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Abstract

Elemental and molecular analyses indicate that the sources and inputs of terrigenous organic matter (OM) to the

upper St. Lawrence system have been in¯uenced by increased discharges of industrial solid organic wastes from the
pulp and paper industry following its expansion in the 1920±1940's. Moderately altered lignin-rich particles from a
combination of natural and anthropogenic sources predominate within recent sediments of this system, with
anthropogenic fractions ranging 10±70% and 2±30% for the Fjord and the Lower Estuary, respectively.

Compositional and isotopic signatures of sedimentary OM show that the sediments within the Lower Estuary are
dominated by inputs of allochthonous OM (60±80%), whereas terrigenous OM inputs are minor (15±30%) sources
of OM to the Gulf/Shelf sediments. In this latter environment, the terrigenous OM pool is composed exclusively of

highly altered lignin-poor soil OM with no substantial in¯uence from anthropogenic lignin. A global mass balance
calculation suggests that about half of the global annual riverine ¯ux is degraded, leaving only the remaining half to
accumulate predominantly (98%) within shelf and slope sediments. This estimate suggests that lignin does not

behave conservatively within the marine environment but supports some sort of organic matter degradation. # 1999
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Vascular or `higher' plants are composed of a suite

of relatively recalcitrant molecular organic compounds
among which lignin comprises the second most abun-
dant biomacropolymer on earth after cellulose (de

Leeuw and Largeau, 1993). Because vascular plants,

essentially con®ned to land, constitute the major
source of terrigenous organic matter (OM) to the
ocean, recalcitrant biomarkers such as lignin should be

abundant in sea-water and marine sediments. This,
however, is hardly the case since marine organic mix-
tures (dissolved and particulate) show reduced evidence

for the presence of biomarkers and compositional
characteristics of terrigenous `higher' plant OM
(Hedges and Keil, 1995; Hedges et al., 1997). Studies
on the inputs, transport and distribution of terrigenous

OM are thus necessary to infer the quantity and com-
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position of OM ¯owing into marine environments and

particularly within continental margins where more
than 90% of all organic carbon burial occurs (Berner,
1989; Hedges and Keil, 1995).

Lignin ¯uxes from terrestrial to coastal and deep sea
environments are usually related to natural export pro-
cesses of dissolved and particulate vascular plant ma-

terials from soils and/or marsh environments (Hedges
and Mann, 1979a; Wilson et al., 1985; Hedges et al.,
1988a; CharrieÁ re et al., 1991; Cifuentes, 1991; Moran
et al., 1991; Gough et al., 1993; GonÄ i et al., 1997;

Prahl et al., 1994; Keil et al., 1998). However, non-
natural inputs of lignin by-products may also contrib-
ute substantially to sedimentary concentrations of this

organic material in coastal environments (Pocklington
and MacGregor, 1973; Pocklington, 1976; Requejo et
al., 1986; Louchouarn et al., 1997a; Louchouarn and

Lucotte, 1998). These non-natural, or anthropogenic

sources of ligneous materials are principally released
into the aquatic ecosystem through municipal sewages
(Requejo et al., 1986), industrial e�uents from pulp

and paper mills (Pocklington and MacGregor, 1973;
Louchouarn et al., 1997a), and log ¯oating (Visser et
al., 1977). In the early 1980's, anthropogenic wood and

paper wastes have been estimated to range up to three
billion tons per year for the United States alone
(Janshekar and Feichter, 1983). Thus, industrial activi-
ties such as those related to forestry may in some cases

act as substantial point sources of terrigenous OM to
aquatic and particularly coastal shelf environments.
The in¯uence of pulp and paper industries on or-

ganic matter inputs to the sediments of the Upper
Saguenay Fjord and along the western coast of
Newfoundland has now been recognized for more than

Fig. 1. St. Lawrence/Saguenay system and North±West Atlantic Shelf showing the location of sediment cores (.) as well as soil

samples (Petit Saguenay: p; Grande Anse: P).
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20 years and associated with localized e�uent dis-
charges (Pocklington and MacGregor, 1973; GagneÂ

and Brindle, 1985; Pocklington, 1988; Gearing and
Pocklington, 1990; Schafer et al., 1990; Louchouarn
and Lucotte, 1998; Louchouarn et al., 1997a). Despite

this knowledge, no study up to this time has evaluated
the historic evolution of such industrial inputs
throughout the whole Saguenay/St. Lawrence system

following the expansion of the pulp and paper industry
in the 1920±1940's (Schafer et al., 1990), nor provided
quantitative estimates of industrially derived lignin

inputs to its sediments. Signi®cant changes in lignin
signatures and concentrations within sediments
removed from obvious industrial lignin discharges
seem, indeed, to have occurred some ®fty to sixty

years ago in this system (Louchouarn and Lucotte,
1998) suggesting that the expansion of pulp and paper
industries within the drainage basin has had a notice-

able e�ect on the whole system in a relatively short
period of time. In the present study we have recon-
structed the recent input history of lignin-derived com-

pounds to the sediments of the Saguenay/St. Lawrence
system in order to quantitatively assess the modern in-
¯uence of the pulp and paper industry on the regional

scale of the Saguenay Fjord/Lower St. Lawrence
Estuary. Moreover, through the study of a longitudinal
transect from the mouths of the St. Lawrence and
Saguenay Rivers down to the Gulf of St. Lawrence

and North±West Atlantic Shelf, we have evaluated the
proportion of terrigenous OM within the regional
land-to-sea continuum. Finally, a global mass balance

for lignin ¯uxes to the oceans and within sediments is
presented based on a compilation of all available data
on lignin-derived oxidation products within riverine

sediments, riverine and marine suspended materials,
and sediments from diverse shelf, slope, and deep
basin environments.

2. Materials and methods

2.1. Sediment samples

All the stations studied are presented in Fig. 1. Most

of the sampling procedures and sample locations were
described in details in earlier papers (Louchouarn et
al., 1997a; Louchouarn and Lucotte, 1998). Brie¯y,

three undisturbed sediment cores were collected in
August 1994, in the Saguenay/St. Lawrence system
(stations St-Fulg, Sag05, and G2) using an Ocean
Instrument MarkII box-corer. Gravity cores, covering

longer time intervals, were recovered in May of 1995
(stations Sag05(G), C. EÂ tern(G), and 23(G)).
Additional box-core samples were collected in 1992 in

the Lower Estuary (stations 22) and in 1988 and 1993
in the Gulf of St. Lawrence (stations 12, G1, and G3)

as well as in the North±West Atlantic Emerald Basin
(G4). These latter samples were graciously provided by

Drs. C. Gobeil (stations 22 and 12) and A. Mucci
(stations G1, G3, and G4). Surface sediment samples
from the head of the St. Lawrence Estuary (stations 01

and 19) were collected close to the mouth of the St.
Lawrence River in 1985. Detailed descriptions of these
two sampled environments are given by Lucotte and

d'Anglejan (1988). Box-cores collected at each station
were sectioned in 0.5 cm thick layers near the sedi-
ment±water interface and then thicker layers (1 cm) at

progressively wider intervals of 1, 2, and 5 cm along
core depth. Gravity cores were subsampled in 1 cm
thick layers at 1 cm interval in the top 10 cm and then
progressively wider intervals of 2, 3, and 5 cm down to

the bottom of the core. Only the top sections (1±5 cm)
of the Gulf and Atlantic cores (G1, G3, G4, and 12)
and some box-cores collected in the Saguenay Fjord

and Lower St. Lawrence Estuary (St-Fulg, Sag05, G2,
and 23) are presented here. Two soil samples from the
Saguenay drainage basin were collected from dug out

pro®les within two forest ecosystems of: (1) a conifer-
ous-dominated forest (Petit Saguenay: PS) and (2) a
mixed spruce-birch forest (Grande Anse: GA). All

sediment and soil samples were stored frozen until
later chemical analyses.

2.2. Chemical analyses

Total carbon (Ctot) and nitrogen (TN) were deter-
mined by combustion using a Carlo-Erba elemental

analyzer. Inorganic carbon (Cinorg), was analyzed by
coulometric titration of CO2 evolved following acidi®-
cation of freeze-dried sediment of known mass using a

UIC Coulometrics coulometer equipped with an acidi-
®cation unit. The reproducibility of these measure-
ments was better than21%. The organic carbon (Corg)
content was then obtained from the di�erence between

total and inorganic carbon. Molecular analyses were
performed according to the CuO oxidation method in-
itially developed by Hedges and Ertel (1982) and GonÄ i

and Hedges (1992), with slight modi®cations
(Louchouarn et al., 1997a). Brie¯y, approximately 50±
450 mg of grounded sediment or soil material (depend-

ing on organic matter content) were reacted under al-
kaline conditions (8% NaOH) with CuO at 1628C for
3 h in stainless steel pressure minibombs. Once the

minibombs were opened, known amounts of ethylva-
nillin were added to the solution as a recovery stan-
dard. The aqueous solutions were then acidi®ed to pH
1 with concentrated HCl and extracted with ethyl

ether. After evaporation of the ether phase under N2

¯ow, the reaction products were dissolved in ultra-pure
pyridine and derivatized with BSTFA/TMCS (99:1;

Supelco) to form trimethylsilyl (TMS) derivatives.
These were then analyzed with a Hewlett-Packard 5890
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Table 1

Elemental and molecular concentrations and molecular intensive ratios of sediments of the Saguenay Fjord, the Lower St.

Lawrence Estuary, and two soils sampled within the Saguenay Fjord drainage basin. Corg: organic carbon (mg/gdw); S8: mass-nor-

malized yields (mg/gdw) of the eight lignin-derived phenolic oxidation products; l8: carbon-normalized yields (mg 100 mg Corg) of

the eight lignin-derived phenolic oxidation products; S/V: ratio of syringyl to vanillyl phenols; C/V: ratio of cinnamyl to vanillyl

phenols; (Ad/Al)v: ratio of vanillic acid to vanillin; (diOHBA/V): ratio of di-hydroxybenzoic acid to vanillic acid

Depth interval (cm) Corg S8 l8 S/V C/V (Ad/Al)v (diOHBA/V)

SagO5(G) 0.5 24.10 0.90 3.74 0.23 0.13 0.50 0.11

3.5 12.93 0.61 4.68 0.11 0.05 0.43 0.06

7.5 40.12 2.01 5.00 0.08 0.04 0.33 0.03

18.2 9.15 0.53 5.74 0.07 0.05 0.38 0.03

19.5 36.54 3.65 9.99 0.04 0.03 0.28 0.02

27.5 26.38 1.92 7.28 0.07 0.05 0.42 0.03

36.5 18.12 1.40 7.72 0.08 0.03 0.44 0.05

47.5 20.78 2.76 13.33 0.04 0.02 0.36 0.02

52.5 16.66 1.87 11.23 0.07 0.04 0.33 0.02

57.5 9.86 0.85 7.22 0.14 0.05 0.43 0.05

72.5 9.83 0.45 4.57 0.29 0.15 0.65 0.12

87.5 10.93 0.40 3.68 0.36 0.17 0.60 0.14

Cap Eternite(G) 0.5 29.22 1.10 3.75 0.18 0.07 0.53 0.14

2.5 28.34 1.13 3.98 0.15 0.07 0.50 0.11

4.5 27.66 1.05 3.81 0.15 0.07 0.46 0.11

7.5 25.58 1.10 4.29 0.13 0.07 0.45 0.10

8.5 26.64 1.19 4.48 0.16 0.09 0.47 0.11

11.5 24.78 1.07 4.31 0.12 0.06 0.40 0.09

13.5 22.30 0.96 4.29 0.15 0.08 0.50 0.11

19.5 20.83 0.46 2.19 0.34 0.19 0.81 0.26

27.5 18.85 0.38 2.00 0.37 0.19 0.77 0.28

31.5 17.76 0.40 2.28 0.33 0.19 0.76 0.27

35.5 17.51 0.42 2.38 0.36 0.22 0.84 0.31

43.5 17.00 0.38 2.21 0.38 0.20 0.82 0.30

47.5 16.11 0.38 2.39 0.42 0.25 0.87 0.31

51.5 15.53 0.33 2.14 0.39 0.16 0.78 0.29

61.5 13.58 0.32 2.38 0.37 0.18 0.82 0.33

70.5 9.48 0.24 2.48 0.41 0.13 0.68 0.25

Sta 23(G) 0.5 18.11 0.54 2.97 0.22 0.12 0.57 0.08

2.5 17.01 0.53 3.10 0.20 0.09 0.57 0.06

4.5 16.19 0.57 3.53 0.19 0.09 0.56 0.07

6.5 15.43 0.53 3.44 0.20 0.10 0.62 0.07

7.5 15.31 0.46 3.02 0.19 0.11 0.56 0.07

8.5 14.71 0.44 3.00 0.20 0.15 0.54 0.06

9.5 14.57 0.42 2.90 0.18 0.10 0.56 0.07

11.5 13.70 0.39 2.86 0.20 0.11 0.55 0.07

13.5 12.88 0.28 2.20 0.26 0.20 0.63 0.09

15.5 12.26 0.29 2.39 0.30 0.20 0.67 0.12

17.5 12.30 0.27 2.19 0.29 0.19 0.65 0.11

21.5 12.07 0.23 1.91 0.36 0.25 0.77 0.13

27.5 11.76 0.21 1.82 0.42 0.30 0.81 0.17

29.5 11.89 0.20 1.67 0.42 0.27 0.77 0.15

34.5 11.01 0.22 2.02 0.48 0.37 0.81 0.17

40.5 11.78 0.22 1.87 0.49 0.32 0.78 0.19

49.5 10.82 0.19 1.79 0.45 0.32 0.64 0.17

55.5. 9.90 0.17 1.77 0.47 0.30 0.65 0.17

Sta 22 0.25 15.96 0.31 1.93 0.22 0.10 0.41 0.08

0.75 16.21 0.29 1.81 0.20 0.09 0.39 0.08

1.50 14.47 0.29 2.03 0.19 0.09 0.37 0.07

2.50 15.24 0.31 2.07 0.22 0.11 0.40 0.08

3.50 14.74 0.30 2.02 0.21 0.09 0.39 0.07
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GC ®tted with fused capillary column (DB-1, 30 m by
0.25 mm i.d.; J & W Scienti®c) attached to a ¯ame ion-

ization detector (FID). The injector and detector were
maintained at 3008C. Injections were performed with
helium as carrier gas under split conditions (11/30±
40). The oven temperature was initially at 1008C, then
raised at 48C/min to 2708C and held at that tempera-
ture for 10 min. The retention times and quanti®cation
of all lignin-derived phenols studied here were deter-

mined from their FID responses, as determined by a
Hewlett-Packard model 3392A integrator, relative to
authentic phenolic standards (Aldrich) and using ethyl-

vanillin as a recovery standard. Con®rmation of these
phenolic monomers were nonetheless performed
through GC±MS monitoring of various samples

characteristic of all sediment types analyzed in this
study. GC±FID relative response factors of standard
compounds were monitored daily and did not vary sig-
ni®cantly (mean deviation 12% and ranged from 1±

5%) over the two-years analysis period. The analytical
variability for major lignin-derived oxidation products
and related parameters averages 15% (GonÄ i and

Hedges, 1992; Louchouarn et al., 1997a). Stable isoto-
pic analyses of bulk carbon were performed on pre-
viously acidi®ed samples to remove carbonates

according to the method outlined in Louchouarn et al.
(1997b). The results are reported as d 13C values rela-
tive to the Pee Dee Belemnite limestone standard

(PDB) in the usual parts per thousand (-) notation.
The standard deviation for this procedure is better
than 0.1-.

3. Results and discussion

3.1. Recent historical reconstruction of terrigenous
organic matter inputs to the Saguenay/St. Lawrence
system

3.1.1. Qualitative characterization of lignin sources
Mass- and carbon-normalized yields of lignin oxi-

dation products (further on abbreviated as LOP), a

suite of eight lignin-derived phenolic biomarkers exclu-
sive to land plants, and organic carbon concentrations
within sediment cores and soils of the system are pre-

sented in Table 1. Mass-normalized concentrations of
lignin-derived compounds (S8) and organic carbon
(Corg) are expressed as milligram (mg) per gram dry

weight (gdw) of sediments and soils. Sediment dry
weights were corrected for salt content by applying the
bottom water salinities measured at sampling time
(34.5 and 29.5 for the Lower Estuary and Saguenay

Fjord, respectively) to the sediment water content
measured by weight di�erence for each interval.
Carbon-normalized yields of LOP (l8) are expressed as

mg per 100 mg Corg.
Organic matter distribution within the Saguenay/St.

Lawrence system shows that surface sediments of the

Saguenay Fjord are richer in organic materials (or-
ganic carbon, Corg: 25±30 mg/gdw; Table 1) than those
from the Estuary (Corg: 5±23 mg/gdw; Table 1) and

from the Gulf and Atlantic Shelf (Corg: 15±22 mg/gdw;
Table 1). A similar di�erence exists in the surface con-
centrations of LOP which are a factor of two higher in

Table 1 (continued )

Depth interval (cm) Corg S8 l8 S/V C/V (Ad/Al)v (diOHBA/V)

4.50 13.65 0.28 2.07 0.19 0.08 0.34 0.06

8.00 13.79 0.29 2.01 0.21 0.10 0.37 0.07

10.00 12.57 0.26 2.06 0.23 0.11 0.44 0.08

12.00 12.34 0.27 2.15 0.25 0.12 0.46 0.07

14.00 11.47 0.21 1.86 0.25 0.14 0.37 0.09

16.50 11.82 0.25 2.08 0.26 0.13 0.43 0.08

19.50 9.07 0.14 1.57 0.37 0.28 0.46 0.14

28.50 10.32 0.15 1.44 0.50 0.33 0.48 0.16

31.50 10.55 0.14 1.41 0.50 0.35 0.53 0.16

Sta 19 0±5 23.4 1.01 4.33 0.20 0.06 0.25 0.04

Sta (O1) 0±5 5.3 0.25 4.63 0.19 0.05 0.34 0.02

StaG1 0±1 14.9 0.13 0.90 0.25 0.27 0.73 0.16

Sta G3 0±1 22.3 0.17 0.77 0.63 0.71 1.66 0.26

Sta 12 0.10 22.61 0.13 0.56 0.54 0.46 0.83 0.36

Sta G4 0±1 21.1 0.13 0.60 0.92 0.83 2.09 0.72

Grande Anse (GA) 0±3 47.3 1.58 3.34 0.74 0.34 0.65 0.12

Petit Saguenay (PS) 0±3 382.9 18.99 4.96 0.39 0.12 0.93 0.12

Pulp and paper ± 466.8 65.25 13.83 0.01 0.01 0.42 0.001

P. Louchouarn et al. / Organic Geochemistry 30 (1999) 675±699 679



the Saguenay (S8: 0.9±1.1 mg/gdw) than those
observed within the Upper and Lower Estuary (S8:

0.3±0.5 mg/gdw), and up to an order of magnitude
higher than those found in the Gulf and Shelf sedi-
ments (S8: 0.1±0.2 mg/gdw). Despite this di�erence in

mass-normalized LOP concentrations, however, the
Saguenay Fjord and the St. Lawrence Estuary (both
Upper and Lower) show close overlapping ranges in

carbon-normalized yields of lignin-derived phenols (l8)
within surface sediments (4±5 and 2±5 mg/100 mg
Corg, respectively). In contrast, the sediments of the

Gulf of St. Lawrence and Atlantic shelf are character-
ized by carbon normalized LOP yields (0.6±0.9 mg/100
mg Corg) that are close to an order of magnitude lower
than to those found within the upstream Fjord/

Estuary system. These results suggest that despite lar-
ger fractions of terrigenous OM within the Fjord rela-
tive to the Estuary, both systems presently receive

similar proportions of lignin-derived materials relative
to bulk OM inputs. The Gulf and Atlantic shelf seem
to be decoupled from the upstream estuarine system

by receiving lower proportions of LOP relative to total
mineral and bulk OM inputs. This is consistent with
earlier studies who ascribe larger lignin-rich OM inputs

to the Fjord relative to the Lower Estuary
(Pocklington and Leonard, 1979; Gearing and
Pocklington, 1990; Louchouarn et al., 1997a;
Louchouarn and Lucotte, 1998) and to the Lower

Estuary relative to the Gulf of St. Lawrence
(Pocklington and Leonard, 1979; Gearing and
Pocklington, 1990).

Sediment pro®les of lignin-derived compounds
within the Saguenay Fjord and Lower St. Lawrence
Estuary (Fig. 2) show a marked downcore decrease in

mass- and carbon-normalized yields of LOP (S8 and
l8, respectively) for the downstream Saguenay Fjord
station (C. EÂ tern., Fig. 2d) and the two cores within
the Lower Estuary (stations 23 and 22, Fig. 2a and b).

In these three cores, both S8 and l8 values decrease
abruptly and synchronously from subsurface to deep
intervals (S8: 0.3±1.2 mg/gdw to 0.1±0.3 mg/gdw; l8:
2.0±4.0 to 1.5±2.0 mg/100 g Corg; Fig. 2a, b and d).
Additionally, the carbon-normalized yields of LOP
vary from a stable value in subsurface sediments to a

similarly stable lower plateau in deep sediments (Fig.
2a, b and d; Table 1) suggesting contrasting but con-
stant proportional fractions of lignin materials to the

bulk OM within subsurface and deep sediments. This
variation in lignin yields is barely paralleled, however,
by the Corg pro®les (Table 1) pointing to some
decoupled behavior between total OM and lignin-de-

rived components within the sediments of the Fjord/
Lower Estuary system.
The observed changes in LOP content with depth

within these di�erent sediments all occur around 1940±
50 (Fig. 2b±d), with the exception to the earlier

increases in mass- and carbon-normalized yields of lig-
nin-derived materials within sediments from the Upper

Saguenay Fjord (Sag05, Fig. 2c). Within core Sag05,
the two maxima in LOP concentrations observed in
sediments deposited in the 1920's (50 cm) and late

1960's (20 cm; Fig. 2c) reach unprecedented levels for
marine environments. In these subsurface layers, lignin
concentrations are up to an order of magnitude greater

(2.7±3.5 mg/gdw) than values observed within the
Lower Estuary, and l8 values reach 10±13 mg/100 mg,
a range that is similar to that found in pure wood

(GonÄ i and Hedges, 1992).
The presence of sediment layers highly enriched in

OM and lignin-derived compounds have previously
been observed within discrete core intervals at the

head of the Fjord (Pocklington, 1976; Schafer et al.,
1980, 1990), and have been related to increasing dis-
charges of lignin by-products from the forest industry

following its expansion during the 1920's±1940's
(Schafer et al., 1990). Based on 210Pb dating of Upper
Saguenay sediments, Schafer et al. (1980, 1990)

observed an increase in sedimentary concentrations of
total OM and lignin-derived materials within one year
of the introduction of the ®rst large pulp machines to

the pulp mills at Kenogami and Alma (Saguenay
River) in the early 1920's. These authors also observed
decreasing levels of lignin-rich OM within sediments
deposited during the recession years of the 1930's

which led to the bankruptcy of the pulp mills and as-
sociated declines in e�uent discharges of industrial
OM to the Upper Saguenay Fjord (Schafer et al.,

1990). In the mid-1940's, a renewed expansion and
wide-range industrialization of the forest and pulping
industries led again to increased inputs of organic ma-

terials to the Fjord and are responsible for the high
concentrations of lignin-derived compounds recorded
within sediments of the whole systems (Smith and
Loring, 1981; Schafer et al., 1990; Louchouarn et al.,

1997a). These ¯uctuations in pulp and paper pro-
duction, and therefore e�uent discharges of lignin-rich
materials into the Upper Saguenay, seem to be well

recorded in sediment intervals of core Sag05(G) up to
the 1960's (20 cm). In the early 1970's (15±18 cm), a
strong decrease in OM concentrations (Fig. 2c; Table

1) is recorded within sediments. This sediment interval
is mainly comprised of organic-poor clay deposits orig-
inally slumped into the Upper Saguenay following the

St. Jean Vianney landslide that occurred in 1971
(Mucci and Edenborn, 1992). The landslide layer thus
sealed bottom sediments from upper layers depositing
after 1971 (Mucci and Edenborn, 1992) in which

further decreases in lignin-derived materials are
observed (Fig. 2a). This continuous decrease in both
mass- and carbon-normalized lignin yields towards the

surface are not related to renewed abatements on the
pulp and paper production but are concomitant with

P. Louchouarn et al. / Organic Geochemistry 30 (1999) 675±699680



stricter regulations, in the late 1980's to early 1990's,
on solid organic wastes discharges imposed on the re-
gional forest industry (Louchouarn et al., 1997a). The

high sedimentation rates characteristic of the Upper
Saguenay (from 1±7 cm/yr; Smith and Loring, 1981;
Perret et al., 1995) have thus allowed for a quasi
annual resolution of this sequence of events within

sediments of the area and therefore record precisely
the inputs of lignin-rich particulate materials into the
Upper Saguenay Fjord system.

Although sharp increases in OM and lignin contents
have previously been observed within the sediments of
the Upper Saguenay and related to the in¯uence of the
regional forest industry, (Pocklington and MacGregor,

Fig. 2. Mass-normalized (S8 in mg/gdw) and carbon-normalized (l8 in mg/100 mg Corg) yields of lignin oxidation products (LOP)

within sediments of the Saguenay Fjord (Sag05(G) and C. Etern.(G)) and Lower St. Lawrence Estuary (23(G) and 22).

Chronological marks of 1945 and 1900 are indicated on the pro®les and were determined for each core of study (Louchouarn and

Lucotte, 1998) using subsurface maxima of mercury (Hg) and previously reported dates of major industrial Hg inputs to the

Saguenay/St. Laurent system (Barbeau et al., 1981). The chronology at the head of the Saguenay Fjord (station Sag05) was also

estimated using the previously dated St. Jean Vianney landslide layer (Mucci and Edenborn, 1992). See Fig. 1 for geographic lo-

cation of each station.
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1973; GagneÂ and Brindle, 1985; Pocklington, 1988;
Gearing and Pocklington, 1990; Schafer et al., 1990;

Louchouarn et al., 1997a; Louchouarn and Lucotte,
1998), this is the ®rst time that changes in lignin-de-
rived compounds are recorded and ascribed to a

speci®c time period within the deep basins of the
Saguenay Fjord (C. Etern(G)) and the Lower St.
Lawrence Estuary (23(G) and 22). The fact that this

change in concentration occurs within a thin sediment
interval rather than over thicker depth pro®les, as is
the case during early diagenesis of lignin within the

system (Louchouarn et al., 1997a), and presents con-
stant carbon-normalized lignin yields above and below
this change (Fig. 2a, b and d), leads us to believe that
it is here too related to a substantial temporal vari-

ation in inputs rather than a diagenetic change of lig-
nin-rich OM. It seems that the process for increased
accumulation of lignin materials within sediments must

have been synchronous and widespread over the whole
Fjord/Lower Estuary system. However, the increasing
LOP concentrations in deep basins of the Fjord and

the Lower Estuary occur later (>1940's) and reach
lower maxima than within the sediments of the Upper
Saguenay (1920's). This is probably due to a combi-

nation of the following factors: initially (1) the
restricted localization of mills at the mouth of the
Saguenay River during the early development of the
regional pulp and paper industry, and (2) the rapid

sedimentation of lignin-rich particles within the short
and narrow `delta' of the Saguenay River (Louchouarn
et al., 1997a), and then (3) the subsequent evolution of

the forest industry within the whole St. Lawrence drai-
nage basin (>1940) releasing larger amounts of ma-
terials into the whole system (Schafer et al., 1990) and

(4) the dilution of released materials into a much wider
sedimentary area.
In addition to the information yielded by mass- or

carbon-normalized lignin contents, internal parameters

based on speci®c phenolic lignin oxidation products
highlight compositional di�erences in lignin sources
and thus provide a means of discriminating between

taxonomic vascular plant groups (gymnosperms vs.
angiosperms), tissue types (soft tissue vs. woody tis-
sues), and diagenetic state or alteration of the original

lignin material (Hedges and Mann, 1979a; Hedges et
al., 1985, 1988b; GonÄ i and Hedges, 1992; GonÄ i et al.,
1993; Opsahl and Benner, 1995). For example, a ratio

of syringyl (S) over vanillyl (V) phenols appreciably
greater than zero in complex environmental mixtures is
indicative of the presence of at least some angiosperm
tissue because syringyl structural units are only incor-

porated in signi®cant amounts in angiospermous lig-
nins but virtually absent from gymnospermous tissues
(Sarkanen and Ludwig, 1971; Hedges and Mann,

1979b; GonÄ i and Hedges, 1992; Opsahl and Benner,
1995). Similarly, a ratio of cinnamyl (C) to vanillyl

phenols greater than zero is indicative of the presence
of non-woody materials because cinnamyls are abun-

dant in most herbaceous and soft tissues (i.e. leaves
and needles) but virtually absent from woods
(Sarkanen and Ludwig, 1971; Hedges and Mann,

1979b; GonÄ i and Hedges, 1992; Opsahl and Benner,
1995). Additionally, low ratios of acid over aldehyde
moieties ((Ad/Al): 0.1±0.3) from both V and S phenol

classes are characteristic of fresh lignin materials
(Hedges and Mann, 1979a; GonÄ i and Hedges, 1992),
whereas increased proportions of acidic groups in oxi-

datively altered parent lignins yield elevated acid/alde-
hyde ratios (>0.5) upon alkaline CuO oxidation of
these materials (Hedges et al., 1988b; GonÄ i et al., 1993;
Nelson et al., 1995). Thus, elevated Ad/Al ratios

measured in environmental samples, particularly within
the vanillyl family, point to a highly degraded state of
lignins due to either microbial (Hedges et al., 1988b;

KoÈ gel-Knabner et al., 1991; GonÄ i et al., 1993; KoÈ gel-
Knabner and Ziegler, 1993; Benner et al., 1990; Opsahl
and Benner, 1995) and/or photochemical (Opsahl and

Benner, 1998) degradation processes. Among ad-
ditional CuO oxidation products, the phenolic com-
pound 3,5-dihydroxybenzoic acid (diOHBA) is a

common product of soil degradation processes
(Christman and Oglesby, 1971; Ugolini et al., 1981;
Prahl et al., 1994) and has been found regularly within
marine sediments (Hedges and Parker, 1976; Gough et

al., 1993; Prahl et al., 1994; Louchouarn and Lucotte,
1998). It has been inferred that the likely precursors of
this phenolic product are not altered lignin macropoly-

mers but tannins and other ¯avonoids with hydroxy
groups present in alternate positions within aromatic
rings (Christman and Oglesby, 1971; GonÄ i and

Hedges, 1995). Because tannin-like materials tend to
accumulate within decaying cells (de Leeuw and
Largeau, 1993), the relative increase of this compound
in soil materials may be related to the extent of degra-

dation and humi®cation of fresh vascular plant tissues.
This is supported by extremely low diOHBA content
and ratios of diOHBA over lignin-derived vanillyl phe-

nols (diOHBA/V) produced by fresh plant materials
upon CuO oxidation (Louchouarn, 1997). Prahl et al.
(1994) have thus proposed that (diOHBA/V) ratios can

be used in parallel to (Ad/Al)v ratios to identify humi-
®ed soil OM within complex environmental mixtures.
The direct application of diOHBA to trace soil organic

matter in coastal sediments is potentially equivocal,
however, since recent work has shown that kelps and
other brown macroalgae produce signi®cant yields of
this compound upon CuO oxidation (GonÄ i and

Hedges, 1995). Nevertheless, because brown macro-
algae are virtually absent from most of the Saguenay/
St. Lawrence system, the presence of diOHBA within

sediments of the system and the parallel behavior of
both diOHBA/V and (Ad/Al)v ratios (see discussion
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below) suggest that these two parameters can be used
in conjunction to trace mature soil organic matter.

These CuO intensive parameters used for the identi-
®cation of sources and diagenetic state of lignin and
soil materials are presented in Figs. 3 and 4. All of

them show changes in signature from deep (<1940's)
to subsurface (>1940's) sediments that are synchro-
nous with mass- and carbon-normalized variations (cf.

Fig. 2). These changes are particularly noticeable in

the S/V and C/V which decrease by a factor of two
and three, respectively, from deep to subsurface sedi-

ments (C/V: 0.15±0.3 to 0.05±0.1; S/V: 0.4±0.5 to 0.1±
0.2; Fig. 3). A similar change is observed in the degra-
dation state of lignin and soil-derived materials

between subsurface and deep sediments with
(diOHBA/V) ratios decreasing by a factor of three
from deep to subsurface sediments (0.15±0.3 to 0.02±

0.1, respectively; Fig. 3) and slightly lower changes in

Fig. 3. Intensive ratios of major lignin-derived phenols (S/V and C/V) within sediments of the Saguenay Fjord (Sag05(G) and C.

Etern.(G)) and Lower St. Lawrence Estuary (23(G) and 22). S/V: ratio of syringyl over vanillyl phenols; C/V: ratio of cinnamyl

over vanillyl phenols.
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(Ad/Al)v ratios (0.5±0.8 in deep sediments vs. 0.4±0.6
in subsurface sediments; Fig. 3). All these signatures
point to a shift in the source and quality of terrigenous

OM within sediments deposited prior to and after the
middle of the 20th century. Up until the 1940's±1950's,
within the deep basins of the system (Stations C.

Etern(G), 23(G), and 22), and the 1920's at the head
of the Saguenay Fjord (Sag05(G)), sources of terrige-
nous organic materials to the system were character-

ized by a complex mixture comprising high levels of
degraded angiosperm and non-woody tissues and
humi®ed soil materials (elevated S/V and C/V ratios,

as well as similarly elevated (Ad/Al)v and diOHBA/V
ratios; Fig. 3). These signatures are consistent with the
mixed vegetation covering the drainage basin of both

the St. Lawrence and the Saguenay (Hosie, 1972) and
with soil signatures of coniferous (Petit Saguenay: PS)
and mixed deciduous±coniferous (Grande Anse: GA)

Fig. 4. Diagenetic state indicators of terrigenous OM within sediments of the Saguenay Fjord (Sag05(G) and C. Etern.(G)) and

Lower St. Lawrence Estuary (23(G) and 22). (Ad/Al)v: ratio of vanillic acid over vanillin; (diOHBA/V): ratio of 3,5-dihydroxyben-

zoic acid over vanillyl phenols.
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forests from the Saguenay drainage basin (Table 1). In
contrast, recent sediments deposited after 11950±1960

are comprised of lignin materials that are characterized
by a much higher fraction of moderately altered gym-
nospermous woody tissues indicative of woody ma-

terial inputs (low S/V and C/V ratios, as well as
moderate (Ad/Al)v and diOHBA/V ratios; Fig. 3).
In some regions of QueÂ bec such as the Saguenay,

more than 95% of wood harvesting and transform-
ation is performed on softwood rather than on hard-
wood species (Savard, 1989). This predominance of

fresh gymnosperm woods in raw materials processed
by the regional pulp and paper industry is con®rmed
by the chemical signature of a thermomechanical pulp
which is characterized by extremely low intensive ratios

(0.01 for both S/V and C/V; Table 1). The slightly el-
evated (Ad/Ad)v ratios of pulp lignin by-products
(0.42; Table 1) seem to suggest that these materials

have previously su�ered some type of degradation.
However, industrial pulping and deligni®cation pro-
cesses are known to oxidatively alter the original lignin

macromolecule (SjoÈ stroÈ m, 1993) and the low
(diOHBA/V) ratio of pulp materials (0.001; Table 1)
suggests that the moderately altered state of these

industrial lignin by-products is due to the pulping pro-
cedure rather than humi®cation of woods. Hence, the
observed shift from a highly degraded mixture com-
posed of angiosperm/gymnosperm-soft/hard tissues in

deep sediments to moderately altered gymnospermous
woody materials in recent sediments is consistent with
the hypothesis that industrial inputs of softwood lignin

materials have increased and substantially altered sedi-
mentary lignin signatures since the middle of the cen-
tury (Louchouarn et al., 1997a). The only exception to

this trend is seen in sediments deposited in the last 5±
10 years at the head of the Upper Saguenay
(Sag05(G)), where both source and diagenetic signature
ratios increase sharply to values close to those from

deep sediments (Fig. 3a and Fig. 4a). It seems that the
decreased inputs of industrial OM wastes in the last
decade, due to stricter regulations on e�uent dis-

charges, and high sedimentation rates at the head of
the Fjord (1±7 cm/yr; Smith and Loring, 1981; Perret
et al., 1995) resulted in a rapid return to natural terri-

genous OM signatures in surface sediments of the
Upper Saguenay. Why this is not observed in surface
sediments of the deep basins of the Fjord and Lower

Estuary is probably due to the lower sedimentation
rates (lower accumulation per unit time) and higher
biological mixing (smoothing of small di�erences in
signatures) observed within these latter sedimentary en-

vironments.
To compare directly the sedimentary signatures to

the natural and anthropogenic endmembers (Fig. 4a),

one must consider any diagenetic alteration of the lig-
nin intensive ratios due to selective degradation of lig-

nin structural units during the transfer of terrigenous
OM from the water column to deep sediment deposits

(Cowie et al., 1992; Cowie and Hedges, 1993;
Louchouarn, 1997). In the St. Lawrence system, selec-
tive diagenesis of both syringyl and cinnamyl units

relative to vanillyl phenols has been observed within
materials settling through the water column and results
in a decrease of S/V and C/V ratios by a factor of 1.3

and 1.2, respectively, from the water column to the
mixed layer of surface sediments (Louchouarn, 1997).
In contrast, no further change was observed in these

ratios upon further diagenesis within subsurface sedi-
ments of the system (Louchouarn et al., 1997a).
Similarly, no changes were observed in the (Ad/Al)v
ratio of sedimentary lignin materials throughout water

column and sediment diagenetic evolution
(Louchouarn, 1997; Louchouarn et al., 1997a), sup-
porting earlier evidence that little change in acid/alde-

hyde ratios occurs in aquatic environments during
microbially mediated degradation of lignin polymers
(Benner et al., 1990, 1991; Haddad et al., 1992; Opsahl

and Benner, 1993). Hence, correction for diagenetic
e�ect on lignin source ratios within the system of
study needs only to account for the changes occurring

within the water column and/or at the sediment±water
interface. When this correction is applied (S/V � 1.3
and C/V � 1.2), the lignin materials within deep sedi-
ments of the Saguenay Fjord and the Lower St.

Lawrence show both source (S/V and C/V; Fig. 5a)
and diagenetic ((Ad/Al)v and (diOHBA/V); Fig. 5b)
signatures that fall within the range of regional soil

OM (Fig. 5a and b), whereas subsurface sediments
tend towards source and diagenetic signatures of pulp
and paper e�uents (Fig. 5a and b).

The whole Fjord/Lower Estuary system is not com-
pletely homogeneous, however, since the deep sedi-
ments from the Saguenay are characterized by lower S/
V and C/V signatures, overall, than those from the

Lower Estuary (Fig. 5a). Although the drainage basins
of these two systems are covered by mixed forests, the
St. Lawrence basin drains lower lands with a higher

proportion of angiosperm vegetation (both deciduous
trees and grasses as well as agricultural land; Hosie,
1972). The lignin intensive ratios within the deep sedi-

ments of the Saguenay Fjord and the Lower St.
Lawrence thus seem to maintain an imprint of the par-
ticular drainage basin vegetation and provide for a ®ne

resolution of original inputs of terrigenous OM to the
aquatic system. The dichotomy in intensive ratios
between the Fjord and the Lower Estuary is also
found in subsurface sediments where the additional

anthropogenic in¯uence is seen (Fig. 5a). The di�er-
ence, in this case, seems to be related to a dilution of
direct anthropogenic lignin inputs within the Lower

Estuary relative to the Fjord. It seems that the relative
small size of the Fjord has favored the accumulation
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of lignin-rich OM of anthropogenic origin in sediments
resulting in anoxic conditions within sediments at the

head of the Fjord (Mucci and Edenborn, 1992) and a
stronger migration of sedimentary lignin signatures
towards those of industrial inputs (Fig. 5a).

3.1.2. Quantitative estimates of natural vs.
anthropogenic inputs of lignin

A quantitative estimate of anthropogenic inputs of
lignin-derived materials to the Saguenay Fjord and
Lower St. Lawrence Estuary is proposed based on

mass-normalized yields of the di�erent lignin phenol
classes in natural (soils) and anthropogenic (pulp and
paper) endmembers (Fig. 5a). The signature (S/V, for
example) resulting from mixing anthropogenic and

natural soil-derived lignin materials is based on mass-
normalized yields of each phenol class within each end-
member using the following equation:

�Sa � �Fa�� � �Sn � �1ÿ Fa��
�Va � �Fa�� � �Vn � �1ÿ Fa�� ,

where Fa is the anthropogenic fraction of lignin phe-
nols within the sedimentary mixture and the subscripts

represent n, the natural mass-normalized yields for the
di�erent phenol classes observed within deep pre-
anthropogenic sediments and a, the anthropogenic
mass-normalized yields for the di�erent phenol classes

observed within pulp and paper e�uents. The anthro-
pogenic signature used for pulp and paper e�uents
(Table 2) is calculated using a mixture comprising

gymnosperm and angiosperm species in similar pro-
portions to those used by the regional pulp and paper
industry (95±100% vs. 5±0%, respectively; Savard,

1989). All mass-normalized yields of the di�erent lig-
nin-derived phenol classes as well as the intensive sig-
natures for the anthropogenic and natural

endmembers, and subsurface sediments (mixing of the
two sources) are presented in Table 2. The range in S8

values (1.58±18.99 mg/gdw; Table 1) from the two soil

samples from this study was taken as representative of
soil yields found in the Saguenay and St. Lawrence
drainage basins.

Although the mixing between the two endmembers
seems linear (Fig. 5a and Fig. 6c), each individual

ratio (S/V and C/V) varies exponentially relative to the
fraction of anthropogenic lignin material within the

sample (Fig. 6a and b). Because pulp and paper e�u-
ent wastes are much more enriched in lignin-derived
phenols, particularly vanillyls, than soil OM (Table 2),

any small amount of e�uent material will thus drive
considerably the intensive lignin signatures of the mix-

ture towards that of the pure anthropogenic endmem-
ber. Hencefore, the impact of anthropogenic sources
on the resulting signatures of the mixture increases as

this endmember becomes substantially more enriched
in individual phenols relative to the natural soil

counterpart (cf. two mixing lines in Fig. 6a and b).
Were we to use linear mixing between the two end-
members, we would come to the conclusion that up to

60±70% of the subsurface sedimentary lignin in the
Lower Estuary is of anthropogenic origin. However,

based on mass-normalized yields, the fraction of
anthropogenic lignin materials decreases by as much as
an order of magnitude and ranges 2±3% or 20±30%

depending on the lignin yields we choose for the soil
endmember (Table 2). Using this approach and deep

signatures speci®c of the area, Saguenay subsurface
sediments show a higher fraction of anthropogenic lig-
nin materials (10±20% or 50±70%) con®rming the

stronger in¯uence of industrial inputs on this particular
system relative to the Lower Estuary. These large vari-

ations in estimates are due to the ten fold di�erence in
mass-normalized yields of LOP obtained for the two
soils sampled (Table 1). These two soils represent an

organic-rich litter surface layer (PS) and a organic-
mineral horizon below the litter (GA). Litter layers are

enriched in plant macrodebris and usually yield elev-

Table 2

`Anthropogenic' fractions of total lignin within modern sediments (11950 to this date) within the Lower St. Lawrence Estuary and

Saguenay Fjord. The yields of individual phenol classes for the natural endmembers are calculated using intensive ratios from deep

sediments and the range in mass-normalized LOP yields of soil OM. The LOP yield for the anthropogenic endmember (pulp and

paper) is derived from analyses of thermomechanical pulps from the region of study (n=2)

St. Lawrence

pre-1940's sediments

St. Lawrence

post-1940's sediments

Saguenay

pre-1940's sediments

Saguenay

post-1940's sediments

Pulp

and paper

V (mg/gdw) 0.80±9.64 0.93±11.17 59.32

S (mg/gdw) 0.48±5.78 0.44±5.25 4.75

C (mg/gdw) 0.30±3.57 0.21±2.57 1.19

S/V 0.60 0.28 0.47 0.11 0.04

C/V 0.37 0.11 0.23 0.05 0.02

% `anthrop.'� 0% 2±30% 0% 10±70%

� Values calculated using both (S/V) and (C/V) ratios.
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ated mass-normalized LOP concentrations whereas or-
ganic and particularly mineral horizons contain higher

proportions of lignin-poor ®ner materials (KoÈ gel,
1986; Guggenberger et al., 1994; Prahl et al., 1994;

Amelung et al., 1997; Hedges and Oades, 1997). In our
case, the quantitative determination of the anthropo-

genic fraction to the total mixture is then highly depen-
dent on the proportion of each soil fraction

Fig. 5. Intensive ratios (a) and diagenetic state indicators (b) of terrigenous OM for deep and subsurface sediment samples from

the Saguenay Fjord and the Lower St. Lawrence Estuary. Natural (soils) and industrial (pulp and paper e�uents) endmembers are

also represented. Sediment values (recent and pre-industrial) were corrected for diagenetic e�ect at the sediment±water interface

(see Section 3).

P. Louchouarn et al. / Organic Geochemistry 30 (1999) 675±699 687



transported to the marine environment and may result
in a ten fold variability (Fig. 6a and b). Curves such as

the ones presented in Fig. 6 thus illustrate the need for
the precise determination of biomarker yields within
endmembers before the contribution of diverse sources

to complex environmental mixtures can be reliably
quanti®ed (cf. GonÄ i and Eglington, 1996). Until the
LOP yields of soils and anthropogenic sources are bet-

ter constrained in the system of study, the present data
can therefore only be regarded as crude estimates of
anthropogenic and natural inputs of lignin materials

within the Saguenay/St. Lawrence system.
Based on annual production of pulp production for

the years 1980±1992 in QueÂ bec (AIFQ, 1995), about
5.2±10.3 � 103 T of LOP have been released annually

into the aquatic system (Table 3). If the pulp and
paper industry has in¯uenced a system as large as the
Lower St. Lawrence Estuary (110 000 km2), these

inputs should at least balance the annual sedimen-
tation rates of lignin-derived materials in the whole
Lower Estuary. A simple model was thus applied to

estimate the anthropogenic yearly ¯uxes of lignin-de-
rived materials to surface sediments of the Lower St.
Lawrence Estuary. This model was adapted from the

one developed by Gobeil and Cossa (1993) for the cal-
culation of anthropogenic Hg burden within the same
system in which the Estuary is divided below the 200
m isobath into three zones A, B, and C represented,

respectively, by stations G2, 23, and 22 (Fig. 1). The
weight per weight content of LOP within modern sedi-
ments was averaged over the surface mixed layer (13±

5 cm), which represents between 5 and 10 years of
sedimentation. Total accumulations (g/cm2 yr) were
calculated using measured porosity values, a sediment

density of 2.65 g cmÿ3 (Gobeil and Cossa, 1993), as
well as published ranges in sedimentation rates (0.5±
0.9, 0.3±0.65, and 0.2±0.32 cm/yr; Silverberg et al.,
1986; Jennane, 1993; Louchouarn and Lucotte, 1998)

for each of these three stations. Sedimentary accumu-
lations were then multiplied by the surface area of
each zone. Results from this model (Table 4) indicate

that in the last decade, accumulations of LOP within
surface sediments of the Lower Estuary ranged 2.6±5.0
� 103 T LOP/yr. Considering that only 2±30% of sedi-

mentary lignin within this system may be of industrial
origin (Table 2), the anthropogenic sedimentary ¯uxes
of LOP (0.05±1.5 � 103 T/yr) then only represents 1±

15% of the industrial inputs to the Saguenay/St.
Lawrence drainage basins. The one to two orders of
magnitude di�erence between inputs and burial suggest
that industrial sources of lignin-rich materials were

more than su�cient to account for the changes in LOP
contents and signatures observed within sediments of
the whole Lower Estuary. Rapid sedimentation of

dense particulates in basins close to e�uents discharges
may be responsible for the reduced export of materials

Fig. 6. Variations in C/V (a) and S/V (b) signatures resulting

from the mixing of natural soil materials (% Natural) with

industrial (pulp and paper) e�uents. S8(min) was calculated

using a soil mass-normalized LOP yield of 1.56 mg/gdw

whereas S8(max) was calculated using a soil mass-normalized

LOP yield of 18.99 mg/gdw (see Section 3). (c) presents the

mixing line for C/V and S/V signatures using a soil S8 value

intermediate between S8(min) and S8(max) (percentages along

the line represent the anthropogenic fraction in the mixture).
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to downstream areas such as the Lower Estuary.
Degradation of lignin materials within the water col-

umn and at the sediment±water interface (Cowie et al.,
1992; Cowie and Hedges, 1993; Louchouarn, 1997)
may also have contributed to lower the burial of lig-

nin-derived materials within surface sediments.

3.2. Geographic distribution of terrigenous OM inputs

An evaluation of terrigenous OM inputs along the
river to ocean continuum within the Saguenay/St.
Lawrence system has been performed along a transect

that starts at the mouth of both the Saguenay and St.
Lawrence Rivers, and ends in coastal shelf environ-
ments of the Gulf of St. Lawrence and the Emerald

Basin in the North±West Atlantic (Fig. 1). Earlier stu-
dies have shown that the proportion of terrigenous
OM within surface sediments of the deep Laurentian

Channel decreases rapidly downstream from the head
of the Lower Estuary to become only minimal within
the sediments of the Gulf (Pocklington and Leonard,
1979; Tan and Strain, 1988; Gearing and Pocklington,

1990; Lucotte et al., 1991; Colombo et al., 1996a,
1996b). These studies do not agree, however, as to the
amount of the terrigenous fraction within sediments of

the Lower Estuary with estimates ranging 25% to 50%

in its central section (i.e. stations 23 and 22; Gearing
and Pocklington, 1990; Lucotte et al., 1991; Colombo

et al., 1996a, 1996b). Although the large range in these
values may be related to small-scale heterogeneities,
they may equally be related to the di�erent method-

ologies employed for their calculations (C/N or
13C=12C ratios) and to the di�culty of assigning appro-
priate regional endmember values to the reconstruction
models.

One way to assign a value to these endmembers is
through the determination of relationships between ter-
restrial biomarker concentrations (l ) and isotopic

composition (d 13C) of sedimentary organic matter
within a wide range of regional samples (Hedges and
Parker, 1976; Hedges and Mann, 1979a; Prahl et al.,

1994; Hedges et al., 1997). Although this approach
assumes that a consistent relationship exists between
biomarker concentrations and riverine (terrigenous) or-

ganic carbon, it does not necessitate inert behavior for
the biomarker and its associated organic carbon in the
marine environment. Degradation can occur, but the
degradative process must a�ect both properties pro-

portionately so that the biomarker endmember value
remains unchanged (Hedges and Prahl, 1993; Prahl et
al., 1994).

Within the Lower St. Lawrence Estuary, it has been

Table 3

Estimates of e�uent LOP inputs from industrial pulp and paper production for the province of QueÂ bec. Product: annual pulp and

paper production; SPM: suspended particulate matter in e�uents from pulp and paper industries; LOP: lignin oxidation products

in SPM

1980±1983 1984 1985 1986±1987 1988±1992

Product (T/yr)� 6.5�106 7.0�106 6.7� 106 7.4� 106 7.8� 106

SPM (kg/T)� 24 19 15 12 10

SPM (T/yr)� 156�103 133�103 101� 103 89� 103 78� 103

LOP (T/yr)$ 7.8±15.6� 103 6.6±13.3� 103 5±10� 103 4.5±8.9�103 4±7.8�103

� Calculated from data published by the AIFQ (1995).
$ Calculated using an estimated LOP fraction within SPM=5±10% (thermomechanical pulp).

Table 4

Assessment of total annual LOP accumulations within surface sediments of the Lower St. Lawrence Estuary. Estimates were calcu-

lated for sediments below the 200 m isobath within the mixed surface layers (5±10 yr)

Zone� Surface area (km2)� Accumulation (g/cm2 yr) Concentrations LOP (mg/g) Accumulation LOP/surface (103 T/yr)

A 719 0.27±0.48 0.48720.023 0.90±1.76

B 959 0.16±0.34 0.45720.019 0.67±1.55

C 3080 0.11±0.17 0.30320.011 0.99±1.64

� Zones and surface areas adapted from Gobeil and Cossa (1993). See text for details.
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shown that carbon-normalized yields of lignin oxi-

dation products (l, in mg/100 mg Corg), remain rela-

tively constant throughout degradation both at the

sediment±water interface (Louchouarn, 1997) and

within recent sediments (Louchouarn et al., 1997a).

Moreover, both l and d 13C values vary proportion-

ately to the distance of the terrigenous and marine

sources within the system (Fig. 7a) suggesting conser-

vative mixing between terrigenous and marine OM in

the Lower Estuary. Based on the relationship between

l and d 13C (Fig. 7b), the marine endmember can thus

be constrained by extrapolating the correlation line to
a biomarker value, in this case l, of zero (Hedges and
Prahl, 1993; Prahl et al., 1994; Hedges et al., 1997).

The basis of this approach is that the steady dilution
of lignin-bearing terrestrial sources by lignin-free mar-
ine carbon results in lower lignin phenol yields and

higher isotopic composition of the bulk organic carbon
(Hedges and Prahl, 1993; Prahl et al., 1994; Hedges et

al., 1997). This approach, however, assumes homogen-
eity of organic materials in both sources. This seems to
be the case for terrigenous OM depositing in surface

sediments of the Fjord/Estuary system, but not for
OM depositing in the Gulf and Atlantic Shelf (Fig. 8).

The molecular signatures of terrigenous OM within
sediments of the whole transect show a drastic change
from the Fjord/Estuary (Fig. 8A and B) to the Gulf/

Shelf system (Fig. 8C). Within these latter environ-
ments, the molecular signatures of sedimentary OM
are similar to those of natural soils (cf. Fig. 5a and b)

and do not show sign of anthropogenic lignin-rich
OM, particularly if we consider that only minute

amounts of this material are required to a�ect substan-
tially the lignin signatures within sediments (see pre-
vious discussion). Hence, in spite of recognized inputs

of industrially derived lignin materials to the Gulf of
St. Lawrence (Pocklington and MacGregor, 1973;
Pocklington, 1976), they seem to be only limited to

coastal zones and close to zero in open ocean areas
(Figs. 7 and 8; cf. also Pocklington, 1988). Low car-

bon-normalized LOP yields (Fig. 7a), as well as signa-
tures and diagenetic state of lignin-derived compounds
(Fig. 8a and b) within Gulf and Shelf sediments indi-

cate that highly altered OM, of the type found associ-
ated to ®ne-grained soil minerals (Hedges and Oades,
1997; Keil et al., 1998), is a major component of the

terrigenous OM pool within these environments. The l
vs. d 13C relationship is therefore only useful within the

upstream estuarine section where lignin-rich particulate
matter from a combination of natural and anthropo-
genic sources predominate and form a relatively homo-

geneous mixture (Fig. 8a and b).
The marine endmember for d 13C obtained from the

equation incorporating only estuarine sediments
(Saguenay and St. Lawrence) is ÿ21.4-. This value is
somewhat lighter than that measured in suspended ma-

terials collected in 1989 in the midst of a phytoplank-
ton bloom within the Lower Estuary (ÿ20.02 0.3-;

Lucotte et al., 1991). We do not know if this di�erence
is related to temporal variations in the marine signa-
ture or to the diagenetic loss of heavier organic com-

ponents (Benner et al., 1987; Spiker and Hatcher,
1987) in the water column or at the sediment±water
interface. We nevertheless used the value obtained with

the model for the marine endmember. The terrigenous
endmember value was derived from the average river

Fig. 7. Major lignin-derived phenol yields (l, mg/100 mg

Corg) and isotopic signatures of Corg (- relative to standard

PDB) for sediments along the river-ocean transect: (A) Head

of the Upper Estuary (stations 019 and 01) and the Saguenay

Fjord (stations St. Fulgence and Sag05); (B) Lower estuary

(stations G2, 23, and 22); (C) Gulf of St. Lawrence and

North±Eastern Atlantic Shelf (stations G1, G3, G4, and 12).

(a) l and d 13C values along the transect. (b) Relationship

between l and d 13C for all surface sediments studied.
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values obtained from two exhaustive studies within the
St. Lawrence system and which show virtually identical

results (ÿ25.620.6-; Tan, 1987; Lucotte et al., 1991).
The terrestrial contribution to total Corg in the various

sediments of the St. Lawrence system can then be cal-

culated from the isotopic data given in Table 5 and
using the following equation:

�d13C�i ÿ �d13C�m
�d13C�t ÿ �d13C�m

,

where the subscripts represent i, the modern sediment

signature; m, the marine endmember, and t the terrige-
nous endmember. These calculations estimate that the
major fraction of sedimentary OM (57±81%) is terrige-

nous in origin within the Lower St. Lawrence Estuary
Table 5. The important fraction of terrigenous OM
presented here is only comparable to published values

for the upstream section of the Laurentian Channel
(180%; Colombo et al., 1996a, 1996b), but is higher
than previous estimates for the downstream regions
(25±50%; Gearing and Pocklington, 1990; Lucotte et

al., 1991; Colombo et al., 1996a, 1996b). These esti-
mates are consistent with palynological data within
these same sedimentary environments which attest to

the substantial riverine inputs of terrigenous organic
materials to the Lower Estuary (Mekireche-Telmat,
1997). The gradient in terrigenous OM content from

upstream (StaG2) to downstream (Sta22) environments
within the Lower Estuary is also consistent with
increasing downstream primary productivity
(Therriault et al., 1990), as well as ¯uxes of marine

biomarkers (Colombo et al., 1996a, 1996b) and dino-
¯agellate cysts (de Vernal and Giroux, 1991;
Mekireche-Telmat, 1997) to the sediments. All these

data show that sedimentary ¯uxes of authigenous OM
increase in the direction of the water ¯ow to reach
highest levels in the downstream section of the Estuary

(Sta22).
Within the Gulf and shelf environments, the terrige-

nous fraction was calculated using soil lambda values

as an endmember for terrestrial OM (cf. Prahl et al.,
1994) and compared to the results obtained from the
projection of the l vs. d 13C relationship into the Gulf/
Shelf environments (Table 5). When we use a soil l
value obtained from averaging carbon-normalized
yields of both soils sampled in this study (3.6821.07
mg/100 Corg), the estimated fraction of terrigenous

OM obtained from both methods are very similar and
range 16±26% (Table 5). However, hydrodynamical
sorting of sedimentary particles within coastal environ-

ments usually results in the selective incorporation of
dense lignin-enriched particles in estuarine, deltaic and
near-shore areas whereas lignin-poor organic materials
sorbed on ®ne-grained minerals are transported

towards o�shore basins (Prahl, 1985; Gough et al.,
1993; Keil et al., 1998). Because the molecular signa-
tures and diagenetic state of lignin-derived materials

within sediments of the Gulf and Shelf are consistent
with signatures of highly altered soil OM associated to
®ne-grained minerals (Hedges and Oades, 1997; Keil et

al., 1998), it seems more likely that the l value of the
soil endmember within the Gulf/Shelf system is closer
to the lower limit obtained from our subsurface soil

Fig. 8. Molecular signatures of terrigenous OM for sediments

along the river-ocean transect: (A) Head of the Upper

Estuary (stations 019 and 01) and the Saguenay Fjord

(stations St. Fulgence and Sag05); (B) Lower estuary (stations

G2, 23, and 22); (C) Gulf of St. Lawrence and North±Eastern

Atlantic Shelf (stations G1, G3, G4, and 12). (a) Lignin-de-

rived intensive ratios along the studied transect. (b) (Ad/Al)v
and diOHBA/V ratios along the studied transect.
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sample (2.61 mg/100 Corg; Table 1). If this is the case,
the fraction of terrigenous OM within the Gulf/Shelf

sediments increases and reaches 20±30% (Table 5).
The d 13C data may thus lead us to underestimate the
terrigenous OM contribution to the total pool of sedi-

mentary OM within the Gulf/Shelf environment.
Previous palynological data available for the Gulf
region (de Vernal and Giroux, 1991) seem to suggest

that most of OM ¯uxes to the sediments within this
system indeed originate in water column productivity.
On the other hand, although the fraction of terrige-

nous OM within sediments of the whole system do
decrease from the Estuary to the Gulf and Shelf, the
calculations based on l values suggest that the terrige-
nous inputs of OM within the Gulf/Shelf sediments

may be underestimated by as much as 30% and con-
tradict earlier ®ndings that little of the terrestrial OM
inputs to the Lower Estuary reaches the open Gulf

(Tan and Strain, 1988).
As a further caveat to the source reconstruction

based on d 13C data, we acknowledge that salt marshes

may also contribute heavier organic materials to the
Gulf through the export of macrophytic detritus
(d 13C= ÿ 8 to ÿ180-; Gearing, 1988; Fogel and

Cifuentes, 1993) and further complicate source recon-
structions of OM inputs (see Meyers, 1994; GonÄ i and
Eglington, 1996; GonÄ i et al., 1997). However, unless
tidal energies are excessively high, such as in the Bay

of Fundy (Gordon et al., 1985), salt marshes seem to
export little detritus to external water systems (Haines,
1977, 1979; Klap et al., 1996). Within the Gulf, export

of macrophytic detritus to its central section is further
limited by the restricted occurrence of marsh environ-
ments to only a few south shore regions (Haines and

Dunn, 1985). Since the water circulation pattern within
the southern Magdalen Shelf is in¯uenced by fresh-
water out¯ow from the Estuary towards Cabot Strait
(Strain, 1988) marsh material would tend to be out-

¯ushed rather than transported towards the central
Laurentian Chanel. Nonetheless, until there is good
evidence for the absence of C4 plants materials (i.e.

through irm±GC±MS analyses of major lignin CuO
reaction products; GonÄ i and Eglington, 1996; GonÄ i et
al., 1997) and soil OM is better quanti®ed within the

Gulf sediments, the estimated fractions of terrigenous
OM in this part of the St. Lawrence system should be
viewed as conservative lower estimates.

3.3. Global ocean mass balance

Irrespective of how much terrigenous organic carbon

is transported an buried annually within marine sedi-
ments on a global scale, the input and burial ¯uxes of
lignin-derived compounds are of interest in order to

assess whether lignin behaves conservatively or not in
the ocean. A previous attempt at quantifying these

¯uxes estimated that global oceanic deposition of par-
ticulate lignin-derived phenols (12.6 � 1012 g/yr)

amounts to about 85% of the riverine ¯uxes (15� 1012

g/yr), suggesting that lignin behaves conservatively
within the ocean (Gough et al., 1993). These estimates

were based on the assumption that riverine particulate
inputs comprise fresh land plant materials with a mean
carbon-normalized lignin composition (l value) of 10

mg/100 mg OC. This value seems rather large since
fresh plant debris form only a small component of the
total organic matter mixtures transported by rivers

(Hedges, 1992; Keil et al., 1994a, 1998). Consequently,
the input ¯ux of 15� 1012 g/yr based on fresh plant l
values (Gough et al., 1993) appears as an overly large
estimate of lignin-derived phenols exported from land

to the sea.
A new mass balance calculation is proposed based

on a compilation of all available data on lignin-derived

oxidation products within riverine sediments, riverine
and marine suspended materials, and diverse shelf,
slope, and deep basin sediments (Fig. 9). This mass

balance calculation uses l6 values (the sum of all vanil-
lyl and syringyl lignin-derived phenols), since this par-
ameter is more representative of true lignin-derived

compounds (Opsahl and Benner, 1995). The estimated
global discharge rate of lignin-derived phenols is de-
rived from a mean l6 value (3.0 mg/100 mg OC) simi-
lar to the average composition of riverine sediments

(Fig. 9), and multiplied by the total particulate dis-
charge of organic carbon to the world's ocean via riv-
ers (1200� 1012 g C/yr; Hedges, 1992). This provides

an estimated annual discharge rate of lignin-derived
phenols (6.0 � 1012 g C/yr; Table 6), that amounts to
only 40% of the previous estimate calculated by

Gough et al. (1993). Burial ¯uxes of lignin-derived
phenols within marine sediments were calculated using
average l6 values for all major ocean regions charac-
terized by di�ering regimes in sedimentation and or-

ganic carbon burial rates (cf. Hedges and Keil, 1995).
The largest burial ¯ux within marine sediments seems
to occur in river deltas (2.1 � 1012 g C/yr; Table 6)

since these environments are characterized by depo-
sition of coarse relatively undegraded lignin-rich
macrodebris (Prahl, 1985; Keil et al., 1994a; Hedges

and Keil, 1995; Keil et al., 1998) that should present
compositions similar to those of coarse riverine ma-
terials. The second largest ¯ux is represented by shelf

and upper slope environments (0.72 � 1012 g C/yr;
Table 6). The l6 value of 1.0 mg/100 mg OC derived
for these environments, results from an average
between yields observed within shelf (11.5 mg/100 mg

OC) and slope (10.5 mg/100 mg OC) sediments (Fig.
9). Biogenous sediments underlying high productivity
zones, are characterized by low amounts of lignin-de-

rived compounds (10.4 mg/100 mg OC; Bergamaschi
et al., 1997) and, although important in terms of total
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organic carbon preservation (16% of global estimate;
Hedges and Keil, 1995), present only low preservation
¯uxes of lignin-derived phenols (0.04 � 1012 g C/yr;

Table 6). Within deep pelagic basins, a combination of

reduced organic carbon burial rates (5 � 1012 g C/yr;
Hedges and Keil, 1995) and low content in lignin-de-
rived phenols (10.1±0.2 mg/100 mg OC; Fig. 9), are

responsible for the extremely reduced preservation

Fig. 9. Mean l6 values (sum of major vanillyl and syringyl monomeric products in mg normalized to 100 mg of organic carbon

content) for diverse environmental mixtures. Symbols: SPM, suspended particulate matter; Wint, winter samples; Sum, summer

samples; Sedt, sediments (Sfc: sur®cial; deep, below 50±100 cm); Coast, coastal environments including bays, gulfs and shelves;

(Contam. 9±13): sur®cial or deep sedimentary horizons known to be contaminated by industrial waste e�uents; Slope, continental

slopes; HA, humic substances. (a) Values derived from Meyers-Schulte and Hedges (1986) and representing l8. (b) Values derived

from Moran et al. (1991) and representing only the sum of guaiacyl lignin oxidation monomeric products. Bracket bars represent 1

std. deviation about the calculated mean. Maximum and minimum values measured are also represented. All values are adapted

from: Ugolini et al. (1981); Ertel and Hedges (1984); Ertel et al. (1984), (1986); Prahl (1985); Wilson et al. (1985); Hedges et al.

(1986), (1988a); Meyers-Schulte and Hedges (1986); Requejo et al. (1986); Haddad and Martens (1987); Ishiwatari and Uzaki

(1987); Hamilton and Hedges (1988); Cifuentes (1991); Moran et al. (1991); GonÄ i and Hedges (1992); Gough et al. (1993); Prahl et

al. (1994); Louchouarn et al. (1997a); Klap et al. (1997); Opsahl and Benner (1997).

Table 5

Estimates of terrigenous fractions within sedimentary OM from surface sediments of the Lower Estuary and Gulf of St. Lawrence

[d 13C] % terrigenous� l (mg/100 mg Corg) % terrigenous$

Terrigenous ÿ25.620.60 ± 3.6821.07 ±

Marine ÿ21.420.70 ± ± ±

Stations

G2 ÿ24.8- 81%

23 ÿ24.1- 64%

22 ÿ23.8- 57%

G1 ÿ22.1- 22% 0.895 26±32%

G3 ÿ21.9- 18% 0.772 22±27%

12 ÿ21.8- 16% 0.559 16±20%

G4 ÿ22.0- 20% 0.600 17±21%

� Values calculated using mean (d 13C)m and (d 13C)t values.
$ Values calculated based on dilution of lignin yields.
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¯uxes of lignin compounds observed in these environ-

ments (0.01� 1012 g C/yr; Table 6). Finally, a l6 value

similar to that found within shelf sediments (1.5 mg/

100 mg OC), was estimated for anoxic basins based on

their geographical proximity to land masses (Hedges

and Keil, 1995). Although this value may be underesti-

mated by up to 50% (assuming an upper estimate

similar to that found within sediments of rivers and

river deltas, and limited degradation within the anoxic

environments), it does not a�ect the global burial ¯ux

by much since anoxic basins only constitute 0.5% of

the global oceanic burial rate of organic carbon

(Hedges and Keil, 1995).

Although these calculations are rudimentary, they

are based on an extensive data set of lignin-derived

phenol content within a wide suite of environmental

samples, and should be informative of the actual input

and preservation ¯uxes happening in modern sedi-

ments. These calculations do not include high indus-

trial inputs observed in several coastal areas (Requejo

et al., 1986; Louchouarn et al., 1997a; this study) in

which l6 values may reach as high as 10±13 mg/100

mg OC (previous discussion). However, these environ-

ments may only represent limited areas on a global

scale and thus contribute little to the global mass bal-

ance of lignin-derived compounds.

According to this mass balance, and similarly to

Gough et al. (1993), our results con®rm that most lig-

nin burial (98%) occurs in continental shelf and slope

regions. However, the total burial ¯ux of particulate

lignin-derived compounds within marine sediments

(12.9 � 1012 g C/yr; Table 6) only represents about

50% of the lignin riverine discharge rate (6� 1012 g C/

yr; Table 6). Contrary to the previous estimate (Gough

et al., 1993), this result suggests that lignin does not

behave conservatively within the ocean and that about

half of the input ¯ux is degraded before burial. Such a

signi®cant degradation of a molecular consistuent con-

sidered as highly recalcitrant within aquatic environ-

ments (cf. Haddad and Martens, 1987; Gough et al.,

1993) is not so surprising. Lignin-rich materials are

usually associated to coarse macrodebris (Hedges et

al., 1986; Guggenberger et al., 1994; Bergamaschi et

al., 1997; Keil et al., 1998) and in contrast to labile or-

ganic materials adsorbed on ®ne-grained surface areas

(Keil et al., 1994b; Hedges and Keil, 1995; Amelung et

al., 1997; Keil et al., 1998), lignin associated with

coarse materials might not bene®t from physical matrix

protection e�ects and thus may be more susceptible to

degradation (Amelung et al., 1997). This is consistent

with an extensive suite of studies which show that

degradation of lignin-derived components is not

uncommon in diverse aquatic settings both under oxic

as well as anoxic conditions (Benner et al., 1984, 1987,

1991; Hamilton and Hedges, 1988; Cowie et al., 1992;

Haddad et al., 1992; Cowie and Hedges, 1993; Opsahl

and Benner, 1995; Louchouarn et al., 1997a; Klap et

al., 1997). The apparent high `reactivity' of lignin-de-

rived compounds within marine environments is in line

with recent data on rapid cycling of dissolved terrige-

nous organic matter in the ocean (Opsahl and Benner,

1997, 1998). These studies showed that dissolved lignin

discarded by rivers is highly photoreactive and that

average residence times for terrigenous lignin-derived

organic materials in the Atlantic and Paci®c oceans

fall in ranges (21±132 yr) that are one to two orders of

magnitude lower than bulk oceanic dissolved organic

carbon (4000±6000 yr). This reactivity of lignin

suggests that rapid cycling of terrigenous DOM may

be an important source of nutrients to the coastal

ocean (Opsahl and Benner, 1997). With the present

study, it seems that both particulate and dissolved ter-

rigenous materials may contribute signi®cantly to or-

ganic matter recycling within coastal waters. This is

consistent with the hypothesis that terrigenous OM is

highly recycled within the ocean and most of the OM

that is dissolved in seawater or buried within marine

Table 6

Estimates of global lignin-derived (LOP) riverine discharge rates and marine burial ¯uxes (parenthetical units are % of total burial)

Region� Organic carbon ¯ux

and burial rates� (1012 g/yr)
l6 mean values$

(mg/100 mg OC)

LOP ¯ux

(1012 g/yr)

Riverine discharge 200 3.0 6.0

Deltaic sediments 70 3.0 2.10 (73)

Shelves and upper slopes% 72 1.0 0.72 (25)

Biogenous sediments 11 0.4 0.04 (1)

Pelagic sediments 5 0.2 0.01 (<1)

Anoxic basins 1 1.5 0.02 (<1)

Total burial ¯ux 2.89

� Oceanic regions, organic carbon riverine discharge, and marine burial rates from Hedges and Keil (1995).
$ Mean l6 values estimated from Louchouarn (1997) (see text for details).
% Includes shallow-water carbonates.
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sediments is of marine, rather than terrigenous, origin
(Hedges and Keil, 1995; Hedges et al., 1997)

4. Conclusions

Signi®cant changes in terrigenous organic matter

within the recent sediments (1100 yr) of the Lower St.
Lawrence Estuary all point to a substantial in¯uence
of industrial inputs of ligneous materials within recent

sediments of the Saguenay/St. Lawrence system follow-
ing the regional expansion of the pulp and paper
industry in the 1920±1940's. Results from a mass-nor-
malized mixing model between natural (soils) and

anthropogenic (pulp and paper e�uents) sources of lig-
nin to the Saguenay/St. Lawrence system suggest that
about 10±70% and 2±30% of total sedimentary lignin

is industrially derived within the Saguenay Fjord and
Lower Estuary, respectively. Using available data on
pulp and paper production during the 1980's, esti-

mated amounts of lignin materials released through
the liquid e�uents of this industry, and lignin accumu-
lation rates within surface sediments of the Lower
Estuary, we calculated that about 1±15% industrial lig-

nin materials released into the aquatic system have
accumulated within surface sediments of the Lower St.
Lawrence Estuary in the 1980's to early 1990's.

A combination of molecular and isotopic signatures
of sedimentary OM along a land-to-sea transect shows
a decreasing gradient in terrigenous OM from the head

of the Lower Estuary down to the Atlantic shelf.
Compositional di�erences in terrigenous OM suggest,
however, that lignin-rich particles from a combination

of natural and moderately altered anthropogenic
sources predominate within the upstream Fjord/
Estuary system, whereas highly altered soil OM is a
major component of the terrigenous organic pool

within Gulf and Shelf sediments. A reevaluation of ter-
rigenous fractions within the Lower Estuary using an
isotopic-molecular approach showed that terrigenous

OM constitutes a larger pool (60±80%) than pre-
viously estimated for the region and that the sediments
within this system are dominated by inputs of

allochthonous organic materials. Terrigenous OM con-
tent along the transect shows a marked decline in the
Gulf/Shelf sediments which range 15±25% or 20±30%,
depending on the approach used to calculate terrige-

nous inputs.
Finally, a global mass balance for lignin ¯uxes to

the oceans and within sediments is presented based on

a compilation of all available data on lignin-derived
oxidation products within riverine sediments, riverine
and marine suspended materials, and diverse shelf,

slope, and deep basin sediments. This mass balance
calculation suggests that about half of the global
annual riverine ¯ux is degraded leaving only the

remaining half to accumulate mostly (98%) within
shelf and slope sediments. This estimate further

suggests that lignin does not behave conservatively
within the marine environment, but supports some sort
of organic matter degradation.
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