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Abstract

An early Preboreal glaciomarine deposit near Nykvarn (SE Sweden) consists, from bottom to top, of a submarine outwash fan,

a full (glacio)marine deposit, and a near-coast marine unit of poorly sorted ice-rafted debris. The top part of the succession shows

soft-sediment deformations that have the same characteristics as material moved forward by a bulldozer. These deformation

structures are interpreted as being due to grounding of an eastward-moving iceberg. This caused detachment of the lower part of

the succession, in the way that sand is pushed forward by a bulldozer. The iceberg most likely calved off the retreating ice front

(which extended into sea) due to a sudden subglacial discharge of meltwater (jökulhlaup), which event seems related to the

breakthrough of an ice dam that could no longer withstand the pressure of a growing water volume produced by increased ice

melting.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction them Eyles et al., 1997). Nevertheless, no data on the
The recession of the ice cap in central Sweden at

the end of the last glaciation and the gradual change of

the Baltic Ice Lake into the Yoldia Sea, which took

place during the late Younger Dryas and the early

Holocene, have been discussed for many years (by,

among others, De Geer, 1896; Lundqvist, 1990;

Björck, 1995). The sediments deposited in the Yoldia

Sea contain dropstones, indicating that the sea was

occasionally reached by icebergs.

The genesis of iceberg-related structures was dis-

cussed already by a number of researchers (among
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impact of a sudden subglacial discharge as a trigger

mechanism for iceberg release and on the induced

deformation structures caused by the grounding of

these icebergs have been published, as far as we are

aware.

It seems probable that such a sudden discharge

caused enhanced calving of the nearby Scandinavian

ice sheet and, hence, the formation of an iceberg that

grounded near Nykvarn (SE Sweden). This hypothesis

is based on the fact that simultaneously with the

grounding of an iceberg at Nykvarn a huge jökulhlaup

occurred at Pålamalm. This latter site is at the same

latitude as the Hummlemora gravel pit of the site in

Nykvarn (Fig. 1), and supposedly the two locations

shared an ice-front position for some time (Mokhtari

Fard, 2003). Such catastrophic events must exert a



Fig. 1. Distribution of eskers in southeast Sweden, with location of the study area. The line marked ‘10,740 BP’ indicates the extent of the ice

during the final drainage of the Baltic Ice Lake and the opening of the Yoldia Sea Basin (modified after Brunnberg, 1995).
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large pressure on the ice cap and facilitate sliding

away of huge ice masses, and thus probably contrib-

uted to regional calving of the ice sheet.

The amelioration of the climate apparently fav-

oured the formation of jökulhlaups which, in turn,

triggered calving of the marine ice front. One of the

icebergs that had been calved off apparently reached

the glaciomarine outwash fan at Nykvarn which had

developed shortly before in front of a subglacial,

subaqueous conduit.

The present contribution focuses on the sedimen-

tological processes at the outcrops exposed in the

Hommelmora gravel pit in the Nykvarn site (which

are reconstructed at the basis of the sedimentological

characteristics and the facies transitions that occur, in

combination with data from the literature about the

paleogeographic development of the area during the

time that these deposits were formed and deformed),

and provides evidence for the deformational impact of

one or more grounding icebergs on the glaciomarine

succession that had previously formed at the site.

1.1. Geological setting

The distribution of glaciofluvial deposits in SE

Sweden (Fig. 1) depends on the response of the

Scandinavian ice sheet to the temperature rise during

the late Younger Dryas interstadial (Lundqvist, 1990),

because glaciofluvial deposition was controlled by the

pressure/discharge relationship at the ice/bed interface.

The glacial deposits in the Nykvarn area were formed
Fig. 2. Geological setting of the
just afterwards, in the early Preboreal (approximately

10,000 years ago), and are part of the Middle Swedish

Ice-Marginal Zone (cf. Lundqvist, 1987); they overlie

Precambrian gneisses of the Scandinavian Shield

(Björnbom, 1981). Four zones representing stagnation

phases of the retreating land-ice mass were identified

in the region by Persson (1983). The study area, which

is considered to represent an interlobate area between

tongues of the retreating ice (Lundqvist, 1987), is

located in Persson’s (1983) zone 4, which is charac-

terised by relatively thick accumulations of glacioflu-

vial deposits. These beds formed, in front of the

rapidly retreating ice sheet, from huge volumes of

meltwater that were set free during the Pleistocene/

Holocene climatic amelioration (Brunnberg, 1995).

Most of these glaciofluvial deposits must have

formed in subglacial tunnels; the majority might be

characterised as tunnel-mouth deposits (cf. Brodzi-

kowski and Van Loon, 1991). These elongated sedi-

mentary bodies are expressed morphologically as

eskers. Four such eskers have been identified in the

area (Björnbom, 1981). The Hummelmora gravel pit

(Fig. 2), where the present study was carried out, is

located in the southernmost part of one of the eskers,

the Turingestråket (Björnbom, 1981). It is located near

the small town of Nykvarn, about 80 km southwest of

Stockholm.

All eskers in the Nykvarn area show a distinct

N–S trending orientation but the Hummelmora de-

posit has a locally deviating (E–W) direction. This

E–W oriented deposit is about 1800 m long and 800
Hummelmora gravel pit.
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m wide. Its maximum thickness is about 10 m.

Considering the highest level reached by the Pleis-

tocene coastline in the area (approximately 150 m

above the present-day sea level) and the present-day

elevation of the sediments, the deposit under inves-

tigation must have formed at a depth of about 100 m

below sea level. The regional paleocurrent direction

during the last glaciation was, as indicated by glacial

striae, towards the southeast (Björnbom, 1981). Part

of the sediments show large deformation structures

of uncommon type. It is these deformation structures

of which the origin is discussed in the present

contribution.

1.2. Methods of investigation

The genesis of the remarkable deformation struc-

tures that were found in a gravel pit at Nykvarn could

not be reconstructed easily. For this reason it was

decided to decipher first their geological context; the

sediments are described in the following sections.

They were exposed in two opposing walls of the gravel

pit (Fig. 3). Both the northern and southern walls are

approximately 250 m long and up to 8 m high.

Lithological profiles were measured and analysed in

12 sections (numbered 1–12); a generalised vertical
Fig. 3. Schematic drawing of the N and S walls of the Hummelmora grave

refer to logged sections. In the northern wall, which shows intense deform

middle part. The uppermost sediments are formed by the diamicton of su

covered by subfacies 3-b.
log is presented in Fig. 4. Paleocurrents were measured

on the basis of the preferred orientations of the long

axes of gravel-size clasts and of cross-bedding in sand.
2. Facies 1

Facies 1 is the lowermost facies and is exposed in

the lower part of both walls in the gravel pit (Fig. 3). It

is the coarsest of the three facies distinguished, form-

ing a 2–8 m thick succession of graded gravels

(subfacies 1-a) and stratified gravel and sand beds

(subfacies 1-b). The individual beds, which are up to

about 25 cm thick, are laterally continuous for several

meters and have non-erosional, planar to subplanar

boundaries.

Paleocurrents indicate a roughly southward trans-

port direction, the same as indicated by the striations

on the Precambrian bedrock.

2.1. Subfacies 1-a

2.1.1. Description of subfacies 1-a

This subfacies represents the basal part of the

succession studied; the contact with underlying depos-

its (or bedrock) is not exposed. The upper boundary is
l pit (the E and W walls are not exposed). The numbers 1 through 12

ations, facies 1 is covered by facies 2; it contains dropstones in its

bfacies 3-a. The S wall consists of deformed and faulted facies 2,



Fig. 4. Composite log of the succession in the Hummelmora gravel

pit.
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sharp and non-erosive. The subfacies consists mainly

of tabular, horizontal to subhorizontal, matrix-sup-

ported sandy gravels. They are moderately to poorly

sorted and show parallel stratification, frequently also

an overall normal grading (Fig. 5). Bed thicknesses

vary from 0.5 to 6 m; individual beds may change their

thickness laterally. To the west, the beds become finer-

grained and then pass laterally gradually into the

planar pebbly gravel beds of subfacies 1-b.
The clasts in subfacies 1-a are pebbles and cobbles

with a maximum size of about 10 cm. Some outsized

clasts are found locally in the uppermost beds, where

some beds are also characterised by horizontally

aligned clasts and by an upward increase in matrix

content. The matrix consists of medium to coarse

sand.

In a small exposure in Section 9, the sediments of

this subfacies are slightly overturned (Fig. 6) and

more massive (crudely bedded) than in other sections.

In addition, a collapse structure with high-angle

normal faults is present between Sections 5 and 6,

below the contact with subfacies 3-a (see Fig. 3).

2.1.2. Interpretation of subfacies 1-a

The coarse character and poor sorting of subfacies

1-a suggest deposition from high-energy currents with

a relatively high sediment load. In particular, the

horizontally bedded sandy gravels must have formed

under the upper plane-bed conditions of the upper

flow regime. In some sections, where the graded

succession passes vertically gradually into subfacies

1-b, the transition reflects a gradual drop in energy

level. The non-erosional character of the contact

between subfacies 1-a and 1-b indicates a gradual

change in energy, probably resulting from a change in

discharge.

Collapse structures are common phenomena in

coarse-grained materials that have been deposited on

top of a buried ice mass (dead-ice structures). Small,

high-angle normal faults record collapse after melting

of the buried ice (cf. Rust and Romanelli, 1975). The

disturbed sediments of subfacies 1-a are interpreted to

be a slump structure, formed on a sloping sedimentary

surface developed after melting of a buried ice block.

2.2. Subfacies 1-b

2.2.1. Description of subfacies 1-b

Subfacies 1-b consists of planar beds (up to half a

meter thick) of fining-upward sandy gravel, alternat-

ing with beds of pebbly sand. The lower boundary,

with subfacies 1-a, is gradual (Fig. 7). The matrix of

the pebbly layers consists of coarse to very coarse

sand. The frequency of clasts decreases upward. The

sands show commonly very fine lamination.

This subfacies is present in the western part of the

site (Fig. 3, Sections 5–8) and laterally pinches out to



Fig. 5. Graded gravel of subfacies 1-a in Section 1. On top of the section, subfacies 1-b, the parallel-laminated sand with beds of matrix-

supported gravels towards the base, is also visible.
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the east. It is faulted in Section 7, tilted in Section 8,

overturned in Sections 9–12 (Fig. 6), and deformed in

Sections 11–12, where the thickness of the entire

succession is only approximately 0.5 m; the true dip

direction is 236j and the inclination of the overturned

beds amounts to 62–86j.
Fig. 6. Eastward view of Sections 9 and 10 in the S wall. The subvertica

towards 200j (SSW). The position implies a structural relationship betwe
2.2.2. Interpretation of subfacies 1-b

The stratified sandy gravels and the gravelly, finely

laminated sands must have been deposited under

somewhat lower energy conditions than prevailed

during deposition of subfacies 1-a. The currents must,

however, have been powerful enough to transport
l, overturned sediments of subfacies 1-a in the foreground dip 86j
en these deformed deposits and subfacies 3-a.
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pebbles and cobbles. The type of lamination indicates

transport as a traction carpet (cf. Hiscott, 1994; Todd,

1996). A current velocity of 1 m/s is estimated to be

necessary for the transport of clasts of about 15 cm

diameter (Williams, 1983).

The horizontal bedding is attributed to the down-

flow migration of sedimentary bed forms that were

formed by interaction between eddies in the current

and the bed (cf. Brennand, 1994). Subhorizontal

lamination of sheet-like sediments is a well-known

result of plane-bed conditions of the upper flow

regime, which occur commonly during deposition of

sand and pebbly gravel in subaquatic delta environ-

ments (Miall, 1996).

Well-defined, non-erosional vertical boundaries re-

sult from draping under waning-flow conditions. The

common occurrence of gravel beds draped by thin

sand beds suggests that en masse deposition of sub-

aquatic gravelly debris flows was followed by depo-

sition from turbidity currents (cf. Ghibaudo, 1992).
3. Facies 2

Facies 2 is the finest deposit of the site and is

present over more than 50 m along the N wall of the

gravel pit (Fig. 3, Section 12; Fig. 8). No subfacies are

distinguished. The paleocurrents indicate roughly N–

S transport, as in facies 1.

3.1. Description of facies 2

Facies 2 consists of alternating sets of fine sand,

laminated clay, and clayey silt. The lower boundary of

this facies (with both subfacies 1-a and 1-b) is sharp.

The contact with the massive graded gravel of subf-

acies 1-a is visible in Sections 2–4 (Fig. 3) and is

sharp and non-erosional.

The lower part of facies 2 consists of a sandy unit

of some 30 cm (Fig. 4). The thicknesses of the

individual sand layers decrease upward, whereas the

thicknesses of the clayey silt beds show a reverse

tendency. The thicknesses of the individual silty and

clayey intercalations, which have a lateral extent up to
Fig. 7. Stratified sandy gravel of subfacies 3-a with intercalated

gravelly sand of subfacies 1-b. A minor fault set forms the boundary

of facies 3-a (Section 7). The scale bar is approximately 1 m.



Fig. 8. Strongly deformed glaciomarine facies 2 with large ice-supplied components (Section 3).
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50 m, vary from a few millimeters to 5 cm. The

alternations of fine sand and silt pass laterally into

units of more clayey silt with minor sand beds of up to

0.5 cm thick. The sand beds are laterally continuous

for several meters and have subplanar, non-erosional

boundaries. In general, the sand and silt beds in this

unit are well sorted and the only observed sedimentary
Fig. 9. Strongly deformed silty/clayey glaciomarine deposit of facies 2, ov

layer).
structures—apart from lamination—are related to

dropstones, which are common.

Deformation of the silty, clayey beds is observed

where the thickness of the sand beds is at a minimum.

Large-scale deformations (Fig. 9), including load

structures, in facies 2 are associated with a number

of outsized (up to 4 m) floating stones that disrupt the
erlying stratified sandy gravel and sand of subfacies 1-b (lowermost
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bedding because their diameters exceed the thickness

of the host strata. The floating stones push down—

and sometimes penetrate—the underlying layers (Fig.

10). Silty and clayey beds in particular are strongly

deformed in the direct vicinity of the stones, which are

draped by overlying strata. In the non-deformed parts

of the beds, the majority of the long axes of the clasts

are oriented either parallel or perpendicular to the

bedding planes.

3.2. Interpretation of facies 2

The presence of alternating sand and silt beds

indicates minor, short-term fluctuations in the energy

of the current that supplied these particles. A gradual

overall decrease in energy is inferred on the basis of

the vertical increase in the thickness of the silty/clayey

sets and the upward decrease in thickness of the sand

beds. The distinct separation of sandy and silty sedi-

ments suggests that these laminae resulted from alter-

nating currents. The coarser sandy particles were

probably transported by underflows, possibly in the

form of small-scale turbidity currents; the silty and

clayey layers, which have sharp upper and lower

boundaries with the sands, represent settling of either

the ‘tails’ of these turbidity currents or otherwise

suspended material (for instance, supplied by over-

flow/interflow currents) during periods of almost

stagnant water. The resulting deposits are fairly sim-
Fig. 10. The largest dropstone of the site with impact-related de
ilar to those described by Ó Cofaigh et al. (2001) for

turbid meltwater plumes that may have released ice-

bergs into the sea.

The lateral discontinuity of this facies, in particular

along the N wall, suggests that deposition was con-

trolled by the basin topography. The Precambrian

gneiss substratum is known from other locations to

have a highly irregular surface, so that the sedimen-

tary conditions must have changed drastically from

place to place. The deepest parts of the sedimentary

surface were presumably filled up first, whereas the

highest parts remained void of fresh sediments. The

pronounced gneissic ‘highs’ thus must be responsible

for the depositional style that made facies 2 laterally

discontinuous.

The isolated position of some large blocks, in

combination with their distinct impact on the underly-

ing strata, suggests that they are dropstones, supplied

by floating icebergs. Their scattered occurrence in

specific layers points to a restricted number of icebergs

arriving. The flame, loadcast and water-escape struc-

tures in the deformed silty clay beds underneath the

dropstones (cf. Lyså and Landvik, 1994; López-

Gamundi and Martı́nez, 2000) record the effects of

the suddenly increased pore-water pressure following

the impact of the dropstones (cf. Knudsen and Marren,

2002; Phillips et al., 2002). It is noteworthy in this

context that Ó Cofaigh and Dowdeswell (2001) attri-

bute some glaciomarine laminated fine-grained sedi-
formation structures in sediments of facies 2 (Section 4).
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ments to settling from suspension plumes probably

during an iceberg calving event. Another possibility is

that such sediments resulted from pulses of meltwater

influxes with suspended particles.

The overall architecture and the geological context

of this facies suggest outwash conditions in a shallow-

marine environment. The succession is considered to

represent mainly deposition by low-density turbidity

currents under the influence of ongoing meltwater-

supplied sedimentation on a submarine delta-like body

in front of the ice, prograding in a marine basin.
4. Facies 3

Lithofacies 3 consists of diamictons. Three subfa-

cies are distinguished. The most important subfacies

(3-a) is found in the N wall only, as is subfacies 3-b,

whereas subfacies 3-c is exposed only in the eastern

part of the S wall (Fig. 3). A gradual change in the

current direction towards SE–SSE occurs towards the

top of the succession.

4.1. Subfacies 3-a

4.1.1. Description of subfacies 3-a

This facies, which is exposed in a trough 15 m wide

and 6 m deep (Fig. 3, Section 6), consists of massive

and crudely stratified, matrix-supported diamictons

that show a wide range of particle sizes. The individual

beds within the diamictons are discontinuous; the beds

become thinner towards the margins of the trough.

Gravel, pebbles and cobbles, with occasionally bould-

ers up to 3 m in size, occur in a sandy/silty matrix. An

elongated boulder, approximately 1 m long, appears to

have slid downslope along the trough’s margin, dis-

turbing the sediment in front of it. Some of the pebble

beds are also folded and convoluted. The larger bould-

ers are most frequent in the lower part of this subfacies.

Subfacies 3-a rests disconformably upon the suc-

cession of alternating laminated sands and gravelly

sands of facies 1 and 2 that are cut by a series of

parallel, closely spaced, mainly reversed faults dipping

at steep angles away from the centre of the trough. The

axes of the faults run parallel to the axis of the trough.

The diamicton itself is unaffected by the faults, and the

faults die out at, or immediately below, its base. Fault

displacement is usually less than 20 cm.
4.1.2. Interpretation of subfacies 3-a

The lithology of subfacies 3-a differs strongly from

the underlying facies 2: particles that form the matrix

are roughly of the same size as the relatively large

clasts in the glaciomarine sediments of facies 2. A

genetic relationship is therefore likely. The isolated

position of the diamicton in the form of a trough-like

body within otherwise fine-grained marine sediment,

the downfolding of the sediment underneath, and the

nature of the associated faults together point to the

grounding and subsequent in situ decay of a debris-

rich iceberg.

As the iceberg became blocked by the sediments at

the seafloor, its momentum was transferred to the bed,

causing down-warping and faulting of the underlying

sediment by water expulsion (cf. Thomas and Connel,

1985). Both the faulting within the surrounding sec-

tions in facies 2, and the overturned position of the

sediments of facies 2 in Section 9, are interpreted as

consequences of the contact of the drifting—and

subsequently grounding—iceberg with the bottom

sediments (cf. Woodworth-Lynas and Guigné, 1991).

4.2. Subfacies 3-b

4.2.1. Description of subfacies 3-b

The lateral extent of this unit is limited to Section

11, where it is exposed as a 2.5 m thick and 10 m long

body, overlying a deformed part of facies 2. The

boundaries of subfacies 3-b are sharp.

The massive, matrix-supported gravel contains

clasts of pebble to cobble size within a matrix of

coarse sand. Strong deformation occurs in this subfa-

cies, including recumbent and overturned folds.

4.2.2. Interpretation of subfacies 3-b

The presence of structures beneath subfacies 3-b

indicative of heavy loading suggests a relatively rapid

rate of deposition on a water-saturated, soft-sediment

substratum (cf. Benn and Evans, 1996). The similarity

of the particle size between this unit and the underly-

ing facies 2 suggests an uninterrupted supply of

material, from the same source.

The faults affecting facies 2 cannot be traced into

subfacies 3-b since they are truncated at the contact.

This shows that deposition of facies 3 was preceded

by a phase of faulting and subsequent erosion of

facies 2.
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4.3. Subfacies 3-c

4.3.1. Description of subfacies 3-c

Subfacies 3-c is a matrix-supported diamicton

consisting of massive gravel with small, dish-shaped

clasts of pebble and cobble size in a clayey matrix. It

overlies facies 1 in Sections 1 and 2, where it has only

a small lateral extent, up to 7 m (Fig. 3).

The diamicton is covered by deformed clay and

silt. The lower boundary, with facies 1, is sharp,

irregular and erosional.

4.3.2. Interpretation of subfacies 3-c

The distinctly erosional boundary and the litholog-

ical difference with the coarse-grained facies 1 suggest

that the diamicton was deposited after erosion had

affected the silts and clays that had been deposited in

a glaciomarine environment (the silts and clays had

been deposited in calm water, primarily by settling

from suspension in an ice-marginal part of the sea,

probably protected by a barrier or being a bay with a

narrow inlet).

De Geer (1896) has described a comparable dia-

micton in a comparable geological context and attrib-

uted it to the release of material from a melting

grounded iceberg, on the basis of its differences with

other types of diamictons. We agree with this view.

The outsized clasts within the clayey matrix were

most probably deposited in a marine environment.

The marine character is highly likely on the basis of

earlier paleogeographic studies (Brunnberg, 1995),

and the absence of varves is another argument against

lacustrine sedimentation.

A. Mokhtari Fard, A.J.T. van Loon /
5. Overview of the environmental development

The depositional history has been reconstructed by

sedimentological analysis of the lithofacies. Three

units are recognized; they are indicative of, respec-

tively, a submarine outwash fan, a glaciomarine basin

and a near-coastal area where large icebergs touched

the bottom and became blocked, eventually melting

away completely.

The lowermost sediments are part of a submarine

outwash fan that developed in front of a subglacial

conduit, formed beneath an ice-sheet margin grounded

in the Yoldia Sea. The gravels of this outwash fan
(subfacies 1-a), which differ from the overlying gla-

ciomarine deposits (subfacies 1-b) by the predomi-

nance of large particles, were deposited by subaquatic

gravity-flows, which are common in subaqueous

outwash environments. The lateral variation in the

thickness of the unit is the result of localized deposi-

tion of sediment gravity flows on the low-relief,

subaquatic surface of the outwash fan.

The sediments of the subaqueous fan (facies 1) are

overlain by massive and normally graded fine- to

medium-grained sand and massive to laminated silts

and clayey silts of facies 2. The sand beds are products

of high- and low-density turbidity currents. The silt

and clay laminae interbedded with fine sand were

deposited from suspension and some have undergone

subsequent traction transport. This unit is consistent

with deposition under low-energy conditions in a

glaciomarine environment (cf. Horton and Schmitt,

1996). This situation may reflect that the ice-sheet

margin had further retreated, so that the sediments

record conditions in front of a delta-like fan prograding

into the Yoldia Sea.

The diamicton of subfacies 3-a is closely associated

with deformation of the subjacent facies and of two

smaller diamicton outcrops. The various deformation

structures and the general context—dead-ice structures

and dropstones in a marine environment—in combi-

nation with the overturned gravelly subfacies 1-a and

1-b adjacent to diamicton subfacies 3-a and 3-b,

suggest that the Hummelmora deposits result from

deposition on a sea bottom that was mechanically

disrupted by at least one grounding iceberg (Fig. 11).

The presence of overturned beds of subfacies 1-a in

Sections 9 and 10—in the S wall of the gravel pit (Fig.

3)—suggests a horizontal push mechanism that can—

within this geological context—be explained satisfac-

torily only by a grounding iceberg. The same mecha-

nism may have induced the faulting observed in the

gravelly facies 1-b of Section 11.
6. Grounding icebergs and their marks

Studies in the present-day polar areas show that

icebergs interact with the seafloor in extensive areas of

the Arctic and Antarctic (cf. Barnes and Lien, 1988;

Dowdeswell and Murray, 1990; Dowdeswell and Fors-

berg, 1992; Syvitski et al., 1996; Dowdeswell et al.,



Fig. 11. Depositional model for the Hummelmora gravel deposit with a grounding iceberg deforming the soft-sediment bottom of the sea.

Modified after Brodzikowski and Van Loon (1987).
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2000). It is known that such icebergs scour the seabed

andmay produce significant debris layers, and that they

did so also during the last ice age (see also Games,

2001), particularly after calving of huge ice masses (the

so-called Heinrich events) (Dowdeswell et al., 1995; Ó

Cofaigh et al., 2001). Yet, little is still known about the

sedimentary characteristics of scours and related

deposits, in spite of various approaches in the research,

including numerical modelling (Yang and Pooroosh-

asb, 1997) and seismic surveys (Lønne and Syvitski,

1997).

Icebergs must have reached the study area during

the early Preboreal, possibly as a result of large-scale

calving of the Scandinavian ice sheet. This could be

related to temperature fluctuations at the time: evi-

dence from North Atlantic deep-sea cores reveals a

series of abrupt climatic changes, reflected in the

cores as peaks in ice-rafted debris. Such a peak in

ice-rafted debris—probably representing a large-scale

ice-calving event—occurred approximately 10,300

years BP (Bond et al., 1997), more or less coeval

with the formation of the deformation structures

described here.

Stable-isotope investigation of marine sediments

along the Swedish west coast suggests rapid deglaci-

ation of the Scandinavian ice sheet during the early

Preboreal. Several studies show a number of dramat-
ic, climate-induced, ice-front fluctuations and drain-

age events for the early Preboreal Yoldia Sea in this

area (Bodén et al., 1997). In the Stockholm area,

marine cores through the Pleistocene/Holocene tran-

sition also contain ice-rafted debris (Andrén et al.,

1999).

The similarity in the characteristics of the deformed

sediments top those described in the literature from

grounded icebergs, in combination with the nearby

position of the Scandinavian ice front, suggests strong-

ly that icebergs drifted into the study area during the

early Preboreal. Scours from Holocene grounding

icebergs have also been reported from elsewhere

(among others, Gutierrez et al., 2003); they are also

known from the Pleistocene (McHugh and Olson,

2002) and from pre-Pleistocene glaciations (Eyles et

al., 1997; Ghienne, 2003). Vorren et al. (1983) intro-

duced the term ‘iceberg turbate’ for seabed strata

developed from the ploughing action of iceberg keels

on the sea floor.

The interpretation of the depositional events yield-

ing such glacial ‘markers’ is far from complete as

there are no definitive sedimentological criteria for

discrimination between glacially derived turbates and

those generated by the keels of floating ice. Massive

diamictons (also referred to as ‘waterlain till’) have

been interpreted as formed either by debris release
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from melting of the lower part of ice bodies close to

the grounding line beneath floating ice shelves or by

grounded tidewater glaciers (cf. Pirrie et al., 1997).

The rainout of clastic particles from melting icebergs

is easily sedimentologically distinguishable from rese-

dimentation by debris flows, among other criteria on

the basis of fabric.

The floors of modern-day high-latitude continental

shelves are subject to intense scouring by grounding

icebergs (cf. Eyles et al., 1997), but also by shore ice

(Dionne, 1998). Plough marks due to scour by

grounded icebergs are common, especially near the

sea margins where deformed sediments suggest that

the shallowing bottom was pushed forward by

grounding icebergs (cf. Bennett and Glasser, 1996).

As the majority of modern icebergs are less than 50

m high and would not survive for more than two

months after calving off (Ørheim, 1980), the presence

of gravelly iceberg-supplied material suggests a de-

positional environment relatively close to the ice

front.
7. Conclusions

The importance of subglacial hydrologic processes

in the final disintegration of the Laurentide and Scan-

dinavian ice sheets has been discussed elsewhere

(Mokhtari Fard, 2000, 2003). The global impact of

such events and the release of large volumes of

freshwater into the North Atlantic ocean has been

recently identified and the consequent iceberg dis-

charges in this region in late Pleistocene is documented

(Knutz et al., 2001).

The absence of laminations in the sediments above

the assumed grounded-iceberg structure, along with

the occurrence of the ice-rafted facies at the Hum-

melmora site, indicate a position close to the ground-

ing line of the Scandinavian ice sheet. Comparison

with the characteristics of modern grounded glaciers

with rapidly calving ice fronts shows several similar-

ities, among which the dense masses of debris. The

fact that the dropstones at the Hummelmora site are

restricted to a specific level (Fig. 10) implies, how-

ever, that the area was not frequently reached by

icebergs, but a sudden arrival of a single iceberg—

resulting in deposits like those at Hummelmora—was

possible; recent facies assemblages comparable to
those at Hummelmora have been described by Ashley

(1995).

Combination of the above data makes it most

probable that an iceberg reached the Hummelmora

area, where it grounded and disturbed the underlying

sediments (particularly those of facies 2). This is

consistent with the fact that the area underwent rapid

deglaciation during the early Preboreal (Brunnberg,

1995).

Considering the fact that the area is at the same

latitude (and not far away) from another site (Påla-

malm) where a giant jökulhlaup occurred at the same

time, reaching the sea through a submarine tunnel, it is

considered plausible that the jökulhlaup contributed to

the calving of the ice front, thus possibly creating the

iceberg that grounded at Nykvarn, thereby deforming

the topmost sediments.
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dammed valley, Brúarjökull, northeast Iceland. Quat. Sci. Rev.

21, 1677–1692.

Knutz, P.C., Austin, W.E.N., Jones, E.J.W., 2001. Millennial-scale

depositional cycles related to British ice sheet variability and

North Atlantic paleocirculation since 45 kyr BP, Barra Fan, UK

margin. Paleoceanography 16, 53–64.

Lønne, I., Syvitski, J.P., 1997. Effects of the readvance of an ice

margin on the seismic character of the underlying sediment.

Mar. Geol. 143, 81–102.
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