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ABSTRACT:

The new three-dimensional sedimentation model SEDLOB (SEDimentation in Large Ocean Basins) is used to simulate the climatically

driven Quaternary sedimentation history of the northern North Atlantic. The forward model SEDLOB is driven by the thermohaline oceanic circulation
and coupled to an ocean general-circulation model. Glacial and interglacial periods produce distinct basinwide sediment accumulation patterns that are
strongly influenced by the prescribed sediment input and its physical properties. Taking into account the stratigraphic succession of glacial and inter-
glacial time periods measured in sediment cores with high precision, it is possible to stack the typical sedimentation patterns to a climatically induced
sediment fill of an ocean basin. Examples with maps and synthetic cross sections are presented for the northern North Atlantic using stratigraphic data

from sediment cores covering the last 2.62 m.y.

INTRODUCTION

Sedimentation processes, including erosion, transport, and
deposition in large ocean basins, depend strongly on sediment
input from various sources and on ocean circulation patterns.
Sedimentation and ocean thermohaline circulation are con-
trolled to a large extent by the morphology of a basin and by cli-
mate, and are subject to long-term tectonic and short-term
climatic changes. Given a specific steady-state oceanic circula-
tion pattern with its temperature, salinity, velocity fields, and
convection depths, it is possible to add sediment defined by
physical properties from various sources to the circulating water
volumes. Process-oriented three-dimensional (3-D) modeling of
sedimentation in large basins should be performed on the basis
of (1) an adequate geologic/oceanographic database, (2) effi-
cient algorithms and parameterization for the simulation of sed-
imentation processes, (3) accurate model initialization with
respect to the external forcing of sedimentation, and (4) repro-
ducible model validation compared to the modern state of the
investigated system. Several forward models designed for spe-
cific sedimentary environments are driven by continuity equa-
tions defined from first principles (e.g., Ericksen et al., 1989;
Tetzlaff and Harbaugh, 1989; Syvitski and Daughney, 1992; Cao
and Lerche, 1994; Slingerland et al., 1994).

With respect to stratigraphic experiments, a numerical model
should allow simulation of sediment distribution patterns on the
sea floor, especially accumulation and erosion of sediments inte-
grated over time intervals long enough to represent the stratigraphic
architecture. Based on the stratigraphic record, this architecture is
composed of succeeding sequences in a chronostratigraphic time
frame.

Stratigraphic modeling involves simulating the geometry and
the buildup of sediment sequences incorporating sequence strati-
graphic concepts. Sedimentation processes are linked to basin sub-
sidence and often expressed by the diffusion equation (e.g., Jervey,
1991; Kaufman et. al., 1991; Paola et al., 1992; Rivenaes, 1992;
Flemings and Grotzinger, 1996). Stratigraphic models generate
depositional sequences in a broad range of stratal geometries from
a single diffusion equation with variations in initial and boundary
conditions. The disadvantage lies in the very rough approximation
of sediment transport.

In this paper we use the 3-D forward sedimentation model SEDLOB
(SEDimentation in Large Ocean Basins) (Haupt et al., 1994, 1997,
Haupt and Stattegger, 1996; Seidov and Haupt, 1997) to generate
basinwide glacial and interglacial sedimentation patterns of the
northern North Atlantic. Sediment accumulation is integrated over
time spans covering succeeding cold and warm periods as defined by
the high-resolution Pliocene-Pleistocene sedimentary record (cf.
Tiedemann et al., 1994; Mudelsee, 1995). Synthetic stratigraphic sec-
tions are obtained from this climatically forced basin fill.

NUMERICAL MODELS

We combine an ocean general-circulation model (OGCM) of the
northern North Atlantic with a three-dimensional model of sediment
transport based on the output from the OGCM. This approach was
first suggested by Haupt (1995) and Haupt et al. (1994, 1995). In this
paper, we present the results of the sedimentation processes in the
northern North Atlantic obtained using this combination modeling
approach.

The results are based on the model runs with a 0.5° % 0.5° hori-
zontal resolution (95 grid points in both horizontal directions) and
a high vertical resolution with 17 layers. From top to bottom the
layer thicknesses are 50, 50, 50, 50, 100, 100, 100, 250, 250, 250,
250, 500, 500, 500, 500, 500, and 1000 m. The topography is taken
from the ETOPOS (1986) data set. This high vertical resolution is
essential for calculating the sediment transport through gateways
and cross sections; e.g., the Denmark Strait, the Iceland-Faeroe-
Scotland-Ridge, or Barents Sea inflow and outflow.

In addition, we use a spherical coordinate system in which the
equator is rotated up to 60°N along the zero meridian to mini-
mize the convergence of meridians at high latitudes (Haupt et
al., 1994, 1995). By this rotation we arrive at an almost equally
spaced grid with approximately 55 km in both horizontal direc-
tions. Inside the rotated coordinate system, the coriolis force
depends both on latitude, as in a normal nonrotated coordinate
system, and on longitude.

OGCM

In this study we used the SCINNA model (Sensitivity and Clrcula-
tion in the Northern North Atlantic) (Haupt et al.,, 1994, 1995;
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Schiifer-Neth, 1994), which is a three-dimensionat fully prognostic
OGCM, a modified version of the modular ocean model
(Pacanowski et al., 1991). The SCINNA model is based on the prim-
itive equation with conservation of mass, momentum, heat, and
salt. At the surface, the model is forced by relaxation to prescribed
sea surface temperatures and salinities, and by the momentum flux
proportional to the wind stress.

Sedimentation Model

SEDLOB is a 3-D large-scale dynamic sedimentation model
designed by Haupt (1995) and tested in Haupt et al. (1994,
1995). We emphasize that SEDLOB can be coupled to any 3-D
OGCM that provides adequate input fields of temperature, salin-
ity, velocity, and convection depth. The importance of convec-
tion depth input has been shown by Seidov and Haupt (1997).
The model itself basically consists of two linked components:
(1) a 3-D sediment transport model in the ocean interior and (2)
a 2-D sediment transport model in a thin near-bottom layer fol-
lowing smoothed bottom topography (Figure 1). The lower two-
dimensional (2-D) submodel, which uses the same horizontal
resolution as the 3-D sediment transport model, is initialized and
forced at every time step by the data generated within the 3-D
submodel. The OGCM temperature, salinity, and velocity fields
are projected on the smoothed bottom. In addition, near-bottom
velocities are reduced to take bottom friction into account
(Miller et al., 1977; Zanke, 1978; Siindermann and Klocker,
1983). The sediment is continuously exchanged between both
parts of SEDLOB depending on sediment concentration, vertical
velocity, and settling velocity.

The 3-D sediment transport model calculates sediment transport
in the water column. The transport equation is expanded by an
additional term to compute the settling of sediment in the 3-D
water column (Haupt et al., 1997); furthermore, SEDLOB simulates
the lateral inflow and outflow of sediment from coastal sources
such as rivers, the input of eolian dust, and ice-rafted debris from
melting icebergs. Additionally, various biological factors, such as
dying plankton and fecal pellets, can be included as parameterized
sediment sources.

The coupled 2-D sediment transport model considers erosion,
transport (sliding, rolling, and skipping), and deposition of sedi-
ments in a 1-cm-thick bottom layer following the bottom topog-
raphy. The sediment content depends on the critical velocities
for bed load, the suspended-load transport, and the actual sediment

FIG. 1.—Coupling of the two submodels.
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content within this layer. Deposition takes place in cases of
reduced velocity, a rising bottom topography, or if the saturation
point is reached. The saturation point describes the maximum
possible sediment transport and is velocity dependent; however,
sediment is eroded until the saturation point is reached, if the
velocity increases, if the bottom topography descends, or if the
water within this 2-D bottom layer is undersaturated. In all other
cases, the available sediment is transported in this 2-D “rubber
mat” (Figure 1), whereas the spatial differential settling velocity
and the critical velocities for bed load and suspension load are
checked at every time step. The relationship between the critical
velocities and sediment transport is summarized in Figure 2. For
the settling velocity, for the critical velocities initiating the bed
load, for suspension-load transport, and for the corresponding
equations for the transport itself we use polynomial equations
[see review in Haupt (1995) and Haupt et al. (1997)]. We modified all
of these equations to include the effects of the bottom slope;
however, this effect of increasing or decreasing bottom slope incli-
nation in the sediment transport direction is not a primary effect,
and the polynomial equations depend mainly on grain size and
form factor; temperature, salinity, density, and viscosity of sedi-
ment and sea water; and gravitational acceleration. The critical
velocities for beginning of bed-load and suspension-load transport
are shown in Figure 3. A detailed description of the model and
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Fig. 2.—Critical velocities for initiating bed-load transport and suspension-load
transport (see Figure 3). The formula for calculating the bed load transport is
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The symbols and units used are listed in Appendix 1.
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The symbols and units used are listed in Appendix 1.

the equations used is given in Haupt (1995), Haupt et al. (1997),
and Seidov and Haupt (1997).

NUMERICAL EXPERIMENTS AND RESULTS

Ocean Circulation

In our study, we model the sediment accumulation process
during the sequence of glacial and interglacial stages from the
onset of the northern hemisphere glaciation, 2.62 Ma, until the
present. We have chosen two time slices as reference sedimenta-
tion patterns. The first slice is the Holocene/modern (HM) warm
interglacial stage; the second slice is the cold last glacial maximum
(LGM) (18,000 4C yr; 21,600 calendar yr BP).

The HM experiment is based on the present-day oceanic con-
ditions and climate system. The model was initialized with the
winter temperatures and salinities of Levitus (1982) and Dietrich
(1969). Wind stress was taken from Hellerman and Rosenstein
(1983). To get the typical winter ice cover in the northern North
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Atlantic, the original temperatures were replaced by ~1.9°C below
ice (Wadhams, 1986). Additionally, the wind stress was set to
zero when water was frozen. With these upper boundary condi-
tions the OGCM shows the major currents around Iceland and in
the Norwegian-Greenland Seas: the West Greenland Current, the
East Greenland Current, the outflow through the Denmark
Strait, the Irminger Current, the North Atlantic Current, the Nor-
wegian Current parallel to the Norwegian Coastal Current,
which enters the Barents Sea, and the West Svalbard Current, or
the Transpolar Drift (Haupt et al., 1994, 1995, 1997). Bottom
currents also are represented. South of Iceland these bottom cur-
rents match with the generalized circulation of bottom water
given for the North Atlantic by McCave and Tucholke (1986).
The model produces the Denmark Strait overflow water, the Ice-
land-Scotland overflow water, and the Wyville-Thomson Ridge
overflow.

The LGM experiment shows, in contrast to the HM experi-
ment, a southward shift of sea ice cover. The wind forcing was
computed for the glacial summer at Max-Planck-Institute in
Hamburg using the T42 atmospheric circulation model (Lauten-
schlager, 1991; Lautenschlager and Herterich, 1991). To include
the glacial sea level fall, the overall depth was reduced by 100 m
(Fairbanks, 1989; Bard et al., 1990; Seibold, 1993; Peltier,
1994). Shelf glaciation (Laurentide and European ice sheets)
was imitated by a cutoff of all regions shallower than 200 m.
This procedure cuts off the North Sea and the Barents Sea
except the Bear Island Trough. Additionally, the cross-sectional
areas of the straits around Greenland, Iceland, and Scotland are
reduced. Based on the Levitus’s (1982) reconstructions, sea sur-
face salinities were modified in the northern part of the model
area from reconstructions of Schulz (1994) and Sarnthein et al.
(1994, 1995). At the southern part of the model area, the Levitus
data set was updated by data from Duplessy et al. (1991). A
detailed description of these data is given in Seidov et al. (1994).
The CLIMAP (1981) summer reconstruction was used to
include thermal forcing and ice cover. These LGM sea surface
conditions lead to dramatic changes in ocean circulation in the
Norwegian-Greenland Seas (Haupt et al., 1994; Haupt, 1995).
The subtropical and subpolar gyres are reduced, and the Gulf
Stream and the Labrador Current are weaker than in the HM
experiment (Haupt et al., 1994). In the southern part of the Nor-
wegian-Greenland Seas, the cyclonal gyre is intensified and
strengthened by temperatures around the freezing point and by
high salinity values (Haupt, 1995). The bottom currents south of
the Greenland-Iceland-Scotland Ridge are still westward directed,
but they are somewhat shifted and intensified.

Sediment Accumulation Patterns

The first glacial/interglacial experiments (scenario 1, consisting
of HM1 and LGM1) with SEDLOB were initialized with the same
sediment properties [sediment sources and sinking velocity of
0.05 cm/s = 43.2 m/d; i. e. <20 equalized sphere diameter
(Shanks and Trent, 1980)]. As a sediment source we prescribed
only a small flux of about 1.0 x 10-13 g/cm?/s (0.0864 mg/m2/d)
caused by the eolian sediment (Miller et al., 1977; Honjo, 1990).
The magnitude of the critical velocities for initiation of bed-load
and suspension-load transport are reduced to 0.05 cm/s. In control
runs we have found that it is necessary to simulate realistic
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transports in the bottom layer in the deeper ocean basins (Haupt
et al., 1995; Seidov and Haupt, 1997). Previously published critical
velocities (e.g., Hjulstrém, 1935; Zanke, 1978) are more repre-
sentative for shallow marginal regions than for deep-sea regions.
The modeled velocities are mean values and do not show, for
example, tidal fluctuations, which also influence erosion and
deposition, especially in coastal and shelf areas. In comparison
to long-term mean currents from moored current-meter meas-
urements in the East Greenland Current, our velocities are a
factor of two to three too low (Fahrbach et al., 1995), which also
is the case in other model results of the Norwegian-Greenland
Seas (Legutke, 1989; Fahrbach et al., 1995). Further investiga-
tions are required to explain this discrepancy.

With all of these adjustments and constraints we were still
able to reconstruct most known large sediment drifts, such as the
drift south of the Greenland-Scotland Ridge, for both the HM
and the LGM. In both experiments [HM1 (Figure 4A) and
LGM1 (Figure 4B)] the resulting sediment patterns are predom-
inantly along a northeast-southwest axis. In the LGM experi-
ment (Figure 4B) the sediment accumulation structures are more
pronounced. In comparison to the HM experiment (Figure 4A)
with smoother sedimentation patterns, the maximum sedimenta-
tion rate increases from 5 cm/k.y. to up to 7 cm/k.y. Due to the
different circulation patterns, the sedimentation patterns are
noticeably different; however, in both experiments the model
indicates high-accumulation areas in the same regions. These
areas fit the Gloria Drift, Eirik Drift, Snorri Drift, Gadar Drift,
Bjorn Drift, Hatton Drift, and the Feni Drift (McCave and
Tucholke, 1986; Haupt et al., 1994; Haupt, 1995).

In a second set of experiments (scenario 2, consisting of HM2
and LGM1) we added to the modern experiment HM1 lateral sedi-
ment sources from rivers and coastal melting icebergs (Haupt,
1995; Haupt et al., 1997), but the glacial experiment remained
unchanged; furthermore, we reduced the magnitudes of the critical
velocities for bed-load and suspension-load transport to 0.002 cm/s
and 0.02 cm/s, respectively. With these altered initial conditions
the model was capable of eroding sediment when the critical
velocities were weaker than the velocities predicted by the OGCM.
With this justification, one can improve simulation of the observed
sediment transport and erosion patterns, even though it produces
more patchy sediment structures; nevertheless, the areas with
higher sedimentation rates still fit the well-known sediment drifts
(Figure 5).

Stratigraphic Control

North Atlantic site DSDP 607 (Raymo et al., 1989; Ruddiman
et al., 1989), following the oxygen isotope time scale of Shackleton et
al. (1990), was used for stratigraphic calibration of glacial and
interglacial stages. From the astronomically tuned and globally cor-
related oxygen isotope record (cf. Tiedemann et al., 1994), stages
1-104 close to the Matuyama/Gauss magnetic boundary were used,
covering the last 2.62 m.y. Cold and warm periods were distin-
guished based on the oxygen isotope curve. A continuous time
sequence of 33 cold and 34 warm periods was elaborated, taking
into account shifts in the time-dependent mean of oxygen isotope
values (Mudelsee, 1995; Mudelsee and Stattegger, 1997) and a
minimum duration of 15,000 yr per period to contribute notice-
ably to the buildup of the sediment column (see Table 1). This
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FiG. 4.—(A) Present-day and (B) last glacial maximum sedimentation rate
(cm/1000 yr). Only the eolian sediment input from the atmosphere (1 x 10-13
g/em?/s = 0.0864 mg/cm?/d) is considered (Miller et al., 1977; Honjo, 1990). The
critical velocities for starting of bed load and for beginning of suspension load are
set to 0.05 cm/s.
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Future research will include different sediment types with vari-
ous terrigenous and biogenic components to proceed in modeling
of characteristic time slices for the architecture of climatically
governed stratigraphic sequences.
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