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Abstract

Subaqueous debrites on a fan were recognized at Rzucewo (N Poland). Analysis of
debrite fabric enabled debris-flow palaeodirections to be traced on the fan. The long
axis azimuth and dip direction of lithic clasts (gravels) as well as soft-sediment clasts
(SSC) were measured in the debrites. The results obtained indicate a palaeotransport
direction to NNW, similar to the palaeocurrents interpreted from the asymmetrical
ripples. However, detailed measurements of both gravels and SSC orientation show
variability of palaeoflow directions between NW and NE sectors. In the proximal part of
the fan, gravels indicate variable dip directions and dip angles, and a mostly scattered
distribution of a-axis orientation. In the medial and distal parts of the fan, clasts are
better ordered and usually their a-axes are oriented upslope or transverse to the
palaeoslope inclination direction. Probably during the decelerating and halting of debris
flows, the compression processes induced clast rotation and a change of inclination. In
the distal part of the fan, debrites reveal a distinct variability of palaeoflow directions
caused by flattened topography in which debris-flow lobes split and spread freely in
different directions. Finally, we conclude that the individual sets of clast fabric usually
indicate only local debris-flow directions.
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1. Introduction

Reconstruction of debris-flow palacodirections
may rely on clast fabric contained in debrites.
Unfortunately, clast arrangement depends on local
stress fields (Bertran et al., 1997; Major, 1998)
which can cause a different clast orientation than
the main debris-flow palacodirection. Research on
debrite fabric is based mostly on theoretical analyses
(Takahashi, 1991; Iverson, 1997) and experiments
(e.g., Van Steijn & Coutard, 1989; Major, 1997,
1998; Iverson et al., 2010). It is usually concluded
that rheological parameters for experimentally
and naturally occurring debris flows are generally
themselves coincident (Contreras & Davies, 2000;
Kaitna et al., 2007). However, discrepancies of
matrix and framework grain-size distribution
between experimentally and naturally occurring
debris flows are well documented (e.g., Sosio et al.,
2007). Differing lithologies in a debris-flow matrix
(spatial and temporary) can cause different transport
conditions and finally, different clast distributions
and inclinations in debrites. As a consequence, it
is still disputed whether conclusions based on
experimental debris flows can be implemented to
the interpretation of fabric in naturally occurring
debris lows. In addition, research on debrite fabrics
is usually based on subaerial slope deposits (e.g.,
Lawson, 1979; Mills, 1984; Major & Voight, 1986;
Eyles & Kocsis, 1988; Nieuwenhuijzen & Van
Steijn, 1990; Bertran et al., 1997; D’Agostino et
al., 2010), and very rarely on subaqueous deposits
(Gravenor, 1986), as presented here. The trigger
mechanisms for subaqueous gravity flows as well
as transport mechanisms are widely discussed
(e.g., Costa & Williams, 1984; Haughton et al.,
2009; Talling et al., 2012, 2013), but palacoflow
reconstructions are based mostly on the spatial
distribution of lithofacies and measurements of
ripples from turbidite sequences (e.g., Tripsanas
& Piper, 2008; Jackson & Johnson, 2009).
Furthermore, soft-sediment clasts (SSC) in debrites
have not been described as a possible tool for the
reconstruction of debris-flow palaecodirections
before.

According to Jackson & Johnson (2009), only
the results of a complex analysis of palacodirection
measurements from all available sediments in
different parts of a debris flow (from proximal to
distal) can be indicative for interpretation of mean
debris-flow palacotransport directions. This is
a challenge, because often only some parts of
debrites are exposed. Furthermore, experimental
debris flows of large volume (10m?) show that
a strongly aligned fabric can develop over short
distances (Major, 1997, 1998).

The main objectives of the present contribution
are (1) to identify debris-flow palacodirections
on a subaqueous fan and to find an answer to
the question of how precise local debrite fabrics
show the main debris-flow direction; (2) to check,
whether the palacodirections derived, e.g., from
palacocurrents interpreted from cross-laminated
sediments, are coincident with that based on
debrite fabrics (within the same fan succession);
(3) to determine the most probable processes
responsible for debrite fabric diversity; and (4) to
evaluate the usefulness of SSC for palacodirection
reconstruction in debrites.

2. Study site

The study site is located in a N-S oriented cliff of
Puck Bay (a part of the Gdarisk Bay; Fig. 1a, b) in
the southern part of the Baltic Sea. Saalian and
Elsterian sediments are present in the lowermost
part of the Quaternary succession, and are
succeeded by Eemian sands and gravels which
followed the glaciolacustrine succession (Skompski,
2001) analysed in this study. This succession was
deposited during the Middle Weichselian which is
indicated by the TL and radiocarbon dating results
(Olszak, 1999). The top part of the glaciolacustrine
sediments is glaciotectonically deformed (Fig. 1c).
Deformations are attributed to the Late Weichselian
ice sheet (Wozniak et al., 2009; WozZniak &
Czubla, 2015) that deposited till covering the
glaciolacustrine succession (Fig. 1¢).
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Figure 1. Location of the study site. (a) Location on the schematic map of Baltic countries. (b) Generalized geomorpholog-
ical map of the study area (modified from Skompski, 2001). (c) Overview of the glaciolacustrine fan exposed in the cliff at

Rzucewo.

The cliff study section is from 7 to 15m in
height and 80m in length, and is composed
of massive diamictic sediments (debrites) and
laminated glaciolacustrine silts and sands (Figs.
Ic and 2a, b). The lateral changes of sediments
suggest their deposition on a subaqueous fan. The
horizontally laminated silty lithofacies (TMh, Th,
TSh; Fig. 2¢, d) were deposited from suspension
in stagnant water, wavy laminated (lithofacies
Tw, TSw; Fig. 2¢, d) in a waning current of
a lower part of a lower flow regime, and ripple
cross laminated lithofacies (TSr, STt, Sr; Fig. 2d)
in the current action of a lower part of a lower flow
regime (Wozniak & Pisarska-Jamrozy, 2016).
Diamictic deposits, which are the main subject of
the present study, were transported ez masse down
the palacoslope and were deposited as debrites
(Wozniak & Pisarska-Jamrozy, 2018; Fig. 2e, f).

Sedimentation took place during a recession of
Middle Weichselian ice sheet, probably between
ice blocks, which is deduced from (1) the lack
of typical terminoglacial lacustrine sequences
(cf. Brodzikowski & Van Loon, 1991; Bennett et
al., 2002; Lajeunesse & Allard, 2002; Gruszka,
2007; Tripsanas & Piper, 2008; Hodkin et al.,
2016), (2) the lack of ice-rafted debris (Wozniak
& DPisarska-Jamrozy, 2018) and (3) the proximal
part of the fan occurring opposite to the presumed
ice-sheet margin position in this area (north).
Debrites were deposited by subaquatic debris flows
of material derived from the remobilisation of
unstable sediments deposited on the slope of small
glaciolacustrine basin and from dead ice blocks
south of this lake (Wozniak & Pisarska-Jamrozy,
2018).
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3. Methods

In the present study we use the term ‘debrite fabric,
which applies to clast dip direction and dip angle
(inclination) in debrites (sediments deposited from
debris-flows). The general term ‘clasts’ includes
gravels as well as SSC. SSC contain intact clasts
and contorted clasts. Intact SSC are sharp edged,
subrounded or rounded and not or only slightly
affected by attrition (Fig. 2g). Contorted SSC have
all kinds of shapes, but they are usually irregular and
internal laminae are plastically bent (Fig. 2h).

Debrite fabric was measured in ten sites (from
gravels in nine sites and from SSC in one site). They
were analysed on the basis of at least 30 prolate
gravels in each set. The length ratio of a/b axes of
each gravel reached atleast 3/2, and the a-axis length
- from 2 to 10 cm. SSC were measured in an oriented
block of debrite, which was cut slice by slice.
Glaciotectonically deformed debrites in the upper
proximal part of fan (Fig. 1c) were excluded from
fabric analysis as well as debrites in the lowermost
part of the succession, because they cannot be traced
elsewhere in the fan.

Figure 2. Sediments of the Rzucewo sedimentary suc-
cession; for lithofacies code see explanation in Fig. 3;
debris-flow palaeodirection is indicated by an arrow.
(a) Massive gravelly diamicton (lithofacies DGm) with
gravels in the proximal part of the fan. (b) Diamictic
deposits derived from debris flows (lithofacies Dm, DSm
and SDm) intercalated with silty and sandy laminated
sediments in the distal part of the fan. (c) Silty sediments
that dominate the distal part of the glaciolacustrine fan
(commonly intercalated by thin sandy laminae and sandy
ripples). (d) Sandy ripples (lithofacies Sr) measured
for palaeocurrents reconstruction. (e) Massive sandy
diamicton (DSm lithofacies) with preserved local head of a
debris flow (debrite D1a in the medial part of the fan - see
Fig. 3a). Note the increased thickness of the debrite close
to the head and the folded zone in front of it. (f) Head of the
debrite D1a in the distal part of the fan (see Fig. 3a). Note
the system of folds and brittle deformation structures in
the front of the debris-lobe head. (g) Intact soft-sediment
clasts derived from glaciolacustrine silty lithofacies in the
medial part of the fan. (h) Contorted, rolled soft-sediment
clasts derived from laminated silty lithofacies, surrounded
by diamictic sand (lithofacies SDm) in the medial part
of the fan. Prolate-shaped soft-sediment clasts were
extracted and their a-axis orientation was measured.

Additionally, palaecocurrent direction measure-
ments based on dip direction and the dip angle of
cross lamination in asymmetric ripples in sand and
silty sand (in five sets) were made. Eigenvalues and
eigenvectors were calculated according to Mark’s
(1973) method. Mean dip direction of clasts in
debrites, and mean palacocurrents in sand/silty sand
were calculated as the mean of V| vector azimuth.
The mean palacoflow direction of debris flows on
the fan was based on inferred local directions of
debris flows.

4. Results and interpretation

4.1. Palaeoslope inclination
direction

4.1.1. Description

In the proximal part of the fan (log 1), diamicticand
silty-sandy sediments are inclined 6° in northern
direction (Figs. 1c and 3a). Diamictic sediments
dominate in the proximal (upper) part of the fan
and their thickness decreases distally. In the distal
part of the fan (logs 2 and 3), sediments are less
inclined (3°-4°), and silty and sandy sediments
prevail. Palaecocurrent direction from sandy ripple
cross-lamination (e.g., Fig. 2d) shows a very
strong dip-direction concentration in all parts of
the subaqueous fan. In every one of the five sets S|
eigenvalues are considerably above 0.9. The azimuth
of the V, vector varies from 335° to 348° (Fig. 3a).

As mentioned above (see Section 2), only the
top part of the succession is glaciotectonically
deformed. The lower parts of the succession are
undeformed in general. Only in the medial part of
the fan clear thrust system with reverse faults of a
vertical slip up to 10 cm was documented (Figs. 1¢
and 3b). The reverse faults are linked to a single
normal fault of 10 cm vertical slip, open fold in the
top as well as minor reverse and normal faults of a
few millimetres of vertical slip. The main reverse
faults dip at angles from 40° to 50° within NN'W
and N sectors (Fig. 3b). The dip direction of the
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main normal fault is similar, and the mean azimuth
of the main reverse and normal faults is 352°.

4.1.2. Interpretation

The results described above point to similar
palacocurrent directions, regardless of the part
of the fan and regardless of sediments that were
analysed. All suggest a palacoslope dip direction to
NNW (the mean azimuth is 341°), and dip angle
between 6° in the proximal part of the fan and 3-4°
in the distal part.

The thrust system described was developed
by sediment displacement due to its instability on
the slope (see Bathurst, 1987; Loseth, 1999). The
displacement occurred after deposition of the
analysed debrites towards the NNW. Additionally,
the mean direction of these faults are similar but
slightly different from the mean dip direction
of cross lamination in asymmetric ripples, and
this suggests that the direction of palacoslope
inclination after sediment accretion in general

remained similar (thatis NN'W).

4.2. Debrite fabric — palaeodirection
implication

4.2.1. Description

Debrites in the studied succession commonly
contain gravels (Fig. 2a, b), usually up to 10 cm in
diameter. Oversized gravels, up to 25 c¢m, are very

Figure 3. Rzucewo sedimentary succession of the fan with
interpretation; lithofacies code from Zielinski & Pisarska-
Jamrozy (2012). (a) Overview of the debrite fabric in three
sedimentary logs and presumed debrite correlation;
contour diagrams are plotted on Schmidt equal area lower
hemisphere nets; symmetric rose diagrams illustrate
the distribution of a-axis orientation; dip direction of
cross lamination in asymmetric ripples is presented in
yellow filled circles. (b) Thrust system with orientation of
the main faults in log 2; projection of faults on the lower
hemisphere. (c) Clast-fabric shape triangular eigenvalue
plot; samples were collected from proximal (P), medial (M)
and distal (D) parts of the subaqueous fan - see sample
symbol.

rare and occur only in the proximal part of the
fan (log 1). Moreover, all debrites contain intact
and contorted SSC. The SSC are derived from
fine-grained, mostly laminated glaciolacustrine
sediments (Fig. 2¢, d, g) as well as from diamictic
debris-flow deposits (Wozniak & Pisarska-Jamrozy,
2018). Intact SSC are most common in the
proximal part of the fan, whereas both intact and
contorted SSC (Fig. 2g, h) occur in the medial
and distal parts of the fan (cf. Pisarska-Jamrozy
& Wozniak, 2018; Wozniak & Pisarska-Jamrozy,
2018).

Gravel-clast dip directions in the proximal part
of the fan were measured from two thick debrites
(D1and D2; middle partoflog 1; Fig. 3a). In the D1
debrite, moderate concentration and a girdle fabric
shape is observed (Fig. 3a, ¢). The most common
orientation of the gravels a-axis is SSE-NNW. They
are inclined, both up and downslope, and some of
them are inclined at steep angles (30—-64°). Debrite
D2 shows better gravel ordering than debrite D1.
Long axes of gravels are clustered along SE-NE
direction. Most gravels in debrite D2 reveal upslope
dipping (angles mostly between 10 and 30°).

Debrites D1 and D2 in the lower part of medial
and distal part of the fan are split into two (debri-
te D1 into D1a and D1b, and debrite D2 into D2a
and D2b). This division is confirmed by debrite
fabric from the medial part of the fan (Fig. 3a, log
2). The D1a debrite fabric shows strong clast con-
centration (eigenvalue S is close to 0.7). Azimuth
of the V| eigenvector is 87° and almost all gravels
reveal dip directions towards east. It should be
noted that a minor lobe head of this debrite is ob-
served in the outcrop. In the upper-lying D1b deb-
rite, gravel dip is variable (1-58°), concentration
is moderate (S,~0.5) and fabric has a girdle shape.
The a-axis clast orientation is well ordered (mostly
upslope and eastwards). The D2a debrite fabric
is characterised by moderate ordering (S,~0.6),
manifested by a moderately girdle fabric sha-
pe (Fig. 3c). Gravels in the D2a debrite dip at low
angles (mostly 2-25°) and show dip directions
towards east or northeast. The azimuth of the
V. eigenvector reaches 56°, i.e. transverse to the



168

P. P. WozZniak, M. Pisarska-Jamrozy and L. Elwirski

expected inclination direction of palacoslope.
Similar, or an even more easterly direction of the
V| eigenvector, is revealed by the overlying D2b
debrite (97°). Its fabric shows moderate concen-
tration (S, is 0.52) and is moderately girdle-shaped
(Fig. 3c). Some gravels dip at higher angles (30-68°).
It should be noted that lobe head of D2b debrite is
expected between medial and distal part of the fan
(between logs 2 and 3). However, it is not observed
in the outcrop due to thick colluvium cover.

The uppermost D3 debrite in the medial part of
the fan (log 2) is thin and characterised by the lack of
gravels of above a few millimetres in diameter, but it
contains rolled and prolate SSC of 4-10 cm length
and up to 3 cm in diameter. The sandy texture of
this debrite enabled SSC extraction and then fabric
analysis. The number of analysed SSC is low (n=8),
but the outstanding concentration (S, close to 0.9)
suggests that the results can be treated as indicative.
The a-axes of most SSC are inclined at very low angle
(mostly at 1°) towards ESE.

In the distal part of the exposed fan (log 3)
only three debrites occur. Both lowermost debrites
(Dla and D1b) reveal fabric of a very strong
concentration of gravel a-axis orientation (S, is at
0.75 and 0.78, respectively) and low-angled gravel
dips (mostly 1-15°). However, the dip direction of
gravels is almost the opposite: in the D1a debrite the
a-axis of gravels reaches the dominant ESE direction
(from upslope through transverse to downslope),
while in the D1b debrite almost all gravels are
inclined towards NNW (downslope). It should
be noted that the head of the D1a debrite lobe is
observed in the outcrop. The fabric of the upper
lying D2 debrite shows yet another direction: most
gravels are aligned along a SW-NE direction, and
some have a transverse orientation. Three different
main dip directions of gravel (NE, SW and WNW)
result in a moderate S, value (0.52) and moderately

girdle fabric shape.

4.2.2. Interpretation

In some analysed sets, gravels are aligned parallel

to the inferred NNW direction of palacoslope

inclination. In the proximal part of the fan, the
mean dip direction of gravels is opposite to that
mentioned above. Gravels reveal mostly upslope
inclination there. We suppose that most probably
a tension process is responsible for such an
orientation as the gravels sank into a moving and
stretching out debris-flow sediment. In addition,
the short transport distance in the proximal part
of the fan resulted in only moderate clast ordering,
which is clearly visible in D1 debrite. In the medial,
or even more clearly, in the distal part of the fan due
to alonger transport distance, better gravel-ordering
occurs in the debrites. However, only results from
half of the eight sets confirm this assumption,
revealing a clear cluster fabric shape and high
S, value (see Fig. 3a, c: debrites D1a, D2a, D3 in log
2and debrites Dlaand D1binlog3).

Why does debrite fabric mostly indicate
palacodirections varying from discordant to one
consistent with the inclination direction of the
fan palacoslope? In the medial part of the fan
(log 2), D1b and D2b debrites show clear girdle
fabric shapes (Fig. 3a, ¢), which resulted from the
splitting of debrites D1 and D2. Remobilisation
of previously deposited debrites, starting to move
as individual debris flows (between proximal and
medial parts of the fan) may result in weaker gravel
ordering. If the down and upslope inclination
direction of the gravel a-axis is omitted, the NN'W
direction (or close to it) prevails for both D1 and D2
debrites in the proximal part, and for D1b debrite
in the medial and distal parts of the fan (log 2 and 3).
In the main, axial part of the debris flow, clasts might
achieve a long-axis orientation similar to debris-
flow palacodirection (see Fig. 4a; cf. Bertran et al.,
1997; Major, 1998). Clast orientation transverse to
flow direction may be tied with a position close to
the debrite head (cf. Nieuwenhuijzen & Van Steijn,
1990; Bertran et al., 1997). During the decelerating
and halting of a debris flow, compression-processes
induced clast rotation and a change of inclination.
Clasts were ordered parallel to a local debris-flow
margin and were inclined upslope (Fig. 4b). It is
confirmed by the presence of a debrite head in
the outcrops (Figs.2e, f and 3a). Similarly, the
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lobe head of D2b debrite is expected between
medial and distal parts of the fan (Figs. 3a and 4a).
However, it is not observed in the outcrop due
to thick colluvium cover. The local stress field in
debris flows in contact with unmoved sediment
might cause gravel rotation and at least some
might get an orientation oblique to the debris-flow
palacodirection (e.g., D2a debrite in logs 2 and 3;
see Fig. 3a; cf. Bertran et al., 1997; Iverson, 1997;
Major, 1998).

The fabric of SSC in the D3 debrite is aligned
almost horizontally, parallel to the local lower
surface of debrite, whereas the inclination of debrite
in the analysed part reaches 6°. In order to achieve
their rolled structure, combined with prolate shape,
they should have been rotated transverse to the
palaeodirection of debris flow around their a-axis
(cf. Figs. 2g, h and 5). This was possible, because
SSCwere transported in more fluidized debrite than
other more cohesive ones (Wozniak & Pisarska-
Jamrozy, 2018). As a consequence, local transport
of D3 debrite should be determined as a direction
transverse to the a-axes of rolled SSC, which means
NNE (azimuth 23.5°).

Mean debris-flow palacodirection is similar to
that obtained from cross lamination in asymmetrical
ripple marks and the mean dip direction of faults
occurring in the succession. However, a distinct
variability of palacoflow directions is observed in
debrites between NW and NE sectors (Fig. 4b),
which is attributed to the radial spreading of the
debris flows and their splitting into minor debris-
flow lobes (Fig. 5). In the distal part, debrites reveal
the most distinct variability of palacoflow directions
(they differ by 68°), because in the area of flattened
topography debris flows were split into minor lobes
which spread freely in different directions (Fig. 5). In
contrast, debris-flow directions are most consistent
in the proximal part of the fan, despite the variable
dip directions of clasts and girdle fabric shapes
observed there (cf. Figs. 3a and 4b). It is favoured by
the steepest palaeoslope inclination in the proximal
part of the fan, and as a consequence, stress field
direction was parallel to debris-flow direction (Fig. 5;

cf. Iverson, 1997).
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Figure 5. Model of glaciolacustrine fan deposition with clast orientation in debrites. The main orientations of clasts are
shown in the circular insets. For lithofacies code see explanation in Fig. 3.

5. Discussion

The results from Rzucewo succession shows
that in a subaqueous environment most fabric
shapes of debrites are moderately developed
girdles, with eigenvalue S, commonly between
0.5 and 0.6. However, in individual cases the
strong concentrated distribution with S >0.7 may
occur (Fig. 3a, c). These results are similar to those
obtained from subaerial debrites (e.g., Lawson,
1979; Eyles & Kocsis, 1988; Bertran et al., 1997),
subaerial lahars (e.g., Mills, 1984; Major & Voight,
1986) as well as from periglacial colluvium (e.g.,
Millar, 2005). Experimental debris flows show that
strongly aligned fabric can develop at a distance
of several meters (Major, 1997, 1998). In the
Rzucewo succession, this is confirmed by results
of measurements from the debrite D1b. In log
2, clast fabric of debrite D1b is moderate (S,=0.5,
girdle fabric shape), but 15 metres down slope

(log 3) clasts are clearly better ordered (S,=0.78,

cluster fabric shape; Fig. 3a, ). This is not visible
in other debrites in Rzucewo, because the logs
exposed different parts of the debrites, e.g., one
log can show a lateral part of debrite, whereas the
next one can show sediments of the lobe head of
a given debrite (cf. Figs. 3a and 4a). In both cases
local stress-field conditions play a leading role in
clast ordering (Fig. 5). According to results from
experimental debris flows, clast arrangement
may be conditioned by surges in the flow (minor
heads following one after another; Iverson, 1997;
Major 1998). In Rzucewo, surges did probably not
occur due the cohesive nature of most debris flows
and the moderate inclination of the palacoslope.
However, the effect of different process is observed
in the medial part of the fan with the splitting of the
debris flows (D1 and D2 debrites are split into two;
Fig. 3a). Remobilisation of previously deposited
debrites, starting to move as an individual debris
flow (between the proximal and medial parts of the
fan) might result in weaker gravel ordering.
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In subaerial slope deposits, clast imbrication
(a group of clasts with their long axes aligned
parallel to the palacodirection of debris flow) is
common (Major, 1998), and is best developed in
the head of the lobe where deceleration of the flow
caused internal thrusting (Bertran etal., 1997). The
degree of imbrication (percentage of imbricated
clasts) depends on grain-size distribution: the
lower the matrix content, the more possible is the
imbrication arrangement (Ildefonce et al., 1992).
In debrites in the Rzucewo succession, imbrication
is not observed, because gravels constitute only
a small percentage and are dispersed in a fine-
grained matrix. Moreover, some of the fine-grained
debrites in Rzucewo can be attributed to deposits by
mud flows (cf. Mulder & Alexander, 2001).

Contorted, rolled SSC were transported on
the subaqueous fan at Rzucewo probably in less
cohesive and more fluidized debris flows than
gravels (e.g., Dm and DSm debrites). The SSC
became rolled due to rotation around their long axis,
transverse to progressive motion (see Taylor, 1923).
As a result, the long axis of SSC was transverse to
the debris-flow palacodirection (cf. Knight, 2009).
Most rolled SSC at Rzucewo were buoyant and
deposited in the upper part of the debrite (Fig. 2h).
Even though a strong concentration of a-axis
orientation means, the direction of SSC transport
is slightly more eastwards than the assumed
inclination of the palacoslope (Fig. 4b). This can
be caused in Rzucewo succession by (1) available
debrite intersection in an outcrop — it is possible
that the intersection did not cut the axial part of the
debrite head with expected folded zone in front of
it, as in Fig. 2e, f, or (2) the outcrop shows the lateral
part of a debris flow with the a-axes of clasts oblique
to the main palaeodirection of debris-flow transport
(a result of local field stress between deposited
and mobile deposits), but still restores the local
palacodirection of debris-flow transport.

The orientation resultant vector of SSC in
debrite D3 in Rzucewo succession is similar to the
vector of gravels in the underlying debrite D2b
(log 2). The log 2 shows the head parts of D2b and

D3 debrites, so the orientation of the long axes

of gravels as well as SSC comes from the radial
distribution of palacoflows in their head parts (i.e.
parallel to the local palacoflow within the head; see
Fig. 5). On this basis, it can be assumed that close
to the axial part of the debris flow, at a distance
from the debris-flow head, the long axes of SSC
in fluidized debrites and the long axes of gravels in
cohesive debris flows were transverse to each other.
The long axes of gravels will be parallel to the main
debris-flow palacodirection (according to local
field stress in debrites), whereas the long axes of
SSC (linked to the rotation process in progressive
motion) will be transverse to the main debris-flow
palacodirection (Figs. 4a and 5). On the basis
of this research, results for both gravels and SSC
orientation can be considered as complementary,
and can be used in palacodirection reconstructions
of debris flows.

Three main types of fabric can be distinguished
in the debrites at Rzucewo site: (1) a-axis clast
arrangement parallel to debris-flow direction — in
an axial part of a debris flow; (2) clast ordering
transverse to debris-flow direction — in the head
of a debris-flow lobe; and (3) clasts reveal fabric
oblique to palacoflow direction — in lateral parts
of a debris flow (cf. Figs. 4a and 5). Such triple
division occur also in subaerial debrites (cf. Bertran
et al., 1997). However, according to the results
obtained from contemporary lahars (Mills, 1984;
Major & Voight, 1986), in which the flow direction
is well documented, it should be concluded that
some lateral parts of a given debrite may show
direction inconsistent with the expected. In
addition, in places where shapes of debrite fabric
are well developed girdles, V. azimuth may point
at the apparent (false) direction of a flow, because
the long axes of prolate-shaped clasts may be
parallel or perpendicular to each other and parallel,
perpendicular, transverse, or at some other angle
to the dip of the palacoslope (Gravenor, 1986). As
indicated by the results from Rzucewo site, the
reasons for this may be changes to the local stress
field at short distances and orientation of some clasts
inherited from a previous stage of a flow.
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Other factors that may affect debrite fabric
are (1) clast concentration and (2) water content
in a debris flow. Gravenor (1986) concluded
that the bigger the clast concentration in a debris
flow, the higher is the chance of clast collisions
causing alignment of elongate clasts parallel to
the flow direction. However, according to more
recent research (e.g., Ildefonse et al., 1992; Jezek
et al., 2013), the fabric diverges from the shear

direction with increasing clast concentration.

Unfortunately, we cannot trace clast-concentration

changeability in debrite in the whole fan in detail.

According to Lawson (1979), debris flows with
a low water content produce debrites with a weak
clast alignment, because in more cohesive debris
flow intensive shearing occurs only in the lowest part
of a debris flow. That is why in the distal part of the
subaqueous fan at Rzucewo clasts in debrites D1a
and D3 are clearly better ordered than in debrite
D2a (Fig. 3a).

6. Conclusions

The following conclusions can be drawn from the
present study:

* 'The fabric of debrites occurring in the Rzucewo
succession indicates a palacotransport direction
to NNW - similar to palacocurrents interpreted

from asymmetrical ripples in the fan succession.

Detailed measurements of clast orientation show
variability of palacoflow directions in debrites
between NW and NE sectors. Two main reasons
are responsible for this variability: debris-flows
splitting into minor lobes and radial spreading in

the debris-flow head.

* In the medial or, even more clearly, in the
distal part of the fan due to a longer transport

distance, better clast ordering is found in
debrites. However, in the distal part of the fan,
debrites reveal a distinct variability in palacoflow
direction. This variability is caused by flattened
topography, on which the debris-flow lobe was
splitand spread freely in different directions.

¢ Clast a-axis arrangement parallel to the direction
of palacoflow is observed only in the axial part of
debris flows. During the decelerating and halting
of debris-flows, compression processes induced
clast rotation and changes of inclination. Clast
ordering transverse to palacoflow direction is
typical for the head of a debris-flow lobe. Clast
fabric oblique to debris-flow direction may occur
close to the lateral margin of a debris flow. Close
to the axial part of the debris flow, the rolled and
prolate soft-sediment clasts in fluidized debrites
are transverse to the main debris flow direction.
This is linked to their rotation in progressive
motion during transport.

* Both gravels and soft-sediment clasts from sub-
aqueous debrites can be used in reconstructions
of palacoflow directions, but the individual sets
of clast fabric usually indicate only the local
debris-flow direction and clast arrangement
influenced by the local stress field.
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