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ESTIMATION OF CHANNEL SINUOSITY FROM PALEOCURRENT DATA: A METHOD USING
FRACTAL GEOMETRY
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AssTracT:  In ancient fluvial deposits, exposure limitations seldom al-
low direct measurement of channel and valley lengths—the requisite
parameters for determination of channel sinnosity. However, sinuosity
can be indirectty estimated from dispersion of paleocurrent data, be-
cause it is observed in modern rivers that the migration paths of ripples
and dunes usually follow the local orientation of the thalweg,

A natural channel can be described to be broadly sinuous in plan.
A magnified view of any small part of it is also sinuous in shape. This
scale independence of shape can be observed at smaller and yet smaller
scales. Fractal patterns, which also have this property, are used here
to model channel plan form at the scale of bedform migration paths.
It is assumed that the sinuosity of a fractal pattern represents the
channel sinuosity over a single meander wavelength, and the orienta-
tions of the smallest segments of the patterns are considered to rep-
resent the bedform migration directions. An attempt has been made
in this study to establish a functional relationship between the sinuosity
of the patterns and the dispersion (consistency ratio) of its segment
orientations. From a number of fractal patterns of different sinuosity
values, the following relationship is noted:

In Sinuosity = 2.49 — 0.0475 Consistency + 0.000234 Consistency-.

This relationship can be used to estimate, from paleocurrent data, the
sinuosity of short stretches of ancient channels whose sinuosity was
steady over time, e.g., bank-stabilized (non-migrating) channels. Pub-
lished data from a number of modern rivers are used to test the equa-
tion, and the goodness-of-fit hypothesis cannot be rejected at 5% level
of significance.

The lateral growth of a meander generally involves a gradual in-
crease in the sinuosity of the thalweg. A growing natural meander is
modeled by grouping together a number of fractal patterns of different
sinuosity values. In a group, the pattern having the maximum sinuosity
value represents the thalweg at the last stage of growth, while the rest
of the patterns represent the thalwegs at intermediate stages of growth,
Partial removal of earlier deposits by erosion associated with the
growth of meander is taken into account by excluding the parts of the
fractal patterns that represent the intermediate growth stages and lie
outside final meander loop. The segment orientations from all the pat-
terns in each group are pooled and compared with the maximum sin-
uosity value. From a number of such groups (of different maximum
values of sinuosity) the relation between the consistency ratio and the
maximum sinuosity is found to be

In Sinuosity = 4.2416 — 0.0801 Consistency + 0.0004 Consistency-.

An empirical test of this equation using data from a single ancient
meandering river deposit vields satisfactory results.

INTRODUCTION

The sinuosity of a channel refers to its geometry in plan and provides a
measure of the degree to which a channel departs from a straight-line
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course. Leopold and Wolman (1957) defined it as the ratio of channel
length to valley length. Brice (1964) proposed a slightly different definition
of sinuosity (the ratio of the channel length to the length of the meander-
belt axis), which takes into account both straight and curved meander-belt
axes.

In case of ancient channel deposits. direct measurements of channel
lengths and valley lengths are seldom possible because of limited expo-
sures. However, sinuosity can be indirectly estimated from dispersion of
paleocurrent directions (cf. Bluck 1971; Ferguson 1977:-Le Roux 1992),
because it has been observed that nipples and dunes (sensu Ashley 1990)
in modern rivers usually migrate subparallel to the local thalweg (Ferguson
1977). Attempts have been made to establish a relationship between the
dispersion of bedform orientations and the channel sinuosity either by di-
rect measurements of bedform orientations in modem river tracts (cf. Bluck
1971), or by inference from the plan geometry of river courses (cf. Fer-
guson 1977. Le Roux 1992). Bluck (1971) could demonstrate only a qual-
itative relationship between sinuosity and bedform orientations. Ferguson
(1977) and Le Roux (1992) assumed that the tangents to the channel seg-
ments at different points. as observed in aerial photographs. represent the
migration direction of bedforms. In Ferguson's (1977) study. the segments
of channels used to represent the migration directions of the bedforms are
much longer than the migration paths of ripples and dunes. Complexities
of the local water flow paths (at a higher level of magnification) within the
channel segments can give rise to a wider variance in bedform orientations
(Bluck 1974, 1979) than what has been accounted for by Ferguson (1977).
Moreover. the studies of Bluck (1971) and Ferguson (1977) do not account
for temporal changes in meander morphologies. and the application of these
relationships to ancient deposits is problematic. Le Roux (1992) did ac-
count for the temporal changes in morphology by measuring orientations
of abandoned scroll bars, swales, and oxbow lakes in a meander belt along
with the present channel. This method can estimate the sinuosity of an
ancient river at a large scale (air-photo scale) provided that paleocurrent
data can be collected over an area as extensive as the meander belt itself.
Exposures of a single channel fill usually comprise one or two point-bar
deposits: therefore it is difficult 1o apply Le Roux’s methodology in most
cases (Olsen 1993).

The geometry of a natural meandering channel is grossly sinuous. Again,
any part of the channel, at a higher magnification. can be considered to
bear a resemblance to the whole. the likeness continuing with the parts of
the parts and so on to infinity (cf. Korvin 1992). In other words. the me-
andering river plan forms show self-similar geometry for a range of scales.

Fractal geometry describes objects that are self-similar. Therefore the
present work utilizes fractal patterns to model the geometry of channel in
plan (Fig. 1). These patterns are used to. derive a relationship between
channel sinuosity and dispersion of paleocurrent data. Sinuosity of the frac-
tal pattern is assumed to represent channel sinuosity, and the orientations
of the smallest segments of the pattern are assumed to represent the bed-
form migration directions. The model is designed to estimate channel sin-
uosity for a short stretch (over a single meander wavelength). Therefore.
the paleocurrent data. which are usuallv available for a small part of a
fluvial deposit in a field exposure. can be used to estimate the local sinu-
osity of the precursor channel. The model takes into account two important
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observations: first. channel length increases with increase in the scale of
observations. and second. the planform pattern changes with time. e.g.,
sinuosity of a meander loop increases with the progradation of the point
bar (fig. 5 of Farrell 1987).

The two major parameters used in this study are the channel sinuosity
(S) and consistency ratio (L). The channel sinuosity is defined as the thal-
weg length along two successive identical meanders disposed symmetri-
cally about a straight meander axis/ total axis length of the meanders. The
consistency ratio L (Sengupta and Rao 1966) or the ‘‘vector magnitude”’
of Curray (1956) is a concentration measure of orientation vectors and is
defined as ’

L = (Magnitude of vector mean/Number of observations) X 100

The higher values of consistency ratio indicate a strong concentration
around the vector mean, whereas lower values indicate a wide dispersion.

METRODOLOGY

An algorithm based upon L-system fractals (Stevens 1993) is used in
this study to generate the fractal patterns. The L-system technique begins
with an “initiator". which may be a straight-line segment or any geometric
figure made up of straight-line segments (Fig. 1). Each side of the initiator
is then replaced by a ‘“‘generator’”, which is a pattem of straight-linc seg-
ments of equal length that replaces the original line segment. This process
is then repeated in 2 scaled-down fashion for all the new line segments,

Second iteration
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Fic. 1.—Generation of fractal patterns by the
L-system technique. In the first iteration. the
generator ACDEFGB replaces the initiator AB.
In the second iteration. a scaled-down generator
replaces each segment of ACDEFGB. The same
process is repeated in the third iteration. In each
iteration, broken lines show the replaced pattern,
In this example, the generator has six segments
{n = 6) and the turn angle 6 is 30°. The
sinuosity value of cach fractal pattern is
calculated by dividing the sum of lengths of all
the segments ti.c.. the length along the patten)
8 by the length of line AB. In this example the
sinuosity values are 1.10. 1.21. and 1.32 for the
patterns obtained after the first. second. and third

Third iteration iterations. respectively.

and so forth (Fig. 1). The geometrical shape of the generator is governed
by the total number of the segments in the generator (n) and the angle
between the adjacent segments (within a quarter of a wavelength), defined
as the turn angle (6). 6 and n are constant for all the iterations. so that the
shape of the generator is unchanged but for each successive iteration the
generator is scaled down such that the endpoints of the generator coincide
with the line segment it replaces (Fig. 1).

Range of Channel Sinuosity

A river course at any point of time can have a number of straight stretch-
es and meander loops (figs. 3A and 4A of Alexander er al. 1994). The
meander loops can individually expand at different rates. Therefore. though
the sinuosity of a long reach of river may remain statistically steady over
time. sinuosity (as defined in the context of this study) of a single meander
wavelength changes considerably over time (fig. 5 of Farrell 1987). Under
the assumptions that meanders are semicircular in plan geometry. disposed
symumetrically about the meander axis and growing in unison (Fig. 2, and
fig. 1 of Le Roux 1992). Le Roux (1992) showed that the maximum sin-
uosity of a meander could be 5.24. Beyond that, neck cutoff occurs and
the channel ultimately reverts to a low-sinuosity course (Figs. 2, 3). Si-
multaneous neck cutoff in adjacent meanders produces a channel of sinu-
osity 1.36 (Fig. 2). Thus. in an idealized situation sinuosity will vary be-
tween 1.36 and 5.24. For a natural stream, however, it is very unlikely that
the neck cutoff will take place simultaneously. It is more reasonable to
assume that the sinuosity of a channel can vary between 5.24 and 1.
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Neck cut-off

Fic. 2.—Ildealized morphology of three adjacent meander loops APSR. RQTB.
and BSUC (solid line). where all of them have attained their maximum sinuosity
value (5.24) before neck cutoff. ARBC is the meander axis. The broken line rep-
resents the probable channel geometry (sinuosity value 1.36) after synchronous neck
cutoffs in all the adjacent meander loops.

The Fractal Model

.

The present work assumes that a straight line, the ‘‘initiator™ of the
fractal pattern. represents the meander axis (Figs. 1, 2). The “‘generator™
approximately takes the shape of a regular sinuous curve (Fig. 1). Three
iterations are performed to amive at the final fractal patterns. In the first
iteration the generator replaces the initiator and the resuitant pattern is
assumed to represent the plan morphology of a large-scale meandering
channel (Fig. 1). The second iteration is assumed to incorporate smaller-
order variations in the channel orientation. The third iteration is assumed
to yield bedform migration directions within the thalweg. Sinuosity is mea-
sured as the ratio of length along the pattern (i.e., the product of the length
and the total number of the smallest segments of the pattern) to the length
of the initiator. Data on segment orientation of the final fractal patterns are
presented as rose diagrams using the algorithm of Kutty and Ghosh (1992).
The consistency ratios (L) for these orientation data are also calculated (Fig.
4).

To model the plan morphologies of channels, whose sinuosity does not
change considerably with time, e.g., the bank-stabilized (nonmigrating)
channels, a number of fractal patterns of different sinuosity values (S = 1
to 5.15) are used. Patterns of different sinuosity values are produced by
changing the number of segments in the generator from 4 to 36 and keeping
the turn angle fixed at 10°.

A point-bar deposit is formed by the growth of meanders. As an indi-
vidual meander grows, the cut bank shifts and the sinuosity of the thalweg
increases from § = 110 § = Syax (fig. 5 of Farrell 1987). The shift of
the cut bank causes removal of a considerable part of earlier deposits (cf.
Hickin 1974 and Farrell 1987). Figure 5 depicts the situation for hypo-
thetical expanding meander loops (some of the channel loci during the
meander expansion are denoted by C,. Cs, ... ) (see also fig. 6 in Hickin
1974 and fig. 5 in Farrell 1987). In the examples cited in Figure 5. the
laterally migrating channels remove the deposits of the parts of channels
represented by dotted lines. The paleocurrent data from these parts will
thus be missing in the resulting deposit. The overall effect is a reduction
in variance (i.e., increase in consistency ratio) of paleocurrent data in com-
parison with the precursor bedform orientations in a natural meander.

A growing natural meander is modeled by a number of fractal patterns
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Fic. 3.—Temporal changes in the morphology of a hypothetical meandering chan-
nel.

of different sinuosity values grouped together. In a group. the pattern hav-
ing the maximum sinuosity vaiue, S,,., represents the thalweg at the last
stage of growth. while the rest of the patterns (1 = § < §,,.x) represent
the thalwegs at intermediate stages of growth. In order to find a suitable
method of approximation of the partial removal of earlier deposits due to
erosion, half of the wavelengths of all the fractal patterns (in a group)
generated after the first iteration are superimposed one upon the other. It
is noted that the pattern corresponding to Sy,.x excludes parts of the ex-
tremities of each of the lower-sinuosity patterns. At each extremity, the
extent of exclusion ranges from a fraction of a segment to about a pair of
segments. For the sake of simplicity it is assumed that the exclusion is
uniform in all the intermediate patterns. It is approximated by removing
one segment from each end in half-wavelengths (after the first iteration) of
all the fractal patterns in a group excepting for the pattern where § =
Smax- Then the second and third iterations are carried out. The segment
orientations from all the patterns in each group are pooled and compared
with the maximum sinuosity value. Different data sets are generated for
Smax varying between 1.05 and 5.15 (Fig. 4).

RESULTS

A regression analysis between different sinuosity values and their re-
spective consistency ratios suggests (Fig. 6):

In§ =249 — 0.0475L + 0.000234L* (h

The following relation has been obtained from the pooled orientation data
between Sy,.x and L (Fig. 6):

In Syax = 3.68 — 0.0684L + 0.00032L* 2)

Test of the Suggested Methodology

Purkait (1983, 1985) studied in detail the bedform orientations on five
point bars in the Usri river and one point bar in the Pathri river of Bihar,
India, along with the water flow directions in the adjacent thalwegs. To
test the validity of the present approach, the water-flow orientation data of
Purkait (1983) are used in Eq 1 to estimate the sinuosity values of the
thalwegs (Table 1, Fig. 7). Table 1 and Figure 7 show that the estimated
sinuosity values are in good agreement with the observed values. However,
sample points from the bedform orientation data of Purkait (1983. 1985)
are spread all over the surface of the point bar and are not restricted to the
thalweg alone. These data represent the orientations of bedforms that mi-
grated during the bank-full discharge and are used to estimate the sinuosity
of the centerlines of the rivers between their two banks. Similar bedform
orientation data from some other modern rivers (Potter and Pettijohn 1977,
Harms et al. 1963, Coleman {969, Bluck 1971) are also used to estimate
the sinuosity of the centerlines of the rivers between their two banks (Table
1, Fig. 7). Some of these studies reported only the standard deviation of
the bedform orientations, which are converted to consistency ratios using
the relationships suggested by Curray (1956). The estimated sinuosity val-
ues again show a comespondence with the observed values (Table 1, Fig.
7). The goodness-of-fit hypothesis for sinuosity values estimated by the
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present method is tested using ANOVA model (Table 2). It is noted that
the hypothesis cannot be rejected at 5% level of significance.

The test of Eq 2 is rather difficult. because data on both the sinuosity
and the bedform orientations from ancient river deposits are scarce. How-
ever, the study by Smith (1987) on a well-preserved exhumed Permian
point bar from Karoo, South Africa. provides a rare opportunity to verify
the utility of Eq 2. The orientation data from the two point bars (where
sinuosity can be measured with considerable accuracy) yield a consistency
ratio of 63. Using Eq 2 the estimated sinuosity value is 2.19, as compared
with the observed sinuosity of 2.22 (Table 1, Fig. 7).

DISCUSSION

The sinuosity of a fractal pattern depends upon the shape of the generator
and the number of iterations performed. In the present study, only the
number of segments in the generator (n) has been varied to alter the shape
of the generator. An alternate method is to keep n constant and let the turn
angle (6) take different values. To compare the two methods, a number of
fractal patterns are generated by choosing different combinations of n and
6 (n=4,10,...,36;, 8 =5°10°...55%, and S and L are calculated

gencrated by three iterations. with 6 = 10°.

for each pattern. The scatter diagram of S and L shows that all the points
lie on a single curve (Fig. 8). This implies that both of the methods adopted
for changing the shape of the generator give rise to the same functional
telation between S and L. A fractal pattern generated by low n and high 6
can yield § and L values that coincide with S and L values obtained from
another fractal pattern generated by high n and low 6. However, for the
former pattern (with low n and high ). the segment orientations show a
polymodal distribution (Fig. 9). which is not common in a fluvial setting.

Self-similarity of fractal patterns implies that the length measured along
the pattern is directly related to the number of iterations performed, where
the length of the initiator is constant. Therefore sinuosity values of fractal
patterns increase with increase in the number of iterations (Fig. 1). The
scaled-down length, after three iterations, of a single segment of the fractal
pattern of lowest sinuosity value as used in this study (n = 4 and 8 =
10°) is 0.032 times that of the initiator, whereas that for the fractal pattern
of highest value of sinuosity (n = 36 and 8 = 10°) is 0.00022 times that
of the initiator. This implies that if any of these patterns is used to represent
a pair of natural meander loops whose meander axis is 1 km long, the
bedform migration paths simulated in this study will range between 32 m
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Fic. 5.—Fractal patterns generated after one iteration are superimposed one upon
the other to model successive positions of the channels (CI. . ... C5) in hypothetical
expanding meanders. Broken lines represent those parts of the channels where the
probable erosion of deposits takes place. The expanding meanders may or may not
migrate downvalley as a whole, illustrated by (B) and (A), respectively. In both the
situations the dispersions of the segment orientations, likely to be removed due to
lateral migration. are similar.
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Fic. 6.—Functional relationships between the fractal pattern sinuosity (5) and
consistency ratio (L). The solid line represents Eq 1 and the broken line represents
2.
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TasLe 1.—Estimation of channel sinuosity by the suggested method from the pub-
lished data on bedform and water-flow orientations. The sinuosiry values are cal-
culated by using Eq 1 for the daia from modern rivers and Eq 2 in the case of
paleocurrent data (*).

Sinuosity ()
Source of Conststency
Data Ratio (L} Observed Esumated Remarks
Twalwegs of different 62.3% 175 155 Water flow directions
pont bars of Usr T3% 1.5 1.3
Ruver. Purkait (19831 89.6% 118 112
83.8% 1.2 1.17
80.8% 138 1.29
Centreline of Usn River 634G 1.33 1.42 Bedform onentation~ on
at different point bars, PERE S 131 121 the point bar surface
Purkait (1983) T.7% 1.1 L1
81.4% 14 1.13
70.9% 1.3 1.35
Centreline of Pathri Riv- 822G 1.29 118 -do-
er. Purkait (1985)
Centreline of Vermilion 74.3% 1.41 129 -do-
Ruver. Potter and Pet-
tijohn (1977)
Centreline of Red River. 87% 111 1.14 -do-
Harms er al. (1963)
Centreline of Brahmapu- 93% 1.08 11 -do-
tra. Coleman (1969)
Centreline of Endrick 2% 336 338 -do-
River. Biuck (1971)
Exhumed Permian point 63% 22 219" Paleocurrent data from

bar ithalweg). Smith
(1987)

ancient point bar

and 22 cm. This range is consistent with the lengths of bedform migration
paths observed in fluvial settings (figs. 9-10 and 9-11 of Allen 1982: Ham-
blin 1961; Collinson and Thompson 1989, p. 78). Therefore the patterns
obtained after three iterations are considered to be suitable for the present
study.

The present work suggests an approximation method, and it should be
used in conjunction with a detailed three-dimensional facies analysis and
other relevant studies, because knowledge of the details of fluvial deposi-
tional history is a prerequisite. The method of estimation of channel sin-
uosity as outlined here is based on a theoretical model that considers the
form of a single channel spanning only a single meander wavelength. Thus
the estimates do not indicate the sinuosity of the whole river but instead
the local sinuosity of a part of the river for which the paleocurrent data are
collected from the exposures. To obtain a meaningful sinuosity estimate
using this method, paleocurrent data should be collected from a single
channel-fill deposit rather than from a number of adjacent channel-fill bod-
ies. If it is possible to collect paleocurrent data from a single channel-fill
body over an extensive length down valley (spanning a number of meander

35

Pomi bars of Usn river (thalweg). Purkan {1983}
Point bars of Usn nver, Purkat (1983)
Pathn ver, Purkar (1985}

o

Vermdion river. Potter and Petyohn (1977)

Red fiver, Harms et al (1963)

Bramhaputra mver. Coleman (1969}

Endnck nver, Biuck (1971}

Exhumed Permian point bar {thaiweg). Smith (1987)
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Fic. 7.—A comparison between observed values of sinuosity in modern rivers
and that estimated by the present work from published data on bedform and water-
fiow orientations.
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F16. 8.—Scatter diagram'of consistency ratio (L) and sinuosity (S) obtained from
a number of fractal pattlerns. The patterns are generated by different combinations
ofnand 8in =410, 14. ..., 36. 6 = 5° 10° ....55%. All the data points lie
on the same curve. implying that the relation between § and L does not depend
upon the choice of n and 6.

wavelengths), an average sinuosity value for the corresponding length of
the channel can be estimated.

Orientation data from the flow-parallel primary sedimentary structures
like trough cross-strata. rib-and-furrow structure, and parting lineation are
suitable for application of the present methodology. In some of the com-
pound cross-stratified sets, foresets are oriented oblique to the flow direc-
tions. Orientation data from such features should be avoided, because they
can distort the consistency ratio and hence may overestimate the sinuosity.

The change in the shape of channels and their partial erosion related to
the growth of point bars is the main theoretical consideration for Eq 2.
Therefore. Eq 2 can be used for the point bars only.

CONCLUSIONS

The present work develops a model based on fractal geometry that relates
the variability of bedform orientations to the channel sinuosity. This rela-
tionship (Eq 1) is tested with published data from a number of modern
rivers. yielding satisfactory results. It may also be possible to apply this
relationship to estimate the sinuosity of ancient channels if the paleocurrent
information from all the parts of a channel thalweg is preserved in the
resulting deposit (e.g.. the deposits of bank-stabilized nonmigrating chan-
nels). However, relocation and modification of the thalweg locus during
lateral growth of point bars result in partial removal of earlier thalweg
deposits. The refationship between the dispersion of paleocurrent data and

ﬁ
‘\
n=4 n=10 n=14
6 =30 6=20 8=15
S=1.54 S=1.46 S$=1.53
L =65.01% L =68.73% L =65.51%
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TasLe 2.—The test of goodness-of-fit hypothesis using ANOVA model between the
sinuosity values estimated by the present method and those observed in published
natural data from modem rivers.

ANOVA Table
Degrees of Sum of Mean Sum of
Source Freedom Squares Squares F
Model 3 0.8600 0.2867
Eror 12 1.1861 (.0988 290
Total ts 20461

the channel sinuosity in such cases would be different from that shown by
Eq 1. The present work, considering a simplified model of meander evo-
lution, further derives a relationship (Eq 2) between sinuosity and bedform
orientation data for incompletely preserved channel deposits. However, it
is expected that in nature the pattern of evolution of natural meanders and
the erosion associated with it is likely to be more complex than what has
been considered in this work (cf. Stolum 1996, Furbish 1991). The rela-
tionship derived in the present work for estimation of sinuosity of ancient
channels has been tested successfully with only one natural example. The
model appears to have the potential for wide application if it stands further
tests with adequate natural data sets and is refined by considering more
realistic pattern of meander evolution.
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