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Disc- and cy lin dri cal-shaped clasts of fine- grained cal car e ous and ferruginous rock, each with a cen tral tun nel, oc cur in shal -
low ma rine brack ish Mio cene sandy de pos its of the Egyházasgerge For ma tion in Hun gary. Pre vi ously, these have been in -
ter preted as enig matic biogenic (?) struc tures. Af ter field and lab o ra tory ex am i na tion and com par i sons with sub-re cent
rhizoclasts in sub soils de vel oped on Qua ter nary fine-grained de pos its in SE Po land, they are re-in ter preted as re de pos ited
rhizocretions pos si bly washed out of the co eval con ti nen tal de pos its of the Salgó tarján Lig nite For ma tion. Most are frag -
mented and abraded. They are termed rhizoclasts and are pre sented as an ex am ple of zom bie struc tures in her ited from an -
other en vi ron ment where they played a dif fer ent role. Such rhizoclasts can be con sid ered as an in di ca tor of the source of the
clastic ma te rial trans ported from a veg e tated land mass on which mod er ate or poorly drained soils de velop and plant roots
pen e trate the fine-grained sub strate. In such soils, iron was mo bi lized, then fixed by ox i da tion, as the wa ter ta ble and ox y gen
lev els fluc tu ated. 
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INTRODUCTION

It ap pears that not only fos sils but also some biogenically -
-in duced diagenetic struc tures in ma rine de pos its can be re de -
pos ited and in her ited from other en vi ron ments, that are not
nec es sar ily co eval and sim i lar. Rhizocretions, i.e. con cre tions
formed around plant roots, a kind of rhizolith (Klappa, 1980),
are an ex am ple of that. They can be found in ma rine de pos its
as clasts and may be pres ent as atyp i cal trans formed forms,
which can be puz zling for in ves ti ga tors. Such clasts have been
de scribed from Mio cene shal low ma rine de pos its in north ern
Hun gary and con sid ered as enig matic litho- or bioclasts by
Radócz (1977), but their true na ture was not then rec og nized.

In this pa per, the clasts de scribed by Radócz (1977) are
re-ex am ined and re-in ter preted fol low ing re dis cov ery of his ma -
te rial (now in the Mátra Mu seum of the Hun gar ian Nat u ral His -

tory Mu seum in Gyöngyös, Hun gary), and field and lab o ra tory
stud ies of new ma te rial col lected from the type lo cal ity and two
other ex po sures in the same for ma tion. The clasts are called
rhizoclasts (a new term). Their in ter pre ta tion is sup ported by
com par i sons with some in situ rhizocretions formed in the sub -
soil of Qua ter nary con ti nen tal set tings in south east ern Po land. 

GEOLOGICAL SETTING

The de pos its stud ied are part of the infill of the Pannonian
Ba sin, which de vel oped dur ing the Ce no zoic as a part of the
Paratethys sea, and over lie dif fer ent units of the Carpathians,
Alps and Dinarides (Fig. 1). In the ex am ple de scribed here, the
Neo gene de pos its (Fig. 2) oc cur at the foot of the Bükk Moun -
tains, where the base ment of the Pannonian Ba sin crops out.
The Up per Pa leo zoic–Me so zoic base ment be longs to the Bükk
Unit be ing a part of the Pelso Com pos ite Unit within the
ALCAPA Mega-unit (Csontos and Vörös, 2004; Less et al.,
2005). The stra tig ra phy of the Mio cene de pos its at the east ern
mar gin of the Nógrád and Borsod bas ins (parts of the
Pannonian Ba sin) is shown in Fig ure 3.
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The de pos its at the lo cal i ties stud ied be long to the up per
part of lower Mio cene Egyházasgerge For ma tion, which typ i -
cally starts with a basal con glom er ate and con tin ues with cross -
- bed ded, Chlamys-bear ing sand, sand stone, and gravel. These 
formed in a shore line/nearshore en vi ron ment. Lo cally, brack -
ish-wa ter estuarine de pos its con tain ing the bi valves Congeria
and Oncophora (Rzehakia) are pres ent and dis tin guished as
the Kazar Sand stone Mem ber. The Egyházasgerge For ma tion
is 30–100 m thick. Its age is de ter mined as Karpatian, which
cor re sponds to the late Burdigalian (Less et al., 2005). The
struc tures de scribed oc cur in the ma rine parts of the for ma tion,
as in ferred from body and trace fos sils. The struc tures de -
scribed here have been stud ied in at three lo cal i ties (Figs. 4 and 
5), which are aban doned sand pits, lo cated in the west ern and
north west ern part of the Bükk Moun tains (Fig. 1).

The Nagyvisnyó (Lukács Hill) pit, lo cated north-east of the
vil lage of Nagyvisnyó, on the south ern flanks of Lukács Hill
(48°08'19.30"N, 20°26'15.18"E), shows a pro file, which be gins
with a 1 m thick, well-sorted, me dium-grained, grey-col oured
sand layer, which con tains poorly pre served but abun dant
moulds of bi valves of the Cardidae form ing a co quina (Figs. 4
and 5A). The grey sand is over lain by 4.5 m of fine-grained,
limonitic sand. Both types of sand show trough cross-bed ding,
nu mer ous clast ho ri zons (in clud ing rhizoclasts; Fig. 5B, C), and
six depositional units sep a rated by ero sional sur faces. The
clasts of ten rest on these sur faces. 3D net works of Ophio -
morpha nodosa pen e trate the units from the ero sional sur faces. 
Abun dance of bioturbation struc tures fluc tu ates, de creas ing
down wards in the low est 2 m of the unit, from BI = 3 to BI = 1
[us ing the bioturbation in dex (BI) of Tay lor and Goldring, 1993].
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A sin gle spec i men of Gyrolithes nodosus has also been ob -
served. Char ac ter is tic macrofossils in clude Pectenidae valves
and Balanidae tests (Dávid et al., 2008). The sand is over lain by 
a 0.5 m thick pla nar-lam i nated siltstone layer, which con tains a
few frag ments of mol lus can shells and is bar ren of bioturbation
struc tures (Figs. 4 and 5A–C).

The Bélapátfalva pit (GPS co or di nates: 48°03'14.88"N,
20°21'36.83"E) shows a 150 m-long ex po sure in the east ern
part of the town of Bélapátfalva (Figs. 4 and 5D). The sec tion is
16 m thick. The low est 12 m com prises fine-grained, limonitic,
cal car e ous, fri a ble sand stone, with in ter ca la tions (15–20 cm
thick) of cal cium car bon ate-ce mented limonitic sand stone con -
cre tions. Nu mer ous, nearly par al lel clayey clast (in clud ing
rhizo clast; Fig. 5E, F) ho ri zons oc cur in fri a ble sand. Limonitic
im preg na tions mask the pri mary struc tures, but the clast ho ri -
zons re veal very low-an gle pla nar cross-strat i fi ca tion. Biotur -
bation struc tures are rel a tively rare. Dactyloidites peniculus has 
been ob served at four lev els (Dávid et al., 2015). Fur ther more,
Ophiomorpha nodosa oc curs spo rad i cally in the lower part. BI = 
1 at these lev els. The sand is over lain by 4 m of siltstone, which
in its lower part con tains a thin, pla nar par al lel-lam i nated kao -
linitic in ter ca la tion re ferred to as a vol ca nic ash fall. Some
Trichichnus-like trace fos sils can be ob served in the mid dle and 
up per parts of the siltstone (BI = 1). Macrofossils have not been
ob served at this ex po sure (Figs. 4 and 5D–F).

The Mónosbél pit (GPS co or di nates: 48°02'21.17"N, 20°20' 
12.71"E), in its lower part, shows 1.8 m of well-sorted, slightly
limonitic, me dium-grained sand with lo cal thin in ter ca la tions of
gravel and clay. The de pos its are ar ranged into four sand bod -
ies sep a rated by ero sional sur faces. The limonitic im preg na -
tions mask pri mary struc tures, but the clayey in ter ca la tions re -
veal low-an gle pla nar cross-strat i fi ca tion. Mud clasts, rhizo -
clasts (Fig. 5G, H), and some peb bles are pres ent in thin ho ri -
zons con cor dant with sed i men tary struc tures. The sand stones
con tain rare mol lus can valve frag ments and shark teeth. Bio -
turbation struc tures are lim ited to poorly pre served Thalassino -
ides (BI = 1), which is seen lo cally in cross-sec tion in the low er -

most part. These de pos its are over lain by a 5 cm thick fine-
 grained sand layer, which con tains a few Ostrea valves, in turn
capped by a 15 cm thick pla nar lam i nated siltstone fol lowed by
a 15 cm of pla nar-lam i nated clay; both are bar ren of bio -
turbation struc tures and macrofossils (Figs. 4 and 5G, H).

Ad di tional ma te rial sup port ing in ter pre ta tions pro vided in
the Dis cus sion de rive from the Qua ter nary of SE Po land, where 
ferruginous rhizocretions were ob served and col lected at two
lo cal i ties, though much more can be found. The first lo cal ity is a
for est road cut be tween Husów and Handzlówka (GPS co or di -
nates: 49°59.693'N, 22°15.232'E) where Vistulian (Late Pleis to -
cene) loess is ex posed and is af fected by pedogenesis in the
up per part with podzolization (for loess in the re gion, see
Laskowska-Wysoczańska, 1971). The sec ond lo cal ity is in an
aban doned (cur rently af for ested) clay pit at Albigowa (GPS co -
or di nates: 49°59.763'N, 22°11.449'E), where pedogenic pro -
cesses de vel oped on clays re lated to the mid dle Pleis to cene
Sanian Gla ci ation (Laskowska-Wysoczańska, 1995).

MATERIAL AND METHODS

A rep re sen ta tive num ber of rhizoclasts have been col lected, 
51 from Nagyvisnyó, 101 from Bélapátfalva, and 24 from the
Mónosbél pit. Fur ther more, 222 rhizoclasts from the col lec tion
of Radócz (1977) at the Mátra Mu seum of the Hun gar ian Nat u -
ral His tory Mu seum in Gyöngyös, Hun gary, were vi su ally ex am -
ined by hand lens and bin oc u lar mi cro scope. Two thin sec tions
of two spin dle-shaped rhizoclasts from Bélapátfalva have been
made, one along the long axis and one per pen dic u lar to it. They
were ana lysed and pho to graphed un der a Nikkon Eclipse Ni po -
lar iz ing mi cro scope, and by cathodoluminoscopy (CL) with a
po lar iza tion light mi cro scope (Nikon Eclipse 50i) and a Cam -
bridge Im age Tech nol ogy (CITL) 8200 Mk three cold cath ode
set un der stan dard car bon ate op er at ing con di tions (elec tron
beam volt age: ~12 kV, elec tric cur rent: ~500 mA. A per pen dic u -
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lar bro ken sur face of a spin dle-shaped rhizoclast from
Bélapátfalva was ana lysed us ing a Rigoku SmartLa X-ray
diffractometer, and the Scan ning Elec tron Mi cro scope
equipped with a Hitachui 4700 EDS spec trom e ter. The
lat est anal y sis (a per pen dic u lar transect) was made on a
thin-sec tion of a rhizoclast from the same lo cal ity.

For com par i son, com pa ra ble anal y sis of one thin-sec -
tion was made us ing a po lar iz ing mi cro scope, and XRD,
SEM, and EDS anal y ses of one rhizocretion were made,
both from the Qua ter nary of SE Po land (the lo cal ity be -
tween Husów and Handzlówka: see Geo log i cal set ting).
All the in stru men tal anal y ses were car ried out at the
Jagiellonian Uni ver sity in Kraków, Po land. 

MIOCENE RHIZOCLASTS AND QUATERNARY
RHIZOCRETIONS

In the sec tions in ves ti gated, the rhizoclasts are dis -
persed in sand, or are ag gre gated in ho ri zons. They show
two ba sic morphotypes, i.e. 1) disc-shaped, pill-like rhizo -
clasts and 2) cy lin dri cal rhizoclasts, as in the type ma te rial 
(Fig. 5). 

The disc-shaped rhizoclasts are cir cu lar or reg u -
larly/ir reg u larly el lip ti cal in out line, 11–44 mm in di am e ter,
2–15 mm thick, with flat, slightly con cave or slightly con -
vex sur faces, rounded edges, with a cen tral, more or less
dis tinct pit or a hol low tun nel, which is per pen dic u lar to the 
sur faces (Figs. 6A–C and 7). The pits or tun nels are cir cu -
lar or el lip ti cal in out line, 1–4 mm wide. Some of them
show a sin gle con cen tric ring de vel oped on 1) the same
plane and bounded by a nar row fur row, or as 2) a low, flat
el e va tion (Fig. 7L, N, Q). The ring may oc cupy a more
cen tral or a more ex ter nal po si tion. The sur face of the
discs is smooth (e.g., Figs. 6A, B and 7K), slightly cor ru -
gated (e.g., Fig. 7O, X), or cov ered by small, con vex, con -
cen tri cally ar ranged pads, mostly 1–3 mm wide (Fig. 7Y,
Za). Some discs show short, cy lin dri cal, or ir reg u lar bod -
ies at tached to their sur face (Fig. 7D, V).

The cy lin dri cal rhizoclasts are 15–85 mm long, up to
12–46 mm wide, cir cu lar to el lip ti cal in trans verse out line
and spin dle-, semi-spin dle- or bar rel-shaped in lat eral out -
line (Figs. 6D, E and 8). They show a sim ple, centric or ec -
cen tric ax ial tun nel, straight or slightly wind ing, 1–3 mm
wide, vis i ble in the trans verse sec tion at the ends or partly
on the abraded sides. The tun nel rarely branched and
shows more fre quent turns, as vis i ble on bro ken sur faces
(Fig. 8J). The tun nel is fully or partly filled. The infill may be 
miss ing at the ter mi na tions. Rarely, in abraded spec i -
mens, the tun nel is open along the whole length (Fig. 8A,
R). The ter mi na tions of the rhizoclasts are blunt or bro ken
along the trans verse and oblique planes. Some spec i -
mens show a con cen tric struc ture. Rhizoclast sur faces
are smooth or cor ru gated. Some spec i mens show in dis -
tinct trans verse rings, which are oc ca sion ally high lighted
by a change in col our (Fig. 8B, E, F). Both types of
rhizoclast are mostly rusty brown ish, less com monly
brown ish grey, yel low ish, or creamy yel low ish in col our. 

One thin-sec tion is ori ented along the ax ial plane of a
creamy yel low ish to brown ish cy lin dri cal rhizoclast (Fig.
9A). Un der bin oc u lar and po lar iz ing mi cro scope, it dis -
plays the ax ial zone, which is 6–8 mm wide. Its mar gins
are un even and dif fuse. A 3 mm-wide ax ial tun nel runs
along the cen tre of the ax ial zone and is filled with very
fine silty cal cium car bon ate grains with dis persed, mostly
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an gu lar quartz grains and some ferruginous ma te rial. Here, this 
ma te rial and quartz grains are slightly more abun dant than in
the sur round ing area. The ma te rial in the ax ial zone is coarser
than in the ax ial tun nel and the ex ter nal sur round ings. The
coarser ma te rial in trudes the ex ter nal sur round ings in tri an gu -

lar, out ward-pointed (den tal) en claves. The body of the rhizo -
clast shows slightly oblique trans verse zones, which are
4–7 mm wide, usu ally 2–3 mm apart, and run per pen dic u lar
from the ax ial zone to the mar gins of the rhizocretion. The trans -
verse zones are paler than the sur round ing ar eas, prob a bly due 
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A – ex po sure at Nagyvisnyó; B, C – stud ied rhizoclasts (some imbricated) within lam i nated sands (Nagyvisnyó sec tion); D – ex -
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in the Mónosbél sec tion; H – oblique view of cy lin dri cal rhizoclasts, which are aligned (Mónosbél sec tion)



to the higher con tent or the cal cium car bon ate grains. In ad di -
tion to an gu lar clastic grains (Fig. 9C–H), el lip ti cal ag gre ga tions
of cal cium car bon ate grains, 0.1–0.5 mm long, are vis i ble (Fig.
9D, E, G, H). The mar gins of the ag gre ga tions range from even
and reg u lar to un even and ir reg u lar in out line. Some of the an -
gu lar clastic grains are un evenly coated with an al most black
sub stance, which is prob a bly iron or man ga nese ox ides/oxy -
hydroxides (Fig. 9F).

Un der the elec tron mi cro scope and on the ba sis of EDS
anal y sis, the thin-sec tion de scribed above shows mainly elon -
gate cal cite grains, which are mostly 20–30 µm in size, and
have jag ged mar gins (Fig. 10; Ap pen dix 1). The space be tween 
the grains is po rous, with some bridges be tween the grains (Fig. 
10C, D), which are pre sum ably ce ments. How ever, the crys tals
of the sup posed ce ments can not be seen un der a po lar iz ing mi -
cro scope be cause they are too small. The po rous space di min -
ishes to wards the ax ial zone (com pare Fig. 10B ver sus Fig.
10E). The cal cite grains form a ma trix for larger silt or fine sand
grains, usu ally an gu lar, of quartz and do lo mite or flakes of mus -
co vite. These com po nents are usu ally sur rounded by pore
space and “float” in the ma trix. More over, small, ir reg u lar en -
claves of iron oxyhydroxides, sin gle grains of zir con, ti ta nium
ox ides (prob a bly rutile), and ap a tite were iden ti fied. Iron
oxyhydroxides are more fre quent in the mar ginal parts of the
rhizoclast and in the ax ial zone (Fig. 10A, F). 

The other thin-sec tion runs per pen dic u lar to a spin dle -
-shaped rhizoclast (Fig. 9B). The com po si tion ob served un der
the po lar iz ing mi cro scope is the same as in the pre vi ous thin -
-sec tion. Sub tle changes in grain size and pack ing show a con -
cen tric pat tern, which is el lip ti cal in out line, de vel op ing around
an elon gated cen tral slit with jag ged mar gin. The slit is 3 mm
long and up to 0.8 mm wide. Orig i nally, it was filled with sandy
ma te rial, coarser than in the body of the rhizoclasts, but this
was re moved dur ing the pro duc tion of the thin-sec tion. Iron

oxyhydroxides are con cen trated pri mar ily at the mar gins. Very
small oval or elon gate ag gre ga tions of a brown ish, non-trans -
par ent sub stance, pre sum ably iron min er als, are pres ent be -
tween the grains. 

Only very few iso lated car bon ate grains from both thin-sec -
tions show rather poor lu mi nes cence. This pre vented fur ther in -
ves ti ga tions by cathodoluminoscopy.  

An other spin dle-shaped rhizoclast was ana lysed by means
of an elec tron mi cro scope and us ing EDS X-ray diffractometer
anal y sis (Fig. 11, Ap pen dix  2). This rhizoclast is deeply brown -
ish-rusty in col our. In con trast to the pre vi ously de scribed rhizo -
clasts ob served in thin-sec tions, it is dom i nated by silt and very
fine grains of quartz, iron oxyhydroxides and clay min er als. In
ad di tion, do lo mite and feld spar grains and mus co vite flakes are
pres ent. The over all con tent of cal cium is sub or di nate. The
com po si tion is gen er ally con firmed by the XRD anal y sis of a
piece of this rhizoclast. This al lowed iden ti fi ca tion of illite and
kaolinite among clay min er als, plagioclase among feld spars,
goethite among iron oxyhydroxides, and ap a tite (Ap pen dix 4).

The Qua ter nary rhizocretions (Figs. 12 and 13) are gen er -
ally spin dle-shaped, non-cal car e ous, and rusty in col our. In mi -
cro scopic view of a thin-sec tion, they show silt-sized an gu lar to
sub-rounded quartz grains (dom i nant com po nent), rare, dis -
persed mus co vite flakes, other fel sic grains, and an opaque
ferruginous ma te rial. A millimetric, par al lel or subparallel lam i -
na tion is ex pressed by dif fer ences in con tri bu tion of the com po -
nents (Fig. 14A, B). The elec tron mi cro scope (Fig. 14C, D) and
EDS anal y ses con firm this com po si tion and re veal rare feld spar 
(in clud ing plagioclase) grains and the pres ence of man ga nese
and ti ta nium ox ides ( Ap pen dix 3). This com po si tion is also gen -
er ally con firmed by the XRD anal y sis. In ad di tion, this re veals a
small amount of clay min er als, in clud ing chlorite and prob a bly
illite. Among the iron oxyhydroxides, lepidocrocite was iden ti fied 
(Ap pen dix 4).
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Fig. 7. Disc-shaped rhizoclasts

Spec i mens in Q, R, S, T, U, Y, V, W, Z, Za from the Nagyvisnyó sec tion, and the re main der from the Mónosbél sec tion; 
Na ture Ed u ca tion Cen tre of the Jagiellonian Uni ver sity (CEP) – Mu seum of Ge ol ogy, Kraków, Po land



DISCUSSION

NATURE OF THE RHIZOCLASTS

The rhizoclasts from the Bélapátfalva sand pit were de -
scribed by Radócz (1977) (Fig. 6), who con sid ered them as
enig matic trace fos sils, which could be “in ter nal moulds of var i -
ous bur rows”, cop ro lites in some cases, or “cal car e ous- limoni -

tic con cre tions or pseudo morphs left over by mud feeder worms 
or other skeletonless ben thic forms”; how ever, he did not ex -
clude in or ganic or i gin for some of them. The main fea ture that
puz zled Radócz was the ax ial tun nel.

This in ter pre ta tion can be ques tioned on the ba sis of the
ma te rial ana lysed herein, from the orig i nal lo cal ity and two ad di -
tional lo cal i ties of the same Mio cene for ma tion in Hun gary
(Figs. 6–9) and on the ba sis of ref er ence ma te rial from the con -
ti nen tal Qua ter nary of SE Po land. The na ture of rhizocretions
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Fig. 8. Cy lin dri cal (in clud ing spin dle- and bar rel-shaped) rhizoclasts

Spec i mens from 2A–I from the Nagyvisnyó sec tion, and the re main der from the Mónosbél sec tion; Na ture Ed u ca tion Cen tre 
of the Jagiellonian Uni ver sity (CEP) – Mu seum of Ge ol ogy, Kraków, Po land
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or i gin; C–H – mi cro pho to graphs of thin-sec tions; p – cal cite-dom i nated  el lip ti cal ag gre ga tions, Fe – ferruginous coat ings



from sub-re cent sub soil de vel oped on Qua ter nary de pos its in
SE Po land is ob vi ous. At the first lo cal ity (see Geo log i cal set -
ting), some of the rhizocretions have an elas tic root in side, of a
co nif er ous tree, the Eu ro pean sil ver fir Abies alba. Clearly,
these are dis trib uted around ver ti cal or oblique seg ments, a few 

centi metres long, of thin (up to a few milli metres) roots of lig ne -
ous and her ba ceous plants. There fore, it seems that at least
some of them are still form ing. At the sec ond lo cal ity, the
rhizocretions were ver ti cally ori ented but be yond the range of
liv ing roots. Such rhizocretions are known from other loess lo -
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cal i ties (e.g., Klappa, 1980; Biernacka and Issmer, 1996;
Becze -Deák et al., 1997; Łącka et al., 2008, 2009; Gocke et al.,
2009, 2010, 2011; Barta, 2011) and other fine-grained de pos its
pen e trated by roots (e.g., Sieglitz and Van Horn, 1982).

The shape and in ter nal struc ture of the Qua ter nary rhizo -
cretions at both lo cal i ties in SE Po land (Figs. 12 and 13), as well 
as those de scribed from the Qua ter nary of Ja pan (Yoshida et

al., 2008; Nanzyo and Kanno, 2018: fig. 5.6), dis play the same
mor pho log i cal prin ci ples and in ter nal struc ture as the cy lin dri cal 
rhizoclasts from the Mio cene of Hun gary. There fore, the lat ter
are in ter preted as frag mented rhizocretions formed around
plant roots in soil un der ter res trial con di tions. 

The disc-shaped rhizoclasts have the same fea tures as cy -
lin dri cal rhizoclasts, ex cept for ex ten sion along the ax ial tun nel.
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Fig. 11. SEM im ages of a trans verse bro ken sur face of a spin dle-shaped rhizoclast, with iden ti fi ca tion of some
min er als, on the ba sis of EDS anal y sis, from the Bélapátfalva pit

A – mar ginal part of the rhizoclast; B – cross-sec tion of the cen tral tun nel filled with very fine quartz-dom i nated sand; C – mus -
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mix ture com posed mainly of clay min er als and iron oxyhydroxides
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These are con sid ered as frag mented and abraded cy lin dri cal
rhizocretions (Fig. 15). The frag men ta tion of the cy lin dri cal
rhizocretions is en hanced by their in ter nal lithological het er o ge -
ne ity, which is vis i ble as trans verse zones (Fig. 8B) and man i -
fested as rings on their sur faces (Fig. 8B, E, G). 

Rhizocretions are usu ally the re sult of the pre cip i ta tion of
cal cium car bon ate, iron oxyhydroxides, or other iron min er als in 
the illuvial soil zone (cf. Sharkan and Achyuthan, 2007; Boja -
nowski et al., 2020). The ax ial tun nel is a trace of the root. In

some Qua ter nary rhizocretions, the plant root is still pre served
(Fig. 12C), though usu ally the root has de com posed. The ma te -
rial sur round ing the root is in volved in the rhizocretion.
Ferruginous con cen tra tions around the cen tral tun nel or on the
sur face are hypocoatings, typ i cal of pedogenic pro cesses
(Chesworth, 2008; Vepreskas et al., 2018). 

Cal cium car bon ate-rich crys tal ag gre ga tions (Fig. 9D, E, G,
H) may be in ter preted as fae cal pel lets of some in ver te brates.
Car bon ate fae cal pel lets are pro duced by earth worms (cf. Lee
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Fig. 12. Rhizocretions in Vistulian loess be tween Husów and Handzlówka, SE Po land

A – view of the ex po sure; close view in B in di cated by the quad ran gle; B – close view of B; sev eral root zones 
are marked by ferruginization; rhizocretion il lus trated in C in di cated by the quad ran gle; 

C – rhizocretion ex ploited from the place in di cated in B
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et al., 2008), and in smaller amounts by some slugs (Canti,
1998). Those pro duced by earth worms are called earth worm
cal cite gran ules. It is doubt ful that the ag gre ga tions in the
rhizoclasts de scribed be long to them, as earth worm cal cite
gran ules usu ally have larger cal cite crys tals, greater than
0.05 mm (Durand et al., 2010). How ever, gran ules of some
earth worm taxa con tain smaller crys tals (Canti and Piearce,
2003; Versteegh et al., 2013).

GENERAL REMARKS

The Mio cene rhizocretions were ex humed from their orig i -
nal con ti nen tal en vi ron ment and in volved in ma rine sed i men ta -
tion, where they played a new role as rhizoclasts. There fore,
they are con sid ered as zom bie biogenic struc tures by anal ogy
to zom bie fos sils (e.g., Archibald, 1996; Lane et al., 2005). It is
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Fig. 13. Rhizocretions from Vistulian clays in an aban doned clay pit at Albigowa, SE Po land
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pos si ble that such struc tures are more com mon in sim i lar de -
pos its than pre vi ously thought, though usu ally over looked or ig -
nored. How ever, they can be a source of com ple men tary in for -
ma tion on the palaeoenvironment. Other ex am ples of zom bie
biogenic struc tures come from some trace fos sils, par tic u larly
Ophiomorpha, frag ments of which can be re de pos ited as clasts 
(Löwemark et al., 2016; Pedrol de Freitas et al., 2020).

Re de pos ited rhizocretions/rhizoliths are very rarely re -
corded in the lit er a ture. Renaut (1993) and Owen et al. (2008)
de scribed re de pos ited rhizoliths that form thin beds ce mented
by cal cite in Lake Bogoria in Kenya but these are not sim i lar to
those de scribed here. Metodiev et al. (2022) re ported some
ferruginous nod ules in shal low ma rine Mid dle Ju ras sic de pos its 
in Bul garia; they show a con cen tric in ner struc ture and cen tral
tun nel and were in ter preted as rhizocretions.

The pres ence of re de pos ited rhizoclasts in shal low-ma rine
de pos its of the Egyházasgerge For ma tion in di cates ero sion of
veg e tated soils on nearby land in which rhizocretions were
form ing. The soil de vel oped on silty and very fine sandy sub -
strate, as sug gested by the ma te rial in volved in the rhizo -
cretions. The pres ence of both cal car e ous and ferruginous
rhizoclasts at the same lo cal ity (Bélapátfalva), sug gests der i va -
tion from dif fer ent soils. 

The dis in te grated rhizocretions were trans ported as rhizo -
clasts by rivers, brought to the sea, and abraded along the way.
The abra sion prob a bly con tin ued in the sea, as de po si tion took
place within wave range. How ever, it is not ex cluded that the
rhizocretions were eroded by the sea along the coast. A high-
 en ergy en vi ron ment is in di cated by pres er va tion of cross-bed -
ding with clast ho ri zons, in clud ing of rhizoclasts, and the pres -
ence of the prox i mal Cruziana ichnofacies rep re sented by

Ophiomorpha nodosa, Dactyloidites peniculus and Thalassino -
ides; the prox i mal Cruziana ichnofacies is typ i cal mostly of the
up per shoreface (Pem ber ton et al., 2001). How ever, the
ichnofacies here is im pov er ished, prob a bly be cause of low ered
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sa lin ity. A brack ish en vi ron ment has al ready been in ter preted
for the Egyházasgerge For ma tion based on the oc cur rence of
Congeria and Rzehakia beds (Less et al., 2005). The pres ence
of Gyrolithes cor rob o rates this, since this trace fos sil is com mon 
in brack ish en vi ron ments (Netto et al., 2007; Uchman and
Hanken, 2013). 

 Ac cord ing to the palaeogeographic maps pro posed for the
area, the ter ri tory was oc cu pied by a shal low wa ter ba sin dur ing
the Karpatian (Fig. 16), where ter res trial and lit to ral sed i ments
were de pos ited. The de nuded area was pre sum ably lo cated
be tween the Nógrád Ba sin and the Borsod Ba sin (Püspöki et
al., 2017). In the lat ter, the Salgótarján Lig nite For ma tion was
de pos ited. This for ma tion tran sits lat er ally to the Egyháza -
sgerge For ma tion. The Salgótarján Lig nite For ma tion rep re -
sents a lit to ral fa cies in the vi cin ity of the study area, hav ing sed -
i ments de pos ited in swampy and brack ish wa ter con di tions
(Püspöki, 2002). In ex po sures of the Salgótarján Lig nite For ma -
tion, root re mains and traces oc cur in the fine-grained de pos its,
par tic u larly ad ja cent to coal seams (Dávid et al., 2006: fig. 4).
Due to the transgressive na ture of the lit to ral en vi ron ment, ero -
sional events could take place reg u larly. Thus, some rhizo -
cretions may have been re de pos ited from this en vi ron ment into
the sed i men tary ba sin of the Egyházasgerge For ma tion. How -
ever, it is not ex cluded that the rhizoclasts may de rive from
some older for ma tion.

Ludvigson et al. (2013) wrote that rhizocretions com posed
of CaCO3 orig i nate in hu mid cli mates. It seems that the
ferruginous-car bon ate rhizocretions, such as some of those
con sid ered herein, orig i nated in a more hu mid en vi ron ment.

This is con sis tent with the lig nite ac cu mu la tions in the co eval
Salgótarján Lig nite For ma tion. The cli mate for the study area
dur ing the Karpatian was warm sub trop i cal, and the land was
veg e tated by ri par ian for ests, sub trop i cal for ests and hill side
pine for ests, with a con tri bu tion of trop i cal and tem per ate plants
(Nagy, 1992). Dur ing the older Mio cene, the cli mate in Hun gary
was trop i cal or sub trop i cal, more or less hu mid (Nagy, 1990).
The ferruginous rhizocretions from south west ern Po land (Fig.
10C) de vel oped on liv ing roots in a mod er ate cli mate with oce -
anic and con ti nen tal in flu ences. Con cen tric ferruginous rhizo -
cretions form in the soils of Fin land in a sub arc tic cli mate
(Alhonen et al., 1975). This shows that the for ma tion of rhizo -
cretions con tain ing a sig nif i cant amount of iron is not strictly
con di tioned by the cli mate. How ever, iron must be mo bi lized
and ox i dized, usu ally un der con di tions of a fluc tu at ing wa ter ta -
ble and ox y gen lev els (e.g., Bojanowski et al., 2016). Iron
oxyhydroxides pre cip i tate pref er en tially when ground wa ter
passes through the re dox bound ary (Schwertmann and Murad,
1988; Hofmann, 1999; Yoshida et al., 2008), a con di tion likely to 
be more com mon in mod er ately and poorly drained soils. Fur -
ther more, the for ma tion of rhizocretions seems to be me di ated
by mi crobes (Alhonen et al., 1975; Yoshida et al., 2008).

Rec og ni tion of the proper na ture of rhizoclasts can be im -
por tant for in ter pre ta tion of the palaeoenvironment of a source
area. They point to a veg e tated land in which roots pen e trated
into a fine-grained sub strate, iron and cal cium car bon ate were
mo bi lized, and the wa ter ta ble and ox y gen lev els fluc tu ated.
They can be ex pected at least since the Mid dle De vo nian, de -
pos its of which con tain ferruginous rhizocretions (Alekseeva,
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2020). How ever, even Or do vi cian rhizocretions are pos si ble,
when clay-rich soils af fected by ferruginization oc curred
(Retallack et al., 1985).

CONCLUSIONS

Disc-shaped and cy lin dri cal struc tures from the brack ish
up per shoreface sands of the Egyházasgerge For ma tion (Mio -
cene) in Hun gary are frag mented and abraded cal car e ous and
ferruginous rhizocretions, which were trans ported from a
nearby land mass on which the Salgótarján Lig nite For ma tion
was de pos ited. These struc tures are termed rhizoclasts. They
rep re sent zom bie biogenic struc tures in her ited from an other
en vi ron ment and play ing other roles in a new, dif fer ent en vi ron -

ment. The pres ence of such struc tures in ma rine de pos its can
be con sid ered as a proxy of nearby veg e tated land, in which
semi- or poorly-drained soils are de vel oped, plant roots pen e -
trate a fine-grained sub strate where iron and cal cium car bon ate 
were mo bi lized, and the wa ter ta ble and ox y gen lev els fluc tu -
ated. 
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This filed view is in Fig. 10A
Accelerating Voltage: 20.0 kV

APPENDIX 1
EDS analysis of three mineral grains in a thin-section from a spindle rhizoclast, 

 Bélapátfalva pit 



 

 
 

Net Counts 
   O-K  Na-K  Mg-K  Al-K  Si-K   P-K   K-K  Ca-K  Cr-K  Fe-K 

Bela-10(1)_pt1    6417     295     513     748   14902     343     514    3418    1413   90191 
Bela-10(1)_pt2    3858    30542      364     91420   
Bela-10(1)_pt3    2605      287     354     768    166451      747 

 
Net Counts Error (+/- 1 Sigma) 

   O-K  Na-K  Mg-K  Al-K  Si-K   P-K   K-K  Ca-K  Cr-K  Fe-K 

Bela-10(1)_pt1 +/-151 +/-43 +/-55 +/-75 +/-192 +/-94 +/-89 +/-197 +/-96 +/-526 
Bela-10(1)_pt2 +/-83  +/-212  +/-68   +/-540   
Bela-10(1)_pt3 +/-75  +/-57 +/-70 +/-131   +/-808  +/-85 

 
Weight % 

   O-K  Na-K  Mg-K  Al-K  Si-K   P-K   K-K  Ca-K  Cr-K  Fe-K 

Bela-10(1)_pt1 32.87S    0.39    0.38    0.36    5.28    0.12    0.15    1.01    0.59   58.85 
Bela-10(1)_pt2 32.56S    21.21     0.19     46.05   
Bela-10(1)_pt3 28.80S     0.20    0.17    0.29     69.76     0.79 

 
Weight % Error (+/- 1 Sigma) 

   O-K  Na-K  Mg-K  Al-K  Si-K   P-K   K-K  Ca-K  Cr-K  Fe-K 

Bela-10(1)_pt1 +/-0.77    +/-0.06    +/-0.04    +/-0.04    +/-0.07    +/-0.03    +/-0.03    +/-0.06    +/-0.04    +/-0.34    
Bela-10(1)_pt2 +/-0.70     +/-0.15     +/-0.04      +/-0.27      
Bela-10(1)_pt3 +/-0.83     +/-0.04    +/-0.03    +/-0.05      +/-0.34     +/-0.09    

 
Atom % 

   O-K  Na-K  Mg-K  Al-K  Si-K   P-K   K-K  Ca-K  Cr-K  Fe-K 

Bela-10(1)_pt1   60.67    0.51    0.46    0.39    5.55    0.11    0.11    0.75    0.34   31.12 
Bela-10(1)_pt2   50.08    21.47     0.17     28.28   
Bela-10(1)_pt3   50.29     0.23    0.17    0.29     48.63     0.40 

 
Atom % Error (+/- 1 Sigma) 

   O-K  Na-K  Mg-K  Al-K  Si-K   P-K   K-K  Ca-K  Cr-K  Fe-K 

Bela-10(1)_pt1 +/-1.43    +/-0.07    +/-0.05    +/-0.04    +/-0.07    +/-0.03    +/-0.02    +/-0.04    +/-0.02    +/-0.18    
Bela-10(1)_pt2 +/-1.08     +/-0.15     +/-0.03      +/-0.17      
Bela-10(1)_pt3 +/-1.45     +/-0.05    +/-0.03    +/-0.05      +/-0.24     +/-0.04    

 
Formula 

   O-K  Na-K  Mg-K  Al-K  Si-K   P-K   K-K  Ca-K  Cr-K  Fe-K 

Bela-10(1)_pt1  Na2O MgO Al2O3 SiO2 P2O5 K2O CaO Cr2O3 Fe2O3 
Bela-10(1)_pt2   MgO  SiO2   CaO   
Bela-10(1)_pt3   MgO Al2O3 SiO2   CaO  Fe2O3 

 
Compound % 

  Na2O MgO Al2O3 SiO2 P2O5 K2O CaO Cr2O3 Fe2O3 

Bela-10(1)_pt1    0.00    0.53    0.63    0.67   11.29    0.27    0.18    1.42    0.87   84.14 
Bela-10(1)_pt2    0.00    35.17     0.41     64.43   
Bela-10(1)_pt3    0.00     0.33    0.32    0.62     97.60     1.13 

 
# Cations 

   O-K  Na-K  Mg-K  Al-K  Si-K   P-K   K-K  Ca-K  Cr-K  Fe-K 

Bela-10(1)_pt1    0.00    0.20    0.18    0.15    2.20    0.04    0.04    0.29    0.13   12.31 
Bela-10(1)_pt2    0.00    10.29     0.08     13.55   
Bela-10(1)_pt3    0.00     0.11    0.08    0.14     23.21     0.19 
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 rhizoclast, which less calcareous and more ferruginous than in A,  Bélapátfalva pit 

APPENDIX 2
Net results of EDS analysis of a large surface  illustrated in Fig. 11A in a spindle-shaped

 rhizoclast, which less calcareous and more ferruginous than in A,  Bélapátfalva pit 



APPENDIX 3
Net results of EDS analysis of a large surface  illustrated in Fig. 14C in a breaking surface of 

a rhizcretion from the Quaternary deposits of SE Poland (locality between Husów and Handzlówka)   



APPENDIX 4
XRD spectograms of a part of the spindle-shaped rhizoclast from part B of this Supplementary 

material, and a rhizocretion from the Quaternary deposits of SE Poland
 (locality between Husów and Handzlówka)   

Chl – chlorite
Ms/Ilt – muscovite/illite
Kln – kaolinite
Lpc – lepidocrocite
Qz – quartz
Gth – goethite
Pl – plagioclase
Cal – calcite
Dol – dolomite
Ap – apatite

Bélapátfalva, Miocene, Hungary
Quaternary, SE Poland
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