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Conterence

Glacial Facies Models

David R. Sharpe

Geological Survey of Canada
601 Booth Streat

Ottawa, Ontario K1A OE8

Intreduction

A Geological Society of America Penrose
Conference on Glacial Facies Madels, held in
Toronto, 3-8 May 1987 was organized and
hosted by N. Eyles, C. Eyles and A.D. Miall.
This s a timely theme because glacial sedi-
mentology is a quickly expanding field of study
in Canadian and worldwide geoscience with
increasing scientific and economic
importance.

The conference attracted an impressive
line-up of researchers dealing with glacial
deposits ranging in age from Precambrian to
modern, Participants (65) came from eleven
countries (Australia, Brazil, Canada, France,
Japan, The Netherlands, Poland, South
Africa, Switzertand, United Kingdom and the
United States).

The conference was a success in that a
wealth of new data and syntheses of existing
idoas were presented on many glacial
environments. The program highlighted the
variety of controls on glacial sedimentation
through facies models developed from
ancient, Pleistocene and modern settings.
This geclogical cross-section forced partici-
pants to consider factors affecting the widest
depositional settings {(e.g., basin configura-
tion, tectonics, etc.). Integrated studies of
glaciated basins or along basin transects
were proposad to broaden the understand-
ing of controls on sedimentation. Laminated
sediments and massive diamictons were
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identified as difficult facies from which to do-
cipher unequivocal formative processes. Soft
sediment deformation structures were pre-
sented as important environmental indicators,
but they need to be dlearly distinguished from
glaciotectonic and periglacial structures. The
significance of episodic and catastrophic
sedimentation, particularly related to decay
of the great ice sheets, were highlighted in
several presentations and should be the
themae of future workshops.

However, a shortcoming of this Penrose
was its ambitious program. Too many formal
presentations allowed too little time being
spent in discussion. Despite a crowded pro-
gram, several crucial major topics were not
covered at all. For example, the sedimentary
significance of “deformable beds™ {Boulton,
1986) should have at least come up during
discussion, but preferably shoulid have been
an important part of a presentation on sub-
glacially deposited diamictons.

Four days of sessions covered several
broad topics: (1) facies models and facies
modelling; (2) continental facies in sub-
glacial/proglacial, eolian and lacustrine set-
tings; (3) glaciomarine facies in fords, ice
marginal environments, temperate and polar
continental shelves and slope settings.
Thirty-eight oral presentations were made,
amounting to & full blown conference rather
than the workshop concept that Penrose
meetings have embodied in the past. Never-
theless, the organizers are congratulated for
bringing together an interesting program.

Facles Models

Walker presented a review of facies models,
which attempt to provide a general summary
of one or a group of depositional environ-
ments. He stressad that second generation
models are in use for many non-glacial
environments. Second generation models
aim to examine the controlling parameters.
This contrasts with the first generation gla-
cial facies models. The complexity of glacial
environments, particularly the sub-glacial
and ice-marginal sub-environments, and
their controlling parameters may preclude
the establishment of reasonable distiliations
of all but local models. The use of “basin
analysis” techniquas has yet to be applied to
glaciated terrain.
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Crowell introduced an important theme of
the conference, which was to integrate our
understanding of glacial sequences through
time. He emphasized, as did Walker, the
importance of event-straligraphy whereby
events may be correlated if the facies differ
spatially. However, as some of the examples
to foliow will show, standard glacial facies
summaries were all that could be expected
from many areas (6.g., the Proterozoic of
Norway); in other examples, facies sum-
maries wera not attempted or were not pos-
sible given the data available.

Sub-glacla! and proglacial and
continental facles
Boulton dealt with the large-scale organiza-
tion of glacial facies. He outlined zones of
erosion, deposition, depositional sequences
and theoretical dispersal paths on an ice-
sheeot scale. The significance of isostasy-
oustasy was indicated in comparing north-
south ice-sheet-scala facies sequences. For
example, glaciomarine sequences were pre-
dicted to be thicker northward due to greater
ice loading and isostatic depression. His tar-
get topic of sub-glacial sedimentation was
not covered and such major facies compo-
nents as lodgement and melt-out tills were
not systematically described or discussed.
However, the range of criteria needed to infer
these processes, particularly in ancient
rocks, was made clear in subsequent talks.
Notable was the absencs of discussion on
“deformable beds"; their description and
importance to ice sheet dynamics and
reconstruction. Discussion of "deformation
bed™ conditions and sediments is probably
the “hottast” topic in glaciology related to
glacial sedimentology (Alley et al, 1986;
Boulton, 1986; Hallet, 1986; Michelson,
1987). Two recent meetings, one on fast
glacier flow and a second on deformable
beds, highlight mcent exciting new glacio-
logical data on rapid flow and sub-glacier bed
conditions. Glacial sedimentologists surely
should be identifying facies and sedimentary
criteria that may help recognize such deposi-
tional envionments. For example, their rec-
ognition has major impiications on the
reconstruction of the Laurentide Ice Sheet.
Paul addressed sub-giacial sedimentation.
He questioned the likelhood of widespread
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sub-glacial melt-out till units because
consolidation, widespread dewatering,
deformation and failure of sediment would be
more significant and would limit the preser-
vation of melt-out facies. These processes
were considered by Paul to affect fine-
grained sediments in particular, and some of
the classical work on postulated melt-out
sequences was carried by Harrison (1957)
on fine-grained sediments and many others
have adopted his interpretation. Clearly,
there is a discrepancy between thoss con-
clusions drawn from a consideration of the
theory of thaw consolidation and those
basad on interpretation of sediment proper-
ties. Discrepancies such as this should have
been discussed at length, but the time was
not available, and also the broad range of
specialties of the participants perhaps pre-
cluded such detailed discussions.

Lawson described the ice marginal environ-
ment as very complex, with many controfling
parameters ranging from sediment source to
meltwater supply. He questioned whether the
well-studied deposits of the Matanuska
Glacier, Alaska, provide good analogs for
Pleistocene sequences. For example he
noted that sediment flows are generally <1 m
thick whereas many units interpreted as sedi-
ment tlow deposits are 10-15 m thick as seen
in Pleistocene sequencas from lowa.

Shaw and Rust outlined the importance of
depaosition by sub-glacial and ice-marginal
meltwater. Shaw presented evidonce that
catastrophic meltwater erosion and deposi-
tion may be widesproad. Bedrock ercsion
marks record evidence for former tunnel and
sheet floods involving up to 14 km? of melt-
water. Supraglacial to sub-glacial drainage
events may rapidly produce complex sub-
glacial stratigraphies similar to those inter-
preted to represent multiple advances, e.g.,
interbedded sequances of gravel and till. Ina
second example, northern Saskatchewan
drumlins were portrayed as resulting from
large sub-glacial cavities eroded into the
overlying ice and subsequently infilled dur-
ing the waning stages of catastrophic sub-
glacial flooding. Event stratigraphy may be
possible by tracing the deposits of such cala-
strophic floods in proglacial fluvial, lacustrine
and glaciomarine sequences.

Rust compared subaerial and the more
prevalent subaqueous outwash (fan)
deposits. Subaqueocus fans are dis-
tinguished by characteristic linear bodies,
rapid lateral facies change, fining-upward
(gravel to clay) successions, massive sandin
channels with steep margins intraclasts, and
truncation by littoral erosion. Subaqueous
fans are very common in Pleistocene
sequences (mainly in Laurentide drift
sequences) and they are being recognizedin
older sequences (e.g., Gowganda Forma-
tion, see Mustard and Donaldson, 1987).
Evenson discussed inwash sediments that
are lithologically different from associated
sub-glacial sediment.

O'Brien observed sedimentary features
that he interproted to be sub-glacial in Aus-
tralian, Permian “tillites”. These included
boulder pavements, drainage blankets and
deformation features such as fractured sand
fills attributed to brittle failure and tension.

Periglacial features {Worsley) and soft
sediment deformation structures {Brodzi-
kowski) are important in defining detailed
environments. ice wedge structure was best
portrayed by vertical fabric; however, care is
needed in interpretation of such structures
because water-escape fissures may have
similar vertical badding (Burbidge, poster
display).

Continental periglaciat eolian and lacu-
strine facies were well covered. Lea empha-
sizod Alaskan coastal sand sequences
(ballistic ripples, low angle c¢ross-strata,
coarse lags, and dust/saltation couplets)
interbedded with organic material. These
interbedded sequences bear little or ne rela-
tionship to waxing or waning of glaciers. Lea
also pointed out that water-escape features
(rather than ice wedges) distinguish upfold-
ing adjacent to vertical bedding.

Deynoux provided another example of
periglacial eolian deposits, in this case, from
late Precambrian strata, West Africa. Gus-
tavson (in addition 1o Lawson) provided one
of the few reports from a modern glacial
sotting (Malaspina Glacier, Alaska). He
emphasized the high water input {7 m total
per year e.g., 3 ma“! precipitation and
4 m-a! ice melted in the marginal zone) to
the ice margin. Limited surface drainage cn
this glacier results in a dense sub-glacial
drainage network with high sediment load
discharges from subaquatic sources into the
ice-marginal, Malaspina Lake, Underflows
are common as are overflows and inter flows
in Malaspina Laks.

Ashley outlined depositional models for
ice-contact and distal glacier-fed lakes.
Thick summer and winter units relate to
direct underflow deposition with no thermo-
cline effects close 1o the ice margin. Distal
rhythmites show winter suspension units of
equal thickness derived from a thermocling
separation. Summer and winter units of
aqual thickness relate to subaqueous source
inputs. Surge deposits (slump turbidities)
may be similar to varves. Later, however,
Hein suggasted that large slump lailures
should be followed by smaller retrogressive
failures, which shouldlead to muttiple graded
units that thin {and fine} upward.

Gustavsen discussed the hydrolegy and
sedimentology of the temperate Malaspina
Glacier, Alaska, stressing the importance of
non-rhythmic sedimentation in an ice-con-
tact lake. This has important implications
regarding the distinction of non-glacial
deposits and fine-grained, massive
glaciolacustrine sediment. Sedimentation
and landform construction in these lakes
{and subaerial streams) results from sub-
glacial fluvial erosion and deposition from

fountains or tunnels. A related poster sug-
gested a comparison with Pleistocene ice-
marginal landforms at the southeastern mar-
gin of the Laurentide ice Sheet that were
probably farmed by mainly sub-glacial
processes.

Shilts outlined the significance of ice con-
tact (stagnant masses) sedimentation in late
glacial lakes by use of sonar sub-bottom
profiling. N. Eyles suggested that seasonal
controls have been overemphasized in stud-
ies of glaciolacustrine environments and
resedimentation processes, such as siumps
and turbidity flows, have been under-empha-
sized. However, 1o evaluate this claim, we
are faced with the difficult problem of being
able to separale turbidites originating as
mass flows and those deposited from hyper-
concentrated meltwater. Once more, this
could have baen the subject of profitable
discussion that time did not permit.

Grass demonstrated, on video, the signifi-
cance of ice scours produced in large, shal-
low lakes, such as Lake Erie. He used aplate
tectonic model involving piling and thrusting
of ice sheets to portray ice-ridging that may
create scours 4 km long and 60 m wide.
Woodworth-Lynas reported on Pleistocene
and modern sea ice scours and emphasized
the need for sedimentary descriptions that
can be recognized in the geclogic record.

Glaciomarine environments
Glaciomarine environments were covered in
the final two days. Topics included: fijordsfice
proximal, temperate continental shelves,
temperate-polar continental shelves and
continental slope environments.
Quaternary glaclomarine snvironments.
Powell reviewed sedimemtary systems in
temperate fjords. He emphasized summer
sedimentation as rhythmic, short-period
(several/day) sedimentation pulses involving
fine-grained sediment {cyclopels) and sandy
sediment (cyclosams). Bergstone mud and
homogeneous mud were noted as important
deposits during winter sedimentation. Hein
emphasized the role of mass-flow sedimen-
tation in sandy fiord sediments. Arcuate
step-faults are common, but are over-
whelmed by high rates of sedimentation.
Associated muds appear massive as a result
of ubiquitous bioturbation. Molnia discussed
glacially influenced structureless deposits in
the Guif of Alaska, arguing that high sedi-
mentation rates relate to storm events (wind
and rain). A tectonically controlled glacier
basin is important for high glacial loads.
Anderson discussed Antarctic glaciomarine
sedimentation and stressed high sedimenta-
tion inputs especially of stony muds ¢lose to
the grounding line. Laminated silts deposi-
ted bayond the grounding line were inter-
preted as ice shelf deposits.
Pre-Quaternary glaclomarine sequences.
Lagoe discussed foraminifer biofacies in
Yakataga Formation, Gulf of Alaska. He
reportad that depth and particularly sub-
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strata are controlling factors on modern
foram distributions.

Boyd presented perhaps the mostinterest-
ing findings at the conference in reporting
offshore stratigraphy on the outer Scotian
Shelf. He reported tunnel valleys with ford-
like dimensions (300-200 m depth and
3-5 km across) relating to enormous dis-
charges of meltwater at the margin of the
Laurentide lce Sheet. Extensive sand
deposits identified on the continental slope
may be related to the large flushing events
which created the tunnel valleys.

Miall's report on the Gowganda Formation
stressed the large channels that may be
associated with sediment gravity flows (tur-
bidites, liquid or fluid flows) and minor sub-
aqueous outwash on an Early Proterozoic
continental margin. Discussion of such
mechanisms of transport to the continental
shelf as by ice shelfs, meltwater or icebergs
were debated.

Edwards discussed upper Proterozoic
glaciomarine deposits from Norway. He sug-
gested that uncouplings of ice from the bad
produced laminated sediment with litile
coarse sediment from meltwater underflows.
He raised the problem of distinguishing mas-
sive dropstone diamictons with stratification
from tectonic layering.

Socci presentad late Precambrian/
Cambrian sediments from the Boston Basin
that had tectonic control, rifting, and volcanic
activity. Diamictites pinched out abruptly,
and are channellized and interbedded with
shaly sands; all are interpreted as down-
slope debris flow deposits.

Visser presented the most comprehensive
facies reconstruction of glaciogenic deposits
in discussing the Karoo Basin sediments. He
highlighted, in part, the significance of sub-
aqueous fan and esker deposits interbedded
with diamictons in the Permo-Carboniferous
Dwyka Formation, South Africa. Sub-
aqueous fans and esker deposits required
sub-glacial drainage and hence, warm-
based grounded ice-sheets. Vissers recon-
struction incorporated a large floating ice-
sheet adjacent to terrestrially grounded ice,
but within his mapped distribution of fan
deposits. Known large ice sheets are usually
subtended by polar ice sheets without litte
sub-glacial drainage. The need to explain
thick massive diamictites forced an expan-
sion of the depositional model to include
more observations that cannot be readily
gxplained by knowledge existing of glaciated
basins.

Miller offered a classical advance-retreat
cycla to explain Permian successions in Ant-
arctica. She interpreted sub-glacial facies
defined by imbricate sand lenses. Ojakangas
reportad siliciclastic basin fils consisting of
thick massive diamictons and thick inter-
beds of stratified sand in the Proterozoic of
Antarctica.

Summary of formal sessions

The program included a total of 38 speakers
and discussion of a variety of styles of
glaciogenic sedimentation as a foundation
for discussion. Although time to accomplish
the synthesis was short, some important
concepts were forthcoming.

(1) Transect studies should be encouraged
in order to integrate data from offshore and
terrestrial environments by tracing facies lat-
erally or more likely matching stratigraphy by
linking events from one environment to
another, For example, the recognition by
Bayd of large offshore (Scotian Shelf) tunnel
valleys bordered by thick sand sequences
presumably relates to major drainage events
at the margin of the Laurentide lce Sheet.
Such former, larger drainage events should
have produced clear geomorphic and sedi-
mentologic evidence. Transect studies will
also have to incorporate geophysical, drilling
and paleontologic studies.

(2) There is a pressing need to understand
the processes that operate in glaciogenic
environments: this is clear from our lack of
understanding regarding the origin of mas-
sive diamictons. The familiar concepts of
lodgement, melt-out, and deformation pro-
cesses arg too iH-defined and insufficiently
studied to explain the complex sequences
being recorded. Other processes need bet-
ter understanding, for example, the signifi-
cance of wind in glacial-eclian sediments.
Eolian deposits can be confused with plane-
bedded sand of aquecus origin that are also
interbadded in glaciogenic sequences. A
detailed understanding of the mechanisms
of deposition will allow very specific deposi-
tional conditions to be inferred such as may
be suggested from adhesion ripples, trans-
latant ripples, efc.

Similar, detailed, environmental infer-
ences are being drawn from identification of
hummocky or swaley cross-stratification in
glaciogenic sequences, examples of which
were illustrated on the field trip.

(3) There were no glaciologists at the meet-
ing to report on the exciting new instrumen-
tation and recording of modern processes on
rapidly moving glaciers, e.g., Variegated
Glaciar, Alaska (Kamb et al., 1985) and Ice
stream B (Antarctica, Alley et al., 1986). As a
result, thera was no discussion of possible
former ice-stream deposits or aerosion that
may have related to the former presence of
widespread deformable beds beneath Lau-
rentide Ice Sheet (Boulton, 1986).

(4) The role of meltwater storage and cata-
strophic discharge from major ice-sheetsisa
potential important working theme for a con-
ferance considering the significance melt-
water was to the majority of facies reported.
(5) The studies from tidewater glaciers in
Alaska {Powell) highlighted the importance
of rapid, episodic and possibly catastrophic
sedimentation and the radical changes in
depositional environment. It is possible that
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catastrophic avents may be the most signifi-
cant and best preserved events recorded in
many glacial environments {Smith, 1985).
{(6) The role of biota in glacicgenic sedi-
ments was neglected and needs more eval-
vation. The significance of biota was well
illustrated on the field trip where ostracodes
were found within the Sunnybrook unit and
trace fossils were regularly located within
rhythmic {varved) couplets.

Field Trlp

A field trip to examine the local Scarborough
Bluffs sections produced a welcome change
of pace to the busy program. The Scar-
borough Bluffs sections are controversial
(Eyles and Eyles, 1983; Sharpe, 1987) and
the field trip produced some of the best dis-
cussion, particularly debates regarding the
origin of massive diamicton and adjacent
rhythmic sediment. Debate on these topics
crystallized the discussion of these themes
from the sessions.

The Scarborough Formation comprises
raised glaciolacustrine deltaic deposits,
which were used in evaluation of ice-proxi-
mal environments and particularly the impor-
tance of seasonal hydrolegic control. Lower
laminated Scarborough clay beds (silt, clay
and minor sand) have a cumulative thickness
of 28 m. They consist of multiple-graded
units interbedded with cross-laminated sets,
ripple formsets and massive beds. Burrow
traces are common. The beds are thought to
be multiple, thin (1-15 em) underflow
daposits, possibly derived from an ice-mar-
ginal and/or slump events. They are perhaps
delta foreslope turbidites. Their regular
rhythmic amangement is suggestive of an
annual control on sedimentation. They can-
not, however, be confidently identified as
classical varves, but relatively thick clay
layers in a known glacial environment point to
seasonal control on discharge and to a sea-
sonal ice cover. The rhythmites contrast with
large massive silty sand tacies interpreted as
subaqueous slumps, possibly from an ice-
margin (Kelly and Martini, 1986).

Tha point of this example is that glacio-
lacustrine sequences in an ice-dammed lake
show rhythmic sedimentation that was
argued by many to lack an annual control.
However, thick clay caps (1-2 am) in thythmic
soediment imply periods without appraciable
infiow or wave-generated currents. The sim-
plast explanation is that clays are winter of
late fall deposits in aquiescent lake. This calls
for careful evaluation of thythmic sequences
in fine-grained deposits of glacial lakes that
have been interpreted as non-varved.

The ovetlying Scarborough sands were
briefly discussed, and they consist of ripple
cross-laminated units passing upward to
trough and planar cross-stratified sands,
They were intorpreted as upper delta slope
deposits, and the whole sequence repre-
sants a prograding delta.



The Sunnybrook diamicton (Sunnybrook
Till of Karrow, 1967) was examined next. This
is & clay-rich massive to stratified diamicton
with a low clast volume. It has a conformable
1o interbedded contact with sand and mud
below, but occasionally has a striated boul-
der pavament at its base (Sharpe and Bar-
nett, 1985). The guidebook reports low
frequencies of freshwater ostracodes which
ara considered to be in situ. The faunal
aspect was not emphasized on the trip,
rather discussion centered on evidence for
or against a glacial origin for the diamictons.
Some participants considered the massive
diamictons to represent a sub-ice deforming
layers; others considered the diamictons 10
present subaqueous debris flows from a
nearby glacier. The majority view that the
massive diamictons appeared to be distinct
from rain-out deposits contrasted with the
guidebook report of in situ ostracodes and
magnetic fabrics (A.M.S.) with little or no
prefarred orientation (compare Gravenor
and Wong, 1987). The range of interpreta-
tions of these well-exposed Pleistocene
sediments for which the paleogeography is
well known, underlines the difficulty of inter-
preting similar diamictons in ancient
sequences.

Adjacent overlying beds (Bloor Mamber
beds, Karrow, 1967} consist of regular rhyth-
mically laminated silt and clay couplets, and
minor fine sand. The regular occurrence of
the well-dispiayed bioturbation near the top
of each silt member strongly suggests annual
sedimentation. The alternative is that the
couplets represent episodic turbidity flows,
of approximately the same magnitude {clay
member of couplets thin progressively
upward).

The question raised here is not whether
rhythmic units are varves or turbidites. Many
varves are composed mainly of turbidity cur-
rent deposits as was demonsirated by
Kuenen over thirty years ago. We are con-
cerned with the cause of the rhythmicity in
glaciolacustrine deposits. To what extent
dogs it relate to episodic, turbidity currents
generated by lake bed tailure or by meltwater
flow events on a relatively short time scale
(hours, days or weaks)? Or, to what extent
does it depend on seasonal cycles that must
have an effect on wave processes through
the formation of lake ice and an inflow dis-
charge through their influence on surface
melting? Obviously, most glacial lake fine-
grained sediments will include the influence
of both controls and the trick, which does not
seem lo have been mastered yet, is to sepa-
rate them.

If this type of controversy results from
spectacular, well-exposed sections, then
general agreement on older glaciogenic
deposits that may have complex prove-
nance, structural and tectonic histories
seems unlikely,

Conclusions

Emphasis was placed on description of gla-
cial and glaciogenic sediments and their
environments with the aim of identitying
characteristic facies and facies assem-
blages. A goal of producing a meeting of
minds regarding a process approach and a
“products” {deposits) approach did not mate-
riglize bacause few process studies were
prasented or discussed. Processes in
environments that are adjacent to glaciers
(rivers, lakes, deitas, fans) are better known
than glacial processes and thus glacial
facies models have a weaker actualistic
base. Most modern glacial studies are in
glacial environments that may not be repre-
sentative of the large Pleistocene ice sheets.
These procass studies serve to underling the
remarkable complexity of glaciegenic
environments. Where so many factors affect
sedimentation, one may even question the
usa of tacies models. However, facies sum-
maries are useful in identifying depositional
environments and reconstructing the pro-
cesses that occurred within them.
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