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Abstract — Three cruises on the Wight~Cherbourg transect were undertaken during the FluxManche II Programme in order to
study the origin, nature and behaviour of organic matter inputs to the waters of the English Channel. Suspended particulate
material (SPM) collected from surface and deep waters at each station was analysed at elemental level for Particulate Organic
Carbon and Particulate Organic Nitrogen (POC, PON), at molecular level for main classes of organic compounds using Pyrol-
ysis-Gas Chromatography coupled with Mass Spectrometry (Py-GC-MS) and for phenolic compounds, particularly lignin-
derived phenols, using High Performance Liquid Chromatography (HPLC). The SPM content increases from the French
(south) to the English coast (north) with the lowest values being observed in the central waters of the Channel. This dis-
tribution is essentially linked to resuspension processes and the influence of terrigenous inputs from the Solent river inside
English coastal waters. Py-GC-MS analyses show that organic material within French waters is usually marine in character
and is more degraded than in English waters. Organic material in the central waters always shows the highest state of deg-
radation, probably due to its long transit time in the "central water mass” from the Atlantic to the English Channel. Auto-
chthonous and allochthonous organic tracers were positively identified through the use of HPLC analyses. Seasonal
variations in the system lead to qualitative changes in terrigenous inputs (lignin-derived phenols). To our knowledge, it is the
first time that phenolic compounds of autochthonous origin have been recorded in central Channel waters. Indeed, it is the
study of the distribution and composition of hydroxybenzyl phenols which has allowed an estimate of the marine contribution
to the particulate organic matter to be made. These compounds may originate from phytoplankton and macroalgae tissues
developing in the coastal environments of the Channel. © Elsevier, Paris / Ifremer / CNRS / IRD

suspended particulate matter / organic compounds / phenolic markers / biogeochemistry / English Channel

Résumé — Marqueurs biogéochimiques de la matiére organique sur la radiale Wight-Cherbourg (Manche cen-
trale). L'origine, la nature et le comportement des apports de matiére organique dans les eaux de la Manche ont été étudiés
au cours de trois campagnes effectuées sur la radiale Wight—Cherbourg, dans le cadre du programme FluxManche II. Le
matériel particulaire en suspension (MPS) prélevé en surface et au fond des eaux de chaque station a été étudié au niveau
€lémentaire : carbone organique particulaire (COP), azote organique particulaire (AOP) et moléculaire : classes princi-
pales de composés organiques par pyrolyse - chromatographie gazeuse couplée 2 la spectrométrie de masse (Py-CG-SM)
et composés phénoliques, particulierement les phénols dérivés de la lignine par chromatographie liquide a4 haute perfor-
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mance (CLHP). Un gradient croissant de mati¢re particulaire en suspension (MPS}) s'établit du sud vers le nord, avec les
plus faibles teneurs dans les eaux centrales. Cette répartition est liée essentiellement a {'importance des remises en sus-
pension dans les eaux anglaises et a I'influence des apports telluriques issus du Solent. L'analyse par Py-CG-SM montre
que le matériel organique dans les eaux frangaises a souvent un caractére marin et plus dégradé que dans les eaux anglai-
ses. Les eaux centrales se caractérisent toujours par 1'état le plus dégradé de la matiere organique, probablement en raison
du long transit dans la « veine d'eau centrale » atlantique alimentant la Manche. La technique CLHP a permis d'identifier
des traceurs organiques autochtones et allochtones. Les variations saisonniéres se traduisent par un changement qualitatif
de l'apport terrestre (phénols ligneux). A notre connaissance, c'est la premigre fois que des composés phénoliques d'origine
autochtone sont mis en évidence dans les eaux de la Manche centrale. En effet, les phénols hydroxybenzyles, par leur
répartition et leur composition, ont permis d'estimer une contribution marine au matériel organique particulaire. Ils
auraient pour origine le phytoplancton et les thalles de macroalgues se développant sur les cdtes de 1a Manche. © Elsevier,
Paris / Ifremer / CNRS / IRD

matiére particulaire en suspension / composés organiques / marqueurs phénoliques / biogéochimie / Manche

1. INTRODUCTION [20, 29, 32]. The major point of interest of these woody
components is their refractory character.

The suspended organic matter in coastal waters has a The Pyrolysis-Gas Chromatography-Mass Spectrometry

double origin: indigenous production and continental (Py-GC-MS) technique allows the major classes of

riverine contribution [11, 20, 31, 33]. In coastal environ- organic compounds to be identified. It was used to char-

ments, a significant proportion of the terrestrial organic acterize the chemical nature of polymeric organic mate-

material is transported in the form of woody components rial [10, 11, 38, 41]. This analysis technique is a powerful
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Figure 1. Bathymetry and situation of FluxManche II sampling stations along the Wight-Cherbourg transect.
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Table I Distribution of the organic compounds (in relative percents of total particulate organic matter) in suspended material analysed by
Py-GC-MS in the bottom waters at FX7, FX9 and FX11 stations, during November 1994, March and July 1995 transects.

Classes individual Nov. 94 Mar, 95 Jul. 95
compounds FX7b FX% FX1lb FX7b FX% FX1lb  FX7b FX%  FXIIb
AH. Benzene 18.3 22.8 20.7 17.1 204 19.8 18.8 22 215
N.C. Acetonitrile 0.4 0.5 0.6 0.8 1.1 0.5 1 0.5 0.5
AH. Toluene 2 2 2.2 2.2 2 2 1.9 1.9 2
N.C. Valeronitrile 4.5 5 5.6 6.3 55 4.9 5 4.5 5.1
N.C. Pyridine 1 1 2 6.4 0.8 0.5 5 3.7 1.7
AH. Styrene 11.5 144 12.6 79 174 16.8 19.1 22.6 17.1
Sug. Cyclopentenone 0.7 0.9 23 1 0.8 26 1.9 1.5 1.3
Sug. 3-Furanaldehyde 2.1 1 1 1.7 25 25 1.3 0.8 1.6
Sug. Furfural 16.7 2.1 2 5.9 4.5 4 2.5 1.8 22
Sug. Acetic acid 22 1.8 1.7 34 2.2 24 1.6 1.9 1.7
N.C. Pyrrol 4.1 6.9 9.7 10.1 9.8 8.7 8.5 7.1 9.6
N.C. 3-Methylpyrrol 04 2.7 3 29 23 2.6 2.4 2.6 3
N.C. 2-Methylpyrrol 1.1 3.1 2.7 42 2.3 3 2.4 2.7 3.1
Sug. 5-Methyl-2-Furfural 0.8 04 0.5 0.7 0.6 0.7 0.5 0.4 0.4
AS. Acetamide 0.3 0.7 0.9 0.9 0.8 0.8 22 0.7 0.8
N.C. Benzylonitrile 1.3 2 2.8 2.8 19 2.1 2.2 1.8 1.9
Phe. Phenol 9.3 13.2 12’ 95 94 8.8 8.5 8.2 8.7
Phe. Phenyletanol 1.3 0.9 0.5 0.3 0.5 04 0.2 0.2 0.4
Phe. m cresol 3.6 8.2 8.4 44 5 64 49 6.7 7.8
Phe. p cresol 14 1 0.9 1.5 1.7 14 0.8 0.7 1
Phe. Methylphenol 2.1 13 14 0.7 1.2 1 0.8 0.7 1.2
N.C. 2,3-dihydrobenzofurane 23 23 29 29 3 1.8 2.6 1.9 2.6
N.C. Indol 12.6 5.6 4.5 6.5 43 6.2 5.9 5.1 4.8
R1 Benzene/Toluene 9.15 11.40 9.41 7.97 10.20 9.90 9.89 11.58 10.75
R2 (Furf.+Acetic ac.)/Pyrrol 4.61 0.57 0.38 0.92 0.68 0.74 0.48 0.52 0.41
R3 Acetonitrile/Pyrrol 0.10 0.07 0.06 0.08 0.11 0.06 0.12 0.07 0.05
AH. Aromatic hydrocarbons 31.8 39.2 355 272 39.8 38.6 398 46.5 40.6
N.C. Nitrogenous compounds 27.7 291 338 429 31 30.3 35 299 323
Sug. Sugars 22.5 6.2 7.5 12.7 10.6 12.2 7.8 6.4 7.2
Phe. Phenols 17.7 24.6 2.4 16.4 17.8 18 15.2 16.5 19.1
AS. Amino sugars 0.3 0.7 0.9 0.9 0.8 0.8 22 0.7 0.8

tool for defining, both quantitatively and qualitatively, the
principal units which constitute complex biopolymer and
condensed products.

Phenolic compounds are generally used as tracers of ter-
restrial organic contributions in the marine environment
[14, 15, 20, 21, 26, 31]. Alkaline oxidation with cupric
oxide (CuQ) was used to release the monomeric hydroxy-
aromatic components of lignin, in order to characterize
and quantify the organic matter of terrestrial origin in var-
ious environments [20, 27, 28, 37].

River inputs to the Channel and the characterization and
behaviour of terrestrial organic matter in the waters of the
Channel have scarcely been studied [1, 8, 30, 32, 39].

The FluxManche II Programme and more particularly the
"Fluxes and Biogeochemical Processes” task aimed to

study particulate and dissolved material transfer in the
English Channel and to understand modifications in
water flow and transported elements during their passage
through the English Channel towards the North Sea.

Within the framework of this programme, our aim was to
study the biogeochemical behaviour. of organic inputs to
the hydrodynamic system of the English Channel. Ele-
mental analyses for Suspended Particulate Material, Par-
ticulate Organic Carbon and Particulate Organic Nitrogen
(SPM, POC, PON) were carried out along with determi-
nation of the major classes of organic compounds using
Pyrolysis-Gaz Chromatography coupled with Mass Spec-
trometry (Py-GC-MS) and analysis of terrestrial input
biogeomarkers (lignin-derived phenols) contained in par-
ticulate material produced exclusively by tracheophytes,
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Tabie II. Nomenclature and chemical strucure of cupric oxide oxidation lignin monomers analysed by high performance liquid chromato-

graphy (HPLC).

Series Substituants Common name

Acid Aldehyde Keton
C6~C1 : Benzyl
4-Hydroxybenzyl (H) H H p-Hydroxybenzoic p-Hydroxybenzaldehyde
3-Methoxy-4-hydroxybenzyl (V) H OCH3 Vanillic Vanillin
3,5-Dimethoxy-4-hydroxybenzyl (S) OCH3 OCH3 Syringic Syringaldehyde
C6-C2 : Phenyl ethyl
4-Hydroxyphenyl ethyl (H) H H p-Hydroxyacetophenon
3-Méthoxy-4-hydroxyphényl éthyl (V) H OCH3 Acetovanillon
3.5-Dimethoxy-4-hydroxyphenyl ethyl (S) OCH3 OCH3 Acetosyringon
C6-C3 : Phenyl propene
4-Hydroxypheny! propyl (C) H H p-Coumaric
3-Methoxy-4-Hydroxyphenyl propyl (C) H OCH3 Ferulic

using cupric oxide alkaline oxidation and High Perfor-
mance Liquid Chromatography (HPLC) techniques.
Sampling and analytical strategy (seasonal sampling
along the Wight—Cherbourg transect, at surface and bot-
tom levels) enabled information on the seasonal varia-
tions in organic contributions to be obtained and the
nature of continental inputs as compared to marine inputs
to be characterized in molecular terms.

2. MATERIAL AND METHODS

Water sampling was done using Niskin bottles during
three campaigns (November 1994, March and July 1995)
on the Wight—Cherbourg transect (figure ). At each sta-
tion, two samples of about 20 L each were taken at the
surface and bottom levels of the water column (table 111).
Each 20-L sample (resulting from mixing together the
contents of four 5-L Niskin bottles) was equally divided
into four sub-samples by filtration on board through
Whatman GF/F filters which were preheated at 450 °C
for 4 h and then preweighed. After filtration, the filters
were rinsed with ultrapure water to eliminate salts and
dried to 50 °C during 12 h. They were then stored in a
desiccator and were weighed to evaluate the suspended
particulate matter (SPM).

The POC concentrations were measured by dry combus-
tion of the filters in a Leco CS 125 carbon analyser. After
decarbonation with 2N HClI, the dried filters were oxydised
in an induction furnace and the liberated CO, was mea-
sured quantitatively by infrared absorption (precision:
2 % of the average value). The PON contents were deter-
mined by the Kjeldahl method, using a Technicon

continuous flow spectrocolorimeter (precision: 0.3 % of
the average value).

Analysis of the major classes of organic compounds was
carried out by coupling Py-GC-MS. A CDS 1000 pyroly-
sis probe is directly coupled to a Perkin-Elmer 8700 gas
chromatograph equipped with a TR-WAX capillary col-
umn (length: 30 m, diameter: 0.32 mm, phase thickness:
0.50 m). Pyrolysis temperature was 700 °C for 10 s and
the column temperature was programmed up to 240 °C at
a rate of 6 °C min~!. Pyrolysis fragments were identified
by coupling to an HP 5989 mass spectrometer. Twenty-
three major peaks were selected on the pyrochromato-
grams and each selected compound was expressed as a
percentage of the sum of the surface of these 23 peaks
(table I). Pyrolysis products were grouped into five main
families, each of them including similar molecules or
closely chemical structures: aromatic hydrocarbons, nitro-
genous compounds, sugars, phenols and amino sugars.

Phenolic compounds were determined by high perfor-
mance liquid chromatography (HPLC) after cupric oxide
alkaline oxidation and extraction with ethyl acetate
[7, 13, 17]. The limit of detection was 10 g and the pre-
cision of the method was about 2 % for each compound.
Separation and quantification of phenolic monomers was
carried out by HPLC [7, 37]. On a total of 28 identified
products, eleven represented the monomers constituting
lignin and were taken into account according to Hedges
and Ertel [17]. The products of oxydative hydrolysis of lig-
nin belong to the following three series: 4-hydroxybenzyl
"H" (p-hydroxybenzoic acid, p-hydroxybenzaldehyde,
p-hydroxyacetophenone), 3-methoxy-4-hydroxybenzylic
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Figure 2. Distribution of suspended particulate matter
(SPM) in surface and bottom waters, along the Wight—Cherbourg
transect, in November 1994, March and July 1995.

"V" (Vanillyl) and 3.5-methoxy-4-hydroxybenzylic "S"
(Syringyl). Each one of these three series presents a side
chain alkyl with 1, 2 or 3 carbon atoms. The compounds
in C6—C1 may be acids or aldehydes, those in C6-C2 are
ketones and those in C6-C3 are acids. The latter, having a

phenylpropenic structure, belong to the Cinnamyl "C"
serie (ferulic acid, p-coumaric acid): they are summarized
in table 11 [37].

Phenol separation was carried out on a Merck analytical
column (250 mm long x 4 mm in diameter). The station-
ary phase consists of Lichrosorb, reversed phase C18 of
5 pm granulometry, equipped with a precolumn (40 mm
long) containing the same phase. Elution was done using
a ternary eluent (water, acetonitrile, acetic acid), accord-
ing to a high pressure binary gradient defined by Char-
riere [7]. Identification of the eluted products was done
by comparison of their retention times with those of
commercial products, detection being done in UV at
275 nm, even after a co-injection if necessary. The inter-
nal standards of phlorogiucinol (1,3,5-benzenetriol) and
p-anisic acid (p-methoxybenzoic acid) allow the identi-
fied products to be determined quantitatively.

3. RESULTS
3.1. Suspended particulate matter (SPM)

Along the transect (figure 1), the SPM concentrations for
the periods concerned vary from 1.3 to 189 mg L™! on
the surface and 1.8 to 23.1mgL™' at the bottom
(figure 2). English coastal waters (FX7 and FX8) present
average SPM values which are four to five times higher
than in the central or French waters of the transect.
Generally, the SPM concentrations are higher in the bot-
tom layer than on the surface and the most notable fluctu-
ations are observed in English waters. In fact, in these
waters, SPM contents can vary by a factor of 10 on a
semi-diurnal cycle scale [25].

3.2, Particulate organic matter: POC, PON

For all the samples, the rates of POC in % of SPM are
higher on the French side than on the English side
(figure 3). They vary from 1.5 to 3.8 % and 1.5 to 8.2 %,
respectively on the surface and in the bottom layers in
November; 2.4 to 5.1 % with similar values between the
bottom and surface in March; 5.4 to 9.8 % and 4.3 to
9.5 % respectively on the surface and at the bottom in
July.

The PON values generally present the same evolution as
the POC. Concentrations vary from 0.13 to 0.43 % and
0.13 t0 0.86 % respectively on the surface and at the bot-
tom in November; from 0.28 to 0.64 % with roughly sim-
ilar values between the surface and bottom in March;
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Figure 3. Distribution of particulate organic carbon (POC) and Kjeldahl nitrogen (PON) contents in the particulate matter of surface (s).and
bottom (b) waters of the Wight—-Cherbourg transect.
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Table III. Elemental analysis for particulate organic carbon (POC%), PON%, C/N ratios and results of phenolic compounds analyses by
HPLC: Hydroxybenzyl (H), Vanillyl (V), Syringyl (S) and Cinnamyl (C) compounds. X 11 represents the sum of S + V+ C + H and A 8 the
sum of S + V + C compounds. H/V, C/V and H/V ratios can lead to an indication of taxonomic origin of the particulate organic matter.

Fx7s Fx8s Fx9s Fx10s Fx11s Fx7b Fx8b Fx9b Fx10b Fx11b
November 94
Depth (m) 34 0.7 0.6 1.8 3.8 16.6 253 924 71.3 52.2
POC (%) 1.98 249 1.53 3.86 3.70 1.49 1.62 8.08 7.99 821
PON (%) 0.17 0.19 0.13 0.43 042 0.13 0.14 0.69 0.86 0.83
C/N)a 13.6 15.3 13.7 10.5 10.3 134 13.5 13.7 10.8 115
H 347 0.61 1.31 3.04 1.69 1.83 1.04 1.63 1.57 0.88
A" 0.17 0.09 0.10 0.16 0.24 0.03 - 0.08 - 0.08
S - - - - - - - - - -
C - -~ - - - - - - - -
Z11 72 17 22 124 71 28 17 138 125 79
A8 0.17 0.09 0.10 0.16 0.24 0.03 - 0.08 - 0.08
H/V 20.41 6.78 13.10 19.00 7.04 61.00 - 20.38 - 11.00
SIV 0.00 0.00 0.00 0.00 0.00 0.00 - 0.00 - 0.00
Ccv 0.00 0.00 0.00 0.00 0.00 0.00 - 0.00 - 0.00
March 95
Depth (m) 1.5 1.5 2.2 2.8 38- 10.1 25.5 86.1 68.6 52.5
POC (%) 2.40 2.52 4.10 3.67 4.07 2.42 242 4.35 3.83 5.13
PON (%) 0.32 0.28 043 0.46 0.45 0.30 0.29 0.43 0.44 0.64
C/N)a 8.8 10.5 11.1 9.3 10.6 94 9.8 11.8 10.2 94
H 0.30 1.39 0.75 0.34 1.14 1.50 1.36 1.19 1.45 1.23
\Y - - 0.07 0.20 0.05 0.73 0.09 0.20 0.31 0.26
S 1.32 2.67 2.35 1.32 0.21 2.99 2.14 1.31 1.50 1.97
i1 39 102 130 68 57 126 87 117 125 177
A8 1.32 2.67 242 1.52 0.26 3.72 2.23 1.51 1.81 2.23
H/V - - 10.71 1.70 22.80 2.05 15.11 5.95 4.68 4.73
NAY - - 33.57 6.60 4.20 4.10 23.78 6.55 4.84 7.58
(¥AY - - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
July 95
Depth (m) 1.5 1.5 1.5 1.5 1.5 15 28 88 71 54
POC (%) 5.44 5.98 9.65 9.79 8.52 4.30 5.26 9.49 8.61 6.67
PON (%) 0.42 0.41 0.77 1.30 0.56 0.33 0.61 0.56 1.08 0.77
C/N)a 15.1 17 14.6 8.8 17.7 15.2 10.1 19.8 9.3 10.1
H 1.10 1.84 1.76 0.95 1.14 0.47 1.17 1.35 1.70 1.49
\" 0.16 0.05 0.23 0.14 0.16 0.19 - 0.21 0.24 0.21
S 0.58 1.92 1.56 1.49 1.61 1.38 1.85 1.63 1.82 1.61
C 0.80 - - - - - - - - -
Z11 144 228 343 253 248 88 159 303 324 221
A8 1.54 1.97 1.79 1.63 1.77 1.57 1.85 1.84 2.06 1.82
H/V 6.88 36.80 7.65 6.79 7.13 247 - 6.43 7.08 7.10
SV 3.63 38.40 6.78 10.64 10.06 7.26 - 7.76 7.58 7.67
C/v 5.00 0.00 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00

from 0.4 to 1.3 % and 0.3 to 1.1 % respectively on the The C/N atomic ratio varies between 10 and 15 in
surface and at the bottom in July (figure 3). With the November, the lower values being observed in French
exception of the bottom at stations FX9, 10 and 11 in coastal waters. In March 1995, the C/N ratio is lower and
November when relatively high POC and PON contents varies little (from 9 to 12) along the transect. In July, this
are observed, seasonal variations consist of an increase in same ratio is more variable than in the other transects and
concentrations from November/March to July. ranges from 8.8 to 20 (table III).
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3.3. Major classes of organic compounds

Pyrolysis analyses were only carried out on the deep sam-
ples at stations FX7, FX9 and FX11 (figure 4, table I).

The spatio-temporal distribution of the pyrolysis frag-
ments reveals that deep central waters (FX9) are always
characterized by organic material which is enriched in
aromatic hydrocarbons and deficient in sugars and to a
lesser extent, in nitrogenous compounds (figure 4).

In November, the organic material in French waters is a
little more enriched in aromatic hydrocarbons, whereas in
English waters, it is quite strongly enriched in sugars,
which can be considered as an index of fresher material
(figure 4). The concentrations of nitrogenous compounds
increase however from English waters towards French
waters. This distribution does not mean that the organic
matter at FX9 and FX11 has a fresher character.

In March, English waters are definitely richer in nitroge-
nous compounds, whereas French waters are enriched in
aromatic hydrocarbons (figure 4).

In July, the same distribution as in March with regard to
aromatic hydrocarbons and nitrogenous compounds is
observed. This means that the organic matter is also
fresher in English waters.

Characteristic ratio values (fable I) provide complemen-
tary information particularly on the state of degradation
of organic matter. In November 1994 and March 1995,
the (furfural + acetic acid) / pyrrol ratio is higher than in
July 1995 in the English waters (FX7b), indicating a
fresher state of organic matter. On the contrary, benzene /
toluene ratios are lower at this station with a high level
of acetonitrile / pyrrol ratio.

3.4. Phenolic compounds: total guantitative analyses

Yields of total phenols (the sum of vanillyl, syringyl, cin-
namyl and hydroxybenzyl phenols) normalised to sus-
pended particulate matter (expressed as the parameter
Z11) are variable in time and space (table III). In autumn
(November 1994), concentrations of phenols are weak;
on average 69 + 48 pg g”' SPM. In spring (March 1995),
the average concentration increases to 103 + 41 pg g~
SPM, and in summer (July 1995), the phenols content is
even higher at 231 + 82 pg g”! SPM. Spatial distribution
of the parameter %11 differs from one transect to another.

In November 1994, except for FX9s, the suspensions in
French and central waters, are enriched in phenols com-
pared to the particulate material in the English waters

(table HI). In March 1995. distribution along the transect
is extremely variable. On the surface, phenol concentra-
tions increase from the coast towards the centre of the
transect, while at the bottom an increase in concentra-
tions is observed from English waters towards French
waters (table III). In July 1995, the spatial distribution is
rather singular. An increasing gradient from the coast
towards the centre of the transect is observed.

4. DISCUSSION

4.1. Variations in SPM along the transect

The gradient of SPM concentration observed along the
transect is related to several factors; on the English side,
in addition to the contribution of continental inputs from
the Solent, there is noticeable resuspension of the sedi-
ments around the Isle of Wight. On the French side, water
depth is relatively greater and the waters are not subject
to direct teliuric influence. As for central waters (FX9),
they result from the slightly turbid Atlantic water vein
supplying the eastern English Channel. This spatial heter-
ogenity is in agreement with water mass structuration
deducted from numerical modelling [34] and physico-
chemical characteristic of waters along the transect [23].
Dauby et al. [8] observed an increasing gradient in SPM
and lithogenic compounds, from the southwest (Celtic
Sea) towards the northeast (North Sea), and related it to
fluvial inputs and lower water depth.

The seasonal variations in SPM concentrations accentu-
ate two different zones: English coastal waters on the one
hand and central and French waters on the other. Regard-
ing the latter, the variations are not very pronounced. In
English waters, on the contrary, peaks of SPM are
observed in periods of rough weather during which
strong winds lead to turbulence and consequently to
resuspension, as was the case in November (wind speed:
4.8 m s™'). The March 1995 transect is characterized by
higher SPM contents than the other transects. This sam-
pling cruise coincides with a period which was marked
by a notable arrival of continental inputs coming from the
Solent and the Seine [25] and an increase in biolo-
gical activity as shown by the chlorophyll concentrations
(2.4-3.8 ug L) [3].

4.2. The POC-SPM relationship

In general, in fluvial and estuarine environments, the
organic carbon content decreases when the SPM load
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Figure 4. Distribution of the main organic compound classes analysed by Py-GC-MS in bottom samples of the Wight—Cherbourg transect.
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Figure 5. Variation of POC (%) versus SPM (mg LY in surface
and bottom waters for November 1994, March and July 1995
transects.

increases, due to dilution by the mineral load [6]. With
regard to the transect waters, the relationship between
POC (% SPM) and SPM is hyperbolic (figure 5). This
distribution is simultaneously controlled by marine bio-
logical production, resuspension processes and contribu-
tion of terrestrial inputs. All in all, when SPM content is
low (< 10 mg L), POC (%) is variable and high, reflect-
ing the variations in biological production. For higher
SPM contents (> 10 mg L), POC (%) is more or less
constant, with low values, demonstrating the influence
of resuspension processes on dilution of the organic
material.

4.3. Characteristic elemental composition of organic
matter

The observed gradient in POC and PON distributions is
primarily related to the clear differences in SPM concen-
trations. As the total lithogenous load is higher in English
waters, it contributes to the dilution of organic material in
this zone. A similar gradient based on chlorophyll con-
tents was observed in a France~England transect within
the Dover straits [9]. These authors linked this observa-
tion to the significant biological productivity along the
French coast and/or the predominant mineral contribu-
tions in English waters, resulting in the dilution of
organic material. The increase in POC and PON contents
from November/March to July is related on the one hand
to the escalation of biological activity and on the other
hand to the weak load in SPM as is the case in July
(figures 2, 3).

In November 1994, the nitrogen concentrations, as well
as the carbon contents determined at the bottom of central
waters (FX9) and French waters (FX10, FX11) attain
higher values than those observed on the surface. This is
probably related to the heterogeneity of composition of
the organic material between the two levels. It seems that
during this period of instability, the bottom layers of
water at these stations are influenced by contributions
related to the resuspension processes. These results
confirm those reported by Bodineau et al. [2] who also
postulate the possible influence of continental inputs
originating from the French coast.

In general, phytoplanktonic material is characterized by a
low C/N atomic ratio of about 6.6 (106 :16, Redfield
ratio). According to their C/N ratio results, Dauby et al.
[8] found values ranging from 5.5 to 7.8 in English Chan-
nel waters except for periods of phytoplanktonic develop-
ment, and conclude that the organic matter is primarily
autochthonous. The fact that the C/N of the SPM in the
transect is relatively high, whatever the period of study,
indicates that the organic material has a composite origin
and is more or less degraded. In November, the observed
values are influenced by detrital material, since this
period is marked by stormy events. In March, it seems
that the phytoplanktonic contribution is more sensitive,
which is translated into relatively low C/N atomic ratios.
In July, the organic material which is less influenced by
phytoplankton contribution than in March, appears more
degraded. It is difficult to characterize the particulate
organic matter during July. By using sterols as biomark-
ers of the organic material sources, Bodineau et al. [2],
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find that the "uncharacterized" organic fraction represents
the main part of the POC in July. This badly defined frac-
tion is probably related to a more degraded state of the
organic matter in this period, as confirmed by Py-GC-MS
analyses.

4.4. Biogeochemical significance of Py-GC-MS ana-
lysis

The distribution of the main classes of organic com-
pounds underlines the differences between the three
defined parts of the transect: English waters are enriched
in sugars and/or nitrogenous compounds; central waters,
in which the organic matter presents high levels of aro-
matic hydrocarbons, are rather similar to French waters,
which are characterized by slightly lower concentrations
of aromatic hydrocarbons.

The fact that central waters are always enriched in aro-
matic hydrocarbons seems to correspond to the more
degraded character of the organic matter in these waters
than in the remainder of the transect, as observed else-
where (4, 10, 36].

At the station near the English coast, organic matter
appears as fresh material, especially since sugars and
nitrogenous compounds are more abundant, in November
and March respectively. The (furfural+acetic acid) / pyrrol
ratio is higher in FX7 (table 1), confirming the fresher
state [42] of the organic matter in English waters. This
observation seems to be related to a double contribution
of fresh material: terrestrial inputs and phytoplanktonic
activity.

The fresher state of organic matter in the English waters
is also observed in July, as in March, in terms of aromatic
hydrocarbons and nitrogenous compound contents. The
low concentrations of phenols and the abundance of
amino sugars in FX7 testify to the marine nature [11] of
organic material in those waters. High percentages of
acetonitrile and indol [5, 11] indicate a stressing marine
character and a lower level of degradation of organic mat-
ter in English waters compared to French waters (table I).

Nitrogenous compounds increase towards French waters
in November. This distribution reflects a more marine
origin and a higher state of degradation of organic matter
along the French coast, as is confirmed by the concentra-
tions of individual compounds such as acetonitrile, pyrrol
and indol [5]. This needs to be put into the context of the
assumption of influence by resuspension processes at the
bottom of stations FX9, FX10 and FX11. The values of

some characteristic ratios, such as lower (furfural+acetic
acid) / pyrrol ratios [42] and higher benzene / toluene
ratios [40], are indicative of a higher degradation of sus-
pended material in French waters as compared to English
waters (table I).

4.5. Phenols and lignin-derived phenols (HPLC):
qualitative analyses

In November, the distribution of the bulk of the phenols
corresponds to the distribution of the organic matter.
However, the correlation binding the phenol content
(ug g' SPM) to the POC in (% SPM), (? = 0.6; p =
0.85 %) is not significant enough (figure 6). This suggests
a certain heterogeneity of the organic phase along the
transect which may be related to the diversity of sources
(terrestrial, i.e. eolian and fluvial, autochthonous) or to
the influence of resuspension processes.

During March, the correlation between phenols and POC
(? = 0.26; p = 12 %), is not significant (figure 6). This
seems to indicate that this period is characterized by the
coexistence of continental inputs and phytoplanktonic
activity.

In contrast to the other transect, in July, the correlation
binding phenols to the POC is significant (> = 0.80; p=
0.05 %) (figure 6). This correlation means that organic
matter inputs are uniformly enriched in phenolic com-
pounds throughout the entire system (table IIT). It may be
thought that these more stable compounds are less
degraded than the other organic molecules (sugars, amino
acids). This is consistent with the fact that the organic
matter which has been degraded during this period is
enriched in pyrolysis-derived aromatic hydrocarbons.
Neverthless, the spatio-temporal distribution of phenolic
compounds analysed by HPLC does not demonstrate the
same trend with pyrolysis-derived phenols. One probable
explanation is that the pyrolysis-derived phenols are by-
products possibly originating from aromatic amino acids
and carbohydrates [10, 42].

4.6. Estimates of the terrestrial contribution to POC

In interpreting the phenolic composition for the sus-
pended material of each transect, we dissociated the
vanillyl (V), syringyl (S) and cinnamyl (C), which are of
strictly continental origin, from the hydroxybenzyl (H),
whose source is much debated [15, 20]. A total content of
A 8 (mg g”' POC) corresponding to the sum (V+S+C)
normalised to the organic matter provides information
about the significance of terrestrial contribution to the
organic material in the samples.
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Figure 6. Relationships between concentrations of phenolic com-
pounds (ug g SPM) and POC (%) for November 1994, March
and July 1995 transects (O : surface; + : bottom).

The distribution of A 8 data allows the transect to be
divided into three sectors: English waters (FX7/FX8),
central waters (FX9) and French waters (FX10/FX11).

The average calculated concentrations for each sector
appear in table IV. These data bring to light evidence that
the incidence of terrestrial inputs is higher in March than
in July and very low in November, especially as the deter-
mined terrestrial markers are near their detection limit.
This needs to be considered alongside the probable flood
period of the continental discharges (the Solent, the Seine
etc.). English waters seem to be the most influenced by
the organic matter of continental origin, and the influence
of the terrestrial contribution on central water is very sen-
sitive when the waters are rising. A slightly higher contri-
bution can be observed in French coastal waters in July
compared to March 1995. This characteristic could indi-
cate the influence of circulation of coastal waters around
the Cotentin Peninsula from the Golfe Normand-Breton
and the Baie de Seine. The same conclusion was reported
with regard to the distribution of the fluorescent dissolved
organic matter [24].

Table IV. Mean lignin-derived phenol A 8=(V+S+C) contents nor-
malised with respect to POC and distribution trends by sectors in
November 1994, March and July 1995.

A8 (mg/g POC)
English Central French
waters waters waters
FXT7/FX8 FX9 FX10/FX11
November 94  0.0725 + 0.075 0.09 £ 0.01 0.12+0.10
March 95 2.49 + 0.99 1.97 £ 0.64 1.46 £ 0.85
July 95 1.73 £ 0.21 1.82 £0.04 1.82+0.18

In November, the content of lignin-derived phenols is
lower (table III). The detection of only vanillyl phenols in
small quantities is related to the minor presence of highly
transformed terrestrial material, originating from gymno-
sperm and angiosperm tissues. In March, the phenolic
composition is characterized by a predominance of
syringyl phenols. The latter are specific compounds of
lignin resulting from angiosperms [13]. Their presence
indicates a continental input of organic material with a
relatively low level of degradation [11, 21] which has
been transported out to sea during the flood period (Feb-
ruary, March 1995). At the site of the July transect, the
inputs of woody phenols to the organic matter are distrib-
uted in a more or less homogeneous way. Their values
range between 1.5 and 2 mg g~' POC. This distribution
implies a uniformity in the contribution of terrestrial
material to the total organic matter. This is probably
related to the deceleration of hydrological circulation
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across the transect during this period, but also to the more
highly transformed character of the organic matter
(enrichment in aromatic hydrocarbons) than in the other
transects.

4.7. Estimates of the indigenous contribution to POC

Hydroxybenzyl phenols are provided by alkaline oxida-
tion of lignin [16, 18, 35] but can also be produced by
nonvascular organisms belonging to phytoplankton,
marine algae and bacteria [12, 16]. If the hydroxybenzyl
phenols do not have the same proportions as they have in
lignin, then a phytoplanktonic and algal origin can be put
forward for them [20]. In all the samples from the
transect, the hydroxybenzyl phenols are present in nota-
ble quantities and the H/V ratio varies between 1.7 and 61
(table III). In the natural samples, this ratio is generally
low at < 2 [20, 22]. Moreover, the p-hydroxyacetophe-
none which is typically produced by the lignin cupric
oxide alkaline oxidation is noticeably absent from all the
samples whatever the period. This indicates that the two
other H phenols (p-hydroxybenzaldehyde and p-hydroxy-
benzoic acid) probably result from marine organisms
(algae, phytoplankton and bacteria). Therefore, in the
waters of the transect, hydroxybenzyl would seem to con-
stitute marine tracers. These results concur with those of
Van Heemst et al. [41] who report that polyphenols of
algal origin constitute a significant source of marine POC
and DOC. Furthermore, the phenolic compounds analy-
sed by H. Texier [unpubl. data] in the phytoplankton col-
lected along the littoral of Pas-de-Calais, and by Hedges
and Parker {19] on two nonvascular plants (brown and

Figure 7. Diagram of H/(V+S+C)
ratio for the three sectors of the
transect during November 1994,
March and July 1995.

LY, i 4

Fx10/Fx11

blue-green alga), display nearly exclusive concentrations
of p-OH benzaldehyde and p-OH benzoic acid.

According to the H concentrations (table V; figure 7), the
marine contribution to the phenolic part of organic matter
reaches its maximum in November 1994 when the ter-
restrial component is very limited. In March 1995, H
concentrations are weaker than the lignin-derived phenols
(V, S, C). They are dominated by the substantial terrige-
nous flow. In July, macroalgae bloom and degradation
may contribute to the increase in H phenols.

Table V. Mean hydroxybenzyl phenol contents (H) normalised with
respect to POC contents and distribution trends by sectors in
November 1994, March and July 1995.

_ Hydroxybenzyl (mg/g POC)
English Central French
waters waters waters
FX7/FX8 FX9 FX10/FX11
November 94 1.74 £1.26 147 £0.22 1.80 +0.90
March 95 1.14 + 0.56 0.97 £ 0.31 1.04 £ 0.48
July 95 1.15 + 0.56 1.56 £ 0.29 132 +0.34

5. CONCLUSIONS

The central English Channel functions as a hydrody-
pamic system with three zones: central waters bordered
by English coastal waters on one side and French waters
on the other. In this system, an increasing gradient in sus-
pended particulate material is established from the south
towards the north. This distribution is the consequence of
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the reduction of the water column, i.e. resuspension pro-
cesses, combined with telluric inputs to English coastal
waters. A reversed north—south gradient is observed in
the SPM organic content. This outline fits well with the
distribution of the suspended matter itself. As SPM is
more abundant in English waters, it contributes to the
dilution of organic matter. The spatio-temporal distribu-
tion of the major classes of organic compounds analysed
by Py-GC-MS reveals that organic matter in central
waters is degraded, due to its long transit in the Atlantic
water vein. This is consistent with enrichment in phenolic
compounds (HPLC). Along the transect, the organic mat-
ter appears least degraded in March and most degraded in
July. This is related to the influence of terrestrial contri-
butions and the increase in phytoplanktonic activity in
March. As for July, it is a "post-bloom" period when het-
erotrophic activity (zooplankton, bacteria) contributes
further to the state of decomposition of organic matter.
The organic material appears more degraded in French
waters than in English waters. This character of organic
matter in French waters is probably related to the fact that
they are closer to central waters, where the organic mate-
rial undergoes the most transformations. HPL.C analysis
of the phenolic compounds produces new information
about the nature and origin of the organic matter. Indeed,
the terrestrial contribution is underlined by the increase in
total phenols in SPM and organic matter, particularly in
phenols of the vanillyl and syringyl groups. These two
families of lignin-derived phenols constitute terrigenous
markers of inputs introduced by river flows into the
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