atm and with a 4 13c value of 

about -27. When this carbonic acid solution dissolves limestone 

carbonate in the soil, the resulting 4 13c value will depend on 

that in the carbonate and on whether it is dissolved in an open 

or closed system (Hendy, 1970). If calcium carbonate with a 6 13c 

value of +1 is dissolved in the presence of gaseous soil co2 
(open system), the 6 13c of the inorganic carbon species in 

solution will be in the range of 11 to 15, but if there is no 

abundance of gaseous co2 present, it will be in the range of 

15 to 18 (Hendy, 1970). Since the calcium carbonate is 
14 probably quite old, it would be depleted in c, and for this 

14 reason it is difficult to ir1terpret c data in dissolved 

carbonates. In some soil, pedogenic carbonate is present with 
13 

6 c values of -26 to -28% (Leamy and Rafter, 1973). 
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TABLE 3 carbon Isotopes in Some New Zealand Freshwater& 

Location collection Sample concent-
Date Description ration 

m mole/1 

Butt Valley 11/58 co2 0.02 

Silverstream!- CO= 3 
0.40 

Butt Valley 11/58 co2+COj a Belmont -

Butt Park 
11/58 co2 0.60 

'f a aqu1 er- CO= 0.69 
3 

Lake Taupo 
a 

inlet water- 11/58 C02 +C0=3 

Lake Taupo 
a outlet water- 11/58 co2+eOj 

Lake Taupo 
b outlet water - 2/78 co2+COj 0.81 

Lake Taupo 

lake b water- 2/78 C02 +CO) 0.85 

Christchurch 
'f b aqu1 er- 6/76 C02 +COj 0.74 

Heathcote 
. he R1ver Mout - 1/80 Particulates 

Avon River 
c Mouth- 1/80 Particulates 

~ Rafter et al., 1973. 
b 

c 
H. Jansen, personal communication, August 1980. 
G.L. Lyon, personal communication, September, 1980 
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c5 13c 14 
!!. 

" " 
-16.5 42 

- 9.0 -21 

-17.5 -75 

-23.5 -115 

-16.9 -84 

- 4.7 -336 

+ 1.6 -400 

+ 0.9 -174 
. f) 

+ 0.3 -221 

-16 -242 

-26.0 

-24.7 

c 
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The dissolved co2 and COj in the Hutt Valley and Christchurch 

aquifers generally have 6 13c values consistent with carbonate 

being dissolved by soil co2 , but the relatively hjqh values for 

the Hutt Valley 14c data indicate the presence of bomb 14c. 
13 

The high values for the 6 c of the Lake Taupo water probably 

reflect the presence of co2 of geo~hermal origins (with a 6 13c 
of -3%) in this water. This would also account for the low values 

of 6 14c. 

The 6 13c values for particulate organic matter at the 

outlets of the Heathcote and Avon Rivers, near Christchurch, 

New zealand, in January 1980 of -26% and 24-7% reflect values 

expected of the soils of this area (G. L. Lyon, Institute of 

Nuclear Sciences, personal communication, 1980). 

THE RUNOFF OF SOIL CARBON FROM JUDGEFORD SILT LOAM 

A 2-year study was made of sediments and discharges into the 

Pauatahanui inlet in 1976-1977 (Healy, 1980). A map of the 

inlet and catchment area, which includes the Judgeford valley, 

is shown in Figure 7. The inlet, north of Wellington, New 

zealand, has only a small channel connecting with with the 

ocean. Details of the catchment area and sediment runoff are 

given in Table 4. The sediments of the inlet are deep, and 
• 8 • A 14 A AiJn • Th F1gure g1ves ~ata on c age an~ se~ entat1on rate. e 

deepest sediment at 12-13m was 8,360 years old and had accumu

lated since the last glaciation. The 6 13c values for the 

sediment carbon ranged from 25.4% to 28.8%. This would indicate 

that essentially all the carbon in the sediment is of terrestrial 

origin (Hedges and Parker, 1976). The amount of carbon in the 

sediment ranged from 1% at 0.65 m to 6.1% at 9-10 m, varying 

with the rate of sedimentation and environmental conditions, 

particularly climate and vegetation history. 
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Figure 7. A plan of the Pauatahanui Inlet catchment area. 

(Healy, 1980.) 
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TABLE 4 Transport of Soil Carbon into the 

Pauatahanui Inlet ~ 

Area of catchment 

Carbon in soils of catchment, topsoils 
subsoils 

C/N ratio of soils of catchment, topsoils 
subsoils 

carbon in inlet sediments 

C/N ~atio of inlet sediments (surface) 

Annual water discharge to inlet 

Annual sediment discharge to inlet 

Annual nitrogen discharge to inlet 

Annual organic ~arbon discharge to inlet 

a - Data from Healy, 1980. 
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105.4 km2 

5.6% 
1% 

14 
11 

1-6% 

3,900 t 

6.8 t 

68 t 
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DBPTH 
(m) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

DESCRIPTION 

Greenish-black very 
soft silt 

Gray very soft silt 
• 

Dark-qray very soft 
silt 

Dark grayish-brown 
soft silt 

Very dark-gray peaty 
soft silt 

Grayish-brown to 
dark-brown soft to 
firm silt and very 
fine sand 

Gravel 

* ± 150 years 

AGE 
(in years, 

before 1950) 

-- 1,360* 

-- 3,610* 

-- 5,060* 

-- 7,310* 
-- 7,480* 

-- 7,870* 

-- 7,970* 

-- 8,360* 

SEDIMENTATION 
RATE 
(mm ~r year) 

2.4 

1.2 

0.5 

2.5 

11 

4.6 

Figure 8. Radiocarbon age in years before 1950 and rate 

of .sedimentation in mm per year of Pauatahanui 

Inlet sediment. (Healy, 1980.) 
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The avera9e loss of soil carbon as particulate or9anic 

carbon (POC) can be estimated from Table 4. Uain9 the annual 
2 

dischar9e of 68 t and the catchment area of 105.4 km • one 
-2 finds that the annual loss (POC) from aoils is 0.65 9 m • 

-2 -1 This compares with 300 9 m y , which is the annual loas of 
14 

soil carbon at Jud9eford, as determined by modelin9 the c 
, 

data (O'Brien and Stout, 1978). The avera9e loss of POC in 9round 

water is thus only about 0.2% of the total soil loaa. Moeller 

et al •. (1979), who studied DOC transport down aeven u.s. 
rivers found that the run off of FOC from the catchment areas 

was 0.083 to 0.4% of the net primary production rate. An 

estimate can be made of the soil carbon bein9 carried off as 

dissolved bicarbonate. If the co2+eoj concentration in the 

river and stream waters is assumed to be 0.8 m mole/1, aa 9iven 

for Lake Taupo in Table 3, and if half of this ia from the co2, 

then the total annual runoff of aoil carbon ia 24 to. This is 
-2 -1 0.23 qm y in the catchment area, which is 0.08% of the eatimated 

annual loss from the Jud9eford silt loam. 

Durin9 the Pauatahanui study it was observed that most 

sediment was transported to the inlet durin9 hi9h-flow conditions 

after storma. In 1976, 20% of the annual sediment dischar9e waa 

made durinq two storms of several daya duration. 

CONCLUSIONS 

The 14c in the upper layers of soil has increased becauae 

of the incorporation of bomb carbon. At 9reater depths the 
14c indicates a9es of thousands of years. In well-drained 

13 
soils the C becomes more concentrated at depth. A carbon 

transport diffusion model can be used to analyze the 14c 
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4ata and estimate the average annual loas, carbon turnover time, 

and diffusion rates in soils. 

The hydrolyzed fraction of the carbon in the Judgeford 
13 silt loam showed an increase of c, but there was no shift 

in the residue. This indicates that the hydrolyaate is 

metabolized but the residue unmetabolized. From its distribution 

with depth and its younger age, the hydrolysate appears to be 

the more mobile fr~ction. 

The measurements of carbon isotopes in aoil, air, and 

ground water, and in the organic component of river waters, are 

few, but thoae that have been made indicate that DOC originates 

from fairly young soil organic matter. Thereis a great need 
13 14 . for more measurements of c and · c in ground waters and 1n 

different soil fractions. The advent of 14c measurements with 

accelerators and the use of small counters should make this 

much easier, since measurements can be made on amall samples. 

A study of the transport of aediments to the Pauatahanui 

inlet over a 2-year period, and measurements of 13c in the sedi

ment, indicate that the sediment carbon is of terrestrial origin 

and that the loss of soil carbon as POC is about 0.2% of the net 

soil carbon loas. 
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INTRODUCTION 

The riverine flux of carbon may be serving as an effective 

short-term sink for anthropogenic co2 if this carbon flux ia 

increasing in response to human activities, and if this carbon is 

ultimately sequestered· in sediments for several tens to hundreds 

of years. The source of this is of primary importance. If most 

of this carbon is derived from the weathering of rocks and soil 

humus, and only a small fraction from the atmosphere and recent 

vegatation, then this flux will be slow to take up anthropogenic 

co2• Likewise, the carbon preserved in sediments may be derived 

mostly from older refractory soil humus, while that which ia re

mineralized and returned to the atmosphere may be mostly from 

younger labile carbonaceous material. Before an estimate can 

be made of the relative importance of the riverine carbon flux, 

the sources, sinks, and rates of biochemical processing in river

estuarine systems need to be determined. 

This paper discusses the application of carbon isotopes 

(14c;13c;12c)* to these studies. The double isotopic labeling 

of carbon is particularly useful for the analysis of sources 

and sinks of carbon. The onset of nuclear weapons testing in 

1954 resulted in a large input of bomb-produced "excess" 14c 
into the atmosphere. The 14c composition of atmospheric co2 in 

the Northern Hemisphere increased nearly 100% by 1964 (Figure 1). 

This excess 14c has been a useful tracer for studying atmospheric 

mixing and air-sea exchange of co2 • The 14c enrichment of soil 

humus has been used to study soil turnover rates (see Stout, this 

conference). Its distribution in rivers is discussed here. 

* The isotope compositions are expressed as the difference in 
parts per th~~sand (permil) between the sample and reference 
standfid. 4- Cis referenced to the PDB standard (Craig, 1957), 
and 6 C is referenced to the oxalic acid standard (Stuiver and 
Polach, 1977). 
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RIVERINE INORGANIC CARBON 

Chemical weathering is primarily due to the reaction be

tween carbonic acid and rocks. The dissolution of carbonate-bear

ing minerals is the primary source of most of the inorganic 

carbon (and alkalinity) in natural waters. In nearly all natural 

weathering situations, carbonate dissolution produces two bicar

bonate ions formed from one carbonate molecule and one co2 mole

cule. In a aystem isolated from exchange with other sources of 

carbon, the carbon isotope composition of the resulting solution 

is expected to be intermediate between that of the carbonic acid 

and the carbonate mineral (Figure 2). In contrast, the solution 

resulting from silicate weathering under similar conditions would 

have a carbon isotopic composition equal to that of the carbonic 

acid. On the basis of the Sio2 river flux, Kempe (1979) esti

mated that the weathering of silicates accounts for about one 

quarter of the DIC in rivera. 

Although some co2 is dissolved in rain water, most carbonic 

acid is derived from root respiration and humus decay in the 

soil zone. The isotopic composition of soil co2 should reflect 

the relative contribution from root respiration (~ 13c ~ -25: 

A 14c a +400, a atmospheric co2 ) and from the decomposition of 

humus, which may be at least hundreds of years old (613c ; -25: 
14 

A C a -200 to zero) • Thus, assuming values for soil co2 
(613c ~ -25: 6 14c a +100) and for carbonate minerals 

(~ 13c a 0: 6 14c a -1000), the 613c and l 4c compositions of the 

DIC resulting from closed aystem carbonate weathering are esti

mated to be about -12.5 and -450 permil, respectively. This is 

the simplest case. If little organic matter is present, carbonate 

dissolution primarily by reaction with co2 in rain (6 13c a -7: 
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614c ~ +300) will produce somewhat more positive values. In 

soft water, most carbon will be derived from organic matter, 

i ld . . 13 1 d b bl . t. y e 1ng more negat1ve 15 c va ues, an pro a y more pos1 1ve 

614c values for the DIC. 

weathering in a system open to exchange with the atmos

phere or other sources of carbon will result in higher or lower 

values, depending on the sources and extent of exchange. In 

any case, the initial isotopic composition of the DIC is expected 

to be altered as a result of various inputs and outputs of carbon 

and isotopic exchange (Figure 2). Seasonal trends may be ex

pected to be related to variations in biological processes, 

atmospheric exchange, and surface and ground water runoff. More 

negative 613c values result from the input of biogenic co2 from 

oxidation and respiration processes, and more positive values 

generally result from atmospheric exchange and preferential 
12c utilization during photosynthesis (Broecker and Walton, 

1959: Oana and Deevey, 1960: Parker and Calder, 1970: Mook, 1970: 

Spiker and Schemel, 1979: Spiker, 1980). In lakes with sufficient 

water residence 13 times, atmospheric exchange may result in a c 

enrichment toward equilibrium values of about +2 permil, as in 

the surface ocean. 

The 14c effect of biogenic co2 input will depend on its 
14 

source and c content or apparent "age" (Figure 2b). Sources 

are the oxidation of older soil humus or benthic sediment organic 

carbon, or recent post-bomb era plant material (614c =0 to+ 800). 

Municipal sewage effluent can be a significant source of 14c- en

riched DIC and DOC from post-bomb era vegetation. Atmospheric 

exchange may also result in 14c enrichment of the DIC toward 
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atmospheric levels. Although the effect of respiration and re-
13 mineralization of algal carbon can dominate the 6 C-DIC, the 

14 effect on ~ C-DIC is minimal compared with other effects. Algae 

may be expected to be about 20 permil depleted in 13c and 40 

permil depleted in 14c relative to the DIC. 

13 14 Values for 6 c - ote and ~ C-TIC (total inorganic carbon: 

unfiltered water was acidified and the co2 collected for 14c 
analysis; see Spiker, 1980) from four rivers are given in 

Table 1. The most striking aspect of these data is the high 
14c values relative to that predicted for ~losed system weather

ing. The inorganic carbon is apparently dominated by post-bomb era 

carbon, indicating significant inputs from the oxidation and res

piration of post-bomb plant material and possibly atmospheric 

exchange. Sewage effluents may also be an important source. The 
14 DOC in Baltimore effluent, sampled in June 1972, had ~ c = +502, 

similar to atmospheric co2 in 1972 (Spiker and Rubin, 1975). The 

6 13c-DIC is apparently maintained in the -7 to -11 permil range 

by the coupled effect of respiration, photosynthesis, and atmos

pheric exchange (Spiker, 1980). 

Also interesting is the apparent difference between the 

east coast and west coast rivers, possibly due to control by 

rock type. The lower~14c values in the East may be due to car

bonate weathering in the Appalachian Mountains, as well as greater 

ground-water discharge. weathering of silicates and argillaceous 

sediments dominates in the Sacramento River watershed. Thus, the 
14 

~ C-TIC appears to reflect both geologic province and biochemical 

processing in the river. 
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TABLE 1 
13 14 

6 C-DIC and A C-TIC from Several Rivera in the United Statea 

River Date 613c-DIC Al4C-TIC 
(peraail) (perail) 

Sacramento River at Rio Viata, calif. September 1975 -11.4 +284 

March 1976 -12.0 +255 

Jamea River at Hopewell, va. July 1976 - 9.1 + 21 

Susquehanna River at Port Deposit, MIS. April 1977 - 9.5 + 47 

September 1978 - 8.3 + 82 

June 1979 - 8.8 - 40 

Potomac River at Great Falla, va. AUgUat 1978 - 7.5 + 16 
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If these data are representative of other major rivers, 

post-bomb ~tmospheric co2 is a major component of the inorganic 

carbon. Assuming values for t:. 14c-TIC = +100 and atmospheric co2 
= +400, it appears that as much as 8~ is derived from post

bomb atmospheric co2, due to carbon exchange in the river, and 

only 20% from fossil carbonate minerals. If we assume a total 
12 inorganic carbon flux of 530 x 10 grams C/year (Meybeck, this 

workshop), the flux of post-bomb inorganic carbon in rivers is 
12 

as much as 424 x 10 grams C/year, or about 46% of the total 

carbon flux in rivers. Thus, the riverine flux of inorganic 

carbon appears to be a significant component of the atmospheric 

co2 cycle, as much as 9% of the yearly fossil fuel co2 input to 

the atmosphere. Note, however, that thia riverine flux can be 

an effective sink for anthropogenic co2 only if this flux is 

increasing in response to human activities and if the bulk of 

it is sequestered in sediments. 
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DISSOLVED ORGANIC CARBON 

The principal sources of DOC in rivers are soil humus, land= 

plant detritus, and aquatic productivity. Land plants have atmos

pheric 14c values, while soils are deficient, reflecting their 

mean residence t~e. The 14c composition of algae will reflect 

that of the DIC. 

A14c-ooc data from six rivers are given in Table 2. These 

data are mostly from Spiker and Rubin (1975). Except for the one 

high value from the Potomac River during Hurricane Agnes (April 17, 
14 

1972), the A c-ooc values were typically intermediate compared 

with the sources, thus probably reflecting a mixture of these 

sources. The high value during the Agnes flood is especially 

interesting, since it indicates that the increased flux of DOC 
14 during the flood was derived from post-bomb era carbon (A c = +500). 

Apparently, plant debris that grew since 1954 was preferentially 

washed into the river, as opposed to older soil carbon. 

Although the relationship between POC and DOC in freah water 

is uncertain, their 013c Compositions appear to be similar • . Williams 

and Gordon (1970) reported values of -28.5 and -29.4 permil for DOC 

and POC in the Amazon River.· Shultz (1974) and Eadie et al. (1978) 

found values for DOC in the Mississippi to range from about -25 

to -28 permil. Nissenbaum and Kaplan (1972) found similar values 

for soil humic and fulvic acid. The behavior of 013c-ooc in the 

river-estuarine environment and its relationship to aquatic pro

ductivity are not yet known. 
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TABLE l A14c Value of Dissolved Organic Carbon from Several Rivers in the United States 

River 

Potomac River, upstream of 
Washington D.C. 

Susquehanna River, at 
Port Deposit, Md. 

Rappahannock River, upstream 
~ of Fredericksburg, va. 

James River, upstream of 
Richmond va. 

Brandywine Creek, at Dowlan, 
Pa. 

Sacramento River, at Rio 
Vista, Calif. 

Date 

April 17, 1972 

December 4, 1972 

March 7, 1973 

September 21, 1972 

February 1, 1973 

February 22, 1973 

August 22, 1973 

1974 

Water 
Discharge DOC 

3 (m /sec) (mq/1) 

1,531 4.0 

492 4.5 

546 4.6 

320 3.5 

91 1.5 

308 2.0 

1 2.5 

3.5 

Al4c 

~rmil) 
----

+365 

+ 28 

+ 91 

- 81 

- 91 

+ 42 

+ 63 

- 31 
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PARTICULATE ORGANIC CARBON 

This section discusses the use of 613c as an indicator of 

the source and fate of particulate organic carbon. We have as yet 
14 d f 13 d' 'b ' ' i B no c ata or POC. 6 c 1str1 ut1ons 1n San Franc sco ay 

and in the Potomac River and its estuary are discussed as case 

studies. A comparison of these two systems, which differ con

siderably with respect to their hydrodynamics and biochemical 

cycling, provides added perspective on estuarine carbon dynamics. 

The carbon isotope composition of organic matter in estua

rine and coastal regions has been extensively used as a relatively 

simple and reliable source indicator that can discriminate b&

tween terrestri.al and marine organic carbon. Consist.ent increases 

in the 613c from riverine values (about -25 to -30 permil) to 

marine values (about -18 to -22 permil) are generally interpreted 

as indicating mixing between land-derived carbon and marine carbon 

(Sackett and Thompson, 1963; calder, 1969; Hunt, 1970; Eadie and 

Jeffrey, 1973; Shultz, 1974; Hedges and Parker, 1976; Shultz and 

Calder, 1976; Gearing~ al., 1977; Spiker and Schemel, 1979; 

Tan and Strain, 1979). 

Terrestrial carbon is apparently limited more or less to 

estuarine and near-coastal marine waters and sediments. In 

general, the exten~ of riverine values offshore is dependent 

on local river discharge and the width of the continental shelf. 

A wide shelf or large estuary is an efficient trap for land

derived material. The implication is that terrestrial carbon 

is probably not a significant source of organic carbon to the 

open ocean. 
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Although this simple two-endmember (terrestrial versus 

marine) model is clearly useful, there are several factor• 

that limit its resolution and applicability. Fi;at, it is 

often difficult to estimate low levels of terrestrial carbon 

in coastal areas precisely because of the several-permil 

range of 613c commonly observed in both riverine and marine 

organic matter. Second, this model does not consider the 

effect of estuarine and fresh water aquatic productivity. 

This may be a dominant source of organic carbon, eapecially 

in areas enriched with nutrients as a result of man. Third, 

the isotopic composition of the more refractory organic 

matter preserved in sediments may differ from the bulk 

source material. 

13 Unless the 6 C composition of the marine endmember can 

be narrowly defined, estimates of the terrestrial input to 

coastal marine water and sediments can only be approximate. 
13 Por example, outer-shelf sediments often have a 6 C value 

of about - 21 permil. The estimate of the terrestrial carbon 

component could range from zero to about 5~, the range de

pending on the 613c values assumed for the marine and riverine 

sources. 

13 The range of 6 c values for marine organic matter may be 

due to several factors. The isotopic composition of plant car

bon is a function of fractionation during carbon metaboliam 

and the 613c of the inorganic carbon source utilized. Moat 

temperate open-ocean marine plankton typically have valuea in 

the range -18 to -21 permil. The apparent photoaynthetic 

fractionation varies as a function of pH, growth-rate, tempera

ture, and species (Degens, 1969r Wong and Sackett, 1978). 

87 

Copyright © National Academy of Sciences. All rights reserved.

Flux of Organic Carbon by Rivers to the Oceans:  Report of a Workshop, Woods Hole, Massachusetts, September 21-25, 1980
http://www.nap.edu/catalog.php?record_id=19737

http://www.nap.edu/catalog.php?record_id=19737


MUch of the range in values reported for marine plankton in 

coastal waters could conceivably be related to seasonal varia

tiona in primary productivity, although insufficient carbon 

isotope dat~ exist to teat this. At high latitudes, the 
13 

6 c of marine plankton decreases, approaching values more 

typical for riverine carbon (Sackett!£ al., 1965: Eadie 

et af., 1978). These patterns definitely limit the appli-
13 cability of the 6 c technique in these areas. 

It is important to distinguish between marine plankton 

and the large reservoir of deep-ocean dissolved organic 

carbon(DOC) and particulate organic carbon(POC). DOC and 
13 POC in moat temperate open-ocean waters have 6 c values in 

the range of -20 to -24 permil, significantly lower than 

values for surface water plankton (Williams and Gordon, 1970: 

Eadie and Jeffrey, 1973: Eadie et al., 1978). Although it 

may be argued that this deep-ocean carbon contains a signi

ficant terrestrial component, it probably consists of bio

chemically resistant fractions that have been stripped of 
13 . 

c-enriched amino acids and sugars. This deep-ocean 

organic matter is probably not representative of larger, 

faster sinking particles, such as fecal pellets, which 

originate in the surface water and are the dominant source 

of sedimentary carbon (Bishop et al. , 1977) • This would 
13 explain why the 6 c of open-ocean benthic sediments more 

13 closely reflects the 6 C of surface water POC (Eadie and 

Jeffrey, 1973: Tan and StraiD, 1979). 
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13 Another factor that probably contributes to 6 c varia-

tions in shelf sediments is the nature of the refractory 

carbon preserved there. Some may be older recycled kerogen 

(Sackett !Sal., 1974). Kerogen in modern sediments is at 

least 1 permil lighter than the assumed bulk plant carbon 

precursor (Nissenbaum and Kaplan, 19727 Stuermer et J1., 
1978). Varying amounts of land-plant fragments may also be 

significant. Hedges and Parker (1976) found a good correlation 

between 613c and the relative concentration of lignin com

pounds in aedtmenta from the western Gulf of Mexico. How

ever, they conclude that moat of the lignin occurs as plant 

fragments and not in the form of humic acids or simple 

phenols. Similar results were obtained from surface sedi

ments and cores from the southern washington State continen

tal shelf and elope (Hedges and Mann, 1979). Gearing~!!· 

(1977) noted that the organic carbon in the coarse fraction 

was about 1 permil leas than that associated with the fine 

fraction of Mississippi Delta sediments. This coarse frac

tion consisted of woody flakes and plant fibers mixed with 

sand. This suggests that terrestrial carbon in outer-shelf 

sediments may be mostly in the form of refractory woody 

detritus. Thus, the range of 613c values observed in coastal 

ocean waters and sediment appears to be due to factors in 

addition to low levels of modern terrestrial carbon, such 

as fractionation effects during photosynthesis and decom

position, and possible recycling of older refractory material. 

13 The relatively wide range of 6 C values for riverine 

organic matter (about -25 to -30 permil) ia indicative of 
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its heterogeneity also. POC in rivers and estuaries includes 

both living and dead organisms, detrital land-derived material, 

and organic carbon resuspended from benthic sediments. We 

may expect at least a several-permil range for most land-plant 

detritus because of a variety of factors related to species 

and environment. Most plants use the C3 (Calvin) photosynthetic 

pathway, and typically have values ranging from -25 to -27 

permil (Degens, 1969). Plants that use the C4 (Hatch-Slack) 

pathway have a mean 613c of about -13 permil (Smith and 

Epstein, 1970). These plants include some desert and salt 

marsh plants and tropical grasses. 

Floating pondweeds that utilize atmospheric co2 (about 

-7 permil) have values similar to those of land C3 plants. 
13 However, the 6 c of submerged aquatic plants may be different 

because of their utilization of freshwater dissolved inorganic 

carbon (DIC) (typically about -10 permil), Which may vary in 

isotopic composition in response to photosynthetic utilization, 

respiration, and mineralization (Oana and Deevey, 1960: . Stuiver, 

1975). various species and growth-rate effects also are im

portant (Degens, 1969: Wong and Sackett, 1978). Fresh water 

algae typically have values of about -30 permil. Values in 

the range -25 to ~30 permil are common for organic carbon in 

lake sediments. 

The 613c of estuarine algae is probably primarily related 

to that of the DIC, which typically increases systematically 

with salinity, approaching marine values of about +2 permil 

(Sackett and ~e, 1966: Mook, 1970: Strain and Tan, 1979: 

Spiker and Schemel, 1979: Spiker, 1980). Thus the 6 13c of 

estuarine algae is expected to vary (river to ocean) from 
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about -30 to -18 permil, assuming a mean photosynthetic 

fraction of about 20 permil. 

Another possible source of estuarine detritus is marsh

grasses such as C4-pathway Spartina alterniflora (about 

-12 permil) from bordering tidal salt marshes. However, 

since the 613c of estuarine and coastal POC and sediment 

mostly reflects algal sources, salt-marsh grasses are prob

ably not a large net source of detritus (Baines, 1977: 

Hackney and Baines, 1980). 
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THE SAN FRANCISCO BAY A CASE STUDY 

Fresh water enters the San Francisco Bay system princi-

pally in the northern arm (North Bay), a partially-to-wall

mixed estuary of the Sacramento and San Joaquin rivera. River 

inflow remained low during the study period (1976-1978) and water 

replacement time in North Bay was 6 to 12 weeks. Spiker and 

Schemel (1979) discussed the distribution of carbon and 613c 
in the water and sediments. Some of their results are shown 

in Figure land Figure 4 (top). 

The observed distributions appear to be consistent with a 

simple conceptual model shown in Figure 4 (bottom). In the 

outer estuary, the distribution of 613c-POC resulting from 

dilution is a concave-upward curve because of the high POC 

concentration at low salinity. Alternatively, the distribu

tion that would result from in situ algal production alone is 
13 estimated from the 6 C-DIC distribution and an average photo-

synthetic fractionation (~ 6 13c). Values in the turbidity 

maximum may be related to riverine values upstream, if floc

culation is the dominant process, or possibly to estuarine 

values downstream, if landward transport by estuarine cir

culation is more important. Of course, resuspension of benthic 

carbon and phytoplankton production in the turbidity max~ 

zone may also be significant sources. 

The observed distributions of 613c-POC and sediment TOC 

in the outer estuary appear to be generally the result of 

dilution, approaching marine values at Golden Gate. However, 

during March 1977 a 613c-Poc maximum, coincident with increased 
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2 chlorophyll ~ and POC and pCO depletion (aee Spiker and Schemel, 

1979), approached values predicted for in~ algal production. 

This waa not observed when phytoplankton were leaa abundant. 

The value in sediment 16 km seaward of Golden Gate (-21.2~ 00 ) 

ia within the range of midlatitude marine POC, indicating that 

less than 10% of the carbon in these aedimenta ia land derived. 

If thia offshore carbon ia considered aa a mixture of three 

aourcea (marine, land-derived, and estuarine phytoplankton), 

then the fraction of land-derived carbon is probably even smaller. 

13 The 6 C-POC values in the river were several permil lower 

than usual for land plants, indicating that algal production 

(about -29 permil) waa an important source in the river during 

all our aamplinga. The values in the turbidity maximum were 

several permil higher than the riverine values, but were similar · 

to the 613c-TOC in the benthic aedimenta. This indicates that, 

at least during low river-flow conditione, leaa than two thirds 

of the POC in the turbidity maximum waa derived from upstream 

POC and, therefore, that the remainder waa derived from the 

estuary (i.e., landward transport or phytoplankton production) 

or from resuspended benthic aedimenta. 

13 .. 
The 6 C-TOC in the benthic sediments was generally more 

negative than the suspended POC. This could be due to a 

larger fraction of riverine or land-plant carbon in the sedi

ments, reflecting deposition predominantly during periods of 

high-river discharge. Alternatively, selective preservation 

of the more refractory land-plant material and isotopic frac

tionation effects related to decomposition could account for 

the low TOC values. 
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THE POTOMAC RIVER AND ESTUARY - A CASE STUDY 

In its lower reach, the Potomac River is a partially~ixed 

estuary of the Chesapeake Bay. It is the second largest tri

butary of that system, having average river discharge of 

about 300m3/sec. River flow is typically highest in March 

(about 500m3/sec) and declines through September (about 50m3/sec). 

carbon isotope data were collected during 1977 and 1978 in con

junction with water-chemiatry studies (Smith and Herndon, 1979, 

1980 a,b,c) and benthic sediment studies (J. Glenn, u.G. Geo

logical Survey, unpublished data). Some of the preliminary 

results are shown in Figures 5 and 6. 

Perhaps the most striking feature of the carbon isotope 
13 distributions is that the 6 C of the DIC and POC were 

covariant throughout the system during the spring, summer, 

and fall. This correlation indicates that in situ phytoplankton 

production was the dominant source of POC. The apparent frac-
13 13 13 . 

tionation ( ~ 6 ~ = 6 C-DIC - 6 C-POC) ranges between about 

17 and 21 permil. During the dry late-summer of 1977, a 

large algal bloom in the river produced a 3-permil enrichment 

in the DIC as a result of the preferential photosynthetic 
12 13 utilization of c. This effect is also seen in the 6 C-POC. 

High phytoplankton biomass is common in the Potomac. This is 

due, at least in part, to the relatively large anthropogenic 

nutrient sources. 

13 By contrast, the 6 C-POC during January 1978 decreased 

from about -26 permil in the river to -27 permil in the lower 
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reach of the estuary, and showed no relation to the DIC. 

From this it appears that land-plant detritus waa dominant in 

the river and estuary during the high winter diacharge. Bow

ever, an increase in chlorophyll ~ and low C/N ratios in the 

lower estuary suggest algal production is also an tmportant 
13 component of the POC. The low 6 C-POC values in the lower 

estuary may be reconciled by considering the low water tem

perature (l°C) and the temperature dependence of the photo

synthetic isotope effect (Sackett et !!·, 1965). Cold-water 

marine plankton typically have values of about -25 to -27 permil. 

The 613c of the benthic sediment TOC remained re

latively constant in the river aection, at about -26 permil. 

TOC values increased abruptly in the eatuary following the 

trend of the POC during apring and summer. Apparently, the 

benthic aediment TOC is dominated by algal production, at 

least in the estuary. The 6 13c-TOC diatribution may alao be 

partly controlled by estuarine circulation, aince the point 

where TOC values begin to increase approximately marks the 

upstream limit of landward transport of estuarine POC by the 

salt-wedge circulation cell. 
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CONCLUSION 

The transport of carbon by the world's rivera ia a signi

ficant qlobal proceaa. The extent to which it ia a sink for 

anthropoqenic co2 ia dependent on the source and fate of this 

carbon. An increase in this riverine flux miqht be due to 

increased photosynthetic activity in the river or on land, or 
14 to increased aoil erosion. The spread of bomb c throuqh the 

terrestrial carbon pool offers considerable potential in re

aolvinq these two alternatives, by determininq the time of fixa

tion by photosynthesis. 

13 6 c ia a relatively atmple and reliable source indicator 

that can diacrtminate between terrestrial and marine orqanic 

carbon. However, since estuarine phytoplankton have inter-
13 mediate 6 c values, this two-endmember (terrestrial versus 

marine) model may lead to an overestimate of the terrestrial 

component in estuarine and coastal marine water and aedtments. 

This two-endmember model alao overlooks thia potentially ~r

tant source of orqanic matter to the ocean. A comparison of 

613c distributions in the san Francisco Bay and the Potomac 

River estuary demonstrates the varyinq importance of estuarine 

primary production in different aystema. 

14 13 The analyaia of both c and c provides unique informa-

tion about the derivation and proceaainq of carbon in rivers. 

The uaefulneaa of these techniques ia of course qreatly enhanced 
15 when applied in conjunction with other tracers, auch aa N 

(Peters et al., 19781 Stuermer et Al·• 1978), C/H/N ratios, 
15 and various orqanic compounds. 6 N may be very useful if 

100 

Copyright © National Academy of Sciences. All rights reserved.

Flux of Organic Carbon by Rivers to the Oceans:  Report of a Workshop, Woods Hole, Massachusetts, September 21-25, 1980
http://www.nap.edu/catalog.php?record_id=19737

http://www.nap.edu/catalog.php?record_id=19737


it can distinguish between fresh-water aquatic plants and 

land plants (nitrate uptake versus nitroqen fixation). The 

new solid-state 13c NMR techniques (HatCher~~., 1980) 

should provide a powerful tool that can descr~inate between 

alqal and vascular plant carbon. 
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I 

CHEMICAL INDICATORS OF ORGANIC RrvER SOURCES 

IN RIVERS AND ESTUARIES 

John I. Hedge a 
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Followinq are some of the questions that arise when the 

broad topic of riverine carbon fluxes to the ocean ia considered. 

How much orqanic carbon ia beinq introduct•d in 

dissolved and particulate form by rivera to the ocean? 

Where in tha drainaqe basin or river itself does 

the orqanic material oriqinate? 

What organisms and tiaaues are the aouzcea of this 

orqanic material? 

What is the fate of orqanic matter undergoinq 

riverine transport to the ocean? Ia it remineralized 

in the river, trapped in the estuary, dispersed at aea, 

degraded at the sea-sediment interface, or preserved in 

f9rming marine sedimentary deposita? What are the 

proceesses at work? 

I will address primarily the question of the geoqraphic 

and bioloqical sources of orqanic carbon in rivera, estuaries, 

and coastal marine environments, focuainq upon chemical means 

for source identification. 

For our purposes, information concerning orqanic carbon 

sources can be thouqh of as existing in shells of different 

scale (Fiqure 1). The innermost shell or core of information 

is isotopic composition, the smallest-scale distinction in 
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MACROSCOPIC 

ISOTOPIC 

FIGURE 1 Scales of qeochemical information. 
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organic content that we are presently able to make for geo

chemical purposes. A major advantage of isotope analyses 

for source discrimination is that isotopic measurements are 

usually comprehensive for a specific element (C, N1 H, or S) 

in a sample. For example, in stable carbon isotope analyses, 

all carbon except c-14 is accounted for, and errors involved 

with treating a possibly nonrepresentative fraction of the 

total sample are avoided. Common disadvantages of isotopic 

analyses are that the informational yields are typically small 

(one or two compositional parameters per element) and that the 

isotopic contents of some organic sources may not be signifi

cantly different. 

The next largest seale of information is the elemental 

composition of organic materials, the relative abundances of 

the major component elements c, o, H, N, s, and P. Different 

types of organic material often have characteristic elemental 

ratios (e.g., C/N or H/C) that can be readily measured and 

bear information concerning biological or geographic sources. 

Elemental measurements share the advantage of often being 

possible for entire plant or sediment samples, but are generally 

more susceptible to diagenetic influence than isotopic source 

labels. 

The third scale of geochemical information occurs at the 

molecular level and is obtained by isolating and quantifying 

types of organic molecules. The advantage of organic molecules 

as source indicators is the immense informational potential · 

afforded by the diversity and structural complexity of the 

112 

Copyright © National Academy of Sciences. All rights reserved.

Flux of Organic Carbon by Rivers to the Oceans:  Report of a Workshop, Woods Hole, Massachusetts, September 21-25, 1980
http://www.nap.edu/catalog.php?record_id=19737

http://www.nap.edu/catalog.php?record_id=19737


available molecules. carbon skeleton forma, pointe of 

unaaturation, stereochemical characteristics, and differences 

in functionality may all carry clues concerning biological 

sources and diagenetic history. The major disadvantage of 

molecular analyses is that they are intrinsically selective 

and, as a result, only a small portion of the total organic 

matter in a sample typically is represented. Thus, serious 

questions often arise as to the quantitative validity of a 

particular molecular tracer versus the organic fraction it 

supposedly rep~eaents. 

The fourth and largest-scale source indicators are macro

scopic materials such as pollen and recognizable remains of 

living organisms. This scale is the realm of the botanist, 

zoologist, paleontologist, and palynologiat, and, unfortunately, 

is too often overlooked in geochemical studies. Pollen in 

particular offers a detailed and long-lasting record of the 

distributions of a wide variety of vascular plant species 

within a river drainage basin. 

M:>LECULAR ORGANIC TRACERS 

I am by training an organic geochemist, representing a 

guild that has given little attention to rivera but much to 

rocks, soils, and sediments from lakes and oceana. Thus, I 

cannot present volumes of data on the sources and chemical 

composition of riverine organic matter, and will have little 

to report about actual applications of source indicators in 

rivera. Rather, I will try to present a "shopping list" of 

organic molecules that have proven useful in the past as source 

indicators and show promise for tracing particular types of 

organic matter down rivera and into the marine environment. 
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Although most of the tracers to be discussed are theoretically 

applicable either to particulate or to dissolved organic materials, 

dissolved substances present special analytical problems 

that will be discussed later. 

Almost all molecular tracers used to distinguish the 

geographic or biological sources of organic matter in natural 

environments are derived from photosynthetic plants. This 

selectivity results from the fact that photosynthetic plants 

are the ultimate carbon source and typically the major biomass 

constituent. Animals are usually of minor quantitative import

ance, and are composed primarily of proteins that are composi

tionally similar at the molecular level. 

Lower plants, such as fungi, bacteria, and phytoplankton 

are ubiquitous, while higher (vascular) plants are confined 

almost exclusively to land. Almost all distinction between 

marine- and land-derived organic matter currently made at the 

molecular level are accomplished, in fact, by identifying bio

chemicals characteristic of higher land plants. It is relatively 

difficult to distinguish the geographic sources of animal or 

lower-plant remains at the molecular level. Luckily, it is 

intrusions of land-derived organic matter into marine environ

ments that are most often encountered. 

Molecular organic indicators can be classified in terms 

of the four major categories of plant natural products: 

carbohydrates, proteins, phenolics (primarily lignins), and 

lipids. For illustrative purposes, the relative proportions 

of these four biochemical classes i~ selected higher plant 

tissues and marine plankton are given in Table 1. As can be 
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TABLB 1 Weiqht Percentaqea of Major Biochemical Classes 

in Selected Orqaniama 

Higher Plants 

Biochemical 
Type 

Carbohydrate 

Protein 

Liqnin 

Lipid 

conifer 
Wood~ 

56-65 

28-34 

a Whistler and Smart, 1958 

b Tiaaot and welte, 1978. 

£. Trace. 

~ unreported. 

Wheat 
b Straw-

75 

2-5 

18 

115 

Marine Plankton 

Diatoma and Dino
b flaqellatea-

0-36 

24-48 

0 

2-10 

b Copepoda-

0-4 

71-77 

0· 

5-19 
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seen, carbohydrates are the pzadominant biochemicals in hiqher 

plants, followed by liqnina: very little protein or lipid is 

present. Marine plankton contain primarily protein, some 

carbohydrate and lipid, but no liqnin. 

There are a variety of criteria for aelectinq an orqanic 

tracer. An "ideal" tracer has the followinq qeneral attributes: 

It occurs only in the class of orqanic matter 

that it is beinq used to taq or (second beat) has a 

characteristic abundance pattern in the class of 

interest althouqh it occurs elsewhere. 

It is abundant in the desiqnated ~raction and occurs 

in a constant weiqht ratio to it. 

It is chemically stable. 

It carries additional information about specific 

qeoqraphic or bioloqical sources. 

It is easily analyzed with inexpensive equipment. 

I would now like to discuss specific molecular tracers 

from the previously mentioned four natural product classes that 

miqht prove useful in a study of the fluxes of riverine orqanic 

matter to the bcean. In this context, only orqanic indicator 

molecules that can be recognized as beinq land derived will be 

considered since a major scientific qoal of river-flux studies 

is to trace terriqenoua orqanic materials into the marine 

environment. 
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Proteins 

Proteins and their molecular components, amino acids, occur 

in all living organisms. ·Although characteristic differences 

may occur between the amino acid compositions of marine- and 

land-derived organic materials, they are difficult to sort out 
I 

at the molecular level (KVenvolden, 1975: Degens and Mapper, 

1979). However, at the elemental level, organic materials 

from these two sources often can be distinguished by the 

characteristically low C/N of marine· plankton. This elemental 

difference results in part from the higher levels of protein 

in mixed marine plankton, a significant portion of which 

typically are amino acid-rich zooplankton (Table 1). Higher 

land plants, which are composed primarily of cellulose and 

lignin, contain relatively little organic nitrogen. 

C/N ratios have been used to establish the presence of 

land-derived-organic matter in sediments and suspended parti

culate material from the St. Lawrence estuary (Pocklington, 1979: 

Pocklington and Leonard, 1979: Tan and Strain, 1979). The 

main disadvantage of this method in quantitative applications 

is the wide range of C/N values observed in different higher 

plant tissues (Tan and Strain, 1979) and the susceptibility 

of this r•tio to diagenetic alteration, primarily due to 

preferential biodegradation of nitrogen-containing biochemicals 

in marine plankton (Knauer et al., 1979: Suess and Muller,· in 

press). Inasmuch as many organic carbon analyses are currently 

made with elemental analyzers, C/N ratios are often obtained 

as "free" parameters that should be taken advantage of when 

available as a potential source indicator. 
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Carbohydrates 

Carbohydrates are the most abundant class of natural 

products. They occur in myriad forms, includinq celluloses, 

starches, and nucleic acids (Piqman, 1957). The most common 

molecular constituents of carbohydrate natural products are 

neutral suqars such as qlucose, qalactose, and ribose, which 

are released by hydrolysis and can be analyzed by a variety 

of techniques (swain, 1969: Dutton, 1973: Mapper, 1977). 

Neutral suqars are attractive candidates as terrestrial 

tracers owinq to their qreat overall abundance. However, no 

individual neutral suqars are known to be unambiquously 

terrestrially derived. Recent studies (Deqens and Mapper, 1979) 

do indicate that the ratio of qlucose to ribose in orqanisma 

and sediments increases with terrestrial influence (Piqure 2). 

This trend results in part from the hiqh relative abundance of 

a-cellulose (a qlucose polymer) in most tissues of vascular 

land plants (Whistler and Smart; 1953). In comparison, marine 

plankton have less qlucose and relatively hiqh ribose levels 

(Deqens and Mopper, 1979). 

Carbohydrate stabilities vary considerably because of 

differences in form and environmental conditions. A pertinent 

consideration for the qlucose/ribose compositional parameter 

is that ribose is relatively susceptible to biodeqradation, 

probably because of siqnificant contribution of this suqar by 

labile nucleic acids (Deqens and Mopper, 1979). Thus, this 

parameter may be sensitive to diqenetic alteration. 

A second, less abundant class of carbohydrates is the 

uronic acids. These compunds are structurally identical to 
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reducinq suqars except that the aldehyde ia replaced by a 

carboxyl qroup. Uronie acids are found in both hiqher and 

lower plants where they occur in polysaccharides havinq 

structural and ion requlatory roles. Like the neutral auqars, 

uronie acids are released from polyaaeeharieda by aeidie 

hydrolysis and ean be separated from neutral auqar counterparts 

by ion exehanqe prior to ehromatoqraphie analysis (Mopper, 1977}. 

As with neutral suqars, no common uronie acids are presently 

reeoqnized to have only a terrestrial (hiqher plant) or marine 

(other) oriqin. However, qalaeturonie acid, 2-0(4-0-methyl- o

~-qlueopyranoayl-uronie aeid)-~-xyloae, and 4-0-methylqlueuronic 

acid have eharaeteriatieally hiqh concentrations in some hiqher

plant tissue hydrolysate• and may have potential as terrestrial 

tracers (Mopper and Larsson, 1978). 

J 

Liqnina 

Liqnina are phenolic polymers that occur exclusively in 

vascular plants (Table 1). beinq essentially absent from all 

other living orqaniama (Sarkanen and Ludwiq, 1971). Thus, 

liqnins are the only major biochemi~ala to have an unambiquous 

terrestrial oriqin. Weiqht pereentaqea of liqnins in vascular 

plants ranqe up to 4~ (Sarkanen and Ludwiq, 19717 Whistler 

and Smart, 1953) and are second only to carbohydrates in overall 

abundance (Table 1). Liqnins have intrinsically stable 

erose-linked aromatic structures an~ are thouqht to be amonq 

the biopolymer• moat resistant to microbial deqradation 

(Flaiq, 19647 Christman and Oglesby, 1971). 

Analyses of liqnin compounds in plant and sediment 

samples for qeochemical purposes are usually carried out with 

either nitrobenzene (Gardner and Menzel, 19747 Pocklinqton 
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and MacGregor, 1973) or cupric oxide (Hedges and Parker, 

1976: Hedges and Mann, 1979a, b), which are used to partially 

degrade the polymers releasing simple phenols Which can be 

analyzed by gas chromatography. In our laboratory, eight 

simple phenols (Figure 3) are being used as lignin indi

cators. These compounds belong to three chemical families: 

(1) v~nillyl phenols having one methoxyl group substituted 

on the aromatic ring, (2) syringyl phenols with a pair of 

methoxyl groups flanking the para-hydroxyl, and 

(3) cinnamyl phenols with propylphenyl carbon 

skeletons. vanillyl and syrinqyl oxidation products occur 

as aldehydes, ketones, and carboxylic acids, whereas the two 

cinnamyl compounds occur only as carboxylic acids. None of 

the eight phenols is known to have a quantitatively signifi

cant source other than vascular plant lignins. 

One application of these eiqht lignin-derived phenols 

is to estimate quantitatively the relative amount of total 

vascular plant remains in suspended particulate or sedi•ntary 

materials. Such an estimate is made by determining the total 

yield in milligrams of the eight phenols obtained from 100 mg 

of total organic carbon in the sample (Hedges and Mann, 1979b). 

The validity of this quantitative tracer technique has been 

tested in the Gulf of Mexico and Washington State coastal 

regions by comparing total yields of lignin-derived phenola 

with stable carbon isotope compositions from sediments from 

the same depositional regime (Hedges and Parker, 1976: Hedgea 

and Mann, 1979b). The two parameters generally show good 

correlation, indicating that in these instances lignina serve 

as reliable indicators of land-derived organic matter in 

general. A particular advantage of lignin tracers for river 

applications is that estimates of relative levels of vaacular 

plant remains are possible within the river itself even when 
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Vanillyl Syringyl Cinnamyl 

o~c ..... oH 
I 
c 
n 

OCH3 c 

OH OH 

0~C .... CH3 0 
~C ..... CH3 OH 

OCH3 cH30 OCH3 
OH OH 

OH 
OH OH 

FIGURE 3 Chemical structures of lignin-derived phenols. Names 
(reading from top to bottom in individual columns): 
vanillin, acetovanillone, vanillic acid: syringealdehyde, 
acetosyrinqone, syrinqic acid: 2-coumaric acid, ferulic 
acid. 
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other forms of organic matter such as fresh~er plankton 

are present, often with similar carbon isotope compositions 

(Pocklington and MacGregor, 1973: Turin, 1980). 

A second application of the eight lignin-derived oxi

dation products isto obtain additional intbrmation concern

ing the taxonomic and tissue sources of lignin mixtures in 

soils and sediments. Such distinctions are possible because 

the lignins of tlB woody and nonwoody tissues and of flowering 

(angiosperm) and nonflowering (gymnosperm) plants are com-

positionally distinct. These relationships are illustrated 

in Figure 4, where weight ratios of total syringyl phenols 

to total vanillyl phenols (S/V) are plotted against rat~os 

of total cinnamyl phenols to total vanillyl phenols (C/V) 

for representative vascular plant tissues. As can be seen, 

the lignin of angiosperm plants (such as hardwood trees, 

herbs, and grasses) can be readily distinguished from the 

lignin of gymnosperm plants (such as coniferous trees) because 

only angiosperms produce syringyl phenols and, thus, have 

S/V ratios > 0. Likewise, woody and nonwoody tissues (such 

as tree leaves, pine needles, and annual plants) can be dis

tinguished because only nonwoody tissues produce appreciable 

amounts of cinnemyl phenols among their oxidation products 

(Hedges and Mann, 1979a). Applications of these characteristic 

compositional relationships for estimating the relative con

centrations of these four basic types of lignified tissues 

have been made by our research group for marine (Hedges and 

Mann, 1979b) and riverine (TUrin, 1980) sediments. Similar 

applications for suspended particulate materials in rivers 

and estuaries are entirely feasible. 

Lipid Tracers 

Lipids are, by definition, those organic substances that 

are soluble in nonpolar organic solvents such as chloroform. 
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FIGURE 4 Plot of lignin compositional parameters for individual 
plant tissues. G = gymnosperm woods: g • nonwoody 
gymnosperm tissues: A = angiosperm woodsr 
a • nonwoody angiosperm tissuea: a/v • weight ratio 
of syrin9'.!1 phenols to vanillyl phenols: c/v = 
weight ratio of cinnamyl phenols to vanillyl phenols. 
All circled letters plot at the origin. 
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l 

This class of hydrophobic substances includes a variety 

of molecular types that can be applied as terrestrial tracers. 

Major advantages of lipid tracers in general are that methods 

for extraction and analysis are generally straightforward 

and that the geochemistry of this compound class ia worked 

out in relatively good detail (Bglinton and Murphy, 1969). 

A major disadvantage of many lipid tracers is that, because 

of their low abundances and hydrophobicity, it is questionable 

whether they are dependable indicators of the sources and path

ways of organic matter in general. 

Hydrocarbons 

A major form of nonaromatic hydrocarbons in most higher 

plants is as components of cutin waxes that coat leaves and 

stems. Plant wax hydrocarbons occur in homologous series 

characterized by: (1) high molecular weight (25 to 35 carbon 

atoms in linear molecules without carbon-carbon double bonds) 

and (2) a great predominance (about 5-10/1) of odd-numbered 

carbon molecules to even carbon numbered molecules within 

this series (Caldicott and Eglinton, 1973). MOst other livin~ 

organisms produce molecules of lower molecular weight, often 

without distinct predominance of odd-carbon forms (Farrington 

and Meyers, 1975: Brassell et al., 1977). Petroleums and 

their refined products ~y also contain the same hydrocarbons 

found in higher-plant leaf waxes, but usually do not exhibit 

a strong predominance of odd-numbered carbon molecules. 

Leaf wax hydrocarbons have been used extensively to 

trace higher-plant lipids in rivers (Peake et al., 1972: 

Hamilton, 1980), estuaries (Hurtt and Quinn, 1979r Barrick 

et al., 1980), and the open ocean (Gearing et al., 1976: 

Farrington et al., 1977J Farrington and Tripp, 1977r Keizer 

!i al., 1978). Hamilton's seasonal study of the aliphatic 

hydrocarbon composition of suspended particulate material in 
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the Green River (Washington State, U.S.A.) clearly demon

strates both geographic and temporal changes. Plant wax 

hydrocarbons predominate in the underdeveloped upper reaches 

of the river, but are diluted downstream by petroleum-derived 

compounds. Low molecular weight ~-alkanes with 15 and 17 

carbon atoms typical of phytoplankton are evident during 

warmer months but are greatly diminished in relative abund

ance during the winter. In this and other applications, a 

major advantage of aliphatic hydrocarbon analysis is that in 

addition to plant wax ~-alkanes a variety of other composi

tionally distinct auites may be recognized and attributed 

to other sources such aa bacteria, blue-green algae, zoo

plankton, and petroleum (Brasael et al., 1977). 

Certain tricyclic diterpenoid hydrocarbons are also used 

as terrestrial source indicators (Figure 5). Hydrocarbons in 

this category usually contain 19 or 20 carbon atoms. .Both 

aliphatic and aromatic hydrocarbons of this general structure 

are found in soils and marine sediments (Simoneit, 1977a,b): 

LaFlamme and Hites, 1978: Barrick and &edges, in press). 

Although some 20-carbon diterpenoid hydrocarbons are directly 

synthesized by vascular plants, most diterpenoid hydrocarbons 

found in soils and sediments are apparently diagenesis products 

of higher-plant resin acids that are most abundant in angio

sperms and gymnosperm trees from tropical and temperate climatea, 

respectively (Thomas, 1969). Compounds of this structural 

type are not known to occur in marine organisms (Fujita et al., 

1979). 

Carboxylic Acids 

Fatty acids consist of hydrocarbon chains with a terminal 

carboxyl group. In living organisms fatty acids occur primar

ily in ester form in fats (linked to glycerol) and waxes 
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I. ABIETIC ACID 

•- R . 3 

II. ISOPIMARADIENE 

I I I. FICHTELITE 

R1 = COOH 
R2 = H 
R3 • CHCCH3>2 

R1 = CH3 
R2 = CH3 
R3 = CH2CH3 

R1 • H 
R2 = H 
R3 • CHCCH3>2 

FIGURE 5 Carbon skeletons of some diterpenoid lipids. 
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(linked to a long chain alcohol). MOat analytical proced

ures for fatty acids involve saponification of these eaters 

to produce free acids that are subsequently methylated and 

analyzed by gas chromatography (Parker, 1969). 

Linear, unsaturated fatty acids (n-alkanoic acids) are 

a major lipid component of higher plants, typically occurring 

in greater abundance than plant wax ~-alkanes. These acids 

are compositionally distinct from those produced by most other 

living organisms, being characterized by high molecular weight 

(22 to 30 carbon atoms per molecule) and by a strong predom

inance of even-numbered carbon chains. The absence of carbon

carbon double bonds imparts a high chemical stability to these 

molecules (as is true of the plant wax ~-alkanes), Which 

enhances their potential as molecular source indicators. 

Higher-plant fatty acids have been utilized aa indicators 

of land-derived lipids in freshwater (Cranwell, 1974: Matsuda 

and ~yama, 1977) and marine (Simoneit, l977b) aedimenta. 

Simoneit (l977b) reports good corre~ation between fatty acid 

and leaf wax hydrocarbons of higher plants found in sediment 

cores from the Black Sea, suggesting that ~hese two lipids 

follow similar geochemical pathways. 

Diterpenoid resin acids having carbon skeletons similar 

to that shown in Figure 5 (with a carboxyl -group at C-4) are 

alao useful terrestrial source indicators. These·compounds 

are found in soils (LaFlamme and Hites, 1978) and marine 

sediments (Simoneit, l977a), often at higher concentrations than 

the corresponding hydrocarbons. Simoneit (l977a) reported a 

poaitive correlation between diterpenoid acid and pollen 

distributions in recent sediments from the open ocean. 

Sterols 

Sterols are tetracyclic alcohols that usually contain 
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27 to 29 carbon atoma, with most structural variations 

occurring in the long alkyl side chain (Figure 6). These 

alcohols occur in all eucaryotic organisms thus far examined 

and in many procaryote as well (Morris and Culkin, 1977). 

In spite of their low average concentrations (~ 0.1 wt %), 

sterols are useful geochemical tracers because of their 

relatively high chemical stability and taxonomically related 

structural diversity (Morris and Calkin, 1977). 

Most applications of sterols as terrestrial indicators 

lave been based on the relatively high abundance of the c-29 

sterol ~-sitosterol, along with stigmasterol and campesterol 

in higher plants (Figure 6). Plankton and marine invertebrates 

contain distinctly different sterol distributions in which 

c-27 and c-28 sterols typically predominate (Huang and 

Meinschein, 1976: Gagosian and Stuermer, 1977). Huang and 

Meinschein (1976) utilized compositional plots of percent 

chloresterol versus percent B-sitosterol in total sterol 

extracts of estuarine and coastal marine sediments to estimate 

the percentage of marine and terrestrial input. In a more 

recent paper (Huang and Meinachein, 1979) this type of approach 

was generalized by presenting percentages of c-27, c-28, and 

C-29 sterols in a ternary plot (Figure 7). In this presen

tation, plankton and higher-plant sterol compositions are 

completely resolved with open ocean, estuarine, and terrestrial 

sediments plotting sequentially between these two endmembers. 

Estimates of sterol sources based on carbon number analyses 

are particularly useful becauae the carbon skeletons are 

apparently not altered appreciably during catabolic or chemi

cal processes (Huang and Meinschein, 1979). 
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CHOLESTEROL CC27> 

HO 
JbSITOSTEROL CC2g> 

FIGURE 6 Chemical structures of cholesterol and B-sitosterol. 

130 

Copyright © National Academy of Sciences. All rights reserved.

Flux of Organic Carbon by Rivers to the Oceans:  Report of a Workshop, Woods Hole, Massachusetts, September 21-25, 1980
http://www.nap.edu/catalog.php?record_id=19737

http://www.nap.edu/catalog.php?record_id=19737


C-27 

\ 

' I I 
plankton 1 

"" 

I 
I 

/ 

C-28 

lacustrine 

\ 
, estuarine \ terrestrial 1 
',or boy \ 1 

open , \ I 
morine \ \ / 

1 hi9her 
1 plant 
I 

FIGURE 7 Relationship between the sterol compositions in 
biological sources and in open marine, estuarine 
or bay,· lacustrine, and terrigenous ecosystems. 
(From Huang and Meinschein, 1979.) 

131 

Copyright © National Academy of Sciences. All rights reserved.

Flux of Organic Carbon by Rivers to the Oceans:  Report of a Workshop, Woods Hole, Massachusetts, September 21-25, 1980
http://www.nap.edu/catalog.php?record_id=19737

http://www.nap.edu/catalog.php?record_id=19737


APPLICATIONS OF MOLECULAR TRACERS TO DISSOLVED 
ORGANIC MATTER 

Most of the previously discussed molecular tracers have 

been applied predominantly to particulate samples from soils, 

aediments, or natural waters. Since most of the organic 

material carried by rivers is usually in di~solved form 

(Menzel, 1974: Duce and ouursma, 1977), applications of 

chemical methods for identifying the biological and geographic 

sources of this material are of interest. 

The bulk of dissolved organic matter (OOM) in river water 

apparently exists as brown acidic polymers known as humic 

substances (Lamar, 1968: Beck~ al., 1974). Humic polymers 

are not found in living organisms: rather, they are thought 

to be formed by spontaneous extracellular condensation reactions 

of organic substances released by the microbial degradation of 

plant and animal remains (Flaig et al., 1975). Consequently, 

natural humic substances have extremely complex chemical 

compositions in which only a fraction of the total structure 

can be traced to known biochemical precursors (Schnitzer and 

J<han, 1972). 

Compounding the problems involved with chemical character

izations of humic substances dissolved in river water are 

their low average concentrations (2-10 ppm) (Duce and Ouursma, 

1977) and the resulting difficulty in isolating sufficient 

material for many analyses. At pres,nt the isolation methods 

of choice are freeze-drying (Beck ~ al., 1974) and adsorption 

of protonated polymers onto hydrophobic resins (Perdue, 1979). 

The latter method has the advantage of also being applicable 

to seawater samples (Stuermer and Harvey, 1977). 

Most chemical characterizations of river water DOM have 

involved measurements of bulk chemical properties such as 

molecular weight, functional group distribution, elemental 
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,, 

composition, aolution thermochemiatry, and IR as well aa 

NMR spectral propertiea (Beck !i al., 19741 Perdue, 1979). 

These determinations demonatrate a chemical aimilarity between 

river DOM and aoil fulvic acids, their apparent aource. 

Although iaotopically distinct, aeawater DOM reaembles aoil 

fulvic acids and river DOM in many of ita bulk chemical 

properties (Gagosian and Stuermer, 1977), making sensitive 

detection of river-derived DOM at aea difficult by means of 

bulk chemical measurements alone. 

The presence of an unambiguous land-derived molecular 

"tag" within the structure of river water DOM would be con

venient for sensitive detection at aea. Findings of lignin

derived compounds among the degradation producta of aoil 

humic substances (Schnitzer and Khan, 1972), coaatal marine 

humic acids (Hedges and Parker, 19761 Ertel, 1980), and river 

water DOM (Christman and Ghasaemi, 1966) auggest that such 

a tracer may actually be available, although untested. The 

high chemical stability of riverine DOM (Dham et al., in press) 

and recent reporta of ita near-conaervative behavior during 

estuarine mixing (Sholkovitz, 1976: Moore et al., 1979) auggest 

that special effort ahould be made toward developing reliable 

molecular methods for detecting the pathwaya of thia important 

component of the total flux of organic carbon from land to 

sea. 
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-------

Recent eatimatea of river flux to the oceana range from 
15 15 -1 0.2 x 10 to >1.0 x 10 gC yr (Kempe, 1979: Richey et ~., 

1980: Schlesinger and Melack, in press). However, river 

systems are not merely conduits, transporting their entire 

organic input to the oceana. Because some of the organic 

material entering rivera and streams ia oxidized, the total 

organic flux to the sea ia reduced. Richey ~ al. (1980) 

eatimated that &bout 30% of the organic input to a 2,000-km 

aection of the Amazon River during the period of riaing water 

was oxidized within the reach. Smaller rivera and atre ... 

appear to be even more efficient in retaining and oxidizing 

organic inputs, especially particulate matter (Fisher and 

Likens, 1973: Fiaher, 1977: Comiskey, 1978: MUlholland, 1979). 

Deposition of riverborne organic carbon in channela and 

floodplain areas also reduces river loada. Trimble (l975a) 

has estimated that only &bout 5% of the total material eroded 

from the southern u.s. Piedmont since European settlement has 

been exported to coastal regions. Be auggeata that mudh of 

the remainder has been deposited as floodplain and channel 

alluvium. If depositional environments are well oxygenated, 

oxidation will occur. However, deposition in oxygen-l~ited 

environments or rapid burial in sediments will inhibit oxida

tion. Depoaition in these areas constitutes a long-term sink 

for carbon transported in rivers. 

Floodplain wetlands and deltas at the mouths of large 

rivera are environments with large accumulations of organic 
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carbon in their sediments. Floodplain wetlands, although not 

limited to lowlands, reach their moat extensive development 

in the coastal plains of continents. These stagnant wetlands 

receive large inputs of riverborne organic material during 

periods of flooding. Some of this input is deposited as 

water velocities decrease, and a portion of the deposited 

material remains unoxidized because of lack of oxygen. 

Although deposition of organic carbon occurs throughout the 

floodplains of moat rivera, long-term organic carbon accumu

lation is much greater in floodplain wetlands, where oxida

tion is reduced. Significant carbon accumulation also 

occurs in river-mouth deltas where the deposition rate is 

great enough to rapidly bury sediments and prevent their 

complete oxidation. 

In this paper I present an assessment of the depoai~ion 

of riverborne organic carbon in floodplain wetlands and river 

deltas. Few studies have addressed carbon deposition in these 

types of systems, although they appear to poaaeaa high rates 

of sediment and organic carbon accumulation. These systems 

may be important globally as sinks for carbon fixed during 

photosynthesis by upland vegetation. 

BACKGROUND 

Floodplain Wetlands 

Interactions between rivera and floodplain wetlands are 

dependent on river hydrologic regime (Figure 1). Inputs of 

water and sediment to floodplain wetlands from rivera are 
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Annual hydrological patterns in floodplain wetland 
ecosystems. Interactions between the river and flood
plain wetland during various periods are presented. 
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episodic, l~ited to periods of river flooding (a few weeks 

to a few months per year). During moat periods, natural 

levees isolate rivera from bordering floodplain wetlands 

(Figure la). However, during floods, as river water level 

increases, eventually exceeding levee height, water flows 

into adjacent lowlands (Figure lb). Velocities begin to 

decline as waters escape the confines of the main river 

channel and expand into broad floodplain areas. Particulate 

materials, eroded from areas upriver and transported in the 

swift river currents, begin to settle out in the floodplain 

under reduced water velocities. When river water level 

begins to decline, floodplain water velocities are reduced 

still further (Figure lc). Eventually the water level falls 

below levee height and floodplain waters become isolated and 

stagnant (Figure ld). 

This somewhat simplistic presentation of hydrologic and 

sediment interaction between rivera and bordering floodplain 

wetlands is complicated by the large standing stocks of 

litter and organic debris in moat wetlands (Conner and Day, 

1976: Mitsch et al., 1977: Mulholland, 1979: Brinson et al., 

in press). In some wetland areas, particularly in shallow 

floodplain channels, surface organic matter is scoured during 

floods. However, material scoured from areas where water 

velocities are relatively high is generally deposited in 

other wetland areas, such as behind debris dams and in areas 

where velocities are lower. The physical matrix of living 

and down trees and herbaceous vegetation in swamps imparts a 
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tortuous path to flowinq waters and acta as a filter for 

larqe particulate material. 

Despite the accumulation of easily eroded litter and 

orqanic debris, moat floodplain wetlands appear to act as 

filters for riverborne particulate matter and have an annual 

net sediment input from borderinq rivera (Kitchens et al., 

1975: Gaqliano and van Beek, 1975: Mitsch~ al., 1977, 1979) • 

. Kitchens ~ al. (1975) reported that turbidity decreased by 

about one-half as water flowed throuqh a larqe South carolina 

floodplain swamp durinq flood periods. Mitsch et al. (1977), 

workinq in southern Illinoia, reported that about 3% of the 

suspended sediment delivered to a 30-ha floodplain ·swamp by 

river floodwaters was depoaited there. Floodplain swamps 

in tropical reqiona may act. somewhat differently, however. 

Bonetto (1975) and Richey et al. (1980) reported that larqe 

mats of floatinq veqetation are exported from floodplain wet

lands alonq the Amazon and Parana rivera as floodwaters 

recede. Floodplain wetlands with larqe accumulations of 

floatinq veqetation may export more particulate material 

than they import, thus increaainq river particulate orqanic 

carbon loads. 

In many cases, accumulation of orqanic carbon in flood

plain wetlands may be the result of inputa from autochthonous 

sources in addition to allochthonous inputs from rivers. 

Total annual litterfall in floodplain wetlands is hiqh, 
-2 -1 ranqinq from 350 q dry wt m yr for an Illinois swamp 
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-2 -1 (Mitsch et ~., 1977) to>700 g dry wt m yr for a North 

carolina swamp (Mulholland, 1979). Incomplete oxidation of 

litter inputs as a result of long periods of flooding may 

result in an additional accumulation of carbon in floodplain 

wetland soils. 

The extent of organic carbon accumulation in flood

plain wetlands depends primarily on the hydrologic regime of 

the wetland: specifically, it depends on the length of time 

the wetland is flooded and stagnant or its soils waterlogged. 

In some North carolina floodplain swamps bordering small 

streams, I have observed that, in most areas, floodwaters 

maintain velocities of at least 2 or 3 em .-l and dissolved 

oxygen concentrations > 3 mg 1-1 • As water levels decline 

in streams bordering these wetlands, drainage is good, 

leaving the litter and surface soil layers unaaturat~ and 

allowing high rates of decomposition. On the other hand, 

there are a few locations in these swamps where drainage 

is partly blocked by road embankments. In these areas water 

is nearly stagnant for long periods each year, and deep 

muck soils have developed, with large accumulations of 

organic carbon. In swamps bordering larger rivera with 

greater sediment loads, natural levees block the complete 

return of floodwaters to the river channel, and stagnant 

conditions develop (Figure ld). Dissolved oxygen is quickly 

depleted and decomposition is reduced. Significant accumu

lations of organic carbon can develop if the stagnant period 

is long enough. 

148 

Copyright © National Academy of Sciences. All rights reserved.

Flux of Organic Carbon by Rivers to the Oceans:  Report of a Workshop, Woods Hole, Massachusetts, September 21-25, 1980
http://www.nap.edu/catalog.php?record_id=19737

http://www.nap.edu/catalog.php?record_id=19737


During flood periods floodplain wetlands also export 

significant amounts of dissolved organic carbon most of which 

is derived from autochthonous sources (Day et al., 1977: 

Mulholland, in press). Computing annual input-output budgets 

for a small North carolina floodplain swamp, I found annual 
-2 -1 net exports of dissolved organic carbon of 20-25 gC m yr , 

primarily from canopy and litter leaching and litter decom

position (MUlholland, in press). Day et al. (1977) reported 
-2 -1 outputs of about 10 gC m yr from a Louisiana floodplain 

swamp, mostly as dissolved organic carbon. 

Figure 2 summarizes the principal organic carbon flows 

between rivers and most floodplain wetlands. Floodplain 

wetlands are (1) sinks for riverborne particulate organic 

carbon eroded from upland environmenta, and (2) sources 

(to rivers) of dissolved organic carbon and perhaps some 

particulate organic carbon produced by vegetation within 

the swamp. The ~et effect is to transfer organic carbon 

from upland terrestrial soils, Where decomposition ratea 

are usually high, to lowland environments where oxygen may 

be limiting and decomposition rates reduced. Accumulation 

of carbon in floodplain wetlands due to autochthonous pro

duction is also, in part, the result of river processes-

flooding and delivery of nutrients. In the remainder of 

this paper, however, I will address only the deposition of 

particulate organic carbon transported in rivers. 

Global deposition of riverborne particulate organic 

carbon in floodplain wetlands may be declining as a result 
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FIGURE 2 

8 

Interactions between a floodplain wetland and ita bordering river with regard 
to organic carbon flow. 
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of some of man's activities. Interactions between rivera 

and floodplain wetlands have been altered or el~inated in 

many regions of the world by river channelization, con

struction of higher river levees, and wetland drainage and 

clearing. Winkley (1977) asserts that prior to the eighteenth 

century, when man first attempted to modify the Misaiasippi 

River, the entire floodplain valley of ita lower 2,000 km 

was essentially a delta, accumulating sediment as a result 

of frequent river flooding. MUch of the Miaaisaippi River 

floodplain could be characterized as wetland with reduced 

rates of organic matter oxidation. However, man's activities 

over the past 200 years have resulted in reduced flooding 

and greater particulate transport potential in the partly 

straightened and confined Mississippi River channel 

(B. R. Winkley, u.s. Army Corps of Engineers, Vicksburg, 

~ssisaippi, personal communication, 1980). MUch leas 

organic carbon is currently being deposited and sequestered 

in floodplain wetlands along the Mississippi (B. R. Winkley, 

personal communication, 1980). This is likely true for 

other river& in the United States and throughout the world. 

Organic carbon, which formerly was deposited in inland flood

plain systems, may now be transported by rivers to the coaat. 

Conversely, increased river impoundment from dam 

construction has increased deposition of riverborne organic 

carbon in floodplains in recent decades. As a result of 

rapid aed~entation rates and low diaao~ved oxygen con-
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centration, characteriatica of many river impoundmenta, 

ratea of oxidation of the organic carbon deposited in re

servoir sediments are likely lower than those of organic 

carbon in transport or depoaited in occaaionally flooded 

floodplain areas. Thus, man'a activitiea are also increas

ing the amount of r i verborne organic carbon which ia 
\ 

annually deposited and preserved in floodplain sedimanta. 

Increasing organic carbon preservation in floodplain sedi

ments constitute• an increased sink for atmoapheric co2 
whereas a decreaae in floodplain organic carbon preaervation 

from previous decades constitutes an "apparent" aource of 

atmoapheric co2• The net effect of man's activitiea is 

unknown, but could be large. 

River Deltas 

Deltas at the mouths of large rivera are another 

potentially large aink for riverborne particulate organic 

carbon. Biqh ratea of aediment depoaition in underwater or 

low-lying deltaic areas ltmit oxygen availability and reduce 

rates of oxidation of the organic fraction. Organic aedi

menta are rapidly buried and isolated from free oxyqen. 

Delta soils in temperate regions are typically 10-1~ 

organic matter and can be as high as 30% or~anic in the 

tropics (J. M. Coleman, Louisiana State university, ~ton 

Rouge, Louiaiana, personal communication, 1980). Since 

organic contents of some river auapended sediment loads 

are reported to be stmilar (Malcolm and Durum, 1976), theae 

high organic contents may indicate that little oxidation 

occurs aa river sedtments are deposited in deltaa. 
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Deltaic deposits are found where a stream diacharqea 

to a receiving baa~# whether the receiving basin ia an 

ocean, inland sea, bay, estuary, or lake (Coleman, 1976). 

However, the world's major deltaic deposita are ltmited to 

the mouths of major river systems carrying substantial 

quantities of clastic sediments (Figure 3). These are 

large systems with mean river drainage areas of about 106 

km2• In addition to topographic features and climate, 

their distribution is dependent on global tectonics. About 

57% of the major delta-forming river systems emerge along 

trailing continental coasts and 35% along marginal aeacoaats. 

Deltas may be tmportant loci for the deposition of 

dissolved organic carbon (DOC) transported in rivera and 

flocculated in estuaries. Flocculation of riverborne DOC 

has been shown to be primarily an estuarine proceaa (Gardner 

and Menzel, 1974: Sholkovitz, 1976). Sholkovitz (1976) re

ported that up to 11% of river DOC quickly flocculated upon 

mixing with seawater. In 1979, I found that about 2~ of the 

DOC of a small, southeastern United States stream flocculated 

When mixed with seawater (Mulholland, in press). Since 

DOC constitutes a considerable portion of the total organic 

carbon transported in rivers, deposition and accumulation 

of flocculated DOC in deltas would add significantly to 

the total accumulation of organic carbon in these syatema. 
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FIGURE 3 

Location of major modern Deltas. Prom Coleman 
and Wright (1975). 
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METHODS AND DATA 

Rates of riverborne sediments and organic carbon de

position in floodplain wetlands, taken from the literature, 

are presented in Table 1. Deposition rates are quite vari

able because of differences in river sediment loads. The 

Atchafalaya basin receives heavy sediment loads from the 

Red and Mississippi rivers, which discharge to it. Rivers 

and streams originating in the Coastal Plain (e.g., Creeping .. 
swamp) carry very low sediment loads (Beck~ al., 1974). 

Deposition rates are also quite variable within the 

same floodplain wetland as a result of spatial differences 

in water velocity and natural sediment retention structures. 

Mitsch et al. (1979) reported flood sediment deposition 

varied by almost two orders of magnitude within the Kankakee 

River wetland. It should be noted that the rates presented 

in Table 1 are annual deposition rates and do not necessarily 

approximate annual accumulation rates of riverborne organic 

matter in floodplain wetlands. Rates of oxidation of de

posited organic carbon increase when wetlands dry out during 

the drier months of the year. 

The moat direct method of estimating global accumula

tion of riverborne organic carbon in floodplain wetlands is 

to compute mean annual rates of •~cumulation, corrected for 

oxidation loss, and multiply them by the global area of 

floodplain wetlands. Although there are a few measurements 
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TABLE 1 Riverborne Particulate Organic Carbon Deposition in Floodplain Swamps 

Kankakee River Northern Illinois 

cache River Southern Illinois 

Atchafalaya River Louisiana 

Creeping SWamp North carolina 

Total Sediment 
Deposition 

-2 -1 (g m yr ) 

580 

447 

4,900 

135 

Percent 
Organic 
carbon 

10 

12 

2.3b 

13 

a Assuming carbon is SO% of organic matter dry weight. 

Organic carbon 
Deposition 

.. 

-2 -1 (gC m yr ) ~ References 

58 Mitsch ~ al., 19~9 

55 Mitsch et al., 1977 

113 Gagliano and van Beek,l975 

17 Yarbro, 1979 

b Approximate value for the Mississippi River (from which the Atchafalaya River receives 
much of ita flow) given by Malcolm and ourum (1976). 
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or organic carbon deposition, there appears to be no 

inventory of total floodplain wetland area, even for the 

United States. 

A second approach to a qlobal floodplain deposition 

estimate is to make a carbon balance on a few river systems, 

and extrapolate this information to the entire earth. For 

example, annual orqanic carbon deposition rates in various 

floodplain wetlands borderinq selected river systems can be 

measured and applied to the total wetland area alonq those 

systems. Total annual deposition could be computed and 

divided by total annual flux at the mouth of each river • 
• 

This would yield a factor relatinq upstream wetland deposi

tion to orqanic carbon flux at the river mouth, which 

could be multiplied by qlobal river flux to estimate 

qlobal wetland deposition. 

I attempted this second approach, usinq some prelimi

nary data for the the Apalachicola River in northwest Florida. 

John F. Elder (U.S. Geoloqical Survey, Tallahassee, Florida) 

and co-workers are involved in a st~dy of i~teractions between 

the Apalachicola River and its floodplain wetland. Pre

liminary results indicate that althouqh annual flood deposi

tion of riverborne orqanic carbon in floodplain areas is 
-2 -1 spatially quite variable, ranqinq up to about 140 qC m yr , 

-2 -1 a rouqh mean would be about 25 qC m yr (John F. Elder, 

personal communication, 1980). The floodplain wetland alonq 
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2 the Apalachicola River comprises about 510 km and is com-

pletely inundated by floods with recurrence intervals of 

2 years or greater (John F. Elder, personal communication, 

1980). Using these values for mean annual deposition rate 
9 -1 

and wetland area, one finds t..~1at about 12.8 x 10 qC yr 

are deposited in the Apalachicola River floodplain wetland. 

Mean total organic carbon (TOC) concentration in the 
-1 

Apalachicola River near ita mouth was 7.9 mq liter in 1979, 

and the long-term average annual discharge at this station 

is 22.1 x 109 m3 (U.S. Geological Survey, 1979). Using 

these fiqures, one finds that the annual TOC flux is about 
9 

175 x 10 gC. Thus, deposition of riverborne organic carbon 

is about 6% of the river TOC export. 

If data from the Apalachicola River are used to repre

sent .the world's rivera, global deposition of riverborne 

organic carbon is found to be about 6% of the 0.4 x 1015 
-1 

qC yr of river flux estimated by Schlesinger and Melack 

(in press). However, the large rivera of the world, such 

as the Amazon, have much larger floodplain wetlands border

ing them than does the Apalachicola, and global wetland de

position is likely higher than 6% of river flux. 

A third, leas direct, approach to estimating global 

floodplain deposition is to estimate land denudation and 

assume that the material eroded, and not measured in river 

transport studies, is deposited in floodplain areas upstream. 
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l 
) 

Trimble (1975a, 1975b) suggested that sediment yield, as 

measured by river sediment load, may account for only a small 

part of the total erosion in the southern Piedmont of the 

southeastern United States. He estimates that only about 5% 

of the material eroded from the southern Piedmont since 

Europeaa settlement was actually transported out of the 

region by rivers. Trimble (1975a) suggests that the bulk 

of the material eroded from Piedmont uplands was deposited 

in the channels and floodplains of streams and small rivera. 

Holeman (1968) has also reported that only about 5% of the 

material eroded in the Potomac River drainage basin is 

exported annually. If this pattern is true for the entire 

earth, if mean global river transport is 18.1 x 1015 g 

sediment yr-l (Holeman, 1968), and if mean organic carbon 

content of eroded sediments is 3% (Malcolm and Durum, 1976), 

then global alluvial deposition amounts to about 11 x 1015 
-1 gC yr • This implies that river and stream floodplains 

are not in steady state but are aggrading at the expense 

of upland slopes. The implication is plausible if viewed 

over a time frame of decades or perhaps even centuries, 

rather than longer periods. Floodplain aggradation is a 

relatively slow process, whereas floodplain degradation is 

a more catastrophic or episodic process on a geologic time 

frame (Leopold~ al., 1964). 

Certainly a large fraction of the organic matter in 

alluvial deposits in the stream valleys and floodplains 

of the smaller, lower- order drainages is oxidized because 
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these areas are generally well drained. In addition, Trimble 

(1974) states that most of the erosion and deposition in 

the southern Piedmont occurred during settlement and expan

sion of agriculture, prior to the establishment of soil 

conservation measures in the 1920's. At present, as a re

sult of declining agriculture and better soil conservation 

practices, erosion rates in this region are low, streams 

have regained their transport ability, and the alluvial 

deposits of earlier periods are being dissected (Trimble, 

1975a). Nonetheless, with increasing expansion of agri

culture in many of the less-developed regions of the world, 

significant amounts of upland erosion and subsequent accumu

lation of organic carbon in alluvial deposits may occur in 

the channels and floodplains of streams and small rivers. 

Increasing construction of river ~undments throughout 

the world will also increase deposition and preservation 

of organic carbon in inland sediments. 

Data compiled by J. M. Coleman (1976: personal communi

cation, 1980) in his survey of the world's major deltas have 

been used in estimating organic carbon deposition in river 

deltas (Table 2). The rate of delta aggradation was assumed 

to be uniform during the period since the last great lowering 

of world sea levels {about 12,000 years). Making some 

further assumptions about average delta thickness and organic 

carbon content (see footnotes to Table 2), I have estimated 

global deltaic organic carbon accumulation to be ~out 
15 -1 0.55 x 10 qC yr (Table 2). 
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TABLE 2 Organic Carbon Accumulation in Major Deltas of the World during the Past 
12,000 Years (data from Coleman, 1976: personal communication, 1980) 

Delta 
Organic 

carbon 
Drainage Deltaic area content accumu~ation rateb 

Delta Location basin climate plain climate (km2) (%) a (X 101 gC yr-l -

Amazon Brazil Humid tropical Humid tropical 467,078 10 304 

Burdekin Australia Dry tropical Dry tropical 2,112 0.5 0.1 

Chao Phraya Thailand Humid tropical Humid tropical 11,329 10 7.4 

Colville Alaska Arctic Arctic 1,687 5 0.5 

Danube Romania Cool temperate Humid subtro- 2,740 5 0.5 
pical 

Dneiper USSR Cool temperate Dry steppe - 5 

Ebro Spain Dry tropical Dry tropical 624 0.5 0.2 

Ganges-
Brahmaputra Bangladesh warm temperate Humid tropical 105,641 10 68.7 

Godavari India Dry tropical Dry tropical 6,322 5 2.1 

Grijalva Mexico Dry subtropical Humid tropical 17,028 8 8.9 

Hwang Ho China Dry subtropical Dry subtropical 36,272 0.5 1.2 
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TABLE 2 {continued) 

·Indus West Pakistan Dry subtropical Dry subtropical 29,524 0.5 1.0 

Irrawaddy Burma Humid subtropical Humid tropical 20,571 10 13.4 

Klang Malaysia Humid tropical Humid tropical 1,817 10 1.2 

Lena USSR Humid arctic Arctic 43,563 5 14.2 

Mackenzie canada Humid subarctic Arctic 8,506 5 2.8 

.... Magdalena Colombia Humid tropical Humid tropical 1,689 10 1.1 
0\ 
N 

Mekong Vietnam Humid tropical Humid tropical 93,781 10 61.0 

Mississippi USA Temperate Humid subtropical 28,568 5 9.3 

Niger Nigeria Humid tropical Humid tropical 19,135 10 12.4 

Nile Egypt Dry subtropical Desert 12,512 0.5 0.4 

Ord Australia Desert Dry subtropical 3,896 0.5 0.1 

Orinoco Venezuela Humid tropical Humid tropical 20,642 10 13.4 

Parana Brazil Humid subtropical Humid subtropical 5,440 10 3.5 
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TABLE 2 (continued) 

Pechora USSR Subarctic Subarctic - 5 

Po Italy Temperate Temperate 13,398 5 4.4 

Red Vietnam Humid subtropical Humid subtropical 11,908 10 7.7 

Sagavanirktok Alaska Arctic Arctic 1,907 5 0.6 

sao Francisco Brazil Humid tropical Dry tropical 1,178 5 0.4 

Senegal Senegal Dry subtropical Desert 4,254 0.5 0.1 

Shatt-al-Arab Iraq Dry subtropical Dry tropical 18,497 0.5 0.6 

Tan a Kenya Subtropical Dry subtropical 3,659 0.5 0.1 

Volga USSR Dry subtropical Dry subtropical 27,224 0.5 0.9 

Yangtze-Kiang China Dry subtropical Humid subtropical 66,669 2 8.7 

TOTAL 551.3 

a Rough estimates based on deltaic plain cltmate (J. M. Coleman, personal communication, 1980). 

b Based on delta area, an average delta thic~,ss of 60 m (J. M. Coleman, personal communica
tion, 1980), delta bulk density of 1.3 gem (typical entisol value, Soil Conservation 
Service, 1975), delta organic carbon content, and a uniform accumulation rate over the 
last 12,000 years. 
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Most of the global deltaic organic carbon accumulation 

takes place in a few large systems. About 79% of it is in the 

three largest systems--the Amazon, Ganges-Brahmaputra, and 

Mekong deltas. These deltas are in the humid tropics and 

should possess high organic carbon contents as a result of 

large river loads of organic debris and rapid rates of delta 

formation (J. M. Coleman, personal communication, 1980). 

From these results it would appear that reasonably accurate 

estimates of global deltaic organic carbon accumulation can 

best be made by concentrating efforts on these three deltas, 

and perhaps the Lena, Orinoco, and Yangtze-Kiang deltas as 

well. 

CONCLUSIONS 

1. Interaction between rivers and floodplain wetlands generally 

results in a net annual deposition of riverborne sed~ent 

and particulate organic carbon of up to 100 gC m-2 over 

large wetland areas. Some of this material is certainly 

oxidized, however, a large part of it likely escapes 

complete oxidation because of the lack of available 

oxygen. There is generally a net annual dissolved 
-2 organic carbon export of up to 25 gC m from wetlands 

to rivers due to litter and canopy leaching and litter 

decomposition. Tropical floodplain wetlands, with 

large accumulations of floating vegetation, may export 

significant amounts of particulate organic carbon from 

autochthonous sources. 

2. The net effect of river-floodplain wetland interactions 
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ia to transfer detrital orqanic carbon from upland 

terrestrial ayatema, where decomposition rates are 

qenerally hiqher, to lowland environments, where oxida

tion is often reduced and orqanic carbon can accumulate 

at a qreater rate. 

3. Global deposition of riverborne orqanic carbon in flood

plain wetlands is at least 6% of total river flux, and 

probably hiqher. 

4. Some of man's activities, such aa channelization and wet

land drainaqe, are reducinq the total area of floodplain 

wetland receivinq river inputs, particularly in the 

developed reqiona of the world. However, this reduc-

tion may be offset by increased erosion and subsequent 

floodplain deposition of organic carbon in the leas

developed reqiona. Also, increased construction of river 

and stream impoundments throuqhout the world ia increaainq, 

to an unknown extent, deposition and preservation of 

orqanic carbon in inland sediments. 

s. Land disturbance and aqriculture increase soil erosion 

and result in larqe amounts of aed~ent deposition in 

the channels and floodplains of smaller streams and 

rivera. If present qlobal land-use patterns and aqri

cultural practices are similar to those in the United States 

in the last century, then orqanic carbon deposition in 
15 -1 these ayatema could amount to aa much aa 11 x 10 qC yr • 
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Actual orqanic carbon accumulation would be much lower, 

however, because of oxidation after deposition. 

6. If we are correct in assuming that the rates of forma

tion of the world's major river deltas have been uniform 

over the last 12,000 years, orqanic carbon accumulation 
15 -1 in these systems has been about 0.6 x 10 qC yr • 

7. More measurements of orqanic carbon deposition and 

accumulation, as well as inventories of total wetland 

area in the floodplains of the world's major rivera, 

are needed. Better understandinq of river-floodplain 

interactions durinq floods is also necessary. Since 

many of the remaininq large tracts of floodplain 

wetland are located in the tropical and subtropical reqiona 

that have received little study, efforts should be focused 

on making orqanic carbon budqets on these systems. More 

measurements of reservoir orqanic carbon accumulation 

and good world reservoir inventories are also needed. 

Organic carbon accumulation in sediments or river im

poundments may be quite larqe. 
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Not much is known about the flux of organic carbon to the 

oceans from the rivers of the world. Programs to collect and 

analyze samples for organic carbon in rivers systematically have been 

undertaken on only a few rivers and data have been collected for 

only a few years. For many of the large rivers of the world, no 

data exist. 

Estimates of the flux of organic carbon to the oceans have 

been made by several scientists: these are discussed later in this 

paper. For now, we note that these estimates vary by at least an 

order of magnitude, and that to some extent they are based on 

assumptiorathat either are difficult to verify or are contradicted 

by existing data. For example, it is sometimes assumed that the 

ratio of dissolved to particulate organic carbon is constant or 

that the concentration of particulate organic carbon bears a con

stant ratio to suspended sediment concentration. 

The usual approach for estimating the contribution to the ocean 

from rivers is to measure or otherwise estimate the flux from the 

largest rivers, the 40 or 50 that contribute about half the total 

flow and drain about 60% of the land area, and then to extrapolate 

the rest. Holeman (1968) did this for sediment and Meybeck (1976) 

for dissolved inorganic constituents. The same approach can be used 

to estimate flux of organic carbon. In making estimates from such an 

approach, however, one must consider certain hydrologic processes. 

It is extremely important that the samples be representative, and 

that they are collectedin such a way as to define seasonal variations 

and the relation of concentration to water discharge, if one exists. 

In addition, it is desirable to collect the kinds of data that will 

allow one to evaluate the impact of extreme events on the average 

values of annual flows or fluxes, and that are required to arrive 

at reasonable figures for determining standard errors of estimates. 

In the following sections, we consider each of these data needs. 
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GLOBAL EXTRAPOLATION, SMALL RIVERS, AND EXTREME EVENTS 

A summary of annual streamflow and flux to the oceans of sedi

ment, dissolved inorganic constituents, inorganic carbon, and organic 

carbon is presented in Table 1. The entries were derived from several 
6 3 sources, indicated in the table. The total flow is 1.19 x 10 m /s, 

and the discharge-weighted concentrations of sediments and dissolved 

solids are about 530 and 85 mg/1, or a ratio of 6.24:1. The estimates 

of carbon and organic carbon reflect about an order of magnitude vari

ation, as pointed out by Richey et al. (1980) and by Reiners (1973). 

The usual strategy for estimating global flux is to measure or 

sample the 40 or 50 largest rivers in the world and then to extra-

polate the rest on the basis of area, usually with some kind of 

stratified sampling or categorizing into climatic, geologic, or 

topographic regimes. (See for example, Fournier, 1960, for sediment 

and Baumgartner and Reichel, 1975, for the world water balance.) The 

~rtance of concentrating en large rivers is shown clearly in Figure 1, 

where the accumulative sum of flows, drainage areas, and sediment 

loads as percents of totals are plotted against the number of ranked 

quantities included in the sums. These data are mostly from Holeman 

(1968). The largest 50 quantities account for about 40% of the 

sediment, 50% of the flow, and 55% of the drainage area. However 

the slopes of the curves are so flat that adding the next 100 or 200 

argest quantities adds only a few percentage points to the totals. 

A simple way to extrapolate flows is demonstrated in Figure 2, 

~re average annual discharge, Q, is plotted along the abcissa 

against the number, n, of streams with flows equal to or greater 

than the indicated discharge plotted along the ordinate, both to 

~arithmic scales. The equation for the straiqht line drawn by eye 

to best fit the values of n from 10 to 200 is 

Q =~ 300,000 n - 1 •27 (1) 

Inteqratinq the curve n = 10 to n = .- and adding flows from the 10 
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TABLE 1. Summary of Streamflow and Flux to the Oceana of 

Sediment, Dissolved Constituents, and Carbon 

d . a Se 1ment -

Dissolved aolidab 

c Carbon-

. b d Orqan1c car on-

e Land area -

Streamflow• 

Diacharqe 

12 
(10 kq/yr) 

20 

3.2 

0.2 to 1 

0.1 to 1 

6 3 
1.19 x 10 m /a 

a - Estimated mostly from Holeman' a data (1968). 

~ 
Meybeck (1976}. 

c Reiners (1973}. 

d Richey et al. (1980}. 

~ Baumgartner and Reichel (1975). 
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concentration 

(mq/1) 

533 

85.3 

5.4 to 27 

2.7 to 27 
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largest rivera qivea the total flow to the ocean of about 106 m3/s, 
6 3 while inteqratinq from n = 1 to n • • yields 1.11 x 10 m /s. The 

fair aqreement with the value in Table 1 may be fortuitous, but as a 

first approximation, this sort of extrapolation miqht be useful. 

However, attempts to apply this same type of extrapolation for 

sediment were not successful, first, because firm values for sediment 

loads are available only for about 40 larqe rivera, whereas flow 

records are available for several hundred larqe rivera, and second, 

because values of sediment diacharqes plotted as in Fiqure 2 do 

n~t fall alonq a atraiqht line~ ao simple extrapolation was not 

possible. It was also found that althouqh water diacharqes cor

relate fairly well with drainaqe areas, no such correlations exist 

for sediment loads. This findinq ia reflected in Fiqure 3 and Table 2. 

Figure 3 shows monthly hydrographs for four rivera: the Conqo, 

Orinoco, Yukon, and Cho-Shui. Table 2 ahowa drainaqe areas, mean 

flows, and sediment loads to the oceana for these four rivers. The 

atrikinq feature of thse data ia the close correspondence of sedi

ment loads despite the qreat disparities of flows and drainaqe 

areas. Theaefour rivera account for about 1.5% of the sediment load 

to the oceana and 6.2% of the flow. The flow con~ribution from the 

Cho-Shui is almost neqliqible, but its sediment contribution is 

not. The Cho-Shui ia typical of the rivers of Taiwan. Accordinq 

to the 1977 Hydroloqic Yearbook of Taiwan, the streamflow to the 

ocean from the island was about 1,160 m3/a, 0.1% of the world total, 

and the sediment discharqe was 236 x 109 kq, about 1.2% of the world 

total. The drainaqe area ia about 24,000 km2 , or 0.025% of the 

total land area. The sediment diacharqe to the ocean from the island 

of Taiwan is about the same as that from the Mississippi River, 

Which drains 3% of the total land area and contributes 1.5% of the 

total flow to the ocean. 
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FIGURE 3 
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TABLB 2. 

River 

Conqo 

Orinoco 

YUlcon 

Cho-Shui 

Flowe and Sediment Loads for Four Rivers 

Ora inaqe ~rea 

(1cm2) 

3,700,000 

881,000 

932,000 

2,310 
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42,800 

25,200 

6,210 

139 

Annua 1 Sediment 
Di!charqe 

(10 kq) 

65,000,000 

100,000,000 

60,000,000 

65,000,000 
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The point to be drawn from these examples is that small rivers 

contribute small quantities to the total streamflow, but it does not 

follow that their contributions to the flux of sediment are also 

small. Quite possibly, small streams may also contribute substantial 

amounts of orqanic carbon to the oceans, so it would be prudent to 

desiqn a qlobal samplinq proqram to collect representative data from 

small to larqe streams. 

Finally, it should be emphasized that the variability in flow 

and transport, relative to their mean values, is likely to be much 

qreater for small streams than for larqe streams. The relation of 

transport, 0 , to flow, Q, for many rivers can be approximated by s 
the equation: 

or 

(2) 

(3) 

The exponent b describes the relation of concentration to flowr if 

b=l, the concentration is constant, if b> 1, concentration increases 

with discharqe, and if b < 1, concentration decreases with increasinq 

discharqe. Generally, for sediment transport in larqe rivers, b ia 

sliqhtly qreater than unity: that is, concentration~increases with 

increasinq flows, but not very much, while for small rivers, especially 

flashy type streams in semiarid and arid reqions, b is on the order 

of 2 or 3 and sometimes qreater. 

- -b Notice that the averaqe transport, Q , does not equal aQ , so if 
s 

transport records are collected for a sinqle year of averaqe flow, 

the results are not representative of the averaqe transport. Further

more, the qreater the value of the exponent, b, the qreater tne 

disparity between the sinqle years record and the averaqe is likely 

to be. The result of this difference in variability between larqe 

and small streams is that to obtain the same relative accuracy, longer 
• 
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records are required on small rivera than on large rivera. We return 

to this point in a later aection1 for now we simply reinforce this 

idea by the following data for the Rio Chira in Peru, given by 

Burz ( 1977): 

Year 

1965 

1966 

Annual Flow 

(m3/s) 

278 

51.6 

Annua 1 Suspended Sediment Load 

(109 kg) 

74.7 

4.0 

Notice that the sediment load of 1965 ia larger than the annual 

sediment load of the Congo River. The five-fold difference in flow 

for the two years is accompanied by an almost 20-fold difference in 

sediment load. This sort of year-to-year variability, common to 

small streams in arid regions, ia not so likely to occur in large 

rivers, especially those of humid regions. 

Another characteristic of streams with large flow variability 

is that much of the transport occurs during the few days of highest 

flows. This ia illustrated very well by data from the Eel River at 

Scotia, California. Figure 4 shows annual flows for 1958 through 

1978, together with the quantities discharged during the highest 1% 

and 10% of the time. A similar graph for sediment discharge ia shown . 
in Figure 5. The catastrophic flood during the 1965 water year re-

sulted in an annual sediment load of over 150 million tons, 70% of 

which was discharged in 4 days, an amount greater than the combined 

total for the previous 7 years and equal to 24% of the total sediment 

discharged in the 21-year period of record. Notice also that in

cluding the 1965 sediment data in the 21-year average sediment load 
6 6 yields 21.8 x 10 tons against 15.3 x 10 tons for 20 years excluding 

1965. Properly included in the average, this event should be 

weighted according to its frequency of occu~e, which involves 

some judgment and extrapolatioft, because of the short record. Probably, 

it has a return period of about 200 years. The 1977 water year had 
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exceptionally low flow, and the se4iment load, less than 20,000 

tons is too small to be shown on Figure 5. For the 21 years, 

flows ranged from 14.2 km3 in 1974 to 0.5 km3 in 1977, a factor 

of about 30, and sediment~ad ranged from 20,000 tons in 1977 

to 152,000,000 in 1965, a factor of about 7,000. For most years, 

a one third of the sediment is discharged in 1% of the time and 

90% is 4ischarge4 in 10% of the time. 

The data for the Eel River show two things very clearly. 

First, there ·may be great variability in short records, so estimates 

of mean values may be substantially in error unless extreme events 

are somehow weighte4 according to their frequency of occurrence. 

Secon4, sampling such streams using a simple time series is not 

sufficient: rather extensive sampling should be undertaken to cover 

the high flows, with less frequent samples 4uring low flows. 

The impact on ae4iment discharge of extreme flood events in 

large rivera is not so gre•t as in small rivera. For example, the 

1973 floo4 of the Mississippi River had a recurrence interval of 

about 100 years, but the annual se4iment load of 210 x 106 tons 

for the station at Tarbert Landing (near Baton Rouge) was only 

150% of the average annual loa4, 140 x 106 tons per year, for the 

period 1963 to 1978. 

RIVER MIXING AND REPRESENTATIVE SAMPLES 

Many samples of river water are collecte4 by simply dipping a 

sample bottle into the flow at or near the water surface at a single 

point in the cross section. Generally, this kind of sampling should 

be avoi4ed: it cannot be assumed that rivers are well mixed either 

vertically or laterally. For example, Figure 6 shows lines of equal 

concentration of suspen4ed se4iments for the Amazon River at Mana

capuru (Meade et al., 1979) and Table 3 gives concentrations of 
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TABLE 3 Titration Alkalinities for Several Cross Sections of 

Station 

Iquitos 

h . a t e Amazon R1ver -

Sample Locations 
b in a Vertical-

T 

M 

B 

Santo Antonio T 

B 

Obidos T 

M 

B 

~ Data from Stallard, 1980. 

Alkalinity£. 

Left Middle Right 

1,079 1,213 1,280 

1,114 

1,236 1,265 1,285 

443 913 992 

457 914 982 

338 387 390 

343 388 387 

342 385 389 

~ T is near the water surface: B is near the bed: M is about midway 

through the depth. 

£ Left, middle, and right refer to cross channel locations of each 

vertical. 
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di•aolved inorganic constituents in terms of total alkalinity, for 

several cross sections. Obviously, the fl~ is not well mixed at 

the•e cross sections with regard to either dissolved constituents or 

•ediment particles. curtis et al. (1979) found the concentrations 

of surface samples to be about half the concentrations of depth-integrated 

••~lea of suspended fine sediments from the Amazon River (Figure 7), 

and suggest that appreciable errors may result in using surface 

samples to compute the flux of either dissolved or particulate 

•teriala. 

The discharge Q of any dissolved or suspended solid material • transported by a river is defined by the equation~ 

B D 

Q8 a .f I dy dz (4) 

where B is the river width, z is the cross channel position, y is 

distance from the bed# positive upward, D is the local depth at 

po•ition z, and c and v are concentration and velocity of the • • 
.. terial under consideration. Both c and v are functions of y and 

z. The assumption usually is made that v is the same as the local • flow velocity, but this is not necessarily so for solid particles. 

The distribution of velocity and concentration usually cannot be 

derived theoretically or described analytically, but if velocities 

are measured and samples are collected at a number of points in a 

cross section, it is possible to integrate Equation 4 graphically 

or numerically, as ah~ in Figure 8. This method is widely used 

in sampling large rivera. Figure 9 shows the point sampling device 

we used on the Amazon River: it can operate to depths of 100 m in 

velocities up to 3 m per second, and it provides simultaneous 

mea•urea of v, c, and y. Standard point sampling equipment used in 
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Relations between concentrations of fine-grained 

suspended sediment at the river surface and in 

depth-integrated samples in the Amazon River mainstem 

near Iquitos, at s\o Paulo de Olivenca, at Santo , 
Ant~nio do 19'' at Itape6a (near Coari), near 

Manacapuru, and at Obidos. Points are coded by 

river depth: •, depths < 24 mr 0, 24-49 mr 

6 , > 50 m. Lines through the graph are not 

regression lines but are reference lines to show 

ratios of surface to depth-integrated concentrations. 
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FIGURE 8 

Velocity 

A schematic diaqram showinq the method for inteqratinq 

Equation 1 by means of point-velocity measurements 

(top fiqure) and concentrations from point-inteqrated 

sediment samples (middle fiqure). The sediment 

discharqe shown in the bottom fiqure is the product 

of velocity and concentration. 
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4.8mm 0. Four Conductor Steel Cable 

-----,,------------, 11 II 
II II 
1' Auxiliary 1 I •' ,, 
11 Air Chamber 11 .: :: 
II ,, 

I 
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I 
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I 
~-------4 

Transducer For 
Depth Sounder 

~--------------------------------1 .97m--------------------------------~ 

FIGURE 9 Point-sampling equipment used in Rio Amazonas and 

its tributaries in 1976 and 1977. Upper part shows 

a modified US P-63 point-integrating sampler. Lower 

part shows equipment for providing extra air capacity 

and weight. 
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the United States are described in Determination of Fluvial Sediment 

Discharge (U.S. Interagency Committee on Water Resources, 1963). 

A much quicker and simpler method of integrating lquation 4 is 

to do so mechanically by means of depth-integrating samplers. These 

samplers are designed with a hydraulic efficiency of one, so that 

the intake velocity of the sampler is equal to the stream velocity 

at every point in the flow field. If the sampler traverses from the 

water au;face to the bed and back to the water surface at a constant 

transit rate at each of a n~mber of equally spa·ced verticals in the 

cross section, the resulting composite sample is a representative 

sample of both Q8 , the flux of dissolved or solid particles, and Q, 

the streamflow. By definition, the mean concentration in the cross 

section, c, is equal to the concentration of the composite sample 

(5) 

Por shallow streams, a number of depth-integrating samplers are avail

able, and all these can be adapted to sampling for organic carbona. 

Those commonly used in the United States are described, along with 

the proper sampling procedures, in the interagency report referred 

to above. For large rivera, the bag sampler developed for use on 

the Columbia River by Stevena et al. (1980) and modified for the 

Amazon River (Meade!£ al., 1979) (Figure 10) can be used to sample 

for suspended sediments. However, the plastic bag used here for the 

sample container may not be suitable for DOC (dissolved organic car

bona), although it might be suitable for POC (particulate organic 

carbons). Perhaps there is need for additional developments on 

depth-integrating samplers for deep rivera. 

RELATIONS BETNEBN CONCENTRATION AND DISCHARGE 

In many rivera, the concentration of suspended sediment increases 

and the concentration of dissolved inorganic material decreases with 
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FIGURE 10 Depth-integrating sampler used in Rio Amazonas 

and its tributaries in 1977. Overall length, not 

including nozzle, is 0.9 m. For our operations, 

the sampler was mounted in the sampling array 

(shown in Figure 4) in the position that was 

occupied by the P-63 sampler during point sampling. 

However, the depth-integrating sampler can be mounted 

on top of any suitable sounding weight. 
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increasing water discharge. In addition, there is often a 

hysteresis in the relation between the concentration of sedi

ment and water discharge, with higher concentrations on rising 

stages and lower concentrations on falling stages. Whether 

any consistent relations exist between concentrations of organic 

carbon and streamflow remains tobe established for most rivers. 

The concentrations of POC probably will increase with flows and 

•11 correlate with concentrations of suspended sediment for many 

rivers, and it can be expected that the flux of CPOC (course 

particulate organic carbon) would be especially high during 

major floods as course debris that accumulates during normal 

years is flushed from the watershed during these extreme events. 

The concentrations of DOC are not as likely to correlate with 

flows or to show trends similar to concentrations of dissolved 

inorganic constituents because they are controlled by different 

and complex processes. 

Tables 4, 5, and 6 show current data for the Yukon, Columbia, 

and St. Lawrence rivers. Notice that the earlier data show only 

concentrations for TOC (total organic carbon): the separate 

analysis of DOC and SOC (suspended organic carbon) are available 

only for the last two years. (For this discussion, POC and soc 

may be considered synonomous.) A few generalities can be drawn 

from these data: (1) the concentrations of organic carbon are 

low, ranging from 3 to 21 mg/1 on the Yukon, 1.2 to 11 mg/1 on 

the Columbia, and 2.2 to 24 ~n the St. Lawrence, (2) the ratio 

DOC/SOC ranges from about 2 to about 18, with no apparent relation 

to flow or season, (3) no seasonal patterns or correlations with 

flows or suspended sediment concentrations are apparent. 
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TABLE 4 Concentrations of Suspended Sediment and Organic carbon 

in St. Lawrence River at Cornwall, Ontario (Near Massena, 

New York), 1977 through 1979 wa ter Years 

Flow Concentration {!!9:Ll~ 
Date ~m3Ls~ Sediment roc ooc soc 
26 Oct 1976 8,468 2 3.8 

26 Jan 1977 6,457 13 

27 June 7,080 17 5.6 

29 Aug 7,533 2 5.8 

27 Oct 8,496 1 4.2 

28 Nov 8,468 4 7.0 

27 Dec 6,599 5 9.7 

26 Jan 1978 7,222 13 1.6 

23 Feb 8,355 4 3.5 0.8 

24 Mar 9,091 7 6.1 

26 Apr 8,723 3 9.7 

25 May 9,063 6 8.3 

26 July 7,958 8 3.2 

28 Aug 7,873 4 2.9 

25 Sept 7,760 2 2.0 

25 Oct 7,363 1 6.2 0.7 

27 Nov 6,655 1 3.7 

21 Dec 5,664 14 2.5 

25 Jan 1979 6,231 2 3.1 

26 Feb 7,080 1 24 

29 Mar 7,816 6 3.9 

25 Apr 8,270 2 2.2 

29 May 8,496 3 2.4 

26 June 8,213 2 15 0.6 

26 July 7,788 2 4.0 

27 Aug 7,760 3 2.2 

25 Sept 8,241 2 3.4 0.2 
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TABLE 5 Concentrations of Suspended Sediment and Organic 

Carbon in columbia River at Warrendale, Oregon, 1975 

through 1978 water Years 

Date 

11 Oct 1974 

30 Oct 

12 Nov 

25 Nov 

11 Dec 

30 Dec 

7 Jan 1975 

21 Jan 

11 Feb 

19 Feb 

4 Mar 

20 Mar 

1 Apr 

15 Apr 

29 Apr 

15 May 

28 May 

10 June 

24 June 

14 July 

6 Nov 

3 May 1976 

5 Aug 

4 Oct 1976 

22 Oct 

24 Jan 1977 

28 Apr 

25 July 

6 oct 

.Flow 
(m3 /s) 

3,820 

4,480 

2,910 

3,230 

4,430 

4,710 

5,070 

5,180 

5,880 

5,840 

6,870 

7,040 

7,370 

7,050 

7,370 

8,940 

9,240 

9,910 

8, 740 

6,330 

4,760 

8,100 

7,310 

4,580 

4,390 

5,110 

3,590 

2, 740 

3,740 

Concentration (mg/1) 
Sediment TOC 

1 

1 

1 

1 

2 

35 

31 

30 

43 

41 

48 

40 

28 

21 

26 

26 

20 

13 

9 

18 

16 

6 

4 

9 

10 

9 

8 
197 

2.8 

1.8 

2.1 

11 

3.6 

2.3 

1.7 

2.5 

6.8 

1.7 

2.3 

2.2 

2.4 

1.6 

3.9 

2.2 

3.2 

5.8 

3.4 

5.3 

2.8 

5.8 

3.9 

1.4 

1.2 

1.3 

2.2 

1.8 

1.3 

DOC soc 
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8 Nov 3.540 8 1.7 

28 Nov 3. 740 22 1.5 

25 Jan 1978 5.130 16 1.7 

13 Feb 4.590 19 2.0 

20 Mar 5,070 10 1.5 

21 Apr 7.030 21 1.8 0.6 

19 May 8,670 30 3.5 

9 June 8,130 26 3.0 

11 July 6,320 21 1.7 0.8 

25 Auq 3.450 11 2.1 
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) 

\ 

TABLE 6 Concentrations of Suspended sediment and Organic 
Carbon in Yukon Ri~er at Pilot Station, 1977 and 
1978 Water Years 

Flow Concentration {!iLl} 
Date {m3L.s2 Sediment TOC DOC 

20 Mar 1977 1,354 2.6 

8 June 17,900 512 21 17 

19 July 11,640 203 9.6 7.5 

29 Sept 7,930 16 

1 Peb 1978 1,512 4 3.0 2.9 

28 June 13,680 308 6.4 

22 Aug 8,893 676 9.6 4.2 

27 Sept 5,324 140 5.1 

., 
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2.8 

.5 

1.5 

1.1 
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It should be pointed out that both the Columbia and St. 

Lawrence are highly regulated and have very low concentrations 

of suspended sediments: they are not typical rivers. Also, the 

data for the Yukon are not extensive enough to permit any con

clusions about seasonal trends. More extensive data are avail

able in the report by Malcolm and Durum (1976) for four other 

rivers draining to the Atlantic and to the Gulf of Mexico: the 

Mississippi, Neuse, Brazos, and Sopchoppy. For the Mississippi 

River, there is a fair correlation between concentrations of 

SOC and suspended sediment (Figure 11), and both SOC and sedi

ment concentrations correlate roughly with water discharge 

(Figures 12 and 13). The DOC concentrations for these data range 

from 2.2 to 4.5 mg/1, averaging 3.4 mg/1, and were found to be 

independent of discharge and without seasonal trend (Malcolm and 

Durum, 1976, p. F20). The ratio of DOC to soc ranges from 0.48 

to 2.55. 

For the Brazos River near Richmond, Texas, the SOC concen

trations do not correlate with either suspended sediment con

centrations (Figure 14) or water discharge (Figure 15), but the 

suspended sediment concentration shows a fair correlation with 

flow (Figure 16). DOC concentrations range from 0.5 to 7.7 mg/1, 

averaging 3.7 mg/1, with an apparent seasonal trend, higher con

centrations occurring during December through March. The ratio 

DOC/SOC ranges from 0.41 to 3.32. 

Annual flows and organic carbon loads for the four rivers 

are summarized in Table 7. Notice in particular the range of the 

DOC:SOC ratios and the high average concentration, 30 mg/1, for 

the Sopchoppy River. 

Finally, it is of some interest to compare the above figures 

with a few values found in the literature. Wetzel and Rich (1973) 
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FIGURE 11 Relation between ~oc and sediment concentrations, 

Mississippi River, Louisiana. 
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Relation between SOC concentration and water discharqe, 
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202 

Copyright © National Academy of Sciences. All rights reserved.

Flux of Organic Carbon by Rivers to the Oceans:  Report of a Workshop, Woods Hole, Massachusetts, September 21-25, 1980
http://www.nap.edu/catalog.php?record_id=19737

http://www.nap.edu/catalog.php?record_id=19737


FIGURE 13 
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Relation between sediment concentration and water 

discharge, Mississippi River, Louisiana. 

203 

Copyright © National Academy of Sciences. All rights reserved.

Flux of Organic Carbon by Rivers to the Oceans:  Report of a Workshop, Woods Hole, Massachusetts, September 21-25, 1980
http://www.nap.edu/catalog.php?record_id=19737

http://www.nap.edu/catalog.php?record_id=19737


FIGURE 14 
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Sediment concentration, In mg/L 

Relation between SOC and sediment concentrationa, 

Brazos River near Richmond, Texas. 
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Relation between sediment concentration and water 

discharge, Brazos River near Richmond, Texas. 
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TABLE 7 Summary of Annual carbon Load Data for Pour Rivers!. 

Average Annual Load Average Concen-
Flow (103 kg/yr) tration (mg/1) 

(m3/s) 
DOC soc DOC soc 

River 

Sopchoppy 6.13 6,410 272 32 1.4 

Neuse 57.7 14,060 4,750 7.5 2.5 

Brazos 179 21,800 25,100 3.7 4.3 

Mississippi 12,600 1,560,000 1,810,000 3.8 4.4 

~bstracted from Malcolm and Durum (1976, p. Fl6). 

Ratio 
DOC/SOC 

23 

3 

0.86 

0.86 
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state that "almost universally, the ratio of DOC to POC approx

imates 10:1 in both lacustrine and stream systems." Kempe 

(1979) gives figures extracted from Garrels !1 al. (1975) for 

average concentrations of rivers of DOC • 3.28, POC • 1.76, 

for a ratio of 1.86:1. Garrels and Mackenzie (1971) show the 

concentration of DOC z 9.6, and the figures cited by Richey and 

others (1980) for the total organic carbon flux of 1014 to 

1015 grams per year yield concentrations from about 2.7 to 

27 mg/1. It seems fairly clear that firm figures either for 

the ratio DOC:POC or for the average concentration of organic 

carbon in the rivers of the world remain to be established. 

Global extrapolation based on the limited data now available 

seems at best a little risky. 

In concluding this section, it appears that substantial 

additional data should be collected on organic carbon in the 

rivers of the world, and the most effective S'.mpling procedures 

would be such that the frequen~y of sampling will define any 

seasonal trends and correlations with flow or with suapended 

sediment concentrations for both DOC and peq. 

STANDARD ERRORS OF BSTIMATB$ 

Consider a time series of independent values, xi~ with mean, 
2 

~ and variance, 6 A dimensionless measure of diapersion is 

the co~fficient of variation, Cv • 61 ~ If an estimate of ~ is 

determined from a sample of size n, the unbiased estimate cfthe 

mean i~ ~. 

2 =··k ~ X• . . l. 1 1 
1= 

(6) 

and the standard error of the mean, SB, is 

(7) 
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In practice, of course, the variance ia not known: it has to 

be estimated from the sample: 

n 
1 ( -)2 62z_ t x -x 

n-1 i=l 

(8) 

Assuming the annual flows of the rivera in the world are uncor

related, the atandard error for the total mean annual flow to the 

oceana ia 

S.B. • v6,2 
n, 

••• 

(9) 

Thus, the accuracy of our estimates of global flux of water, aed-

i.ant, diaaolved constituents, and ao on, depends on the varia

bilitiea of the time aeries and the lengths of their recorda. 

Flow recorda generally are longer than transport recorda, 

and they exhibit leaa variability. Table 8 summarizes our 

investigation of 24 u.s. rivera with daily sediment recorda of 

15 years or longer. values of Cv average about 0.45 for the 

flows and 0.70 for the sediment diachargea. The atandard error 

as a percentage of the mean value ia 100Cv/(n) 1/ 2, about 7% for 

the flow and 15 % for the sediment, thus the relative error in 

sediment recorda is about twice that in the flow recorda. Notice 

also that the aediment recorda are more highly skewed than the 

flow recorda. 

Many of the rivera included in Table 8 were small .rivera 

in arid and semi-arid regions of the United States, ao the 

values of Cv are much higher than the values for l~rge rivera. 

Kalinin (1968) has compiled data for 137 rivera of the world, 

and ~ble 9 ahowa values for 11 large rivera. ·The cv values 

average about 0.15: the large rivera are much leas variable than 
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TABLE a. Average coefficients of variation and Skewness for 

Annual Flow and Sediment Records of 24 u.s. Rivers 

Annual flows 

Range 

Average 

Annual sediment 

discharges 

Range 

Average 

n 

23 to 113 

47 

15 to 39 

22 

210 

c v 

0.245 to 0.782 

0.451 

0.374 to 1.070 

0.695 

-0.785 to 1.251 

0.536 

0.006 to.2.063 

1.222 
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TABLE 9. Statistical Properties of Flows for 11 Large Riversa 

Mean flow S.E. 

River 
3 c c 3 

m /s n v v/n m /s 

Yangtze 23,700 90 0.14 o. 0148 350 

Ob 12,460 20 0.16 0.0358 446 

Yenesi 18,100 20 0.054 o. 0121 219 

Lena 15,900 20 0.12 0.0269 427 

Pearl 7,58~ 56 0.21 0.0281 213 

Amur 7,300 40 0.09 0.0142 104 

Volga 7,480 75 0.18 o. 0207 155 

Danube 5,300 118 0.18 0.0166 88 

Columbia 5,420 73 0.20 o. 0234 127 

St. Lawrence 6, 740 98 0.08 0.0080 54 

Mississippi 4,900 96 0.29 o. 0290 142 

I 
! ! From Ka1inin, 1968. j 
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small rivers. The dimensionless standard errors of the means for 

these 11 rivers range from 0.8% to 3.6%. The sum of the flows is 
3 about 115,000 m /s and the standard error of the sum from equation 

9 is 824 m3/s, or slightly less than one%. As more values are , __ 

included in the sum the absolute value of the standard error in

creases, but the percentage of error relative to the sum of flows 

decreases. 

The above values are based on the assumption that the aeries 

are independent. In reality, hydrologic time series possess auto

correlation and are cross-correlated, so the standard errors of 

estimates will always be greater than for independent series. 

Methods for estimating standard errors of the mean for autocorre-

lated and cross-correlated time series were developed by Matalas 

and Langbein (1962) and applications of their theory to flow and 

sediment records were described by Nordin and Sabol (1973). The 

details are rather complicated and we will not go into them here 

except to note that estimates for mean values of sediment loads 

can almost always be improved by using the relation between water 

and sediment discharge, Equation 4, to extend the sediment record 

through the period of flow provided that 10 or more years of concurrent 

flow and sediment records are available, the correlation coeffici-

ent between water and sediment series is 0.5 or greater, and the 

first order serial correlation for the sediment series is less 

than 0.6. These co~ditions usually are met. Because of the 

high autocorrelation in annual sediment series, the standard 

errors of estimates are about three times as great as for a random 

independent series with the same variance. 

Standard errors for time series of dissolved constituents 

have not been estimated, so far as we know, but it might be of 
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------~-----~-~ ~ ~- --· - -

interest to do this for a few representative rivers to get some 

idea of relative errors. No long time series for organic carbon 

exists, ao again, it would be prudent to deaiqn a global sampling 

program to collect such data for at least a few representative 

rivera. Perhaps such a program could be coordinated with the 

current efforts of UNE3CO to monitor pollution to the ocean from 

230 large rivers of the world. 

ESTUARIES AND THE COASTAL ZONE 

Mostgauging stations on rivers discharging to the oceana are 

located well upstream of major tidal influence, where the flow and 

transport of solid or dissolved material always are seaward. Re

cords from these stations constitute the basis for many estimates 

of the total streamflow and flux of transported materials to the 

oceans. Clearly, the amount of material passing these stations 
' 

represents a seaward flux, but it does not follow that all of 

the solid or dissolved materials re~the deep oceana. Chemical re-

actions, biological activities, and depositional processes in 

estuaries and in the near-coast environments probably control 

the chemical composition and the amount of dissolved and solid 

material that ultimately reaches the deep oceans. 

Estuarine processes are especially important in consideration 

of organic carbon, because many organic carbon compounds are highly 

unstable, be~ng subject to mineralization to inorganic carbon, ane

robic reduction to gaseous hydrocarbons, assimilation into biomass, 

and precipitatbn, adsorbtion, and flocculation interactions. 

These complex estuarine and coastal processes and their effects 

on the flux of organic carbon to the oceans are beyond the scope 

of this diacussionr they are treated elsewhere in this volume and 

213 

Copyright © National Academy of Sciences. All rights reserved.

Flux of Organic Carbon by Rivers to the Oceans:  Report of a Workshop, Woods Hole, Massachusetts, September 21-25, 1980
http://www.nap.edu/catalog.php?record_id=19737

http://www.nap.edu/catalog.php?record_id=19737


we will not consider them further. HOwever, we emphasize that 

the quantities of dissolved and solid materials moving past river 

g~g stations are delivered to estuaries and coastal zones, and 

these are not necessarily the same as the quantities of materials 

that eventually find their way to the deep oceans. 

CONCLUSIONS 

In the previous sections, we considered representative sampling, 

time aeries, and the effects of extreme events. In summary, our 

conclusions are as follows: 

1. Generall~ rivera cannot be considered well mixed, so 

point samples or width-depth integrated samples should be collected. 

2. For most large rivera, relations between concentrations 

and flows and seasonal trends in concentration can be defined by 

sampling as a times series -- for example, monthly or bimonthly 

samples. For small and "flashy" streams, much of the transport 

occurs during the few days of high flows, so sampling should be 

designed to cover the flood events, rather than as a fixed-interval 

time aeries. 

3. Many small rivera transport large quantities of sediment 

to the oceans: and they may do the same for organic carbona. 

Global extrapolation of the flux to the ocean of river-transported 

materials should include representative sampling of small as 

well as large rivera. 

4. Standard errors of estimates of mean values and the sums 

of mean values are determined from the statistics of the time aeries. 

The shorter the record and the greater the variance of the time 
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series, the larger the standard error. In order to define the 

sundard errors in flux to the ocean, we need some long-term 

aeries of transported quantities from representative rivera of 

~~rM. 
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RIVER TRANSPORT OF ORGANIC CARBON TO THE OCEAN 

M. Meybeck 
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Rivera are a major form of material transport from land 

to ocean (Garrels and Mackenzie, 1971: TUrekian, 1971). A 

satisfactory body of knowledge about river inputs of dissolved 

major ions (Livingstone, 1963: Meybeck, 1979) and of particulate 

material (Alekin, 1978: Gordeev and Liaitzin, 1978: Martin and 

Meybeck, 1979) now exists. Despite several specialized confer

ences on the global carbon cycle (Reiners, 1973: Duce and 

Duurama, 1977: Bolin ~ al., 1979) and on river inputs (Duurama, 

in press), estimates of organic carbon carried by rivera are 
12 -1 still baaed on very few studies and range between 100 10 g.year 

12 -1 (Duurama, in press) to at least 1,000 10 g.year (Richey 

!.1 !!·, 1980). The purpose of this paper is to review the 

existing data on dissolved, particulate, and total carbon 

(DOC, POC, and TOC) in rivera, to study their variation with 

time and apace, and to extrapolate these data to the global 

input of organic carbon from rivera to oceana. 

Organic carbon has been generally analyzed in four types 

of studies: 

1. Regular monitoring of water quality in rivera in 

which organic carbon is considered a good indicator of water 

pollution. These surveys are rare, being limited chiefly to 

a few national (Canada, SWitzerland) or international (Rhine 

Commission, Leman commission) programs. A related survey has 

been running in USSR for two decades: the permanganate value (PV) 

is regularly measured. TOC is now considered a key parame':er 
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in international surveys coordinated by United Nations (UNEP, 

UNESCO, WHO, WMO) such as the Reqional Seas Proqramme of the 

World Reqiater of Rivera (WORRI). However, a few countries 

have bequn to monitor this parameter. 

2. Specific surveys to study the origin, distribution, 

and fate of organic carbon in rivers. More data are found in 

this cateqory than in any of the others, but they mainly con

cern very small watersheds (Fisher and Likens, 1973: Beck et 

al., 1974: Lewis and Tyburczy, 1974: Brinson, 1976: Lewis and 

canfield, 1977: Lock !1 al., 1977: Naiman and Sibert, 1978: 

Sedell!! al., 1978: Mulholland and ~enzler, 1979: Naiman 

and Sedell, 1979: Wallis, 1979). Major rivera are seldom 

studied except the Amazon (Williams, 1968: Richey et al., 

1980), the Danube (Tittizer, 1978), u.s. rivera (Malcolm and 

Durum, 1976), and some of the rivers in the Soviet Union 

(Taraaov et al., 1977). 

3. Carbon budgets of lakes (Wetzel and Otauki, 1974: 

de March, 1975: Jordan and Likens, 1975: Odum and Prentki, 1978). 

4. General studies of river geochemistry (Brunskill et al., 

1973: Waqemann!! al., 1977: Zobrist et al., 1977: Capblanc and 

Decamps, 1978: Eiama !1 !!·• 1978) or estuarine qeochemiatry 

(Cauwet et al., 1980) where organic carbon is used to describe 

the geochemical environment. The study of the composition of 

river orqanic matter started recently (Beck!! al., 1974: 

Wetzel and Otauki, 1974: wallis, 1979), but this question will 

not be considered here. Selected data are presented in Table 1. 
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.........-· 

TABLE 1 Selected Data on Organic Carbon in Rivers (concentrations of DOC, POC, 

and 'l'OC 
. -1 1n mg.l : specific transport rate (DOC , POC , and 'l'OCexp> 

t.km-2 .year-1 : 
-lexp_2 a exp 

in specific discharge q in l.s · .km -

DOC POC 'l'OC DOC/'l'OC ooc.., POCexp 'l'OC•xp q Refenncea 

'I'WDitA 
Char (1.4) (0.08) (1,5) 0,95 0.31 0.011 0.33 (7) de llarc:b. 1975r lnd~nt canada, 1978 

Ttlelon 5.4 0.72 4.2 Bnvlraa.eat Canada, 1978 

lfaaan 5.0 1.3 8.0 Davl~t cauda, 1978 

Quoich 3.7 O.ll 1.1 Davi~nt Canada. 1978 

lac" 4.0 0.63 5.0 lnviron•nt Canada, 1978 

TAIGA 
Ob 10.9 1.7 4.9 '!'aneov tt !!·. 197'7 

YenhHi 9.2 2.0 6.8 '!'anaov !!. !!·. 1977 

N Lena 10.5 2.2 6.7 ftneov !!. U•• 1977 
N 
N Olene" 13.5 1.9 4.45 ftraeov !!. !!•. 197'7 

Yana 11.3 1.5 4.25 ftraeov !!. !!·. 1977 

J:ncli9irb 8.9 1.36 4.85 ftneov .11 !!·. 1977 
I 

Ko1pa 6.7 0.73 3.45 ftr .. ov !!. !!·. 1977 

Qu'appelle 15.9 Davlron•nt canada, 1971 

Saabtcbewan 8.9 10.9 0.12 1nv1~t canada. 1971 

llecl Deer 14.9 23 . 8 0.63 8nY1rcnMnt Canada, 1978 

Aaalnl!loine l2 lnvlron•nt cauda, 1978 

lflnnlpe4J 11.7 IDYl~t Canada, 1978 

lliaMli)Otapn ll.3 16.1 0,12 8nv1rOD-t canada, 1978 

Pi.,.an 10.7 12.6 o.es 8nY1ronMat Canada, 1978 

l'aplar 12.7 14.8 O.H lllvlr~t cauda, 1971 

aro'lr.enbead 15.8 22 0.72 8nvi~t cauda, 1971 

Galer 25.1 24.1 1.0 Davua.eat canada, 1971 

Piaber 18.5 20 o.t3 lllYi~t Canada, 1971 

.. laon 8.2 9.0 0.9 (0.55) (0.62) 2.2 lnvlronMnt Canada, 1978 .. , ll.6 (2.0) 2.0 lnYlronMnt Canada, 1971 

luffa1o 20.9 (2 .1) 3.2 lllvi~t cauda, 1978 

Liard 22 (6.21 9.0 IDvirODMnt cauda, 1978 

Willow La"• 16.7 (1.551 2.9 BnvironMnt canada, 1978 

lleclatone l2 .2 (3.45) 9.0 ~·l~n~ canada, 1918 
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DOC POC 'l'OC DOC/'l'OC DOCexp JIOC.xp 'I'Oc:exp q Mfennc:ea 

Great .. ar 3.7 (0.451 3.84 Bnviron .. nt Canada, 1978 

McKenzie 11.5 (1.951 5.3 Bnviron .. nt Can..da, 1978 

Arctic a.d 12.9 (4.11 10.1 Bnviron .. nt canada, 1978 

Yukon 12.5 (2.951 7.2 ('!!_) 

'rDIPDA'l'B 
lliaaiaaippi 3.4 3.8 7.2 0.47 (0.581 (0.651 11.231 5.45 llalcola and oan., 1976 

lliaaouri 4.6 20 24.6 0.19 (0.21 (0,93 I (1.141 1.5 lla1co1• and Dllr-. 1976 

.. u .. 7.1 2.8 9.9 0.72 (2 .621 (1.031 (3.651 11.7 M1co1• and D11ru11, 1976 

otlio 3.1 1.8 4.9 0.63 (1.361 (0. 791 (2.15) 13.9 lla1co1• and INn•, 1976 

Alpine abone 0.9 2.1 o.u (1.01 (2.31 34.6 Lellan C01111iaaion, 1978 

•· Dvina 16.8 (5.01 9.5 'l'araaov !l !!·• 1977 

lie SUI 17.5 (6.41 11.6 'l'araaov et !!·, 1977 

Pee: bora 13.5 (5. 751 13.5 'l'araaov !l !!·• 1977 
N 
N OMcJa 22.6 16.15 I 8.6 'l'araaov!! !!·• 1977 
w •• 18.0 (4.8) 8.5 'l'araaov ~ a1., 1977 

IWediah rivera 2.3 15 Ah1 and Oden, 1972 

rinniah rivera 4 Martiovaara, 1978 

Apalachicola 4.6 12 .2) 15 1!!1 

co1\lllbia 2.9 10.9) 8.95 I!! I 

De~r• 9.o (5.31 18.6 ('!!,I 

Blldaon 4.6 (2.551 17.6 ('!!,I 

Alabll• 4.5 (2.31 16 ('!!,I 

Sac:ra .. nto 2.6 (0.81 9.6 I'!!, I 

laa .Joaquin 5.2 (0.61 3.6 ('!!.I 

savannah 13.2 I!! I 
4.2 (1. 75) 

·~hanna 4.2 (2.01 ~5.1 
I'!!, I 
(£) 

rraser 4.4 (2 .25) 16.1 
(£1 

hlnt Z.WZ..nce 2.7 (0.81 9.55 

loath carolina 8.5 
rivera 5.3 ~ia and '!'yburcsy, 1974 

5.8 

llev Zealand 
rivera 0.61 to I.ock 11 !!· • 1977 4.57 

Ofttario 
rivera 2f:Z to I.ock 11 ll·. 1977 
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DOC POC TOC DOC /'rOC DOCexp POCexp 'I'OCexp q ~ferencea 

TIMPIRATI (eont. I 
Nanai110 8.7 3 .1<1 11.8 0.7<1 1<1 .2 S.3 19.S S3 ••i .. n and Sibert, 1978 

Caaeade 
Mountain• (1.7S) 0.<18 (2.2S) (0.78) Nai .. n and Sede11, 1979 

(1.6) 0.29 (1.9) (0.8S) .Nai .. n and Sede11, 1979 
(1.2) 0.29 (1.5) (0.80) Nai .. n and Sede11, 1979 
(0.6") 0.37 (1.0) (0.63) Nai .. n and Sed~l1, 1979 

IIOeky IIOWl-
tain l'ennack. 1977 
rivera 1.95 

MAr110t creek 2.2 1.2 16.8 Walli8, 1979 

Lot (<I. 5) (2 .7) (7.2) (0.6~) (2.5) 17.3 Capblanc and Daca~•· 1978 

Garonne 2.2 o.8 11.3 cauw.t !1 !!·· 1980 

DordCMJne 2.7 1.8 20.9 Cauw.t !1 !!·, 1980 

Glen avin 13.5 Sholkovita, 1976 

Water of 
Luc:e 6.7 Sholkovita, 1976 

Stinchar 7.6 Sholkovita, 1976 

Pinch ley (0.83) 6.0 1<12 Od- and Prentkl, lt7a! 
N 

Ocl.- and Prentki, 197d. N liar ion (0.91) 7.35 63 
~ 

llirror (0.60) 1.5 21 ocs- and Prentki, 197&! 

Win9ra (0.<10) 1.9 116 ocs- and Prentki, 197d. 

Lawrence (O.IM) 3.1 38 Od- and Prentki, 197_,! 

Cree <1.1 Sho1kovita, 1976 

A are 3.5 1.2 <1.7 (0.75) (2.9) (1.0) (3.9) 26 SObriat !1 a1., 1977 

lleuaa 2.1 1.0 3.0 (0.67) (2.6) (1.3) (3.9) <11 ZObriat !1 !.!·, 1977 

!Uaain 2.5 1.0 3.<1 (0.72) (2.3) (0.91 (3.2) 29 ZObriat !1 !.!•• 1977 ._. 1.<1 0.9 2.3 (0.61) (1.5) (1.0) (2.5) 3<1 ZCbriat !1 !.!•• 1977 

Alpine aiftra 0.65 1.05 50 Sarra-eartral, 1976 
(France) 

,. ..... ,.1 ...... 
SOpchoppy 27 1.6 28.6 0.94 (12 .8) (0.75) (13.5) (15) MAlcot. and Dll~, 1976 

htilla 23 (7.25) (10) aaek !1 !.!·, 191<& 

IIOrth Carolina (1<1 I (1.0) (15.0) (0.93) '") IID1ho11and and MUena1er, 1979 

,...PDAn POLI»>'8D !?I 
!thine 13.0 (6.5) 15.8 lhina c::a..iaaion, 1975 

l1u 15.0 (5.6) 11.8 JfiMipa in BOlin !1 !.!·. 1919 

Danube (16) (6) (22) 0.73 'l'ittiaer, 1978 
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N 
N 
Ul 

DOC POC '1'0C DOC/'l'OC DOCexp POCexp 'I'OCexp 

ARID RIGIOMS 
Murray ll (0.28) 

ara&oa 3.3 3.6 6.9 0.48 (0.19) (0.21) (0.4) 

'lW) P ICII L WilT 
A .. &on 3.5 1.12 4.42 0.76 

4.2 8.2 12.4 0.34 

6.5 1.5 8.0 0.81 

(5) (5) (10) (O.S) (4.4) (4.4) (8.7) 

Meqro 6.3 2.06 8.36 0.75 (11.7) (3.8) (15.5) 

Branco 3.4 1.88 5.28 0.64 (6.4) (3.55) (10) 

Polochic (5) (12) 4.8 

Sauce (8) (10) 3.2 

SaD MArcoe (3) (8) 2.2 

Oec\IZ'O (15) (20) 

Caroni 5 

Carno 11.4 

Zaire (10) 

I.Va1uea in parentheHa are eati .. tecJ fr011 autiiO&"a' data. 

brOil u.s. Geolo,ica1 Surv.y, Denv.rr quoted in wsac:o. in preaa. 

Uroa Inland Water• Directqrate, OtU.r quoted in WSIICO, in preaa. 

f.uao •t•1 and Otaaki 11974 l and .Jordan and Lilrena 11975) • 

!ri'CIII Aaatnlian .. ter ..... rc:h coanc:ilr .aotecJ in QII8ICO, in preaa. 

q .. fereneea 

0.3 l!,l 

1.85 MA1co1• and Duru., 1976 

Willia .. , 1968 (dry .... on) 

Richey !,t !l·• 1980 (riaift9 atate) 
Richey et a1., 1980 (hiqh water) 

27.8 av.raqe 
10.4 J.£. Richey, thia vo1u.n 
59 wuua ... 1968 

(60) wuua ... 1968 
61 Brinaon, 1976 
27.2 Brinaon, 1976 
26.9 Brinaon, 1976 

Brinaon, 1976 

~i• and Canfield, 1977 

Lewia and canfield, 1977 

Bia .. !,t !1·• 1978 
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The most quoted studies in occidental literature are 

those on the Hubbard Brook Experimental Forest in New 

Hampshire (Fisher and Likens, 1973: Jordan and Likens, 1979) 

and on Lawrence Lake in Michiqan (Wetzel, 1979) where the carbon 

cycle has been intensively studied. However, it is difficult 

to extrapolate these results obtained on a very small area to 

qreater watersheds where reqular seasonal monitorinq is 

qenerally lackinq. Another major qap in the present orqanic 

carbon studies concerns the tropical environment. Except for 

some cruises on the Amazon (William, 1968: Richey et al., 1980) 

and small catchments in Guatemala (Brinson, 1976) and Venezuela 

(Lewis and Canfield, 1977), this environment has not been 

much studied. 

' The heteroqeneity of the data must be noticed. Most 

authors now use carbon analyzers, but in several cases TOC 

has been obtained from PV as in the soviet Union, SWeden (Ahl 

and Oden, 1972) and Finland (Wartiovaara, 1978). Authors differ 

considerably in their findinqs on conversion from PV to TOC. 

In other cases the orqanic carbon is estimated by measurements 

of orqanic matter obtained by iqnition (Naiman and Sibert, 1978)~ 

the proportion is qenerally assumed to be 50% (Jordan and 

Likens, 1975: Richey et al., 1980) but may be less (40% for 

Brinson, 1976). The proportion of 50% has been taken here unless 

a different value has been specified. 
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As for other chemicals (Fe, Al), the distinction between 

dissolved and particulate carbon is not clear-cut. Most authors 

have operationally used qlass-fiber fil~ers of assumed porosity 

around 0.5- u m to separate these two forms: some used 1 1.1 m (in 

the Soviet union) or 0.2 u m (Tittizer, 1978). Actually an 

important part of colloidal carbon remains below the 0.45- u m 

limit- as much as 52.?% (Locket al., 1977). It would be 

better to speak of "nonparticulate orqanic carbon" or of 

"filtered orqanic carbon." The latter can be separated by 

ultracentrifuqation between colloidal carbon correspondinq to 

a sedimentation coefficient > 100 Svedberq units, and dissolved 

orqanic carbon below this limit (Locket al., 1977). Above 

the o.45- u m limit, other distinctions have been made (Fisher 

and Likens, 1973: Sedell et al., 1978): very fine orqanic carbon 

between 53 u m and 1 mm: and, coarse orqanic carbon qreater than 

1 mm. Since these distinctions are seldom considered by authors, 

the usual terms dissolved orqanic carbon (DOC < 6.45 u m) 

and particulate orqanic carbon (POC > 0.45 1.1 m) - will be used 

here. 

DISSOLVED· ORGANIC CARBON VARIATIONS DURING SEASONAL CYCLE 

The DOC variation in a river is usually less than one 

order of maqnitude as is commonly observed for the other major 

dissolved components. Seasonal variations have been described. 

Wetzel and Otsuki (1974) stated that "the DOC was correlated with 

the periodof active terrestrial qrowinq season: inputs were 

reducinq durinq the active qrowinq period and increased markedly 

in the terminal staqes of September which coincided with increased 

precipitation." Here lies the ambiquity of DOC variations in 

runninq waters: durinq the qrowinq season the retention of 
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organic carbon by terrestrial systems should lower DOC in 

river waters, and during high-water stages the DOC contained 

in soils and swamps, where higher values are observed (Wallis, 

1979: Becket al., 1974: Mulholland and Kuenzler, 1979), 

is flushed out to the rivers. In most studies the flushing 

effect has been described. In the Hubbard Brook (Fisher and 

Likens, 1973), DOC was increasing slightly with specific dis

charge q according to a relation log DOC • 0.2 log q - b. In 

Guatemala, Brinson (1976) found an "initial flushinq effect 

of organic matter promoted by early wet season rains and rising 

stage height." A similar increase of DOC (from 3 to 14 mg/1-1) 

has been observed in the Nanaimo River (British Columbia) because 

of autumn freshets (Naiman and Sibert, 1978). In the Amazon 
-1 

River the average DOC was 4.2 mg/1 at the rising stage and 
-1 

6.5 mg/1 at the high-water stage in 1977 (Richey et al., 
-1 1980), whereas it was only 3.5 mg/1 during the low-water 

stage in 1967 (Williams, 1968). 

This effect of discharge has been looked for in data that 

Malcolm and Durum (1976) collected on u.s. ~ivers (Figure 1). 

To permit comparison between the Mississippi and Sopchoppy 
' -1 -2 

rivers, the specific discharge q(l.s .km ) has been used. In 

these rivers DOC generally presents a fivefold variation. For 

the Sopchoppy and Neuse rivers, a slight but easily perceptible 

increase of DOC with q is noted with a rate similar to the one 

observed in Hubbard Brook. For the Ohio and Mississippi this 

trend cannot be ascertained, and the Missouri data are dispersed 

irregularly. This increase of concentration with discharge is 

generally observed for other elements originating in the 
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Data from Malcolm and Durum, 1976. 
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surface layer (litter, soil), such as Nand P compounds, 

which are flushed out during floods, unlike the major ions, 

which are diluted by increased river discharge. 

GEOGRAPHIC VARIATIONS OF DISSOLVED ORGANIC CARBON 

When considering all the data collected for individual 

rivers (most of them annual averages but sometimes individual 

values), one finds that the 70-river sample can be divided 

into 10 tropical rivers, 1 arid river, 43 temperate rivers, 

and 16 stblrctic rivers. Although this sample is obviously 

biased toward the temperate zone, which represents only 

27.5% of the water flowing from land to ocean (Meybeck, 1979), 

some statements can be made (Table 2). 

The median DOC value in rivera is around 5 mg/1-1, and 

80% of rivera have a DOC content between 1 and 20 mg/1-1 • 

The subarctic rivers (located mainly in the Taiga) 

present a higher DOC value (between 8 and 25 mg/1-1, median 

10 mg/1-1) than tropical rivera (2 to 15, median 6 mg/1-1) and 

the temperate rivers (1 to 10, median 3 mg/1-1, if some 

obviously polluted rivera - Rhine, Ems, Danube - are omitted 

from consideration). 

Maximum DOC (around 25 mg/1-l) is observed in rivers 

(Sopchoppy, Satilla) in which the influence of swamps and 

poorly drained soils is important, such as in southeastern 

United States (Becket al., 1974: Malcolm and Durum, 1976: 

Mulholland and RUenzler, 1979). 

Minimum DOC (between 0.7 and 1 mg/1-1) is found in Alpine 

rivers. EXamples are rivera in New zealand (Lock et al., 1977) 

and the Rhone upstream from Lake Leman. 
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TABLE 2 Frequency of Organic Carbon Contents in Rivera~ 

A. Dissolved and Total Organic Carbon 

Ranges (mq.l-1) 0.4-1 1-2 2-5 5-10 10-20 20-40 

Dissolved Organic Carbon 

Taiqa 1 6 7 2 

Temperate 6 9 12 9 1 1 

Tropical wet 3 4 2 1 

Semiarid 1 

Tota 1 Organic carbon 

Tundra 5 3 

Taiga 5 35 17 

Temperate 6 18 9 3 3 

Tropical wet 4 5 2 1 

Semiarid 1 1 

B. Ratio Dissolved/Total Organic Carbon 

langes 

DOC/TOC 

< 0.4 

1 

0.4-0.6 

3 

0.6-0.8 

20 

0.8-0.9 )0.9 

7 3 

c. Specific Transport 

Ranges (t.km2.year-l) < 0.4 

Tundra 1 

Taiga 

Temperate 

Tropical wet 

Semiarid 

1 

2 

a 
=From data given in Table 1 

of Total Organic Carbon (TOCexp> 

0.4-1 1-4 4-10 10-20 

5 

3 

7 

18 

17 

3 

231 

3 

7 

3 

2 

3 

Total &Wilber 
of Rivera 

16 

38 

10 

1 

8 

57 

39 

12 

2 

34 

6 

24 

34 

9 

2 
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RrvER TRANSPORT OF DISSOLVED ORGANIC CARBON 

The specific transport rate DOCexp expressed in 

t.km-2 .year-l (equal 10 kg.ha-1.year-1) is obtained as 

DOCexp=q.DOC where q is the specific water discharge. Com

putation of DOCexp is not always possible since q is not 

always given. On 26 values, DOCexp ranges between 0.2 and 
-2 -1 14 t.km .year • Since DOC seems to be less variable for 

a given temperature zone than q, its transport rate within 

a given climatic zone will mostly be determined by the 

specific discharge. The highest DOCexp values are effectively 

observed in British Columbia (14.2t.km-2 .year-1 for the 

Nanaimo), in Amazonia (11.2 t.km-2 .year-1 for the Negro River), 

and in Florida, where both q and DOC are high (12.8 t.km-2 • 

year-1 for the Sopchoppy). The lowest transport rates 

(<0.4 t.km-1) are found in the arid and semiarid environ-

ments (Missouri, Dnieper, Brazos) and in the tundra (Char 

River), where both q and DOC are low. See •aiman and Sibert, 

1978 (Nanaimo)1 Williams, 1968 (Negro)1 Malcolm and Durum, 

1976 (Sopchoppy)1 de March, 1975 (Char). 

PARTICULATE ORGANIC CARBON IN RIVERS 

The content of particulate organic carbon (POC) in 

rivers is generally expressed in mq.l-1. POC content 

'increases with water discharge as allochtonous particulate 

organic material is flushed out from the watershed to the 

river. This variation is clearly observed in the Hubbard 

Brook study (Fisher and Likens, 1973: Bilby and Likens, 1979) 

and is obvious in data published by Malcolm and Durum (1976) 

for u.s. rivers. 

The particulate organic carbon can also be expressed 

as the amount of carbon per unit mass of particulate matter 

carried by the river, POCs (expressed as % dry weight) defined 
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as POC8 •POC/C8 where c 8 ia the suspended matter content. 

POC8 in rivers ranges between 0.5 and 40%. The minimum 

value is observed for highly turbid rivers (Cs > 1,000 mg/1-1) 

such aa the Redstone in the Canadian Rocky Mountains 

(Wagemann et al., 1977) or the Brazos and Missouri rivers 

(Malcolm and ourum, 1976). The maximum corresponds to low

land rivers with very low suspended material (1 < Cs < 10 mg/l-1) 

such aa the Sopchoppy river in Florida, in which almost all 

the particulate matter ia organic (Malcolm and ourum, 1976). 

High values from 22 to 44% are also reported by Eisma et al. 

(1978) for the Zaire river: these values correspond to c 8 

from 44 to 25 mg/1-1. 

POCa from individual measurements in u.s. rivera baa 

been plotted against observed suspended matter c 8 (Figure 2). 

Por all rivera except the Sopchoppy there ia a marked decrease 

of POCa with increaaing c 8 , and the amount of carbon at a 

given Cs is similar from one river to another. If other 

data from the Soviet Union or canada (Wagemann ~ al., 1977) 

are added, this trend is confirmed. The lower limit of POCa 

for very turbid waters (Cs > 5000 mg/1-1) found in california 

and China is not yet known, but probably it will not be very 

different from the average organic carbon content in sedi

mentary continental rocks, 0.5% according to Ronov (1976). If 

thia value is accepted, the maximum POC load indvers could 

reach 100 mg/1-1. Since in 99% of river waters the suapended 

matter ranges between 5 and 5,000 mg/1-1, the corresponding 

POC variation will be much less, between 1 and 30 mg/1-1• 

This is about what has been observed from the data of Malcolm 

and Durum (1976), which show that 80% of measured POC values 

in various rivera are between 1 and 10 mg/1-1 with a median 

value of 2.5 mg/l-1. 
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From the first results on the Zaire and Amazon (Figure 2), 

it seems that lowland tropical rivers may present higher POCs 

values, for a given Cs, than other rivers. This effect has 

not been taken into account here in determining the relation

ship between POCs and Cs on which the world budget is based. 

Two processes may explain the variation of POCs wtth 

the amount of suspended matter: (1) Land-derived organic 

material (wood debris, leaves) is diluted by land mineral 

material (rock debris, soil particles, clays) at higher 

erosion rates. This would mean that denudation of crganic 

soils is less active than linear erosion (gully erosion, 

landslide and the like. (2) POC in rivers is mainly auto

chtonous (periphyton, phytoplankton) and diluted by land 

mineral material. Probably both sources of POC exist. In 

some rivers the POC variation is ev$n more complicated: 

POC is not conservative and can be mineralized during its 

transport: this behavior has been proposed for the Amazon 

(Richey, et al., 1980). 

RrvER TRANSPORT OF PARTICULATE ORGANIC CARBON 

As continuous monitoring of POC in rivers has not yet 

been achieved, it is necessary to compute average loads 

from individual measurements. Since POCs varies with sus

pended load (Cs) which is often measured, the best procedure 

would be: (1) To establish the relationship between POCs and 

Cs classes of known distribution (e.g., the Cs class from 

50 mg/1-1 to 150 mq/1-1 accounts for 23% of the global sedi

ment discharge), and (3) to multiply each Cs interval by its 

relative importance in the sediment load and by its correspon

ding POCs value. This method, Which will be applied later 
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to the world POC budget, has generally not been used 

because of lack of adequate data: therefore, average 

POC contents in rivers have been taken as needed from 

the literature. 

According to present data, the specific transport of 

particulate organic carbon (POCexp' in t.km-2 .year-l) has 

a narrow range: between 0.2 t.km-2. year-1 and 5 t.km-2. 

year-1. But it must be kept in mind that higher values could 

be observed for highly erosive rivers (found in semiarid 

climates or in the highlands), particularly for those of 

Southeast Asia, in which levels of both suspended matter 

and organic matter are probably high. Lowest transports 

are observed for semiarid rivers (e.g., Brazos) or for low 

gradient rivers in which erosive power is low (Ohio, 

Mississippi), sometimes despite very high POCs (Sopchoppy). 

Highest transports occur in Amazonia. (See Table 1.) 

RELATIVE IMPORTANCE OF DOC AND POC 

Most authors follow the statement by Wetzell (1975) 

that '~here is approximately 10 times more organic dissolved 

matter than particulate organic matter." As stated in the 

introduction, this is the result of the extrapolation of 

numerous studies made in temperate lowland regions of North 

America, where the erosive power of rivera is rather low. 

Data published since 1975 do not support this assumption. 

Again the list of individual measurements published by 

· Malcolm and Durum (1976) for u.s. rivers will be valuable. 

The frequency of OOC/TOC ratios for these measurements is 

as follows: 

Cumulated frequency 

DOC/TOC ratio 

10% 25% SO% 75% 90% 

0.30 0.40 0.55 0.80 0.90 
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When these individual DOC/TOC ratios are plotted against 

the suspended sediment content, it is clear that DOC/TOC 

decreases with increasing Cs (Figure 3). This trend is 

obviously due to the relative increase of POC content 

(in mq/1-1) with increasing Cs· The Brazoa River is a sur

prising exception. 

The same trend is seen in the yearly averages of DOC, 

POC, and Cs given by Malcolm and Durum and by other sources 

(Williams, 1968: Environment canada, 1978: Leman Commission, 

1978: Richey !Sal., 1980: v. v. Gordeev, personal communi

cation). See Figure 4. 

It is noteworthy that for somemaoor rivers the ratio 

DOC/TOC is less than 0.5: i.e., the particulate organic 

transport is dominant (Mississippi, DOC/TOC = 0.41: Missouri, 

DOC/TOC = 0.19). The swamp-draining rivers are the only ones 

that present a ratio in keeping with Wetzel's statement. 

When we consider 33 rivers of various environments, but 

mostly in the temperate and subarctic lowlands, we find that 

5~ of them present a DOC/TOC ratio between 0.6 and 0.8. This 

figure is probably valid for lowland rivers but not for high

land rivers, in which DOC/TOC. can be less than 0.5. 

The question of correct yearly average of POC remains: 

Are the samples really representative of the sediment load? 

The most common suspended-matter content, therefore the most 

commonly sampled, is generally much less than the discharge

waighted average (Fisk Laboratory, 1977). An example can be 

given for the Mississippi: the average Cs obtained by Malcolm 

and Durum (1976) is 165 mq/1-1, whereas the weighted average 

is around 500 mq/1-1. The corresponding POC content should 

be around 6 mg/1-l instead of 3.8 mq/1-1, and the DOC/TOC 

ratio should be lowered (0.36 instead of 0.47). 
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TOTAL ORGANIC CARBON IN RIVERS 

For a given river the total organic carbon (TOC) gen

erally increases with water discharge. This is the result of 

a slight increase of DOC with discharge and a net increase 

of POC with river suspended matter, itself directly related 

to water discharge. This trend can be seen for instance 

in the Hubbard Brook study (Fisher and Likens, 1973: Bilby 

and Likens, 1979). 

There are more data for TOC in rivers than for its com

ponents, DOC and POC. Many values can be found for medium

sized and major rivers in the temperate and subarctic climatic 

zones. (See Malcolm and Durum, 1976: Tarasov et al., 1977: 

Environment canada, 1978: UNESCO, in press: and Table 1, this 

article.) If the Rhine, Danube, and Ems rivers are omitted 

from consideration, 90% of the remaining 118 rivers have 

average TOC contents between 2 and 30 mg/1-1 with a median 

around 10 mg/1-1 (Table 2). However, this total sample is 

biased toward the 57 taiga rivers surveyed in Canadian 

publications. Since DOC abundance is probably linked to climate, 

and POC abundance to climate and erosion, TOC variations can

not be simply related either to specific discharge q or to 

suspended matter c 8 • When the sample is divided into cli-

matic subsamples, some rough distinctions appear: most of 

the TOC values are between 2 and 10 mq/1-1 (median 5 mq/1-1) 

for the temperate regions, between 10 and 30 mg/1-1 (median 

15 mq/1-1) for the taiga rivers, between 2 and 8 mq/1-1 

(median 4 mq/1-1 ) for the tundra rivers, and between 2 and 

15 mq/1-l (median 8 mg/1-1) for the tropical rivers. These 

figures must be considered with caution because they are 

representative of lowlands or mid-altitude areas: about the 

only mountainous rivers in this sample are some Alpine rivers 

of low TOC values (Serra-Bertral, 1976: Zobrist et al., 1977). 
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RIVER TRANSPORT OF TOTAL ORGANIC CARBON 

The specific transport rate TOCexp • TOC.q (in t.km-2 

year-1, or 10 kg.ha-l.year, or ge.m-2.year-l) is roughly 

related to the specific discharge q (Figure 5) since the 

relative variation of q is much higher (two orders of 

magnitude). The whole available sample of TOCexp in rivers 

is now 75 rivers: 90% of TOCexp values are between 0.4 and 
10 t.km-2.year-l. Higher values are found in Amazonia 

(Negro River), according to Williams (1968), and in British 

columbia (Nanaimo River), according to Naiman and Sibert 

(1978). See Tables 1 and 2. 

, 
The export of TOC by rivers is linked to the climatic 

environment, and some figures can be proposed (Table 3). 

PUblished average values for Siberia (2.25 t.km-2 • year-1), 

Sweden (2.3 t.km-2.year-1), and Finland (4 t.km-2.year-l) 

are consistent with these figures. (See Tarasov et al., 1977 

(Siberia)1 Ahl and Oden, 1972 (SWeden)1 Wartiovaara, 1978 

(Pinland)1 Environment Canada, 1978 (rivers in Northwest 

Territories). The minimum TOCexp occurs in tundra rivera 

(based on Quoich, Back, Thelon, Kazan, and Banbury rivera in 

Northwest Terriories), in which both TOC content (4 mg/1-1) 

and q(4 l.a-l.km-2) are very low. Data from canada and the 

Soviet Union for similar rivers (Mackenzie and Siberian 

rivers) are very close. 

When comparing the river transport of organic carbon to 

the terrestrial net primary production (Table 3), it is 

striking that the amount of organic matter carried by rivers 

is always the same percentage, around 1% of the production 

(Figure 6). If the total amount of carbon carried by rivers 
12 (400 10 gC per year to the exoreic part of the continent, i.e., 
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TABLE 3 Range of TOC Specific Transport by Rivers in Various 

Climatic zones 

Tropical wet regions 

Temperate regions 

Taiga 

TUndra 

Semiarid regions 

World average 

TOCexp (t .Jcm-2 

.year-l or ge.m-2 

.year-l) 

3 - 15 

l - 7 

l - 4 

0.3 - l 
(0.4 

4 

Mean Net Primary 1 
Production (ge.m-2 .year- )(~) 

675 - 900 

225 - 585 

360 

65 

32 

480 

(!)in the related vegetation zones. from Whittaker and Likens. 

1973. 
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12 
about 450 10 gc, taking into account the endoreic rivera) is 

compared with the total world production in terrestrial eco-
12 systems (48,000 10 gc per year) (Whittaker and Likens, 1973), 

the same proportion is found. 

INFLUENCE OF MAN ON ORGANIC CARBON CARRIED BY RIVERS 

Three methods can be applied to study the influence of man 

on river chemistry: (1) comparison of neighboring watersheds, 

one in a natural state and the other in a state influenced by 

man's activities (the latter state is exemplified by clear

cutting one of the Hubbard Brook watersheds): (2) study of 

the change of representative rivers since the beginning of the 

industrial era and of intensive agriculture: (3) direct 

measurement of various wastewaters (which can only refer to 

the effect of direct pollution. These methods applied to 

dissolved inorganic carbon have not revealed a significant 

increase of c ( < 5%) in world rivers (Meybeck, 1979). Thus, 
-there is no sizable variation of Hco3 in rivers affected by 

man (Mississippi, Saint Lawrence, Rhine) in which Cl- and so4 
have already increased severalfold. 

Sufficient data have not been found for organic carbon but 

we have sign of possible human influence: (1) TOC content in 

already treated urban wastewaters is between 20 and 50 mg.l-l 

(Various values, see Alberti~ al., 1977). (2) TOC values 

found in temperate rivers exposed to heavy human pressure are 

higher than for the others: 13 and 20 mg.l-1 for the Rhine 
1 -1 Commission, 1975: 15 mg.l- for the Ems, and 22 mg.l for the 

Danube (Tittizer, 1978). However, TOC values for the Mississippi 

and Ohio are surprisingly low, perhaps because of degradation 

of organic wastes within the waterbody by self-purification. 
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(3) Widespread eutrophication of water bodies in Europe and 

North America caused by higher N and P contents may result in 

TOC increase of autochtonous origin, however the corresponding 

organic matter should be recycled rapidly and this effect on 

river TOC should remain secondary. According to Zobrist et 

al. (1977), the natural DOC values in SWiss rivers might have 

represented only 5~ of the present-day level. 

INPUT OF RIVER 0 R)ANIC CARBON TO THE OCEAN 

Some estimates of river organic carbon transported to the 

ocean have already been presented (Garrels et al., 1973: Duce 

and Duursma, 1977). Most of these estimates were based on 

sparse data obtained on small watersheds. TWo other estimates 

(Alekin, 19787 Richey et al., 1980) have been proposed on the 

basis of some major rivers (Siberian rivers, the Amazon). The 

total sample of rivers discharging into the oceans for which 

any data on total organic carbon is available do not exceed 27% 

of the total water discharge or drainage arear the rest must 

therefore be estimated. 

It must be noted that the study of more rivers will not 

greatly increase this proportion since the number of rivers 

needed varies exponentially: 3~ of the water is discharged 

to the ocean by 10 rivers, 5~ by 60 rivers, and 6~ by 260 

rivers. The corresponding fiqures for the exoreic drainage 

area are 10 rivers, 18 rivers, and 80 rivers (UNESCO, in press). 

The figure for the discharge of suspended matter is slightly 

different. If we take into account the latest measurements 

on the Amazon, where the estimate of suspended load had been 

doubled (Meade et al., 1979), we can estimate the total suspended 
12 -1 load at about 16,000 10 g.year on the basis of published data 

-~ major rivers (Meybeck, 1976) and by extrapolation for the 
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remaininq (Meybeck in preparation). This fiqure is of course 

an estimate of the natural transport occurrinq before damminq 

of several major rivers (Colorado, Indus, Nile). If we 

listed the rivers of the world in the order in which they 

discharqe sediment to the sea (those with the hiqhest discharqe 

at the tope of the list), we would find that the 10 larqest 

rivers (the 10 at the top of the list) discharqe to the sea 

52% of the sediments and that the 20 larqest rivers discharqe 

6()1%. It would therefore be "easier" to estimate the composition 

of particulate matter than to estimate the composition of dis

solved matter. This discrepancy is due to the fact that the 

&uanq Bo river is responsible for 0.13% of the water discharqe 

but for 20% of the sediment discharqe. Althouqh we are speakinq 

of river input to the ocean, we are not considerinq at this 

point the possible flocculation of dissolved orqanic carbon 

durinq river and sea water mixinq (Sholkovitz, 1976), nor are 

we considering the possible primary production in these areas. 

The global effect of the estuarine zone on the carbon budqet is 

not yet fully understood. 

There are several ways to estimate the budqet of an element 

carried by rivers to the ocean (Meybeck, 1979): 

1. Data on as many rivers as possible are collected and 

this sample is considered as representative of the total river 

load. A simple extrapolation is then made throuqh the hypotheses 

of either constant concentration (for the remaininq water die

charges) or constant specific transport (for the remaininq area). 

The representativeness of the sample must be checked, takinq 

into account among other thinqs, the distribution of climatic zones, 

of specific water discharqe, and of highlands and lowlands. 
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2. The sample of collected data is not considered as 

representative (for example: all data from North America). The 

extrapolation should be based on a typology of concentration 

or specific transports accordinq to various criteria. such as 

climate. veqetation. lithology. and hydroloqy. The total 

water discharqe (or drainaqe area) to tne ocean is distributed 

amonq the classes of rivers defined in the typology. The 

amount of water discharqe (or drainaqe area) found in the sample 

of collected data must be divided into the various classes. 

The extrapolation is then made inside each class. An example 

will be qiven for the te~rate zone: the studied rivers in 
6 2 12 -1 this zone represent only 4.3 10 km • discharqinq 4.83 10 ge.year • 

6 2 as compared with 22.10 km for the total drainaqe area of the 
-2 -1 temperate zone. An averaqe transport rate TOC •St.km .year 

12 exe1 correspondinq to a discharqe of 88.5 10 ge.year will be 
6 2 assiqned to the remaininq area. 17.7 10 km • The total 

12 -1 . 
temperate zone would therefore accopnt for 93 10 ge.year 

discharged to oceans. 

3. If the sample of studied rivers is definitely too small 

( < 20%). a complete extrapolation is needed. There are two 

ways: (a) A relationship between the unknown parameters and 

a well-studied parameter (q.c • temperature) is looked for and s . . 
used to support the extrapolation. (b) If no relationship is 

found. the estimate is based entirely on a typology defined 

from the study of smaller wateraheds. It muat be underatood 

that a typology may be concerned either with distribution or 

concentration found in watera or with diatribution of specific 

transport rates. 

Three types of budqeta have been used for orqanic carbon. 

One is the type described in paraqraph 2 · above and uaed for TOC. 

It is uaed for TOC known in about 27% of rivers. The second 

is the type desiqnated as "(a)" in paraqraph 3 above. It ia 
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used ~or POC on the baaia of the relationahip between POCs and 

Cs· The third is the type deaiqnated as "(b)" in para-

graph 3 above. It is used for DOC. 

RIVER INPUT OF DISSOLVED ORGANIC CARBON TO THE OCEANS 

The budqet ia estimated from the averaqe DOC contents 

found in various climatic zones (Table 4). The averaqe DOC 

value of the subarctic zone may be aliqhtly lowered aince the 
1 -1 values in tundra rivers are probably much leaa than 4 mg. 

(averaqe TOC is 4 mq. 1 -l), but direct measure•nta are needed 

to confirm thia minor correction. Since the publiahed valuea 
-1 -1 for three major rivers (Miaaiasippi, 3.4 mg.l r Amazon 5.0 mq.l , 

-1 and Nelson, 8.2 mg. 1 ) are close to the averaqe contents 

chosen for their climatic zone, they can be conaidered as 

included in this budqet. 

The budqet depends Mainly on the tropical zone, which 

is so far the leaat studied. As for other diaaolved elementa, 

such as silica (Meybeck, 1979), thia zone ia the main aource of 

OOC qoinq to the ocean. The total budqet is aliqhtly qreater ' 
12 -1 than the previoua estimate (130 10 gC .year ) of Garrela et 

!!· (1973), which baa often been quoted althouqh no details 

have been qiven concerninq this fiqure. 

RIVER INPUT OF SUSPENDED MATTER AND PARTICULATE CARBON TO THE OCEAN 

The POC content of major rivers ia known only for the 

Mississippi and Amazon, which represent only 7.5% of the total 

sediment discharqe to the ocean. It is therefore necesaary to 

make a complete extrapolation baaed on the relationahip between 

POe (in% of auapended matter) and c (amount of suspended exp • 
matter). The particulate matter in rivera is not evenly 
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TABLE 4 River Input of Dissolved Organic Carbon to the 

ocean 

Average Water Dischar~e DOC Input 
DOC!. -l to ~he oce!ns- (lOl2gc .year-l) 
(IDCJ .l ) (km .year- ) 

Subarctic zone lO 5,500 55 

Temperate zone 3 10,300 31 

Tropical zone 6 21,400 128 

Arid and semiarid 
zones 3 200 0.6 

Total 5.75 37,400 215 

!. From Table 2. 

b From Meybeck (1979). 
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distributed because it is significantly affected by a few highly 

turbid rivers, such as the Huang Ho, which should be taken into 

account. 

For this purpose a special sediment budget has been 

formulated in order to divide the particulate material 

carried to the oceans into nine classes of suspended matter c , s 
from 5 to more than 50, 000 mg. 1 -l. This grouping has been 

set up on a sample of 46 major rivers (Meybeck, 1976) 

corresponding to 44% of the world water discharged to oceans 

and 55% of the drainage area. This sample has been considered 

representative of the l08km2 drained to the ocean. 

The 46 rivers have been arranged into classes according 
-1 to their average c . The Amazon (average c • 160 mg J. ) s s 

Meade et al., 1979), has been divided as follows: one third 
1 -1 into the so- 150 mq. class and two thirds into the 

-1 -1 150- mq. 1 class. Thus, rivers in the 50150 mq.l 

class correspond to 32% of the water discharge of the sample, 

and to 5.5% of the sediment discharge. These proportions have 

been extrapolated to the total drainage area (Table 5). 

Therefore, a total water discharge of 37,400 km3 x 0.32 = 11 970 km3 

has been assigned to this class for an average C of 80 mg.l 

corresponding to a sediment discharge of 957 101!g. year -l. 

This computation has been made for the eight classes, to 

which the Huang Ho, a special case, has been added. 

The total load to the ocean estimated by this medthod is 

-1 

12 -1 17,500 10 g.year , which is fairly close to another estimate 

based on sediment transport typology (Meybeck in preparation) 

and to other values found in recent literature (Alekin, 1978). 
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1101: 1n" 
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Loads of Suspended Material and of Particulate Organic 
carbon from Rivers to Oceans 

s-1s u-so so-uo lSO-SOO Soo-1,SOO 1,Soo-1S,OOO u. ooo-so, ooo 1s. ooo-so, ooo so,oool~l 

3.1 11.2 l2 20.2 U.4 1.1 0.07 o.u O • .J 
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I .JO eo . .JOO 100 .J,OOO 1,000 .JO,OOO IS,OOO 

u 2CM MO 2,260 7,000 2,010 201 1,610 .J,ltO 

0,07 1.2 2.5 u.t 40,0 n.4 1.2 t.6 11.2 

u 6 , 1.6 o.t 0.6 o.s o.s o.s 

1.1S U.2 21.1 36.2 6.J u 1,0 1.4 lS,t 

o.t •• 1 16.1 20.2 U.2 6,7 o.s 4.7 l.t 

a From Figure 2 

b Huang Ho is the only river found in this category 
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To each class an average POC content is assigned s 
according to the POC - c relationship (Figure 2). In 

s s -1 
our example (the 50-150 mg. 1 class) the average POC is 

12 • -1 
~~ resulting in a total POC discharge of 28.8 10 ge. year 

for this class of rivers. 

Several observations can be made: 

The weighted-average suspended load in rivers is probably 

between 400 and 500 mg. 1 -l (470 mg.l -l here), but 75% of the 

world'a rivers carry less than 500 mg.l -land 5~ less than 

150 mg. 1-1 • This confirms previous statement• (Meybeck, 1976) 

on the relative importance of disaolved and particulate mineral 

transports: the dissolved transport being dominant in about 

35% of the world's rivers. 

More than 4~ of the world auspended load is carried by 
-1 highly turbid waters (C8 > 1, 500 mg. 1 ) that represent only 

2 • 3% of the water discharge. These rivera are aa inly found in 

the arid and semiarid zones (Indus, orange, Rio Grande, colorado, 

Huang Bo). 

The mountain rivera. (auch as Irrawady, Mekong, YangTse, 

Ganges, Brahmaputra, Magdalena, Rhone, MacKenzie) carry 4~ 

of the suapended load in the c range soo-1,500 mg.l-1 • 
s 

The reat of the auspended load (about 2~) ia transported 

by plain rivers with headwaters flowing from mountainous areas 

(such as Aaazon, Amur, Indigirka, Para~ Danube, Zambezi). These 
-1 rivers have c contents between 50 and 500 mg.l and correspond s 

to 52% of the water discharged to oceans. 
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12 
The POC input from rivers to oceana ia around 180 10 g. 

-l year , and 71% of it would originate in highland rivers and 

mixed rivers (plain and mountainous watersheds) -- 35% in 

the former and 36% in the latter. The rivers from the arid 

zone would account for only 21% of the POC load. 

The weighted average POC content in suspended matter is s 
about l.~. However, because of the distribution of loads, 

7~ of running waters carry a suspended load with much higher 

values, between 1.6 and 6%. 

Similarly, the weighted POC concentration in waters is 
-l 

about 4 .8 mg. l , but 7~ of rivers have lower content a-
. l 

between 4 • 8 and l. 8 mg. .(.,- • 

This budget ahould be refined by establishing POC -c 
• s 

relationships for given environemntal conditions. For example, 

if the higher POCs values observed in the Amazon and Zaire 

rivers are confirmed, the total POC input to the aea could be 

somewhat higher than the estimate given above. 

It must be noted that POC carried by bedload is not 

considered here. However the corresponding transport is 

probably very low due to the density of organic debris. The 

large particulate fractions (large wood debris, tree trunks) 

is also taken into account. 
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RIVER INPUT OF TOTAL ORGANIC CARBON TO THE OCEAN 

This budget has been computed according to the method 

described in the paragraph number 2 on page 248. TOC is more 

often measured in major rivers than POC or DOC and, adding the 

Siberia regional budgets of Tarasov et !!· (1977), their 

drainage area corresponds to 27% of the total exoreic area 

(Table 6A). However, this sample is not at all representative 

of the world's rivera: it is qreatly biased toward the colder 

regions. The extrapolation of the remaining 72.2 l06km2 baa 

been made on the basis of TOC typology defined for aix 
exp 

major climatic environments (Table 68). The total load given 

for all climatic zones is around 380 1012g.c year-l (Table 6C). 

The budget seems to be in agreement with the individual DOC 

and POC budgets. However, all these figures muat be considered 

with caution. Values hiqher by 20 or 30% can easily be obtained. 

For example, the present TOC budget ia increased by 25% if a 

TOC 
exp 

-2 -1 
value of 9 t.km .year for the tropical zone is accepted 

instead of 6 
-2 -1 t.km .year • (The latter value, lower than the 

Amazon tranport, baa been chosen to take into account the drier 

savanna regions of the tropical zone.) 

With these restrictions in mind, a few conclusions can 

be drawn: 

The average TOC load from rivers to oceana is of the order 
12 -1 of 400 10 ge.year • About half of it is in the particulate 

form, but in moat of the rivers the particulate organic carbon 

is about half as abundant as the dissolved carbon. 
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TABLE 6 Input of Total Orqanic carbon from Rivera to Oceans 

A. Studied rivers 

Siberian rivers~ 

Nelson 

MacKenzie 

St. Lawrence 

Mississippi 

Amazon 

Murray 

Area 
(lo6Jan2 > 

12.6 

1.15 

1.8 

1.03 

3.27 

6.3 

1.1 

Total known sample 27.25 

B. EXtrapolated sample 
Remaining Areab 
(lo5km2 > 

TUndra 4.4 

Taiqa 3.45 

Temperate 17.7 

Tropical 31.0 

Semiarid 14.4 

Desert 1.7 
Total extrapolated 

sample 72.65 

c. TOtal river discharge 

Total Areab 
(1o6m2> 

TUndra 7.55 

Taiga 15.85 

Temperate 22.0 

Tropical 37.3 
Semiarid 15.5 

TOC Annual Load 

(t.~.year-1) (lol2qc) 

2.25 28.3 

0.62 0.7 

1.93 3.5 

0.81 0.83 

1.23 4.0 

8.7 54.8 

0.28 0.3 

3.4 92.4 

Typical TOCexpc Annual Load 

(t .Jcm-2 .year-1 ) (lol2qc) 

0.6 8.6 

2.5 2.6 

5 88.5 

6 186 

0.3 4.3 

0.0 0 

4.0 290 

Total TOC Load % TOC Load 
( lol2ge .year-1) 

4.5 1.2 

39.6 10.3 

93 24.3 

241 62.9 
4.6 1.2 

Desert 1.7 
----------------~---------------------------------

0 0 
Total 99.9 383 

~From Tarasov et al. (1977)r for the other rivera, aee Table 1. 
b From Meybeck (197~. 
£. From Table 2. 
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The tropical zone is contributinq about two-thirds of 

the orqanic load and the subarctic zone only about 12%. 

-1 The weiqhted averaqe TOC content is about 10 mg. 1 , and 
-2 -1 -1 -1 the average TOCexp about 4 t.km .year or 40 kq.ha .year 

The orqanic load carried by rivers to oceans is about 1% 
12 . -1 

of the total terrestrial primary production (48,000 10 ge.year ) 

(Whittaker and Likens, 1973). The exchanqe of orqanic carbon 

between land and ocean is almost totally accomplished throuqh 

transfer of atmosphe~ic co2 • 

This budqet is somewhat hiqher than the estimate by 
12 -1 Garrels et al. (1973)--200 10 q.c.year --but lower than the one 

. 12 -1 
by Richey et !!· (1980)--1,000 10 qe.year • We know from 

present data that the latter estimate is too hiqh. The esti-
12 -1 mate by Alekin (1978)--360 10 q.year --refers to dissolved 

orqanic carbon: but since it is obtained by extrapolation 

of permanqanate value in Soviet Union rivers, it miqht aa well 

refer . to TOC concentrations. 

OTHER FORMS OF CARBON CARRIED BY RIVERS TO OCEANS 

The other forms of carbon carried by rivers are dissolved 

inorqanic carbon (DIC) co3--and HC03-, and particulate inorqanic 

carbon (PIC). The total amount of DIC carried by rivers to 
12 -1 12 . oceans is estimate at 401 10 q.year , of which 19 10 qC 1s 

derived from man's activities, 217 1012qe from atmospheric co2 
involved in· rock weatherinq, and 164 1o12qe from dissolution 

of carbonate minerals occurinq in sedimentary rocks (Meybeck, 1979). 

It is noteworthy that the co2 involved durinq rock weatherinq 
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(igneous rocks as well as of sedimentary rocks), is one of the 

few sinks of co2 • 

Inorganic carbon in river particulate material is poorly 

understood. Most probably PIC occurs as residual carbonate 

material not completely dissolved by chemical erosion. 

Wagemann ~ !!· (1977) measured PIC8 values of 2.4 and 1.5% 

in suspended material of the Redstone and MacKenzie ~ivers, 

which drain extended sedimentary regions. These PIC values 

are probably not representative of world rivers since the ca 

content in particulate matter in the MacKenzie (3.59%) 

is much higher than the average ca content in the world's 

rivers (2.15%) (Martin and Meybeck, 1979). Values found by 

Malcolm and Durum (1976) in u.s. rivers range between o.~ 

(Neuse) and 1.3% (Brazos), with 0.35% for the Missouri and 

0.15% for the Mississippi. 

An average of 0.9% for the PIC content seems to be reason-
12 -1 able. It would correspond to an input of about 150 10 ge.year • 

The various carbon inputs to the sea are summed up in Table 7. 

The dissolved transport index, defined as the ratio dissolved 

load/total load for a given element, would be 5~ for organic 

carbon and 70% for inorganic carbon. For the combined forms, 

this ratio is 63%, less than for chloride and sulfur but 

higher than for nitrogen (Martin and Meybeck, 1979). It is 

striking that the organic and inorganic carbon loads are 

similar, but when the atmospheric co2 carried in river waters 

as Hco3 is added to the organic load, the mass of carbon 

directly linked to the biogenic cycle represents two-thirds 

of the carbon river transfer but only one-third for the 

continental erosion. 
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TABLE 7 River Inputs of carbon to Ocean (lol2ge.year-l) 

organic 

Inorganic 

Total 

Dissolved 

215 

380 

595 

Particulate 

180 

150 

330 

259 

Total 

395 

530 

925 

Dissolved Load/ 
Total Load 

54% 

72% 

64% 
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CONCWSIONS 

Despite the heterogeneity of data and a qeneral lack of 

measurement of orqanic carbon in major rivers, some conclusions 

can be drawn: 

1. The variability of the orqanic carbon content in 

rivers is relatively hiqh: .9~ of waters for which data were 
-1 

found had DOC values between 1 and 20 mg.l and TOC values 
1 -1 between 2 and 30 mq • 

2. The POC8 content in river particulate (in % dry weiqht) 

is inversely related to the amount of suspended material (C ), 
-1 8 

but the POC content in river water (in mq. 1 ) increases 

sliqhtly with c • 
8 

3. Contrary to statements qenerally ma4e, river POC is not 

neqliqible. It probably represents about 45% of the orqanic 

carbon carried to the ocean. However, the POC commonly 

observed is between 20 and 4~ of TOC. 

4. 

orqanic 

averaqe 

43% of the carbon carried to the sea by rivers is in 
12 -1 compounds (400 10 qe.year , correspondinq to an 
-1 

TOC of 10~5 mq. 1 ) • This orqanic input represents 

only 1% of the net primary production of the continents. 

5. The POC budqet brinqs to attention the sediment dis

charqed by rivers in the semiarid zone. These rivers could 

account for 4~ of the sediment discharge even thouqh they 

account for only 2.3% of the water discharge. 
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pzz 

6. According to the few data available, tropical rivera 

do not present very high levela of organic matter, but because 

of their important runoff they probably repreaent more than 60% 

of the organic load to the oceans. 

7. One poasible use of river budgets is to facilitate 

conaideration of ateady atate in the geocycle of elements. 

Evidence of perturbation of the carbon cycle is found in the 

atmosphere, and is likely to occur in surface waters (organic 

wastes, eutrophication). It will not be possible to see any 

trend in the river load of organic •terial unless the budgets 

are realized with a much better accuracy (about 30% here). 
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• 
FLUXES OF ORGANIC MATTER IN RIVERS RELATIVE 

TO THE GLOBAL CARBON CYCLE 

Jeffrey E. Richey 
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Rivers transport larqe quantities of dissolved and parti

culate matter of mineral and organic composition from terrestrial 

drainage basins to the oceans. The current megascale estimates 

of organic export in the range of 1014 to 1015 g C 1yr,suqgest 

that rivers may be significant in the global carbon cycle, 

particularly with regard to increased atmosphere co2 • For 

the rivers to be "significant," it must be determined that 

river fluxes are of a magnitude comparable with the other 

fluxes involved in carbon pathways. That is, the problem is 

to assess the fluxes of human-induced transient carbon of 

terrestrial organic and riverine origin transported and 

ultimately buried through river processes. 

The purpose of the National Research Council "Workshop 

on the Flux of Organic Matter to the Oceans" (Woods Bole, 

September 21-24, 1980) is to examine this role of rivers in 

the global carbon cycle. The intent of this contribution is 

to provide a framework for the workshop by reviewing the bio

geochemistry of carbon in rivers, and to evaluate carbon fluxes 

for a specific river, the Amazon. Finall~ existing estimates 

and assumptions on river carbon transport will be reviewed. 

THE BIOGEOCHEMISTRY OF CARBON IN RIVERS 

Rivers are of interest here not only because they are 

large, complex, and dynamic ecosystems in their own right, 

but also because they constitute a pathway between two of the 

largest carbon reservoirs: the terrestrial biosphere and the 
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oceans. We are concerned not only with how much carbon is 

exported from rivera to the marine environment, but also with 

how much carbon is imported from land to the rivera and how 

much carbon is produced within the rivera. Of these materials, 

how much is ultimately buried? Further delineation must be 

made between ateady-a~ate, background fluxes, and anthropo

genically induced transient fluxes, under both current and 

potential future co2-enhanced conditions. 

This is clearly an extremely difficult and complex problem. 

The only data currently available, Which are very rudimentary, 

are of bulk export and aay little of material origin, sensi

tivity to land disturbance, and so on. The identity of the 

fluxes that need to be assessed has not yet been made clear, 

much less their magnitude. This suggests that a brief review 

of carbon biogeochemistry in rivera is in order. 

Ecosystem-level studies of streams and rivers have 

focused on the relative significance of various carbon fluxes 

and the factors controlling them, including the strong influence 

of the physical environment (Baker and Baker, 1979: Cummins, 

1974, 1977: cummins et al., in preparation: Dahm, 1980: 

Fisher and Likens, 1973: Hynes, 1970: Naiman and S~dell, 1979: 

Sedell ~ al., 1974: Whitton, 1975). In streams, energy sources 

include inputs of leaf litter, woody debris, leachates, and 

primary production by attached algae and mosses. The relative 

distribution of these sources is governed by the extent of 

canopy and stream physiography. Microbial production in lotic 

systems of forested regions usually involves heterotrophic 

benthic processes supported by energy derived from terrestrial 

matter. In contrast, larger rivers usually show a decrease in 

the importance of benthic processes, ~ile in downstream reaches 

they can support vascular hydrophytea and plankton. 
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Thus, the organic content at one site of a river is 

dependent both on immediate circumstances and on events 

farther up in the watershed. Qualitative and quantitative 

changes in the organic load are brought about by specialized 

biological communities and physical retention processes. The 

production and processing of organic materials have been 

documented in the form of budgets. Our concept of rivers 

has evolved to the point that streams and rivers are no longer 

viewed as open systems that exist primarily to expo~t terrestrial 

products, but rather as producers and processors of organic 

material (Cummins~ al., in preparation). Carbon and nutriants 

that are not processed or retained within one stream segment, 

or reach, are exported to the next reach. This process has 

been referred to as "spiraling" (Elwood et al., in press: 

O'Neill et al., 1975: Webster et al., 1975). Rzoska (1980) 

argues that rivers are not "ecosystems," precisely because 

material is not recycled at the same point in space. Ria is 

a somewhat restricted view of ecosystems, but it does illustrate 

this special property of rivers. 

Not all organic carbon that enters a reach is processed 

immediately or exported. Some is retained in storage in or on 

channel sediments or on the floodplain. These materials are 

then sUbject to extreme flooding events that can operate on a 

time scale of decades (which demonstrates the danger of assuming 

a steady-state situation in streams and the importance of dis

charge history). Flood events, the import and export of large 

and small organic debris, and major changes in in-channel 

storage are the elements of fluvial geomorphology that define 

the s~strate basis for the ·establishment of biological 

communities. 

This brief description suggests that a biogeachemical 

framework is appropriate for assessing the river carbon question 
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here. This approach requires first that a river-watershed system 

be divided into a series of discrete sectors on the basis of 

relative homogeneity within each sector, and that these sectors 

be sampled over time. Then, the processes controlling the 

fluxes must be assessed. An integral part of this approach 

is the identification of the sources of the different carbon 

species, and at least a functional characterization of their 

chemistry. This provides some index for assessing how refractory 

or labile different carbon species are, and thus what subsequent 

fates might be. The characteristics of floodplain rivers and 

of carbon dynamics discussed above can be related schematically 

into a general river "model" (Figure 1). Papers by Spiker, 

Hedges, O'Brien and Stout, Turekian and Benoit (Part II) 

address in detail the utility of tracers and other features 

of this model. The carbon species and their fluxes identified 

here are those that must be assessed. 

CARBON FLUXES OF THE AMAZON RIVER 

The only large river from which even cursory data are 

available for estimating the fluxes identified in Figure 1 

is the Amazon. An assessment of the temporal and spatial 

patterns in the load and processing of organic carbon in the 

Amazon is reported in Richey et al. (1980) and Wissmar et al. 

(in press). They conducted two cruises on the Amazon. The 

first cruise extended 2,000 km from Manaus to Iquitos, in 

February - March 1977, near the beginning of the rainy season 

when water levels were rising at 1 m per week. The second 

extended 3,400 km from Iquitos to Belem, in May- June 1977, 

during peak flooding when the entire varzea was inundated. On 

the basis of these data and other literature results, the 

following analysis of annual carbon fluxes into, through, and 
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out of the reach extending from Iquitos to Obidos is attempted 

(Figure 2). Some of the estimates are little better than "back 

of the envelope" calculations, but they do serve to establish 

possible ranges. 

Production (litterfall) over the area drained by Amazonian 

waters is 470 x 1013 g C/yr. About 1% of the area is covered 

by flowing waters. Concentrating factors in temperate systems 

result in a severalfold increase in concentration in headwater 

regions of POC, and an equivalent amount of DOC. If these 

relations hold, 14 x 1013 g C/yr of POC and 14 x 1013 g C/yr 

DOC should enter the extensive tributary system of the Amazon, 

as the terra firme flux. Since erosion is not included, these 

esttmates could be conservative. 

A source of CPOC (large POC) is trees. The carbon content 
6 of the average tree floating in the Amazon is roughly 2 x 10 

g/C (C.Jordan, personal communication). If one tree per minute 

floats by Obidos during the 6-month portion of the ascending 

hydrograph, then (2 x 106 g C/tree x 1 tree/min x 2.63 x 105 

min/6 mo) = 5.3 x 1011 g C/6 mo is exported. Depending on the 

location of the trees, this flux would be from the varzea or 

from tributaries. These estimates could also be conservative, 

since only floating materials are included. 

Macrophytes are another source of CPOC. Macrophyte 
-2 -1 13 production is about 500 g c m yr , or 5 x 10 g Clyr. 

13 Production of trees and grasses is about 2.4 x 10 g Clyr 

(W. Junk, personal communication). Much of this production 

is decomposed in situ, so 

be exportable. 

13 roughly 1 to 2 x 10 g C'yr ~ight 
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There are three sources of production in the varzea: 

phytoplankton, macrophytes, and "terrestrial" (trees ancl 

grasses). T. Fisher and J. Melack (personal communication) 
13 

ea~imated that about 0.3 x 10 g C/yr could be exported to 

the main river as DOC and POC (less than 1 mm). Results suggest 

that considerable plankton carbon is oxidized in situ. Most of 

the exported carbon may be macrophytic, or at least vascular, 

material with a large amount of lignin. On the basis of JUnk's 

estimates of macrophyte degradation in situ, about 1 x 1013 

g C/yr may be exported. Sediment respiration has been shown 

to be of considerable potential, perhaps comparable with 

water column oxidation at times (though shifted temporally). 

From the data of Richey·~ al. (1980) and Stallard (1980), 

Richey (in press) estimated the ;:llowing fluxes (in 1013 g 

C/yr): 

Import from upriver: POC, 1.0: DOC, 0.4: DIC,. 1.2 

Tributary input: POC, 5.4: DOC, 2.7: DIC, 1.0 

Water column respiration: 3.2 

Evasion: 2.0 

Downriver export: POC, 3.1: DOC, 3.1: DIC, 2.2 

No data at all are available for estimating deposition, 

entrainment, and storage. From floodplain volume, T. Dunne 

(personal co~unication) estimated that about 180 km3 of 

carbon has been sequestered during the Holocene (the last 

10,000 years). This is equivalent to an annual storage flux 
13 of about 2 x 10 g C/yr. 

These estimates are highly subjective. However, they do 

indicate that even very large rivers are dynamic systems. These 
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results indicate that export to the marine environment is con

siderably less than the terrestrial carbon input to the river 

system, with storage and oxidation reducing export. 

MEGASCALE CAICULATIONS OF GLOBAL CARBON FLUX IN RIVERS 

Few systematic surveys of the organic carbon flux in rivers 

are available. Moat current estimates are based on some 

assumed averaged concentration of TOC (as DOC plus FPOC), 

usually 2-10 mq TOC-c/liter times global discharge (Table 1). 

The largest documented estimate, 10 x 1014 g C/yr, included 

adjustments for depth-weighting and oxidation, and attempted 

to differentiate between tropical and nontropical rivera 

(Richey et al., 1980). Meybeck (Part II) has done the most 

complete analysis of organic carbon flux in rivers. 

Most of the estimates do not differentiate between large 

and small rivers, reqions, and land forms, and scarcely 

differentiate between chemical species. Such factors must 

be considered. In the following, one further manipulation 

of the data will be attempted to provide some idea of the 

sensitivity of the various assumptions. 

The intent here is to separate carbon discharge into 

large and small rivers by geographic region, by relating 

sediment to TOC yield for those systems having data (Table 2). 

With the resulting ratio, carbon export by region can be 

calculated under different assumptions (Figure 3). 

The results show a wide range, judged by the initial 

assumptions. Clearly, the uncertainty with the greatest 
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TABLE 1 Survey of Global River Estimates 

Reference 

Skopintsev (1971) 

Williams (1971) 

Garrels and MacKenzie (1971) 

Reiners (1973) 

Garrels ~ al. (1975) 

Duce and ouursma (1977) 

Banda (1977) 

Stewart et al. (1978) 

Kempe (1979) 

Richey ~ al. (1980) 

Schlesinger and Melack 

(in press) 

Meybeck (Part II) 

Estimate 
14 gCxlO y Method 

1.4 Average concentration of water soluble 

organic humus from soviet references: 

thus DOC. 

0.3 

3.2 

2-10 

2 

1-1.5 

3.1 

0.8 

5.2 

1.9 

10.0 

0.39 

0.41 

0.4 

Assumed average TOC of 2 mq/liter and 

discharge of 1.58 x 1016 li~er/year. 
DOC of 9.6 mg/liter (from P. Williams, 

1966 personal communication). No DOC. 

No justification 

From Garrels and l-tacKenzie (1971). 

Average of 3.5 mg/liter DOC and 2 mq/ 

liter POC times 3 x 1016 liter/year. 

Rivers, from Garrels and MacKenzie (1971). 

Groundwater, average DOC of 20 mg/liter. 

No justification 

From Garrels et al. (1975), DOC= 

3.28 mg/liter. POC = 1.76 mg/liter: 
discharge of 3.77 x 1016 liter/year. 

For 20 largestrivers, POC = 5% and 

2% TSS in tropical and nontropical 

rivers, respectively. DOC = 4 mq/ 

liter: times processing, depth

weighting, and total discharge. 

Log extrapolation from 12 rivers. 

Terrestrial denudation estimates. 

POC, DOC, TSS and runoff relationships 

for about 100 rivers. 

278 

Copyright © National Academy of Sciences. All rights reserved.

Flux of Organic Carbon by Rivers to the Oceans:  Report of a Workshop, Woods Hole, Massachusetts, September 21-25, 1980
http://www.nap.edu/catalog.php?record_id=19737

http://www.nap.edu/catalog.php?record_id=19737


TABLB 2 Reqion-specific Discharqe ~or SO Larqest Rivers. 

Drainage Basin 
Discharge Area TSS Load TSS Yield TOC Yield 

Region 3 
(m /yr) (m2 x 1011 > 

12 
(g/yr x 10 ) (g m 

-2 -1 
yr ) 

-2 -1 
(g c m yr ) 'OOC/TSS 

• 

Asia (Exclusive of 

OSSR[b 

HWang Ho 1.03 6.73 2,083 3,095 
t.) Yangtze 6.86 19.4 552 285 ..... 

"' Pearl West 2.52 3.1 25 80 

Mekong 3.48 8.03 187 233 

Salween 0.47 2.80 

Irrawaddy 4.27 4.30 331 770 

Brahmaputra 6.24 '9.35 800 856 

Ganges 5.88 10.6 1,600 1,511 

Godavari 1.13 2.98 

Krishna 0.62 3.08 

Indus 1. 75 9.27 616 665 

Shatt-al Arab 0.46 5.41 62 114 

Large river weighted 34.71 85.05 6,983 821 
sum (or average) 
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c 
North America-

Mississipppi * * 5.45 32.20 303 94.1 1.3 0.02 

St. Lawrence 4.46 12.90 4.4 3.1 o.34• 0.11 

MacKenzie 2.50 18.05 ·45.9 25.4 1.40* 0.06 

Columbia 2.28 6.68 10.3 15.4 

Yukon 1.60 9.32 

Fraser 1.01 2.38 

Nelson 0.71 16.72 

Mobile 0.52 1.09 

Su8quehanna 0.34 0.73 

Large river weighted 

N 
sum (or average). 18.87 94.07 489 52.01 2.32* 0.045 

CD 
0 

d south America-

Amazon 66.9 57.78 800* 138.4 10.38* 0.08 

'roc an tins 3.21 9.06 

Sao Francisco 0.89 6.73 

Orinoco 5.35 8.81 95.3 100.2 

Parana 4.69 23.05 90.0 39.0 

Uruguay 1.21 2.33 15 644 

Magdalena 2.36 2.41 

Large river· weighted 

sum (or average). 84.61 110.17 1,091 99.0 
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e 
USSR (North)-

Ob 3.93 24.84 15.7 6.3 

Yenisei 5.47 25.90 11.6 4.5 

Lena 4.88 24.24 

Kolyma 1.19 6.45 

Amur 3.46 18.44 

Pya sine 0.80 1.92 

Indigirka 0.57 3.60 

Yana 0.31 2.46 

Large river weighted 

sum (or average). 20.61 107.8 58.2 5.4 

f 
Euro.2!_-

IV 
Volga 2.52 13.50 20.8 15.4 1.29* 0.08 

CD 
Danube 1.94 8.16 21.4 26.2 1.04* 0.04 .... 
Pechora 1.28 3.26 

Dvina 1.11 3.60 

Rhine 0.70 1.45 0.5 3.4 5.34* 

Onepr 0.53 5.02 1.2 2.4 

Rhone 0.53 0.96 

Po 0.46 0.70 16.8 240 

Vistu1a 0.34 1.97 1.7 8.6 

Neva 0.82 2.82 

Large river weighted 

sum (or average) 10.23 41.44 84 20.26 
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Africag_ 

Zaire 12 .so 40.15 43 10.71 2.96* 0.28 

Zambezi 2.23 12.95 

Niger 1.92 11.14 5 4.5 

Nile 0.89 29.79 122 41.0 

Large river weighted 

sum (or average). 17.54 94.03 197 20.97 

~ 
m 
~ 

aAsterisks indicate data from specific sources. Other data are composites from Holeman (1968), 

van der Leeden (1975), Todd (1970), and Holland (1978). 

~tal la~ge and small river discharge for this region: 68.1. 

~tal large and small river discharge for this region: 59.6. 

~otal large and small river discharge for this region: 103.8. 

~tal large and small river discharge for this region: 40.0. 

~tal large and small river discharge for this region: 31.1. 

~otal large and small river discharge for ~his region: 42.3. 
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) 

potential impact is associated with the rivers of Asia. 

Assuming a TOC/TSS ratio of 0.01 leads to an estimate of a 

fluxcomparable to that of south America. Anything larger 

leads to a dominance by Asian rivers. How likely are these 

estimates? The erosional sediment load of these rivers is 

obviously extremely high, which might suggest low organic 

content. However, these regions are very heavily populated 

and are subject to heavy monsoon events. G. Saun~ers (personal 

communication) has reported POC concentrations in excess of 100 

mq/liter in waters draining into the Ganges. Thus, higher 

organic content than might otherwise be expected is possible. 

The extrapolation from the large rivers to all rivers is 

solely on the basis of relative discharge. 

CONCLUSIONS 

In addition to the details provided above, several salient 

points should be emphasized: 

Determining the role of rivers in the global carbon 

cycle and ultimately in the co2-increase problem involves 

more than export to the oceans. Fluxes from land into 

the rivers and within-river processing and storage must be 

assessed, along with marine deposition and eutrophication 

induced by river nutrients. 

Estimates of global river export by region are very 

sensitive to assumptions used in extrapolation. Estimates 

for South America and especially Asia have the smallest 

data base and are the most sensitive to assumptions, and 

could thus have the largest error. 
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More detailed discussion on the issues raised here 

are contained in other papers presented in this workshop. 
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FIGURE 1 
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Genera 1 model of the biogeochemistry of carbon in large flood
plain rivera. (a) Spatial separation of a river watershed into 
a series of discrete sectors, or reaches, with separate tributary 
(Tr), terra firme (Tf), and floodplain pathways into a main 
channel, with transport excahnqe (T) between reaches and carbon 
transformations (C) within. For example, each reach is divided 
into (b) the terrestrial source material, originating from the 
indicated processes, which are available as inputs of POC, DOC, 
and DIC, with respective tracers, via several pathways to the 
riverine environment (c), where production (Pr: ~crophytea, 
2hytoplankton, terrestrial), respiration (in ~ater, in ~edimenta), 
evasion, storage, and flocculation occur. 
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FIGURE 2 
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Estif!tes of major carbon fluxes through the Amazon River, 9 c 
x 10 /yr. Pr = production, Tf = terra firme inputs, Tr • tributary 
inputs, Tim = upriver import, Rs = sediment respiration, G • co2 
evasion, RW =water column respiration, Texp =downriver export. 
River reach is from Iquitos, Peru, to Obidos, Brazil (about 3,000 
km). 
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FIGURE 3 

TOtal organic carbon (TOC) export by region, calculated as a 
function of total suspended solids (TSS). Number over each bar 
is the ratio of TOC to TSS used for that region (see Table 2). 
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THE FATE OF SEDIMENTED ORGANIC CARBON IN ESTUARIES 

Peter J. Wanqersky 
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I have been asked to discuss the fate of organic matter 

after sedimentation in the estuaries. For reasons that will be

come obvious as I proceed, I will not attempt a megacalculation 

of the amount of organic matter stored in the sediments of 

estuaries. Rather, I propose to consider the mechanisms in

volved in storage and remineralization in these sediments and 

to estimate their probable contribution to the oceanic carbon 

cycle. 

The overriding consideration in any estima~e of the fate 

of sedimentary organic matter must be the input of turbulent 

energy into the estuary. Resuspension of sediments is the 

quickest route to recycling of the organic materials. Esti

mates of the normal or average amount of turbulence in any 

area of an estuary can be derived from rates of sedimentation. 

However, much of the resuspension of sediments would appear to 

be episodic rather than continuous (Burnett, 1971: Hargrave, 1976: 

Hargrave and Taguchi, 1978), related to local winds, and tidal 

ac~ion, and related to disturbance of the bottom by isolated 

incidents. We have as yet no way to handle the isolated inci

dents, save over spans of time long enough for the incidents 

to be considered statistically: in oceanography we have 

traditionally studied the climate, ignoring the weather as much 

as possible. It is only in recent years, with the advent of in 

situ continuously recording methods of measurement, that we have 

begun to understand the importance of the isolated incident. 

The average river and tidal currents in a given area might not 

be sufficient to move sediments down an estuary: yet the 

turbulence added to the system by a windstorm or by heavy rains 
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in a river watershed might move the accumulated sediments of 

several years. Our estimates of sedimentation rates in an area 

can depend upon the season in which we sample, and our estimates 

of current speeds, "if derived from the record of sediment move

ments, may be biased upward by movements resulting from isolated 

incidents. 

A further limitation on theoretical approaches to sedi

ment resuspension can result from occurrence after deposition. 

Frankel and Mead (1973) showed a binding of sand grains in an 

estuary by a mucilaginous matrix apparently resulting from 

activities of interstitial microorganisms. such a matrix would 

help to preserve sediment structures until bacterial decomposi

tion of the organic matter was advanced. 

If our estimates or direct measurements of resuspenaion 

are considered untrustworthy, perhaps we can instead consider 

reactions taking place in "undisturbed" sediment as a limitinq 

case. 

While it is not specifically within the frame of reference 

of this paper to discuss sources of the organic matter in the 

estuarine sediment, it is necessary to my arqument to indicate 

expected compositions and expected patterns of distribution. 

Much of the estuarine research over the past few years has indi

cated that particulate and colloidal organic matter, includinq 

the humic acid fraction normally considered as part of the 

dissolved orqanic matter, coagulates and sediments as salinity 

increases. The mechanisms invo·lved have been examined in labor

atory studies, often by following the precipitation of trace 

296 

Copyright © National Academy of Sciences. All rights reserved.

Flux of Organic Carbon by Rivers to the Oceans:  Report of a Workshop, Woods Hole, Massachusetts, September 21-25, 1980
http://www.nap.edu/catalog.php?record_id=19737

http://www.nap.edu/catalog.php?record_id=19737


metals associated with the particulate matter (Bewers and 

Pearson, 1972: Sakamoto, 1972: Eckert and Sholkovitz, 1976: 

Sholkovitz, 1976: Boyle, et al., 1977: Brown, 1977: Sholkovitz, 

1978: Hunter and Lias, 1979: Kranck and Milligan, 1980). Pre

cipitates of this kind will also carry down organic pollutants 

such as DDT (Poirrier, et al., 1972: Pierce et al., 1974). 

Field work, documenting the removal of river-borne 

particulates within the estuaries has been carried out in the 

Amazon (Sholkovitz!! al., 1978: Sholkovitz and Price, 1980). 

The Beaulieu Estuary (Holliday and Lias, 1976), the Connetquot 

River (Hair and Bassett, 1973), the Conway Estuary (Hydes and 

Lias, 1977), the Penz6 (Martinet al., 1977), the Potomac 

(Eaton, 1979), the St. Lawrence (Sundby, 1974: cossa and Poulet, 

1978: Kranck, 1979: Tan and Strain, 1979), the Waters of Luce 

(Sholkovitz et al., 1978), and the Ythan (Leach, 1971). 

We would expect, then, a sediment in which the organic 

material contained an inorganic fraction, consisting of clay

size materials held together by associated organic debris, 

along with trace metals and various organic pollutants. Some 

sorting would be expected, certainly for size, with the large 

particles deposited upstream, but possibly also for composition. 

Work in our own laboratory has shown that organic materials of 

different composition, displaying differing surface charges in 

freshwater, coagulate and precipitate at different salinities. 

This type of sorting has not yet been sought in natural sedi

ments. The disappearance of te~restrially derived particulate 

organic carbon (POC) from the water column with distance down 

the estuary has been documented in Chesapeake Bay (Biggs and 

Flemer, 1972) and in Southampton water (de Souza Lima and 
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and Williams, 1978), and the equivalent disappearance of 

clearly terrestrial materials from the sediment has been shown 

in the St. Lawrence (Pocklington and Leonard, 1979). 

Once the organic matter has sedimented, the normal pro

cesses of microbial degradation can begin. In most estuaries, 

a preliminary step will involve passage through the gut of 

some bottom-feeding invertebrates. This _step may well result 

in the breakdown of particles into free organic molecules of 

low molecular weight (Wangersky, 1978): we have little information 

on this step, but I would hazard a guess that it is the most 

probable route for the return of organic carbon to the water 

column. What estimates we do have stem largely from work in 

the open ocean, and suggest that greater than 90% of the organic 

material reaching the sea floor is taken up by bottom organisms, 

rather than incorporated into the sediment (Eadie and Jeffrey, 

1973). our investigations into the return of organic materials 

to the water column by this mechanism have been hampered by our 

inability to sample in and just above the sediment-water interface 

without di"sturbing this interface. In addition, our methods for 

determining dissolved organic carbon (DOC) have been neither 

precise enough nor rapid enough to make such investigation seem 

worthwhile. Further, it is quite possible that the large number 

of bottom organisms that can take up and utilize small organic 

molecules may well ensure that any release to the water column 

would be transitory. 

Once organic materials have been incorporated into the 

sediment, the normal processes of decomposition proceed. A 

fairly extensive literature exists on the changes in particular 

classes of compounds to be expected during this early diagenesis. 
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Amino acids, chlorine, fatty acids, ~ydrocarbons, humic and 

fulvic acids, isoprenoid alcohols, and phytyl esters have all 

been followed in the upper layers of the sediment (Brown, et al., 

1972: Rosenfeld, 19791 van Vleet and Quinn, 1979: Jones, et al., 

1980). For the purposes of this paper, however, the more 

qeneral studies of remineralization are more important. 

The general features of this remineralization are well

defined: in the upper, aerobic zone there is an exponential 

decrease in organic carbon. This continues until the oxygen 

content of the interstitial water is used up. The depth to 

which aerobic decomposition extends depend on the organic con

tent of the sediment and the rate at ~ich the oxygen of the 

interstitial water is replenished. Revsbech, et al. (1980) 

have demonstrated that the resupply of oxygen is more dependent 

upon macrofaunal activity than upon molecular diffusion in 

marine sediments: I see no reason to expect the situation to 

be different in estuaries. Indirect measurement of oxygen 

uptake by sediments suggests that oxidation of organic matter 

in newly sedimented material may be essentially complete within 

a year of deposition (Hargrave, 1978). In this region of 

relatively rapid diagenesis, it is possible that small, readily 

soluble organic molecules may be freed into the interstitial 

water and diffuse or otherwise escape into the water column. 

Again, we have no measurements of gradients of DOC close to 

the bottom in estuaries, and we can only speculate about this 

possibility. 

Below the level of aerobic decomposition, a layer can be 

found in which sulfate reduction is the predominant mechanism 
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for the decomposition of organic materials (Whelan, 1974: 

Martens and Goldhaber, 1978: Dyrssen and Hallberg, 1979: Kepkay 

and Novitsky, 1980). Associated with this sulfate reduction 

may be some production of new organic compounds from available 

inorganic carbon by chemoautotrophy (Kepkay and Novitsky, 1980). 

Below this level, anaerobic decomposition, wi~h the production 

of methane as an end product, is to be expected. This methane, 

along with some volatile products of greater molecular weight, 

certainly can return to the water column, at least in areas where 

unobstructed passages, such as worm tubes and abiogenic bubble 

tubes, exist (Barnes and Goldberg, 1976: Keen and Piper, 1976: 

Martens and Klump, 1980: Martens et al., 1980). This evasion 

of methane into the water column is our best evidence of move

ment of organic carbon from the sediments, it is our best

documented case. Yet even in this case the number of measure

ments is small. 

An indication of the possible escape of small organic 

molecules to the water column can perhaps be found in the 

remobilization and escape of trace metals originally sedi

mented either as parts of organic particle and freed by the 

decomposition of these particles, or as insoluble oxides and 

freed on reduction of these oxides in the region of anaerobic 

decomposition (Dunker et al., 1974: Elderfield and Hepworth, 

1975: cranston, 1976: Graham et al., 1976: Evans et al., 1977: 

Lu and Chen, 1977: Morris and Bale, 1979: McCaffrey et al., 

1980: Ullman and Aller, 1980). we can only infer that some 

organic material could have diffused out with these trace 

elements: we have no measurements of actual movements of 

material. 
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In the absence of 4irect measurements of the return of 

organic material to the water column, we are force4 to fall 

back on indirect measurements, examining results instea4 of 

reaction rates. Our best source of information on the return 

of terrestrial or fresh-water aquatic materials to the sea is 

the composition, - particularly the stable isotope composition 

- of the organic material in the sediments immediately outside 

the estuaries. Hopper an4 Larsson (1978) showe4 that the uronic 

aci4 composition in the water column and sediments of the Baltic 

and Black seas is characteristic of algae, rather than of terrestrial 

plants. Milliman, ~ al. (1975) foun4 that more than 95% of the 

terrigenous sediment in the Amazon settles out before the salinity 
0 reaches 3 /oo, an4 practically none of this escapes offshore. 

Similarly, Barretto an4 Summerhayes (1975) foun4 that only 1% 

of the suspended loa4 of the Sao Francisco River in Brazil 

escapes as far as 10 km from the river mouth. zsolnay (1979) 

foun4 much the same for the colloi4al organic carbon in coastal 

Borth carolina. In an a4mitte4ly special case, Loder an4 Hoo4 

(1972) consi4ered the ocean as a source of DOC to a glacial 

estuary in Alaska, rather than the reverse. The ratios of carbon 

to nitrogen an4 carbon to chlorophyll ~, along with the stable 

carbon isototope ratios, convinced Haines and Dunstan (1975) 

that the detritus in the Georgia Bight came mainly from marine 

sources. Finally, carbon an4 hy4rogen isotope ratios of near

shore sediments suggeste4 that little organic carbon escapes the 

estuaries, even in so large a river as the Mississippi or the St. 

Lawrence (Nissenbaum an4 Kaplan, l972r Nissenbaum, 1974: 

Shultz and Calder, 1976: Tan an4 Strain, 1979). 

I think it is fair to conclude that at this time the evi

dence strongly favors the retention of almost all of the se4imented 
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organic carbon within the estuary. Certain types of pollution 

may reinforce this tendency: many of the pesticides and 

chlorinated hy4rocarbons are preferentially adaorbe4 on organic 

particulate matter (Oloffs et al., 1973: Saleh et al., 1978: 

Duinker and Hillebrand, 1979: Pavlou and DeXter, 1979). This 

accumulation could result in a slowing of the microbial de

composition of the organic material. There would then be leas 

opportunity for diffusion of organics back into the water 

column. 

If we wish to define the term "almost all" with greater 

precision, we must develop better methods for sampling the 

interstitial water and the water just above the sediment-

water interface: our present in situ samplers (Sayles et al., 

1976) take a sample too small for our present analytical methods. 

We also need to refine our DOC methods in order to achieve 

aufficient sensitivity and precision to measure reliably the 

amall difference we are likely to find. Even our present 

methods, however, suggest that any large movement of organics 

out of the estuarine sediments is improbable. 
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RADIOCARBON IN DW YORK BIGHT SEDIMENTS AND THE USE 

OF CARBON ISOTOPES IN DELINEATING CARBON SOURCES 

Karl K. TUrekian and Gaboury J. Benoit 
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Organic carbon in contemporary nearshore sediments is derived 

from both natural and artificial (more properly, human-processed) 

sources. The quest for identifying these various sources has 

led to the search for diagnostic chemical, physical, or iso~opic 

properties of the different components. One promising property 

is the carbon isotope imprint. Marine-derived organic carbon 

and terrestrial (soil-derived) carbon are the most obvious 

natural sources. The distinction between these two sources in 

sediements has been discerned on the basis of 613c values 

(Craig, 1953: Sackett, 1964) since marine planktonic carbon 

formed in most temperate open ocean waters (6 13c ~ -21) is 

generally heavier than soil and plant carbon ( 6 13c ~ 26). As 

high latitudes are approached, however, planktonic carbon becomes 

lighter (Sackett et al., 1965). It is also known that in lakes 

and certain estuarine bodies the oxidative recycling of biogenic 

carbon may lighten the total inorganic carbon pool from which 

the plankton carbon (Sackett·and Moor~ 1966: Spiker, 1980) is formed, 

thus also confounding the oceanic with the terrestrial sources 

(Sackett and Moor~ 1966: Spiker, 1980). 

The artificial sources are oil and coal products and sewage 
13 

sludge. These sources have 6 C values close to terrestrial 

carbon although some crude oil may be lighter and some may be 

heavier, dependingon the origin (Craig, 1953: Hartman and 

Hammond, in press: Monster, 1972: Reed and Kaplan, 1977: 

Silverman and Epstein, 1958). Thus, by using 613c it may be 

possible, in temperate zones, to distinguish an open-ocean 

plankton source of sedimentary carbon from all other sources, 

but a f~rther identification is not possible. 
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It is possible, however, to refine our knowledge of the 

sources of carbon in coastal sediments by combining 6 13c data 

with 14c data. The measured values of 613c and the 14c;l2c 
ratiod of various possible organic carbon contributors to the 

sediments of the New York Bight and adjacent regions are shown 

in Figure 1. Coal and oil, of course, are devoid of 14c 
activity (A/A 0 • 0) because of their antiquity. We have analyzed 

14 contemporary sewage sludge from New Haven for c (Table 1), and 
13 

we assume a 6 c value between -26 and -27 since sewage sludge 

is derived mainly from terrestrial materials. A contemporary 

sediment sample from New York Harbor (Simpson, 1979) strongly 
mbl 1 d f h 14 . f. i . . rese es sewage s u ge so ar as t e c spec1 1c act v1ty 1s 

13 concerned and has a 6 c value of -27. Burnett and Schaeffer 
13 

(1980) report 6 c = -26 for sewage sludge from some New York 
14 City outfalls. The contemporary plankton c value is based 

on a sample from Long Island Sount (Benoit et al., 1979). 

Another plankton sample collected ~ecently in Long Island Sound 

by J. Westrich was analyzed at Yale for 6 13c by D. Rye and 
13 "' M. Krom and shown to have 6 c = -27. However, it is known 

that total inorganic carbon in some estuarine waters may be 

light because of supply of total co by respiration from 
. 2 

bottom sediments (Sackett and Moore, 1966: Spiker, 1980). On 

the other hand, the high salinity (but less than open-ocean 

salinities) values in coastal waters such as the San Francisco 

Bay system (Spiker and Schemel, 1979) yield particulate organic 

matter with 6 13c = -22. we think that the 613c value of 

planktonic material supplied to the New York Bight sediments will 

be controlled by the open-ocean inorganic-carbon system. 

We have determined that the preindustrial organic carbon 

preserved in Long Island Sound sediments is about 2,300 yr 
13 old (Benoit et al., 1979). The 6 c of this carbon has been 
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core 

BX-6 

BX-9 

BX-10 

Sewage 

TABLE 1 Radiocarbon Data and Organic carbon Concentration 

of Bax cores from , the New York Bight 

Location 
Depth in 
Core (em) % LOI!. 

40°24.15'N,73° 0 - 11 10.0 
47.30'W 
36m 11 - 39 4.4 

40°19.60'N, 0 - 10 3.5 
73°48. 78'w: 

10 - 40 3.9 38m 

40°12. 70'N, 0 - 10 4.7 
73 °44. 99'W· 

10 - 40 3.0 62m 

sluge (New Haven CT) 

%C 

0.83 0.732 

1.41 0.516 

1.01 0.629 

1.43 0.662 

1.48 0.759 

1.70 0.639 

31.6 1.434 

14 c "age" 
b (years BP)-

± lCJ' 

2,580±520 

5,470±230 

3,830±300 

3,410±240 

2,280±220 

3, 700±140 

-2,980± 70 

a 
- % U>I • Loss on ignition • . 

b (A/A 0 ) • 
14c specific activity relative to 0.95 times NBS oxalic acid 

standard. The 14c "age" is calculated by using this standard, 
13 "' assuming 15 c • -25 and a half life of 5, 730 yr. 
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determined at Yale by D. Rye and M. Krom to be about - 26 • 

. Olsen ~ al. (1978) and Simpson (1979) have analyzed the Hudson 

River estuarine organic carbon from surface sediments in the 
f 1 1 . . f ~ 13 14 Th ~ 13 f area o ow-sa 1n1ty water or u c and c. e u c or samples 

from which the humic fraction had been extracted ia -27 and the 
14 c age is about 4,300 yr BP. Olsen et al. (1978) ascribe this 

carbon isotopic imprint to old soil carbon from the Hudson 

River system contaminated by coal and petroleum products from 

the ship and barge traffic on the riv$r. This latter effect 

ia observed in surface sediments of Lonq Island sound (Benoit 

at al., 1979). The humic acid component of the Hudson River 
14 sediments has cages of about 1,600 yr BP (Olsen et al., 1978), 

but one sample has a 6 13c value of -26 (Simpson, 1979). The 

aqe is compatible with the Lonq Island Sound sediment da~e but 

the · 613c is siqnificantly lower. Indeed, it is lower than that 

of any material measured in the sediments of Lonq Island Sound 

or the New York Biqht (Burnett and Schaeffer, 1980). 

The New York Biqht box cores we analyzed were composed of 

fine-grained sediments hiqh in organic carbon ( "' l%C) • BX-6 

and BX-9 are closest to the Bight Apex and bear the site of 

dredqe spoil dumping. BX-10 is farther down the Hudson Shelf 

Valley. The data are shown in Table 1. (Benoit et al. (1979) 

describe the analytic technique.) There is no clear common pattern 

f 14 . . . d h i o c var1at1on w1th ept n the corea. BX-6 has an older age 

for the deeper sample (5,470 yr BP) than the surficial sample 

(2,580 yr BP). BX-9 shows littie or no variation with depth, 

and BX-10 aqain shows the older value at depth. Because 

plutonium and excess 210Pb are found at depth in all these corea 

(Benninger and Krishnaswami, in press~ we interpret the differ

ences in the 14c "aqes" to be due to mixinq of hiqh 14c material 

and low 14c material. 
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We do not have &13c values for the cores we analyzed 

for 14c. Burnett and Schaeffer (1980), however, have made a 
13 thorouqh study of the cS c of qrab samples throuqhout the inner 

Biqht and alonq the Hudson Shelf Valley. They show that the 

cS 13c pattern varies reqularly in the area and that the lowest 

value is centered at the head of the Hudson Shelf valley, 

Which is also coincidentally the site of major dredqe spoil 
d l d d . h . ~ 13 ha an sewaqe s u qe ump1nq. From t e1r u c survey we ve 

chosen the closest sample to each of our three box cores 

and assiqned the cS 13c to the topmost portion of each core. 

We did not extend this to the deeper part of the core because 

of the larqe difference in 14c with depth in BX-6 ~nd BX-10. 

We believe that the qrab sample most closely approximates the 

top 10 em of the sediment pile. Table 2 shows the properties 
~ l3c of the samples analyzed for u by Burnett and Schaeffer 

that correspond with reqard to location, to our three box 

cores. 

The cS 13c and 14c data of Table 2 are plotted in Fiqure l. 

The relationship between the orqanic carbon in the sediments 

at each location and the desiqnated end members as discussed 

above is thus qraphically displayed. 

Site c (correspondinq to BX-10) can be interpreted as a 

linear combination of fossil fuel ca~bon and prebomb open-

ocean plankton. Because the cS 13c is virtually indistinquishable 

from marine carbon, however, it could be planktonic carbon 

stored in old sediments that has been bioloqically or physically 

remobilized from adjacent deposits. Bothner et al. (1980) 

report 14c values for the mud area south of Martha's Vineyard 
14 that at the surface are sliqhtly hiqher in c content than 

the values observed at Site c. (They do not show cS 13c values 
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TABLE 2 Summary of carbon I•otope Data for Selected •site•• 

in the ~ York Bight 

Stooy Brook 

Yale core 14c Grab "c a 13c 

Site (0-10 em) "c (A/A 8 ) Sample [11] (avg) (avg) 

A BX-6 0.83 0.732 34 2.24 -25.3 
40°24.15 'N 40°2S'N 
73°47.30'W 73°4S'W 

B BX-9 1.01 0.629 56 1.63 -23.9 
40°19.60'N 40°19'N 
73°48.78'W 73°45 •w 

c BX-10 1.48 0.759 HSV53 0.51 -22.1 
40°12. 70'N 40°00'N 
73°44.99'W 73°22 •w 
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FIGURE 1 
13 14 C versus C diaqram for potential orqanic carbon sources to the New York 

Biqht. The 14c axis (A/A 0 ) is the ratio of the specific activity (A) of the 

sample to 0.95 times the specific activity of NBS-1 oxalic acid (A 0 ). The 

areas marked A, B, and c are the three sites in the New York Biqht identified 

in Table 2. 
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for this region in their paper, but on the basis of regional 

data they should be the marine value.) 

Site B (corresponding to BX-9) may also be the result of 

mixing between the prebomb plankton carbon and the fossil fuel 

carbon and members. Since the point falls below the mixing line 

we have drawn, this could be accomodated using one of two options. 

Either the mixing line should be drawn with a weighting toward 

present-day plankton with a high 14c content: or, if the 

prebomb plankton end member is retained there must be a small 

contribution from either the "soil" component or even a 

smaller contribution from sewage sludge or a combination of 

"soil" and sludge. 

Site A (corresponding to BX-6) is representative of the 

site of maximum sewage sludge dumping, and the first impression 

would be that the carbon there whould be dominated by this 
14 component. It is clear from the c data that a large component 

of sewag~ sludge carbon could be present in the cores only if 

a large amount of fossil carbon were also present. The contemp

orary bottom sediments at the Battery (in New York harbor) 

apparently are dominated by 14c-rich material like sewage sludge. 

If this kind of material has been dumped into the New York 

Bight Apex, little or none has been preserved in the organic-rich 

sediments there. Even prebomb sewage sludge would have 14c 

values much higher than those. 

Alternatively, Site A could be predominantly "soil .. carbon 

with a small addition of prebomb plankton and fossil fuel carbon 

with no sewage sludge component at all required. Thus, there 

is no unambiguous solution for the Site A sample. All the 

main possibilities are listed in Table 3, based on mixing of 

the end members of Figure 1. 
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TABLE 3 Possible Combination• of source Material• compatible with the 

carbon Isotope Imprint of Site A Sediment 

Mix 

1 

2 

3 

4 

5 

6 

End members: 

% "Aqed" % Prebomb % 

Plankton Plankton Soil 

17 0 83 

17 0 0 

17 0 0 

0 17 80 

0 17 0 

0 17 0 

"a qed" plankton 

prebomb plankton 

present-day plankton 

fossil fuel 

soil 

prebomb sewaqe sludqe 

present-day sewaqe sludqe 

323 

% 

Foaail 

Fuel 

0 

23 

41 

3 

22 

41 

613c 

- 22 

22 

- 22 

- 26 

- 26 

- 26 

- 26 

% Prebomb 

Sewaqe 

Sludqe 

0 

60 

0 

0 

61 

0 

% 

Preaent-day 

Sewaqe Sludqe 

0 

0 

42 

0 

0 

42 

l4c (A/A .> 

.76 

.95 

1.14 

0 

.75 

1.00 

1.43 
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There is clearly a difference in survival timea of terrestrial 

and refractory fossil fuel carbon delivered to the oceans on the 

one hand and to marine planktonic and sewage sludge carbon on 

the other. In Long Island Sound we were able to ahow that the 

mean residence time of planktonic carbon in the top 5 em of tbe 

sediment pile is about 2 yr relative to metabolic loss (Benoit 

~ al., 1979: Turekian et al., 1980). Berner (1980) has sown 

at another site in Long Island Sound, on the basis of sulfate 

reduction kinetics, that organic carbon of planktonic origin 

has a residence time of about 20 mo. Thus, we would expect 

preservation of only the most refractory parts of the carbon 

supplied by plankton in sediments depositing in oxic waters and 

subject to macrofaunal bioturbation and bacterial activity. 

This component obviously becomes associated with the fine mud 

fraction as indicated in Figure 1 and can peraist for a long 

time. 

Sewage sludge seems to be at leaat as reactive aa planktonic 

carbon (Grunseich and Duedall, 1978). The average rate of 

destruction of particulate carbon from sewage sludge in the 

presence of sea water and sediment was investigated under 

several aerobic and anaerobic conditions at 4°C and 21°C. 

Grunseich and Duedall found that the average rate of carbon 

metabolism for all these conditions was 13 mg carbon lost per 

week per gram of carbon present. This corresponds to a mean 

residence time of 1.5 yr similar to that for planktonic matter. 

The more refractory carbon compounds will peraist longer and 

provide a residuum that will imprint the sediment. we believe 

that only a small fraction of sewage sludge carbon is preserved. 

This will be the most refractory carbon compound found in the 
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sludge, or produced durinq marinediaqeneaia, and may explain 

the obaervation made by Hatcher and McGillivary (1979) indi

cating the presence of coprostanol, a fecal steroid, in the 

sediments of the New York Bight Apex. Hatcher and McGillivary 

determined the ratio of thia to steroids derived from other 

sources to ahow that aewaqe sludqe waa a major component of 

the carbon delivered to the Bight. 

The quantity of aewaqe sludge carbon contributing to the 

sediments of the New York Bight cannot be determined by usinq 

the ratio of a refractory compound to the total in the raw 

material, aa Hatcher and MCGillivary (1979) have propoaed, 

since the most labile components of both the aewage aludqe 

and marine component• are destroyed on a rapid time acale. 

This would lead to an overestimation of the aludqe contribution 

to the sediment orqanic carbon burden. 

13 
Likewise, it is clearly not poasible to use 6 c as an 

index of the sewaqe sludqe component as Burnett and Schaeffer 

(1980) propose, since the value of about -26 is not diaqnoatic 

of sewage sludqe alone. It is characteristic of virtually any 

terrestrial material (except C-4 plants) and most fossil fuels 

used on the east coast. The addition of the 14c information 

helps in one important way. Although it doea not provide a 

unique solution to the source material problem, it does put a 

constraint on the amount of fossil fuel carbon that ia allowed 

in various mixing models. For example, if all the nonplankton 

carbon in Site A were due to the mixing of fossil fuel carbon 

and prebomb sewage 

have to be fossil 

carbon (Table 3). 

sludge carbon, then 25% of the carbon would 

fuel carbon and 75% prebomb sewage aludge 

Griffin and Goldberg (1979) made an assay 
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of fossil fuel carbon contributions in a Lake Michigan sediment 

core, using morphology for identification. A similar proqram 

in New York Bight sediments combined with carbon isotope data 

can, in principle, resolve the problem. Comparisons of the 

amount of sewage sludge carbon preserved in the sediment esti

mated by this method with the amount of a refractory organic 

compound, such as coprostanol, will provide the concentration 

factor of the refractory compound as a result of diagenesis. 

The useof this concentration factor will then provide a me~hod 

of estimating the amount of sewage sludge carbon preserved in 

the sediments of the New York Bight. 

Under the best conditions the identification of the 

dominant sources of carbon accumulating in coastal deposits in 

contemporary times will be a difficult matter where there is a 

possiblity of human involvement. We may never be able to deter

mine if there has been a change in the carbon flux to coastal 

sediments from rivers alone in recent times due to changing 

land use because of the direct impact in coastal areas of 

fossil fuels and sewage sludge. 
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THE FATE OF TERRESTRIAL ORGANIC CARBON 

IN THE COASTAL AREA 

Roland Wollast and Gilles Billen 
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In order to elucidate the.bebavior of dissolved and particulate 

organic carbon in shallow coastal areas and more precisely to evaluate 

how much of the carbon transported to coastal areas by major rivers 

is either oxidized, stored in sediments or exported to the open ocean, 

we will first discuss the mechanisms of transfer, production,and 

removal of organic matter in the estuarine zone. 

We will then describe the main characteristics of the carbon cycle 

in the coastal zone and the relative importance of riverborne organic 

matter in this cycle. 

We have tried through out this review to consider realistic figures 

for the various fluxes involved in the carbon cycle. However, this 

task is especially complicated in the coastal area because of the high 

diversity of the situations that one may encounter. We are aware these 

values are not complete but we have the feeling that they are sufficiently 

coherent on a global basis to give an idea of the relative importance 

of the various processes involved in the carbon cycle. 
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TRANSPORT OF ORGANIC MATTER. BY RlVER.S TO TIP. COASTAL .UE& 

The ettuarine tystem it utually a very active zone. where dittolved 

or particulate organic matter transported by frethwater may be removed 

by precipitation, flocculation, sedimentation or biological uptake . 
during the mixing with teawater. On the other hand, e1tuarie1 are alto 

productive . areat, and the organic matter synthetized in the water column, 

talt marthes, and swamps associated with the estuaries may become the 

dominant part of the organic material transported to the tea. 

In addition the relative importance of the physical, chemical or 

biological processe1 affecting the organic matter in the estuarie1 i• 

furthermore strongly dependent on the hydrodynamic characteristic• and 

on the geomorphologic feature• of the estuary. It it thu1 difficult to 

give a general picture of the transfer of organic matter in tuch 

complicated systemt. However, it it now generally accepted that the 

organic matter of terrestrial origin carried by freshwater it at least 

partly and in some cases almost completely removed in the estuarine zone 

and does not reach the coastal environment. 

When the salinity exceeds a few parts per thousand (3- 5%0 ), both 

the particulate matter and high molecular weight dissolved 1ubstance1 

may floculate which increases substantially the chances for this material 

to be removed by sedimentation CMeade, 1972). 

In vertically homogeneous or in partially stratified estuariet, 

usually with long residence times, this process is coupled with a 

turbidity maximum where intensive shoaling occ~rs. In the Scheldt 

estuary for instance, of the 152 x 103 T/y of particulate organic matter 

carried by freshwater, 115 x 103 T/y are deposited in a restricted 

zone (30 km) corresponding to a well defined range of salinity (5 • 15%o) 

(Wollast and Peter•, 1978). Calculations based on long term deposition 

in the Gironde estuary (Allen ~!l·• 1976) gave similar resultsa 75% 

of the tuspended load is definitively trapped in the estuarine zone 

and doe• not reach the sea. 
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In vertically well stratified estuariea, like those of aoat large 

rivers, the picture may be different. In the case of the Amazon 9~ 

of the terrigenous sediment settles out within the river aouth before 

the salinity reaches 3%. (.Milliman et al., 1975). This intensive -- . 
local sedimentation is mainly due to the existence of au extensive shoal 

occurring before the Amazon River mouth which &ives rise to efficient 

vertical mixing (Gibbs, 1970). 

Iu the Zaire River, (Eisma !!!1·• 1978) the outflow of river water 

is concentrated in a narrow surface la,er at the center of the streaa 

which prevents rapid sedimentation. However, the heavier aud larger 

mineral particles soon settle inthe inner estuary while the smaller and 

lighter particles, including organic matter, remain more in auspensiou. 

As a consequence, particulate organic matter settles aud accumulates 

near the bead of the canyon, inducing an oxygen-depleted zone in the 

bottom waters. 

The removal during estuarine mixing of a fraction of dissolved 

organic matter, particularly the humic material, is alao a well 

established phenomenon (Matson, 1968; Sieburth and Jensen, 1968; 

Nissembaum and Kaplan, 1972; Gardner and Menzel, 1974; Nissembaum, 1974). 

Laboratory experiments (HOpner and Orliczek, 1978) ahow that humic 

matter present in freshwater coagulates and settles within a few days 

after mixing with seawater and that low concentrations of Ca++ and 

Mg ++ (1 mM/1) are able to precipitate 80 % of the " brown color " • 

Formation of particulate organic material by such pathways can represent 

a significant contribution to the organic material deposited in 

estuarine sediments (Swanson !!!1•• 1972). However, Sholkovitz (1976) 

claims that only 3 - 10% of the dissolved organic matter from 

riverwater if flocculated during the mixing with seawater. 

• 
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Biological processes may alao drastically affect the transfer of 

organic matter within the estuarine zone. In long-residence-time types 

of estuaries, the nonrefractory organic matter is almost completely 

~neralized by the heterotrophic bacteria. If the organic load is high, 

this leada to the formation of zones of anoxic water. For instance, in 

the Scheld eatuary, about 40% of the organic load is respired, affectins 

mainly the dissolved fraction. On the other hand, in the Zaire River, 

the anoxic zone is restricted to the bottom water near the bead of the 

canyon where the detritus of terrestrial plant• accumulate. Approximately 

lZ of this load is respired before settling (Van Bennekom ~ al., 1978). 

However, in this case the terrigenous material discharged by the river 

serves as food for polychaete• and crustaceans which are in turn eaten 

by carnivorous fish apecies (Cadle, 1978). Odum and Heald (1975) conclude 

that the detritus food web often dominates in shallow and muddy estuaries. 

Finally, the high nutrient content of estuarine waters promotes the 

development of high productivity zones as soon as the turbidity caused 

by the terrigenous suspended matter drops as a result of flocculation and 

sedimentation. The diatom bloom in the Amazon estuary reaches its max~ 

already at a salinity lower than 10%o. In the case of the Zaire, the 

algae start to develop at much higher salinities but the dilution of 

nutrients has reached levels too low to produce an algal bloom of importance 

(Cadle, 1978). 

In the caae of the Scheldt estuary, the large supply of nutrients 

produces a phytoplankton bloom during the Spring and as a result, during 

thatperiod, the organic matter produced by photosynthesis in the lower 

part of the estuary equals almost exactly the amount of detrital organic 

carbon removed by respiration in the upper part (Wollast and Peters, 1978). 

MOst of this fresh organic matter is transferred to the coastal zone 

where it is often difficult to distinguish it from the coastal primary 

production. 
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ORGANIC MATTER CYCLING IN COASTAL ECOSYSTEMS 

• 

Both in oceanic and in costal syttems, oraanic carbon flowa mottly 

through bioloaical procestea. The main stocks involved are litted in 

Table I alona with typical value• of their size and turnover timea. Tba 

distinctions applied within thete varioua stocks need the followiDa 

comment1. 

- The distinction between particulate oraanic carbon (POC) aDd 

dissolved organic carbon (DOC) is based on the clastical definition 

using filtration through 0.45 l11D membranes. Living zoqplaukton and 

phytoplankton belong entirely to POC. Many ~acteria are smaller than 

.45 pm althouah few pass through these filter•. On the other band, 
small colloidal detritus may be clasaified a1 DOC. Thia colloidal 

detritus can conttitute up to 15% of the DOC (Sharp, 1973; C&uwet, 1977; 

Ogura, 1977). This distinction it e~ecially important for ~raanic matter 

from soil oriain which is colloidal rather than dittolved. A further 

separation of oraanic matter into dissolved, colloidal and particulate 

is thus highly desirable. 

- The chemical composition of DOC remain• a major problem in marine 

organic chemistry. The "characterized fraction", made of free or 

combined amino-acids, carbohydrate•, fatty acids, urea and 10 on, accouuta 

for only 10- 20% of total DOC (Williams, 1975). 

Within thi1 fraction, we still distinauish "directly utilizable 

organic matter" (DUOM) (Billen !!~·· 1980), made only of the free amall 

organic substrates that can be taken up by microorganisms directly, ~he 

rest requiring exoenzymatic - or spontaneout - bydrolyais before -'crobial 

utilization. The turnover times of these individual tubstrates, aa 

measured by tracer experiments, are very short (a few houra to a few daya) 

and reflect their very rapid utilization by microorganism•. 
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TABLE 1. 

CoASTAL Ea>SYSlF.MS OcEANIc Eoosvsm1S 

PHOTIC LAYER DEEP LAYER 

Pool Size Turnover Time Pool Size Turnover Time Pool Size Turnover Ti• 

(mgC/1) (years) <mac/1) (years) <mac/1) (years) 

DISSOLVED ORGANIC CARBON 

Bulk wet oxidation (b) 1-5 .6-1 .1-1.2 103(a) 4-6 10-1 3 - 3.4-6.6 10 
(a) 

dry oxidation (b) 2-10 - 1.5-2 - 1-1.3 -
Directly usable O.M. (b) .2 -4 .2-1 10 (e) .1-.2 .1-2 10-3 o-.1 .3 

PARTICULATE ORGANIC CARBON 

Bulk (c) .1-1 - .S-1 10-1 - .1-1 10-1 -
Phytoplankton 1-2 l0-1(i) .3-2 l0-2(i) 4 l0-2(h) 2-4 to-2 - -
Zooplankton .05-1 10-l(i) .1-5 l0-1(i) - - - -
Bacteria .05-1 10-3(i' .1-8 to-2(i) 3 lo-3(h) -2 .2-3 10 (g) - -

ORGANIC MATTER IN SEDIMENTS (gC/kg) (gC/kg) 

Surface layer (o-lOcm) .1-1 102(f) 1-2 (d) 15 (f) -
Deep layer 15 - 5 (f) 3 108 (g) 

------ -- -----

References : 

a) Williams et al., 1969; Arhelger et al., 1974; Bada and Lee, 1977. 
b) Williams,1975. --

g) HagstrO. et al., 1979; Jannaach, 1969. 
h) Cauwet, 1978:-

c) Parsons, 1975 i) Nihou1 and Polk, 1977. 
d) Berner, 1980; Billen, in press; Turekian et a1., 1980. 
e) Billen et al., 1980. --
f) Wollast-;-ii1preaa; Degens and Hopper, 1976. 
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No couvincing evidence exist1 concerning the nature of the large 

"uncharacterized fraction"• The very low turnover time of DOC as a vbole 

(Williams JLt al., 1969; Arhelger ~ al., 1974; Bada aDd Lee, 1977) and 

direct experiments with concentrated seawater (Barber, 1968) suggest that 

it consists mostly of biolog~cally refractory compounds. 

Ultrafiltration or dialysis shows that 70 - 90% of DOC has a 

molecular weight higher than 1,000 (Ogura, 1974; Wheeler, 1975), and 

that an increase in molecular weight occurs with depth (Ogura, 1974; 

Maurer, 1971; Mopper and Degens, 1979). 

- Although particulate organic matter obviously dominates in 

sediments, the same kind of comments as for DOC could be made for 

organic matter dissolved in the interstitial phase. Thus Krom and 

Sholkovitz (1977) have also found an increase of molecular weight 

with depth in the organic matter of the pore-water of coastal 

sediments. 

Table I shows that although the size of most stocks of organic 

matter in coastal systems does not differ more than a factor of 10 

from those in oceanic systems, their turnover times are often several 

order of magnitude more rapid. Rapidity of organic matter cycling is 

therefore a characteristic feature of coastal ecosystems. 

The main processes involved in this cyclin~ are briefly discussed 
below. Fig. 1 shows as an example the budget of organic carbon 

circulation established for thecoastalNorth-Sea, off Belgium. It 

shows for this particular environment the relative importance of the 

various processes described. 
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Figure 1: Schematic representation of organic matter cycling in. the 
Belgian coastal region of the North Sea. 

Fluxes in 1 C/m2year; reservoir• in g C/m2. 

All figures given have been independently estimated so that the good 

balance of the overall circulation i1 not all trivial. 

(Calculated from data of Organic Matter Group of the Actions de Recher

che ConcertEea en OcEanographie; Lance lot .!! !!· (1980); Bi llen (1976); 

Nihoul et Polk (1976). 339 
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Primary Production 

• 
Primary production in coastal environment• is generally much 

more important than in the ocean owing to a much greater nutrient 

availability. This results not only from external import• by river 

input or from upwelling but also from a greater efficiency in nutrient 

recycling in shallow systems. It is now well established that a . . 
considerable part (about 30%) of primary production is released in a 

dissolved form (phytoplanktonic excretion) (Lancelot,l979). 

By ultrafiltration techniques, Lancelot (in preparation) showed 

that SO - 85% of dissolved primary production consists of hi&h 

molecular weight (> 500) material. 
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Planktonic Heterotrophic Consumption 

Heterotrophic consumption in the water column compriaea 

zooplankton and bacterial activity. 

Zooplankton araze livina phytoplankton cella, but inaeation of 

detrital particlea can alao be of aianificance (Heinle !!!!•• 1973; 

Poulet, 1976). ~ pointed out above, bacteria can uae only diaaolved 

low molecular weiaht aubatratea; detritua and hiah molecular weiaht 

diaaolved oraanic matter can be ultimately dearaded by bacteria only 

throuab the action of exoenzyme• which hydrolyze them into amaller 

aubatratea. 

The importance of direct arazina with reapect of primary production 

baa often been conaidered aa a cbaracteriatic feature of marine 

ecoayatema in contraat with terreatrial ecoayatema (Odum, 1962; 

Crisp, 1964; Wieaert and Owen, 1971). However, it now becaaea evident 

that, a leaat in coaatal environmenta,zooplankton arazina doea not 

account for all the phytoplankton mortality and that iaportant patbwaya 

of oraanic matter recyclina throuah detritus and bacteria exiat in 

parallel with the pathway throuah herbivoroua zooplankton (Banae, 1974; 

Pomeroy and Jobannea, 1966, 1968; Joiria, 1978; Joiria !!!!•• 1979). 

OD the other band, bacterial biomasa syathesia can be an important 

proceaa of particulate oraanic matter formation from DOC (fi&• 1). 

Nothina ia known, however, about the extent of arazina on bacteria in 

the marine environment. 
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Benthic Heterotrophic Consumption 

Figure 2 summarizes the available data about the quantitative 

importance of organic matter degradation in marine sediments with 

respect to primary production. The decrease observed with water 

depth is obviously explained by the fact that with increasing depth, 

a higher percentag~ of the organic matter is degraded within the 

water volume. This leaves less nonrefractory organic matter 

available for recycling in the benthos. In shallow environments, 

up to 50% of the primary production can be recycled in the benthos. 

Fecal pellets and dead zooplankton have been generally considered 

as the most important source of organic material for the benthos 

(Steele, 1974). Balance calculations show, however, that for many 

shallow areas these sources cannot account for all the benthic 

activity. Direct input of phytoplanktonic material to the bottom 

occurs, either by passive sedimentation (Davies, in press), by 

feeding of benthic macr~organisms (Daro and Polk, 1973) or by 

processes like wave induced percolation of sea-water through the 

interstitial space of sediments (Steele!! al., 1970; Reidl!! al., 

1972). 

Most of the biological degradation of organic matter in 

sediments occurs in the upper 10 or 30 em. Below this depth, a 

large concentration of biologically less available or inert organic 

matter remains and the bacterial population is dramatically reduced. 

The slow bufial of organic matter within the sedimentary column 

constitutes a net loss of carbon for the marine environment. 
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Figure 2: Amount of organic matter degraded by microbial activity in the 

sediments expressed in percentage of primary production in the water 

column, for marine ( •) and lacustrine ( • ) environments as a function 

of the water depth. Data from Hargrave, 1973 and Billen, 1976. 
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Nonbiological Processes 

In addition to the biological processes mentioned above, some 

physical or chemical processes can play a role in organic matter 

cycling. 

Chemical reactions involving the organic constituents of seawater 

can be important in transforming labile substrates into refractory 

compounds as will be indicated later. 

A possibly important physical process is particle formation from 

DOC. The possible role of bubbles in this process has been emphasized 

by many authors (Barber, 1966; Wheeler, 1975; Johnson, 1976). 

Adsorption on mineral particles may also be of significance (Suess, 

1970; Meyers and Quinn, 1973). 
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THE IMPORTANCE OF RIVERBORNE ORGANIC CARBON IN C CYCLING OF COASTAL AREAS 

In order to elucidate the behavior of dissolved and particulate 

organic carbon of terrestrial origin in shallow coastal waters, let ua 

first evaluate the relative input of carbon transported by major rivera 

to these regions compared with the coastal primary production. 

We have already underlined the differences that one may 

encounter with respect to the characteristics of the estuarine zone and 

similar effects are responsible for large variations in the primary 

production in the coastal zone. These include river input of nutrients, 

intensity of upwelling, high turbidity patches and instability of 

water masses due to local currents and turbulence. It is possible, 

however, to estimate a general trend by considering the problem on 

a global scale. 

We have first selected the mean concentration of organic matter 

carried by rivers to the sea from independent but coherent evaluations 

found in the literature (Table II). Degens and Hopper (1976) consider 

that on the basis of a total concentration of organic matter in fresh 

water of 5 mg C/1, the transfer to the oceans may be 1.8x 1014 g C/y. 

Garrels !! al. (1975) have distinguished between particulate and 

dissolved organic carbon and propose river fluxes equal to 1.28 and 

0.70 X lo14 a C/y respectively (total 1.98 X lo14 g C/y). Sharp (1975), 

on the basis of a few but well studied cases, considers that 2.0 mg C/1 

and 2.9 mg C/1 are representative values for the concentrations of 

particulate and dissolved organic matter in estuarine waters reaching 

the sea. This would give fluxes of 0.64 x 1014 g C/y for POM and 

0.93 x 1014 g C/y for DOM and a total of 1.57 x 1014 g C/y for a global 

river flow of 32 x 1o12 m3/y. 

Duce and Duursma (1977) estimated that the global fluxes carri&d 

by rivers are equal to 1.1 x 1014 g C/y for the DOM, and 0.6 x 1014 g C/y 

for the POM. Taking into account the partial removal of this organic matter 

before reaching the sea, they proposed a maximum flux of organic matter 

• 1 5 14 I rang1ng from 1 to • x 10 g C y. 
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TAILB II. 

EVALUATION or THI INPUT or ORGANIC CARBOit TRANSPORTED BY RIVERS TO THI COASTAL ARIA (ia 1014 c C/y) 

AUTHORS DISSOLVED INPUT PARTICULATE INPUT TOTAL INPUT 

I 

Garrels ~ .!!• (1975) 0.70 1.28 1.98 

Sharp (1975) 0.93 0.64 1.57 

Degena and Hopper (1976) - - 1.8 

DuCe and Duura.- (1977) 1.10 0.60 1.70 

Meybeck (this volume) 2.15 1.80 3.95 
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Finally, Meybeck (this volume) detailed calculations of the river 

fluxes and obtained an input of 2.15 x 1014 g C/y as dissolved organic 

aatter and of 1.8 x 1o14 g C/y as particulate organic matter. This 

stody is by far the most abundantly documented and is therefore selected 

here. 

If we compare the flux of particulate organic matter to the total 

suspended matter carried by rivers as given by Martin and Meybeck (1978) 

(15.5 x 1015 g C/y), we obtain a mean content of about 1% of organic 

carbon for the suspensions in the streams. 

There are numerous measurements of primary production in coastal 

zones and several evaluations of regional annual productivities. Platt 

and Subba Rao (1975) have estimated the annual productivity of the marine 

microphytes divided into inshore and offshore zones. · Their estimate of 

the average annual primary production of shelf regions (< 200 meters) is 

183 g C/m2 y. However, Fogg (1975) pointed out that Platt and Subba 

Rao have not taken extracellular products into account and their 

estimates may therefore be too low. To adjust for this contribution, 

Vooys (1979) found an overall correction of 20% for extracellular 
2 excretion, which would then correspond to a mean value of 37 g C/m y 

of dissolved organic carbon produced in the shelf region. The planktonic 

primary production for the total coastal area extended to 30 x 106 km2 

becomes then 5.5 x 1015 g C/y. 

On the other hand, Woodwell !! al. (1973) calculated the global 

primary production of coastal marshes and open water regions in estuaries. 

According to these authors estuary production including the marshes 

would be 1.4 x 1015 g C/y. The total production of fresh organic matter 

in the coastal zone including all biotic elements would then be 8.0 x 1015g C/y. 

The comparison of this flux with the river flux shows that the 

terrestrial contribution of organic carbon in the coastal zone is only 

about 5% of the net primary production. 
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THE FATE OF TERRIGENOUS CARBON WITHIN COASTAL SYSTEMS 

It follows from the preceding section that the flux of terrigenous 

organic matter to coastal systems is generally too low.with respect to 

primary production, to have more than a local influence on the structure 

of the food web of these systems. 

The question now arising is whether the small flux of terrestrial 

organic matter is simply "metabolized·~ within the trophic chains 

of coastal systems or whether it accumulates to a large extent in 

some inert compartment. The fact that the terrigenous material 

reaching the sea has crossed the biologically very active estuarine 

system supports the idea that it is largely refractory organic carbon. 

As pointed out above, two big reservoirs of inert organic matter 

exist in coastal marine systems: refractory dissolved organic: carbon 

and organic matter hurried in deep sediments. 

We will now examine to what extent terrigenous material contributes 

to the fluxes feeding these two inportant reservoirs. 

Contribution of Terrigenous Organic Matter to 

Refractory Dissolved Organic Matter 

It has been believed in the past that " gelbstoff present in 

seawater simply consists at the terrigenous humic material transported 

by rivers (Shapiro, 1964). Some authors have even suggested the use 

·of "gelbstoff" as a conservative tracer of the mixing of freshwater 

masses in seawater. This idea has been largely disproved on the 

basis of the following arguments~ 

On the one hand, as discussed above, it has been shown that most 

of the humic material present in river water flocculates at low 

salinities and does not reach the marine environment. 
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On the other hand, more detailed studies on the structure 

of marine "gelbstoff" have shown basic differences with terrestrial 

humic and fulvic acids. For instance, Sieburth and Jensen (1968) 

isolated yellow dissolved substances from coastal seawater and 

freshwater by adsorption on nylon and subsequent alkaline elution. 

The paper chromatogram from the two samples differed markedly. Khailov 

and Finenko (1970) made similar observations. Sieburth and Jensen 

(1969) suggested condensation of phenolic, proteinaceous and carbo

hydrate compounds present in seaweeds and excreta as a possible 

mechanism for the formation of marine " gelbstofi'. Stuermer and Harvey 

(1974) isolated dissolved fulvic acid from the Sargasso Sea and 

from coastal Pacific water. Both of them differedmarkedly from soil 

fulvic acids and from marine sedimentary fulvic acids. The 6 13c 

values (- 22.76 to- 23.7 %) indicated a marine origin. 

"Gelbstoff" does not of course account for all · refractory DOC. 

Processes other than formation of high molecular weight humiclike 

compounds have been suggested which could lead to biologically 

inert organic matter: metal ion complexes and intermolecular 

condensation reactions. No reason exists for believing that terri

genous organic matter could be preferentially involved in these 

processes. In fact, as shown by Williams and Gordon (1970) 6 13c 

values of the bulk dissolved organic matter from various marine 

locations are in the range - 21.2 to - 24.4, and do not reflect 

the values found for dissolved and particulate organic matter transported 

by rivP.rs (- 28.5 to 29.4 for the Amazon river). 

Accumulation of Terrigenous Organic Carbon in Coastal Sediments 

The mean content of organic carbon in coastal sediments is 1 - 5% 

(Degens and Kopper, 1976). If we consider 5% as a typical value 

for the freshly deposited material at the sedimen~ interface, the 

global flux of POM from the water column to the sediment may be 

estimated by multiplying this value by the rate of sedimentation 
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in the coastal &one. We know that the present day sedimentation 

rate on the shelf ia unusually high due to the high sea-level aDd we 

estimate it cJose to 30 cm/1000 y. This gives a rate of deposition 

of 16 x 1015 g/y for the coastal zone which represents 80% of the 

present day total river input to the oceans (Martin and Meybeck, 1978). 

The rate of deposition of organic carbon would then be 8 x JOl' g C/y 

which corresponds to 10% of the primary production of the coastal 

zone. This evaluation is supported by the data presented in Figure 2, 

which suggests that for a mean depth of 100 ·meters corresponding to the 

mean water depth of the coastal &one, approximately 10% of the 

degradation occurs in the sediments whereas the remaining 90% occurs 

in the water column. 

One can assume that the terrestrial particulate organic matter 

transferred by the streams into the sea is relatively refractory 

and thus not very much affected by biological degradation during ita 

residence in the water column. A significant proportion of the 

particulate terrestrial organic carbon consists of the remains of 

plants (Gearing!! al., 1977; Cadle • 1978) which are rather 

refractory to mineralization. For example, Van Bennekom !!!!· (1978) 

showed that only 1% of the organic matter transported by the Zaire ia 

mineralized before sedimentation. Thus if we assume that all the 

terrestrial organic matter transferred by the rivers is deposited 

in the coastal zone, the flux, equal to 2 x 101' g/y of particulate 

terrestrial organic matter represents approximately 25% of the 

total organic matter deposited. 

This evaluation is well sustained by the distribution of a 13c in 

continental margin sediments (Nissenbaum and Kaplan, 1972; Gearing 

et al., 1977). The 13cf12c ratios reflect a definite terrestrial 

input very close to land; they decrease in an approximately logarithmic 

fashion with distance from shore (Gearir&!!!!•• 1977). As a mean, 

a 13c values of organic C in the coastal region (up to a few tens 

of kilometers off the coast) are about- 22%0 ,~ndicating a 20- 30% 
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contribution of terrestrial material. 

After deposition, the dearadation of oraanic .. tter duriac 

the early diaaenetic procesaea proareaaively reduces the oraanic 

carbon content. Even in anoxic aedimenta thia reaction ia quite 

fut. Berner (1980) showed that the mean residence ti ... of oraanic 

.. tter in Lon& Island Sound sedimenta,a syst .. dominated by sulfate 

reduction, waa only 20 months. Tbia value aareea well with independent 

•aaurementa, based on lite material balance, of Turekian!! .!!• 
( 1980 ) in the aame reaion. 1bese authors obtained a mean residence 

time of 2.2 years and found no appreciable amounts of plankton derived 

carbon below S em depth. 

.1 
Billen (in press) calculated the rate of dearadation of oraanic 

matter in the coastal sediments of the North Sea baaed on the rate 

of mineralization of nitroaen. It appears that the half life of 

oraanic nitroaen in the aedimenta ia only one year in these leaa 

anoxic sediments and that only 20% of the initial amount of oraanic 

nitroaen is preserved. 

On the other hand, one can expect that the oraanic fraction of 

the sediments is enriched in terriaenoua oraanic matter burried, 

owina to the refractory nature of thia material. Sweeney !! !!· 
(1976) have shown that thia is indeed the case by measurina the 

isotopic composition of oraanic nitroaen in coastal sediments. Their 

reaulta show that in sediment of the Santa Barbara Basin on the California 

continental shelf, where the input of terrestrial oraanic nitroaen 

hu been estimated to be 2S - SO% of the total nitroaen input, it 

ia the marine-derived nitroaen which ia preferentially utilized by 

bacteria durin& early diagenesis. Terrestrial oraanic nitrogen se ... 

to be entirely preserved. 

To summarize, the various fluxes discussed here are presented 

in Figure 3 as a tentative global mass balance of organic carbon in 

the coastal zone. 
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River input 
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COASTAL ZONE 
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8 ~ Marine 6.0 
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/Terrestrial 2.0 
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Figure 3: Tentative global mass balance of organic carbon in the coastal 

zone (in 101~ g C/y). The exportation of organic carbon to the open 

ocean is assumed to be negligeable at the present time except for dissolved 

organic carbon. 
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CONCLUSIONS 

Terrigenous organic matter appears to play only a minor role 

in coastal marine systems: 

Most of the material transported by rivers is either mineralized 

or sedimented within the estuarine zones. 

The amount of this material which ultimately reaches the sea 

constitutes only a minor flux (about 3%) compared to the flux of 

organic matter produced in situ by primary production. 

Terrestrial organic matter does not significantly modify, unless 

locally, the structure of the trophic web of caostal systems. Moreover, 

it consists essentially of refractory organic matter. 

The particulate fraction of this refractory organic matter seems 

to have only a very limited residence time in the water column of the 

coastal environment. It is almost quantitatively deposited in 

sediments near to the coast, where it is preferentially accumulated. 

The fate of dissolved organic matter from terrestrial origin 

in the coastal system is far less understood. However, it does not 

seem to influence significantly the composition of dissolved organic 

matter in the sea. 
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GLOBAL CARBON CYCLE: 

SOME MINOR SINKS FOR C02 

Fred T. Mackenzie 
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Since about 1975, it has become evident that sinks other 

than the ocean and atmosphere may be responsible for storage 

of some co2 produced by activities of society. It is not 

likely that the increased fluxes of carbon associated with 

these minor sinks are substantial. However, a number of small 

sinks could play a role in alleviating what seems to be a 

present small imbalance in the estimates of the carbon cycle. 

The purpose of this paper is to assess the role of some minor 

sinks in storage of co2 produced from fossil fuel burning 

and other sources. 

BACKGROUND 

The burning of fossil fuels--coal. oil, and gas--and other 

anthropogenic sources of co2, such as net oxidation of the 

terrestrial biosphere because of deforestation, are responsible 

for an estimated increase in atmospheric co2 of about 14% 

during the last 100 years. The rate of atmospheric co2 increase 

is now about 1.5 ppmv per year. However, fossil fuel burning 

alone over the last century is estimated to have released to 

the atmosphere about twice as much co2 as the total atmos

pheric increase. There is considerable controversy concerning 

the role of the terrestrial biosphere as a net source or sink 

for atmospheric co2• 

Estimates of annual biospheric co2 fluxes to the atmos

phere range from about equal to that from fossil fuels to 
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zero: some authors have the biosphere as a net sink. It 

seems likely that the terrestrial biosphere may have vacil

lated between acting as a source and as a sink of atmos

pheric co2 within the last century, although ita exact role 

is a hotly debated topic today. The biosphere's role in 

the global carbon balance during the last two decades and 

on into the twenty-first century is critical to models that 

predict future atmospheric co2 levels. 

Whatever the case, models of ocean uptake of co2 yield 

estimates of annual uptake over the last two decades of bet

ween 70 and 100% of the annual co2 increase in the atmosphere. 

Broecker's (1980 personal communication at a Department of 

Energy meeting, washington, D.C.) most recent estimate of 

ocean uptake baaed on the GEOSECS (Geochemical Ocean Sections) 

transient tracer data leaves about 5 to 10% of the total 

fossil fuel co2 additions to the atmosphere unaccounted for 

(Table 1). All these ocean models currently assume that co2 
simply dissolves into seawater and include no provision for 

co2 uptake as a result of reactions with carbonate solids in 

contact with shallow ocean waters, or organic carbon buried 

in sediments. 

If Broecker's estimate is correct, the ocean as currently 

modeled is an inadequate or barely adequate sink for fossil 

fuel co2• If the terrestrial biosphere is a significant 

source of co2 for the atmosphere, the problem of the ocean as 

the only major sink of the missing co2 is exacerbated. Thua, 

it recently has become apparent that potential ainka other 

than the open ocean deserve attention. 
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Table 1 summarizes the balance problem for anthropogenic 

co2 and includes some flux estimates evaluated in this report 

or recently elsewhere (Broecker~ al., 1979: Garrels and 

Mackenzie, in press). An tmportant point to remember is 

that known additions of co2 to the atmosphere due to society's 

activities should be balanced by an equivalent increase in 

atmospheric co2 unless these societal contributions lead to 

a negative feedback and also increase fluxes of co2 out of 

the atmosphere. In terms of the co2 problem, it is necessary 

not only to determine the relative magnitudes of fluxes in

volved in the global cycle of co2 but also to demonstrate 

that fluxes into reservoirs other than the atmosphere have 

increased in magnitude since ancient times. If this can be 

shown, the fluxes associated with these processes can act as 

co2 sinks. 

Figure 1 shows an updated version of the global carbon 

cycle, as derived from compilations of data from many sources, 

Fossil fuel burning alone results in release to the atmosphere 

of 420 x 1012 moles carbon per year: about 52 (± 0.04) % of 

this amount remains in the atmosphere, and 37 (± 0.04) % is 

taken up in the sea according to: 
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TABLE 1 Man-related Fluxes of co2 to the Atmosphere Compared with 

Estimates of Increases in Fluxes of co2 to Potential Sinks 
12 -1 a 

(units of 10 moles C y ) -

Flux Source 

(1) Fossil fuel burning 412-428 

(2) Land use 0-415 

Sink (increase since 
ancient times: 
100-200 to 1000 yrs. 
B.P. 

(3) co2 solution in ocean 149-161 

(4) Dissolution of Mg-calcites 
in ocean mixed layer 0-8 

(5) Sequestering of organic c 0-60 
in continental and marine 
aquatic systems because of 
N and P additions to these 
systems {maximum from 
walsh, in press) 

(6) Terrestrial orqanic C 
transport to marine 
systems and stor~e in 
marine sediments-

(7) Terrestrial orqanic carbon 
storage in continental 
systems such as flood
plains (crude estimate 
of increased flux based on 
present-day ranqe of deposi
tion of organic carbon in 
these systems) 

{8) Atmospheric increase 

TOTAL RANGE 412-843 

0-18 

0-7 

209-227 

358-456 

~Estimates adapted from Bolin, 1977: Broecker et al., 1979: 
Garrels and Mackenzie, in press: walsh, in press: Woodwell and 
Houghton, 1977: and this paper. 

b See summary of estimates, no. 3, in section "Sequesterinq of Orqanic 
carbon." All the calculated organic carbon increased flux to sedi
ments is considered to be due to this process. Because processes (6) 
and (7) are not resolvable from (5), their ranges are included in (5) 
and not included in total range. 364 
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FIGURE 1 Global cycle of carbon. Compilation of data from several sources. 
Updated version of Figure 30, Garrels , Mackenzie, and Hunt, 1975. 
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The balance accounts for 89% of the annual release of 

carbon to the atmosphere from fossil fuel burning, leaving 
12 about 11% , or 47 x 10 moles of carbon per year unaccounted 

for. Broecker et al. (1979( estimate that if carbon se

questered in sediments because of excess anthropogenic 

phosphorus (Garrels, Mackenzie, and Hunt, 1975: Mackenzie, 

1975) is taken into account, then about 91 (~ 0.07) % of 

the co2 released by the burning of fossil fuels can be taken 

care of by the processes of co2 solution in the ocean and 

organic carbon burial. 

However, if during the recent past, practices involving 

land plants, such as deforestation and cultivation, have led 

to a net release of co2 to the atmosphere, the problem of 

balancing the carbon cycle is more difficult than the above 

scenario indicates. Using Bolin's (1977) estimate of 

83 x io12 moles C/y as the net release frqm the terrestrial 

biota, we find that the imbalance in the cycle could be as 
12 much as 130 x 10 moles C/y. Thus, the possible range in 

imbalance of the global carbon cycle is 47-130 x 1012 moles 

C/y. (Figure 1: this figure shows a smaller range because 

of correction for estimates of increased fluxes of co2 due 

to solution of Mg-calcites in the ocean and organic carbon 

burial). This imbalance seems large for the last two de

cades. The question is whether any carbon dioxide sinks, 

in terms of increased co2 fluxes from the atmosphere, have 

been significantly underestimated or whether, heretofore, 

unevaluated sinks have played a significant role in resolving 

the balance. It may be a matter of a number of small fluxes 
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du9 to different processes giving rise to a composite 

important flux. 

SOME MINOR SINKS AND THEIR ROLE IN THE CARBON CYCLE 

Inorganic carbonate Reactions 

The details of this sink are explained in a recent 

Department of Energy report (Garrels and Mackenzie, in press). 

In summary, reactions of co2 dissolved into the oceana accord

ing to 

co2 increase+ Mg-calcite--~increased dissolved (Ca+++Mg++) + 

increased dissolved C 

may amount to a few percentage points of the annual atmos

pheric increase. Probably an upper estimate of the flux 

associated with this sink is about 8 x 1012 moles C/y. 

Sequest~ring of Organic carbon 

Following are various estimates of potential increases 

in organic ca~bon fluxes as a means of sequestering co2 
generated by activities related to society. These increased 

organic carbon flux estimates are on the order of 1o12--1o13 

moles C/y, and could play a significant role in bringing 

the global carbon cycle into balance. 
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1. Pho•phoru• Balance 

A. 4 x 1012 mole• c y-l organic carbon •torage in coastal 

marine environments a• a re•ult of eutrophication. 

Based on the a•sumption• that 2~ of the phosphorus 

B. 

12 -1 input to the ocean of 0.12 x 10 moles P y 

(Pierrou, 1976) i• derived from fertilizers and 
12 -1 municipal waste• • 0.024 x 10 moles P y and that 

this phosphorus re•ult• in burial of •edtmentary 

organic matter with an average C/P ratio of 150/1 

(Simp•on et al., 1977): 

4 X 1012 ~0.12 X 1012 X 0.20 X 150. 

12 -1 23 x 10 mole• c y carbon •torage in aquatic 

•y•tema a• a re•ult of eutrophication. Pho•phorus 

applied a• fertilizer to •oil• (human excreta plu• 
12 -1 indu•trial fertilizer•) i•"' 0.4 x 10 moles P y • 

16 2 
An agricultural area of 14.7 x 10 em , from which 

-2 i• leached annually about lO~g P em (Pierrou, 1976, 

Table 1) i• u•ed, and the total amount of pho•phorus 

that enter• aquatic system. becau•e of fertilizer 

application is found tG be 0.05 x 1012 moles P y-1, 

or 12.5% of fertilizer pho.phoru• applied to the land'• 

•urface. Pho•phoru• injected directly into aquatic 
12 -1 •Y•tema a• •ewaqe (0.04 x 10 mole• P y ) (Pierrou, 

1976) i• added to thi• value, and the total pho•phoru• 

entering aquatic •y•tema is found to be 0.09 x 1012 
-1 

mole• P y • If all thi• pho•phoru• led to growth and 

burial of organic matter with an average C/P of 250/1 

(Broecker et al., 1979), thi• increased flux (23 x 
12 -1 10 mole• C y ) would be about 11% of the annual 
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increase of co2 in the atmosphere: 

23 X 1012 ~(0.05 X 1012 + 0.04 X 1012 ) X 250 • .... 

2. Nitrogen Balance 

9 x 1012 moles C y -l carbon storage in marine systems 

because of eutrophication. Based on global river dis

charge to the ocean of nitrate and organic nitrogen of 
12 12 -1 0.5 x 10 and 0.4 x 10 moles N y , respectively, 

from agricultural areas (SOderlund and Svensson, 1976), 

and the assumption that all this nitrogen is consumed as 

nutrient to produce sedimentary organic matter with an 

average C/N of 10/1 (Simpson et al., 1977): 

9 X 1012 = (0.5 X 1012 + 0.4 X 1012 ) X 10. 

12 -1 Walsh (in press) estimates 60 x 10 moles c y storage 

in marine systems because of increased production of 

organic matter due to addition of nutrients to the ocean 

from man's activities. This value is 28% of the yearly 

increase of atmospheric co2• 

3. Organic carbon Storage in Marine Sediments 

18 x 1012 moles c y-l increased rate of organic carbon 

storage in coastal marine systems because of man's acti

vities. Total coastal and nearshore sedimentation rate 
14 -1 today is 154 x 10 g y (assuming 80% of total river 

suspended load of 183 x 1014 g y-l is deposited in 

these regions and Milliman's (1974) estimate of 
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14 -1 d . i 7 x 10 g caco3 y Holocene shelf and reef epos1t on 

of carbonatea). This total accumulation rate is equi

valent to SOcm{l03y distributed over an area of 

30 x 1016 cm2• Freshly deposited marine sediments con

tain about 5-6 wt% organic carbon (Heath et al, 1977, 
Figure 3: (Wollast and Billen, this volume)J thus, 

the max~ rate of organic carbon aedtmentation in 
12 coaatal and shelf environment• today is "'80 x 10 

moles C y-1, Which is equivalent to 13% of organic 

carbon production in these environments. 

About 30% of the freshly depoaited organic carbon 

ia preaerved in aediments (Wollast and Billen, this volume): 

the rest ia returned to the water column by oxidation. 

Therefore, accumulation of organic carbon in nearshore 
12 -1 areas today ia about 24 x 10 molea c y • 

Organic carbon accumulation in pelagic and hemipelagic 

areaa over the last few thousanda of years may be esti-
16 mated from the product of the areas of 268 and 63 x 10 

cm2 for theae environments, and their organic carbon 
-3 -1 -2 3 accumulation rate• of 10 and 10 9 c em /10 y (Heath 

12 
~ al., 1977, Figure 3). The value obtained is N 6 x 10 

moles C y-1 • If we use the minimum Holocene estimate of 
12 -1 Hay and Southam (1977) of 12 x 10 moles c y for total 

accumulation of organic carbon in oceanic aediments, the 

average Holocene nearshore accumulation rate is found to 
12 -1 

be 6 x 10 moles C y • 
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4. 

Calculations of this type indicate that the preaent 

coastal and nearshore organic carbon accumulation rate 

may be about 2-4 times greater than that of the recent 

past. The value of this increased flux is about 3-8% 

of the annual increase of atmospheric co2 • 

12 -1 7 x 10 moles c y stored in continental sediments 

resulting from increased carbon fluxes due to deforesta

tion, agricultural cropping, and nitrogen and phosphorus 

fertilization activities of man. 

5. Sewage 

6. 

1 x 1012 moles c y-l carbon storage in marine environment 

because of direct input of urban aawage to oceana. Baaed 

on New York City per capita sewage production of 1 x 103 

moles carbon per year and a world urban coastal popula-
9 tion of 1 x 10 people: 

12 -1 
13 x 10 moles of carbon yr produced as manure1 mostly 

volatilized but a little stored. 

7. Direct introduction of man-related co2 taken up in plant 

debris (terrestrial) to aquatic systems. Estimates 3 and 4 

include this potentially increased flux. 

8. Agricultural Crop Production 

Potential for carbon storage is 9.1 x 1015g crops 

a carbon content of 5~: 12% harvested 
-1 moles c y : detritus represents 334 x 
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amall leakage from thia ayatem could be aignificant. 

Phoaphorua and Nitrogen Fertilization 

The situation with respect to the interaction• of the c, N, 

and P cycle• and organic carbon aa a aink for anthropogenic 

co2 ia ahown in Figure 2. For example, an estimate of phoa

phorua added to aquatic ayatema from municipal waatea and 

leaching of phoaphate fertilizers ia 0.09 x 1012 mole• P/yr. 

If thia P ia uaed in plant photoayntheaia with an average 

atomic ratio of C/P of 250:1, about 23 x 1012 moles of carbon 

would be utilized. If thia carbon were "permanently" atored 

in aedimenta, the global aink of or9anic carbon would be 

increaaed by thia amount. The range of value• aa•ociated 

with this flux depend• on the average C/P ratio uaed and the 

amount of phoaphorua releaaed to aquatic ayatema .via fertili

zer• and municipal waatea. Walah (in preaa) eatimatea that 

increaaed nutrient aupply to the ocean becauae of runoff 

from agricultural landa and aewage diacharge may have increased 

the flux of organic carbon to alope aedimenta by aa much aa 
12 60 x 10 moles C/y. This value aeema to be an upper eatimate. 

It ia poaaible that the tie between c, P, and N could 

reault in a aubatantially increaaed flux of organic carbon in 

freahwater and marine ayatema. Thua, in terma of the "unknown" 

ainka, thia item ia an ~rtant loose end to nail down. 

Marine Macrophytea 

Smith (in preaa) notes that marine macrophytea may be an · 

additional minor sink of carbon. The reaidence time of carbon 
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in the macrophyte (algae plus seaweed) reaervoir is about 

1 year, and ita biomass is about 83 x 1012 moles c (Figure 3). 

The main question is whether net carbon input into this 

system has increased over the last 100 years or so by accele

rated gas exchange across the air--sea interface and has 

thus increased production and burial of organic carbon. If 

the organic carbon in sediments has bacterially oxidized to 

co2, and if, in turn, this co2 has reacted with carbonate 

minerals to produce dissolved HCO~, then the oxidation pro

cess need not result in co2 return during early diagenesis. 

Soil Humus 

Because of the size of the soil humus reservoir (170,000 
12 x 10 moles C) and its relatively long residence time with 

respect to organic c, small net changes in the size of this 

reservoir implies a large net flux. For example, changes 

in land use could result in changes in the magnitude of 

organic carbon fluxes related to the humus layer. It can be 

seen from Figure 4 that increases in desert and cultivated 

regions should result in shrinkage of the humus reservoir and 

an increase in the flux of carbon from the humus layer. 

Bolin (1977) suggested that cultivation practices have led to 

a net average carbon input to the atmosphere of about 25 x 1012 

moles annually since the early nineteenth century. current 

annual release of carbon from organic soils undergoing drain

age as a result of man's activities is 3 to 31 x 1012 moles, 

whereas sequestering of organic carbon by undrained organJc 

soils is estimated within an order of magnitude at 4 x 1012 
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moles (Armentano, 1980). Thus, the net exchange of carbon 

today from organic soils could be zero. 

The organic carbon content of tropical-subtropical, tem

perate, and desert soils is related to the net primary pro

duction of these areas. Desert areas are least productive, 

and their soils are carbon-poor, whereas tropical-subtropical 

regions are most productive and have carbon-rich soils. Tem

perate production and soil organic carbon contents lie between 

these extremes. In general, the total organic carbon trans

ported by streams draining these climatic areas reflects the 

organic content of the soils and primary production of these 

areas. Streams of arid areas carry little TOC, whereas 

atreams of tropical wet regions are rich in TOC (Meybeck, 

this volume). 

It is intere~ting to note that the average wt % C/N ratio 

of organic material in soils is about 13 (Figure 4). Recent 

marine sediments average 8-10 (Trask, 1932: Toth, 1976), 

whereas ancient sediments average 12-15 (Trask and Patnode, 

1937). This similarity in C/N ratios of various types of 

organic materials makes it difficult to distinguish the 

sources of sedimentary organic matter on the basis of C/N 

ratios alone. 

The important point is that the soil humus reservoir of 

organic carbon is large, and small changes in it could sub

stantially affect the global carbon cycle. 
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EROSION RATES AND ATMOSPHERIC C02 

Man has significantly increased the average erosional rate 

of land by agricultural and deforestation practices. In com

parison with the erosional rates that prevailed during the 

immediate past, today•s rates are a factor of two to three 

times greater (Judson; 1968: Garrels and Mackenzie, 1972). 

Thia increased erosional rate baa presumably led to an in

creased rate of consumption of oxygen from the atmosphere, 

with a concomitant increase in the rate of co2 release to the 

atmosphere because of weathering of fossil organics. 

Garrels et al. (1976) attempted to evaluate the effects 

of increased erosion on atmospheric co2 • The changes in the 

co2 content of the atmosphere due to a threefold increase in 

the rate of land erosion as calculated from the Garrela-Lerman

Mackenzie model are ahown in Figure s. It can be seen from the 

figure that trebling the erosional rate can result in an increase 

in atmospheric co2 of about 2 1/2 times ita present value, over 

a period of 2 million years. Thua, the effects of accelerated 

erosion, even though they must be considered on a time scale of 

several million years, are possibly greater than those due to 

fossil fuel burning in terms of o2 depletion and co2 increase. 

Perhaps man's greatest long-term pollutional effects on the 

global environment may result from his practices leading to 

large changes in erosional ratea on land. 

Although the above model illustrates what can happen on 

a long-term basis, it has implications for the shorter term 

also. In the model, the cauae of increased atmospheric co2 
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is oxidation of fossil sedimentary organics in rocks. However, 

land use practices may lead to similar results on a shorter 

time scale. Cultivation, overgrazing, and deforestation 

practices leading to increased erosional rates may increase 

not only the weathering rate of fossil organics, which con

stitute a very small portion of the organic material in soils, 

but also that of the more abundant, younger humus matter in 

soils. This increased oxidation rate accounts for soils being 

a potential source of co2 to the atmosphere. 

CONCLUSIONS AND RECOMMENDATIONS 

The assessment of the global cycle of carbon indicates it 
12 may be out of balance by 0 to several hundred x 10 moles 

C/y. If deforestation practices had not been important over 

the last two decades, the situation is much less acute. It 

is then possible to balance the cycle (Table 1): 52% (± 4%) 

of the fossil fuel co2 remains airborne: 37% (± 4%) dissolves 

into the ocean: 7% (± 7%) is sequestered as organic C in 

sediments of aquatic systems because of direct input of 

terrestrial organic carbon or because of increased organic 

production and burial resulting from increased nutrient supply 

to these systems: and 1% (± 1%) enters the oceanic mixed layer 

via dissolution reactions with Mg-calcites. If deforestation 

and cultivation practices were an tmportant net source of 

carbon to the atmosphere in the past, or if these practices 

become important in the future, as anticipated, the balance 

situation is more complex, and the search for sinks more 

critical. However, even with our present crude knowledge of 

the nature of minor sinks of man-related co2 released to the 
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atmosphere, and an optimistic eattmate of the preaent col

lective magnitude of the fluxea related to theae ainks, aa 
12 -1 much aa 44 x 10 molea carbon y bioapheric releaae to the 

atmosphere can be accounted for in the preaent global balance 

sheet for co2 (Table 1). 

It appear• that the minor sinka of anthropogenic co2 
bear further inveatigation aa to their nature and the amounta 

of increased carbon fluxea to them. In particular, we ahould 

inveatigate the aource and fate of organic carbon in riverine 

and coaatal marine ecoayatema and the relationahipa among 

organic productivity, carbon burial, and increaaed nutrient 

aupply to continental and marine ayatema becuaae of man•a 
. 12 

activitiea. The problem ia difficult: if all the 44 x 10 

molea C/y were aequeatered in nearahore marine ayatema aa 

organic carbon, thia would amount to a layer only about 0.02 nm 

thick apread over the area of theae ayatema. Total aedimenta

tion in nearshore marine environments may be aa much aa 0.05 

cmVY, or 25 times the thickneas of the layer mentioned here. 

It is, indeed, like "looking for a needle in a hayatack." 
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