
The Kregnes moraine in Gauldalen, west-central Norway: anatomy of a 
Younger Dryas proglacial delta in a palaeofjord basin* 

W. NEMEC, IDA L0NNE AND LARS H. BLIKRA 

Nemec, W., Lpmne, I. & Blikra, L. H. 1999 (December): The Kregnes moraine in Gauldalen, west-central Nor- BOREAS way: anatomy of a Younger Dryas proglacial delta in n palacofjord basin. Boreas "01. 28, pp. 454-476. OSIO. 
A ISSN 0300-9483. 

The Kregnes "moraine" ridge in Gauldalen, a north-trending valley south of Trondheim, is a Gilbert-type delta 
formed at a Younger Dryas glacier terminus. The gravelly delta consists of a north-dipping foreset, 150 m 
thick, comprised of turbidites, debrisflow beds and debrisfall deposits. The bottomset consists of turbiditic 
sand and mud layers. The topset, 2-3 m thick, is a braided-river alluvium with local beach deposits, matching 
the marine limit of 175 m a.s.1. The fjord-wide delta front had an extent of 3 krn and prograded over a dis- 
tance of 1.5 krn, in probably less than 100 years, with the delta toe climbing by 50 m against the basin's ra. 
pidly aggrading muddy floor. The delta advanced through the alternating episodes of its toe aggradation and 
progradation, related to the increases and decreases of the delta-slope gradient. Slope steepening led to intense 
sediment sloughing by chutes and occasional large-scale failures. The fjord's wave fetch was low and the 
wave base no deeper than 1.5-2 m, but strong storm waves occasionally reworked the delta front to a depth of 
6 m. Glacitectonic deformation was limited to the system's upfjord end. Allostratigraphic analysis suggests 
that the proglacial system commenced its development as an ice-contact submarine fan that was deformed, 
quickly aggraded to the sea surface and turned into an ice-contact delta, which further evolved into the large 
glaciofluvial delta. The Kregnes ridge represents an episode of the ice-front re-advance due to climatic dets 
rioration and is tentatively correlated with the Hoklingen substage. 
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The ice-front deposits of the Younger Dryas episode of 
pronounced climatic cooling and glacial re-advance 
(1 1 000-10 000 BP) are recognizable as series of 
"moraine" ridges at the whole rim of Scandinavia and 
its eastern surroundings (Lundqvist et al. 1995). The 
nature of these topographic ridges varies (Lonne 1995), 
but they are often the most distinct glacial landforms in 
the region. Much work has been done on the geomor- 
phological mapping, dating and correlation of these 
features (see review by Lundqvist & Saarnisto 1995; 
Andersen et al. 1995a), and the more recent studies have 
demonstrated that the sedimentary ridges bear the 
important record of the local ice-front behaviour and 
are crucial sources of information for the reconstruction 
of the ice-sheet dynamics (Powell 1981; Boulton 1986; 
Lprnne 1993, 1995, 1997a, b). The present case study 
contributes to our understanding of the Younger Dryas 
history of the Scindinavian ice-sheet and the origin of 
the "moraine" ridges. 

/ * This paper is the result of an NFKS/NGU workshop held on 
25-28 May 1993 and attended by the following researchers: 
B. Bergstrom, L. H. Blikra (technical organizer), E. Larsen, 
T. Lauritsen, I. Lgnne, E. Mauring, A. Misund, W. Nemec (leader), 
L. Olsen, D. Ottesen, A. J. Reite, H. Sveian and M. Thoresen. While 
each member of the group contributed to the field study, the three 
authors are solely responsible for the present report. 

The paper describes an ice-front ridge at Kreg 
Gauldalen, west-central Norway (Fig. I), whos 
and depositional history are discussed on 
detailed sedimentological study and all 
facies analysis. The Kregnes "moraine" is 
be a glaciomarine Gilbert-type delta, the 
of which was controlled by the ice-front positio 
confinement and relative sea level. Radioc 
on marine fauna indicate that the deltaic 
formed in the Younger Dryas. The study focuses 
depositional processes and facies an 
gravelly proglacial delta and sheds new 
Younger Dryas ice-front dynamics and the 
environmental changes in the Gauldalen p 

Local deglaciation and depositional settingg 
The history of the Late Weichselian deglaciation in * 
surroundings of Trondheim has been reconstruct 
Reite (1983, 1985, 1994). The sedimentation area 
of Trondheim includes two north-trending valleys, 
occupied by the rivers Gaula and Nidelva (Fig. @ 
which have acted as glaciated fjords during the so 
westward retreat of the ice-sheet from the coastal $& 
at the end of the last glacial. The Late 
marine limit in the area is at an altitude 
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1 Fig. I. Locality maps showing the study area in Gauldalen and the reconstructed ice-front positions in the outer coastal zone (12 400- 
12 300 BP) and the Tautra (10 800-10 500 BP) and Hoklingen (10 400-10 300 BP) substages of the Younger Dryas (after Reite 1985). 

marked by marine beach terraces and delta topset 
deposits. The palaeofjords are overdeepened valleys, 
scoured in the metamorphic sedimentary/volcanic rocks 
of Cambro-Silurian age (Wolff 1979), with a relief of 
800-1000 m and the deepest floor c. 300-400 m below 
the present-day sea level. The valleys have been filled 
with a succession of Late Weichselian glaciomarine to 
marine deposits, reaching a thickness of 200 m 
(estimated from seismic data; Reite 1983). The present 
study focuses on the western valley, Gauldalen (Fig. 1). 

Reite (1994) has recognized three series of correla- 
tive ice-margin features, thought to represent distinct 
stillstandlre-advance positions of the retreating ice 
front, and ascribed them to the outer coastal stage 
(12 400-12 300 BP) and the Tautra (10 800-10 500 BP) 
and Hoklingen (10 400-10 300 BP) substages of the 1 Younger Dryas glaciation (Pig. 1; see also review by 
Andersen et al. 1995b). The Kregnes moraine in 
Gauldalen is located between the moraine ridges 

interpreted by Reite (1994) to represent the latter two 
ice-front positions (Fig. 1). 

The moraine ridge near Melhus (Fig. 2A) reaches an 
altitude of 120 m and consists of a large-scale gravelly 
foreset overlain by muddy glaciomarine to marine 
deposits. We interpret this ridge to be an ice-contact 
submarine fan (sensu Lonne 1995) deposited at the 
terminus of a re-advancing glacier. The moraine ridge at 
Kregnes, 5 km to the south (Fig. 2A), reaches the 
altitude of the marine limit and consists of a large-scale 
gravelly foreset overlain by fluvial topset deposits. We 
interpret this younger, upvalley ridge as a proglacial 
Gilbert-type delta developed at the front of a grounded 
glacier. The southern margin of the delta is a topo- 
graphic escarpment (Fig. 2B), where the only evidence 
of glacitectonic deformation has been recognized (ice- 
contact zone). The delta originally occupied the full 
width of the fjord, but has subsequently been traversed 
and deeply dissected by the Gaula river. The whole 
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Fig. 2. OA. Detailed geological map of the studied part of Gauldalen (after Reite 1983), showing the ice-front positions near 
Kregnes and the location of outcrop section 1.  OB. Topographic map of the eastern part of the Kregnes ridge, showing the 
sections 2-5 and logs 1-7. OC. Sketch of the Kregnes delta in outcrop sections 2-5, with approximate locations of logs 1-7. 

middle part of the delta has been eroded by the river's 
wandering channel, with the delta relicts preserved as 
prominent terraces on both sides of Gauldalen (Fig. 
2A). Our detailed observations are from an outcrop 
section on the valley's western side (section 1 in Fig. 
2A) and four gravel-pit sections on the eastern side 
(sections 2-5 in Fig. 2B). The sedimentological logs are 
mainly from sections 3 and 4 (see localities 1-7 in Fig. 
2B, C). 

The Kregnes delta 
The sedimentary succession at Kregnes is up to 150 m 
thick and consists of well-bedded sand and gravel. The 
deposits form a giant coarsening-upward foreset over- 
lain erosively by a horizontally bedded topset, c. 3 m 

thick (Fig. 2C), whose altitude matches the local 
limit of 175 m a.s.1. The corresponding bo 
consists of subhorizontally bedded silt and sand, 
outcrops are inaccessible for closer examinatio 
large-scale tripartite structure of the succession 
cates a Gilbert-type delta. 

The delta foreset beds are dipping northw 
delta toe rises in that direction (Fig. 2C), 
"climbing" against the muddy prodeltaic deposits 0 

palaeofjord basin. The foreset thickness decreases mm 
150 m in section 1 (Fig. 2A) to little more than 100 @@ 
the northern part of section 4 (Fig. 2B), which m q  
that the prodelta zone has aggraded by c. 50 m d* 
the delta-front progradation over a distance of c. 1 . S p  

The ensuing description and genetic interpretatia~d 
the delta's sedimentary facies focuses on the foresekd 
topset deposits. ieg 
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I Foreset facies 

The foreset beds have a large-scale tangential geometry 
(Fig. 2C), with the maximum dip angle of 30-33" and a 
mean inclination of 18-20". The beds in the foreset toe 
are generally inclined at less than 10". The proportion of 
gravelly deposits in the foreset varies, and its youngest 
part is relatively rich in gravel. The foreset deposits 
represent the delta's avalanching subaqueous slope and 
include the following genetic facies: (1) turbidites, (2) 
debrisflow deposits and (2) debrisfall gravel. These are 
described and discussed below. The terminology for 
gravel characteristics is after Walker (1975); the fabric 
notation uses symbols a and b for the clast long and 
intermediate axes, with indices (t) and (p) denoting axis 
orientation transverse or parallel to flow direction, and 
index (i) denoting axis imbrication. The notation of 
turbidites, Tabc, refers to the Bouma divisions. All 
sample dates are in radiocarbon years. 

Turbidites. - Deposits interpreted as turbidites predo- 
minate in the toe part of the delta foreset; they constitute 
40-60 vol.% of its mid-slope part and are relatively rare 

part. These are beds of pebble gravel and 
ow normal grading and/or stratification, 
s evidence of deposition from a turbulent 

ording to the terminology of Lowe (1982), 
that show stratification directly from the base 
indicating fully tractional deposition, are 
as the deposits of low-density turbidity 

TCs), whereas beds that are merely graded, 
with or without a stratified upper part, are classified 
as the deposits of high-density turbidity currents 

TC deposits are discrete beds of pebble 
gravel and/or coarse sand, mainly 5-30 cm thick (Fig. 
3A; logs 5 and 6 in Figs. 4 and 5), but reaching 50-65 
cm (see the upper half of log 2 in Fig. 6). In terms of the 
conventional Bouma divisions, these beds can be 
classified as turbidites Ta and Tab. They are attributed 
to surge-like turbidity currents, triggered by the release 
of limited sediment volumes by discrete failures of the 
delta's upper slope and/or brink zone. The finer-grained, 
low-density parts of these currents have apparently 
bypassed the delta slope and deposited their load in the 
delta toe and prodelta zone. The occasional presence of 
outsized pebbles at the gravel-sand transition in a 
HDTC deposit (Fig. 3A) can be attributed to the 
transport mechanism suggested by Postma et al. 
(1988), but the common occurrences of scattered 
cobbles at the bed boundaries are thought to represent 
coeval debrisfall processes (discussed further below). 
The turbidites occasionally show an unusual top 
division, composed of a homogeneous sand with large 
floating pebbles, coarser than the basal gravel of the 
overlying bed (Fig. 7A). We infer that some of the 

1 HDTcs, when arriving on a sandy lower slope, have 
sheared and liquefied the substratum, such that the 
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current's coarse bedload became effectively entrapped 
by the latter (Fig. 7B). 

The LDTC beds, in contrast, are commonly as much 
as 70-200 cm in thickness and show essentially one 
type of stratification, but with common grain-size 
fluctuations and little obvious grading. Planar parallel- 
stratified turbidites Tb, composed of fine gravel or 
pebbly sand, predominate in the middleflower part of 
the delta slope (see logs 2 ,3 ,5  and 6 in Figs. 6 ,8 ,4  and 
5, respectively), whereas sandy turbidites Tc, with 
mainly climbing-ripple cross-lamination (Fig. 3B, C), 
prevail in the toe part of the delta foreset, where their 
composite, amalgamated units often attain a thickness 
of a few metres (see log 1 in Fig. 6). The beds are 
attributed to sustained, relatively long-duration turbid- 
ity currents, probably- related to the episodes of a 
retrogressive slumping of the delta front or generated 
directly by the river effluent (Bornhold & Prior 1990; 
Nemec 1990). Debrisfall products, in the form of 
isolated cobbles or lenticular intercalations of coarse 
gravel, are commonly associated-with turbidites Tb (see 
logs 3, 5 and 6 in Figs. 8, 4 and 5), but seldom with 
turbidites Tc (see log 1 in Fig. 6). The large clasts, when 
tumbling downslope, were likely affected by the coeval 
upper-stage turbidity current and may have rolled for a 
short distance in its bedload traction. The transport 
competence of the lower flow-regime currents was 
much more limited. 

In the toe part of the delta foreset, the amalgamated 
packages of fine- to medium-grained sandy turbidites 
Tc, often intercalated with thin turbidites T(a)b, form 
coarsening-upward accumulations (see the lower part of 
log 1 in Fig. 6) whose convex-upward tops and 
"compensational" offset stacking suggest a series of 
depositional lobes, similar to those described by Postma 
& Cruickshank (1988). The turbiditic lobes have 
apparently coalesced with one another into an aggrada- 
tional ramp, overlain by a series of multistorey, 
turbidite-filled channels (see Fig. 9 and the upper part 
of log 1 in Fig. 6), interpreted to be the lower reaches of 
delta-slope chutes. Several turbidite-filled chutes, or 
possibly gullies related to localized slope failures 
(Nemec 1990), have been recognized in the higher 
part of the delta foreset, where their infill is coarser 
grained and often more complex (see example in Fig. 
10). Accordingly, the delta-toe sand lobes are thought to 
be chute-mouth deposits, whose accumulation was 
likely instigated by the hydraulic-jump conditions of 
the slope-base break. The sustained LDTCs were 
probably generated by a semicontinuous, retrogressive 
slumping of river mouth bars, advancing onto the steep 
delta slope. The chutes were apparently shifting their 
position on the delta slope (Fig. 9), but unable to extend 
their course further into the slope baselprodelta zone 
until the hydraulic jump had effectively been cancelled 
by the ramp aggradation. 

Thick turbidites T(a)b, related to sustained currents, 
are locally observed to have formed "backsets", or sets 
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Fig. 3. Close-up details of the delta foreset facies: OA. Graded beds Ta deposited by HDTCs; note the outsized clasts at graveYsmd 
boundary. OB. Turbidites Tbc, with climbing-ripple cross-lamination, deposited by sustained LDTCs. OC. Convolutions and highly ag- 
gradational cross-lamination in turbidite Tc.  OD. Debrisflow bed and graded turbidite Ta, separated by sandy turbidites Tb with vague 
plane-parallel stratification and scattered pebbles. UE. Debtistlow bed with "coarse-tail" inverse grading, a(p)a(i) clast fabric and planar 
shear bands in lower part; the adjacent beds are of same origin. OF. Listric to sigmoidal shear bands in a debrisflow bed. The palae~flow 
direction in all cases is to the left. The photographs are parallel to foreset bedding, not showing the depositional inclination. The lens cap 
in A and D-F is 5 cm and the pencil in C is 11 cm. 

of upslope-dipping strata, on the stoss sides of debris- backset in a few cases is at least 4-5 m thick, 
flow mounds in the lower part of the delta slope (Fig. 8, comprising a well-sorted, fine pebblelgranule gravel 
top). The backsets are typically less than 1 m in and very coarse sand (Fig. 12B). The fine gravel shows 
thickness and consist of coarse to very coarse sand, multiple traction-carpet layers (Lowe 1982), 2-4 
occasionally including contemporaneous debrisfall thick, whereas the sand consists of planar parallel stfa? 
gravel entrapped on the stoss incline (Fig. 11A). The mainly 0.4-0.7 cm thick. The origin of the backsets IS 

Fig. 
the c 

attr 
reli, 

C 

lap; 
sec 
Par 
Pet 
det 
we4 



'sand 
,' ag- 
ague 
lanar 
lflow 
; cap 

ick, 
lvel 
IWS 

crn 
ata, 
s is 

Cont. 
1 

A Younger Dryas proglacial delta, Norway 459 

I Fig. 4.  Sedirnentological log 5 (see location in Fig. 2B, C) showing an upper portion of the delta foreset with a genetic interpretation of 
the component facies. Bed inclination disregarded. 

attributed to the hydraulic jump caused by the stoss-side 
relief of the morphological obstacle (Nemec 1990). 

Several isolated sets of low-angle cross-strata down- 
lapping the delta slope are observed in a dip-parallel 
Section of the foreset's middle part (see Fig. 4, left-hand 
Part). The cross-sets are 20-60 cm thick, consist of 
Pebbly coarse sand and are separated by gravelly 
debrisflow beds of comparable thickness. Each set 
Wedges out upslope and the tangential cross-strata 

flatten as they downlap the slope, eventually turning 
into regular foreset stratification. These sand units, 
apparently turbidites Tb, are thought to represent small 
microdelta-type bars (Jopling 1965) formed by sus- 
tained LDTCs in the flow-separation zone in the lee of 
"frozen" debrisflow snouts. 

DebrisJow deposits. - Foreset deposits attributed to 
debrisflows, or non-turbulent sediment gravity flows, 
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LOG 7 

Fig. 5. Sedimentological logs 6 and 7 (see locations in Fig. ZB, C) showing upper distal portions of the delta foreset with a genetic inter- 
pretation of the component facies. Bed inclination disregarded. I 
predominate in the upper part of the delta foreset (see 
log 4 in Fig, 8; log 7 and upper log 6 in Fig. 5), 
constitute 40-50 vol.% of its mid-slope part (see upper 
log 2 in Fig. 6, log 5 in Fig. 4 and lower log 6 in Fig. 5), 
are subordinate in the lower part (see lower log 2 in Fig. 
6 and log 3 in Fig. 8) and nearly absent in the delta-toe 
turbiditic ramp (see log 1 in Fig. 6). These deposits are 
beds of pebbly to cobbly sand or sand-supported, 
pebble- to cobble-sized gravel, mainly 20-130 cm 
thick, but occasionally as much as 400-500 cm in 
thickness. A couple of diarnictic, mud-rich debrisflow 

lenses have been found in section 2 (Fig. 2B), where 
they were likely derived from the fjord-side wall, or 
melted out from floating icebergs drifted upfjord from 
another tidewater ice-front. The vast majority of beds 
have a sand matrix nearly devoid of mud, and these 
debrisflows were probably cohesionless (Nemec & 
Steel 1984), controlled chiefly by the sediment's 
frictional strength, which would explain their low 
mobility and preferential deposition on the delta's 
upper to middle slope. 

In dip-parallel sections, the debrisflow beds are 
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Fig. 6. Sketch of a portion of outcrop section 3 (see location in Fig. 2B) and the corresponding sedimentological logs showing parts of 
the delta foreset's toe (log 1) and lower slope (log 2), with a genetic interpretation of the component facies. Note the multiple sand lobes 

I 
overlain by multiple chutes at the delta toe. The palaeotransport direction in the outcrop is to the left, slightly out of the picture. Bed mch- 
"ation is ignored by the logs. 
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coarse sand -I I I I 

granule gravel 
pebble gravel 

Fig. 7. OA. Foreset beds deposited by HDTCs, showing unusual couplets of a graded fine-pebble to granule gravel overlain by a homoge- 
neous sand with floating large pebbles and deformed top; detail from the upper part of log 3. UB. Interpretation of the couplet origin: (1) 
a gravel-laden turbidity current arrives on a sandy delta slope; (2) the current's basal shear stress liquefies the sandy substratum, which 
consequently entraps the coarse bedload gravel; (3) the decrease of the current's energy by the bottom shear causes rapid settling of the 
fine gravel from suspension; and (4) the depletion of the current's mass causes further deceleration and a rapid dumping of the coarser 
sand, while the finer load is carried by the remaining low-density current to the delta toe. Note that the pebbly sand layer in A would thus 
be the upper part of a turbidite into which the coarse bedload clasts of the subsequent current have sunk. 

extensive and fairly tabular, although many pinch out the basal parts. This type of grading is attributed to the 
abruptly downslope and/or are thinning upslope. Strike- loss of the largest (heaviest) clasts from the lower, 
parallel sections show lenticular bed geometries, with faster-shearing and rheologically weakest part of a 
little or no basal scour. The beds abound in floating debrisflow (Naylor 1980). The scarcity of n o d  
outsized clasts and are most often ungraded (Fig. 3D) or grading at the bed tops suggests relatively slow, low- 
"coarse-tail" inversely graded (Fig. 3E), particularly in mobility debrisflows, with negligible shear and no 
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Fig. 8. Sketch of outcrop section 4a (see location in Fig. 28) and the corresponding wdimentological logs showing ponions of the delta 
foreset's middle part (log 4) and lower part (log 3),  with a genetic interpretation of the component facies. Lag 3 is a downdip &valent 
of log 4, located a few tens of mems to the left in the outcrop section; bedding inclination disregarded. The direction of delta propda-  
tion in the outcrop sketch is towards the viewer, obliquely (c. 30°) to the left. Note the extensive erosional surface overlain by thick 
debrisflow deposits and associated turbiditic backsets, attributed to a major collapse of the delta slope. 
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Lobe 1 

turbulent churning at the upper interface (cf. Hampton 
1972). Many beds show an a(p) or a(p)a(i) clast fabric, 
attributed to laminar shear. Some beds show upslope- 
dipping internal shears, listric or sigmoidal in shape, 
marked by pebble stringers or sandy bands nearly 
devoid of gravel (Figs. 3F, 12B). These features are 
thought to be syndepositional thrusts, self-inflicted by 
the debrisflow body in response to an abrupt frontal 
braking (Nemec 1990). 

The debrisflows are thought to have been spawned by 
the gravitational failures of the delta brink zone and 

uppermost slope. The sporadic mud-rich debrisflows 
were probably derived from the fjord-side slope or some 
inactive, slack-water parts of the collapsing delta front. 
The thickest debrisflow bodies, forming large mounds 
smoothed by turbiditic backsets (see previous facies), 
overlie extensive erosional surfaces and apparently 
represent major collapses of the delta slope (see outcrop 
section 4a in Figs. 8 and 12A). These debrisflow units 
consist of coarse sand rich in fine gravel and show 
abundant shear bands, which may explain their bulged 
geometry and unusually high thickness. When the front 
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Fig. 10. Outcrop sketch of a chute, or slope-collapse gully, in the lower middle part of the delta foreset (palaeotranspofi dvection tows& 
the viewer, obliquely to the left) with a corresponding cartoon interpreting the chute-fill processes. The through cross-stratification in the 
chute-fill is attributed to the formation of 3-D dunes caused by turbidity current confinement, but may alternatively be a series of scour- , 

and-fill features comprised of turbidites Tb; either scenario implies a sustained. low-density turbidity cumnt. Detul horn outcrop section 
2 (Fig. 2B, C). 
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Fig. 11. OA. Backset in the lower part of the delta foreset, showing abundant debrisfall gravel entrapped on the stoss side (see also Fig. 
13B, lower part). OB. Scattered debrisfall clasts in the toe part of the delta foreset; the downslope direction is to the left and the lens cap 
is 5 cm. OC. A cluster of debrisfall clasts in the lower part of the delta foreset, showing a(t) b(i) fabric; the downslope direction is obli- 
quely towards the viewer and the pencil is 11 cm. OD. An accumulation of debrisfall gravel (portion of a lenticular gravel bed) in the 
lower part of the delta foreset; the downslope direction is obliquely to the left and the lens cap is 5 cm. 

of a moving debrisflow abruptly brakes, the "freezing" 
flow body often rapidly thickens by discrete shear in an 
attempt to overpass the obstacle (Nemec et al. 1988; 
Nemec 1990). 

undermined by the vortices of a coeval turbidity current 
(Fig. 11B). 

The gravel lenses are invariably clast-supported (Fig. 
llD), but their openwork texture is better preserved 
where the overlying bed is a debrisflow deposit, rather 
than a turbidite (e.g., in log 7 in Fig. 5). Similarly, the 
"rolling" fabric of a(t) or a(t)b(i) type, which often 
characterizes rockfalUdebrisfal1 deposits (Blikra & 
Nemec 1998), is poorly developed in the gravel lenses 
and seldom recognizable where the scattered gravel is 
associated with turbidites (Fig. 11). The falling clasts 
have probably collided with one another and adjusted 
their resting positions to the static slope debris. 
Furthermore, the turbidity currents probably tended to 
reorient the scattered cobbles, which must have acted as 
obstacles to currents whose transport competence was 
often barely enough to carry granule or fine-pebble 
gravel. This suggestion is supported by the common 
evidence of stoss-side "horseshoe" scours around 
isolated cobbles and large pebbles (Fig. 1 lB, bottom). 

I 
I 

Debrisfall deposits. - Deposits attributed to debrisfall 
processes (sensu Nemec 1990) are of minor volumetric 
importance. They occur at all levels of the delta foreset, 
but are most abundant in its lower part (see log 3 in Fig. 
8). These deposits range from scattered, isolated or 
clustered cobbles (Fig. 1 1A-C), commonly associated 
with turbidites Tb, to distinct lenticular beds of cobble 
to coarse pebble gravel, 20-60 cm thick (Fig. 1 ID). The i gravel lenses often show a cobbly "head" passing 
upslope into a pebbly "tail", and their texture tends to 

i be openwork, at least in the basal head part. The 
substratum, if a stratified sand, commonly shows some 

4 deformation indicative of clast impact andlor loading, 
with the cobbles bending or denting the underlying 

i strata, or there is evidence of the clast having been 
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Fig. 12. CIA. Portion of the delta foreset in outcrop section 4b (Fig. 2B), showing an extensive disconformity downlapped by deposits of 
reactivated delta slope. OB. Close-up detail of the outcrop's lower part, showing a thick debrisflow mound overlain by large turbiditic 
backset; the textural continuity between the two units suggests that the debrisflow was directly followed by the turbidity current and they 
probably resulted from the same retrogressive slope failure. The debrisflow deposit overlies a major truncation surface in the delta foreset 
(see also Fig. 8, top). The downslope direction is to the left. 

The debrisfall gravel is thought to have been derived 
from the delta brink zone, whose collapses probably 
involved the outlets of gravel-bed distributary channels. 
The slumping processes, producing debrisflows and 
turbidity currents, most likely created steep local 
headscarps, mainly short-lived, from which the coarsest 
gravel tumbled freely downslope as isolated clasts or 
loose clast assemblages. 

Other features. - The multiple delta-toe sand lobes 
overlain by multiple palaeochutes (log 1 in Fig. 6) 
suggest that the delta was advancing by the alternating 
episodes of slope-base aggradation and progradation. 
The toe of the delta slope aggraded in response to the 
slope steepening, causing intense sediment sloughing 
by means of chutes and occasional large-scale failures. 
For example, the delta foreset in sections 3 and 4 (Fig. 
2B) shows at least two internal truncation surfaces that 
are broadly listric, extend over the entire foreset height 
and are lined with the thick debrisflow mounds 
smoothed by turbiditic backsets (e.g., see Fig. 8, top). 
These internal disconfonnities, downlapped by reacti- 
vated foreset (Figs. 12A, 13A), indicate occasional 

major collapses of the delta slope. It is likely that the 
delta has experienced several such failures during its 
northward progradation. Shell fragments from a chute- 
fill 6 m below the first recognizable truncation surface 
and from a debrisflow bed 3 m above it (see log 2 in Fig. 
6) have yielded radiocarbon ages of 9690 f 70 and 
10 305 f 80 BP, respectively, but the odd young date 
from apparently older deposits is considered to be 
unreliable (see Table 1 and later discussion). 

The load of the downlapping, reactivated gravelly 
foreset is thought to have caused slope creep that 
resulted in a "pressure ridge" recognizable in section 3 
(Fig. 13A). The deformed portion of deposits is a unit of 
planar parallel-stratified, very coarse to coarse turbiditic 
sand, c. 1 m thick, that shows a large open fold 
accompanied by smaller asymmetrical folds (Fig. 13B), 
indicating marked tangential deformation. It is likely 
that the underlying backset mound of coarse sandy 
turbidites T(a)b with cobbly debrisfall gravel (Figs. 
13B, 11A) has acted as an obstacle to creep and 
localized the compressional deformation. 

In the upvalley section 1 (Fig. 2A), the foreset 
deposits exposed at an altitude of C. 20 m show clear I 
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ote the "pressure ridge" at the downslope tip of the wedge-shaped package of the downlapping, gavelly foreset strata. 
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a major truncation surface in the delta foreset and is covered with a thick turbidite Tb, attributed to sustained LDTC. 
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evidence of glacitectonic deformation, in the form of marks the upvalley limit of the depositional system and 
southward-dipping listric thrusts and associated, north- is interpreted to be the ice-contact surface (Fig. 2B). No 

' vergent recumbent folds. This locality corresponds with glacitectonic deformation is recognizable in the delta's 1 a south-sloping escarpment, 60-70 m in relief, that outcrop sections further to the north. 
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Table 1. Radiocarbon dates of marine fossils from the Kregnes delta. The TUA samples were dated by the AMS technique and the other two 
samples (courtesy of T. Moseid) by conventional method. The ages are in noncalibrated radiocarbon years, but have been corrected for the 
isotopic Sffect of basinal water (440 years). - 
Sample Laboratory ref. no. Material Age ( ~ r s  BP) Host facies outcrop section I 
1 TUA-742 Unspecified shell fragments 9690 ( f  70) Delta foreset 3 
2 TUA-1036 Unspecified shell fragments 10 305 ( f  80) Delta foreset 3 
3 TUA-966 Unspecified shell fragments 10 370 ( f  75) Palaeobeach 2 
4 T-11071 Mya tmncata shells 10 155 ( f  130) Palaeobeach 2 
5 T-11072 Balanus sp. 10 520 ( f  140) Palaeobeach 2 

Topset facies 

Relicts of the delta's horizontally bedded topset are 
preserved, as foreqted terraces, in outcrop sections 2 and 
5 (Fig. 2B, C). The deposits represent braided-river 
alluvium, but include a delta-front palaeobeach and 
associated, fjord-side nearshore deposits. 

Fluvial deposits. - In the northern part of the delta 
(section 5), the topset succession is 2.5-3 m thick and 
shows a gravel lag overlain by cross-stratified sand (Fig. 
14A). The lag has a thickness of 20-30 cm and consists 
of unstratified pebble gravel. The overlying sand is very 
coarse to medium grained and planar cross-stratified, 
with finer-grained, ripple cross-laminated interbeds in 
the upper part. The cross-strata coset is unidirectional, 
includes both tabular and wedge-shaped sets of tangen- 
tial strata, and abounds in tangential internal scours 
(reactivation surfaces sensu Collinson 1970). The cross- 
lamination represents mainly climbing ripples with 
erosive stoss sides. The succession shows an overall 
upward fining (see inset log in Fig. 14A). The under- 
lying foreset is coarser, more gravelly, than the topset. 
The contact of the foreset beds with the topset base is 
angular, as in the "fluvial-dominated" Gilbert-type 
deltas of Colella (1988, fig. 18). 

The succession is interpreted to be a fluvial channel- 
fill. The erosive gravel lag is apparently a channel-floor 
deposit, whereas the overlying coset of planar cross- 
strata represents a compound bar formed by the vertical 
stacking of 2-D and 3-D dunes, with numerous phases 
of erosion and reactivation (Collinson 1970). The 
upward fining and the predominance of climbing ripples 
at the top suggest channel abandonment phase. The 
palaeochannel depth would then correspond roughly to 
the succession's thickness of 2.5-3 m. 

In the southern part of the delta (section 2), the topset 
succession is 2-3 m thick and consists of sandy coarse- 
pebble gravel, whereas the underlying foreset is finer 
grained, composed of alternating coarse sand and fine- 
pebble gravel. The topset deposits show horizontal 
stratification and planar cross-stratification, with cross- 
sets thicknesses of 0.5-1 m, and are locally underlain by 
a cobbly basal lag, 20-25 cm thick. The palaeotransport 
direction is consistently towards the north. The contact 
of the foreset beds with the erosive topset base is 

angular, but the upper part of the foreset shows local 
internal truncations (short reactivation surfaces) that are 
convex upwards and overlain by stratified gravel 
wedges (Fig. 14B). These isolated wedges have max- 
imum thicknesses of 0.5-1.5 m, pinch out in the 
downdip direction, at a depth of 5-6 m below the 
topset, and their tangential contact with the topset is as 
in Colella's (1988, fig. 18) "wave-influenced" Gilbert- 
type deltas. 

The sedimentary features of the topset indicate a 
bedload river dominated by gravel and sand braid-bars. 
The fjord's wave base was apparently quite shallow, not 
exceeding the depth of the fluvial channel incision. The 
convex-upward reactivation surfaces and associated 
gravel wedges in the uppermost foreset are attributed 
to an episodic reworking of the delta front by storm 
waves, which would imply the storm wave base 
occasionally reaching a depth of 6 m, probably due to 
strong, fjord-parallel southward winds (maximum 
wave-fetch conditions). 

It is common in Gilbert-type deltas that the grain-size 
characteristics of the fluvial topset at a particular 
locality do not match strictly those of the underlying 
foreset, simply because the branching distributary 
channels tend to shift, vary in space and time, and their 
infilling is obviously not coeval with the deposition of 
the foreset over which they have extended seawards. 

Marine deposits. - Near the palaeofjord's bedrock side- 
wall in section 2, the fluvial deposits are overlain by a 
unit of sandy gravel, c. 1 m thick (Fig. 14C), whose 
subhorizontal stratification and textural segregation of 
gravel into extensive layers suggest deposition as a 
delta-front beach. The altitude of this horizontal unit 
corresponds to the local marine limit. The size sorting of 
gravel is moderate and shape segregation is poor, 
compared to well-developed reflective beaches 
(Massari & Parea 1988; Postma & Nemec 1990), and 
also the roundness of clasts is highly varied (Fig. 14D), 
generally poorer than in the underlying fluvial facies. 
The common occurrence of disintegrated full-form 
clasts, split in situ along the cleavage planes and 
fractures, indicates significant gravel shattering by frost 
action (Blikra & Longva 1995), which has certainly 
contributed to the apparent angularity of the debris. The 
low textural maturity of the beach gravel can further be 
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Fig. 14. Details of the delta topset: OA. Outcrop sketch of the fluvial topset in section 5 (Fig. 2B, C), with an inset log. OB. The topset/ 
contact in outcrop section 2 (Fig. 2B, C), showing an isolated convex-upward truncation and associated gravel wedge in the upper- 

most part of the foreset; labels C2 and C, refer to the allostratigraphic units in Fig. 15. OC. Gravelly fluvial topset overlain by thin 
Palacobeach in outcrop 2; note the large boulder block resting on the forested surface of the palaeobeach terrace. OD. Close-up view of a 
'Oar% palaeobeach gravel where frost-shattering has been recognized. OE. Fjord-side shoreline deposits adjoining the delta topset, ?re- 
served in a bedrock niche and exposed by the delta foreset excavation in gravel-pit section 2; note the coarsening-upward units comprised 
Of mud and sand with scattered coarse gravel, overlain by gravelly palaeobeach, and the intercalation with the delta foreset to the left (to- 
wards the viewer). 
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attributed to the rockfall supply of debris from the 
adjacent bedrock wall, shattered by frost, and the 
generally low wave fetch of the fjord basin. The side- 
wall rockfall processes have apparently continued until 
the modern times, as is indicated by scattered large 
boulders, up to 10-15 m long, some of which have been 

. buried or half-buried in the palaeobeach and others rest 
on its vegetated surface (Fig. 14C). 

The palaeobeach deposits laterally overlie, and partly 
interfinger with, the upper part of a fine-grained 
succession, whose relicts, 1-3 m thick, are preserved 
as the infill of local niches in the steep bedrock slope 
(Fig. 14E). This succession consists of a couple of 
coarsening-upward mud-sand wedges with minor inter- 
calations of coarse gravel. The mud ranges from 
laminated to massive, shows scattered pebbles and 
contains marine fauna, including Balanus sp. and Mya 
truncata. Likewise, the overlying sand is pebbly, 
coarsens upwards and varies from faintly stratified to 
massive, with- local deformation features indicative of 
slumping. These deposits are thought to represent a 
narrow, slope-hosted shoreface, sandy to muddy, whose 
progradation involved episodic gravitational collapses 
and beach failures (debrisfalls), followed by mud 
deposition and shoreline re-building. The sand beds 
show an upward-increasing dip angle and a dip 
direction towards the WJNW, nearly perpendicular to 
the fluvial palaeocurrent azimuth and the dip direction 
of the delta foreset, which suggests a fjord-margin 
shoreline adjacent to the delta front. The thickest, 
lowest-reaching relict of the fjord-margin succession 
rests directly on the delta foreset and seems to be 
interfingered with the latter, which implies deposition 
contemporaneous with the delta progradation along the 
fjord side-wall. The other relicts are more isolated, 
"hanging" in the wall niches. These fjord-side nearshore 
deposits, now exposed by gravel-pit excavation, were 
apparently buried by the prograding delta. 

The muddy nearshore facies, overlain by a thin 
wedge of beach-derived sand and covered with a 
comparably thin gravelly palaeobeach, support the 
notion of a generally shallow wave base, apparently 
no deeper than 1.5-2 m. Shell fragments from the 
lowermost exposed mud unit have yielded a radio- 
carbon date of 10 370 f 75 BP, and the faunal remains 
from two other mud units, sampled by T. Moseid (pers. 
comm. 1994), have yielded dates of 10 155 f 130 and 
10 520 f 140 BP (Table 1). The occurence of frost- 
shattered gravel in the palaeobeach is consistent with 
the Younger Dryas age of the delta (see Blikra & 
Longva 1995). 

The style of delta progradation 
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fashion. Ubiquitous mud 
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The preceding facies analysis demonstrates that the ~ l l ~ ~ ~ ~ ~ ~ i ~ ~ ~ ~ h i ~  facies architecture 
Kregnes "moraine" is a proglacial Gilbert-type delta, 
deposited in the Gauldalen palaeofjord in the middle The facies anatomy of a depositional system, althougb 
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palaeosystem's morphology and facies anatomy (units 
B and E), and one is implied by the physical concept 
(unit D). The term "apparent ice-contact surface 
(AICS)" refers to the topographic escarpment on the 
ice-proximal side of the palaeosystem. This type of 
escarpment is commonly considered to be the evidence 
of an ice-front stillstand, although the actual develop- 
ment of this morphological feature may be quite 
complex, including ice-front movements during the 
Proglacial systems's build-out. There is no outcrop 
section in the ice-contact part of the Kregnes delta 
where the "true ice-contact surfaces (TICSs)" (Fig. 
1SD) could be recognized, but the presence of these 
features is implied by the system's origin and inferred ( depositional and deforrnational history. 
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Unit A: ice-contact deposits formed during the ice- 
front advance 

Outcrop section 1 (Fig. 2A) shows a turbidite-domi- 
nated, northward-dipping foreset deformed by the 
northward advance of the ice front. This is the 
stratigraphically lowest exposed part of the depositional 
palaeosystem. The outcrop is at an altitude of c. 20 m, 
well below the delta-toe level in section 2 to the north. 
The foreset beds, when projected upwards, meet the 
AICS, and there is no reason to believe that this foreset 
has ever had a subaerial deltaic topset. The turbiditic 
deposits show glacitectonic deformation and are com- 
parable to those described by Unne (1997a, b) from 
ice-contact submarine fans. Accordingly, we interpret 
this low-lying, deformed foreset as a submarine ice- 
contact fan (sensu LGnne 1995) representing the early 
phase of the system's development. In the Lgnne model, 
this would be a glacitectonized allostratigraphic subunit 
A3 (referred to broadly as unit Ad in Fig. 15A). 

No southward or northward equi~alent of unit Ad is 
exposed in the area, but the published studies of 
glacitectonized ice-contact fans (e.g., Benn 1996; 
LGnne 1997b) have demonstrated that this subunit 
passes downslope into a bottomset wedge of inter- 
bedded debrisflow deposits, turbidites Tb and debrisfall 
gravel, with sandy turbidites predominant in the distal 
part. We infer that a similar bottomset, unexposed, 
forms the distal part of unit Ad (see subunit Aq in Fig. 
15A). The glacier probably had a calving tidewater 
front and we would expect ice-rafted debris in this part 
of unit Ad (LGnne 1995). The ice-proximal part of unit 
Ad (see subunit Al in Fig. 15A) would likely consist of 
till-bearing deposits heavily affected by subglacial 
deformation and erosion, with a small thickness and 
limited preservation potential. 

Unit A would necessarily be time-transgressive, 
because its formation is related to an advancing ice 
front. Our graphical model depicts only the hypothetical 
surface of the maximum ice-front advance for this phase 
(see TICS-A in Fig. 15D). 

Unit B: ice-contact deposits f o m d  during the ice- 
front stillstand 

The south-sloping escarpment, 60-70 m high, at the 
upfjord end of the depositional palaeosystem indicates a 
prolonged halt of the ice front, when the submarine ice- 
contact fan would inevitably become subject to rapid 
aggradation (see unit B in Fig. 15B). This unit is 
unexposed in the present case, but its deposits are likely 
similar to those of unit A, with the foreset showing 
evidence of aggradation, possibly multistorey, punctu- 
ated by scour and reactivation (Lprnne 1995, fig. 4). The 
ice-front abutting against the aggrading submarine fan 
would inevitably lead to the cessation of calving process 
and the grounding of the glacier. 

A well-defined TICS is often developed during an 
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ice-front stillstand (e.g. LIdnne & Syvitski 1997, fig. 6), 
and there is no evidence that the ice front in the present 
case has ever advanced beyond the position depicted as 
TICS-B in the model (Fig. 15D). However, this surface 
is unexposed and the ice front may not have necessarily 
been fully halted at this stage. 

Unit C: deposits of ice-front delta 

The large foreset overlain by fluvial topset and reaching 
the marine limit indicates that the submarine ice-contact 
fan, comprised of units A and B, has eventually 
aggraded to the sea level. This development implies 
the formation of an ice-contact delta (sensu Mnne 
1995), characterized by a short distributary plain and 
still directly influenced by the ice front (unit C in Fig. 
15B). The ice front thus became effectively separated 
from the sea, and it is unlikely that unit C contains any 
ice-rafted debris, unless shed from externally-drifted 
icebergs. 

The ice-contact delta prograded and evolved into a 
large glaciofluvial delta (sensu Lome 1995), whose 
distributary plain extended well beyond any direct 
mechanical influence of the ice front. The deltaic part 
of the system (unit C in Fig. 15C) is volumetrically most 
important, including topset (subunit C2), foreset (sub- 
unit C3) and bottomset deposits (subunit C4), as well as 
a hypothetical thin package of ice-contact deposits 
(subunit C1), possibly glacitectonized. 

Unit D: ice-distal deposits formed during the ice-front 
retreat 

The proglacial depositional system was finally aban- 
doned due to the southward retreat of the ice front, and 
the resulting "moraine" ridge thus became passive 
subject to marine processes. Its downfjord and upfjord 
edges were most likely influenced by wave action and 
the surficial part probably became conducive to tidal 
currents (the present-day tidal range of the region's 
coast is c. 1 m). The marine reworking was likely 
accompanied by slope failures and resedimentation. The 
upfjord side of the ridge may have initially accumulated 
some of the retreating glacier's submarine outwash, but 
would become increasingly dominated by the abundant 
fine-sediment fallout from the "ponded" suspension 
plume and could also be influenced by icebergs (LIdnne 
1995, 1997a, b). The palaeofjord depth suggests a 
tidewater glacier, which would retreat rapidly by 
calving. As the glacier retreated, the whole abandoned 
ridge became a part of the ice-distal domaine. 

The products of this early abandonment phase (unit D 
in Fig. 15D) may have been removed by later erosion 
and no recognizable relicts are exposed, but we infer 
that sediment wedges were almost certainly developed 
on the ridge's upfjord slope (subunit Dl) and downfjord 
slope (subunit D3), and at least one tidal channel and 
possibly an intertidal flat were formed on the top 

platform (subunit D2). This suggestion is supported b~k 
the adjoining palaeofjord deposits and the present-da~ 
morphology of the ridge (see below). 

Unit E: deposits formed during the glacio-isostatic 
uplift 

The retreat of the ice front from the Gauldalen fjord and 
adjacent areas was accompanied by a regional glacio- 
isostatic uplift, which accelerated the processes of 
erosion and resedimentation, caused subaerial exposure 
and resulted in the present-day morphology of the 
"moraine" ridge. The transition to phase E is normally 
accompanied by the cessation of direct sediment supply 
from the glacier and the onset of "normal" marine 
conditions (LIdnne 1995). The deposits of this phase 
(unit E) would bear the signatures of a falling shoreline 
and progressive subaerial exposure, but may be difficult 
to distinguish from those-of unit D (Fig. 15D). 

The morphol~gy of the Kregnes ridge indicates the 
presence of wave-cut terraces on both the upvalley and 
the downvalley slope (Fig. 15D), although the corre- 
sponding deposits are vegetated and unexposed. 
Furthermore, the youngest palaeofjord deposits directly 
south of the ridge indicate that a tidal channel must have 
traversed and dissected the ridge's platform, forming a 
tidal flood delta on the southern side and possibly an ebb 
delta on the northern side. The palaeofjord fine-grained 
marine deposits (mud and fine sand) extend to an 
altitude of 70 m. 

The marine environment was gradually replaced by 
terrestrial conditions, whereby the abandoned tidal 
channel was probably taken over by river Gaula and 
the Kregnes ridge has been further dissected and 
extensively eroded (Fig. 2A). The river valley is 1 km 
wide in the southenunost part of the ridge, but 2.5 to 1.7 
km wide in its remaining part to the north (see fluvial 
deposits in Fig. 2A), which indicates a wandering river. 

Glacier dynamics and palaeoclimatic 
implications 
The Kregnes ice-front system consists of sand and 
gravel, whose volume is estimated at nearly 900 km3. 
An even greater volume of mud was likely spread along 
the proglacial fjord by the suspension plume of this 
large proglacial delta (see Syvitski et al. 1987; Nemec 
1995). The large volume of outwash sediment suggests 
a temperate glacier with a very high erosional cap- 
ability. The valley glacier is thought to have had a 
tidewater terminus during the deposition of allostrati- 
graphic unit A and the lower part of unit B, and turned 
into a grounded glacier during the deposition of the 
upper part of unit B and the whole deltaic unit C (Fig. 
15). 

Modern studies have shown that the temperate 
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apparent ice-contact surface; TICS =true ice-contact surface, indicated for units A-C, respectively. 
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tidewater glaciers in high-relief fjords are controlled by 
a very delicate physical balance, whereby a glacier may 
rapidly &-advance without any obvious climatic reason. 
The causes of such episodic re-advances are not fully 
understood, but the possible physical factors include: 
(1) variation in the geometry of the hosting basin andlor 
the glacier body; (2) a decrease in the size of the 

-ablation area due to increased effective precipitation at - 
higher altitudes; and (3) sediment accumulation at the 
glacier's grounding line (see review by Powell 1991). 
Since, a tidewater glacier can shift its front without any 
regional climatic cause, it has been suggested that the 
"moraine" ridges, or grounding-line deposits, of such 
glaciers are unreliable as palaeoclimatic indicators (e.g. 
Mann 1986). This view, however, is not quite correct. 

It has recently been demonstrated (Mnne & Syvitski 
1997) that a careful allostratigraphic mapping of the 
moraine's internal architecture and the recognition of 
the genetic relationships among its facies assemblages 
.may allow a distinction between "monoepisodic" 
moraines, such as a simple ice-contact submarine fan 
related to non-climatic glacial surge (Solheim 1991), 
and the more compound "polyepisodic" moraines 
related to phases of climatic deterioration. In short, 
the moraines of tidewater glaciers may certainly bear 
some valuable climatic information. 

The high calving rate of glaciers in the Alaskan deep 
coastal waters has led Meier & Post (1987) to conclude 
that the only way a tidewater glacier can advance in a 
deep-water basin is by recycling of a frontal morainic 
shoal (i.e., by eroding and redepositing it in a conveyor- 
belt fashion), which minimizes calving. Relicts of such 
"recycled" moraines, in the form of a subglacial 
deformation layer, have been reported in the literature 
(Alley et al. 1987, Lgnne & Syvitski 1997). Meier & 
Post (1987) have further noted that the cycles of 
tidewater ice-front advance and retreat are characterized 
by asymmetrical dynamics: the advance is relatively 
slow (which can be attributed to the recycling of 
morainic wedge), followed by stillstand, whereas the 
retreat is rapid or even catastrophic, as the glacier's 
decoupling from the moraine leads to intense calving. A 
sedimentary record of such asymmetrical ice-front 
fluctuations in deep-water fjords has been discussed 
by Lgnne & Syvitski (1997) on the basis of high- 
resolution seismic data from Lake Melville, Canada. 
Their allostratigraphic analysis shows that the advan- 
cing tidewater glacier forms a series of wedge-shaped 
sedimentary units (ice-front advance units A of Unne, 
1995), which are vertically stacked upon one another 
and overstep each other in a progradational manner. The 
glacier clearly overrides and erodes the ice-proximal 
part of one unit while depositing a successive unit upon 
its distal part. The repetition of this process results in a 
compound, time-transgressive morainic wedge that 
both progrades and aggrades. As a consequence of the 
aggradation, the listric ice-contact surface steepens, the 
rate of the glacier advance declines and the basal shear 

stress decreases in a positive feedback fashion. % 
moraine wedge (or submarine ice-contact fan se* 
Unne 1995) at some point becomes sufficiently thick to 
halt the glacier, which leads to the ice-front stillstand 
and fan aggradation (allostratigraphic unit B). If 
glacier has a positive mass balance sufficiently high to 
maintain its front in this position, the ice-contact 
submarine fan will aggrade to the sea level and turn 
into a proglacial delta. But if the ice-front decouples 
itself from the moraine ridge and thereby loses the 
shoal's support, the glacier begins to calve in a rapid or 
catastrophic manner, depending upon the water depth 
and geometry of the basin (Alley 1991). 

The formation of the Kregnes ridge was related to the 
Younger Dryas glacier's advance from an unknown 
upfjord position. The fjord was deep, and we infer that 
the glacier advanced by recycling its ice-contact 
submarine fan (as suggested by unit Ad, Fig. 15), thus 
reducing the local seafloor depth and eventually coming 
to a halt (as indicated by unit B, Fig. 15). If the ice-front 
sedimentary record were limited to these two units only, 
it would be difficult to determine whether the glacier 
had re-advanced due to some spontaneous erratic cause 
(see above) or a significant, regional climatic deteriora- 
tion. However, the Kregnes record shows the develop 
ment of an impressive proglacial delta (unit C, Fig. IS), 
which indicates an ice-front stillstand of at least several 
decades and implies a regional episode of pronounced 
climatic cooling. 

The deep palaeofjord directly south of the Kregnes 
ridge shows no evidence of any significant accumula- 
tion of ice-contact deposits along the walls, which 
suggests that the glacier has retreated by rapid calving. 
The nearest record of another major stillstand is a 
moraine ridge near Midttgmme, 25 km south of 
Kregnes, which is an ice-contact delta linked by Reite 
(1985) to the Hoklingen substage (10 300-10400 BP) 
of the Younger Dryas ice-sheet (Fig. 1). 

The five radiocarbon dates available from the 
Kregnes ridge (Table 1) are from marine fauna remains 
found in different parts the delta foreset and coeval 
shoreline deposits. The sample dates are reasonably 
consistent, except for the one showing a surprisingly 
young age of 9690 f 70 BP, which we are inclined to 
disregard as unreliable. The Younger Dryas time was 
characterized by several 14c plateaux (Bjorck et al. 
1996) and a relatively high isotopic age of sea water 
(Bard et al. 1996), and the mollusc shells in a delta 
environment may have been variably affected by 
freshwater. If the youngest date is excluded and the 
standard errors of the measurements are considered, the 
dates would appear to have a minimum range of 95 
years (10 380 to 10 285 BP), which is rather satisfactory 
- on account of the three 14c plateaux that occurred 
between 10 400 and 9600 BP (Bjorck et al. 1996). The 
five dates jointly yield a mean of 10 208 f 99 BP, and if 
the highest and the lowest value are excluded - the 
mean appears to be nearly the same, 10 276 f 95 BE'. 



Therefore, we tentatively suggest that the Kregnes 
"moraine" ridge may actually represent the Hoklingen 
substage and that the ice-front position of this stage in 
Gauldalen may thus have to be moved 25 krn to the 
north (see Fig. 1). 

The retreat of the Younger Dryas ice-sheet is widely 
considered to have involved two major re-advances. 
The occurrence of as many as three Younger Dryas 
"moraines" in Gauldalen points to at least three major 
ie-advances, which means that the ice-front stillstands 
may have been relatively short and the sedimentation 
very rapid. The deltaic nature of the Kregnes ridge and 
the younger Midtamme ridge to the south indicates 
glacier grounding in the deep fjord and thus phases of 
marked climatic cooling, whereas the older, non-deltaic 
Melhus ridge to the north may represent ice re-advance 
due to a brief phase of climatic deterioration. 

Conclusions 
The Kregnes "moraine" ridge in Gauldalen is a 
Gilbert-type delta deposited at a Younger Dryas glacier 
terminus in a fjord basin. The gravelly delta consists of 
a north-dipping foreset, up to 150 m thick, comprised 
of turbidites, debrisflow and debrisfall deposits. The 
bottomset consists of turbiditic sand and mud, whereas 
the topset, 2-3 m thick, is a braided-river alluvium 
with local beach deposits, matching the marine limit of 
175 m a.s.1. The fluvial palaeotransport direction 
corresponds with the northward progradation of the 
delta. 

The fjord-wide delta front had an extent of 3 krn and 
prograded over a distance of 1.5 km, in probably less 
than a hundred years, with the delta toe climbing by c. 
50 m against the fjord's rapidly aggrading muddy floor. 
This may imply a basin-floor aggradation rate in excess 
of 50 crnlyr. The rate of the delta front progradation was 
likely non-linear, increasing due to the basin shallow- 
ing, but the mean rate could be higher than of 15 rnlyr. 
The thin topset has an erosive horizontal base and 
implies stable sea level. The delta was advancing 
through the alternating episodes of toe aggradation 
and progradation, related to the increases and decreases 
of the delta-slope gradient. Slope steepening led to 
intense sediment sloughing by chuteslgullies and occa- 
sional large-scale failures. 

The fjord's wave fetch was low and the wave base 
was generally no deeper than 1.5-2 m, but storm waves 
occasionally reworked the delta front to a depth of 6 m, 
probably due to strong, fjord-parallel southward winds. 
Glacitectonic deformation was limited to the deposi- 
tional system's upfjord end, where the ice-contact 
surface is represented by a prominent topographic 
escarpment. 

Allostratigraphic analysis suggests that the proglacial ' system commenced its development as an ice-contact 
submarine fan, which suffered glacitectonic deforma- 
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tion, quickly aggraded to the sea surface and turned into 
an ice-contact delta. The latter vigorously prograded 
and evolved into the large proglacial delta. The 
development of the delta was terminated by the renewed 
ice-sheet retreat, probably by rapid calving. The 
abandoned "moraine" ridge, modified by marine pro- 
cesses, was emerged by the regional glacio-isostatic 
uplift and has been deeply dissected and extensively 
eroded by river Gaula. 

The occurrence of as many as three Younger Dryas 
"moraines" in Gauldalen indicates that the retreating ice 
front showed at least three major re-advances and its 
stillstands may thus have been relatively short. The 
deltaic nature of the Kregnes ridge and the younger 
Midtgmme ridge to the south indicates phases of 
marked climatic deterioration. It is less likely that the 
non-deltaic Melhus ridge to the north represents an 
analogous climatic change. 

Based on the available radiocarbon dates, it is 
tentatively suggested that the Kregnes ridge may 
represent the Hoklingen substage and that the ice-front 
position of this substage in Gauldalen may have to be 
moved 25 krn to the north. 
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