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The glaciotectonic deformation model of Rotnicki
(1976) was employed. This model requires that deformation
occurs beneath the 1ice proximal to the margin of the
glacier. The ductile nature of the folds, the deformation
properties of chalk-like materials and the 1location near
the margin of the advancing ice suggest that the sequence
was not £frozen at the time of folding. Other folds from
the vicinity of the Hvideklint and from the northeast coast
of Men demonstrate that the type of folding described at

Hvideklint is not unique.

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



GLACIOTECTONIC FOLDING OF A CHALK-DIAMICTON

SEQUENCE FROM HVIDEKLINT, M@oN, DENMARK

ABSTRACT

by
David Alexander Coyle

A Late Weichselian glaciotectonically.folded sequence
of Pleistocene dlamicton, overlying outwash sands and
silts, and displaced Cretaceous chalk was examined ag the
southwest end of the Hvideklint on the 1lsland of Men Iin
southeast Denmark. A detailed investigation of the
deformation history of the sequence employed 229
measurements of the anisotropy of magnetic susceptibility,
six pebble-orientation fabrics from a total of 262 pebbles,
paleomagnetic remanence directions from 42 specimens and
four mechanical analyses. The results were cdmpared with
the wvariation in the anisotropy of magnetic susceptibility
of 200 specimens collected from within a single flow fold
in a debris flow from the Sunnybrook Drift (wWisconsinan) at
Scarborough, Ontario, Canada.

Using the anisotropy of magnetic susceptibility as an
indicator of relative straln varlation within the two
folded sequences, it is shown that the Hvideklint sequence
exhibits a pattern of strain distribution similar to that
observed in the Scarborough £flow £fold. It is concluded
that the folding in the chalk-diamicton sequence was the
result of ductile flow of the chalk in response to
dominantly lateral stresses created by the readvance of the

Late Weichselian ice.

vii
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1 FOREWORD

The study of glaciotectonic phenomena has been going
on for almost a century. While many significant results
have been obtalned, the mechanisms by which glaciers can
remove and transport huge blocks of preexisting rock remain
somewhat elusive. So spectacular are some of the exposures
of glaclotectonic thrusting that other glaciotectonic
pheneomena, particularly folding, may recelve less
attention than they merit. The following thesis shows how
misinterpretations may arise when these glaclotectonic

folds are not given detailed scrutiny.
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2 INTRODUCTION

2.1 Purpose

The glaclotectonically disturbed Pleistocene drift
sequences of southeastern Denmark are among the best
described in the world. Alﬁhough much attention has been
paid to the origin of the larger-scale features, 1little
work has been done on the smaller-scale details of the
structures. In particular, only a few fabric analyses of
specific glaciotectonic features have been made. It was
therefore considered appropriate to carry out a detailed
examination of a folded chalk-diamict sequence at the
western end of Hvideklint, Men, Denmark.

The methodology <concentrated on the structural,
physical and textﬁral aspects of a deformed dlamicton
within this sequence. Because data from other sources
concerning the behaviour of folded diamictons are sparse, a
fold in a debris-flow from the Scarborough Bluffs, Ontario,
was also examined. The results of this investigation
should aid in the interpretation of the deformational
environment of the Hvideklint diamicton.

This study shows that detailed analyses are required
for an accurate interpretation of the environment and
history of folded diamictons. The resulté also demonstrate
that several sedimentological discrepancies exist in

Previous interpretations of the geology, and an attempt 1is
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made to resolve these problems 1in light of the new data

presented.
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2.2 Terminology

The following is a 1list of terms and definitions used

in this report, with brief notes on their usage.

Anisotropy of Magnetic Susceptibility: The AMS 1is a
measure of the three-dimensional variation 1in the
magnitude of the magnetic susceptibility of a rock or
rock sample. It 1s a symmetric second-order tensor,
and 1is in widespread use as an estimator of the

microfabric of a rock (Rees, 1968; Hrouda, 1982).

Magnetic Fabric: The magnetic fabric is the rock fabric as
determined by AMS. It is a more precise term than
microfabric because a true microfabric would measure
the orientations of all elongate elements within a
certain size range, whereas magnetic fabric measures
only magnetic materials. The magnetic fabric is not
restricted to only elongate gralns, but represents the
net fabric whereby grains of all shapes and their net

three principal axes are all measured.

Magnetic Foliation: The magnetic foliation is a
mathematical expression which estimates the degree to
which the AMS isusceptibility ellipsoid approaches an

oblate form. It is defined as:
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100 * (((K1+K2) * 0.5)-K3)
(K1+K2+K3)/3

where K1, K2 and K3 are the magnitudes of the maximum,
intermediate and minimum major semi-axes of the AMS

ellipsoid (Tiara and Scholle, 1979).

Magnetic Lineation: The magnetic-lineation is a measure of
the degree to which the susceptlibility ellipsoid
approximates a prolate shape (Khan, 1962; Tiara and

Scholle, 1979). It is defined as:

100 *__(K1-K2)
(K1+K2+K3)/3

The magnetic foliation and lineation are referred to
as the magnetic fabric parameters. There is a third
fabric parameﬁer, Q, which 1is the 1ratio of the

magnetic lineation to the magnetic foliation (Hamilton

and Rees, 1970).

Ellipticity: The ellipticity, E, is a measure of the
overall shape of the AMS ellipsold. It is defined as:
K2 * _K2
(K1*K3)
When E 1is greater than 1.0, the ellipsoid 1is prolate
in shape. When E is less than 1.0, the ellipsoid is

oblate (Hrouda et _al., 1971)
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Kinetostratigraphy: A kinetostratigraphic drift unit is

A defined as: "the sedimentary unit deposited by an ice
sheet or stream possessing a characteristic pattern
and direction of movement" (Berthelsen, 1973). Care
must be exercised when employing thls principle in the
field, however, because the individual drift units are
not defined by lithology but by the orientation of the

glacial forces which caused their emplacement.
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2.3 Fileld Locations

The primary field work for this study was conducted on
the 1island of Men in south-eastern Sj=zlland, Denmark (Fig.
2.1). The samples were collected at the western end of the
Hvideklint, approximately 1060 m west of the access lane at
grebzksvej (Fig. 2.2). The map coordinates of this site
are approximately 54°30'N latitude and 012°E 1longitude.
The diamicton which was sampled 1is located approximately
half way up a 20 m high cliff face.

Secondary £field work was done on a section of the
Scarborough Bluffs along Lake Ontario near Toronto,
Canada. The sampled horizon is situated in a small ravine
near the end of Sylvan Avenue (Fig. 2.3). The samples were
collected from a diamicton at an elevation of approximately
47 m above lake leQel. The map coordinates of this site

are 43° 43'N latitude and 79° 13'W longitude.
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Figure 2.1 Map of Denmark.
Orientation map showing the location of the island of Men,
Denmark. K 1is Copenhagen and HK84 is the sample locality.
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Figure 2.2 Location of the Hvideklint Section.
The so0lid square is sample locality HKS84.
The contours indicate that the deformed complex extends
both inland and seawards.
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Figure 2.3 Location of the Scarborough Section.
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2.4 Previous Work

The Pleistocene of Denmark.

The major Quaternary glaclations of Denmark are
correlatable with the Quaternary glaciations of North
America (Woldstedt, 1954; Hansen, 1965). At the time of
Hansen's (1965) review, the Danish Quaternary
stratigraphers used either thei¥r own nomenclature or that
of Alpine Central Europe. Since then the nomenclature of
.Northern Germany appears to have replaced the original
Danish terminology. Thus, the Antepenultimate or Mindel
Glaciation is now usually referred to as the Elster
Glaciation which 1is the North German equivalent of the
Kansan in North America. The most recent glaciation, the
Weichselian (formerly the "Last Glaciation"), is equivalent
to the Wisconsinan' of North America accordiné to Hansen
(1965) and Woldstedt (1954). There 1s one problem with
this correlation: the Wisconsinan of North America began
much earlier than the Weichselian in Denmark although the
two stadials ended at approximately the same time. Given
this, it is probably fair to say that the Weichselian of
Denmark is equivalent to only the Late Wisconsinan of North
America.

The Weichselian began approximately 25 000 yBP
(Berthelsen, 1979a) after the regression of the Skazrumhede
Sea, and is subdivided into three separate advances: the

earliest 01d Baltic Aadvance (the Norweglan Advance 1in
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12

northern Denmark), the main North-East Ice Advance, and the
Young Baltic Advance (replaced by the Younger Yoldia Sea in
the north). Denmark was completely £free of ice between
each of these three advances. The Welchsellan effectively
ended in Denmark with the retreat of the Y¥Young Baltic ice
and with the Belling and Allered climatic oscillations
approximately 11-13 000 yBP (Berthelsen, 1979a). Oon the
i1sland of Men, all three Late Weichselian stadlials are
represented and there is evidence for several readvances of
the main North-East Ice Advance (Aber, 1980; Berthelsen,
1979a; Berthelsen et _al., 1977; Sjerring, 1977).

Most of the more recent Quaternary stratigraphic work
in Denmark centres on the wuse of the concept of
kinetostratigraphy to classify and interpret the
glaciotectonic sequences (Aber, 1980; Berthelsen, 1973,
1978, 1979a; Houmark—Nielsen & Berthelsen, 1981} Rasmussen,
1975). Application of this method in complete glacial
Sequences presents some problems because the assignment of
Proglacial and interstadial deposits to kinetic units in
non-deformed sequences would be impossible or at least
highly gquestionable. For this reason kinetostratigraphic
classification 1is best used only 1in areas of complex
deformation where all the sediments have been deformed by
the ice in some manner.

The most effective application of the
kinetostratigraphic approach 1is found in a study of the

drift sequence of northern Samse, Denmark, by

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

Houmark-Nlielsen & Berthelsen (1981). They propose a
standard chart for the presentation of kinetostratigraphic
data which includes sections that detail the lithology of
the section, the presence and orlentations of any
deformations, the till fabrics, and the paleoeurrent
directions for non-kinetic units. This sort of composite
approach is superlior because it recognises both the
strengths and weaknesses of~ both the kinetic and
lithostratigraphic methods. Where present, the
kinetostratigraphic units are defined by characteristic
fabrics and/or structures, and they are clearly

differentiated from the non-kinetic units.
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Local Geology: Men.

The 1sland of Men is well known for 1its exposures of
glaciotectonic features, the most famous of which are
displayed in the prominent chalk cliffs of Mens Klint at
the eastern end of the 1island. Another exposure, the
Hvideklint on the central southH coast of the island, has
recently recelilved some attention after a detailed
examination by Aber (1%80). "rTypical" glaciotectonic
features are found at this location, including: the
emplacement of 1large allochthonous rafts of preglacial
rock; the development of glaciotectonic mélange; and, the
Subsequent deformation of the emplaced sequence by
Overriding 1ice. One unique feature of this 1location is
that the post-emplaéement deformation is most.pfonounced on
the lee side of the allochthon rather than on the stoss
Slde with respect to the presumed direction of ice
movement.

The local stratigraphy at Hvideklint consists of three
till wunits with intervening chalk rafts and disturbed
glacio-fluvial sediments. These tills are, from base to
top, the Lower Dislocated Till, the Upper Dislocated Till
and the upper Discordant Till (Aber, 1980). Aber (1980)
Suggested that the Lower Dislocated Till-belongs to the 014
Baltic advance, and that the Upper Dislocated Till and the

Discordant Til1l belong to separate readvances of the main
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North-EBast Advance. He stated that it is unlikely that the
Discordant Till could belong to the Young Baltic Advance
but offered little evidence to support this opinion.

The emplacement of the chalk must have occurred during
the initial advance of the main North-East ice because the
Upper Dislocated Till contains a large percentage of chalk
and flint pebbles, containing up to 50% chalk. This is
evidence for a syn- or post-chalk-emplacement time for the
Upper Dislocated Till. Conversely, in the Lower Dislocated
Till, the chalk and f£lint pebbles are notably lower at only
2.1% chalk (Aber, 1980). Thus 1f the assumption that the
Lower Dislocated Tillibelongs to the 01d Baltic Advance is
valid, there is no evidence for a North-East advance prior
to the emplacement of the chalk allochthon. This does not
Preclude the possibility of an early North-East Advance
till having been aeposited and then eroded -away. The
Structural evidence assoclated with the «chalk cliffs
indicates that the allochthons were brought in £from the
hortheast, which supports the hypothesis of Berthelsen
(1979) that the ice brought the chalk over the island from
the Fakse Bugt area. Previdusly, it had been thought that
the ice advance was refracted about the eastern end of the
islang, causing the chalk at Hvideklint to be emplaced from
the south (Hansen, 1965).

As no palynological work has been done on the unnamed
glaciofluvial deposits found between the readvapces of the

North-East Ice, it is difficult to determine the nature of
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the paleoclimate. Data taken from deposits which predate
the North-East Advance indicate subarctic or tundra
conditions (Hansen, 1965). There are no reported f£indings
0of wood or fossils iIn any of the Men sections. Thus the
general opinion of researchers working on these sections is
that the sediments are undatable either by absolute dating
methods such as C-14 or amino-acids, or by secondary dating
methods such as paleomagnetism (A. Berthelsen, pers.

comm. ).
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Geology of the Scarborough Section.

The Pleistocene geology of the Scarborough area
consists almost entirely of deposits of the Wisconsinan
glaciation. The local stratigraphy has been described and
compiled by Karrow (1967), and is reproduced in Table 2.1.
The sampled unit is a silty-clay which exhibits flow
folding. It 1lies wunconformably above the Sunnybrook Till
Member and below the varved clays of the Bloor Member in
the Sunnybrook Drift (Karrow, 1984b).

A recent re—-interpretation of the depositional
environment of the sediments £found in the Scarborough
Bluffs by Eyles and Eyles (1983) departs from the
traditional concepts of till deposition. They assumed that
the entire Sunnybrook sequence is the product of
sedimentation in a large lake. Massive tills are
interpreted to be the result of constant sediment rain-out
from floating debris-laden ice with no current reworking.
They interpreted the sampled unit :to be a resedimented
matrix-supported diamict that was formed as the result of
subaqueous slumping on an irregular lake-bottom
topography. This interpretation is questionable because it
does not explain how the Sunnybrook Till could possess an
irreqular surface to induce the subagqueous slumping.

There is continuing controversy over the validity of
the interpretations of Eyles and Eyles (1583) (e.g. Karrow,
1984a; Dreimanis, 1984). However, for the purposes of this

Study, the interpretation that the sampled unit |is a
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subaqueous flow deposit 1is not questioned because all

authors agree on this point.
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Table 2.1

Pleistocene stratigraphy at Scarborough

FORMATIONS AND EVENTS

Staqge

Formation or Event

lithology

Recent

Lake Ontariodo beaches
Alluvium

Swamp and bog deposits
Stream terrace deposits

Beach, sand, gravel

Clay, silt, sand,
gravel

Marl, muck, peat
Clay, sand, gravel

Wisconsinan Late

Middle

Early

Lake Iroquois

Early peripheral lakes
Leaside Till

Lake and stream deposits
Meadowcliffe Till

Lake and stream deposits
Seminary Till

Thorncliffe Formation

Sunnybrook Drift
Scarborough Formation

Clay, sand, gravel
Clay, sand

Silty sand till
Varved clay, sand
Silty clay till
Varved clay, sand
Clayey sand till

varved clay, sand
Sllty clay sand

Clay, silt, sand
wood

Sangamonian

Don Formation

Clay, sand, wood

_filinoian

Yoxrk Till

Clayey sand till

Formation names are underlined.
(Modified after Karrow, 1967.)
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2.5 Sampling Procedures

Field sampling was carried out by excavating oriented
blocks £from the exposures. The blocks were collected as
Close as possible to one another. They represented a
complete sequence through the folds with  the hinges and
limbs represented by separate blocks. The orientations of
bedding and fold hinge axes were measured in the field.
The Hvideklint section 1s of a sufficient size to allow a
sSecond set of blocks to be obtained, collected parallel to
the first set, along the fold axes (Fig. 2.4).
Unfqrtunately, the Sunnybrook site was not sufficiently
extensive parallel to the fold axis to permit such
duplicate sampling (Fig. 2.5). In both cases, the average
Sslze of each block was 15 cm in helghth, by 20-cm in width
and by 20 cm in lenéth.

Subsampling for AMS, pebble fabrics and paleomagnetic
rYemanence was done in the 1laboratory. The specimens for
AMS and paleomagnetic studies were obtained by carefully
cutting out 2cm x2cm x 2cﬁ4 cubes of the sediment and
Placing them in snug-fitting styrene boxes with external
dimensions of 2.54x2.54x2.54 cm. For the more clay-rich
Mmaterial from the Scarborough section, the containers were
Subsequently sealed to prevent loss of moisture which could
result in the shrinkage of the specimens. The actual

cutting of the specimens had to be undertaken with great
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precision because forcing the container over a too-large
specimen could produce deformation errors in the
measurements for the specimen (Gravenor et al., 1984).
Conversely, a too-small specimen would be free to rotate
within the container which could 1introduce orientation
errors. In all cases, the observed difference between the

ideal and the actual dimensions of the specimens was less

than 1 mm.

Two methods were employed to cut the specimens. The
sSpecimens from the Scarborough section were cut using a
hobby knife similar to the procedure described in Gravenor

et al. (1984). The Hvideklint sediment, however, contains

a larger percentage of pebbles which made the collection of
Perfectly cubical specimens impossible. ?urthermbre, this
Sediment is also very clay-poor which precluded the use of
the second common. subsampling procedure which 1is the
drilling of cores with a diamond-tipped bit. This type of
drilling would have been impossible because the drill
requires circulating water £for 1lubricating, cooling, and
removing the debris from the undrained drill hole. The
Clay content would not be h&gh enough to prevent complete
disaggregation of the sandy matrix of the sediment when it
Came into contact with the circulating water. A new method
was devised (Fig. 2.6) where the large sample blocks were
first dry cut into 5 em thick slabs using a 25 cm diameter
Circular carborundum saw blade. The slabs were then sealed

On their exposed faces using several coats of diluted
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varnish. The varnish penetrated to a depth of at 1least
3 mm, and thus effectively waterproofed the slab. The
rough slabs were then cut into 2 cm thick slabs using a 20
cm dlameter water-lubrilcated circular dlamond blade. The
exposed faces were then sealed, and these small slabs cut
and trimmed into 2x2x2 cm specimens again using the 20 cm
diamond saw. The samples were then placed into the sample
containers. Through all stages of this procedure
orientation marks were kept on the slabs using waterproof

ink.
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HK84-!1
\

HK84-15 - |\
HK84-05 > - —HK84-06

Figure 2.4 Sample Locations, Hvideklint
Schematic Section showing the locations of the samples
obtained from the Hvideklint section. The dashed line
outlines the trace of the fold.
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SB85-01 SB85-03 SB85-04

\/ e S amm— .\ﬁf\
[

r )
. / g |
SB85-02 { i _j__J______SBSfS-O?(behind)
v~ |f_ T
——5885-05 I0cm

Figure 2.5 Sample Locations, Scarborough
Schematic section showing the locations of the samples
obtained from the Scarborough site. The fold is outlined,
and the vertically ruled unit is the upper portion of the

Sunnybrook Till.
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is set in plaster with the
sides parallel to the
orientation marks put on
i the field

_i_ 1. The 15x20x20 cm £ield sample

2. The block is cut into 5 cm..
thick slabs perpendicular to -
the fold axes

The exposed faces are sealed
and labelled

4., The 5 cm thick slabs are
cut into 2 cm thick slabs

The exposed faces are sealed
and labelled.

6. The small slabs are cut into
two 2x2xX cm pillars

7. Sample containers are
placed over the tops of
the pillars and cut ofE.
This is repeated until the
entire pillar is consumed

Figure 2.6 Subsampling Procedure for the Hvideklint Specimens.
By maintaining orientation data throughout, and by planning
the cuts carefully, a complete and representative
collection is obtained.
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2.6 Laboratory Methods
Anisotropy of Magnetic Susceptibility:

The anisotropy of magnetic susceptibility (AMS) was
determined using the Sapphire Instruments S8I-2 magnetic
Susceptibility instrument. This dgvice consists of an
inductance coil and circuitry'-connected to a dedicated
microcomputer. The inductance coll 1s placed in a double-
walled Mu metal container to reduce the effect of the
Earth's field and_ laboratory noise. When a specimen is
Placed in the coil the change in the inductance is
recorded. Thus by measuring various orientations of the
Specimen the anisotropy of magnetic susceptibility (AMS)
Can be determined. The software which controls the <
instrument permits. a number of methods by which the
dQccuracy of the measurements may be enhanced. These
include:

a) Increasing the measurement time by factors of two,

from one-half second up to a maximum of 8 seconds per

measurement. ”

b) 6, 12 or 24 measurement orlentations. This allows

each of the matrix elements of the AMS tensor to be s

measured once, twice or four times, respectively.

c) Signal stacking, which repeéts each 1Individual

measurement €from 1 to n times, with a resultant

increase in the signal to noise ratio of Jm.
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In all measurements, each sample measurement is bracketed
by air-readings to calculate the amount of drift. The
Program provides a safety feature whereby the measurements
must be repeated 1f the measured drift ils too large.

The program also provides an estimate of the
reliability of each measurement by computing the radius of
the cone of 95% confidence (Fisher, 1953) about each: of the
three principal susceptibility axes. Using this estimator,
the optimum combination of accuracy enhancements can be
determined for each collection of specimens by repeatedly
remeasuring five randomly selected test specimens £rom each
Collection using different combinations of these Efeatures.
The following optimum measurement modes were determined for
the two sites:

Hvideklint: 12 orientations, 8 second measure time,

and no signal étacking.

Scarborough: 12 orientations, 4 second measure time,

and no signal stacking.

Pebble Fabrics:

The pebble fabrics weré determined by measuring the
Orientation of the long axes of prolate pebbles contalned
Within the blocks. The orientations were determined by
gently loosening the pebble from the matrix while
Preserving the mold so that the pebble can be replaced in
its proper orientation. The three major axes of the pebble

were measured, and if the A/B ratio was 21.7 then the
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pebble was considered prolate and was replaced in its mold.
A sharpened probe was then 1inserted 1into the sediment
adjacent and parallel to the iong axlis of the pebble. The
azimuthal direction (declination) in the down-dip direction
and the dip (inclination) of the probe were then measured
relative to the orientation reference markings which had
been placed on the block in the field. Where possible, at
least 50 pebble orientation me;surements were taken from

each of the six sample blocks.

Paleomagnetic Measurements:

The paleomagnetic remanence directions were measured
using a Schonstedt SSM-1A spinner magnetometer. The
natural remanent magnetisation (NRM) was determined for all
Samples. One representative sample from each of the seven
blocks was AF step.demagnetised through peak £fields of 5,
10, 15, 20, 30, 40, 50 and 65 milliTesla (mT). The

remaining 35 samples were bulk cleaned at 20 and 40 mT.

Mechanical Analysis:

Mechanical analyses on”slx samples were performed by
welghing out samples contalning 100 g of sediment, and then
wWashing each sample on a screen with a passing dlameter of
0.075 mm (#200 Tyler mesh). The >0.075 mm fraction was
then dried at 110° ¢. It was then shaken through a sieve
Stack consisting of 4.00, 2.00, 1.00, 0.50, 0.125, and

0.075 mm screens (5, 10, 18, 36, 120, and 200 Tyler mesh).
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The welght of sediment retalned in each screen was -then
recalculated as a percentage of the total weight. The
<0.075 mm fraction was placed in a 1.0 L cylinder and the
volume bulilt up to 1.0 L by the addlition of triple
distilled water containing a deflocculating agent
(Calgon). The mixture was agitated and allowed to stand
undisturbed for 2 hours and 3 minutes. At this time a
20 mL pipette was inserted to a‘ depth of 10 cm and filled
with suspensate. The 20 mI, of suspensate was then dried
and welighed. The welght of thls residue 1s proportional to
the weight of the fraction of the sediment particles which

are %4 pm in mean diameter.
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3 FIELD OBSERVATIONS AND LABORATORY RESULTS:

HVIDEKLINT SECTION

3.1 stratigraphy
The section of the Hvideklint which was investigated
is confined to the deformed assemblage on the southwest
side of the main chalk allochthons which are Upper
Campanian to Lower Maastrichtia; in age and which comprise
the Hvideklint proper. This section, 50 m wide, is made up
of five distinct lithostratigraphic unlts (Fig. 3.1):
1. chalk;
2. laminated diamicton (deformed);
. 3. alluvial sands, silts, gravels (both deformed and
undeformed);
4. Upper Dislocated Till; and,

5. Discordant.Till.

The chalk occurs in two separate autochthonous.tongues
which are connected 1laterally to the main body of the
Hvideklint chalk allochthpn. The diamicton exlists
Unconformably as a sheath around the 1lower chalk mass.
Above and to the southwest of the chalk, stratal continuity
is largely maintained within the diamicton (Fig. 3.2).
This diamicton had previously Dbeen described as a
9laciotectonic melange (Aber, 1980), but the stratal
Continuity above the chalk and an absence of exotic blocks

Tefutes this interpretation. Examination of the section
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published in Aber (1980) reveals that the portion of the
section examined in the present study was largely covered
with debris at that time, which has subsequently eroded. As
the diamicton curves under the chalk, its character
changes. First, 1t becomes brecciated and mixed with chalk,
and then it passes through a transition into a basal =zone
of a mixed chalk-diamicton that 1is best described as a
glaciotectonic microbreccia. _ This lower-boundary
microbreccia lies unconformably upon undisturbed alluvial
Sands (Plates 3.1 and 3.2). The deformed alluvium to the
Southwest of the wupper chalk tongue apparently 1lies
conformably above the deformed diamictons. The thinner
upper chalk tongue 1is intruded unconformably along the
interface between these two sedimentary units.

The Upper Dislocated Till is the first undeformed unit
to appear above fhe deformed sequence, and it 1lles
Unconformably above the deformed alluvium. Above the Upper

~ Dislocated Till lies the Discordant Till, in which a thin

Soil profile is developed.
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| DISCORDANT .
Al TILL

1{}|UPPER R
DISLOCATED TILL |-z | SAND, SILT

e

_o==| DIAMICTON C | CHALK 0 T ——

Figure 3.2 sSketch of the area immediately adjacent to the
unit sampled at Hvideklint
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Plate 3.1 cContact Between the Glaciotectonic Microbreccia
and Underlying Undeformed Sands.
The diameter of the lens cap is 52 mm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



35

o ,)‘;ﬁz\
or

T T N

Plate 3.2 Undeformed Sands below the Glaciotectonic

Microbreccia, Hvideklint.
Hammer is 31 cm in length.
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3.2 sStructure

The overall structure of the deformations is that of a
la:ge, recumbent, asymmetric, non-cylindrical £fold which
has been displaced to the southwest along a basal shear
plane. Smaller folds developed in both the diamicton and .
the alluvium are also overturned to recumbent, although
their morphologies differ in other respects (Figs. 3.1 and
3.2). The folded unit which- was ~sampled (Fig. 3.3)
contains two recumbent, south-verging, similar folds.
Despite the considerable hinge thickening of up to 100% for
the 1lower of the two folds, the original sedimentary
laminae are well preserved (Plate 3.3).

A series of small, upright, asymmetric dentations is
found on the north-dipping 1limb (Fig. 3.3). These are
interpreted as being the result of the injection of the
softer, chalk-rich diamicton which |is stratigraphically
below, and thus are not true folds. These dentations were
formed as the sediments were being compressed in that, as
the inter-limb angle decreased, the diamicton in the core
of the fold was injected ingo its neighbour...Superficially
these features resemble drag £folds which are caused by
layer-parallel slip during progressive simple shear (Davis,
1984). Such slip is improbable for two reasons. First, the
axial surface of drag folds remains perpendicular to the
direction of greatest shortening. For these features to be
drag folds, the direction of greatest shortening would have

to be shallowly-dipping to the south. The considerable
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hinge thickening of the 1larger-order fold negates <his
argument because it provides evidence for a direction of
greatest shortening which 1is subvertical. Second, the
dentations exhibit extension in thelr cores as shown by the
distension of the thin chalky 1lamina and this feature
supports the 1injection origin hypothesis (Plafe 3.4). If
the dentations were the result of layer-parallel slip, the
outer "limbs"™ of the dentations_would exhlibit shear, not
the area around the axes. L2
The poles to the bedding of the sampled unit and the
orientation of the two fold axes are presented in Figure
3.4. At no point in the folds does the inclination (dip)
of the pole to bedding exceed 60° because at all points the
bedding is dipping at 230°. This is important 1later in

considerations of the AMS and paleomagnetic results.
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=.=-| DIAMICT

Figure 3.3 Sketch of the folded Unit, Hvideklint
This is a detailed vertical section of the folded unit
from which the HK84 samples were collected. Note that
the chalk content is variable between the different
beds.
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Hvideklint.
The scale is in centimetres.
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Preserved Sedimentary Laminat

HK84-13

Plate 3.3
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Plate 3.4 Pseudo-drag folds at Hvideklint.
Lens cap is 52 mm diameter.
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3.3 Anisotropy of Magnetic Susceptibility.

The AMS was determined for 229 specimens from the
Hvideklint site. The results are summarised in Table 3.1.

From the data 1in Table 3.1 and the contoured
stereoplots of the Kmax axes (Figure 3.5), it can be seen
that the mean Kmax axis remains virtually unchanged
throughout the folded layer. However, while the mean Kmax
axes remaln constant, the patterns of their distributionss-
vary. In the upper limb of the upper fold (Block 01l), the
Kmax axes exhibilt a strong tendency to 1lie 1in the‘
horizontal plane,_despite the dip of the bedding. The very-.
steeply-dipping Kmin axes (Table 3.1) have deviated from a
bedding~normal position. These observations indicate that
the AMS ellipsoid has been reoriented as a result of the
folding. Through the fold axis and into the  lower limb
(Blocks 02-04), the'Kmax axes are tlghtly clustered around
the fold axis. The Kint and Kmin axes are more variable
and show evidence of rotation about the fold axis. 1In the
lower £0ld (Blocks 05-07) a notliceable change in the
distribution of the AMS axes 1is seen. The Kint and Kmin
Suceptibility axes exhibit clustering about two respective
positions whereas the tlght clusterlng of the Kmax axes
Seen in the upper fold degrades to form a rough girdle in

the horizontal plane (Blocks 05 and 06).™~
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TABLE 3.1
AMS Data from Hvideklint
Kmax Kint Kmin

BLOCK N D I «95 D I %95 D I «95
HK84 01 28 250.5 -0.9 18.0 11.4 -61.3 18.6 46.2 178.8 20.1
HK84 02 32 265.6 10.7 13.0 7.7 41.9 18.8 176.6 63.0 16.0
HK84 03 24 264.5 4.1 7.7 357.7 61.5 13.9 174.4 27.9 13,3
HK84 04 22 272.1 3.6 19.0 14.4 38.9 23.8 187.8 50.6 16.2
HK84 05 36 286.6 4.2 13.4 18.7 15.6 15.5 182.5 73.4 10.9
HK84 06 29 276.3 3.5 17.4 24.6 ‘9.4 19.1 177.5 77.8 9.6
HK84 07 23 274.3 . 9.3 19.4 357.6 -12.5 21.7 170.8 59.7 18.0
MEAN 270.0 4.1 6.0 4.8 26.4 7.7 175.7 65.4 6.0
HK84 09 35 291.3 -4.1 12.2 20.4 11.1 12.4 37.5 =-77.1 3.9
Notes:

N = number of specimens D = declination (azimuth) (degrees)

I

= incllnation (dp)

(degrees)

«95 from Fisher,

1953 (degrees)
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This pattern continues into the lowermost 1limb (Block 07)
with only minor modification. There is again no
re;ationship between the AMS and the  attitude of ¢the
bedding (Blocks 04-07). These data suggest that there 1is
an obvious:change in the state of strain between the upper

and lower folds.

The fabric parameters also exhlbit variations through
the folded sequence (Table 3.2). The ellipticity ("E")
parameter shows that the magnetic fabric 1is initially
oblate 1in shape, constricts to a prolate shape through the
upper fold hinge, and then returns to an oblate shape in
the lower fold. This pattern of magnetic fabric variation
is consistent with .the distribution of the principal
susceptibility axes described above. In an oblate
ellipsoid the Kmax and Kint axes may fluctuate within their
plane while the Kmin axis remalins "fixed". In a prolate
ellipsoid, just the opposite is possible with the the Kmax
axis "fixed" while Kint and Kmin £fluctuate in a plane
normal to Kmax. These are the same the relationships
which are observed between” the principal susceptibility
directions and the ellipsoid shape.

The parameter Q" is often used as an estimator of the
overall shape of the AMS ellipsoid. Hosiever, in
comparison with the ellipticity parameter, "Q" is clearly
deficient in one important respect, ie., in "E" the oblate-
Prolate transition 1lles precisely at the wvalue 1.000

whereas with "Q" there is no clearly defined £fabric shape
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transition. Several researchers (e.g. Hamilton and Rees,
1970; Gravenor, 1985a) use "Q" as an indicator of whether
or not the sediment has undergone postdepositional
deformation. A "Q" value of 0.67 or greater 1s supposed to
indicate that the sediment has been deformed or deposited
on a paleoslope (Hamilton and Rees, 1970). Analysis of
Table 3.2 indicates that to use "Q" as an indicator of
deformation 1is clearly 1nva11d._ The portions of the fold
which exhibit the greatest deformation also exhibit the
smallest "Q" wvalues which are less than 0.67. [Furthermore,
there is no simple linear relationship between "E" and "qQY,
so the value of "Q" as an estimator of the true shape of
the ellipsoid is also questionable. For these reasons the
"Q" parameter cannot be reliably used in the interpretation
of deformed sediments.

The AMS in the lower boundary microbreccia (Block 09)
does not differ greatly form the AMS through the folds in
terms of the orientation of the three principal
susceptibility axes (Figure 3.6, Table 3.1). The shape of
the ellipsoid is different, however. The AMS ellipsoid in
the glaclotectonic microbreccia is more prolate (Table 3.2)
thus having the highest ellipticity, a high value for the
foliation and a low lineation. It is again worth noting
that "Q" is remarkably low despite the fact that this

portion of the sequence 1is arguably the most strongly

deformed.
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AMS Fabric Data from Hvideklint.

BLOCK N LINEATION FOLIATION Q E

No. Mean SD Mean Sb Mean SD Mean SD
HK84 01 28 3.82 %2.93 5.96 #4.71 .766 £.430 1.005 :.048
HK84 02 32 3.58 2.38 4.77 2.39 .795 .423 0.995 .,034
HK84 03 24 3.48 3.33 4.76 4.49 .771 .331 0.997 .019
HK84 04 22 4.00 3.62 8.14 17.67 .579 .338 1.027 .048
HK84 05 36 3.48 4.90 6.29 4.88 .487 .365 1.014 .050
HK84 06 29 3.57 5.98 6.92 11.21 .500 .264 1.026 .082
HK84 07 23 -4.34 3.49 6.43 5.06 .685 .354 1.002 .028
HK84 09 35 2.63 2.23 6.74 2.13 .373 .233 1.030 .026
Lineation, Follatlion, Q, and E are defined in the text.

SD 1s the standard Deviation.
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Figure 3.5 Stereoplots of Kmax Directions, Hvideklint.
interval in

Area of smoothing circle: 2%. Contour

per-cent.
A: poles to bedding Great circles: bedding
O: mean Kmin directions m: mean Kint directions
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Figure 3.6 Stereoplot of Kmax directions, Block HK84-09.
Legend as in Figure 3.5.
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3.4 Pebble Fabrics

Analysis of the clast fabric data (Figure 3.7) reveals
that the mesofabrics of the sediments are not as easily
reoriented as the magnetic £abrics, although the mean
directions are consistent throughout (Table 3.3). In the
uppermost and lowermost limbs there is an obvious tendency
for the long axes of the prolate—pebbles to lie within the
original bedding plane. Through the £fold hinges and the
shared central limb the pebbles, like the AMS, have been
Strongly affected by the strain. The distribution of the
Pebble axis directions 1is also similar in pattern to that
of the Kmax directions of the AMS. The orientations of the
"A" axes of the pebbles exhibit a tight clustering about
the fold axis in the upper fold (Blocks 12 and 13), but in
the lower f£o0ld (Block 16) the long axes of the pebbles show

4 distribution within the horizontal plane.
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TABLE 3.3

Pebble Fabric Data from Hvideklint

Block Number of Mean Mean x95
Number Pebbles Declination Inclination

HK84 11 50 249.9 -15.1 11.5
HK84 12 50 279.17 19.0 9.7
HK84 13 44 277.4 - 1.0 0.9
HK84 14 23 248.5 5.3 10.1
HK84 16 45 277.4 11.3 9.2
HK84 17 50 279.8 4.2 11.2
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Figure 3.7 Pebble Orientations, Hvideklint.
Smoothed stereoplots of the orientations of the long
axes of prolate pebbles for each of the blocks in the
collection. Contour interval 1is 1in per-cent. The

area of the smoothing circle is 5%.
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3.5 Paleomagnetism

Step demagnetisation of the seven pilot specimens
(Figure 3.8) reveals a progressive and fairly coherent
demagnetisation behaviour of the specimens after 10-20 mT
and up to 50 mT, at which point samples 01 and 04 begin to
behave erratically. This pattern of demagnetisation
suggests that the speclimens reqord stable paleomagnetic
directions in the 20 to 50 mT range of demagnetisation.
All of the viscous remanence component appears to be
removed by 20 mT and therefore bulk demagnetisation values
of 20 and 40 mT were selected. Analysis of the directional
data (Figure 3.9) reveals significant scattering of the
actual directions at both 20 and 40 mT. At 40 mT the only
pattern evident is a crude deviation of -the paleomagnetic
vectors away from the £fold axes. Analysis of the block
mean directions (Fiéure 3.10, Table 3.4) demonstrates that
the remanence direéfions do not record the prefolding
direction, because:

1) blocks 01 and 07 have similar bedding orientations

yet there is no clustering of remanence directions;

ii) the directions from the two blocks from each fold

axls should cluster yet blocks 02 and 03, and blocks

05 and 06 have mean directions which differ by as much

as 70°; and,

iii) the mean directions from all seven blocks should

lie on a single small circle about the £fo0ld axes and

they do not.
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It is difficult to interpret data which are
simultaneously both magnetically stable and directionally
scattered. The only reasonable interpretatlion is that the
primary remanence was in part reset and in part rotated
during deformation. The remanence was unable to align with.
the paleofield due to the simqltaneous reorlientation of
both the meso- and. magnetic-fabrics with the stress fleld.
The remanence directions could have been affected also by
possible eddying in the sediment as the larger sand- and
pebble-sized particles were physically reoriented in

response to the applied stress.
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Figure 3.8 Step Demagnetisation Data, .Hvideklint.
J/J0 1is the change in intensity of magnetisation
relative to the strength of the NRM for each specimen.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



270

180

Figure 3.9 Remanence Directions, Hvideklint.
Top: 20 mT Bottom: 40 mT Line: mean £fold axis
Open circles represent down directions, closed circles
are up directions.
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Figure 3.10 Block Mean Remanence Directions.
All directions are down directions. -
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Table 3.4

Block Number of Mean Mean %95
Number Specimens Declination Inclination

---20 mT——-
HK84 01 6 192.1 81.4 38.0
HK84 02 6 82.5 73.8 32.8
HK84 03 6 323.9 55.1 42.5
HK84 04 6 355.1 48.5 28.2
HK84 05 6 273.8 83.3 45.8
HK84 06 6 19.3 41.0 39.9
HK84 07 &6 351.2 53.4 49.3
HK84 09 6 18.4 46.1 28.6

-——40 mT---
HK84 01 6 210.0 59.3 27.7~
HK84 02 6 145.9 79.1 49.8
HK84 03 6 330.9 53.1 46.3 .
HK84 04 6 358.6 36.3 47.3
HK84 05 &6 316.4 81.8 49.4
HK84 06 6 13.6 31.6 41.9
HK84 07 6 343.1 62.2 47.2
HK84 09 6 77.8 l16.2 47.3
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3.6 Mechanical Analysis

The sediment samples exhibit poor sorting with a
bimodal distribution of grain sizes and therefore the
sediment can be classifled as a diamicton (Filgure 3.11).
Using the simplified nomenclature of Wentworth (1922), this
sediment 1is a 'clayey-sand'. A pebble count (Figure 3.12)
shows that.the-pebblesvinwthLaTsediment are predominantly
sedimentary and 1igneous in origin along with significant
percentages of chalk and f£lint. This distribution differs
from those described by Aber (1980) for the till units of
Hvideklint in that the chalk component is noticeably lower .a.

i.e. 15% versus 30-50% in the tills.

Analysis of the wvariation 1in the total carbonate
content, as estimated by the acid soluble fraction (Figure
3.13), reveals that there is a significantly 1larger
Proportion of carbonate material in the silt and clay size
ranges. This caﬁ be accounted for in two ways. First,
chalk is composed of the tests of microscopic fqraminifera
and nannofossils., when the <chalk disaggregates, those .
tests, both whole and broken, would be 1included in the
resulting sediment. Second, the glacliotectonic folding of
the sediment could further crush the tests thereby
increasing the carbonate content in the silt and clay size
ranges.

The poorly-sorted texture, well-developed lamination,
Presence of interbedded water-washed gravels and sands,.and

the conformity with the outwash sands and silts which 1lie
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stratigraphically above indicate that the sediment sampled

at Hvideklint is the product of subaqueous mass flow.
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Figure 3.11 Grain Size Distributions.
The scale used is that of Wentworth (1922).
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Figure 3.12 Pebble Lithologies from Block HK84 14,
Hvideklint.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



62

100

%o

VFI FIM]C|VC

CLAY

SILT

SAND

GRAVEL

004

.0625

Figure 3.13 carbonate Content of Block HK84 14,
Hvideklint.
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SCARBOROUGH SECTION

3-7 Anisotropy of Magnetic Susceptibility

The directional data for the AMS results from the
Scarborough section are given in Table 3.5. The fabric
data are given in Table 3.6. The £fold axis 1is oriented
N10°W and the direction of £low is inferred to have been
from the ENE. As can be seen from Table 3.5, the AMS
ellipsold maintains a constant orientation throughout the
fold with Kmax closely parallel to the orientation of the
fold axis. The distribution wf the principal
susceptibility axes (Figure 3.14) shows that Kmax and Kint
axes are slightly scattered in a plane dipping at
~approximately 10° NNW. The Kmin axes are circularly
clustered about a mean direction.

The shape of Ehe susceptibility ellipsoid exhlibits a
spatial wvariation within the £flow fold. The upper and
foremost block (Block 01, Figure 2.5) in the downstream
directlon possesses the lowest value of ellipticity, and
the lowermost block (Block 06) the greatest. If the blocks
are traced in succession around the fold, £following the
original sedimentary layering, 1t can be seen that the
ellipsoid shape varies systematically. Initially (Block
04) the ellipsoid is moderately prolate with an ellipticity
of 1.022. As the sediment approaches the fold hinge, the

ellipticity decreases through 1.011] in block 03
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to a minimum of 1.009 in block 0l.¢s In the hinge area
itself, the ellipticity begins to increase to 1.023 in «
block 02 and by the time the sediment reaches the base of
the flow fold (Block 06) the ellipticity has increased to a
maximum of 1.034. The central portion of the £fold (Block
05) posesses a mean ellipticity value of 1.021, which 1is
intermediate. However, the core .of the fold (Plate 3.5)
also exhibits a distribution of fabric shapes similar to
that observed 1in the entire £fold (Figure 3.15). The ¥
exception 1Is that the 1lower 1imb does not exhibit..
flattening at the base, but rather in the hinge area of the

fold.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



65

TABLE 3.5
AMS Data from Scarborough
Kmax Kint Kmin
BLOCK N D I «95 D * I ®x95 D st I «95
SB85 01 21 335.3 14.9 14.3 65.7 4.4 14.8 343.1 -74.5 4.7
SB85 02 20 337.4 8.1 3.9 69.4 15.6 5.5 38.0+-71.4 4.9
SB85 03 20 330.8 18.9 5.5 60.0 -3.7 6.1 319.2 -71.9 3.9
SB8S 04 27 320.1 12.2 4.9 50.3 0.4 4.7 320.3 -77.6 2.9
SB85 05 62 339.5 8.3 6.1 69.2 2.3 5.8 348.0 -80.4 3.3
SB85 06 27 310.1 10.2 10.9 44.5 17.8 11.0 10.1 -69.8 3.2
SB85 07 23 340.7 11.7 9.9 70.% 6.5 8.7 3.1 -76.5 .6.3
s

Note: The legend is the same as in Table 3.1
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Table 3.6

AMS Fabric bData from Scarborough.

_BLOCK LINEATION FOLIATION had ¢ Bid b

NUMBER _ Mean SD Mean Sb Mean SD Mean SD
SB85 01 3.97 12.06 6.65 t1.33 .578. %.277 1.009 £.024
SB85 02 5.40 1.11 9.99 1.46 .543 .090 1.023 .015
SB85 03 4.48 1.45 7.58 0.58 .592 .193 1.011 .021
SB85 04 3.93 1.40 7.87 2.20 .512 .187 1.022 .027
SB8S 05 4.04 1.82 7.93 2.70 .520 .201 1.021 .023
SB85 06 0.78 0.37 4.48 0.74 .174 .086 1.034 .o008
SB85 07 4.52 2.39 8.34 1.71 .547 .293 1.019 .036
SD is Standard Deviation
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Figure 3.14 Stereoplots of Principal Susceptibility
Directions, Scarborough.
Area of smoothing circle is 2%, contour interval
is in percent.
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Figure 3.15 Distribution of AMS Ellipsoid Shapes in Block
SB85-05.
The spatial variation in ellipsoid shape is
demonstrated using the parameters of lineation and
£foliation. The section is normal to the £fold axis.
The units of lineation and foliation are percent.
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Plate 3.5 Centre of the Scarborough Flow Fold.
Block number O05. The scale is in centimetres. The
photograph is at right angles to the fold axis, and a
layer of unconsolidated sand can be seen to be
continuous along the 1lower 1limb of the fold and
through the hinge of the fold. The original

sedimentary laminae lare preserved, and microfolding 1is
seen in the hinge area.
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~3.8 Mechanical Analysis
Two mechanical analyses of the sediment sampled at e
Scarborough (Figure 3.11) show that they are poorly-sorted
silty clays. At 0.5%, the extremely low content of clasts
greater than 2 mm in diameter precluded performing pebble

fabric or composition analyses.
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4 INTERPRETATION OF THE HVIDEKLINT SECTION

‘ In oxder to determine the origin of the structures,
lithologies and fabrics of the Hvideklint section, the
laboratory and field data previously described are analysedx

in detail below. o

-

4.1 Origin of the Stratified Seguence

The lack of fabric data from an undisturbed portion of
the sectlion does not permit interpretation of the origin of
the diamictons. Therefore granulometric, sedimentary-
structural and stratigraphic data are used to interpret
this section.

| Granulometric data indicate that the Hvideklint

sediment is a poorly-sorted, bimodally- -'distributed
dliamicton. If only. these data are consldered, then the
range of probable origins is restricted to:

1) till;

2) debris flow (subaerial, subaqueous); and,

3) glaciotectonic melange.

wWwhen the sedimentary data are considered, the origiﬁ
can +be further narrowed down. of these above
possibilities, till can be eliminated because the sediment
examined in this study exhibits well-defined bedding. The
interbedded waterwashed gravels and sands are evidence for
& subaqueous origin which eliminates the possibility of a

Subaerial debris flow i.e. "landslide". Similarly,
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glaclotectonic melange can be eliminated as an origin
because the laminations are continuous throughout the
sequence whereas the shear laminae of a melange are
discontinuous (Aber, 1980). Again, the interbedded gravels
are evidence for a subaqueous origin which 1is not
compatible with a glaciotectonic melange.

By elimination a subaqueops debris £low origin |1is
postulated for this diamicton. This .shypothesis is
supported by the stratigraphic association with the sands
and silts which conformably overlie the diamictons. Debris
flow deposits have been described £from many areas where
they are interbedded with outwash, kame or glaciolacustrine
deposits (Hartshorn, 1963; Hester and DuMontelle, 1971;.
Hicock et al., 1981; de Jong and Rappol, 1883). The
combination of granulometric, sedimentary and stratigraphic
data offers cleaf evidence that these deposits are
subagqueous debris flows and that they have not been
directly affected by the glacier from which their sediments
were most likely derived.

A glaciogenic debris £flow 1is deposited subaqueously

from the melting of debris-laden ice at the terminus of. a

glacier or 1ice sheet (Evenson et al., 1977). If the=«.

glacier is advancing then the debris flows will be overlain
by basal till (May, 1977). Conversely, if the glacier is
retreating then the debris flows will be overlain by

Sutwash sands and gravels (dedJong and Rappol, 1983). In
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all cases, the glaclogenic debris flow facies is strictly-
ice-marginal. ¥

The implications for this section, in terms of what
has previously been proposed, are noteworthy. It has been
previously suggested for the Hvideklint section that the
chalk allochthon was emplaced and that the ice sheet then
continued to advance over 1t w:}thout pausing (Berthelsen,
1979b, Abef, 1980). Furthermore, it has also been
suggested that the chalk allochthons were emplaced through
a process of proglaclal thrusting (Berthelsen, 1979b; Aber,
1982). Both the presence of chalk in the sediment and the
location immediately adjacent to +the chalk allochthon
suggest that.the debris flows were derived from the same
ice sheet which transported the chalk allochthon. Because
the debris flows occur on the lee side of the allochthon
and because such débris flows are Ilice-marginal, the 1ice
sheet must havé completely covered the chalk. There is no
evidence that any of the sediments or debris have been
"bulldozed" in front of the allochthon. This signifles
that the chalk allochthon must have «been transported en- or
sub-glacially, as some authors suggest (Banham, 1975;
Moran, 1971) and not pushed in front of the advancling ice
as others suggest (Aber, 1982; Rotnicki, 1976).

The stratigraphic association of sands and silts above
the diamicton can be taken as evidence that the ice sheet
was receding (de Jong and Rappol, 1983). Therefore, it is

Xeasonable to infer that emplacement of the chalk
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allochthon was initiated when the 1lce began 1its retreat.
It is improbable that an advancing ice sheet would éeposit
the chalk allochthon and then continue to advance over it
because some factor must initiate the emplacement of the

allochthon.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75

4.2 State of Strain

Little work. has been done on the variations in fabric
th;ough folds which are the product of glaclotectonic
deformation. One study (Nlelsen, 1982) examines the
variation in pebble fabrics through a large recumbent fold
in western Sj=lland, Denmark. Through the use of +a
synoptic fabric diagram which _plots all of ¢the £fabric
results on a single stereonet without correcting for
bedding orientation, Nielsen (1982) demonstrated that the
original fabrlc has been reorlented through deformation by
rotation about the £fo0ld axis only. Thus the £fabric data
are distributed in a girdle. 'Synoptic diagrams for the
sediment investigated in this study reveal a different
pattern (Figure 4.1). The well-defined maxima and -minima
directions suggest that the AMS fabric has been reoriented
by some other mechanism.

The AMS of rocks is becoming increasingly popular as
a petrofabric indlicator for the determination of straln in
deformed rocks. It i1s known that the AMS tensor 1is very
sensitive to small deformations (e.g., Gravenor et al.,
1984), and thus can be used as an indicator of the relative
stralns recorded in a single rock unit (Kligfield et al.,
1977; Hrouda, 1979). The AMS does not, however, estimate
the strain quantitatively because most rocks have a
Prestrained non-random fabric and because the AMS tensor
itself is very complex which does not lend itself to simple

mathematical treatment. Strains have been calculated from
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AMS data (Rathore and Henry, 1982; Rathore, 1979) but this
requires knowledge of the pre-strain state of the rock and
the actual strain at some locality..to which the AMS may be
correlated. The Hvldeklint site does not allow such
guantitative strain analysis because neither of these two
conditions can be satisfied.

The three principal susceptiblility axes can be used to
estimate the orientation of the strain ellipsoid during
deformation. In the upper £fold at Hvideklint, the X-Y
plane of the strain ellipsoid 1s oriented with the axis of
maximum elongation parallel to the £fold axis and the
intermediate axis dipping steeply to the north (Blocks
02-04). The fact that. the intermediate axis 1is not
significantly reoriented around the fold axis, is
indicative of penetrative deformation of the - type which
causes the developmént of slaty cleavage in slates (Hrouda,
1976, 1978).

The fabric parameters, especially the ellipticity, can
be used- to approximate the changes in shape of the strain
ellipsoid through the folds. The ellipsoid 1is prolate in
the upper f£old (Blocks 02 and 03) but becomes oblate in the
Jdower fold (Blocks 05 and 06). This pattern is strikingly
similar to the type of change which occurs when homogeneous
shortening 1s superimposed onto a preexisting fold (Hobbs
et al., 1976; see their Figure 4.33, p. 194). How the
upper fold could have escaped the additional shortening

which the lower fold experienced is difficult to explain.
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It is reasonable to assume, however, that this secondary
shortening must have occurred contemporaneously with the
development of the upper fold. Comparison with the £fabric
distributions within the £flow fold from the Scarborough
section provides insight into this discrepancy. The
magnetic 1lineations and foliations £rom the Scarborough
flow fold when plotted on an axis-normal section (Figure
3.15) show that the stronger lineatlons occur near the top
of the fold in the upper portlion of the hinge, while the
stronger foliations occur immediately below these high
lineations in the centre of the hinge area itself.

The distribution described above £for the Scarborough
section occurs presumably as a result of the mechanism
which creates the flow fold. The strong lineations at the
top result from a compressional flow regime which occurs in
the upper portion of the flowing layer (Enos, 1977). As
the compression re;ults in a thickening of the layer at the
.site of the developing fold hinge, the mass of this debris
compresses the material immediately subjacent to 1it. As
£flow continues, the fold area will roll along much like a
conveyor belt with the upper material beling forced down
into the hinge area and the material which previously
occupied this position moving down into the base. It can
be seen from the photograph of the Scarborough debris flow

(Plate 3.5) that a sand lamination is continuous around the

fold and that it exhibits microfolding in the hinge area.
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The distribution of AMS ellipsoid shapes 1in the
Hvideklint section shows a remarkably similar pattern
(Figure 4.2). In both the Hvideklint sequence and the
Scarborough flow fold, the variation of ellipsoid shapes in
the hinge region of the fold is initially oblate, becomes
constricted to prolate high in the upper hinge area, then
becomes oblate again in the hinge area proper, and f£inally

~ at the final stage the ellipsoid becomes greatly flattened
underneath the £old. This distribution of fabrics 1is quite
different from that observed in consolidated rocks folded

by geotectonic processes (Ball, 1960).
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Figure 4.1 Synoptic Fabric Diagram, Hvideklint.
The data are from the folds only, Block 09 is
excluded. Area of smoothing circle is 2%. The contour
interval is in percent. The solid triangles are the

mean directions.
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Figure 4.2 The Distribution of the Block Mean Values of
Ellipticity in both the Hvideklint and Scarborough
Folds. ’

The Hvideklint section  has been simplified for
clarity. The two sections are at different scales.
C is chalk, D is diamicton.
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- 4.3 Mechanism of Folding at.Hvideklint

The folded sequence at Hvideklint remains attached to
the main chalk allochthon. The surface upon which the
folded sequence rests 1is very shallowly dipping towards
this chalk cliff. Clearly, these deformations cannot have
occurred as a result of unconfined flow down a paleoslope
as a debris flow does. A mechanism must therefore be found
which can account for the similarities between the folding
observed in the Hvideklint and Scarborough areas.

The study of glaclotectonics has, in general,
concentrated on thrust faulting. Folding is often
considered to be a secondary process and is often ralated
to the emplacemant of the thrust slices. Two processes
have been proposed £for the development of glaciotectonic
folding that are not directly related to thrusting: i)
subglaclial shearing.(Aber, 1982); and 11) mobilisation of
subglacial sediments in response to differential 1loading
(Berthelsen, 1979; Rotnicki, 1976). The first theory is of
limited value because the shear strength of 1ice 1s too

- small to account for deformations on this scale (Hobbs,
1974). Second, subglacial shear 1s generally confined to a
relatively thin 1layer In the uppermost basal materials,
when present (Boulton and Jones, 19795. Furthermore, folds
which do result £from subglacial shear wverge in an up-

glacier direction (Nlelsen, 1981l). The £folds at Hvideklint

are verging in the opposite direction.
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Examination of the chalk which comprises the core of
the deformed sequence reveals that it has been intensely
brecciated. Plate 4.1 shows the chalk core where it can be
seen that the £1lint nodules (black spots) are randomly
oriented. In the main chalk allochthon, these nodules are
confined to well-defined bedding planes. Closer inspection
(Plate 4.2) reveals that the chalk has been ground to a
fine paste which was so weak that a clayey diamicton was
injected under the pressure of deformation.

van der Wateren (1981) uses the deformation behaviour
of lime mud (drewite) as an indicator of the behaviour of
chalk when stressed, because there is no known geotechnical
work that has been done on the <chalk of Mesn. The
independent work on lime mud (Terzaghi, 1940) shows that
fine grained carbonate zrocks such as chalk - or drewite
possess unlque propérties when stressed. Flrst, a 1lime mud
is very weak with a strength roughly equal te that of an
unconsolidated Pleistocene 1lacustrine clay. Second and
more importantly, lime mud :becomes progressively weaker
beyond a given pressure which is unlike ordinary clays or
sands. Terzaghi (1940) attributes this contrary behaviour
to the 1initilation of cataclasis -- the breaking of the
sediment's clasts. Such cataclasis has evidently occurred
in the deformed chalk of the Hvideklint sequence. Krogh
(1923) has observed that unconsolidated unfrozen clays
begin to flow ductilely under sufficiently high pressures.

The properties of the chalk with respect to the flow limit

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



83

are unknown. However, 1f the values given by Krogh (1923)
of 80 to 100 atmospheres are considered, .then the ductile
£low of an unfrozen clay layer can be 1initiated under an
lce thickness of less than 1000 metres. The fact that lime
mud behaves similarly to clay at low confining pressures,
coupled with the observed decrease in the strength as the
pressure increases, permits~the.conclusion that an unfrozen
chalk could deform by ductile flow under a glacier. The
thickness of of the 1ice could be much 1less than 1000
metres, confining the deformation to an area near the
terminus of the advancing ice where the slope 6f the ice
sheet's surface is greatest.

This theory implies that the deformation is initiated
in the layer of weaker chalk. The surrounding strata are
carried along passively as the incompetent 1layer is
extruded forward to&ards a zone of lower confining pressure
i.e. towards the terminus of the glacier.-

Even at the terminus of an ice sheet, the.slope of the
ice surface would be much too low to be the sole cause of
the deformations. The orientation of the £fold axes
perpendicular to the presumed location of the ice margin
suggests that the 1lce sheet does exert some control over
the directional development of these deformations.

Consideration cannot focus solely on the slope of the
Immediately superjacent ice. When the entire ice sheet is
considered, thicker ice which may be several kilometres

back of the margin will exert a force in the marginal area
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in the form of lateral stresses (Figure 4.3; Rotnicki,
1976). A regilon of glaciotectonic £folding ;s created
beneath the terminus of the glacier. A zone of ductility
in the underlying sediments exists because the confining
pressure of the overlying ice does not permit brittle
deformation (Berthelsen, 1979b; Rotnlicki, 1976). This
model applies to the deformations of the Hvideklint because
the large—-scale ice slope is responsible for the
directional control which 1is .evident in the £folding. The
plane upon which the £old then advanced would correspond to
one of the 1isolines of vertical compression (Rotnicki,

1976) which exist beneath the terminus of the ice.
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Plate 4.1 The chalk (centre) showing the lack of
preferred orientation of the £flint nodules (dark

spots).
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4.4 Assoclated Deformations

On the island of Men it has been assumed that
deformation occurred in permafrozen sediments (e.g. Aber,
1980, 1982). Careful examination of the Hvideklint and
some of the other exposures on Msn reveals several more
examples of the same type of pressure-induced £folding as
described above. .

Southwest f£rom Hvideklint where the chalk is no longer
present in the cliff, the .structures shown in Plates 4.3
and 4.4 were encountered. Plate 4.3 showsta "wave" of
diamicton developed in outwash sand. Plate 4.4 shows the
structures immediately suprajacent to those in Plate 4.3,
where the sands which were deformed by the lower diamicton
have themselves been intruded into a suprajacent
diamicton. Both of these structures. are overturned to the
southwest in the direction of ice movement. ?1ates 4.5 and
4.6 show two more examples of pressure-induced flow
folding. Both of these sections ,are from the northeast
coast of Men, to the west of the very large scale
deformations of Mens Klint. In both of these £folds the
cores are clay-rich diamicton.

~ Several other features from the Hvideklint section
itself are worth noting. One of these has already been
illustrated in Plate 4.2. The dendritic nature of this
injection "flame" and its irreqular edges are evidence of a
viscous state for both of the materials involved. Plate

4,7 shows a diamictic dike which has been intruded into the
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chalk allochthon. The dike ends approximately 15 m up into
the chalk before reaching the upper contact of the chalk
al;ochthon. Such a feature is an indication that the ice
which emplaced the chalk was transgressing over unfrozen
ground. Plate 4.8 shows the contact beween the chalk and
an overlying diamicton near the central portion of
Hvideklint. The contact . between chalk and diamicton |is
gradational, which exhibits no evidence of shearing orx
#. preferred orientations. The gradational zane has a
thickness of approximately 1 m. The high chalk and low
magnetic mineral content prevented the use of AMS to
investigate the origin of this gradétional contact so that
its precise origin 1is uncertain. Most probably it was
developed in unfrozen materials under the influence of an
elevated pore water pressure at some distance behind the

lce margin.
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Plate 4.3 Deformations in an Outwash-Diamicton Sequence
Southwest of Hvideklint. A wave-shaped body of blue-
grey diamicton can be seen, which 1is enclosed in
reddish-grey sands. The "wave" is overturned towards
the southwest (left of photograph). Note the
horizontal base of the wave, and how it is continuous
across the area of the photograph.

The ruler 1ils 15 cm long.
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in a Diamicton Sequence Northwest of
PlateM:ﬁg Kﬁ%ii{ngPictured is a small (0.8 metre recumbent
asymmetric fold. The lower 1limb of this £fold 15
sharply pinched into an acute angle of less than 20°.
Note that the 1lamination 1s not destroyed, and that
the fold is not sheared off or faulted in the area of
the pinched £o0ld on the lower limb.
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Plate 4.7 Diamicton Dike, Hvideklint. The dike of sandy
diamicton (dark) has apparently been intruded upwards

into the chalk cliff(white).
The pencil is approximately 18 cm long.
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Plate 4.8 Gradational Contact between Chalk and Diamicton,
Hvideklint. Pictured is a gradational zone between
the overlying diamicton (blue-grey) and the chalk
cliff (bottom, white). Note the absence of preferred
orientations or evidence of shear in the gradational
zone.

The book is 20 cm long.
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4.5 Frozen or Unfrozen?

Previous workers on the Hvideklint section have
interpreted the deformations to have  taken place in
permafrozen sediments (Aber, 1980; Berthelsen, 1979Db).
Evidence presented in this study suggests that some of the
deformations must have occurred in sediments which were not
permafrozen. It must be stressed at this point that the
followling interpretations refer only to the deformed
sediments which were sampled and examined in detall in this
study. No attempt should be made to try to relate these
interpretations to other glaciotectonic phenomena found at
or near the Hvideklint section, especially the initial
thrusting and emplacement of the 1largely intact chalk
allochthons.

Before the sediments can be interpreted  to have been
frozen or unfrozén, careful consideratioh of these
sediments and their depositional environment must be made.
Previous work on the Hvideklint has assumed that the
sediments in the study area were of pretectonic origin,
being deformed during or shortly after the emplacement of
the chalk allochthons (Aber, 1980). If this were true,
then the assumption that these sediments were permafrozen
-~ as were the chalk allochthons —-—- may be wvalid. Careful
examination of these sediments reveals that they were
deposited only after the chalk allochthons were emplaced,
because of the high content of materials which were derived

from ’these allochthons. Deposition was by ~normal
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fluvial/lacustrine processses and not by the development of
a glaciotectonic melange. Shallow permafrost is not
stable under rivers or lakes (Muller, 1947; Mackay and
Mathews, 1964). Thus 1t can be concluded that there would
not have been permafrost development during the deposition
of the debris-flow and subsequent sand-silt sequences.
Unfortunately the contact bétween the sands and the
ovelying Upper Dislocated Till is unconformable so that it
cannot be determined whether or not there was an
appreciable intexrval of non-deposition and possible
permafrost development before the ice advanced over the
area. Nevertheless it is unreasonable to make the extra
assumption that the sediments were frozen on the basis of
the sedimentary data.

The strength of the materials involved also raises
‘questions about the previous assumptions of a £frozen
state. The relative strengths of sand, diamicton and chalk
are the same regardless of whether they are frozen or
unfrozen (Banham, 1975). In conflined tests, sand is always
markedly stronger that clay or chalk. Also unconsolidated
sediments, particularly sands, remain intact during
deformation and faulting even when unfrozen (van der
Wateren, 1981). It was the observation that unconsolidated
sediments remained intact that  helped initiate the
permafrost theory of glacliotectonic deformation (e.qg.,

Mathews and Mackay, 1960; Kupsch, 1962), but recent work
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has shown that a permafrozen state is not necessary to
* accomplish this (van der Wateren, 1981).

The Hvideklint sediments do not show evidence of
brittle behaviouxr? The chalk in particular exhibits
extreme ductile deformation. This study also presents data
from a fold in a debris flow. From examination of Plate
3.5, it can be clearly seen that- a sand layer retains its
original bedding even when the deformation was unconfined
flow. The confining pressure of the overlying sediments
and ice at Hvideklint would have been more than sufficient
to maintain the stratal continuity which is observed in the
higher parts of the section. The assumption that a
permafrozen state is required to maintain stratal
continuity is obviously invalid.

It is clear now that the sediments do not need to have
been frozen during deformation. Arguments concerning the
origin of the sediments indicated that there is a strong
possibility that the sediments were not permafrozen prior
to deformation. Evidence should now be sought which will
establish conclusively whether the sediments were in fact
frozen or unfrozen. The injection feature (Plate 4.2) and
the diamicton dike (Plate 4.7) provide such evidence.
There is no apparent way in which these features could have
developed in permafrozen materials. Furthermore the
gradational contact (Plate 4.8) 1is evidence that the chalk
allochthon itself was unfrozen at some point, at least at

its edges. Whether the chalk allochthon was £frozen or not
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at the time of thrusting 1is beyond the considerxation of

this study.
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4.6 Model for the Origin of the Sequence at Hvideklint

A model for the origin of this section is presented in
Figure 4.4. There are four main stages to this model.

1) The main chalk allochthon 1is emplaced. The ice
completely covered the chalk, and a debris-~ and chalk-rich-
zone is present immediately adjacent to the allochthon.

2) Melting of the ice results in the deposition of the
subagueous debris £flow - outwash sequence. The debris
flows represent the early melting of the debris-laden ice
margin. As the margin recedes, the sediments deposited f£rom
meltwaters become better sorted as a result of the increase
in travel distance so that sands and silts are deposited
above the debris flows.

3) The Northeast Ice readvances over the area. While
still in the steeply-sloping marginal zone of the glacier,
the pressure of thé overrliding ice 1nitiates ductile £flow
in the wéak chalk. The relative weakness of the
immediately adjacent chalk-rich debris £lows provides a
convenlent site into which the chalk may flow. Directional
control is provided by the decreasing confining pressure
towards the ice margin and by a high 1lateral pressure
exerted by the greater ice thicknesses upstream.

4) Equilibrium is reached when the ice continues to
advance over the sequence. The lateral pressure gradient
will decrease as the thickness of ice increases. Strain
hardening in the sands (Hubbert, 1951) may contribute to

the equilibrium by making the sequence more resistant to
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stress but this cannot be proven. At this point the folded
sequence has assumed its present morphology. Deposition of
the Upper Dislocated Till begins.

Several addltional comments are 1in order. First, 1in
the 1initial stage of deformation, (see #3 in Figure 4.4)
the seguence resembles the two folds from Mens Klint shown
in Plates 4.5 and 4.6, The existence of these two other
folds conflrms that this mechanism of glaciotectonic
folding is not unique to the Hvideklint section. Second,
the fact that deformation of the chalk 1ls confined only to
the margin of the allochthon allows the possibility that
the core of the allochthon has remained £frozen since its
initial emplacement. Conversely, the deformation may be
localised at the margin because of the transmittance of
stress through the allochthon. This situation is analogous
to the transmittanée of stress through a row of billiard
balls. Only the ball at the far end exhibits movement in

response to the stress applied at the opposite end of the

row.

In summary this model 1is meant to be only an
approximate guide to the development of the deformation
which exists in the Hvideklint section. A more detalled
analysis including fabric studies of all deformed strata
and a more detailed investigation of the engineering
properties of these materials are reqﬁired before a
complete picture of the events and processes preserved in

the sequence can be drawn. One of the future studies with
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great potential would be the examination of the stress
behaviour of the chalk because a detailed knowledge of this
could lead to determination of the thickness of the ice

sheet which initilated the deformation.
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PRESENT

Figure 4.4 Model of the Origin of the Folding at
Hvideklint.
The position of the ice is for illustrative purposes
only. The precise location is not to be inferred.
Lithologies are the same as in Figure 3.1. See text
. for details.
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