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We stud ied the de pend ence of the mor phol ogy of small river del tas on the grain size, the to tal dis charge, and the slope of the
de pos its. We use Com pu ta tional Fluid Dy nam ics (CFD) meth ods of nu mer i cal mod el ling. For all mod els we used the same
ini tial ge om e try of the river val ley and a por tion of the lake. Our sim u la tions show the ex pected de pend ence of the shape of
our sim u lated small del tas on the grain size. More over, we find that the fi nal type of delta could be char ac ter ized by the av er -
age slope in the re gion close to the delta front.
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INTRODUCTION

The pro cesses of ero sion, trans port, and sed i men ta tion oc -
cur in all nat u ral rivers. The trans ported ma te rial is de pos ited
down stream; the larg est de pos its are formed where the flow
fades – in par tic u lar in the stand ing body of liq uid. The mor phol -
ogy and evo lu tion of sed i men tary de pos its de pend on sev eral
fac tors, such as the size of sed i ment grains, dis charge, slope,
waves, and other pro cesses in the river as well as in the basin.

Del tas and al lu vial fans take dif fer ent shapes de pend ing on
the rel a tive im por tance of river pro cesses, waves, and tides
(Gal lo way, 1975). An other fac tor im por tant for the shape and
de vel op ment of river del tas is the grain size (Orton and Read -
ing, 1993). The sed i ments may con sist of dif fer ent mix tures of
silt, sand or gravel, de pend ing on the ter rain prop er ties such as
erodibility, the avail abil ity of loose sed i ments, and dis tance from 
the source, be cause gran u lar ma te rial is nat u rally sorted to a
cer tain de gree by a flow ing river. The role of grain size is a re -
sult of the de pend ence of the set tling ve loc ity and the drag force 
on the di am e ter of sed i ment par ti cles. Sed i ment grains of dif fer -
ent sizes travel in dif fer ent ways: small grains are trans ported
mostly in sus pen sion, while gravel-sized grains are trans ported
as a bed load. Of course, the mode of trans port de pends also
on the dis charge, slope, den sity of sed i ments, and other fac -
tors. This leads to dif fer ent mix ing be hav iours at the river
mouth. Coarse sand and gravel tend to build fan del tas with
steep gra di ents of the delta plain (usu ally >5 m km–1), whereas

mud and fine sand are re spon si ble for the cre ation of elon gate
(“bird’s foot delta”) and lobate del tas with lower slopes
(S <5 m km–1; Orton and Read ing, 1993). 

The for ma tion and evo lu tion of river del tas on the Earth has
been stud ied ex ten sively, in the field as well as in the lab o ra tory
and us ing com puter sim u la tions (see e.g., Edmonds and
Slingerland, 2007). The ar eal ex tent of the delta plain var ies by
or ders of mag ni tude, from >450,000 km2 for the Am a zon to
<1 km2, and delta plains with sur face area <50 km2 can be con -
sid ered “small” (Orton and Read ing, 1993). The struc ture that
forms in our sim u la tions has an area of <1 km2. How ever, most
of the re search is con cen trated on large del tas, like the Mis sis -
sippi delta, be cause of their im por tance to hu mans. Small fans
and del tas are much more com mon, yet less ex plored. Space
probes have dis cov ered an cient river del tas on Mars and cur -
rent flu vial ac tiv ity on Ti tan, a moon of Sat urn (see Kereszturi,
2010; Misiura and Czechowski, 2015; Witek and Czechowski,
2015). Most of the Mar tian palaeodeltas are closed-ba sin del tas 
formed in crater lakes. De spite the ob ser va tional bias to wards
large and highly-pro nounced land forms, most of the known del -
tas on Mars are <100 km2 in size (Irwin et al., 2005). Our model
can and will be used for com par i son with pro cesses on these
plan e tary ob jects. While Re duced Com plex ity Mod els (RCM;
Kondolf and Piégay, 2016) have proven to be ca pa ble of giv ing
many re sults com pat i ble with the field ob ser va tions (e.g.,
Seybold et al., 2007; Geleynse et al., 2010), we de cided to use
the CFD (Com pu ta tional Fluid Dy nam ics) model based on
phys i cal equa tions for dy nam ics of flow. Ac cord ing to our best
knowl edge our pa per is the first to sys tem at i cally com pare the
clas si fi ca tion of river-dom i nated del tas us ing nu mer i cal mod el -
ling. Of course, we are aware of other fac tors im por tant for the
evo lu tion of some del tas, but as this is the first ap proach of its
kind it is dif fi cult to in clude all pos si ble sit u a tions. Note also that:

– the sub si dence is usu ally neg li gi ble for the con sid ered
time scales (An der son and An der son, 2010);
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– ba sin sub si dence is im por tant only for large masses of
ac cu mu lated sed i ments or in spe cific set tings (An der -
son and An der son, 2010) – for places such as the Pol ish 
low lands it is neg li gi ble;

– tides are gen er ally neg li gi ble for all lakes – the am pli tude 
is 1–2 cm in Great Lakes (Trebitz, 2006) – and most of
the in ter con ti nen tal seas. For ex am ple, in the Bal tic Sea
the tidal height may reach 18 cm at the head of the Gulf
of Fin land, but it is much smaller in other parts of the sea
(Medvedev et al., 2013); 

– sea cur rents could be im por tant for some river del tas but 
not for del tas in typ i cal lakes (in clud ing coastal lakes and 
la goons such as the Vistula La goon in Po land); 

– the role of waves in a typ i cal Pol ish lake (i.e. me -
dium-sized) is lim ited; 

– note also the low ve loc ity of rivers in low lands and usu -
ally well-sorted grains. There fore we be lieve that the re -
sults of our model could be ap plied to most of the pres -
ent river del tas in lakes in the low lands of Po land; 

– we con cen trate here on the re sults of nu mer i cal mod ell -
ing be cause other ap proaches are dis cussed in nu mer -
ous other pa pers; 

– in our next re search we will in clude other dis tri bu tions of
grain sizes and ini tially ex ist ing land forms.

MODEL AND ITS PARAMETERS

The pres ent re search uses the same method as de scribed
in our pre vi ous pa per (Witek and Czechowski, 2015). We use

the same sim pli fied ini tial ge om e try of the river chan nel and part 
of the lake (see Fig. 1). The lake has a con stant sur face level,
adopted as zero. We in ves ti gate sys tem at i cally the evo lu tion of
del tas for cho sen ranges of the dis charge Q [m3s–1] and the
grain size d [mm] for ap prox i mately 100 days. The value of the
dis charge is set as con stant only at the bound ary of the com pu -
ta tional do main. The dis charge and flow ve loc ity changes in
time and space due to lo cal dif fer ences in depth and changes in
the slope of the de pos its. The ve loc ity field is re cal cu lated in ter -
change ably with the sed i ment trans port cal cu la tions.

Dur ing pre lim i nary cal cu la tions we found that this time is
enough to build a struc ture that could be clas si fied. It also in di -
cates that the ar ti fi cial ini tial con di tions have be come not im -
por tant. The main sub ject of the in ves ti ga tion is the role of the
grain size.

Our re search is cur rently lim ited to river-dom i nated del tas
with out any tides or waves. We ne glect their role be cause of
their lower im por tance in small lakes. To pre cisely de ter mine
the po si tion of our model in the pa ram e ter space (d, Q) we as -
sumed that sed i ments, bed load, and sus pended load have
monodisperse dis tri bu tion, i.e. they con sist of grains of one size
only. It is a typ i cal phys i cal ap proach where some sim pli fi ca -
tions are in tro duced. It cor re sponds to the sit u a tion of well -
-sorted sed i ments where one size dom i nates. Note that in many 
other con sid er ations the dis tri bu tion is char ac ter ized by one pa -
ram e ter only – D50 (e.g., Yalin, 1992: sec tion 1.5). Of course, for 
a sin gle size of grains there could be a sit u a tion when all ini tially
sus pended load changes into the bed load (for low ve loc ity and
low tur bu lence). The op po site sit u a tion is also pos si ble, i.e. sed -
i ments ini tially in cluded in the bed load are even tu ally trans -
ported as sus pended load.
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Fig. 1A – ini tial bed el e va tion; the white rect an gle in the up per panel sur -
rounds the re gion used for cal cu la tions of the av er age slope for Fig ure 4; 

B – the ini tial ver ti cal cross-sec tion along y = 0



The Man ning co ef fi cient is scaled with the grain di am e ter
ac cord ing to the for mula: n µ d1/6 (Strickler’s re la tion, see e.g.,
Rob ert, 2003), there fore:
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where: n0 = 0.3 m–1/3 s and d0 = 0.1 mm (see also Ta ble 2)

There ex ists a num ber of clas si fi ca tion schemes for del tas,
based on the feeder sys tem, thick ness dis tri bu tion pat terns,
tectono-phys io graphic set ting, delta front re gime etc. (e.g.,
Nemec, 1990). Our ap proach uti lizes a clas si fi ca tion sys tem
based on the grain size, slope (see be low), and delta-front re -
gime, al beit cur rently lim ited to the river-dom i nated del tas.

For silt-sized grains, co he sion makes ero sion more dif fi cult
than for sed i ments with out co he sion. How ever, our fin est
grains’ di am e ter is 0.05 mm, so co he sion could be ne glected –
ac cord ing to Soil Sur vey Di vi sion Staff (1993), the sand-silt dis -
tinc tion is made at the 0.05 mm par ti cle size. 

Our re search was per formed with the CCHE2D pack age
de vel oped by the Na tional Cen ter for Com pu ta tional Hydro -
science and En gi neer ing (Jia and Wang, 2001; Wu, 2001).
The nu mer i cal model is based on phys i cal equa tions for the
dy nam ics of flow and ad di tional equa tions for sed i ment trans -
port and de po si tion. It uses the fi nite el e ments method. The
pack age is used widely and suc cess fully for prac ti cal and the -
o ret i cal ap pli ca tions (e.g., Magnuszewski and Gutry-Korycka,
2009a, b).

RESULTS

We per formed sys tem atic sim u la tions with both river dis -
charge Q and sed i ment in put at the in flow con stant in time. We 
con sider sed i ments of only one grain size in the whole do main
in each test run. The sim u la tions of flow and sed i ment trans -
port span ap prox i mately 100 ter res trial days. The val ues of the 
ba sic pa ram e ters are given in Ta bles 1 and 2. Fig ures 2–4
pres ent our re sults. We con sider grains of di am e ters: 0.05,
0.1, 0.5, 1.0, and 10 mm, and dis charges at the in flow: 10, 20,
50 and 100 m3 s–1.

The larg est grains (d = 10 mm) build sim ple de pos its in side
the river chan nel and a fan di rectly in front of it, with very sim i lar
shapes for the en tire con sid ered range of dis charges (Fig.
2Q–T). Sim i lar shapes are formed for grains of di am e ter d = 0.5 
and 1 mm un der mod er ate and low dis charge, al though the
slope is lower and there are a few deeper chan nels, eroded in
the de pos its due to lo cally higher flow ve loc ity (cf. pan els K, L,
O, and P in Fig. 2). The chan nels deepen and widen with in -
creas ing dis charge (cf. pan els I, J, and M–O in Fig. 2). For the
small est con sid ered grains (0.05 mm) the ero sion of the river
bed is a dom i nant pro cess, and deep chan nels are formed. For
large dis charges the sed i ments are pushed away from the
mouth of the river, the chan nels are wider, and the point of bi fur -
ca tion lies far ther from the mouth of the river.

For grains of mod er ate size we ob serve the for ma tion of
lobate deltaic de pos its in side the lake. For d = 0.1 mm the de -
pos its are very sim i lar in shape as for low dis charges (Fig. 2E,
F) and their evo lu tion is also sim i lar (see Fig. 3). Un der higher
dis charge, de pos its sim i lar in shape can be formed from the
grains of a larger di am e ter (Fig. 2K).

Our model al lows us to ex plore the evo lu tion of the deltaic
de pos its. The delta slope is de ter mined by the mode of sed i -
ment trans port and grav ity and there fore does not change sig -

nif i cantly dur ing later stages of de vel op ment un der con stant
dis charge and sed i ment sup ply (cf. Fig. 3B, C). The mor pho log -
i cal type of the delta (i.e. fan delta or lobate delta) can be de ter -
mined from the av er age slope at the early stage of evo lu tion of
the de pos its.

DISCUSSION

Our sim u la tions show the ex pected de pend ence of the sha pe
of the de pos its on the grain size – fine-grained sed i ments are eas -
ily eroded and dis placed, but un der low dis charge form sub aque -
ous delta-like de pos its. Sand-sized grains form mid dle -ground
bars and the flow tends to bi fur cate; for the coars est grains the de -
pos its are steep-sloped (S >5 m km–1) and take the shape of a fan
(Orton and Read ing, 1993). We did not ob serve the for ma tion of
an elon gated “bird’s foot delta” in our sim u la tions. This fact can be
at trib uted to the lack of co he sion of the sed i ments, which re sults in
faster chan nel mi gra tion and an over all smoother (less branched)
shore line (Hoyal and Sheets, 2009).

We iden tify three dis tinct re gimes of delta for ma tion pro -
cesses: 

– cases with dom i nant ero sion,

– lobate del tas with low slope,

– fan del tas. 
The fin est grains can be washed away from the mouth of the 

river, moved deep into the lake and dis persed over a large area
(e.g., Fig. 2A–D). Sand-sized grains are pushed from the chan -
nel into the lake, form ing lobate de pos its elon gated along the
main course of the flow. The fan del tas are formed for large
grains (Fig. 2Q–T). The role of ero sion in the re gion close to the
mouth of the river in creases with in creas ing dis charge. The
sed i ment grains trans ported in sus pen sion or as a bed load can
be pushed far ther into the lake by a wa ter jet with higher mo -
men tum. Con se quently the three gen eral mor pho log i cal types
de scribed above shift to higher val ues of di am e ter, and lobate
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T a  b l e  2

Set tling ve loc i ties w, and the Man ning 
co ef fi cient n for grain of di am e ter d

d [mm] w
[mm s–1]

n
[m–1/3 s]

0.05         1.04 0.027

0.1           4.12 0.030

0.5       60.7 0.039

1.0  113 0.044

10.0 418 0.065

Base value of n is 0.03 (Geleynse et al., 2010)

T a  b l e  1

Ba sic phys i cal prop er ties of wa ter
and sed i ments in our sim u la tions

Liq uid
Den sity 

r [kg m–3]
Ki ne matic vis cos ity 

n [m2 s–1]

Wa ter 999.84 1.52 ×10–6

Sed i ment
den sity 

rs [kg m–3]
spe cific grav ity 

(rs/r) dimensionless

Quartz 2650 2.650
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del tas with mod er ate slope (S = 2–3 m km–1) can form from
larger grains un der higher dis charge (com pare Fig. 2F, K).

The slope of the de pos its can be used (in ad di tion to other
pa ram e ters) to clas sify the del tas (Nemec, 1990). It is de fined
as the tan gent of the an gle of in cline of the delta plain,
S = dz/dx, and it is a dimensionless pa ram e ter. We cal cu lated
the av er age slope in the rect an gu lar re gion en closed by the
white line in Fig ure 1 and we found that it matches the ob serv -
able dif fer ences in mor phol ogy of the de pos its. The cal cu lated
val ues of slope are used for Fig ure 4, where con tours of con -
stant slope are given in (d, Q) pa ram e ter space. There are three 
dis tinct re gions, de noted in the fig ure as: fan del tas, lobate del -
tas, wash ing out, so the fig ure con firms that the mor pho log i cal
type of delta can be re lated to the av er age slope. Note that this
slope is a re sult of evo lu tion of the de pos its and it changes in
time at a given lo ca tion (start ing from an ini tial con di tion given in 
Fig. 1) due to pro cesses of sed i men ta tion and ero sion.

In some sim u la tions, for large val ues of dis charge and small 
di am e ters, a clear bi fur ca tion of the flow is vis i ble. The dis tance
to the mid dle-ground bar from the in let grows with the river dis -
charge (com pare Fig. 2G, H). In some cases dur ing the evo lu -
tion, the main place of de po si tion moves from one side of the
out let to the other (e.g., Fig. 2C). This pro cess is also ob served
in the real rivers, where chan nel switch ing oc curs, some times
lead ing to the aban don ment of the en tire delta lobe, as well as
in the sim u la tions of large river del tas by other au thors (e.g.,
Seybold et al., 2007).

SUMMARY

Our model suc cess fully re pro duces the ex pected de pend -
ence of mor phol ogy of the de pos its on the grain size and the
dis charge. We ob served the bi fur ca tion of the flow and switch -
ing of the place of de po si tion sim i lar to phe nom ena ob served in
real terrestrial rivers.

We iden ti fied three re gions in the (d, Q) pa ram e ter space
that cor re spond to dom i nance of ero sion, the for ma tion of
lobate del tas, and fan del tas, re spec tively.

For small rivers the de pos its formed by the steady flow can
be char ac ter ized by the av er age delta slope in the early stage of 
the evo lu tion of a delta.

We plan to ex tend our nu mer i cal sim u la tions for time-de -
pend ent dis charge (cor re spond ing to changes of the rain fall) on 
Earth and on Ti tan, 3D mod els and in ves ti ga tion of the pos si ble
role of the tides and waves. In the frame work of the Ex tra ter res -
trial Rivers Mod el ing Group we are de vel op ing lab o ra tory fa cil i -
ties for mod ell ing the rivers. The o ret i cal re search is also con tin -
ued. Es pe cially, we want to ex press our con clu sions in the form
of dimensionless numbers.

Ac knowl edge ments. This re search was per formed in the
frame work of the Ex tra ter res trial Rivers Mod el ing Group at the
Uni ver sity of War saw. We are grate ful to Prof. A. Wysocka from
the Fac ulty of Ge ol ogy at the Uni ver sity of War saw. We also
thank N. Zalewska and the anon y mous re view ers for their com -
ments and sug ges tions.
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Fig. 3. The evo lu tion of low-ly ing river delta 
for Q = 10 m3 s–1, d = 0.1 mm

Fig. 4. The con tours of the mean bed slope (av er aged over
the rect an gu lar re gion given by the white line in Fig ure 1)

as a func tion of grain size d and dis charge Q

For the pre sented ranges of Q and d, three types 
of morphologies of the de pos its are found
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