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Abstract

Glacial outwash, deposited during deglaciation of the late Devensian ice sheet, is present as a flat-topped valley fill in
the Tempo Valley on the southern flanks of the Fintona Hills, Northern Ireland. Sedimentologically, the outwash comprises
well-sorted and interbedded rippled to massive sands which record distal deposition within a proglacial water body. Beds
of ripple-drift cross-laminated sands contain deformed (folded and contorted) soft-sediment clasts which are composed
mainly of silt and clay. The soft-sediment clasts were deformed prior to final deposition because clast a–b planes lie
conformable to sand laminae which are undeformed. Morphological characteristics of the soft-sediment clasts, and their
facies context, provide evidence for transport mechanisms, depositional environment, and processes of clast deformation.
The soft-sediment clasts were transported into a proglacial water body by unidirectional water currents (¾1.5–2.5 m
s�1). Sediment transport processes include sediment bypassing within the water column, a low bedload component, and
grain flow activity during waning flow stages. The overall morphology of soft-sediment clasts records between 1 and 3
distinct phases of hydroplastic deformation prior to emplacement. The deformation phases are recognised on the basis
of morphologically ‘unrolling’ the superimposed folds of the soft-sediment clasts. Deformation structures (i.e. fold style)
and direction of the principal stress axis relative to clast axes suggest that clasts were reoriented with respect to water
flow direction following each deformation phase. Processes of deformation include folding-over of the clast along its b
axis into two or more components, crumpling and abrasion of the outer margins of the b plane, and squashing of the
clast c axis (some of which may be post-depositional deformation). The presence of silt- and clay-rich soft-sediment clasts
within the outwash succession suggests that they were ripped-up from shallow and irregular pools on the glacier forefield,
into which fine sediments accumulated after flood or meltwater events, and transported distally into a proglacial water
body. These inferences based on facies evidence and styles of hydroplastic deformation impact on reconstructions of local
palaeogeography, and the wider interpretation of similar soft-sediment clasts in the geological record.  1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Discrete blocks or clasts of fine-grained intact
soft-sediments, which are not in situ, are often ob-
served in many subaerial and shallow-water (few
dm depth) modern environments (i.e. Dickas and
Lunking, 1968; Karcz, 1969; Hall and Fritz, 1984;
Allen, 1987a; Kale and Awasthi, 1993). Because of
their fragile nature (Allen, 1982b, p. 547) they are
less often found preserved within lacustrine, fluvial
and marine sediment sequences (e.g. Little, 1982;
Krainer and Poscher, 1990; Wang, 1992; McCabe
and O’Cofaigh, 1995; Gibbard et al., 1996; Maizels,
1997). However, these intraformational clasts can
provide information on clast transportation pro-
cesses, sediment type on the glacier forefield, and
meltwater flow regime (i.e. Little, 1982; Diffendal,
1984). The variable morphology and isolated oc-
currence of these features have led to a range of
morphogenetic terms being used (Picard and High,
1973), depending on clast shape (i.e. degree of disag-
gregation and rounding) and subordinately on grain
size. They have been variously termed rip-up clasts
(Allen, 1982b; Wang, 1992; Gibbard et al., 1996;
Maizels, 1997), mud clasts (Reineck and Singh,
1980; Allen, 1987a; Selby and Evans, 1997), sed-
iment clasts (Wilson, 1991), mud pebbles (Karcz,
1969; Reineck and Singh, 1980), clay balls (Haas,
1927), and armoured or unarmoured mud balls (Bell,
1940; Reineck and Singh, 1980; Diffendal, 1984).
Here the descriptive and non-genetic term ‘soft-sed-
iment clast’ is used to describe these features. Vari-
able terminology and sporadic identification from a
number of ancient and modern depositional settings
suggest that their significance as palaeoenvironmen-
tal indicators has not yet been fully evaluated.

The physical processes of soft-sediment clast for-
mation are not fully understood (Picard and High,
1973; Allen, 1982b). Intact beds of fine-grained
soft sediment may be broken up either by subaerial
shrinkage (desiccation), or ripped up subaqueously
by strong currents (Allen, 1987b). Brittle soft-sedi-
ment clasts formed by desiccation may be reworked
and redeposited under a rising water plane, but this
has not been commonly described and the preserva-
tion potential of this clast type is low (Moore, 1914).
Clasts ripped up subaqueously from cohesive muddy
beds in rivers and at estuary mouths (Picard and

High, 1973; Allen, 1987a), or by meltwater emanat-
ing from ice margins (Maizels, 1993, 1997; McCabe
and O’Cofaigh, 1995), have a higher preservation
potential because they deform hydroplastically or in
a quasi-solid state (Elliott, 1965). Allen (1982a) (pp.
69–71) recognised that fluid stressing on a sediment
bed (which is a likely condition for removal and
transport of a soft-sediment clast with hydroplastic
behaviour) is caused by a partial pressure difference
between the flow velocity of the overlying fluid and
the frictional resistance of the bed. This physical re-
lationship has implications for reconstructing water
flow regimes and other environmental variables.

This paper addresses two key issues which hinder
the interpretation of soft-sediment clasts in the ge-
ological record: (1) the processes of formation and
deformation (changes in morphology) of soft-sedi-
ment clasts; and (2) the relationship of soft-sediment
clasts to their surrounding (host) sediment, particu-
larly in terms of particle support mechanisms during
transport, and processes of final sediment deposi-
tion. Lack of consensus on the interpretation of sub-
aqueous sediment transport and deposition processes
from the geological record has impeded palaeoen-
vironmental reconstruction in some depositional set-
tings (Shanmugam, 1996, 1997).

2. Aims and methods

This paper has two main aims: (1) to describe
the morphology and sedimentary setting of soft-sed-
iment clasts which are hosted within glacial outwash
in the Tempo Valley, Northern Ireland; and (2) to
determine how soft-sediment clasts were formed,
deformed, and emplaced within the host sand beds.

Glacigenic landforms in the Tempo Valley were
mapped geomorphically using standard mapping
symbols (Savigear, 1965) and sediment exposures
were catalogued in the field using facies codes (Mi-
all, 1977; Eyles et al., 1983). Sedimentary environ-
ments were reconstructed on the basis of palaeodi-
rectional indicators, sediment type and structures,
and inferred processes of deposition. Sediments
and soft-sediment clasts were examined in detail
at Dooneen. The original (here termed ‘pre-defor-
mational’) shape of individual soft-sediment clasts
at Dooneen was determined by geometrically ‘un-
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rolling’ them about their axes of deformation in order
to identify the presumably flat pre-deformational bed
surface. In this context ‘deformation’ refers to the
processes by which the originally flat bed was dis-
rupted by erosion, and the fragments transported and
shaped prior to emplacement in the host sediments.
Sequential stages of clast deformation are identified
on a morphological basis where later deformation
stages have altered earlier deformation signatures,
and given the notation D1, D2: : :Dx (i.e. oldest to
youngest). Some clasts were disaggregated in dilute
Calgon solution and examined for grain size distri-
bution using the pipette sampling method (British
Standards Institution, 1975).

3. Study area

The Tempo Valley (15 km long) is located on
the southern margin of the Fintona Hills in North-
ern Ireland (Fig. 1). The western flank of the valley
is dissected by the Tempo–Sixmilecross fault which
separates two geological provinces. Devonian Old
Red Sandstone and associated conglomerate beds
outcrop west of the fault and in the Fintona Hills,
whereas Carboniferous limestones and shales are
present in the Clogher Valley lowlands east of the
fault. Glacigenic sediments within the Tempo Val-
ley include sand-dominated spreads which have been
dissected by deep (<30 m), valley axis-parallel melt-
water channels found especially on the western side
of the valley (Fig. 1). In the Clogher Valley the out-
wash overlies subglacial ridges (Rogen moraines),
but in upland areas (>140 m OD) it onlaps onto
bedrock. Overall, landform and sediment distribu-
tions record ice retreat southwards and westwards
towards the Lough Erne Basin where the ice finally
disintegrated (J. Knight, 1997). Successive glacial
lakes (at ¾190 m, 155 m, 120 m and 90 m OD)
were impounded between the Fintona Hills and the
retreating ice margin. The possible depths of glacial
lakes may have varied from a few metres to >20 m,
and their relationship to ice margins is unknown as
no ice-marginal moraines or eskers are observed in
the Tempo Valley. Soft-sediment clasts are present
within outwash spreads at Dooneen, which are re-
lated to a 155 m lake level (Figs. 1 and 2).

4. Facies description and interpretation

The Dooneen exposure (16 m long, 4 m high)
is located 6 km northeast of Tempo and forms part
of a flat sediment surface (0.05 km2) which lies at
155 m OD (š1 m) (Fig. 2). The exposure comprises
stacked, well-sorted, massive to cross-bedded and
rippled fine- and medium-grained sand (Sm, Sl, Sr,
Ss facies) (Fig. 2). Sand beds (0.2–1.4 m thick) are
tabular, laterally continuous across the exposure and
separated by both sharp and poorly defined planar
contacts which vary laterally. Cross-bed dip direc-
tion records palaeoflow towards 040º (i.e. up-valley),
which is consistent with flow indicators elsewhere in
the Tempo Valley (J. Knight, 1997, 1998). No chan-
nel structures, scours, marked erosional horizons,
coarse lags or mud beds are observed. Calcareous
concretions are present within a single bed of fine
sand (Sm facies; 0.6 m thick). The concretions (J.
Knight, 1998) are generally bladed in morphology
(<20 cm ð 11 cm ð 3 cm dimensions) with flat-
lying a–b planes which are oriented parallel to the
direction of cross-bed deposition.

Soft-sediment clasts (Fig. 3) are present within
cross-bedded and laminated sand beds (Ss, Sr facies)
which overlie the bed containing concretions. The
sand beds (individually 10–30 cm thick) comprise
a couplet of horizontal and sinusoidal laminations
which change upwards into type-A ripple-drift cross-
laminations (Jopling and Walker, 1968), recording
palaeoflow consistently toward the northeast. This
bed couplet is repeated in different parts of the ex-
posure but generally occurs at the same stratigraphic
level. Soft-sediment clasts lie within and are con-
formable with laminations in the rippled sand beds.
However, no associated clay drapes are found. Com-
monly (75% of all occurrences), clasts are aligned
transverse to the strike of climbing ripples with the
principal axis of deformation (D1, defined above)
located on the up-flow side of the clast. No erosional
scours are observed developed in the surrounding
sand adjacent to the soft-sediment clasts.

The overall sediment succession at Dooneen
records the deposition of water-sorted sediments by
grain flow and mass flow processes into a shallow
proglacial lake environment (Church and Gilbert,
1975). This is evidenced by sediment stacking, lat-
eral changes from one facies type to another, facies’
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Fig. 1. Location and deglacial geology of the Tempo Valley study area, Northern Ireland. Ice retreat stages are reconstructed mainly from
sand and gravel extent and inferred glacial lake levels.
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Fig. 2. Sedimentology of the Dooneen exposure, Tempo Valley, Northern Ireland.

tabular geometry and stratification, and degree of
sediment sorting (Ashley, 1995). Absence of sand–
mud couplets, sand grain size variability and bed
deformation as by glaciotectonism, and the presence
of climbing ripple sequences, suggest active circu-
lation of dense undercurrents (Jopling and Walker,
1968). The well-sorted nature of sediment in the
climbing-ripple beds also implies that deposition
was ice-distal with a constant sediment and meltwa-
ter supply, and that sediment sorting resulted from
flow bypassing during passage through the water
column. The strong unidirectional component of the
climbing ripples also implies strong and unchanging
(perhaps seasonally related) current circulation pat-
terns (strong underflows and surface return currents)
and an absence of controlling bottom topography.

Vigorous underflow circulation may also be driven
by, and reflect, thermal stratification of the glacial
lake (Ashley, 1995).

5. Characteristics of soft-sediment clasts

5.1. Morphology and grain size

Six soft-sediment clasts (coded A, B, D–F, H;
see Fig. 3 for codes) were examined in detail for
size, external shape, deformation style and grain size
composition (Tables 1 and 2; Fig. 4). Pre-defor-
mational clast shapes are mainly blades or discs
(Zingg, 1935). Post-deformational clast shapes in-
clude equant and roller forms which suggest bed-
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Fig. 3. A representative selection of soft-sediment clasts found at Dooneen. Scale bar is in 2 cm increments. From left to right, clasts are
numbered A–C (top row) and D–I (bottom row).

load rounding and abrasion, or oscillatory (back and
forth) motion (i.e. Dickas and Lunking, 1968; Stan-
ley, 1969; Kale and Awasthi, 1993). In all cases at
Dooneen clast thickness (dimension of the pre-defor-

Table 1
Pre- and post-deformational axial dimensions (mm) of soft-sediment clasts at Dooneen, Northern Ireland

Attribute Clast A Clast B Clast D Clast E Clast F Clast H

Pre-deformational
a axis 130 100 70 75 50 45
b axis 65 67 50 55 45 25
c axis 24 8 14 15 15 7
Ratio b=a 0.50 0.67 0.71 0.73 0.90 0.55
Ratio c=b 0.37 0.12 0.28 0.27 0.33 0.28
Clast shape Blade Disc Disc Disc Disc Blade

Post-deformational
a axis 85 67 50 55 50 45
b axis 65 50 29 29 30 25
c axis 35 35 20 20 15 10
Ratio b=a 0.76 0.74 0.58 0.52 0.60 0.55
Ratio c=b 0.53 0.70 0.68 0.68 0.50 0.40
Clast shape Disc Equant Roller Roller Blade Blade

Clast shape after Zingg, 1935.

mational c axis) increases with overall clast size
(area of the pre-deformational a–b plane). Clasts
are composed mainly of silt-sized particles (¾75%)
(Table 2; Fig. 4). Consistency of grain size between
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Table 2
Grain size data for soft-sediment clasts, Tempo Valley, Northern
Ireland

Grain size class % Total mass

clast A clast B clast E clast F

Medium sand 0.24 0.29 0.09 0.35
Fine sand 0.76 0.77 0.87 1.29
Very fine sand 13.80 13.55 13.08 11.59
Coarse silt 28.61 25.19 25.49 23.03
Medium=fine silt 48.48 50.26 52.10 53.33
Clay 8.04 9.87 8.31 10.34

Total 99.93 99.93 99.94 99.93

Fig. 4. Grain size compositional spectra for selected soft-sedi-
ment clasts (phi scale).

the different clasts analysed suggests that they were
derived from the same population and source area.

5.2. Deformation style

On a geometric basis, D1 deformation has had
the most profound influence on the final shape of
all soft-sediment clasts identified (Table 1; Fig. 5).
Later deformation stages (D2 and D3) have succes-
sively minor impacts on clast shape, and may reflect
the development of more stable and rounded ge-
ometries over time (rollers, discs, equant clasts) (i.e.
Bell, 1940; Kale and Awasthi, 1993). The axis about
which deformation occurred during stage D1 is gen-
erally located (5 of 6 cases) near the middle of clast
a–b planes. D1 deformation therefore overturned part
of the flat clast upon itself (Fig. 5). Two clasts of

bladed pre-deformational shape (clasts A, B) have
D1 fold axes aligned perpendicular to clast a axes,
showing that clast a–b planes during D1 deformation
were aligned parallel to water flow. In contrast, three
clasts (D–F) show D1 deformation perpendicular to
the pre-deformational b axis, but these clasts were
all disc-shaped with low elongation (b=a >0.70).
The remaining clast (H) shows D1 deformation at
an angle to both a and b axial planes. In all cases
later deformation (D2, D3) occurs obliquely to D1

(30º–70º). Where D1 deformation acted to decrease
b=a by ‘squashing’ (i.e. become more blade-like;
clasts D–F), D2 and D3 deformation occurred while
the a–b planes of the deformed clasts were aligned
parallel to water flow, similar to the D1 deformation
of clasts A and B (Fig. 5). D2 deformation of clasts
A and B occurred when the D1 axis was aligned
both transverse to water flow direction and located
on the down-flow side of the clast. In clast B, D2 de-
formation occurred when a small, rounded lump of
sediment (4 cm ð 4 cm ð 3 cm dimensions) became
lodged in the open up-flow ‘mouth’ of the clast. The
rounded nature of this lump suggests it rolled along
the bed as traction load, but it shows no sand armour.
The impaction of the lump, and possibly associated
changes in fluid stress around the clast, help form the
uppermost ‘rim’ of the clast, which is overturned in
the direction of water flow (Fig. 5).

6. Discussion

The preservation of deformed soft-sediment clasts
within a glacial outwash succession has implications
for the interpretation and palaeoenvironmental sig-
nificance of such features. These implications are
addressed with respect to the derivation of the silt
and clay comprising the soft-sediment clasts, and
the formation, deformation and emplacement of the
clasts.

6.1. Derivation of sediments comprising the
soft-sediment clasts

No in situ silt or clay beds are observed in the
Tempo Valley area. Silt=clay facies are generally
indicative of deposition in quiet-water (ice-distal)
environments unaffected by strong or rapidly fluc-
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Fig. 5. Morphology of soft-sediment clasts through deformation stages D1–D3, showing direction of deformation and associated water
flow. For clarity and comparison purposes all soft-sediment clasts are shown with D1 directed from the top of the page. Note that D3

deformation is present only in clasts B, D and F, and that clast sizes are proportional.

tuating currents. However, the soft-sediment clasts
are present within sand beds that reflect more active
meltwater environments. Therefore the silt=clay fa-
cies are likely to have formed in shallow, isolated
pools on the former glacial forefield located be-

tween the ice margin and the water body into which
the soft-sediment clasts were later emplaced. Fine-
grained sediments from receding floodwaters may
have accumulated in these ephemeral depressions
(Maizels, 1993).
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An alternative source of fine-grained sediments
may include material frozen on at the base of the
ice sheet and deposited at the ice margin during re-
treat. For example, laminated muddy sediments are
known to comprise part of the debris-rich basal ice
layer extruded at some Alaskan and Greenland ice
margins during ablation and ice retreat (P.G. Knight,
1997). In Austria, water-transported and rounded
soft-sediment clasts, composed of subglacial di-
amict, were redeposited within proglacial outwash
as ice retreated (Krainer and Poscher, 1990). The
soft-sediment clasts described from Dooneen are
free of clasts and ice-melt structures, and are more
finely laminated than modern debris-rich basal ice
facies. Therefore, although reworking and round-
ing by proglacial meltwater was important (Church
and Gilbert, 1975; Krainer and Poscher, 1990), the
soft-sediment clasts were not derived from the re-
treating ice sheet directly. A glacial forefield setting
for sediment deposition is consistent with evidence
for the deposition of fine-grained slack-water sedi-
ments on the forefields of Icelandic glaciers (Lawler,
1991).

6.2. Formation and entrainment of individual
soft-sediment clasts

The commonest mechanism by which mud beds
are broken up is by subaerial desiccation, which
produces a laterally extensive pavement of inter-
locking angular blocks (Picard and High, 1973;
Allen, 1987a,b). The pre-deformational bladed or
disc shapes of individual clasts at Dooneen (Table 1)
are consistent with those produced by subaerial des-
iccation (i.e. Allen, 1987b), and furthermore may
reflect the uniform grain size of the clasts and their
fracture along laminae-parallel desiccation planes
(Allen, 1986). These soft-sediment clast shapes are
also produced where the ground surface is irregular,
and in water pools of irregular shape and=or size
(Allen, 1987a,b). Both these aspects characterise
stony and unvegetated glacial forefields (Lawler,
1991). Clasts may have a–b planes aligned in the
direction of slope dip (Allen, 1986, 1987b). This
may suggest that elongate clasts in which D1 is per-
pendicular to a–b axes (i.e. clasts A and B) were
ripped-up from descending slopes. Clasts produced
by desiccation are brittle and unlikely to be pre-

served during or following transport (Allen, 1986,
1987b). This, and the hydroplastic deformation style
of the Dooneen soft-sediment clasts (discussed be-
low), suggests strongly that desiccation either did not
take place, or that the mud beds were exposed only
long enough for the clast shapes to become defined
(Moore, 1914).

Initiation of soft-sediment clast movement is a
hydrodynamic problem. Under unidirectional flows
flat, bladed or discoid clasts may be hydrodynami-
cally stable where their long axes are aligned parallel
to flow direction (Allen, 1982a). Clasts may be in-
corporated into the flow when ‘flipped’ over by an
increased pressure difference between the clast up-
per surface and the bed. This may be caused by
changes in flow velocity or direction, or by changes
in basal turbulence related to flow velocity or thick-
ness of the water layer (dm-scale). However, the
style of D1 deformation, and the requirement for the
clasts to have been in a hydroplastic state to permit
survival of these deformation stages, suggest that
folding about the D1 axis occurred while part of the
underside of the clast (geometrically about half clast
area) was still attached to the bed. The clasts were
therefore removed from the bed by turbulent water
flow (probably by ripping-up) during or immediately
after D1 deformation. Turbulent flows may have in-
creased fluid pressure beneath the upstream edge of
the clast (Allen, 1982a). This scenario, requiring tur-
bulent, erosive floods across the glacier forefield, is
consistent with the episodic outburst floods (jökulh-
laups) observed at some modern ice margins. In
Iceland, jökulhlaups incorporate, transport and round
soft-sediment clasts into more distal outwash sands
and gravels (Maizels, 1993, 1997). Detailed pro-
cesses of clast incorporation and transport within the
flow are unknown.

6.3. Deformation of soft-sediment clasts

D1 deformation reduced a axis lengths of all
clasts by ¾25–35%. D2 and D3 deformation affects
only the leading (upstream) edge of the soft-sed-
iment clasts, suggesting that clasts were actively
reoriented within the flow between the D1 and D2

episodes. The rounded shape and unarmoured state
of the lump of sediment which impacted into clast
B suggest that traction transport occurred across a
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relatively hard bed free of loose sediment grains. It
may also suggest that the lump was highly cohe-
sive and not prone to disaggregation, either in the
ambient water or by comminution against other bed-
load particles. Flow velocities required to keep the
sediment lump in bedload transport are of the range
1.5–2.5 m s�1 (Reineck and Singh, 1980) which
is comparable to seasonal runoff events or episodic
floods into the glacial forefield (Jopling and Walker,
1968; Lawler, 1991; Ashley, 1995; Maizels, 1997).
The curled ‘rim’ (D3) seen on the uppermost sur-
face of clast B is also observed on clast F (Fig. 3)
and reflects deformation of the clast’s upstream edge
by water while aligned transverse to flow. All de-
formation represented by stages D1–D3 occurred by
plastic modification of clast shape by folding, not
brittle fracture during bedload transport, despite the
highly variable pre-deformational thickness of clasts’
c axes (7–24 mm). Individual laminations within the
soft-sediment clasts are consistent throughout, defor-
mation fold axes generally show no tension cracks
indicative of desiccation, and evidence for minor
squashing of the clasts (i.e. clasts A, D) can be at-
tributed to loading during emplacement. In only one
case (clast H) were tension cracks oblique to the
D1 axis observed (Fig. 5). Overall, these character-
istics suggest that the clasts remained plastic (and
not frozen) both internally and externally through-
out all deformation stages. Supporting the style of
D1 deformation, they also suggest that clasts were
not desiccated prior to initial ripping-up from the
bed, or later disaggregated by ambient water. Ab-
sence of armour and small-scale structures produced
by interactions of the bedload component suggest
(1) a hard bed, (2) very rapid bypassing of smaller
(sand) particles around the bedload, and (3) absence
of other particles in bedload transport. The defor-
mation stages identified from clast morphology were
sequential in time but may have occurred during a
single flow event (few hours duration).

Detailed deformation style and processes during
each deformation phase is shown using the example
of clast B (Fig. 6). Overall pre-deformational clast
shape is consistent with a desiccation origin (e.g.
Allen, 1987b) but deformation style (showing hy-
droplastic behaviour) and the ragged margins of the
clast suggest that subaqueous ripping-up occurred.
This is in keeping with the other clasts examined

(Fig. 3). The clast was folded approximately in half
along an open fold by D1 deformation (Fig. 6).
Incomplete closure of this fold may be due to a de-
crease in flow velocity or thickening of the fold axis
which acted to reduce stress to the fold limbs. The D1

fold axis was located on the up-flow side and the fold
‘mouth’ on the down-flow side, which is hydrody-
namically more stable. Water stress from the up-flow
side during this phase may have opened out the fold
mouth still further. This is evidenced by the squashed
middle portion of the D1 fold, and the splayed sides
of the clast (Fig. 6). D2 deformation involved the
impaction of the mud lump into the open clast mouth
during active traction transport. Water velocity dur-
ing this deformation phase is likely to have been
above that required for mud lump traction, but below
that required for transport of the soft-sediment clast.
The trajectory of the mud lump into the clast, and its
rounded morphology, may indicate a different source
direction and erosional history. The uppermost fold
limb of the soft-sediment clast is more deformed
by mud lump impaction than the lowermost limb
(Fig. 6). This may reflect both the nature of the
impact (rolling) and fluid stressing of the uppermost
clast surface (D3 deformation). Overall, the defor-
mation history of clast B records changes in flow
velocity and clast orientation relative to flow.

6.4. Emplacement of deformed soft-sediment clasts

The soft-sediment clasts were emplaced synde-
positionally with and conformable to the surround-
ing rippled sand beds. The preserved nature of the
soft-sediment clasts suggests that they rolled into
place with little erosive transport. No equivalent
studies have addressed this, but based on this degree
of preservation, transport from initial ripping-up to
deposition site may have been over a few tens of
metres. Synchronous deposition of the contrasting
soft-sediment clast and rippled sand bed components
implies a number of suspension and traction pro-
cesses (Jopling and Walker, 1968). Fahnstock and
Haushild (1962) state that rippled sand beds, asso-
ciated with lower flow-regime conditions, are un-
likely to contain a coarse bedload component which
is transported mainly by upper flow-regime flows.
Therefore the presence of soft-sediment clasts and
upsequence changes in ripple type may be associ-



J. Knight / Sedimentary Geology 128 (1999) 293–306 303

Fig. 6. Annotated sketches of clast B (Fig. 3) showing clast morphology and deformation characteristics.

ated with changes in flow regime as by changes
in flow velocity or sediment concentration (Jopling
and Walker, 1968). Outsized and freighted clasts, of
which soft-sediment clasts are one example, have
been associated with a number of flow types includ-
ing grain flows, mass flows, debris flows and density
currents (e.g. Stauffer, 1967; Postma et al., 1988;
Shanmugam, 1996, 1997; Selby and Evans, 1997).
These flow types vary in rheology along a continuum
according to flow density. Depending on flow rhe-
ology, clasts in these flows are supported variously
by a combination of inter-grain dispersive pressure,
matrix strength, buoyant lift and flow turbulence
(Shanmugam, 1996). The synformational context of
soft-sediment clasts within rippled beds suggests that
these processes did not occur singly. At Dooneen it is
likely that grain flows=debris flows and density cur-

rents occurred in combination with traction and sus-
pension fallout as sediment input and water velocity
changed over time. These processes may also show
similar sedimentary signatures, such as massive sand
beds (i.e. Stauffer, 1967; Shanmugam, 1996) which
separate rippled beds at Dooneen (Fig. 2). Changes
in flow density through the water column may be
related to the mechanism of sediment input into
the system (through suspension fallout or turbulent
entrainment by bottom currents).

7. Depositional model and palaeoenvironmental
implications

The morphology of soft-sediment clasts, their de-
formation style and position within the sediment
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succession, can be used to help reconstruct the over-
all depositional setting and regional palaeoenviron-
ments, including palaeogeography and hydrological
regime. On the basis of these data, four stages of
environmental change in the Tempo Valley can be
established, supported by local and regional field
evidence and data from modern analogues. Field
evidence and other data are discussed in detail else-
where (J. Knight, 1997, 1998).

(1) The Tempo Valley was occupied by a
proglacial lake partly separated from the ice mar-
gin by a narrow (< few hundred metres wide)
deglaciated forefield. The lake is likely to have been
partly ice-contact because of the presence of deep
(¾30 m) and high-energy delta deposits near the
Fintona Hills (J. Knight, 1997). The absence of lake
strandlines and ice-rafted sediment in the region sug-
gests that the lake either did not exist long or that
water levels fluctuated (i.e. Ryder, 1991). The fore-
field comprised of shallow pools of standing water
and braided, migratory streams flowing over sandy
sediments, consistent with modern analogues (i.e.
Maizels, 1993). The Dooneen depositional model
suggests the importance of high-magnitude meltwa-
ter events, again consistent with these analogues.

(2) The soft-sediment clasts originated as mud
beds (¾3–5 cm thick) within isolated pools on the
glacial forefield. From clast size and shape these
pools are likely to have been small (area of 2–5
m2) and formed as a result of irregularities of the
underlying sediment surface, and possibly filled with
water during waning-flow (slack water) flood stages
from the ice margin (i.e. Maizels, 1997). Likely,
subaerial exposure of these sediments occurred prior
to D1 deformation which is attributed to high-energy
floods from the ice margin.

(3) It is hypothesised that flooding at Dooneen
caused removal of soft-sediment clasts and D1 de-
formation. Clast reorientation relative to water flow,
and later D2–D3 deformation, may be characteristic
of more mature (i.e. distal) flows with a better-devel-
oped bedload component. Development of more sta-
ble clast shapes (i.e. rollers; Table 1) is consistent
with clast reorientation and rounding during bedload
transport.

(4) The development of both rippled and massive
sand beds, which are conformable and occasion-
ally interbedded, suggests a combination of traction

and grain flow processes (Jopling and Walker, 1968;
Shanmugam, 1996). Soft-sediment clasts may have
been swept ahead at the nose of the incoming flow
(i.e. Hampton, 1979; Postma et al., 1988) and buried
syndepositionally by waning-flow ripple beds. The
consistent direction of climbing ripples away from
the inferred ice margin suggests unidirectional flow
vectors behind the flow nose. It is therefore possi-
ble that the entire sediment succession at Dooneen
could have been deposited by a few high-magnitude
depositional events.

8. Conclusions and wider implications

(1) The occurrence, morphology and deformation
style of soft-sediment clasts within proglacial out-
wash in the Tempo Valley, Northern Ireland, record
an event sequence comprising (a) the ripping-up
of mud beds by strong, shallow currents across a
glacier forefield, (b) clast transport with between 1
and 3 phases of syndepositional deformation, and (c)
emplacement within rippled sand beds in a proglacial
water body.

(2) The hydroplastic style of soft-sediment clast
deformation, and directional component of clast
folding, show that the clasts moved intermittently
as dispersed bedload across a relatively hard, sandy
substrate. Clasts were reoriented relative to flow fol-
lowing each deformation phase, possibly by a ‘pulse’
of increased fluid velocity.

(3) The massive and rippled sands, in which the
soft-sediment clasts are hosted, were deposited from
dense undercurrents. Rippled sand beds reflect unidi-
rectional bottom currents during waning flow stages.
Soft-sediment clasts were rolled syndepositionally
into these beds in response to meltwater ‘pulses’.

(4) The presence of soft-sediment clasts at
Dooneen, and their inferred processes of deforma-
tion, have wider implications for the interpretation of
such features in the geological record. For example,
clast deformation and rounding processes are often
described (e.g. Diffendal, 1984; Kale and Awasthi,
1993), but little attention has been paid to sediment
source area and palaeogeography. This issue is par-
ticularly important, as at Dooneen, where soft-sed-
iment clasts are hosted within contrasting materi-
als which have a different sedimentary history (e.g.
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Krainer and Poscher, 1990) and which may suggest
different palaeoenvironmental interpretations. There
is therefore a need to consider soft-sediment clast
source area, and deformation and transport history, in
overall facies interpretation. Other unknown factors
include the physical processes of soft-sediment clast
formation (rip-up versus desiccation), and mecha-
nism of clast support during transport (dispersive
pressure, turbulent lift).
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