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The goals of this work were to study sedimentary organic matter (OM) composition and transformation
since the end of the last deglaciation and to evaluate the inﬂuence of contrasting depositional conditions
on these parameters. One station was located in the Lower St. Lawrence Estuary (LSLE) where the current
bottom waters are hypoxic and receive terrigenous and marine OM. The other station, located in the Gulf
of St. Lawrence (GSL), has more oxygenated bottom waters and almost only marine OM inputs. Analyses
included enantiomers of amino acids (L and D-AA) and muramic acid that provide different markers of
OM alteration state and reactivity and of bacterial contribution to OM composition and diagenesis. The
markers clearly indicated the increase in OM alteration state with depth in the sediments of the LSLE and
the GSL. The steady decrease in AA yields with depth conﬁrmed the preferential degradation of AA
compared to the rest of the OM. The OM in the surface sediment of the LSLE was less altered than that of
the GSL and was enriched in bacterial biomass as indicated by much higher muramic acid yields. Results
indicated that an important degradation of particulate organic matter occurs in the water column in the
GSL, while it takes place mostly in the sediments in the LSLE. The presence of heterogeneous OM and
hypoxic conditions in the LSLE likely reduce OM degradation rate in its deep water layer. However, the
zone near the water-sediment interface is responsible for large variations in AA composition at both
locations. A relatively new redox index, based on AA composition, was tested and appeared robust. This
study highlights the importance of ambient conditions in determining the fate of OM and in the
biogeochemical cycles of vital elements.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Although only a small part of the organic matter (OM) produced
by primary producers escapes rapid remineralization, the persistence of some OM has major consequences on the cycles of vital
elements such as carbon, nitrogen and oxygen. For instance, OM
burial in sediments represents a mechanism for the removal of atmospheric CO2 and for the accumulation of O2. It was estimated that
10e15% of the world net annual primary production and over 80% of
all OM burial in the ocean occur in coastal regions (Hedges and Keil,
1995; Muller-Karger et al., 2005). Despite the importance of these
processes on the global scale, there are still debates over the factors
governing sedimentary OM (SOM) preservation or degradation (e.g.,
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Burdige, 2007). For instance, there is an emerging view that ambient
conditions might be more important in determining the fate of OM
than its molecular composition (Bianchi, 2011; Schmidt et al., 2011).
However, coastal environments and estuaries in particular are
among the most challenging study areas on earth considering the
many possible sources and sinks of elements and the drastic spatial
changes in parameters such as temperature, salinity, pH, and dissolved O2 concentrations (Hedges and Keil, 1999). Exposure time to
O2 is an important parameter promoting the degradation of OM
(Hartnett et al., 1998; Niggemann et al., 2007).
The St. Lawrence Estuary (Canada) is one of the largest and
deepest estuaries in the world (El-Sabh and Silverberg, 1990). It is
located downstream of the St. Lawrence River, linked to the Great
Lakes, and upstream of the Gulf of St. Lawrence (GSL), connected to
the Atlantic Ocean. The origin of the OM changes with distances
downstream. Estimates indicate that between 40 and 70% of the
SOM is terrigenous in the Lower St. Lawrence Estuary (LSLE) while
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the GSL receives almost exclusively marine SOM (e.g., Lucotte et al.,
,
1991; Muzuka and Hillaire-Marcel, 1999; Tremblay and Gagne
2007). Although the average annual primary production in the LSLE
and the GSL is similar (i.e., 90e200 g C m2 yr1, Steven, 1974;
Therriault and Levasseur, 1985), the ﬂux of organic carbon
measured at 150 m by sediment traps is much higher in the LSLE
(i.e., ~400 vs. ~20 mmol cm2 yr1, Lucotte et al., 1991; Muzuka and
Hillaire-Marcel, 1999) due mostly to an important contribution of
terrigenous OM in the LSLE and a more intense degradation of the
OM produced in the surface waters of the GSL (Bourgoin and
Tremblay, 2010). Another important difference between the LSLE
and the GSL is the dissolved O2 concentrations of the bottom water
layer. The bottom waters of the LSLE have recently displayed a
decrease in dissolved O2 concentrations, like other coastal areas
(Conley et al., 2011). These concentrations have decreased by about
50% over the last century and the waters below 250 m depth have
been hypoxic (<62.5 mM) since the mid-1980s in parts of the LSLE
(Gilbert et al., 2005).
In the present study, SOM composition and transformations
since the last deglaciation were evaluated with the goal of providing
information on the impacts of contrasting depositional inputs and
conditions on the fate of SOM. Two stations were considered, one in
the LSLE having present day deep-water O2 concentrations of about
bert and Tremblay, 2017) and the other in the GSL having
65 mM (He
deep-water O2 concentrations of approximately 160 mM (Gilbert
et al., 2005). Bulk and molecular parameters were measured,
including the enantiomers of amino acids (L and D-AA) and muramic
acid (Mur). Most of the nitrogen in living organisms is contained in
AA (Cowie and Hedges, 1992). However, after the death of these
organisms, AA are generally selectively degraded compared to the
rest of the OM, with some AA being more labile than others (Dauwe
et al., 1999). As a result, AA yields in OM and the relative composition
of individual AA can be used as markers of OM alteration state (e.g.,
Cowie and Hedges, 1994; Jennerjahn and Ittekkot, 1997; Dauwe
et al., 1999; Menzel et al., 2013).
Heterotrophic microorganisms are the primary contributors of
OM decomposition (Madigan and Martinko, 2006), and thus they
control both the amount and composition of the SOM. One way to
estimate microbial contribution to OM composition and diagenesis
is to quantify source-speciﬁc biomarkers. Among these biomarkers
are the amino sugar, Mur, and the D-AA. Mur is a very labile
molecule, only found in bacteria, and thus Mur yields has been
shown to be representative of bacterial cells or relatively unaltered
cell debris contribution to bulk OM (e.g., Moriarty, 1977; Tremblay
and Benner, 2006; Kaiser and Benner, 2008). D-AA, are only
abundant in bacteria and their yields in OM have been shown to be
representative of OM of bacterial origin which is mostly made of
altered detritus in SOM (Tremblay and Benner, 2006; Kaiser and
Benner, 2008). The molar percentage of D-AA (vs total AA) has
been shown to increase during OM diagenesis (Tremblay and
Benner, 2009), in part because proteins, containing only L-AA, are
degraded faster than compounds with D-AA such as cell wall debris
(Nagata et al., 2003).
Sediment total iron content was also measured. A recent study
revealed that between 15 and 28% of the SOM is bound to reactive
iron phases in the LSLE and the GSL, with the higher average values
measured in the deep sediments of the GSL (Lalonde et al., 2012).

semi-enclosed and covers an area of 226,000 km2. The GSL is
connected to the Atlantic Ocean through the Cabot Strait, between
the provinces of Nova Scotia and Newfoundland, and the Strait of
bec and Newfoundland.
Belle-Isle, between the provinces of Que
The main morphological characteristic of the LSLE and GSL is the
Laurentian Channel which is 250e550 m in depth. The surface
water has a salinity between 27 and 32 and ﬂows towards the
ocean. In contrast, the deep water layer enters the GSL and slowly
moves landward in the Laurentian Channel. The deep water layer is
a mixture of the Labrador Current Water and the North Atlantic
Central Water (Saucier et al., 2003; Gilbert et al., 2005). The North
Atlantic Central Water is saltier, warmer and poorer in O2 than the
Labrador Current Water. An increase in the proportion of the North
Atlantic Central Water has been identiﬁed as the main cause of the
recent hypoxic conditions in the deep water of the LSLE (Gilbert
et al., 2005; Bourgault et al., 2012). In addition, the decrease in O2
concentration was associated with an increase in water temperature (1.7  C) which increases the OM respiration rate (Genovesi
et al., 2011). The deep waters of the Laurentian Channel are separated from the atmosphere by the low density surface water layer
(Petrie et al., 1996). As a result, when the water at the bottom of the
Laurentian Channel moves landward, its O2 concentration gradually decreases due to OM remineralization by respiration which is
enhanced by an increase in nutrient concentrations (Yeats, 1988).
During the last deglaciation, the Goldthwait Sea invaded the St.
Lawrence Estuary and Gulf and caused an increase in the deposition
of glaciomarine sediments (from ~12,500 to ~8500 cal BP)
composed mostly of relatively homogenous clayey silts to silty
clays, while subsequent postglacial sediments (<~8500 cal BP) are
mostly composed of bioturbated silty clays to sandy mud (St-Onge
et al., 2008; Barletta et al., 2010).
Two sediment piston cores were collected during two expeditions on the R/V Coriolis II, as described by Barletta et al. (2010). The
ﬁrst core was taken in the Cabot Strait of the GSL (4740.2860 N,
59 59.9850 W; named COR0503-CL04-36PC) in June 2005 at a water
depth of 544 m. The second core was collected in the LSLE
(48 24.0310 N, 6914.328' W; named COR0602-36PC) in June 2006 at
a depth of 315 m. The GSL and LSLE cores were 7.71 m and 6.97 m
long, respectively. A companion trigger weight core was collected at
each site to ensure the sampling of surface sediments (Barletta et al.,
2010). By comparing the physical properties of the piston and
companion trigger weight core, Barletta et al. (2010) identiﬁed that
30 cm of sediments are missing from the top of COR0602-36PC and
none from core COR0503-CL04-36PC. The results presented here for
the ﬁrst 30 cm of sediments in the LSLE are thus from the trigger
weight core. After recovery, the cores were separated into sections of
1.5 meter and stored at 4  C in a sealed LDPE bag to reduce gas exchanges and contamination. The chronostratigraphy of the cores
was determined using AMS-14C ages on marine shell fragments
found in several sediment sub-samples as detailed by Barletta et al.
(2010). The oldest sediments represent glaciomarine sediments
deposited at approximately 10,400 cal BP and 9300 cal BP in the GSL
and LSLE, respectively. Subsamples of approximately 1 g of sediment
were collected from each core, using a spatula washed with methanol and rinsed with ultrapure water. These subsamples were then
placed in pre-combusted 20 ml glass vials. The sediments were
freeze-dried and milled in a Wig-L-Bug mill using a stainless steel
, 2002). They were kept in a
vial and ball (Tremblay and Gagne
desiccator (with CaSO4 as desiccant) until analysis.

2. Materials and methods
2.1. Environmental setting and sampling

2.2. Elemental analyses

The St. Lawrence Estuary is divided at the mouth of the Saguenay Fjord into two parts: upper and lower estuaries. The GSL is

The weight percentages of total carbon, organic carbon (%OC),
and total nitrogen (%N) in sediments were measured by an
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elemental analyzer Vario MICRO cube (Elementar). Before the analyses of OC, carbonates were removed under HCl vapor overnight
(Hedges and Stern, 1984). Two blanks and three standards of
acetanilide were prepared and analyzed after each set of 15 samples. The relative standard deviation (RSD) obtained with replicates
of the same sediment represented 2% for %OC (n ¼ 3) and 4% for %N
(n ¼ 13).
Total iron content in sediment was analyzed by energy dispersive X-ray ﬂuorescence (EDXRF) spectrometry using a PANalytical
Epsilon 3-XL. Before EDXRF analysis, loss on ignition was determined gravimetrically by heating the dried samples up to 950  C for
two hours. Subsequently, samples were treated by borate fusion in
an automated fusion furnace (CLAISSE® M4 Fluxer). Samples
weighing ~0.6 g were mixed with ~6 g of lithium borate ﬂux
(CLAISSE, pure, 49.75% Li2B4O7, 49.75% LiBO2, 0.5% LiBr). The mixtures were melted in Pt-Au crucibles (95% Pt, 5% Au), and after
fusion the melts were cast to ﬂat disks (diameter: 32 mm; height:
3 mm) in PteAu moulds. Analytical accuracy and precision were
found to be better than 1e5%, as checked by an international
standard (USGS SDC-1) and analysis of replicate samples.

2.3. Amino acid and muramic acid analyses
The methods of AA and Mur quantiﬁcations are described in
Kaiser and Benner (2005) and Tremblay and Benner (2009). For
these analyses, the quantity of sediment was adjusted to represent
about 2 mg of OC. 23 AA, including D-AA, L-AA, and achiral AA, and
Mur were measured by an Agilent 1200 HPLC equipped with a
ﬂuorescence detector. A Merck C-18 LiChrospher 100 RP-18 column
(4  250 mm, 5 mm) and a LiChrospher 100 RP-18 (4  4 mm, 5 mm)
guard column were used for AA separation. The column was
replaced by a Merck C-18 Superspher 100 RP-18 column
(4  125 mm, 4 mm) for Mur analysis. External standards were used
for calibration and quantiﬁcation. For AA analysis, two injections
were performed for samples, blanks, and standards. The ﬁrst injection was done using an automated precolumn derivatization
with o-phthaldialdehyde (OPA) and N-isobutyryl-L-cysteine (IBLC)
while the second one was done with OPA and N-isobutyryl-Dcysteine (IBDC). Chiral AA produce different diastereoisomers when
derivatized with IBLC and IBDC, and these diastereoisomers have
different retention times. As a result, the two injections allow
resolving peak coelutions and greatly increase the accuracy of peak
identiﬁcation and quantiﬁcation. For Mur, only IBLC was used with
OPA because Mur is an achiral molecule.
Replicate analyses showed a RSD of 5%e12% for individual AA
concentration (n ¼ 3, Kaiser and Benner, 2005) and of 9.5% for Mur
concentration (n ¼ 6, Bourgoin and Tremblay, 2010). The RSD for
THAA concentrations (n ¼ 7) was 5.3% at the 65 mM level and 6.4%
at the 16 mM level. The RSD for degradation index (see below)
(n ¼ 5) was lower than 18% at the THAA concentrations studied
here. Considering the uncertainty of the OC analysis and the %OC of
the sediments, the RSD for values in nmol mgOC1 was between 6.8
and 15.5% for individual AA and less than 13% for Mur. Individual AA
concentrations measured in all sediment samples are available in
the Supplementary material ﬁle (Tables S1 and S2).
The relative abundance of individual AA was used to calculate
three different degradation indices. The ﬁrst one is the degradation
index (DI) based on this equation presented in Dauwe et al. (1999):

DI ¼

Xvari  AVGvari 
 fac:coef:i
STDvari
i

(1)

where vari is the molar % of AA i in the sediment sample. Fac.coef.i,
AVGvari and STDvari are the principal component analysis factor
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coefﬁcient, mean molar %, and standard deviation of AA i in the
sediment dataset of Dauwe et al. (1999). The second index was the
reactivity index (RI) developed by Jennerjahn and Ittekkot (1997):

RI ¼

Tyr þ Phe
BAla þ GAba

(2)

where Tyr and Phe are the molar % of two aromatic AA, tyrosine and
phenylalanine, and B-Ala þ G-Aba are the molar % of two nonprotein AA, beta-alanine and gamma-aminobutyric acid. Tyr and
Phe are enriched in cell plasma and are rapidly degraded (Hecky
et al., 1973). In contrast, B-Ala and G-Aba are degradation products of biomass AA and thus their proportion increases during
diagenesis (Cowie and Hedges, 1992, 1994). The third index is the
redox index (or Ox/Anox) developed by Menzel et al. (2013):

Redox Index ¼

Asp þ Glu þ BAla þ GAba þ Lys
Ser þ Met þ Ile þ Leu þ Tyr þ Phe

(3)

This index uses the molar % of aspartic acid (Asp), glutamic acid
(Glu), B-Ala, G-Aba, lysine (Lys), serine (Ser), methionine (Met),
isoleucine (Ile), leucine (Leu), Tyr, and Phe. These AA are degraded
at different rates in oxic and anoxic (or less oxic) conditions, and
these differences in compositions seem to be preserved in sediments (Cowie et al., 1995; Menzel et al., 2013, 2015). Generally,
values greater than 1.4 are indicative of oxic conditions while
values below 1 are indicative of anoxic conditions (Menzel et al.,
2013).

3. Results
3.1. Bulk carbon and nitrogen
The %OC decreased with depth in the sediments, from 1.13% to
0.30% in the LSLE station and from 2.32% to 0.73% in the GSL station
(Table 1 and Fig. 1). %OC in sediments of the GSL were about two
times higher than those measured in the LSLE at the same depth or
deposition period. The inorganic carbon (or carbonate ¼ total C 
OC) content of the sediments were generally below 0.1% and
showed no signiﬁcant trend with depth (not shown).
The %N also decreased with depth, from 0.11% to 0.030% in the
LSLE and from 0.31% to 0.078% in the GSL (Table 1). The sediments
of the GSL contained about three times more nitrogen than those of
the LSLE at the same depth or deposition period. Thus, the atomic C/
N ratios were signiﬁcantly lower in the GSL (t-test, p ¼ 0.0001)
(Table 1 and Fig. 1). At the LSLE station, C/N ratios ﬂuctuated between 10.5 and 12.8 in the top 500 cm of the sediments, but were
lower (8.9 and 10.0, p¼0.039) under 547 cm in the glaciomarine
sediments from the Goldthwait Sea. At the GSL station, the C/N
ratios ﬂuctuated between 7.3 and 9.5, except for the deepest glaciomarine sample (755 cm) that had a C/N of 11.4 because of its
relatively low nitrogen content.
Values of %OC and C/N ratios measured by Bourgoin and
Tremblay (2010) in ﬁltered particles from the water column and
in surface sediments of the LSLE (48 180 200 N; 69100 500 W) and of a
northwestern location in the GSL (49 250 000 N; 64 450 000 W) are
shown in Fig. 1 for comparison. The particles from the deep water
layer contained 4.5 to 7.5 times more OC and N than the sediments
located a few tens of meters below. The C/N ratios clearly increased
with depth in the water column, but then decreased after deposition on the sediments (Fig. 1). It should be noted that for the GSL,
the location of the water samples (Bourgoin and Tremblay, 2010)
was very different from the location of the sediment core (this
study).
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Table 1
Age, organic carbon and nitrogen contents (%OC, %N), C/N ratios, total hydrolysable
amino acid (THAA) concentrations, yields of total amino acids (%CAA, %NAA) and
molar proportion of D-amino acid enantiomers (vs. THAA) of the sediments of the
two cores.
Depth
(cm)

Age
(cal BP)

%OC

%N
a

(wt.%)

C/N
(atom)b

THAA
(mmol g-1)c

%CAAd

%NAAd

Mol %
D-AA

St. Lawrence Estuary
1.5
15
1.13
10
100
0.94
20
201
0.95
30
302
0.85
50
503
0.89
70
706
0.73
100
1008
0.98
140
1623
0.74
150
1905
0.77
180
2688
0.76
220
3510
0.66
260
4120
0.59
320
5792
0.66
380
6955
0.53
440
7706
0.33
8577
0.31
500e
547
8730
0.30
590
8865
0.37
710
9267
0.34

0.110
0.086
0.090
0.090
0.084
0.081
0.091
0.070
0.066
0.074
0.058
0.055
0.067
0.051
0.037
0.033
0.030
0.043
0.045

11.7
12.8
12.3
11.4
12.3
10.5
12.5
12.3
13.6
12.0
13.3
12.6
11.5
12.2
10.6
11.0
11.6
10.0
8.9

19.0
14.2
15.7
15.0
13.7
12.5
14.7
10.2
11.5
9.95
8.52
7.95
8.15
5.80
3.18
2.39
2.07
2.09
2.01

8.16
7.47
7.99
8.57
7.53
8.41
7.37
6.53
7.30
6.46
6.45
6.59
6.11
5.40
4.79
3.91
3.55
2.91
2.93

28.4
28.3
29.8
29.5
27.8
26.8
28.2
24.8
30.2
23.7
26.2
25.4
21.4
19.5
14.8
12.4
11.9
8.34
7.61

1.25
1.55
1.51
1.51
1.64
1.38
1.81
2.41
2.40
2.50
2.95
3.07
3.20
4.06
3.88
4.04
4.12
3.30
4.10

Gulf of St. Lawrence
1.5
16
2.32
5
55
2.22
15
166
2.14
20
224
2.03
25
282
1.80
40
450
2.02
70
835
2.02
110
1532
1.90
130
1890
1.87
150
2241
1.42
170
2524
1.60
190
2823
1.47
230
3435
1.39
290
4310
1.40
350
5178
1.15
410
6134
1.17
470
7231
0.93
530
7998
0.87
550
8223
0.81
570
8470
0.79
600
8792
0.85
650
9325
0.74
700
9848
0.73
755
10,399 0.76

0.30
0.31
0.29
0.29
0.29
0.26
0.25
0.24
0.23
0.22
0.21
0.18
0.18
0.17
0.16
0.16
0.12
0.12
0.11
0.11
0.11
0.11
0.10
0.078

9.1
8.3
8.6
8.3
7.3
9.2
9.4
9.1
9.5
7.4
8.9
9.3
9.2
9.5
8.2
8.4
8.7
8.6
8.9
8.4
9.3
7.6
8.6
11.4

51.4
47.9
44.5
48.2
50.1
41.2
38.8
41.5
41.3
45.5
29.4
24.5
23.8
24.3
20.4
18.2
12.2
10.3
10.4
10.1
11.1
11.6
9.50
7.95

10.8
10.7
10.2
11.6
12.0
9.93
9.42
10.1
10.1
11.1
9.17
8.26
8.36
8.69
8.93
7.80
6.52
5.89
6.54
6.45
6.71
7.95
6.64
5.27

31.7
28.6
28.6
31.2
28.5
29.4
28.8
29.4
30.6
26.5
26.2
24.8
25.1
27.2
23.4
20.7
18.2
16.3
18.5
17.1
19.9
19.0
18.1
18.8

2.20
2.01
2.09
2.46
2.02
2.37
2.76
3.01
3.04
3.22
3.13
3.34
3.24
3.14
3.33
3.36
3.60
3.39
3.67
3.57
3.50
3.17
3.38
3.49

a
b
c
d
e

% of dry weight.
Atomic organic carbon to nitrogen ratio.
Total hydrolysable amino acids in 1 g of dry sediment.
% of bulk organic carbon and nitrogen coming from amino acids.
Values in bold are results from the glaciomarine sediments from the Goldthwait

Sea.

3.2. Amino acid contents and markers
The total hydrolysable AA (THAA) contents of the sediments
sharply decreased with depth (i.e, surface sediments to the bottom
of the core), from 19.0 to 2.01 mmol g1 in the LSLE and from 51.4 to
7.95 mmol g1 in the GSL (Table 1). Because this decrease was more
pronounced than that of %OC, the contribution of THAA in bulk OC
(%CAA) and N (%NAA) steadily decreased with depth (Table 1, Fig. 2).
%CAA decreased from 8.57% to 2.91% in the LSLE and from 12.0% to
5.27% in the GSL. %NAA decreased from 30.3% to 7.61% in the LSLE
and from 31.7% to 16.3% in the GSL. However, compared to ﬁltered
particles from the deep water layer (Bourgoin and Tremblay, 2010),
SOM was richer in THAA (i.e, higher %CAA and %NAA) (Fig. 2), which

Fig. 1. Organic carbon contents (%OC) and C/N ratios of particles as a function of depth
in the water column and in the sediments of the Lower St. Lawrence Estuary and the
Gulf of St. Lawrence. The values in the water column and in surface sediments (triangles and circles) are from Bourgoin and Tremblay (2010) at a similar location in the
estuary, but about 400 km north-west of the core location in the gulf. Results below
the dotted horizontal line are from the glaciomarine sediments from the Goldthwait
Sea.

is consistent with lower C/N ratio in SOM versus deep-water
particles.
In spite of the similar trends with depth at both stations, the
THAA content and %CAA in the sediments of the LSLE were signiﬁcantly lower than in the GSL (t-test, p ¼ 0.0003, 0.0001, respectively). In contrast, similar values of %NAA were observed in the
surface sediments of the two stations.
Several D-AA were detected and quantiﬁed in the studied sediments: D-aspartic acid and D-asparagine (D-Asx), D-glutamic acid
and D-glutamine (D-Glx), D-alanine (D-Ala), D-serine (D-Ser), Dleucine (D-Leu), and D-valine (D-Val). In both stations, mol % D-AA
(sum of all D-AA vs. THAA) increased with depth; from 1.25% to
4.12% in the LSLE and from 2.01% to 3.67% in the GSL (Table 1 and
Fig. 3). These values were generally higher than those of ﬁltered
particles from the bottom waters (i.e., <1.3%, Bourgoin and
Tremblay, 2010; presented in Fig. 3). The surface sediment of the
LSLE showed the lowest mol% D-AA, but then values increased
more rapidly than in the GSL.
The mol % of the two non-protein AA, G-Aba and B-Ala, increase
with depth at both stations, except in the sediments from the
Goldthwait Sea in the GSL (Fig. 4). Once again, values were lower in
the surface sediment of the LSLE.
Fig. 5 shows that DI was already low in surface sediments,
about 0.7 and 1 in the LSLE and GSL, respectively, indicative of
relatively altered SOM (Dauwe et al., 1999). In addition, the DI
values in the SOM were much lower than those measured in
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Fig. 2. Yields of total amino acids (%CAA, %NAA) in ﬁltered particles from the deep water layers and in the sediments of the Lower St. Lawrence Estuary and the Gulf of St. Lawrence.
The values in the deep water layers and in surface sediments (triangles and circles) are from Bourgoin and Tremblay (2010) at a similar location in the estuary, but about 400 km
north-west of the core location in the gulf. Results below the dotted line are from the glaciomarine sediments from the Goldthwait Sea.

Fig. 3. Molar proportion of the sum of all D-amino acid enantiomers (vs. THAA) in
ﬁltered particles from the deep water layers of Bourgoin and Tremblay (2010) (triangles) and in the sediments of the Lower St. Lawrence Estuary and the Gulf of St.
Lawrence. Results below the dotted line are from the glaciomarine sediments from the
Goldthwait Sea.

Fig. 5. Degradation index (DI, Dauwe et al., 1999) and reactivity index (RI, Jennerjahn
and Ittekkot, 1997) in the sediments of the Lower St. Lawrence Estuary and the Gulf of
St. Lawrence. The DI of the particulate organic matter in the deep water layers of the
estuary and the gulf (Bourgoin and Tremblay, 2010) are also presented. Results below
the dotted line are from the glaciomarine sediments from the Goldthwait Sea.

Fig. 4. Molar proportion of the non-protein amino acids G-Aba and B-Ala in the
sediments of the Lower St. Lawrence Estuary and the Gulf of St. Lawrence. Results
below the dotted line are from the glaciomarine sediments from the Goldthwait Sea.

ﬁltered particles from the deep water layer (~0.9, Bourgoin and
Tremblay, 2010) (Fig. 5), indicating that the zone near the watersediment interface is responsible for large variations in AA
composition. Surprisingly, DI did not decrease with depth in the
sediments. In contrast, the sediment layers near 600 cm had

slightly greater DI than those of the surfaces layers (t-test, p < 0.05).
This is in contradiction with all the other markers presented
(Figs. 2e4) and with the RI shown in Fig. 5. RI values were generally
higher in the LSLE than in the GSL at the same depth, suggesting
that the SOM in the LSLE was more reactive or less degraded.
The redox index in the LSLE was generally lower than in the GSL
at the same depth or deposition date (t-test, p¼0.0001) (Fig. 6). A
close look revealed a slight decrease of redox values in the last
century (Fig. 6 right panel), consistent with the recent hypoxia,
although no statistical test was done to conﬁrm this trend. However, the lowest values were found at 50 cm and 440 cm in the LSLE
suggesting other hypoxia episodes about 500 and 7700 cal BP,
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Fig. 6. Redox index in the sediments of the Lower St. Lawrence Estuary and the Gulf of St. Lawrence. The right panel is a zoom-in view of the ﬁrst 200 cm. Results below the dotted
line are from the glaciomarine sediments from the Goldthwait Sea.

respectively. This index also suggested that the O2 concentrations
gradually decreased since ~2900 years (i.e., 190 cm up to 0 cm).
Similar trends of the redox index with time were observed at both
stations except for a period that almost perfectly matches in both
stations that is before 5500 cal BP (i.e., below 310 cm in the LSLE
and below 375 in the GSL).
3.3. Muramic acid contents and markers
Mur was quantiﬁed in the sediments (present study) and in the
ﬁltered particles of the bottom water layer of the LSLE and GSL
(Bourgoin and Tremblay, 2010) (Fig. 7). The SOM in surface sediments was much richer in Mur than the POM in the bottom waters.
Furthermore, the SOM in surface sediments from the LSLE was
about three times richer in Mur than the SOM from the GSL (i.e.,
4.85 vs. 1.46 nmol mgOC1). This signiﬁcant difference in the ﬁrst
sediment layers (t-test, p < 0.05) was also observed by Bourgoin
and Tremblay (2010) even though the location of their GLS station were quite different from the present study (Fig. 7). Mur yields
decreased by a factor of ~17 with depth in the sediments of the
LSLE. However, this trend was not observed in the GSL, in part
because Mur yields were already low in the GSL surface sediment.
Since Mur and D-AA are mostly from bacteria and that Mur is
more labile than D-AA (Tremblay and Benner, 2006), D-Ala/Mur
and D-Glx/Mur ratios can be used to evaluate the diagenetic state of

bacterial SOM. In the LSLE, the D-Ala/Mur and D-Glx/Mur ratios
were 1.18 in surface sediments, which is close to the value
measured in living bacteria (~2) and in peptidoglycan (~1) (Kaiser
and Benner, 2008) (Fig. 8). These low values were caused by high
Mur yields. These ratios then gradually increased with depth in the
LSLE. In the GSL, these ratios were already high in surface sediments (i.e., 11.5 and 5.0, respectively). D-Ala/Mur and D-Glx/Mur
ratios increased with depth from 0 to 150 cm, but then decreased to
values slightly lower than in surface SOM.
3.4. Total iron content
To examine the possible link between SOM and the mineral
matrix containing Fe, total Fe content and the ratios between OC
and total Fe contents (OC/Fe) were calculated. In the LSLE, Fe represented 3.6%e5.5% of the sediment dry weight, with the highest
values measured in the sediments below 550 cm. In the GSL, Fe
represented 4.8%e5.3% of the sediment dry weight, with no trend
with depth. The OC/Fe ratios in the surface sediments were
approximately 0.25 in the LSLE and 0.45 in the GSL. The greater
ratios in the GSL and the decreasing trend with depth were caused
by variations in OC contents.
4. Discussion
4.1. Origin of sedimentary organic matter

Fig. 7. Carbon-normalized muramic acid (Mur) yields in ﬁltered particles from the
deep water layers and in the sediments of the Lower St. Lawrence Estuary and the Gulf
of St. Lawrence. The values in the deep water layers and in surface sediments (triangles
and circles) are from Bourgoin and Tremblay (2010) at a similar location in the estuary,
but about 400 km north-west of the core location in the gulf. Results below the dotted
line are from the glaciomarine sediments from the Goldthwait Sea.

Values of C/N ratios and %CAA presented here are consistent with
previous studies which have shown that the SOM in the GSL has a
marine origin while the SOM in the LSLE is in part terrigenous (e.g.,
Colombo et al., 1996; St-Onge and Hillaire-Marcel, 2001; Tremblay
, 2007; Bourgoin and Tremblay, 2010; Alkhatib et al.,
and Gagne
2012). Vascular plants and terrigenous OM are poor in nitrogen and
in AA (Cowie and Hedges, 1992; Hedges and Oades, 1997).
In the LSLE, bacterial biomass (living or intact cells) appears to
be important in surface sediments, as indicated by high Mur yields
and low D-AA/Mur ratios. In contrast, in the GSL, low Mur yields
and high D-AA/Mur ratios suggested that bacterial SOM was
already altered in surface sediments. However, Mur yields in the
deep sediments of the GSL were slightly higher than in surface
layers. Different hypotheses for this trend in the GSL can be set out.
The ﬁrst one is a signiﬁcant and relatively recent production of
bacterial biomass in deeper sediments (e.g., under 300 cm in situ or
during storage at 4  C). It is also possible that Mur in deep sediments comes from an important bacterial biomass deposited on the
GSL surface sediments thousands of years ago. Finally, Mur might
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Fig. 8. Molar ratio of bacterial biomarkers (D-Ala/Mur and D-Glx/Mur) in peptidoglycan (Schleifer and Kandler, 1972), in bacteria (Kaiser and Benner, 2008) and in the sedimentary
organic matter from the Lower St. Lawrence Estuary and the Gulf of St. Lawrence. Results below the dotted line are from the glaciomarine sediments from the Goldthwait Sea.

be selectively protected from degradation in the sediment of the
GSL. However, considering that Mur is labile and rapidly degraded
in sediment (e.g., Moriarty, 1977; Tremblay and Benner, 2006) and
that a possible preservation mechanism of Mur was not observed in
the LSLE, the last two hypotheses seem less plausible.
Previous studies have used D-AA and Mur yields to quantify the
proportion of POM and SOM coming from bacterial biomass and
debris (e.g., Tremblay and Benner, 2006, 2009; Kaiser and Benner,
2008; Bourgoin and Tremblay, 2010). The same approach was
used in the present study, but estimates of bacterial contribution
were highly variable and not always consistent. Estimates based on
Mur ﬂuctuated between 23 and 1.4%, while estimates based on DAsx were between 84 and 573% (Mai-Thi, 2016; not shown here).
Mur and D-Asx have a greater reactivity than bulk bacterial SOM or
than most of the other bacterial molecules (Tremblay and Benner,
2006, 2009). Estimates based on D-Ala and D-Glx were more
consistent and suggested that about 20% of C (range ¼ 8e40%) and
40% of N (range ¼ 15e52%) in the SOM from both stations were of
bacterial origin. These mean values are similar to those found in
POM from other aquatic environments reported by Kaiser and
Benner (2008) and Tremblay and Benner (2009). However, the
discrepancy in the estimates obtained with the different biomarkers indicates that the relative proportion of these biomarkers
in the bacteria living in the studied sediments is variable and
different from the bacterial cultures used as reference in this
quantitative approach (Tremblay and Benner, 2006, 2009).
4.2. Diagenesis and its impact on dissolved oxygen
Globally, diagenesis in surface sediments leads to the oxidation
of about 90% of the SOM that reaches the seaﬂoor (Emerson and
Hedges, 2003). The depletion of %OC with depth and the different
markers of SOM alteration state clearly indicated the process of
SOM degradation with time in both the LSLE and the GSL
sediments.
Temporal changes in the nature of the POM produced and in the
composition of the SOM deposited since the last deglaciation could
be another cause of the downcore changes in SOM composition.
However, there are no data indicating gradual or episodic changes
in the nature of the POM in the studied areas over this period.
Changes in the proportion of terrigenous SOM since human settlement (300e400 years ago) have been reported in the LSLE
(Thibodeau et al., 2006), but in the GSL there is no evidence,
including geochemical, isotopic and dinoﬂagellate cyst assemblage
data, for a signiﬁcant input of terrestrial OM in the last few hundred
years (Muzuka and Hillaire-Marcel, 1999; Genovesi et al., 2011).
Moreover, no data indicate a gradual change in the planktonic

community over the Holocene (Lapointe, 2000; de Vernal et al.,
1993). The Holocene was characterized by sea-surface conditions
similar to present throughout the GSL (de Vernal et al., 1993). Thus,
diagenesis appears as the most probable cause of the gradual
downcore trends observed here in both the LSLE and GSL.
The steady decrease in %CAA and %NAA with depth conﬁrmed the
preferential degradation of AA compared to the rest of SOM
(Burdige and Martens, 1988; Cowie and Hedges, 1994; Wakeham
and Lee, 1993; Harvey et al., 1995). Among the diagenetic
markers, the DI using the reference values of Dauwe et al. (1999)
was the only one not showing an increase in SOM alteration state
with depth. Although DI provided consistent result in the surface
sediment of the St. Lawrence (Alkhatib et al., 2012), it appears that
this approach is not applicable in long sediment cores, at least in
€bius et al. (2011) arrived at the same
the LSLE and the GSL. Mo
conclusion in their study of Arabian Sea sediments. Menzel et al.
(2013) estimated that terrigenous OM contribution and changes
in redox conditions can interfere with the DI. In contrast, RI seemed
to be a better diagenetic marker in these conditions and in long
sediment cores.
The diagenetic markers (e.g., %NAA, mol% D-AA) also indicated
that the SOM in the LSLE is more rapidly and intensely degraded
than the SOM from the GSL. This is consistent with the study from
Alkhatib et al. (2012) showing that the SOM in the LSLE was more
reactive than the SOM in the GSL. This difference appears to be
mostly caused by the fact that the SOM in the GSL is already altered
in surface sediments. Thus, an important degradation of POM occurs in the water column of the GSL, while it takes place mostly in
the sediment in the LSLE. A recent study has shown that the POM
and dissolved OM just above the sediment in the LSLE was on
average less altered than in the rest of the water column or in the
bert and Tremblay, 2017). The presence of heterogeneous
GSL (He
OM (i.e., marine plus terrigenous) and hypoxic conditions in the
LSLE deep waters could reduce OM degradation rate in the water
column. Arnosti (2015) showed that water-column bacteria are
more effective at degrading homogeneous POM, such as the marine
POM found in the GSL, than heterogeneous POM like the one found
in the LSLE. In contrast, benthic bacteria are more adapted for
degrading heterogeneous SOM (Arnosti, 2015) which might explain
why the OM in the LSLE is mostly degraded in the sediments. In
addition, the marine OM produced in the surface waters of the GSL
is enriched in nitrogen, including THAA, and is therefore of higher
nutritional value and labile than the terrigenous OM of the LSLE
(Hunt et al., 2000). Moreover, the higher O2 concentration in the
bottom layer, the lower sedimentation rate, and the deeper water
column in the GSL (see section 2.1 and Table 1) increase exposure
time to O2 and thus promote the degradation of POM (Hartnett
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et al., 1998; Niggemann et al., 2007). All these ﬁndings explain why
the degradation process occurs mostly in the sediment in the LSLE,
while it starts much earlier in the water column in the GLS.
In most studies, the proportion of THAA in POM (%CAA) decreases in the water column and continues to decrease after
deposition and burial in sediments (Cowie and Hedges, 1992;
Wakeham et al., 1997; Lee et al., 2000; Carstens and Schubert,
2012). In the present study, we found that %CAA and THAA concentration in surface sediments were much higher than those in
ﬁltered particles from the bottom waters (Bourgoin and Tremblay,
2010). The same trend was observed in Bourgoin and Tremblay
(2010) and in this case the sediment samples were taken at the
same locations as the water samples. To our knowledge, the only
other area where THAA enrichment in POM has been reported near
the sediment-water interface was in the equatorial Paciﬁc (Lee
et al., 2000). Lee et al. (2000) attributed the enrichment in THAA
at only one of their study sites to the presence of carbonate-rich
sediments that can protect THAA from microbial degradation and
bert and Tremblay (2017) observed an accumulation
hydrolysis. He
of THAA, including bacterial D-AA, in the nepheloid layer of the
LSLE, but not in the GSL. It thus appears that the accumulation of
THAA, leading to high %CAA and THAA concentration in surface
sediments, occurs in the nepheloid layer and near the watersediment interface in the LSLE. In the GSL this enrichment in
THAA occurs only in the surface sediment. Although the depth of
the most active zone of degradation may change according to locations, the water-sediment interface was a zone of intense recycling of relatively altered materials into AA-rich biomass.
Differences in the main location of the OM degradation process
between the LSLE and the GSL have implications on O2 consumption and concentrations in these waters. The intense degradation of
POM in the water column of the GSL is probably an important factor
contributing to the depletion of dissolved O2 concentration of
bottom waters as they move upstream from the GSL to the LSLE.
 (2009) reported
Lehmann et al. (2009) and Tremblay and Gagne
that pelagic respiration may account for an important (up to 40%)
part of the O2 consumption in the deep water of the Laurentian
Channel. The results of the present study, focusing on the molecular
composition of the substrate, suggest that respiration in deepwater is more important in the GSL than in the LSLE. In the LSLE,
the most important O2 sink are probably the surface sediment
(Benoît et al., 2006), which contributes to deep-water hypoxia. As
previously mentioned, the current conditions in LSLE deep-waters
are likely not favorable for OM degradation and thus pelagic
degradation in the LSLE may occur mainly in surface and inter, 2009).
mediate water layers (Tremblay and Gagne
The hypoxia in the deep-water of the LSLE reduces OM degrabert and Tremblay, 2017) and
dation rates (Hartnett et al., 1998; He
the resulting reduction of O2 consumption represents a negative
feedback to hypoxia. However, the role of oxygen in OM degradation could be more complex. When O2 concentrations decrease, the
sediment becomes more reducing, promoting the dissolution of
iron oxides. Considering that a part of SOM is associated with iron
oxides (Lalonde et al., 2012), their dissolution may release OM in
pore waters where it can be more easily degraded, via respiration,
than SOM bound to iron oxides. However, the fact that labile
compounds, such as AA, persist in the deep-water layer of the LSLE
bert and Tremblay, 2017), suggests that this positive feedback
(He
mechanism to hypoxia is less important.
The OC/Fe ratios in the surface sediment of this study were
approximately 8e16 times lower than those reported by Lalonde
et al. (2012) (i.e., ~4) because only reactive Fe (e.g., ferrihydrite,
lepidocrocite, goethite), extracted with sodium dithionite, were
quantiﬁed in their study. This difference indicates that most of total

Fe in these sediments is not reactive. In addition, the opposite trend
with depth observed between %OC and % total Fe support the idea
of Lalonde et al. (2012) that SOM-Fe interactions are mostly with
reactive Fe and not with the less reactive forms of Fe (e.g., pyrite
and silicate Fe).
The present study calculated the redox index (or Ox/Anox)
developed by Menzel et al. (2013). Although this fairly new index
has not been tested in many environments, Menzel et al. (2015)
obtained reliable results in lake sediments. The ﬁndings of higher
values in the sediments of the GSL, versus those of the LSLE, and of
decreasing values since the appearance of hypoxia in the LSLE
(Gilbert et al., 2005; Thibodeau et al., 2006), provide more support
to the robustness of this index. According to this index, the bottom
waters of the LSLE and GSL began to be less oxic approximately
2900 cal BP. Values also suggested that other hypoxic events
occurred about 500 and 7700 cal BP in the LSLE. Thibodeau et al.
(2013) observed in the Esquiman Channel of the GSL that benthic
foraminifera striving in warm waters with low dissolved O2 concentration (e.g., Brizalina subaenariensis and Oridorsalis umbonatus),
have become more abundant about 4000e6000 cal BP. In the
present study, this period of apparent hypoxia in the LSLE coincides
with highly oxic conditions in the Cabot Strait of the GSL. These
opposite trends in the redox index at these two locations might be
caused by drastic variations in relative sea level and detrital sediment sources during this period (Casse et al., 2017). These changes
might have affected the redox index differently in the LSLE and the
GSL.

5. Conclusions
This study examined for the ﬁrst time the molecular compositions and transformations of the SOM accumulated in the LSLE and
the GSL since the last deglaciation. The most important ﬁnding of
this work is the important differences in the nature and transformation processes of SOM observed between the two stations.
The surface sediments of the GSL possess altered SOM, including
altered bacterial detritus. The marine and labile nature of the POM
in the GSL likely promotes its degradation in the water column.
Water-column O2 consumption in this area is probably an important factor contributing to hypoxia in the upstream locations of the
LSLE. In contrast, the surface sediments of the LSLE contain less
altered SOM and bacterial biomolecules. The heterogeneous nature
of the POM and the lower dissolved O2 concentrations in the bottom waters of the LSLE likely allow for the deposition of less altered
SOM. However, after the deposition of this SOM, heterotrophic
organisms (e.g., bacteria) near the water-sediment interface of the
LSLE appear to actively recycle this SOM into biomass and detritus.
The reworking of relatively altered material seems to occur deeper
in the sediments of the GSL. This study highlights the importance of
ambient conditions in the fate of SOM. This supports the emerging
view that the terms “recalcitrant” and “labile” depend on the
ambient environment (Bianchi, 2011).
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