Early Reactivation of European Rivers
During the Last Deglaciation
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During the Last Glacial Maximum, the sea-level lowstand combined with the large extent of the

Fennoscandian and British ice sheets led to the funneling of European continental runoff, resulting
in the largest river system that ever drained the European continent. Here, we show an abrupt and
early reactivation of the European hydrological cycle at the onset of the last deglaciation, leading
to intense discharge of the Channel River into the Bay of Biscay. This freshwater influx, probably
combined with inputs from proglacial or ice-dammed lakes, dramatically affected the hydrology of
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and the magnetic susceptibility at 16 and 24
thousand years before the present (kyr B.P.)
(Fig. 2B) (/1). Total organic carbon (TOC)
content varies between 0.2 and 1.2%, with
minima during both H1 and H2 events (green
circles in Fig. 2C). The C,,, alkenone, a
biomarker derived from haptophyte algae and
thought to be a proxy for low-salinity water
associated with icebergs (12), is absent during
the Holocene but exhibits high values between
11 and 18 kyr B.P., with a prominent maximum
reached during H1, corresponding to 30% C,,.,
among the total of C,, alkenones (black
diamonds in Fig. 2C). This is a characteristic
feature for H1 in this area and has been related

the region, both on land and in the ocean.

espite the recognized sensitivity of
Doceanic circulation to changes in the

freshwater budget at high latitudes
(1—4), river runoff studies have so far mainly
been focused on low-latitude paleorecords
(5—7). Furthermore, except for a few continen-
tal archives such as speleothems and wetlands
that reflect local conditions, little is known
about hydrological and water drainage changes
in Europe during the last deglaciation. During
the Last Glacial Maximum (LGM), a large
ice sheet (known as the Fennoscandian ice
sheet) was established on the Eurasian con-
tinent. Both the sea-level lowstand and the
extent of the ice sheet deeply influenced the
drainage basins of European rivers that flowed
into the Channel River, thus generating one of
the largest rivers ever to have extended across
the European continent (Fig. 1). Because this
river transported much of the meltwaters
coming from the European glaciers as well
as from the Fennoscandian and British-Irish
ice sheets (8, 9), its runoff is expected to have
reacted strongly to the retreat and growth of the
Eurasian ice-sheets and of the alpine glaciers.
Therefore, a record of the activity of this paleo-
river could provide a detailed account of the
effect of European deglaciation on the hydro-
logical cycle.

Core MD952002 (47°27'N, 8°32'W, 2174-m
water depth) was recovered on the northwest-
ern slope of the Bay of Biscay in the direct
axis of the English Channel during the
IMAGES 101 cruise of the research vessel
Marion Dufresne (Fig. 1). The chronology of
this core is based on calibrated '“C ages (10).
This core covers a critical period including the
last deglaciation, as well as abrupt climatic
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to the advection of low-salinity water asso-
ciated with icebergs (12).

We applied the branched and isoprenoid
tetracther (BIT) index to reconstruct terrestrial
organic matter fluvially transported to the ocean
(13). This proxy uses the relative abundance

changes such as Heinrich events 1 and 2 (H1
and H2), which are clearly identified by two
discrete peaks in the abundance of lithic grains
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Fig. 1. The paleoenvironment of the LGM on the Eurasian continent was radically different from today.
The Fennoscandian ice sheet was established on the northern part of Europe, extending west into the
Norwegian Sea, south across the north German Plain into Poland, and eastward into North Poland and
Russia (27, 28). A smaller dome was installed on the British Isles (27). Recent geomorphological
evidence indicates that the British-Irish ice sheet (BIS) and Fennoscandian ice sheet coalesced, and a
huge ice dam extended over the present-day North Sea (28, 35). The Alps were almost entirely covered
by an ice dome formed by valley glaciers (36). The maximum extent of ice sheets at the LGM is
illustrated by the blue contours. A final ice-age sea-level lowstand led to emersion of the channel
between England and France, with the coastlines at 14 and 21 kyr B.P. illustrated by the dashed lines
(after 31). A paleo-river, known as the Channel River (in orange), extended across the emerged
continental margin (37). It drained most of the major rivers in northwestern Europe, that is, the Rhine,
Maas, Seine, Solent, and Thames (yellow arrows on the map). In addition to these rivers, the Irish Sea
drained a large part of the BIS meltwaters (32). Furthermore, damming by the Fennoscandian ice
sheet favored the development of southward-flowing meltwater valleys and ice-margin spillways
running westward. These spillways collected proglacial waters from rivers even farther east than the
Elbe basin and allowed drainage to the Channel River (26, 28). Core MD952002 (red dot) was taken
at a water depth of 2174 m in the axis of the English Channel, close to the LGM position of the
Channel River outlet.
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of membrane lipids (i.e., nonisoprenoid glyc-
erol dialkyl glycerol tetraethers) (/4) de-
rived from anaerobic bacteria thriving in

soils and peats (15), compared with cren-
archaeol, a structurally related isoprenoid
molecule characteristic of ubiquitous marine
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Fig. 2. Deglaciation-Holocene records of the past activity of the Channel River as a function of
paleoclimatic changes. The chronology is based on calibrated *#C ages measured on planktonic
foraminifera [shown as triangles in (B)] (10). Climatic events are abbreviated as follows: B-A,
Balling-Allered; H1, Heinrich 1; and H2, Heinrich 2. The gray areas underline the H1 and H2
events. (A) 8180 GRIP (black line) (38) and 580 GISP2 (light blue line) (39) records reflecting
Greenland air temperatures. (B) Black line shows the counting of grains identified as ice-rafted
debris (IRD) per 10 g for the size fraction coarser than 150 um, and the gray curve shows the
magnetic susceptibility (MS) record measured on board Marion Dufresne (40). (C) Green circles
represent the total organic carbon contents, and the black diamonds the percentage of C,,.,
among C;, alkenones, i.e., %C,,., =100 x [C,, VIC,,., + C5,.5 + C5,.,]. Beyond 19 kyr B.P.,
the relative percentage of C;,., could not be quantified because alkenones are very scarce in
the sediments corresponding to the last glacial period (black ticks in Fig. 2C and italics in table
S1). (D) Orange squares indicate the total organic carbon-to-nitrogen ratios (C/N), and the blue
symbols show the abundance of freshwater algae, Pediastrum sp. [counts from (11)]. (E) The
BIT index, which is defined as follows: BIT = (I + Il + H/[(1 + 1 4 1) + (IV)] [the roman
numbers refer to the glycerol dialkyl glycerol tetraethers in figure 1 of (13)], and is rep-
resented here by red dots. The black curve shows the sea-level curve (41). Analytical data for
core MD952002 are given in table S1.

planktonic and lacustrine crenarchaeota (/6).
BIT values for suspended particulate matter
in river waters are typically >0.9 (/7). A sur-
vey of Holocene sediments showed that the
BIT index can be directly correlated to the
relative amount of fluvial terrestrial organic
matter input. BIT-index values of <0.1 are
typical for open marine settings receiving
only small amounts of terrestrial organic
matter, whereas values >0.4 are typical for
river fans and fjord systems (/3). The BIT-
index values throughout the core MD952002
remain below 0.1, except for two well-defined
peaks with values as high as 0.7 centered at
19.5 kyr B.P. and between 19 and 17 kyr B.P.
(red circles in Fig. 2E). The two maxima in
the BIT-index profile, therefore, reveal pe-
riods during which large amounts of terrestrial
organic matter must have been transported
to this site in the Bay of Biscay. These
maxima are consistent with those obtained
from the abundance of remains of freshwater
algae (Pediastrum sp.) (blue curve on Fig.
2D) (11). The total organic carbon-to-nitrogen
ratio (C/N) varies between 5 and 30, with
minimum values typical of the marine environ-
ment end-member during H1 and H2 events,
and higher values in the intervening period, also
indicative of a larger terrestrial contribution
(Fig. 20).

During H2 and the LGM, cold and dry
conditions prevailed on the European conti-
nent (/8). At that time, ice sheets reached
their maximum extent (Fig. 1), and sedimen-
tation at the Channel River outlet was typical
of a marine environment with low values of
the BIT index and TOC as well as low C/N
ratios (Fig. 2, C to E). At the end of the LGM,
between 21 and 17 kyr B.P., an early warming
is observed in the Greenland air-temperature
record (Fig. 2A). This temperature increase is
also clearly detected in several North Atlantic
records (e.g., 12, 19-21) as well as in con-
tinental reconstructions inferred from pollen
in lacustrine and peat sequences over Europe
(e.g., 22, 23). This warming was accompanied
by enhanced precipitation, as is also evident
from the pollen assemblages. Despite this
climatic warming, soils remained partly fro-
zen and hence impermeable (24). Further-
more, the vegetation cover was scarce and
spatially discontinuous, mainly composed of
peat with only few woody species (25). This
situation led to the development of large fluvial
systems, intense soil erosion, and enhanced
river discharge. This transient period is coin-
cident with an abrupt maximum in the BIT
index in core MD952002 (Fig. 2), indicative
of an early and drastic reactivation of Euro-
pean rivers.

Associated with this reactivation of the
hydrological cycle, meltwaters might well
have played a role in the runoff increase. In
fact, when the Fennoscandian ice sheet
started to retreat from its maximum position
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at ~22 kyr B.P., a new series of short-lived
glacial lakes formed at its southern margin,
more particularly in the Polish basins and
German lowlands (26, 27). Because of the
position of the ice margin, the meltwaters
first drained through the southern Peribaltic
area toward central Poland, to the Elbe River,
and then to the Channel River (28). The re-
treat was not continuous, and readvances of
the Fennoscandian ice sheet have been rec-
ognized based on geomorphological and
lithostratigraphic evidences as well as by
cosmonuclide and thermoluminescence dat-
ing (26, 27). Two major deglaciation phases
have been reported in Poland during the low
sea-level stand: the Poznan and the Pomera-
nian phases at 22.0 and 18.6 kyr B.P.,
respectively (26). Similar pulsations have
been described for the British-Irish ice sheet
over the same period (27). On the southeast-
ern sector, the Scandinavian ice sheet begins
to retreat around 19 kyr B.P. after a phase of
maximum extent at 20.9 kyr B.P. (29). A
massive and early breakdown of the LGM
system of ice domes in the Alps is reported to
occur simultaneously (e.g., 30).

A peculiar geographic setting reinforced
the effect of this increased water runoff from
the European continent, leading to increased
discharge of the River Channel into the Bay
of Biscay. In fact, the low sea level during
the LGM (Fig. 2E) means that the river
mouth was located very close to the core
location [the dashed line in Fig. 1 represents
the paleocoastline at 21 kyr B.P., recon-
structed after (37)]. Moreover, due to the
topography of the catchment basin, the
Channel River drained a large area with
inputs from the Rhine, Seine, Maas, and
Thames basins (9). This topographic fun-
neling effect was reinforced by the location
of the British-Irish ice sheet, which reached
its maximum extent at 16.7 kyr B.P. (32). A
simultaneous readvance of the Scandinavian
ice sheet is recorded on the southeastern
sector (29).

The onset of the H1 event, at 17 kyr B.P.,
is characterized by the sudden drop in the
BIT index (Fig. 2E). As already observed for
Heinrich events (/9), the biological produc-
tivity is low, but the BIT index indicates a
predominant marine origin for the sedimen-
tary organic matter (Fig. 2). Consistently, the
C/N record exhibits a clear minimum over this
time interval. Furthermore, a prominent C,, ,-
alkenone peak is synchronous with the max-
imum abundance in lithic grains. A similar
maximum of C,,, linked to HI has already
been described at other sites (33, 72). The fall
in BIT index is clearly simultaneous with the
rise in lithic grain abundance and percent-
age of C,,, alkenone, indicating that this
switch was probably due to the impact on
marine hydrology of icebergs coming from
the Fennoscandian and Laurentide ice sheets
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(34). In parallel, the return to dry and cold
conditions on the continent during H1 proba-
bly led to a regime with less fluvial runoff.

There was no recurrence of high BIT-index
values when warmer and wetter conditions re-
turned during the Bolling-Allerod and the
Holocene period (Fig. 2E). This is probably
due to the sea-level rise of about 60 m com-
pared with the LGM lowstand, which caused a
northward displacement of the river mouth by
about 300 km and thus a more attenuated in-
fluence of the Channel River at the core site
(Fig. 1). Furthermore, due to the position of the
Fennoscandian ice margins during the Bolling-
Allerod, the meltwaters of the Peribaltic area
drained into the southern part of the Baltic Ba-
sin and no longer through Poland and the Elbe
Basin (28).

The abrupt runoft event that occurred at the
onset of the last deglaciation on the European
continent is unique in magnitude and timing
and reflects an early reactivation of the Euro-
pean hydrological cycle leading to an intense
discharge of terrestrial organic matter on the
Celtic Margin and Bay of Biscay. The intensity
of this event is due to a peculiar combination of
topographic and paleoclimatic factors: The
large extent of the Fennoscandian and British
ice sheets, which coalesced over the North Sea,
forced the drainage of rivers into the Channel
River, thus creating one of the largest river
systems ever existing on the European conti-
nent. The reactivation of European river runoff
has also probably been fuelled by proglacial
lakes developing at the southern margin of the
ice sheets. Indeed, high abundances of remains
of freshwater algae are found simultaneous with
the large increase in BIT index (Fig. 2). Inter-
estingly, although the freshening of the surface
waters starting at 21.5 kyr B.P. is progressive
and parallel to the temperature increase after
the LGM, the return to fully marine conditions
is sharp and occurs in about a century at the
start of the HI event. As a result of sea-level
rise, after 17 kyr B.P., conditions never became
suitable again for recording events of the Chan-
nel River of such a magnitude in the Bay of
Biscay.

Our results reveal large changes in the mag-
nitude of the discharge of cold freshwater into
the North Atlantic during the last deglaciation.
This situation is similar to that reconstructed for
the Laurentide ice sheet, meltwater outflow
which probably affected the meridional over-
turning circulation (7, 3). Modeling experiments
could help to evaluate the effect of the European
river reactivation on the millennium-scale climat-
ic events that punctuated the last deglaciation.
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Analytical methods

After freeze-drying and grinding, sediments were analyzed at CEREGE for their nitrogen and
organic carbon contents with a Fisons NA-1500 Elemental Analyser (Carlo Erba NA-1500
Elemental Analyser ; see S/ for details). For lipid analysis, 1 to 5 g of sediment was extracted for
biomarkers by the accelerated solvent extraction method (ASE 200 system, Dionex, California,
USA) at 120°C and 100 bars with dichloromethane/methanol (9:1 v/v). The total lipid extract was
analyzed at CEREGE for alkenone concentrations by gas chromatography (GC8000 Series Fisons)
with flame ionization detection (GC-FID) (using analytical conditions similar to S2). % Csp4
expresses the percentage of the tetra-unsaturated C3; alkenone among the total of C;; alkenones.
Identification of alkenones is based on GC mass spectrometry (GC-MS ; GC8000 MD800 Fisons)
and quantities are based on the chromatographic peak areas. The total lipid extract was subsequently
separated into polar and apolar fractions using a column packed with Al,O; using
hexane/dichloromethane (9:1, v/v) and dichloromethane/methanol (1:1, v/v) as eluents, respectively.
The polar fraction was then filtered through a 0.45-ym, 4-mm diameter PTFE filter prior to
injection. Glycerol dialkyl glycerol tetraethers were then identified and quantified at NIOZ by high-
performance liquid chromatography/atmospheric pressure chemical ionization mass spectrometry
using a HP LC 1100 Series-MS as described by S3.

The age/depth scale is based on tie points shown as triangles on Figure 2B, which rely on 4C
ages (54, $5) measured by accelerator mass spectrometry on monospecific samples of planktonic
foraminifera Neogloboquadrina pachyderma (s.) or Globigerina bulloides. We calibrated these 14C
ages by using the Calib 5.0 radiocarbon calibration program (S6) with the Marine04 curve (S7), and
an extension (S8, S9) for the three oldest 14C ages. The age/depth model is then derived by a fifth
order polynomial. The chronology is therefore fully independent of the GRIP and GISP2 records
for the time span between 0 and 30 kyr BP.
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Table S1 Geochemical data for core MD 952002.

Depth Age TOC C/N C;,.4, BIT-index

(cm) (kyr BP) (%) (% Cy o)

0.5 1.8 0.0

10.5 25 033 113 6.8

20.5 3.2 2.6

30.5 39 043 9.1 0.0

40.5 46 049 141 0.0 0.04

50.5 5.2 0.40 105 0.0
60.5 5.9 0.41 13.8 0.0
70.5 6.4 0.49 16.2 0.0
80.5 7.0 0.50 184 0.0 0.03
90.5 7.5 0.56 14.2 0.0
100.5 8.1 0.61 145 0.0
110.5 8.6 0.54 14.6 0.0

120.5 9.0 0.67 18.1 0.0 0.03
130.5 9.5 0.63 12.6 0.0
140.5 99 0.72 13.1 0.0
150.5 103  0.65 125 0.4
160.5 107 0.63 13.7 0.0 0.03

170.5 1.1 0.69 115 0.0
180.5 11.4 084 17.5 0.0

190.5 11.8  0.71 13.1 1.2

200.5 12.1  0.64 127 0.7 0.03
210.5 124 059 12.8 1.0

220.5 127 053 115

230.5 130 055 139 1.9

240.5 132 054 142 4.9 0.04

250.5 13.5  0.51 109 3.9
260.5 13.7 054 159 3.1

270.5 139 051 144 1.9
280.5 142 0.58 122 2.5 0.05
290.5 144 059 159 1.8
300.5 145 0.66 154 1.6
310.5 147 071 137 2.9
320.5 149 0.76 149 2.6 0.03

330.5 151 0.73 15.2 0.9
340.5 152 0.73 128 4.2
350.5 154 0.66 173 5.1
360.5 155 058 11.8 5.9 0.03
370.5 156 0.64 12.1 8.5
380.5 15.8 053 123 10.8
390.5 159 044 115 10.7
400.5 160 044 94 4.2 0.03



Depth Age TOC C/N C;.4 BIT-index
(cm) (kyr BP) (%) (% _Cy o)

410.5 16.1 044 114 23.3

420.5 162  0.44 105 16.4 0.03
430.5 16.3 0.41 10.1 20.6

440.5 164 041 103 27.7 0.03
450.5 164 035 9.1 24.6

460.5 16.5 037 11.6 31.9 0.04
470.5 16.6 040 9.5 24.0

480.5 16,7 043 93 26.4 0.03
490.5 16.7 042 9.2 27.1

500.5 16.8 0.40 104 17.2 0.07
510.5 16.8 0.39 105 21.6 0.06
520.5 169 0.52 12.1 0.24
530.5 170 0.56 133 26.4

540.5 170 0.45 145 35.2 0.23
550.5 17.1 059 13.7 0.38
560.5 17.1  0.63 154 21.2 0.56
570.5 172 0.64 15.1 17.0 0.58
580.5 172 0.60 17.1 14.5 0.43
590.5 172 0.62 16.7

600.5 173 0.61 135 0.0 0.46
610.5 173 058 119 5.9

620.5 174 057 123 10.0 0.47
630.5 174 0.61 17.1 5.3

640.5 174 0.61 179 0.53
650.5 175 059 147 0.48
660.5 175 057 172 0.0 0.55
670.5 17.5 0.56 164 0.62
680.5 176  0.57 16.7 0.45
690.5 176  0.56 133 0.0

700.5 177 054 179 0.40
710.5 177  0.57 20.5

720.5 177  0.57 19.1 0.47
730.5 178 0.58 17.5

740.5 178 0.58 18.2 5.5 0.52
750.5 178 0.71 209 4.6 0.57
760.5 179 0.62 17.6 0.0 0.67
770.5 179 0.62 18.7 0.0 0.54
780.5 180 0.64 173 0.0 0.49
790.5 180 0.70 179 0.0 0.62
800.5 18.0 0.61 255 0.56
810.5 18.1 0.70 184 0.0

820.5 18.1 0.69 23.1 0.0 0.60
830.5 182 0.75 19.6 0.0



Depth Age TOC C/N C;.4 BIT-index
(cm) (kyr BP) (%) (% _Cy o)

840.5 182 0.62 247 0.0 0.49
850.5 183 0.61 218 0.0

860.5 183 0.59 228 0.0 0.34
870.5 183 0.50 144 0.0

880.5 184 0.56 179 0.18
890.5 184 0.59 16.8 0.0

900.5 185 0.62 20.1 0.0 0.15
910.5 185 0.64 155 0.0

920.5 18.6 0.68 16.2 0.0 0.19
930.5 187 0.62 20.5 0.0

940.5 187 0.64 164 0.0 0.12
950.5 18.8 0.60 14.6 0.0

960.5 18.8 0.62 14.1 0.0 0.08
970.5 189 0.68 283 0.0 0.27
980.5 19.0 0.76 33.0 0.0 0.25
990.5 190 0.81 214 0.0

1000.5 19.1 0.87 222 0.0 0.33
1010.5 19.1 0.94 23.0

1020.5 19.2 1.01 18.1 0.0 0.44
1030.5 193 1.06 225 0.46
1040.5 19.3 0.87 193 0.0 0.32
1050.5 194 0.75 125

1060.5 19.5 0.79 13.1 0.0 0.27
1070.5 19.6 0.73 12.0 0.29
1080.5 19.6 0.61 10.9 0.0 0.10
1090.5 19.7 0.62 11.8

1100.5 19.8 0.61 11.0 0.0 0.13
1110.5 199 0.56 11.1 0.16
1120.5 20.0 048 8.3 0.0 0.06
1130.5 20.0 0.55 9.6 0.23
1140.5 20.1 0.56 9.2 0.0 0.17
1150.5 20.2 0.60 9.0

1160.5 203 054 9.2 0.0 0.09
1170.5 204 053 8.7

1180.5 20.5 0.54 9.2 0.0

1190.5 20.6 0.54 9.4

1200.5 20.7 0.62 119 0.0 0.05
1210.5 20.8 0.62 11.5

1220.5 209 047 8.8 0.0 0.05
1230.5 21.0 040 9.0

1240.5 21.1 041 9.7 0.0 0.04
1250.5 212 041 6.6

1260.5 213 0.54 13.5 0.0 0.07



Depth Age TOCTOC/N C;., BIT-index
(cm) (kyr BP) (%) (% _Cy o)

1270.5 214 0.54 108
1280.5 21.6 049 10.0 0.0
1290.5 21.7 046 10.0

1300.5 21.8 0.46 8.8 0.05
1310.5 219 045 9.7

1320.5 22.0 0.53 10.5 0.0 0.03
1330.5 222 041 8.7

1340.5 223 042 7.8 0.03
1350.5 225 049 095

1360.5 226 043 94 0.0 0.03
1370.5 227 047 10.6 0.0

1380.5 229 0.51 10.1 0.04
1390.5 23.1 0.51 13.1 0.0

1400.5 232 052 7.6 0.0 0.13
1410.5 234 0.69 9.6

14205 235 038 9.7 0.09
1430.5 237 030 8.3

1440.5 239 035 8.2 0.0 0.08
14505 241 034 7.5

1460.5 243 033 103 0.09
1470.5 245 043 8.6

1480.5 247 037 7.7 0.0 0.03
1490.5 249 042 7.8

1500.5 25.1 030 7.9 0.08

1510.5 253 0.28 109 0.0

1520.5 25.6 033 125 0.0

1530.5 258 036 13.0

1540.5 260 0.39 10.0 0.0 0.05
1550.5 263 037 15.2

1560.5 26.6 040 10.3 0.0

1570.5 268 0.42 14.6

1580.5 27.1 0.39 109 0.0 0.06
1590.5 27.4 037 8.7

1600.5 277 038 6.2 0.0

1610.5 28.0 0.38 5.5 0.0

1620.5 283 040 10.2 0.0 0.08
1630.5 287 0.50 8.9 4.0

1640.5 29.0 042 9.1 0.0 0.04
1650.5 29.4 043 6.1 0.0

1660.5 298 044 5.6 0.0




