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Abstract

Palaeoslopes of Weichselian sand-bed braided rivers have been reconstructed for two stages of fluvial development in
the Torun Basin. (1) The palaeoslope of the ‘fossil” fluvial succession (buried under Weichselian tills) was calculated on
the basis of the median grain size and the Shields parameter. The hydraulic gradient thus found is comparable with the
hydraulic gradient of the present-day river. (2) The second developmental stage of the Toruri Basin (as a apart of the
Noteé-Warta ice-marginal valley) took place after deglaciation. The slopes of river terraces are a few times lower than
those calculated on the basis of the Shields parameter. The palaeoslope of the then river was estimated on the basis of
a constant interdependency between the braidplain width, the channel geometry and the grain size. The river gradient
that was thus calculated is similar to the measured terrace slope. Palaeoslope estimates in valleys similar to those in the

Torun Basin should consider the width of the braidplain.
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1. Introduction

Fluvial environments in the geological
record are commonly identified on the basis of
lithofacies analysis. A complementary meth-
od is the palaeohydraulic analysis (Maizels,
1983; Williams 1983; Paola & Borgman, 1991;
Zieliniski, 1992; Leclair & Bridge, 2001; Zielinski
& Van Loon, 2003). The basic palaeohydraulic
parameter characterising the energy of a fluvi-
al environment is the river gradient (hydraulic
gradient), S [dimensionless], which was for-
merly also indicated by the term ‘energy slope’
(Leopold et al., 1964; Schumm, 1977). The river
gradient is used as input for palaeohydraulic
reconstructions such as the flow velocity.

The value of the hydraulic gradient can
be based on topographic measurements of

the slope of river terraces, but the value thus
found is reliable only if the original terrace
surfaces have not been modified later by geo-
morphological processes such as wind activity
(sand-cover formation) and fluvial activity of
younger water courses (erosional or deposi-
tional remodelling). This method of determin-
ing a hydraulic gradient cannot commonly be
used for "fossil” fluvial deposits covered by gla-
cial till, because the present-day surface is built
by till younger than the “fossil” fluvial series. It
is consequently difficult to analyse the palaeo-
hydraulic situation in the past quantitatively,
or to determine the changes of a river gradient
during the evolution of the fluvial system.

The present contribution shows, however,
that such an analysis is possible. The data for
the study have been taken from Polish alluvial
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Table 1. Parameters characterising the ice-marginal valley terraces (S = measured slope, W = braidplain width) and the
corresponding river depth (H) and the average values of the median grain diameter (d’, ).

Average value of median

Log no Terrace Me..a\surecii slope erain diameter Channel depth Braidplain width
number S (dimensionless) 4’ (um) H (m) W (km)
50
1 XI 0.000103 260 1.5 17.0
2 XI 0.000103 295 2.0 17.0
3 X 0.000077 138 25 22.0
4 TT 0.00013 400 1.4 12.0
5 TT 0.000145 1734 3.1 73
6 IX 0.000111 511 1.7 15.0
7 X 0.000111 551 14 13.6
8 X 0.000111 1205 22 13.3
9 VI 0.000105 1028 22 10.5
10 VIII 0.000105 443 15 10.5
11 VI 0.000148 656 1.2 9.5

deposits and terraces in the Toruni Basin. These
are partly older than the Last Glacial Maximum
(Nowe Dabie site, logs 12-13), partly younger
(logs 1-11; Table 1). The findings have been
compared with the hydraulic and geomorpho-
logical data of the present-day South Saskatch-
ewan River (Canada). One of the reasons for
the reconstruction of the changes in palaeo-
slopes of the streams in the Torun Basin is the
dependence of the fluvial relief on the oscilla-
tions of the rivers’ base level.

1.1. Geological and geographical setting

The Torun Basin is the eastern part of the
Note¢-Warta ice-marginal valley, and belongs
to its biggest widenings in the lower Vistula
river valley (Fig. 1A). The genesis of the Torun
Basin demonstrates erosion and accumula-
tion by meltwaters during the recession of the
Weichselian ice sheet. In the Toruri Basin a set of
eleven river terraces (I-XI) is distinguished (ter-
race numbering according to Galon, 1961). Ter-
races VI-XI were originated due to water flow
through the Note¢-Warta ice-marginal valley.
Vertical changes of the river base level were
triggered by the changes in the Vistula course,
by the location of the Note¢ ice-marginal val-
ley mouth (Galon, 1961; Weckwerth, 2010) and
by the changes in the extent of the Weichselian
ice sheet, which dammed off the waters of the

northern part of the North Sea and the south-
ern Baltic basins (Mojski, 1995; Starkel, 2001).
These processes resulted from the recession
of the ice sheet at the end of the late Weich-
selian and from the Vistula waters finding
a way from the Plock Basin to the Torurn Basin
at about 14-15 ka BP (Niewiarowski & Weck-
werth, 2006, Weckwerth, 2006). The flow of
Vistula river from the Ptock Basin to the Torun
Basin occurred first time during the formation
of “transitional” terrace (Weckwerth, 2010).

The evolution of the fluvial relief of the
Torun Basin was also influenced by varia-
tions in the weight of the overlying ice sheet,
which triggered glacial and postglacial isostat-
ic movements (Mojski, 1980; Weckwerth, 2007,
2010). These processes resulted from the ob-
lique course of the Toruri Basin axis in relation
to the axis of Mid-Polish Anticlinorium. All
these factors influenced both the erosional and
depositional activity of the sand-bed braided
river which flowed in the basin once degla-
ciation had started. A system of ice-marginal
valley terraces of different width and lithology
than developed in the Torur Basin (Table 1).
These are cut-and-fill terraces. The current ter-
race widths are smaller than that of the former
floodplain (braidplain) due to river incision to
a lower level and erosion of earlier developed
terraces.

The above-mentioned factors conditioning
the evolution of the river system might have
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been active also in the Torur Basin at the end of
the middle Weichselian and the beginning of the
late Weichselian (Weckwerth, 2009; Weckwerth
et al., 2011). At that time, i.e. before the first ad-
vance of the Weichselian ice sheet, a river valley
existed there, probably an ice-marginal valley.
The sand-bed braided river ran to the West. The
deposits of this river are presently found below
the tills of the Weichselian glaciation, so it is im-
possible to apply topographic measurements
to determine the river gradient. This gradient,
indispensable for further quantitative palaeohy-
draulic analysis of the ancient river, can be de-
termined using the methods described by Paola
& Mohrig (1996) and Dade & Friend (1998).

1.2. Comparison with a present-day
equivalent

The main difference between the Weichse-
lian and the post-glacial fluvial systems was the

Baltic Sea

0 50 km

Fig. 1. Location of the study area with sites investigated.
A: Fluvial and glaciofluvial deposits in NW Poland. P
= maximum extent of the Weichselian ice sheet; Pm,
Ga = recessional stages of the Weichselian ice-sheet
retreat; B: Relief of the Toruni Basin and the location of
the sites investigated (logs 1-13).

higher aggradation ratio before the Last Glacial
Maximum (LGM) (Wysota, 2002; Weckwerth,
2009; Weckwerth et al., 2011). Their lithology
is similar to the deposits of the South Saskatch-
ewan River (Cant, 1978; Cant & Walker, 1978).
This river has a very low gradient (0.0003);
the channel deposits are well sorted and have
a mean grain size of 0.3 mm. A similar river
gradient can be expected in the case of the an-
cient river in the Torun Basin.

1.3. Objectives

The main objective of the present study was
the analysis of the rivers’ gradients within the
Torun Basin and a comparison with the hy-
draulic gradient of the present-day river. Both
the former and the modern rivers are compara-
ble as regards flow regime and lithofacies char-
acteristics of the channel deposits. Planar and
trough cross-bedded sands are common for the
sandy braided rivers in the alluvial system that
existed before the LGM and the one within the
Torun Basin during recession of the ice sheet.

The estimated river gradient (S,) can differ
from the real gradient (S). An important objec-
tive when measuring the river gradients was
therefore a comparison of the measured slopes
of the terrace levels in the Torun Basin (S) with
the river palaeogradient (S,) as calculated for
the same terraces on the basis of the channel
palaeodepth and the median grain size of the
alluvial deposits.

2. Methods

The depositional environment was recon-
structed on the basis of the structural and
textural features of the deposits. The types of
lithofacies were determined so as to distin-
guish the characteristics for the various units
representing the fluvial sub-environments (cf.
Miall, 1985; Zieliniski, 1993, 1998). The grain-
size distribution of the gravel/sand fraction
of the deposits was determined by sieving at
1-phi intervals, whereas the sand/clay fraction
was measured with a laser particle-size ana-
lyser (Analysette 22) at 0.25-phi intervals. The
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Fig. 2. Longitudinal profile of the terraces of the ice-marginal valley and location of the sites under study.

median grain size, d,, has been estimated. The
average median value for the entire series of
the channel deposits, d’,, was correlated with
the thickness of the individual lithofacies.

The slope of the terrace surface has been
determined in the vicinity of each site under
study (Figs 1-2; Table 1). In order to determine
the river gradient for the fluvial succession
(the Nowe Dabie site; logs 12 and 13 in Fig. 1),
which is located below the glacial till, the Du
Boy equation (7= pgHS) and the Shields equa-
tion (6 = 7/pgRd,,) have been used (cf. Paola et
al., 1992; Julien & Wargadalam, 1995; Dade &
Friend, 1998; Dade, 2000; Paola, 2000; Frings,
2008).

The symbols of the parameters (see also the
Appendix) are: 7 = bed shear stress [kg/ms?], p
= water density [kg/m?®], H = hydraulic radius
(channel depth) [m], 6 = dimensionless Shields
parameter, g = gravitational acceleration (= 9.81
m/s?), R = relative excess density of sediment
particles, d., = median grain size [m]. Accord-
ing to Dade & Friend (1998), the transport of
bedload, suspended load and mixed load (i.e.
both bedload and suspended load) in natural
rivers is characterised by constant values of the
Shields parameter. It depends on the grain size,
channel depth and river gradient (6 = SH/Rd. ).
The value of the Shields parameter is 0.047 for
bedload transport, 1 for mixed load and 10 for
suspended load (Komar, 1987; Paola & Moh-
rig, 1996; Dade & Friend, 1998). For calculation
of the previous river gradient, one of the above
three values was used, depending on the indi-
cator w/u, (where w_is the settling velocity of
particles and u, is the friction velocity: Dade,
2000). For the deposits of the ice-marginal val-
ley, the indicator w /u,ranges from 0.09 to 4.76

(Table 2). For the Nowe Dabie site (logs 12 and
13), w_/u.=0.34, thus 0 ~ 1.

In order to estimate the river gradient, it is
necessary to determine the channel depth, H
[m]. In practice it is the depth of the channel
when completely filled with water (bankfull
depth). H is estimated on the basis of the thick-
ness of the individual lithofacies Sp (sand with
planar cross-bedding) and St (sand with trough
cross-bedding). For lithofacies Sp, the flow
depth roughly equals the thickness of the Sp
deposits. If the thickness is insignificant (up to
0.4 m, average 0.15 m), the lithofacies can either
represent straight-crested sand waves or small
transverse bars. These develop under conditions
of decreasing depth and energy of the flow and
they can form cosets of large transverse channel
bars. These bars can be formed by superimpos-
ing of smaller bars of the same type (Williams,
1971; Cant, 1978; Cant & Walker, 1978; Zieliniski,
1992). The thicknesses of the Sp cosets have been
used for estimation of the channel depth (H)
when completely filled with water. Transverse
bars may also consist of a single large-scale tab-
ular set. The set thickness is similar to the water
depth in this case (Williams, 1971; Sauderson
& Jopling, 1980; Mohrig et. al., 2000). During
the upper part of the lower-stage flow regime,
3-D dunes also develop (Wiliams, 1971; Cant,
1978; Cant & Walker, 1978). The flow depth
was estimated in such a case to be the five-fold
of the thickness of the sets of the trough cross-
stratified sands (cf. Simons & Richardson, 1962;
Ashley, 1978; Cant, 1978; Leclair & Bridge, 2001;
Prent & Hickin, 2001). For massive or horizon-
tally stratified sand and gravelly sands, the flow
depth was estimated on the basis of the d, value
(cf. Williams, 1983; Julien & Raslan, 1998).
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3. Results

The sediments in the ice-marginal valley
terraces in the Torun Basin were deposited by
a sand-bed braided river. The deposition fol-
lowed an erosional phase, when the river in-
cised 4-5 m into the older alluvium (Weckw-
erth, 2004, 2010). Cross-stratified sands (Sp, St)
and gravelly sands (SGp) dominate the fluvial
deposits under study (Figs 3-4), while massive
sands (Sm) and fine-grained gravel (Gm) are of
minor importance. The average values of the
median grain size (d’;) of each terrace depos-
its were estimated on the basis of the thickness
of the individual lithofacies. They range from
0.138 mm to 1.734 mm (Figs 3-4; Table 1).

The Torur Basin terraces are erosional rem-
nants of Weichselian braidplains. The terrace
slopes are considered to represent the braid-
plain slope, but the braidplain was wider than
the present-day terraces. The relation of slopes

Log 1 (terrace XI)

of the ice-marginal valley terraces to average
median grain diameter (d’,)) of their deposits
allows to distinguish three groups. The tran-
sitional terrace and terrace VI show the steep-
est slopes (0.00014 and 0.00015, respectively),
whereas terrace X has the least inclined slope
(0.000077); the other terraces have moderate
ones (Table 1; Fig. 5). The terrace slope is slight-
ly correlated with the average value of median
grain size (d’,)) of the deposits (Fig. 5; Table 1)
and decreasing values of the terrace slope (5)
are clearly correlated with an increase in the
width of the ancient braidplain and channel
depth (Fig. 6A, C; Table 1). A similar relation of
the width of the braidplain (V) is observed in
the case of the average values of d’, . Decreas-
ing braidplain width (W) is correlated with an
increasing value of d’, (Fig. 6B).

These relationships between the gradient
of the ice-marginal valley terraces inspired the
present author to compare the measured slopes
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Fig. 5. Three groups of the terraces of the ice-marginal
valley distinguished on the basis of the mean values
of gradient S in relation to the average value of the
median grain size (d’,)).

case of the deposits of a mixed-load river type
(6.= 1), the differences are smaller than in the
case of a bedload or suspended load river. Ear-
lier research of the terraces in the Torun Basin
(Niewiarowski & Tomczak, 1969; Weckwerth,
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2004, 2010) indicates that they consist mainly of
sand. It is therefore reasonable to accept that 0,
=1 when estimating their palaeoslopes (Table
2). These estimates of S, are much more similar
to the measured gradient, S.

Several relationships exist between the
width of the ancient braidplain (W) and oth-
er parameters (S, d’,, H) (Fig. 6). The strong-
est correlation is found between the gradient,
S, and the width of the braidplain, W (W =
0.0345"4). It also means that S, (calculated for
.= 1) depends on the width of the braidplain
(W = 840S5,_°%) (Fig. 7). Consequently, the es-
timates of the palaeoslopes in valleys similar
to the Toruni Basin, i.e. with systems of cut-
and-fill terraces, should consider the width of
the braidplain (W). Thus, the estimated river
gradient is S, = 8 x 105,°%. The value of the
calculated river gradient, S, is similar to the
measured terrace slope (Table 2).

Another fluvial succession was noted at the
Nowe Dabie site in the south-western part of
the Torun Basin (logs 12 and 13 in Fig. 1; Fig. 8).
It was deposited by a sand-bed braided river
before the main stage of the Weichselian gla-
ciation. Thus, fluvial deposits exist under the
tills (Weckwerth, 2009; Weckwerth et al., 2011).
The mentioned succession fills the buried val-
ley.

Lithofacies analysis of the deposits at the
Nowe Dabie site shows a distinct similarity
to the lithofacies of the sand flat braided river
described by Cant (1978) and Cant & Walker
(1978). The average values of the median grain
size (d’,,) of the various deposits in logs 12 and
13 are 0.198 and 0.229 mm respectively (Fig. 8).
The channel depth was estimated on the basis
of the lithofacies which fill up the buried river
channel. They reflect a waning flood stage. The
depth of the river channel was calculated to be
2.3 m (Fig. 8, log. 13). Roughly similar values
of the channel depth (2.0 m and 2.2 m) were
estimated from the analysis of the set thickness
of the trough cross-bedded sands which fill up
the mentioned channel. The channel depth was
also calculated on the basis of the thickness of
the sets of large-scale tabular cross-bedded
sands (Fig. 8, log. 12), with 2.1 m as the result.
The average median grain size of the litho-
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Fig. 6. Relations between the river gradient (S), the av-
erage value of the median grain size (d’,;), channel
depth (H) and braidplain width (W) (r = Pearson cor-
relation coefficient).

facies which fill up the river channel is 0.274
mm, while that of the large-scale tabular sets
is 0.264 mm. This means that the values of the
indicator w /u. are 0.36 and 0.33, respectively.
The estimate of the gradient of the ancient river
was based on the value of the Shields param-
eter, 0, = 1 (mixed-load transport). The calcu-
lated values of the palaeoslope are 0.00037 and
0.00026, respectively, which means that the
average value for the entire fluvial succession
is 0.00031. This value is similar to that of the
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Table 2. Values of the Shields parameter () (estimated on the basis of S, d’,, and H) and estimated slope (S,) for a con-
stant value of the Shields parameter (6,). The palaeoslope (S, ) has been estimated on the basis of the width (W) of

the ancient braidplain.

Estimated river

Measured Shields Constant Shields gradient Estimatgd river
Log Terrace slope parameter gradient
no number S 0 /. parameter . SE SW
(mean 0.28) 0, (in brackets 0.=1)
SE for 6,=1) E
1 XI 0.000103 0.36 0.33 1 0.00034 0.000101
2 XI 0.000103 0.42 0.41 1 0.00030 0.000967
3 X 0.000077 0.84 0.09 10 (1) 0.00091 (0.00011) 0.000075
4 TT 0.000130 0.27 0.74 1 0.00057 0.000115
5 TT 0.000145 0.15 4.76 0.047 (1) 0.00004 (0.00114) 0.000137
6 X 0.000111 0.22 1.15 1 0.00060 0.000116
7 IX 0.000111 0.17 1.31 1 0.00079 0.000124
8 X 0.000111 0.12 3.83 0.047 (1) 0.00004 (0.00110) 0.000136
9 VIII 0.000105 0.13 3.26 0.047 (1) 0.00004 (0.00095) 0.000131
10 VIII 0.000105 0.22 0.89 1 0.00059 0.000116
11 VI 0.000148 0.16 1.75 1 0.00109 0.000136

South Saskatchewan River (0.0003: Cant, 1978;
Cant & Walker, 1978).

4. Discussion

The terraces of the Torun Basin evolved due
to both erosion and accumulation of sand-bed
braided rivers, which gathered waters from
the both north (meltwater) and the south (e.g.
the Vistula River and the upper reach of the
Note¢ River). The geological structure of these
terraces indicates that the fluvial forms were
dominated by transverse bars, which at some
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Fig. 7. Relation between the ancient braidplains width
(W) and the estimated river gradient (S,) (r = Pearson
correlation coefficient).

places were cut by 3-D dunes in the thalweg.
The river in the ice-marginal valley was depo-
sitional rather than erosional, and the accumu-
lation rate increased during the formation of
the lower terrace. The relationship between the
grain size (d’;)) of the terrace deposits and the
slope of the terrace surfaces (S) supports the
hypothesis by Henderson (1961) that the river
gradient increases together with the median
grain size of the sediment (Fig. 7). The braid-
plain became narrower (i.e. the number of
channels on the braidplain decreased) with an
increase in the terrace slope (Fig. 6A; Table 1).
These relationships between the gradient S, the
median grain size of the sediment and the ter-
race width (braidplain width) WV, resulted from
the degree of stability of the river channel as
a consequence of the available flow energy (cf.
Parker, 1976; Julien & Wargadalam, 1995; Lee
& Julien, 2006). The increasing hydraulic gradi-
ent, which also meant an increase in flow ener-
gy (in practice an increase ind’, ), is reflected by
the decrease in both channel depth and braid-
plain width (Figs 6, 7). This supports the rela-
tionships mentioned by Dade (2000) between
the mentioned parameters. In accordance with
Dade (2000), an increase in the available grain
size causes a decrease in channel width and an
increase in the bed friction (cf. Mackin, 1948).
In the case of the Torur Basin, part of the river
energy was used for downward incision and
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Fig. 8. Lithology of the fluvial series deposited be-
fore the Last Glacial Maximum at the Nowe

Dabie site (logs 12 and 13), representing sand-
bed braided rivers (sand flat braided river litho-

type).

lateral erosion. This might explain why the
values of the Shields parameter, 0, are lower
than 1 (0.28 on average). On the other hand, 0
is close to 1 (6 = 0.85) for terrace X, the deposits
on which are comparable with those of a low-
energy distal outwash plain (Zielifiski, 1993;
Zieliniski & Van Loon, 2003). The high value of
the Shields parameter for terrace X results from
the small average value of the median grain
size, d’,, (Tables 1-2). In the case of other terrac-
es in the Torun Basin, the differences between
0 and 0, = Imay result from coarser sediments
and the fact that some energy was lost by ero-
sional activity within the channel. The slopes of
the terraces (S) within the Torun Basin are too
gentle if the grain size of the sediments is taken
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into account. The estimated river gradient, S,
based on the constant 6, = 1 (Table 2) is larger
than the measured slope, S. As both S, and S
show a similar relationship with the width of
the braidplain (W), the estimated channel gra-
dient is estimated (based on braidplain width)
as S, =8 x105,°%* (Fig. 7).

The interrelationship between the palaeo-
flow depth, gradient and width of the braid-
plain on the one hand, and the median grain
size of the fluvial sediments on the other hand
shows that the fluvial forms and their features
(cut-and-fill terraces, braidplain slope and
width, bedforms) adjusted to the changes of
the discharge into the ice-marginal valley, the
height of the base level and neotectonic move-
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ments (Weckwerth, 2010). Initially (formation
of terrace XI and X), the energy of the river was
low. The dominant lithofacies of tabular cross-
bedded sands, the secondary role of trough
cross-bedded sands, the fine grain size (d’,)
of the sediments and gentle slope (S) of the
terraces indicate a distal part of the outwash
(Zielinski, 1993; Zielinski & Van Loon, 2003).
Braided channels in the distal part of outwash-
es are characterised by frequently floods, the
occurrence of transverse bars and a relatively
wide braidplain. The key moments for the de-
velopment of the ice-marginal valley were (1)
when the water of the Vistula found its way
into the Toruni Basin from the south Plock Ba-
sin, which took place during the formation of
the transitional terrace, and (2) when the melt-
water discharge ceased (Weckwerth, 2004,
2010). The sudden inflow of the Vistula water
from the South is reflected by a higher river
gradient and a coarser median grain size than
in the older terraces X and XI.

The estimated basic parameters of the chan-
nel geometry and palaeohydraulic conditions
for the buried fluvial succession are compared
with those of present-day rivers and their depos-
its. The succession at the Nowe Dabie site (logs
12 and 13) shows similar dimensions of dunes
and transverse bars, and a similar average grain
size (0.3 mm) and channel slope (0.0003) as the
South Saskatchewan River (Cant, 1978; Cant &
Walker, 1978), which is the largest river in the
southern Canadian prairies, with a valley depth
of about 30 m. The South Saskatchewan River
forms a braided fluvial system with an average
discharge of 275 m®/s. The maximum discharge
is controlled by snow melt and precipitation.

5. Conclusions

The palaeoslopes of ancient sand-bed braid-
ed rivers have been reconstructed for two stag-
es of fluvial development in the Toruni Basin.
The first phase, was characterised by intensive
fluvial accumulation in front of the Weichse-
lian ice sheet. Nowadays these fluvial sedi-
ments are buried under Weichselian tills, but
the river gradient could be reconstructed by
quantitative palaeohydraulic analysis based

on an estimate of the Shields parameter. It was
thus found that the palaeoslope was 0.0003.

The second stage of the fluvial development
in the Torun Basin took place after deglacia-
tion. The system of ice-marginal valley terraces
which developed at the time was the reaction
of the river to the changing environmental con-
ditions (climate, discharge, base level height
and catchment area). The measured values
of the river channel gradient are a few times
lower, namely 0.00008-0.00015, than those
calculated on the basis of the Shields param-
eter (0.0001-0.001). A fairly reliable estimate is
possible, however, because a constant interde-
pendency exists between the channel geometry
and the grain size of the deposited sediments
on the one hand, and the width of the braid-
plain on the other hand. Narrowing of the river
braidplain in the Torun Basin, accompanied by
a variable but low-angle slope, occurred dur-
ing river channel erosion in a non-cohesive
bedding. The sand-bed braided river reached
a new equilibrium state, at a lower elevation
of the narrower braidplain. This process re-
sulted in the transport of coarser particles. The
palaeoslope calculation based on the median
grain size (d,)) and the Shields parameter can
therefore give a too high value.

The estimated hydraulic gradient of the
buried fluvial succession is comparable with
that of the present-day South Saskatchewan
River, which is characterised by similar chan-
nel forms and bedforms. If the gradient values
found by estimation and measuring are signifi-
cantly different, the formula S, = 8 x 105 %%
can be applied to calculate the proper value of
the hydraulic gradient.
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Symbol Description Unit
d,, median grain diameter L
d’,  average value of median grain diameter L

g gravitational acceleration LT
H  hydraulic radius (channel depth) L
R relative excess density of sediment particles

S measured braidplain/terrace slope (hydraulic river gradient)

S,  estimated river gradient for a constant value of the Shields parameter
S,  estimated river gradient in relation to the width (V) of the ancient braidplain

u friction velocity LT
W ancient braidplain width L
w,  settling velocity of particles LT
p density ML-
0 Shields parameter estimated on the basis of S, d’,) and H

0,  constant value of Shields parameter in relation to the transport regime

T bed shear stress ML-T=

L =length; M = mass, T = time



