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Abstract

The research of secondary carbonates from loess-paleosoil sequences
focuses not just on the micro-scale types, but as well on the macro-
scale ones. Loess dolls or concretions belong to this last category.
Concretions are found frequently under the paleosoil levels referring to
a very probable connection with leaching processes and precipitation
from carbonate-rich solutions.

Research was carried out on the loess-paleosoil sequence of Siittd,
Hungary. The methods used in this work were the morphological
description of concretions, the analysis of the structure after cutting
into two or more parts and treatment with 10% hydrochloric acid.
Altogether 29 samples were analysed from the sandy loess layers
between the depth of 0.65-5.55 m and 12.70-14.75 m.

Based on the results three main types concerning the inner structure of
the concretions were determined: a.) concretions with longitudinal
and/or perpendicular cracks; b.) concretions containing one or more
condensation nucleus; c.) the combination of the above listed proper-
ties. From these different structures more conclusions could be drawn
on the origin of loess dolls. The carbonate precipitation could have
taken place in or around cavity systems of biogenic origin (as root-
related channels or features, and biogalleries) and of non-biogenic
origin (because of the structural properties of the sediment). As precipi-
tation nuclei the cementation of hypocoatings played an important role
as well. A multiphase development history of the loess dolls were in
many cases characteristic.

Key words: loess doll, concretion, secondary carbonate, loess,
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INTRODUCTION

The genesis and morphology of loess dolls was always
an exciting subject, which still has got yet opened ques-
tions. The object of this study is on the one hand to pre-
sent the place of loess dolls and their genesis in the clas-
sification of secondary carbonates. On the other hand the
aim of this paper is to describe the various morphology
and structure of the loess dolls of the Siitt6 loess-
paleosoil section (Hungary) and to draw conclusions
concerning their origin and formation environment.

Though the primary carbonate content of the loess
derives from the calcite and dolomite crystals, as being
the components of the mineral dust (Pécsi 1990, 1993),
the formation of secondary carbonates is connected with
the resettlement of carbonates during pedogenetic pro-
cesses in the soil-sedimentary environment (Becze-Deak
et al. 1997). In this processes among others biominerali-
zation, the flow of bicarbonate solutions and the weath-
ering of calcium-bearing minerals take part (Pécsi 1990,
Gerei et al. 1995, Becze-Dedk et al. 1997).

Among secondary carbonates micro- and macro-
scale types can be distinguished. The micro-scale fea-
tures occurring in this study are the followings: a.) calci-
fied root cells: composed of elongated calcite crystals
merging into tubes in the consequence of root calcifica-
tion of mainly grass species (Jaillard et al. 1991, Becze-
Dedk et al. 1997); b.) hypocoatings: carbonate impregna-
tions around plant biogalleries, which thought to be
simultaneous with the dust deposition (Becze-Deak et al.
1997, Durand et al. 2010); c.) carbonate coatings: have
different subtypes and formed postsedimentary from the
percolating solutions (Horvath et al. 2007, Barta 2011).

The macro-scale secondary carbonates are repre-
sented by concretions, among which a distinction based
on size can be made. To the nodules belong those pe-
dofeatures, which are not related to natural surfaces or
voids of the matrix (Stoops 2003), and do not fill preex-
isting cracks, respectively (Sellés-Martinez 1996). Nod-
ules have various subtypes based on their internal and
external morphology, according to formations factors as
texture of the matrix, stability of the sediment structure
and alternation of precipitation and dissolution processes
(Wieder — Yaalon 1982, Sellés-Martinez 1996, Stoops
2003, Durand et al. 2010). The above mentioned factors
and processes could lead to a complex fabric divided
into cracks, cavities and/or recrystallized parts (Durand
et al. 2010), which are characteristic not just for nodules,
but for concretions as well. The morphology and struc-
ture of concretions and nodules both are suggesting a
multiphase history of the carbonate profile development
of the sediment (Khokhlova et al. 2001).

In this study the term of concretion was generally
used for (and description was made of) those features
which minimum length was equal or larger than 1 cm.
By this means nodules were ordered (based also on their
characteristics) into a size range, where their maximal
length is determined in less than 1 cm. Nevertheless in
some cases based on the structural properties the term
concretion was used for features in the size range of
nodules (above 0.5 cm length).

Concretions appear frequently under paleosoils,
suggesting a very probable connection with leaching
processes (Adam et al. 1954, Pécsi 1993, Kemp 1998).
Their presence indicates climatic changes since dust
accumulation is characterized with more arid conditions,
whereas soil development refers to more moisture and
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relatively stable surface (Kadar 1954, Kemp 1995). The
carbonate is leached out from the eluvial horizon of the
paleosoil and accumulates in the underlying loess
(Jiamao et al. 1997). Concretions are not just linked to
leaching processes after the soil was fully developed, but
during this evolution when the porosity of loess changes
it leads to a loss of carbonate content as well. The perco-
lating solutions dissolve the carbonate of the coated
grains and detrital elements of loess and transport it into
deeper parts of the sequence (Kadar 1954, Krivan 1955).
The formation of loess dolls begins under the soil level
as a concomitant of soil development (Kadar 1954).
During this redistribution of carbonates the later on infil-
trating solutions can also add more precipitated car-
bonate to the concretions, which cause their growth
(Pécsi 1993, Kemp 1998).

Concretions of the loess-paleosoil sequences can be
determined as “glomerulus” concretions (Seilacher 2001),
referring to a ground water connected derivation. These
forms are mostly spheroid and merged with each other,
having protuberances on their surfaces. Not just ground
water could have taken part in their formation, but any
percolating bicarbonate solutions. The different external
appearance of concretions makes possible various associa-
tions for the description, this is why concretions in loess-
paleosoil sequences are often called loess dolls.

Soils which are developed on loess and have differ-
ent hydromorphic properties, thus they can be character-
ized by different loess doll types (Dultz — Schéftlein
1999), which could also be characteristic for the pale-
osoils. It is interesting, that into the loess wells or into
loess tunnels (both forms caused by piping) the rainfall
is able to infiltrate more effectively and reach the deeper
parts of the sequence. These surfaces are mostly pale-
osoil levels with rather high clay content and are quite
impermeable. On these surfaces the precipitation of
carbonates is also possible (Bulla 1933).

Loess dolls are not made of pure carbonate, because
they contain non-calcareous particles, clay and silt in 30-
40 weight% (Pécsi 1993). The carbonate content of the
concretions fluctuates between 60-95% (Pavai-Vajna
1909, Krivan 1955) and contains in certain proportion
MgCOQO; as well (Krivan 1955).

In original (mostly vertical) position loess dolls
show an uneven distribution in loess (Kadar 1954). Alt-
hough they can appear in horizontal or in slope position,
referring to reworking processes. After a presumed ero-
sion of a loess layer a lag surface composed of loess
dolls may remain in the deposit when dust accumulation
continues later on (Kadar 1954).

In undisturbed position the shape of the loess dolls
is mostly elongated and cylindrical, in accordance with
the precipitation from the downward percolating solu-
tions (Kadar 1954), although the original position is not
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necessary vertical. The shape of the concretions can be
rounded (especially the smaller ones) or irregular (hav-
ing more than one axis). According also to Dultz and
Schéftlein (1999) loess dolls found under well developed
soils (e.g. Chernozems) and hydromorphic soils (e.g.
Gleysols) usually have protuberances on their mostly
smooth surfaces. While concretions developed under
mineral soils (e.g. Cambisols) have mostly rounded or
from elongated to angular shape with rough, pitted sur-
faces. Flat loess dolls with plate or disc-like shapes may
be built up, when the level of ground water reached the
formation zone of loess dolls which results in the lateral
spreading of the downward flowing solutions (Kadar
1954). The formation of rattle stones is used to be or-
dered to such zones. Rattle stones are maybe built up
around condensation cores with clay coatings which
could dry out and shrink due to later on desiccation.
Then the shriveled parts give a clinking noise inside the
concretion. Based on Dultz and Schiftlein (1999), the
origin of shrinkage cracks in a loess doll is not connected
with higher clay content, but possibly is connected with
desiccation. When the pores of the concretion are not
completely filled with carbonate and are still containing
some water, subsequently cracks appear because of loos-
ing water. This may also play a role in the formation of
loess doll composites, namely concretion-in-concretion
structures, which can also be called as rattle stones. In
this case a loess doll was grown around by carbonate
from later on precipitation.

The structure of loess dolls can either be compact or
hollow (Adam et al. 1954), but in both cases is often di-
vided into two parts, where an outer crust of various
widths surrounds a central core (Sellés-Martinez 1996).
When the carbonate is precipitated in a cavity system with
biogenic origin, it is going to be represented in the inner
structure of the loess doll (Dultz — Schéftlein 1999). For-
merly the origin of loess dolls was connected with the
effect of the surface vegetation, which means that loess
dolls could have been formed around roots. It was also
based on the fact, that their various morphology corre-
sponds to the shape of root ramifications or in many cases
remains of roots were found inside the concretions (Pavai-
Vajna 1909). As it was soon mentioned, the percolation of
bicarbonate solutions and leaching processes play a role in
the formation of loess dolls, but it should not be left out
that the process of capillary uplift may have an effect es
well (Addm et al. 1954, Krivan 1955). Or the carbonate-
rich ground water which could have been sluggishly flow-
ing on the surface or seasonally stagnating under it during
the interglacials and interstadials (Adam et al. 1954).
Presumably loess dolls were formed in cavity systems of
the soil matrix, namely in former root channels, at the
ramification of root systems or in biogalleries (Schiftlein
1996). These cavity systems are well exposed to air and



JOEG IV/1-4

the partial CO, pressure is lower, which leads to the pre-
cipitation of carbonate. Very likely the better aired central
part of the system and the individual cavities were pre-
ferred by the carbonate precipitation (in connection with
the fact, that carbonate content is higher in the central
section of the loess doll). It cannot be precluded, that if
non-calcareous particles were in the cavity system, they
may acted like condensation cores and were overgrown by
calcite (Schiftlein 1996).

STUDY AREA

The study site is the loess-paleosoil section of Siittd,
Hungary (Fig. 1). The sequence is covering the Siittd
travertine complex exposed in the Hegyhati quarry, not
far from the settlement of Siitt6. The freshwater lime-
stone is deposited on the right bank of the river, on the
V. Danube Terrace in the foreland of the Gerecse Moun-
tains. The age of the travertine was recently determined
by uranium-series dating (Sierralta el al. 2010) and the
complex was dated to the Middle-Pleistocene. On the
loess-paleosoil complex different investigations were
carried out (such as optically stimulated luminescence
dating, amino-acid racemization, radiocarbon dating and
magnetic susceptibility, see Novothny et al. 2009, 2011).
The Siitt6 loess-paleosoil site is a perfect mine of infor-
mation about the paleoenvironmental changes of the
Late Pleistocene.
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Fig. 1 The location of Siitt6, Hungary

The sequence (Fig. 2) could be divided into differ-
ent units based on the properties of the sediment. During
the examinations of loess dolls this division of Novothny
et al. (2011) was used. The succession is compartmental-
ized into sandy loess (Units 2, 4, 7, 16), laminated grey-
ish sandy loess (Units 3, 5), loess (Units 9, 11, 13) and
sand (Unit 8) horizons. Paleosoils are represented by a
light brown paleosoil (Unit 6), two brownish paleosoils
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(Units 10, 12) and a well developed pedocomplex (Unit
14 as a dark chernozem-like paleosoil and Unit 15 as a
reddish brown paleosoil).
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Fig. 2 The loess-paleosoil sequence of Siittd, Hungary
(based on Novothny et al. 2011)

Unit 1 — recent soil (chernozem); Unit 2, 4, 7, 16 — sandy loess; Unit
3,5 — grey, laminated sandy loess; Unit 9, 11, 13 — loess; Unit 6 — light
brown paleosoil; Unit 8 — sand; Unit 10, 12 — brown paleosoil; Unit 14
— dark chernozem-like paleosoil; Unit 15 — reddish brown paleosoil;
Unit 17 — sand; Unit 18 — travertine
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Table 1 Frequency distribution of loess dolls

Sequence Depth (cm) Freq(gfelré(éig:jsélrllgg tion Sequence Depth (cm) Freq;ﬁ%%gg”?ﬁ tion
0.65-0.75 ++ 4.15-4.25 ++
0.75-0.85 ++ 4.25-4.35 ++
0.85-0.95 - 4.35-4.45 ++
0.95-1.05 + 4.45-4.55 +++
1.05-1.15 - 4,55-4.65 ++
1.15-1.25 ++ 4.65-4.75 +
1.25-1.35 - Unit 2 4.75-4.85 -
1.35-1.45 - 4.85-4.95 -
1.45-1.55 +++ 4,95-5.05 -
1.55-1.65 ++ 5.05-5.15 -
1.65-1.75 +++ 5.15-5.25 -
1.75-1.85 + 5.25-5.35 -
1.85-1.95 + 5.35-5.45 -
1.95-2.05 + 5.45-5.55 -
2.05-2.15 - 12.70-12.75 +
2.15-2.25 ++ 12.75-12.85 +++
2.25-2.35 +++ 12.85-12.95 ++

Unit 2 2.35-2.45 + 12.95-13.05 +
2.45-2.55 + 13.05-13.15 +
2.55-2.65 - 13.15-13.25 ++
2.65-2.75 - 13.25-13.35 ++
2.75-2.85 - 13.35-13.45 ++
2.85-2.95 - 13.45-13.55 +
2.95-3.05 - 13.55-13.65 +
3.05-3.15 - Unit 6 13.65-13.75 +
3.15-3.25 - 13.75-13.85 -
3.25-3.35 - 13.85-13.95 +
3.35-3.45 - 13.95-14.05 +
3.45-3.55 - 14.05-14.15 +++
3.55-3.65 - 14.15-14.25 +
3.65-3.75 - 14.25-14.35 ++
3.75-3.85 - 14.35-14.45 ++
3.85-3.95 - 14.45-14.55 +
3.95-4.05 - 14.55-14.65 ++
4.,05-4.15 - 14.65-14.75 +

*Frequency distribution based on the number of samples (L=loess doll): +: 1<L<3; ++: 3< L<6; +++: 6<L.<9

METHODS

The loess-paleosoil sequence was analysed in 10 cm
vertical resolution and loess dolls were collected based
on this division on the field. Smaller concretions were
separated after wet sieving of the bulk loess/paleosoil
samples, according to the 10 cm vertical resolution from
100-150 g material on a 500 pm sieve.

Different kinds of investigations were carried out on
samples from Unit 2 and Unit 16. Concerning to whole
profiles loess dolls were described first on the grounds of
their morphology connected with the horizon in which
they were found. Altogether 23 samples were cut into
two or more parts according to the size of the loess doll:
3 samples from Unit 2 and 20 samples from Unit 16.
Experiments were carried out on certain samples by
using 10% hydrochloric acid to dissolve their carbonate
content. The treatment with 10% hydrochloric acid was
gradual, loess dolls were dipped into the acid then taken

out and put into distilled water. This process was repeat-
ed successively until the samples were totally dissolved.
The aim was to check the phases of the dissolution and
describe the inner structure of the loess dolls (and also to
determine the insoluble residues). Altogether 6 samples
were treated this way: 4 samples from Unit 2 and 2 sam-
ples from Unit 16.

Loess doll samples were only taken from Unit 2 and
16. From Unit 3 to Unit 9 in the meanings of the classi-
cal description no loess dolls were found. In the Units 6-
9 some features appeared in the maximal length of 2 cm,
but their morphology could be linked more to the hypo-
coatings, although these samples had a more massive
and cemented substance than hypocoatings. These fea-
tures may act like the first stage of becoming a loess doll
or maybe they are just being stuck in this phase because
there was no significant leaching (and by this means not
enough amount of percolating solutions).

From the Units 10-15 no samples were taken either.
Under the two brown paleosoils (Units 10 and 12) no
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loess dolls were found, because these levels have not
gone through a strong leaching (Unit 10 has a carbonate
content varying between 14-15%; while Unit 12 has 9-
14%; Barta 2010). However a probable gap during sedi-
mentation also cannot be left out of account. The dark
chernozem-like paleosoil (Unit 14) and the reddish
brown paleosoil (Unit 15) are very strongly leached and
their carbonate content is re-precipitated under the pedo-
complex. Secondary carbonates are only available on the
both sides of the upper and lower decalcification bound-
ary in the forms of hypocoatings and calcified root cells.

RESULTS — UNIT 2

Loess dolls are found in Unit 2 between two depth rang-
es: a.) under the recent soil level (below 0.70 m) to 2.55
m, almost in every 10 cm intervals with the frequency
distribution of one to nine samples; b.) between the
depth range of 4.25 and 4.75 m with the same frequency
distribution (Table 1). Below the recent soil to the depth
of 2.55 m carbonate concretions are quite frequent and to
the depth of 1.15 m they generally have rough, porous
surfaces divided with channels. Their mean length is 1
cm and mean width is 0.5 cm.

At 1 m depth loess dolls are characterized with
elongated, curving shapes with the length of 0.5-3 cm
and width of 0.3-1.3 cm. Their surface is divided with
small channels, in which calcified root cells or calcitic
membranes can be found in some cases. Such small
concretions occur also which take a shape of a former
land snail shell. It means that the bicarbonate solutions
could have been percolating through the shell and then
precipitated the carbonate within, but later on the shell
could have been broken off. Some concretions were
quite easy to break into parts with hands, which revealed
two different inner colours: a.) greyish colour of the
compact, crystallized inner part; b.) yellowish to light
brownish colour of the more porous than compact inner
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part (having the same colour as the outer crust of the
concretion).

From the depth between 1.15 m to 1.25 m concre-
tions appeared to have the same morphology as above
described with mean length of 1.8 cm, but mostly be-
came thinner on their central part. The concretions from
the depth between 1.45 m to 2.55 m have length between
0.5-2 cm and can be characterized with an outer crust
and an inner core in the colour of grey, which is com-
pact. Such kind of concretion appeared as well, which
had a small channel leading through it.

Then concretions appear again from the depth of
4.15 m to 4.75 m. These samples have a longitudinal
axis but irregular shapes in the length between 3-5 cm
and width between 0.5-1.5 cm. In Unit 2 below this
depth no more concretions were found.

Loess dolls cut into two or more parts

Samples were taken from the depth of 0.85 m, 1.05 m
and 1.55 m (Fig. 3). These concretions have a longitudi-
nal axis ranging between 1.2 - 1.8 cm and their width is
varying between 0.5-0.9 cm. Their form is mostly elon-
gated with rough surfaces, while their inner parts are less
compact and crystallized. The inner structure of the
concretions can be characterized by cracks either parallel
with the longitudinal axis or perpendicular to it.

In the sample from 0.85 m two main cracks appear
parallel with the longitudinal axis, while the sample from
1.55 m has only got one crack parallel with the longitudi-
nal axis. The concretion from 1.05 m has one crack paral-
lel with the longitudinal axis, which is connected to a
crack at an angle of 45° (like forming of a letter of “V”).

Loess dolls treated with 10% hydrochloric acid

The sample from the depth of 0.85 m has rough, pitted
surface divided with channels. It seemed to be built up
from different parts through cementation. During the
gradual treatment with 10% hydrochloric acid many small

Fig. 3 Inner structures of loess dolls after cutting into parts

Samples taken from: A —0.85 m; B — 1.05 m; C — 13.55 m. The concretions A and B are divided into cracks, while the sample C has a porous

inner structure with a double core (double condensation nuclei)
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channels emerged also with calcified root cell structures.
The longitudinal axis of the concretion was marked with
two transversal smaller cracks. The inner structure was not
porous, but compact and well crystallized.

The sample from the depth of 0.95 m has a length
of 1.5 cm and width between 0.4-1.1 cm. During the
gradual treatment with 10% hydrochloric acid the small
channels with the outer crust have been dissolved and
showed the inner core with a crack system. Inside the
crack system a calcified root cell structure was found.

The inner structure of the sample from the depth of
1.55 m is characterized by a crack system. During the
gradual treatment with 10% hydrochloric acid the struc-
ture of the sample was continuously checked under a
binocular microscope. On the surface of the crystalline
inner matrix a brownish fading was recognized and the
rest material after the total dissolution of the concretion
were gelatinous membranes in the extension of 2x6 mm. It
was the only sample in which these features were present.

The concretion from the depth of 2.45 m has an
outer crust and compact, well crystallized inner core in
the colour of grey. This inner core is characterized with a
small channel. Walls of the channel have the same yel-
lowish colour like the outer crust. During the gradual
treatment with 10% hydrochloric acid two parallel chan-
nels appeared along the longitudinal axis of the concre-
tion. It was also observable that the inner parts dissolved
faster than the outer crust.

RESULTS — UNIT 16

Loess dolls are present in high amount in Unit 16,
they are detectable from the whole sequence from every
10 cm interval with the exception of 13.75 m — 13.85 m
(Table 1). Along Unit 16 the size of the loess dolls is
alternating in length between 0.4-4 cm and in width
between 0.2-2 cm. In general their surface is rough,
divided with small channels (which are often filled with
calcitic membranes). In the upper third of Unit 16 calci-
fied root cells and manganese infilling can occur also in
these small channels of the surface. Concretions with
smooth surfaces occurred in the lower third of Unit 16
together with the ones with rough surfaces. After cutting
into parts the loess dolls showed different structures.

No characteristic crack system leads through the
concretion

These kind of loess dolls are characteristic for the whole
Unit 16. Samples were taken from the depth of 12.75 m,
13.15m, 13.35 m, 13.45 m and 13.95 m. In general these
concretions are 1-2 cm in length and 0.5-1 cm in width
and have a more porous outer crust than their inner core.
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Appearance of cracks

The loess doll from the depth of 12.75 m in the shape
resembling a hut, has a length of 6 cm and width be-
tween 1.2-4 cm. Its outer crust is more porous, while the
inner core is compact. In the middle zone of the concre-
tion there is a main crack perpendicular to the longitudi-
nal axis, and into which four smaller cracks are joining
with a certain degree. The main crack does not lead
through the whole length of the concretion. Besides the
cracks smaller pores and nuclei are visible, but they are
mostly present in the ending of the concretion.

Porous inner part

The loess doll from the depth of 13.55 m has a length of
5.5 cm and width between 1.0 and 2.5 cm (C on Fig. 3).
It is characterized with a double core in which lot of
small sized channel are found, which makes it so porous
like a sponge.

Loess dolls from the depth of 14.15 m show the
same sponge-like structure but have only one core. An-
other loess doll from this depth resembled the same
structure, but with two separated larger pores besides the
many small ones.

The loess doll from the depth of 14.55 m is also di-
vided into many small pores which are present in a high-
er amount towards the outer crust of the concretion.

Inner core consisting of more parts

Two loess doll samples are examined from the
depth of 13.15-13.25 m. The one with a length of 5.3 cm
and width between 1-2 cm has a compact inner core
surrounded ring-like by another compact layer, which is
followed by the outer, thinner and more porous crust. A
slice of the sample shows a small nucleus in the inner
core. The other loess doll has a length of 2.5 cm and
width of 1.8 cm and resembles the same structure, just
without having a nucleus.

Relatively homogeneous inner structure

The loess doll from the depth of 13.35 m has a
length of 1.9 cm and width of 1 cm, while the samples
from the depth of 14.45 m has a length of 3 cm and
width between 0.7-1.5 cm. Both concretions have no
cracks or nuclei in their inner structure and are relatively
homogeneous.

Septarian structure

The loess doll taken from the depth between 12.70 m
and 12.75 m, right beneath the reddish brown paleosoil,
has a length of 5 cm (longitudinal axis) and maximal
width of 5.5 cm which is narrowing for 1-3 cm. After
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cutting into parts and smoothing the concretion three
main nuclei appeared, one of them showing a septarian
pattern (Fig. 4).

Fig.4. Loess doll with septarian structure from the depth be-
tween 12.70 m—-12.75m

The three cores are marked with the letters A (septarian cracks); B
(mass of small channels) and C (cementated hypocoatings)

Loess dolls treated with 10% hydrochloric acid

The sample taken from the depth between 12.70-12.75
m, also right beneath the reddish brown paleosoil, has a
length of 7.8 cm and a maximal width of 4.6 cm, which
grow narrow to 0.8-2.7 cm. The shape of the loess doll
resembles a croissant. During the gradual treatment with
10% hydrochloric acid different structure elements were
presented in the loess doll. The concretion was divided
into two main layers: a.) the outer crust built up from
sandy loess, which was easier dissolving, in the same
colour as the surrounding matrix; b.) the very compact,
strongly cemented inner core in the colour of grey and
brown. The outer crust, which was dissolving normally,
showed gradually many hypocoatings joining to each
other. The inner core was dissolving very slowly (maybe
it refers to a higher dolomite content, than calcite),
showed parallel cracks along the longitudinal axis.

The sample from the depth between 13.05 m and
13.15 m has a length of 4 cm and width between 0.3-1
cm, and its surface is divided into small pores and
channels. After the gradual treatment with 10%
hydrochloric acid the inner structure of the loess doll
seemed not be compact and one main crack appeared
along the longitudinal axis with some small
perpendicular cracks.
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DISCUSSION
Unit 2

Two kind of inner structures are characteristic for the
concretions of Unit 2: a.) appearance of cracks; b.) pres-
ence of a main crack (or cracks) parallel with the longi-
tudinal axis of the loess doll (A and B on Fig. 3). The
concretions are generally smaller in size than the ones of
Unit 16. The size extension of these loess dolls ranges
between 0.5-3 cm. The size properties may be connected
with a less significant degree of leaching from the recent
soil level and a probably young formation age. Other
conditions of the matrix of the sediment can exert influ-
ence on the formation environment, like the changes of
the partial CO, pressure or the capacity of carbonate
uptake for the percolating solutions.

The formation of the concretions could be connect-
ed with carbonate precipitation in a well aired cavity
system of different size and origin (Schiftlein 19986).
Every examined sample from Unit 2 showed a certain
kind of crack system.

The loess doll from the depth of 0.95 m was con-
taining in its inner part a calcified root cell structure,
which refers to a combined formation environment. It
means that the formation was both connected with pre-
cipitation in a cavity and around a condensation core.
The cavity could have been of biogenic origin, which
means it was formed by roots of presumably grass spe-
cies. First the calcificaton of the roots took part, which
thought to be contemporaneous with the dust accumula-
tion (after Becze-Dedk et al. 1997). Later the cavity,
which was left behind by the living root, was filled up
with the calcified root cell structure, which acted as a
nucleus for carbonate precipitation. These assumptions
raise the possibility that this concretion is of younger age
than the calcified root cell structure and was formed later
on (and was still in an early development phase).

At the case of the sample from the depth of 0.85 m
the calcified root cell structure was found not in the
central part of the concretion, but as the part of its outer
crust. It may also refer to an early development phase,
during which the surface of the concretion adheres con-
tinuously more carbonate and cements to itself more
components of the surrounding matrix.

The insoluble residues of the concretion from the
depth of 1.55 m were gelatinous membranes. From this
feature and the inner crack system of the concretion it
may be concluded, that the carbonate content of the
percolating solutions was accumulated in a cavity system
of branching roots. During its formation it could have
included the living root as well, which started to decay,
but since than there was not enough time for the plant
rests for the total decomposition. It may also refer to a
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quite young age of the loess doll compared to the level in
which it was found.

To sum up, it can be stated that the examined con-
cretions of Unit 2 were presumably developed in cavity
systems connected with roots (based also on the works
of Pavai-Vajna 1909, and Schiftlein 1996). Besides the
formation in root related cavities the cracks in the con-
cretions may have a connection with hypocoatings,
namely carbonate could have been precipitated around
hypocoatings (Barta 2011). It can be supported by the
presence of small channels dividing the surface of some
concretions, and which are seem to be referring to hypo-
coatings during the gradual treatment with 10% hydro-
chloric acid. The origin of hypocoatings, which are Ca-
CO; impregnations around the pores of the soil matrix
(Becze-Dedk et al. 1997, Durand et al. 2010), can either
be connected with root-suction related carbonate precipi-
tation (Wieder — Yaalon 1982) or evaporation of calci-
um-rich solutions, or with carbonate precipitation from
percolating solutions respectively (Becze-Deak et al.
1997). Although yet none of these hypothesis is proved
or denied.

Unit 16

Loess dolls appear soon right under the paleosoil com-
plex composed of the dark chernozem-like paleosoil
(Unit 14) and the reddish brown paleosoil (Unit 15) and
in addition generally in larger size compared with the
concretions of Unit 2. This diversity of size can be con-
nected with the different degree of leaching of the soil
horizons. The pedocomplex is very strongly leached,
which means that its carbonate content is mostly 0%,
except the depth between 12.55 m and 12.65 m, where it
reaches 2.08%. The effect of the strong leaching could
have caused higher carbonate precipitation and accumu-
lation rates under the paleosoil horizon. The effect of the
downward percolating solutions could have been
strengthened by a possible lateral groundwater flow and
by valley floor position, respectively. The bicarbonate
solutions were leaching through the pedocomplex and
their carbonate content was precipitated in the underly-
ing sandy loess deposits of Unit 16. In the loess the per-
colating solutions found different conditions of porosity
and changes in the partial pressure of CO,. The results of
the precipitation were on the one hand the formation of
carbonate coatings and on the other hand the concretions
(Barta 2010).

Based on the examined loess dolls, three main ob-
servations can be established in connection with their
origin: a.) carbonate precipitation around nuclei (C on
Fig. 3); b.) carbonate precipitation in cavity systems; c.)
multiphase origin (Fig. 4).

In the case of the concretions having relatively ho-
mogeneous inner structure or no characteristic crack
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system within, may be stated that they have been precipi-
tated around certain nuclei (like small pores and chan-
nels) and are still in an earlier phase of development.

The appearance of cracks in the loess dolls can refer
either to precipitation around more nuclei or small cavi-
ties. Around these individually developed features later
on more carbonate was precipitated and caused merging
into a new concretion. For this new complex form it was
easier to adhere carbonate and carry on the growth.
Among the loess dolls characterized by mostly porous
inner parts, appears a concretion having a double core at
the depth of 13.55 m (C on Fig. 3). Presumably it was
developed around two nuclei which were growing
through more carbonate precipitation and merged to-
gether, just as described above. This double core was
containing lots of small sized channels and seemed to be
as porous as a sponge. The possibility may be raised that
these nuclei were connected with bunches of hair-thin
roots which decayed later.

For the formation of loess dolls having mostly po-
rous inner parts the idea came up, that the high amount
of small channels (which are responsible for the porous
structure) may possibly belong to hypocoatings, which
were gradually cemented together. The cementation of
hypocoatings may also be conceivable for the case of the
concretion from the depth between 13.05 m and 13.15 m.
In its inner structure perpendicular cracks were crossing
through the main longitudinal crack and the appearance
of the whole system resembled a possible cementation of
hypocoatings.

Although the above presented loess doll types were
soon examples for a multiphase development, the case of
the following concretions also serve this reinforcement.
The loess doll with the inner core consisting of more
parts is characterized by a ring-like structure. Presuma-
bly the two ring-like more compact inner cores can be
connected with different carbonate precipitation events
(and so does the outer crust as well). It might be in con-
nection with the assumed alternation of moist and arid
phases in Unit 16 (Barta 2010).

The loess doll beneath the paleosoil complex, which
is resembling a croissant, presumably also originated
through more phases: like the inner core could be con-
nected with the primary leaching of the pedocomplex,
while the outer crust was built up from the later on per-
colating solutions (also through more than one phase).

Loess doll with septarian structure was found also
right beneath the pedocomplex. The term septarian
means a radial crack pattern, where the cracks are nar-
rowing towards the external boundaries of the concretion
(Bullock et al. 1985). This kind of structure was also
described from concretions in shales (Seilacher 2001). In
this loess doll three different cores are present resem-
bling the junction of channels or cracks. But these chan-
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nels may belong to cementated hypocoatings based on
the appearance of the core marked with “C” (Fig. 4).

To confirm the role of hypocoatings in the multi-
phase development of loess dolls, a pedofeature was
found from the depth between 14.45 m and 14.55 m. It is
soon cementated and hard, but the tube shapes of the
hypocoatings are still very well to be seen (Fig. 5). This
structure act like if being in the early phase in becoming
a concretion.

1X111Y

Fig. 5 Cementated hypocoatings — presumably an early phase
in the formation of concretions

CONCLUSION

The loess dolls of the loess-paleosoil sequence of Siitt6
could be divided into three main types based on their
inner structure: a.) concretions with longitudinal and/or
perpendicular cracks; b.) concretions containing one or
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more condensation nucleus; c.) the combination of the
above listed properties. These structures are summarized
in Table 2 (marked with letters from A to G), according
to the depth of the sequence.

From the various inner structures of loess dolls
more conclusions can be drawn concerning their origin.
Carbonate precipitation took place in or around cavity
systems either of biogenic origin (as root-related chan-
nels or features, and biogalleries) or of non-biogenic
origin (because of the structural properties of the sedi-
ment). The cementation of hypocoatings can also act like
precipitation nuclei and be the first phase in the concre-
tion development. For the origin of the concretions of
Unit 2 mostly the root-related cavity system theory was
characteristic, while the loess dolls of Unit 16 were re-
lated to a multiphase development history concerning the
role of cavity systems, precipitation nuclei and cementa-
tion of hypocoatings.

The knowledge of the morphology and structure of
loess dolls provide information on their formation envi-
ronment and may be a good complementary method in
the research of secondary carbonates.
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Table 2 The structural characteristics of the examined loess dolls

Sequence Depth (m) Number Of. Characteristics of the structure
samples examined
0.75-0.85 2 C: main crack parallel with the longitudinal axis
Unit 2 0.95-1.05 2 B: appearace of cracks; C: main crack parallel with the longitudinal axis
1.45-1.55 2 B: appearace of cracks; C: main crack parallel with the longitudinal axis
2.35-2.45 1 C: main crack parallel with the longitudinal axis
12.70-12.75 4 A: no characteristit; crack systgm;_B: appearance of C(acks; C: main crack
' ) parallel with the longitudinal axis; G: septarian structure
13.05-13.15 4 A: no characteristic crack system
13.15-13.25 2 E: inner core consisting of more parts
Unit 6 13.25-13.35 3 A: no characteristic crack system; F: relatively homogeneous inner part
13.35-13.45 2 A: no characteristic crack system
13.45-13.55 2 D: porous inner part
13.85-13.95 1 A: no characteristic crack system
14.35-14.45 3 D: porous inner part; F: relatively homogeneous inner part
14.45-14.55 1 D: porous inner part
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Abstract

The aim of the study was to identify the abandoned channels on the
alluvial fan of the Maros River and to calculate their paleodischarge.
As the first step of the investigation regional equations had to be made
for discharge calculations based on the earliest available discharge data
for the rivers of the Tisza catchment in Hungary. Equations between
discharge and channel parameters were created with high correlation
coefficient. Then the paleochannels were identified on the Hungarian
part of the alluvial fan. The paleochannel generations are located in
continuous zones with well defined boundaries. The density of the
abandoned channels varies on the alluvial fan, as some areas densely
covered by channels and on other areas almost free of paleochannels.
Braided, meandering and misfit channels were separated, but only the
morphometry of the meandering and misfit channels were measured
(width, ratio of curvature, half-wavelength and cord-length). Based on
these morphometric parameters and the discharge equations the mean
discharge of the channels was calculated. The greatest discharge was
around 6300 m*/s while the smallest was 31 m%s. However, several
abandoned meandering channels had slightly greater bankfull discharge
(700-900 m?/s) as the present-day Maros River.

INTRODUCTION

The paleoclimate reconstructions have an important role
in the analyses of the paleoenvironmental events. There
are several methods to complete it; most of them aim to
determine the precipitation and the temperature. For
example the former precipitation and runoff conditions
could be reconstructed by calculating paleodischarge
data (Stein et al. 2004, Scheurle et al. 2005, Carson —
Munroe 2005, Saenger et al. 2006). Besides, these data
could be used to reconstruct the magnitude and frequen-
cy of floods in the past and to evaluate the amplitude of
the present-day floods (Thorndycraft et al. 2005, Benito
— Thorndycraft 2005). The paleohydrological data can
give useful contribution to study climate change tenden-
cies (Carson — Munroe 2005).

There are several methods to examine and recon-
struct the hydrological conditions of the past. Some
studies use proxy data, for example the ratio of stable
oxygen isotope or the rate of the high-resolution magnet-
ic susceptibility. For example Scheurle et al. (2005) used
paleo-oceanographic proxy data of stable oxygen iso-
topes to determine paleodischarge of the rivers. They
analysed the rate of isotopes in calcareous shells of ma-
rine animals, because the rate of isotopes correlates with
salinity, thus the ratio of salty- and freshwater (paleodis-
charge) were estimated using the known sea-level
changes. Saenger et al. (2006) applied the same method,

but they have also modelled the precipitation conditions
of the drainage area.

Sedimentological,  geochemical and  micro-
paleontological proxy data of surface sediments also
allow to characterise the climate. High-resolution mag-
netic susceptibility record was used to estimate sediment
fluxes and their relationship to paleo-environmental
changes. The variability of sediment fluxes during the
Holocene can be related to the changes in river discharge
and coastal erosion input (Stein et al. 2004). Slack-water
deposits were also analysed (Thorndycraft et al. 2005,
Benito and Thorndycraft 2005) to study the floods of the
last century and to reconstruct the main flood events.
The growing amount of flood deposits was in connection
with rising flood-level, which is was dated by radiocar-
bon measurements.

Carson and Munroe (2005) applied dendro-
hydrology to reconstruct mean annual discharge and
precipitation data. The width of an annual tree ring re-
flects the yearly hydrological conditions and refers to the
near-surface temperature, evapo-transpiration and pre-
cipitation (Werritty and Leys 2001).

Sidorchuk and Borisova (2000) used paleogeo-
graphical analogues to determine paleohydrological and
paleoclimatic parameters. The paleogeographical ana-
logue is based on two assumptions: (1) similar hydrolog-
ical regimes were characteristic for the paleorivers in
similar paleolandscapes; (2) the hydrological regime of a
paleoriver within some paleolandscape would be similar
to that of a present-day river in the same type of land-
scape. Thus, to determine hydrological parameters of
paleorivers and the simultaneous climatic conditions a
present-day river must be found which is very similar —
every parameters and locations — to the paleoriver.

Lauriol et al. (2002) used fluvial morphology and
deposits to conclude paleoclimatic conditions, because
the changes in climatic conditions will be reflected by
the discharge and they can affect channel parameters (in
this case cross-sections were used to determine paleodis-
charge).

Since there is a close relation between discharge
and different channel parameters, a wide range of
paleodischarge calculations exist. For example Sylvia
and Galloway (2006) reconstructed Late Pleistocene
discharge, their calculation was based on radius of cur-
vature, wavelength and some other channel dimensions.
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In the Carpathian Basin Gabris (1986, 1995), Timar and
Gabris (2008) made paleodischarge calculations to study
Holocene climate change and the discharge of scour-
channels. The relationship between meander wavelength
and the characteristic discharge values was defined. Wil-
liams (1984) emphasized the regional validity of the
equations, thus the equations can be used just in the
same geographical environment and for the same river
size as the equations based on.

According to Ward et al. (2007) the climate is a
driving force in the hydrological system, therefore the
smallest climate change can have significant effect on
hydrological processes, including changes in the volume
and temporal pattern of discharge. Ward et al. (2007)
made climatic- and hydrological models to simulate
paleodischarge of Holocene rivers using recent discharge
data. The estimated paleodischarge data were close to
the data created by the climate- and hydrological model,
and the discharge change closely followed the latitudinal
and seasonal variations in insolation.

The aim of the present study is to identify the aban-
doned channels on the Hungarian part of the alluvial fan
of the Maros River and to determine their paleodis-
charge. Our secondary aims are to determine the river
course changes based on the morphometry and spatial
distribution of the channels and to create regional equa-
tions between the discharge values and morphometric
parameters. The paleodischarge data could be important
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to forecast the maximum flood discharge, as increasing
magnitude and frequency of floods are very important
environmental hazards in Hungary.

STUDY AREA

Our study area is the alluvial fan of the Maros River,
which located in the south-east part of the Great Hungar-
ian Plain. The radius of the alluvial fan is 80-100 km
(Fig. 1). The alluvial fan is shared by Hungary, Romania
and Serbia. In this study only the Hungarian part of the
alluvial fan (3640 km?) is studied because of the limited
availability the maps from the surrounding countries.

According to Mike (1991) the evolution of the allu-
vial fan started in the Late Pliocene, however, according
to Molnar (2007) it started in the Early Pleistocene based
on the sedimentary sequences of the deposits of the allu-
vial fan. According to Ando (1976) and Borsy (1989) the
formation of the youngest part of alluvial fan started in
the Late Pleistocene or in the Early Holocene. Nador et
al. (2007) found that the Maros River turned to its pre-
sent direction during the Middle or Late Holocene, as it
is reflected by the middle gravel layer in the three layers
which can be found in the Maros River alluvial fan’s
sedimentary structure.

During the Late Pleistocene and Holocene the Ma-
ros River changed its flow direction on the alluvial fan
frequently driven by the rising or sinking of the sur-

Hungary
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Fig. 1 Location of the alluvial fan of the Maros River (source: SRTM, resolution 90 m)
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rounding areas (Mike 1975, And6 2002). According to
Marton (1914) the Maros had no well-defined channel
until the Pleistocene, as it was split into several second-
ary channels. The frequent flow-direction changes were
also described by Andé (2002), who mentioned four
main course directions during the Pleistocene. According
to Mike (1991) the Holocene Maros River changed
channels on the alluvial fan frequently, but almost in
each case at first it turned to north-east than towards
south. However, none of these changes had real scien-
tific evidences, as no precise age determination or sedi-
mentary record exists.

METHODS
Creating paleodischarge equations

The paleodischarge equations are based on contemporary
hydrological and morphometric data of the lowland
rivers on the Great Hungarian Plain.

Determining bankfull discharge data

The first precise discharge data for the catchment of the
Tisza are available from the 1930’s, thus they were used
because at that time the channel was has not been dis-
torted yet by revetments (though cut-off were already
made; Kiss et al. 2008).

The difficulties of the calculations were that (1) in
the 1930’s discharge measurements were not systematic,
they were made mostly in extreme hydrological condi-
tions like at floods or low water stages; and (2) several
times the discharge were just calculated from the water
level. The bankfull discharge was determined at 18 riv-
ers gauging stations (7 gauging stations on the Tisza
River and 11 on the tributaries: Fig. 2). In order to de-
termine the bankfull discharge the contemporary cross-
sections of the channel was also used.

According to Dury (1961) the bankfull discharge is
the most hydrological parameter in connection which the
morphometry of the channel. Therefore those horizontal
morphometric parameters were measured which are in
connection with the bankfull discharge.

Determining the morphometric parameters of the
channel

The channel parameters were measured on the Ill. Mili-
tary Survey maps (1882-1884), which were made at the
time of the river regulations. For the measurements 5 km
long river sections at each gauging stations were ana-
lysed. The bank-line and the centre-line of the sections
were digitalised and the channel width (W), radius of
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Fig. 2 The discharge data of 18 gauging stations were used and
the meander parameters of the 5 km long river sections

curvature (Rc), half-wavelength (L) and cord-length (H)
were measured.

According to Laczay (1982) the proportion of half-
wavelength and cord-length (L/H) refers to the develop-
ment phase of the meander, thus the bends can be classi-
fied as pseudo-bend, underdeveloped, developed, well-
developed and close-to-cut-off meander. From these
classes the developed and well-developed meanders are
the best to calculate the relationship between morpho-
metric parameters and discharge (Gabris 1986). There-
fore, during the paleodischarge calculations only the
developed and well-developed meanders were used,
therefore 54 meanders were chosen from the 90 curves.

Creating equations between discharge and channel
parameters

The equations were created using the water discharge
bankfull data of the 1930’s and the determined horizon-
tal channel parameters of the Third Military Survey. The
aim was to create equations with high correlation coeffi-
cient. Using these equations the paleodischarge of the
paleochannels identified on the alluvial fan was deter-
mined.
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Table 1 Relationships between discharge and channel parameters and their applicability range

Channel parameter Equation and correlation coefficient Applicability range
Width (W) Q = 0.0001*W?3211 R?=0.7671 55-185m
Radius of curvature (Rc) Q = 0.0008*Rc?+4.1692*Rc — 226.13 R?=0.6983 29-509m
Half-wavelength (L) Q = 0.0003*L2 + 0.344*L — 81.329 R?=0.7235 472 - 2538 m
Chord-length (H) Q = 0.0015*H? + 0.0647*H — 31.762 R?=0.7888 307 -1197 m

The cord-length (H) and the width of the channel (W) show the highest correlation with bankfull discharge. However width
characterizes only just one point of the meander and it depends on the channel material, just like the radius of curvature.

Tisza

Fig. 3 Abandoned channels and their zones on the Maros River alluvial fan

3.2. ldentification of paleochannels

To identify the abandoned channels on the alluvial fan
1:10.000 scale topographical maps and SRTM images
(Shuttle Radar Topography Mission - with 90 m resolu-
tion) were used. Under ArcGIS 10 software the bank-
lines of the paleochannels were digitalised. The different
channel pattern types (braided, meandering and misfit)
and channel generations were separated. On the identi-
fied meandering channels the horizontal morphometric
parameters (W, Rc, L and H) were measured. The values
of these parameters were substituted into the equations,
thus the paleodischarge of the paleochannels was deter-
mined.

RESULTS AND DISCUSSION
Creating paleodischarge equations

Exponential and polynomial relationships were supposed
between the bankfull discharge data from the 1930°s and
the horizontal channel parameters of the developed or
well-developed type of meanders. Equations with the
highest possible correlation coefficient were created
(Table 1). The applicability range suggests the limits of
the usage of the equations.

Distribution and morphology of paleochannels

The density of the paleochannels on the surface of the
alluvial fan varies (Fig. 3). Some areas are densely cov-
ered by paleochannels (17.7%) and in some areas they
rarely appear (2.4%). The abandoned channels show a
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Table 2 Some typical parameters of the paleochannel zones on the Maros River alluvial fan surface

Zone Channel
\ area | length Width (km) Radius of curvature (m) Channel pattern
0.
(km?) (km) min max mean min max mean
I (younger) 62 186 109 Misfit
296 51 21 8.2 51
I (older) 283 712 405 meandering
I 99 18 1.2 9.8 55 - - - braided
Il/a 164 27 1.8 10.6 6.2 - - - braided
/b 146 24 2.7 9.5 6.1 - - - braided
v 164 27 2.6 11.2 6.9 96 589 284 meandering
\Y 207 38 2.7 8.4 55 61 94 70 meandering/Misfit
VI 99 27 2.8 5.3 4.1 226 756 505 meandering
VIl 200 39 2.0 7.6 4.8 - - - braided
VIII 187 25 4.3 13.1 8.7 354 1182 656 meandering
1X 474 70 2.6 13.6 8.1 451 2299 1119 braided / meandering
X 452 77 2.5 8.6 5.5 - - - braided
XI 348 80 15 10.2 5.8 256 542 384 meandering
Xil 213 37 3.2 10.6 6.9 - - - braided
Xl 375 51 2.0 12.3 7.1 437 532 485 meandering

Fig. 4 (A) Transformation of a braided channel into meandering pattern (zone 1X), and (B-C) misfit channels from zones V and |

typical pattern, as they appear in almost continuous

zones with well-defined boundaries.

The channel pattern, the channel density and the ra-
tio of curvature was the basis if the identification of the

zones. These zones run from east to west in an anti-
clockwise direction. The mean length of the zones is 42
km and their width changes between 4.1 and 8.7 km
(Table 2).
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Table 3 The calculated bankfull discharges of the paleochannel zones
(grey numbers are beyond the application limit of the equations)

Zone _ Bankfufl discharge

minimum maximum mean

I (younger: misfit) 32 275 118
| (older: meandering) 656 3683 1338
v 104 1870 637

\Y% 13 76 31
Vi 320 2833 1591

VI 605 3414 637
IX 1682 12675 6300

Xl 485 1429 840
X1 1155 2515 1642

Determining paleodischarge for the meandering
paleochannels of the alluvial fan

Applying the equations above, the paleodischarge of the
abandoned meandering channels was calculated based on
their horizontal morphometric parameters (Table 3). In
the zones No. II-1l1, VII, X and XII the pattern of the
paleochannel is braided, thus the equations can not be
applied for them. There is also an applicability range
limit for the equations (Table 1), though smaller and
greater paleomeanders were also identified. However,
the equations were used to calculate their paleodis-
charge, but it have to be noted that these data have the
greatest error. To determine smaller and higher water
discharges we have to extend the study on rivers with
higher bankfull discharge, however it means that other
rivers than of the Tisza’s catchment have to be analysed
from the Carpathian Basin.

On the surface of the Maros alluvial fan several
channels were found which have slightly greater bank-
full discharge like the present-day Maros River (680
m*/s; Sipos 2004). The meandering channel in Zone 1X
had the greatest mean bankfull discharge (ca. 6300 m*/s),
which is much higher than the present-day bankfull dis-
charge of the Tisza (3630 m*/s; Fiala et al. 2006) or the
Danube (6550 m®/s, at Mohacs, based on the data of
Hydrographical Annals 1970-2000). However this data
is beyond of the applicability range of the equations. The
determination of the age of this paleochannel will be
very important, as the environmental circumstances of
such high discharges could be interesting in further re-
search.

CONCLUSIONS

The aim of the present study was to indentify the aban-
doned channels on the alluvial fan of the Maros River
and to calculate their paleodischarge based on newly
developed equations between bankfull discharge and
horizontal channel parameters.

The abandoned channels appear in zones. In the
western part of the alluvial fan mostly meandering chan-
nels were identified, while on the eastern part the braided
channels are typical. On the northern part of the alluvial
fan the braided and the meandering patterns are varying.
Other channels are misfit, suggesting radical discharge
decrease.

The correlation coefficients (R*=0.7-0.8) of the cre-
ated equations are relatively high, but it could be in-
creased by enlargement of the data base. The highest
correlation was found in connection with chord-length,
which value characterizes the whole curve.

The bankfull discharge of the braided paleochannels
could not be calculated using the created equations,
therefore it was calculated just for the meanders. Several
abandoned meandering channels had slightly greater
bankfull discharge (840 m®/s) as the present-day Maros
River, though some had very small (31 m®/s) and other
quite great values (6300 m’s), reflecting drastic envi-
ronmental (i.e. precipitation and runoff) changes during
their activity. In the middle part of the alluvial fan (Zone
IX) the paleochannels had the highest discharge data,
while the north and south direction from it, the value of
the discharge is gradually decreasing.

The results could be used in future flood protection,
because it pointed on the fact that extreme discharge con-
ditions could appear in the system of the Maros River.
Besides, the created regional equations could be used in
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river restoration projects, where the design of appropriate
channels parameters is the key-point of each project.
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Abstract

Geodiversity is understood as the diversity of the abiotic nature. It
expresses the variety of stones, minerals, fossils, places, landforms,
processes, soils and elements of hydrology. As geodiversity assessment
is a rather new research area, the number of publications concerning
geodiversity is growing fast. In this paper we quantified the geodiversi-
ty of a study area located at the Danube-Tisza Interfluve in the Great
Hungarian Plain using the method worked out by Hjort and Luoto
(2010). We wanted to know how the diversity varies in space at low-
land areas applying different indexes. Geodiversity was represented by
three different indexes. Total geodiversity was calculated by summariz-
ing the geologic features, the landforms and the elements of hydrology
found in each unit. Then we grouped the landforms by the (exogenic)
processes which formed them, and the number of these processes gave
the value of the geomorphologic process diversity. Finally we calculat-
ed the geodiversity index by Serrano-Canadas and Ruiz-Flano (2007).
The absolutely homogenous units (totally waterlogged areas and the
flat sand sheets) have the lowest geodiversity. It is higher at the border
of the sandy, peaty and waterlogged areas. At this lowland area there is
no relationship between the geodiversity and the relief. This is the first
work applying this method in Hungary, so the results are yet not com-
parable.

INTRODUCTION

The objective of this paper is to quantify the geodiversity
values of a study area located at the Danube-Tisza Inter-
fluve in the Great Hungarian Plain using the method
worked out by Hort and Luoto (2010). A further aim is
to know how the diversity varies in space at lowland
areas applying different indexes, which are the areas
with lower and higher geodiversity values. We also in-
tend to decide (if it is like hilly areas), whether the areas
with diverse relief (sand dunes, deflation holes) have the
highest geodiversity values or not.

On hearing the word diversity most people think
about biodiversity (the variety of the biotic nature), but
geodiversity is an equivalent and inseparable part of the
landscape, and one the premises of the development of
biodiversity. Geodiversity is understood as the diversity of
the abiotic nature. It involves the variety of stones, miner-
als, fossils, places, landforms, processes, soils and the
elements of hydrology. The term geodiversity is a new
concept used since the middle of the 1990s. As geodiver-
sity assessment is a new research topic, the number of
publications concerning geodiversity is growing fast. New
experiments are being carried out to quantify geodiversity.
Our approach is practice-oriented approach, which sum-

marizing and quantifying the abiotic features (and their
threats) found in the study area to support the develop-
ment, tourism and conservation plans.

According to geologists geodiversity means only
geological diversity (Keveiné Barany 2007, 2008), i.e.
the variety of geological features, without involving
other factors. It is stated in Gray’s definition (Gray 2004)
that geodiversity includes the variety of geological fea-
tures (stones, minerals, fossils), geomorphology (land-
forms and processes) and soils, as well as their assem-
blages properties, interpretations, systems and relation-
ships.

In the view of Kozlowski (2004) geodiversity in-
cludes surface waters and the consequences of anthropo-
genic processes are equal with those of nature.

The previous definitions were summarised and
completed by Serrano-Canadas and Ruiz-Flano (2007):
“Geodiversity is the variability of abiotic nature, includ-
ing lithological, tectonic, geomorphological, soil, hydro-
logical, topographical elements and physical processes
on the land surface and in the seas and oceans, together
with systems generated by natural, endogenous and ex-
ogenous and human processes, which cover the diversity
of particles, elements and sites.”

Another aspect focuses on examining the values of
geodiversity which play an important role in determining
the area independently from their distribution and fre-
quency, instead of making a list of all of the elements
found (Panizza 2009). Some studies (Ruban 2010) eval-
uate the scientific or touristic values of geodiversity,
their threats and possible ways of conservation. Other
studies regard geodiversity not as geomorphological
heterogenity, but as the premise of biodiversity and fo-
cus on the variety of the conditions of life (Jarvis 2005,
Parks — Mulligan 2010, Santucci 2005).

These approaches search for relationships between
the factors of the abiotic environment and the species
diversity in relatively small study areas. Using the re-
vealed relations help to express the potential species
diversity based on geodiversity without a detailed biodi-
versity monitoring. Geodiversity investigations in larger
areas aim to support development, tourism and conserva-
tion plans.

In the beginning few experiences were made to
quantify geodiversity. Most of the authors supposed
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quantifying geodiversity, but only a few of them actually
did it. It was Kozlowski (2004) who first prepared a
geodiversity atlas of Poland, he assessed the geodiversity
of his country at regional level. He scored 5 elements of
geodiversity: geology, topography, soils, surface waters,
and landscape structure separately on a five-degree scale
ranging from very low to very high level. Not only did
he examine the amount of the features but also dealt with
their quality such as the quality at surface waters. He
also considered the influence of people on the landscape.

The first and most popular geodiversity index was
worked out by a team of scientists in Spain. They com-
puted the index values to geomorphological units. They
took the abiotic features stock, filling a table with the
present elements of geodiversity at every unit. The index
value was calculated according to the following formula
(Serrano-Canadas et al. 2009):

Eg*R
InS

Gd=

, Where

Gd = geodiversity index,

Eg = number of the elements of geodiversity,
R = roughness, here expresses the slope,

S = area of the surface (km?).

The value of “Eg” was calculated on the basis of the
number of elements (lithology, geologic structure, mor-
phostructure, landforms, processes, hydrology, soils)
indicated in the tables. Each element got one score, in-
dependently about its quantity in the unit. The variety of
the topography and climate was represented with the
roughness value, which was calculated with valuing the
slope histograms. This influences the flow of energy and
the intensity of the land forming processes.

In this method the weight of the areas of the unit in-
fluences the index values more than it should, so the
index values do not express the variety correctly (Orsi
2010). To eliminate the problem, Finnish authors (Hjort
— Luoto 2010) calculated geodiversity to areas of identi-
cal sizes using a grid network. They took the geological
geomorphological and hydrological features into consid-
eration. The authors expressed geodiversity with four
different indices. Total geodiversity was calculated by
reviewing the stones, landforms and hydrological ele-
ments in each unit. Landforms were grouped according
to the processes, whose number gave the value of geo-
morphological process diversity. The units were catego-
rized according to the number of the periods their sur-
face was evolving, giving the temporal diversity value.
Finally, the previously mentioned geodiversity index by
Serrano-Canadas et al. (2009) was computed.
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They also examined how relief affects the value of
geodiversity. They used Spearman rank correlation coef-
ficients. None of the index values correlated with total
geodiversity, although it seems that geodiversity is the
highest on the steepest slopes. The probable reason is
that the correlation between roughness and geodiversity
is not linear. However, in spite of the weak correlations,
they found that roughness is the highest in 90 percent of
the units with highest geodiversity values.

STUDY AREA

The study area is located around Kiskéros in the Great
Hungarian Plain (Fig. 1). It belongs to the area of
Homokhat in Bugac. It is a moderately undulating allu-
vial plain dissected by basins. The area ascends from
NW to SE. It is a transition from the floodplain of the
Danube to the higher lying part, i.e. to the Ridge. The
surface was formed by the Danube, later it was reworked
by wind. Waterlogged areas, wetlands and peat vary with
sand sheets and sand dunes. Beside the dunes blowouts,
deflation hollows make the area diverse. The wide shal-
low depressions used to be the channels of the Danube,
which lost the connection with the river as it was incis-
ing. The deposits of the higher lands accumulate here,
those with less favourable drainage are covered by water
during the whole year (Szilard 1955).

METHODS

The quantification of geodiversity was carried out by the
method of Hjort and Luoto (2010). The whole area was
divided into 500x500 m units. The geological, geomor-
phological and hydrological elements of the units were
reviewed during our activities. The variety of the micro
features was ignored because a survey would have been
too complicated. We also neglected topography because
the opinion of scientists is not unanimous about topogra-
phy being and element of geodiversity.

Geodiversity is represented by three different in-
dexes. Total geodiversity was calculated by counting
geological features, landforms and the elements of hy-
drology found in each unit. The categories of the detailed
geomorphological map (Juhdsz 2000) were simplified.
Table 1 shows the elements we took into consideration.

Then landforms were grouped according to the pro-
cesses which formed them and the number of these pro-
cesses gave the value of the geomorphological process
diversity. Calculating the values of temporal diversity
does not make sense in this area because the surface has
been forming since the Pleistocene. This index was not
treated separately, it was taken into consideration when
calculating the geodiversity index.
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Fig. 1 The study area

Table 1 The elements of geodiversity in the study area

Geology Geomorphology Hydrology
Quicksand Flats in low position Lakes, intermittent
(intermittently water- lakes
logged)
Lime tuff Flats between ridges in Swamps in the phase
higher position of uplifting
Clayey aleurit Dry flats between ridges Swampy flats,
permanently water-
logged
Loess Dell- like depressions, Flats intermittently
deflation hollows waterlogged
Aleurit Broad and level ridges in Flats episodically

low position

affected by water

Narrow asymmetric
ridges in low position

Ridges covered with
wind-blown sand in
intermediary position

Gently sloping ridges in
higher position

Narrow asymmetric
ridges, mounds

Extensive sand dunes,
short ridges

Dunes

Wind furrows

Wind holes

Finally the geodiversity index by Serrano-Canadas
et al. (2009) was calculated (see previous chapter).
Smaller modifications were carried out in the formula
because of the same size of the units. The geodiversity
index was calculated by the number of the elements
multiplied by the roughness value. The calculation of the
roughness value is based on the average slope angle the
units. It was originally worked out by the Spanish scien-
tists for valuing the geodiversity of hilly and mountain-
ous areas. As the slope of every unit is small on low-
lands, the roughness of every unit is 1, say the number of
the elements has to be multiplied with 1 when calculat-
ing the geodiversity index. According to the Spanish
authors a wider range of elements was included in the
survey: not only geology, geomorphology, hydrology,
but also soils and the date of formation were taken into
account, however, anthropogenic forms were ignored.1:
100 000 geological maps, 1:10 000 geomorphological
maps (Juhasz 2000) and 1:100 000 soil maps from the
AGROTOPO database were used in the analysis. An
elevation model has also been made based on the Uni-
fied National Map System (EOTR) maps (1: 10 000)
with 10 m pixel sizes and 1 m contour intervals.

RESULTS

First of all, it should be emphasized that these results
(Fig. 2) only inform us about the variation of geodiversi-
ty in this area. As no other attempt has been made in
Hungary up to now, the results cannot be compared with
those of other areas.

The values of total geodiversity in the 500 m x 500 m
units vary from 2 to11, the average and the median values
are 6. The values of 2-11 refer to the number of elements
within each 500x500 m unit (see Table 1). The geodiversi-
ty in the sand sheet in the NE part of the study area is
smaller than the average. The homogenous units contain-
ing either only sand or only water have the smallest total
geodiversity values. The highest values are at the units
where sandy areas merge with wetlands. On the whole we
can state that the southern part of the area (located a bit
higher) has higher geodiversity values, but total geodiver-
sity values do not follow the elevation values.

In the lowland area only a few processes formed the
landscape (the number of processes given by the Finnish
authors was nine). The value of geomorphic process
diversity is 1 on the units totally covered by sand, 2, if
there are wetlands in the unit and 3, where peat can be
found, because besides wind and water, biogenic pro-
cesses are also important. The values of the geodiversity
index range from 5 to 11, the average is 17. This varia-
tion is similar to that of total geodiversity, but higher on
the muskegs. No significant correlation could be identi-
fied between geodiversity and relief.
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Fig. 2 Measures of geodiversity at a resolution of 500 x 500m

1. total geodiversity, 2. geomorphological process diversity, 3. geodiversity index.

CONCLUSIONS

The different explanations, representations and ways of
quantifications of geodiversity were shown in this paper.
The latest and probably the most detached method was
applied on a lowland study area. The absolutely homog-
enous units (totally waterlogged areas and the flat sand
sheets) have the lowest geodiversity values. The values
are higher at the borders of the sandy, peaty and water-
logged areas. On this lowland area there is no relation-
ship between geodiversity and relief. This is the first
attempt to applying this method in Hungary, so the re-
sults are not yet comparable. Further research is needed
on various landscapes for the identification of the ap-
plicability of the method.
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