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The placoderm sand stone (Emsian, Holy Cross Moun tains) ex posed in the aban doned quarry at Pod³azie Hill was re vis ited
and ex ca vated dur ing field work con ducted in 2011–2013. Bone-bear ing brec cias were stud ied in de tails for the first time at
this site and sub jected to taphonomic anal y sis. Ver te brate re mains are dom i nated by heterostracans, while true placoderms
com pose less than 20% of the to tal ver te brate as sem blage. The high de gree of frag men ta tion of the bones and low de gree of 
abra sion in di cate that the re mains were re worked and trans ported be fore fi nal burial. This is con sis tent with the mixed char -
ac ter of the bone ac cu mu la tions, which com prise both open-shelf forms (ac an tho dians, chondrichthyans) as well as those
re lated to mar ginal-ma rine en vi ron ments (placoderms and sarcopterygians). The bone-bear ing suc ces sion has been sub di -
vided into five depositional fa cies at trib uted to a coastal la goon in flu enced by stormy, pos si bly tidal con di tions. The oc cur -
rence of the in ver te brate trace fos sil Ilmenichnus sp. ac com pa nied by Lockeia and Monomorphichnus sup ports this
in ter pre ta tion.
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INTRODUCTION

In this pa per, new data on Lower De vo nian de pos its are
pre sented and fo cused on the or i gin of the bone-bear ing brec -
cia de pos its known for more than one hun dred years as the
“Placoderm Sand stone” (Gürich, 1896; Czarnocki, 1919,
1936). The siliciclastic de pos its of the Lower De vo nian of the
Holy Cross Moun tains (cen tral Po land) are re nowned for abun -
dant fish fos sils, in clud ing jawless fishes and early
gnathostomes (Tarlo, 1957, 1961, 1964, 1965; Kulczycki,
1960; Szrek et al., 2012, in press). Here, we pres ent the first de -
tailed taphonomic study of the ver te brate ac cu mu la tions in
Emsian de pos its exsposed in the aban doned quarry at
Pod³azie Hill (Fig. 1).

The Lower De vo nian de pos its in the Kielce Re gion of the
Holy Cross Moun tains are strongly re duced in thick ness
(0–250 m) in con trast to the £ysogóry Re gion where the suc -
ces sion is up to 550 m thick (Tarnowska, 1981; Fig. 2). The oc -
cur rence of fish fos sils is so char ac ter is tic of the Lower De vo -
nian in the Kielce Re gion that the strata con tain ing them were

dis tin guished in for mally as the Placoderm Sand stone For ma -
tion (Gürich, 1896; Czarnocki, 1919). The pres ence of ver te -
brate fos sils de fined col lec tively as “placoderms” was also
thought to be sig nif i cant stratigraphically (Czarnocki 1919,
1936). In spite of many years of re search on the gen e sis of the
Lower De vo nian placoderm-bear ing rocks, their gen e sis has
not been re solved. Many de scrip tions of the agnathan re mains
by Tarlo (1957, 1961, 1964, 1965) and a sin gle de scrip tion of a
large sarcopterygian fish by Kulczycki (1960) have been com -
pleted, but none of the placoderm spec i mens re cov ered have
been for mally de scribed. Re cently, in 2011–2013, a large num -
ber of a newly-col lected ma te rial by the au thors of this pa per
has been added in clud ing jawless fishes such as hetero -
stracans and jawed fishes such as chondrichthyans, ac an tho -
dians, sarcopterygians, actinopterygians and re mains of
placoderms. All ma te rial col lected and de scribed by these au -
thors (see Czarnocki, 1919, 1936), as well as the new est col lec -
tion, have been ob tained from the same lo cal ity at Pod³azie Hill.
In the past this lo cal ity was in cor rectly called Œwinia Moun tain,
which is in fact lo cated 1 km to the east of Pod³azie Hill, or sim -
ply as Daleszyce (Fig. 1).

The fossiliferous Pod³azie Hill site was in ves ti gated for the
first time dur ing the sum mers of 1955 and 1956 by the
Paleontological In sti tute (War saw Uni ver sity). Fur ther col lec -
tions from this site were made by £obanowski and Tarlo in
1958. The ver te brate re mains col lected were ini tially iden ti fied
by sci en tists from the Brit ish Mu seum (Nat u ral His tory Mu seum, 
Lon don).
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Fig. 1. Geographical setting of the site investigated: A – location of Pod³azie Hill in the Holy Cross
Mountains (HCM), central Poland, B – sketch map of Daleszyce with the position (magnified part) the

re-studied abandoned quarry at Pod³azie Hill

Fig. 2. Di a gram matic cross-sec tion through the Holy Cross Moun tains from the base to the top of
the Lower De vo nian (af ter Szulczewski, 1995, mod i fied) with the prob a ble po si tion of the lo cal ity
in ves ti gated (A) and lithostratigraphy of the Up per Pragian to Eifelian in the Kielce Re gion (B)
mod i fied from Fija³kowska-Mader and Malec (2011)

BDM – bioturbated do lo mite mem ber; C – con glom er ate; DLM – D¹browa Lime stone Mem ber; DM – do -
lo mite mem ber; LSM – lower sand stone mem ber; MM – mudstone mem ber; PSCM – py rite-bear ing and
si der it ic claystone mem ber; USM – up per sand stone mem ber; T1–4 – pyroclastic ho ri zons; black area in
B is a strati graphi cal gap

https://gq.pgi.gov.pl/article/view/8261
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This pa per pres ents the re sults of a de tailed study of an ex -
cep tional en masse oc cur rence and ac cu mu la tion of ver te brate
bones in a siliciclastic bone-bear ing brec cia called the
placoderm sand stone. Brec cia beds are known from nu mer ous
lo cal i ties scat tered through out the en tire Lower De vo nian suc -
ces sion of the Kielce Re gion, but the Pod³azie Hill site re veals
an ex cep tion ally large mass oc cur rence of fos sils. The larg est
amount of Lower De vo nian ver te brate re mains in Po land co -
mes from this site, but many new ver te brate fos sils have been
re cov ered from other Lower De vo nian lo cal i ties and
lithostratigraphic ho ri zons in the Holy Cross Moun tains (Szrek
et al., 2012, in press).

This pa per also dis cusses the first re sults of taphonomic
anal y sis of the ver te brate as sem blage from the Pod³azie Hill
site, which may be help ful for other palaeo eco logi cal stud ies of
the Pragian and Emsian agnathan and gnathostome com mu ni -
ties of the Holy Cross Moun tains and else where.

REGIONAL GEOLOGICAL SETTING

The Lower De vo nian suc ces sion in the Kielce Re gion
(Fig. 2) con sists of sand stones and mudstones, subordinately
in ter ca lated with siltstones, claystones and con glom er ates, and 
spans the ear li est Pragian to Emsian (Fija³kowska-Mader and
Malec, 2011). Well-ce mented, white, yel low ish or light grey
quartzitic sand stones have been tra di tion ally in ter preted as
formed in shal low-ma rine and tran si tional, paralic en vi ron ments 
(Czarnocki, 1936; Tarnowska, 1976).

The Lower De vo nian de pos its in the Kielce Re gion lie un -
con form ably on var i ous units of the Lower Pa leo zoic
(Czarnocki, 1936; Kowalczewski, 1971; Tarnowska, 1976;
G³azek et al., 1981; Szulczewski, 1995; Fija³kowska-Mader and 
Malec, 2011). The suc ces sion was in for mally di vided into the
Haliszka and Winna for ma tions, fur ther sub di vided into the
lower sand stone mem ber, mudstone mem ber and up per sand -
stone mem ber (Tarnowska, 1976, 1981, 1987). In the Kielce
area, the Lower De vo nian siliciclastic de pos its (up per sand -
stone mem ber) are over lain by the py rite-bear ing and si der it ic
claystone mem ber, the do lo mite mem ber, the D¹browa Lime -
stone Mem ber and the bioturbated do lo mite mem ber (Gürich,
1896; Czarnocki, 1919; Tarnowska, 1976; Narkiewicz and
Olkowicz-Paprocka, 1983; Malec, 1993) rep re sent ing ei ther the 
up per most Emsian, or low er most Eifelian (Fija³kowska-Mader
and Malec, 2011). The Lower De vo nian/Mid dle De vo nian tran -
si tional de pos its (Emsian/Eifelian bound ary in ter val) in the
Kielce Re gion yielded cono donts from the patulus and partitus
zones (Fija³kowska-Mader and Malec, 2011). The Lower De vo -
nian of the Kielce Re gion is sub di vided into four miospore
zones: Verrucosisporites polygonalis–Dibolisporites wettel -
dorfensis, Emphanisporites annulatus–Brochotriletes bellatu -
lus, Empha ni sporites foveolatus–Verruciretusispora dubia and
Acino sporites api culatus–Grandispora pro tea (Fija³kowska-
 Mader and Malec, 2011) sug gest ing the pres ence of the up per -
most Pragian, Emsian and low er most Eifelian in the Haliszka
and Winna for ma tions.

The £ysogóry fa cies of the Lower De vo nian con tain ho ri -
zons with ma rine in ver te brates (brachi o pods, trilobites and cri -
noids) and rare fish re mains (Czarnocki, 1936; Szulczewski,
1995). The Lower De vo nian de pos its from the Kielce Re gion
yielded only ver te brate and plant re mains (Tarnowska, 1976).

DESCRIPTION OF THE POD£AZIE HILL SECTION

Pod³azie Hill is a site lo cated about 2 km north of the town of
Daleszyce, 180 km south of Warszawa, in the south ern part of
the Holy Cross Moun tains, Po land (51° 49’ 05’’N; 20° 49’ 20’’E). 
It is an aban doned quarry lo cated on the south ern slope of the
hill (Fig. 1). Cur rently, the whole quarry is densely over grown by
a 30 year-old pine for est, but weath ered sand stones crop out in
sev eral places. The once-quar ried suc ces sion was dom i nated
by thick-bed ded quartzitic sand stones, but was not prop erly
doc u mented (M. Tarnowska, 1999, pers. comm.). The lo cal ity
was de scribed first by £obanowski (1953, un pub lished) dur ing
the prep a ra tion of the geo log i cal map of the Daleszyce area.
The suc ces sion is con sid ered to be Emsian in age (407.6 ± 2.6– 
393.3 ± 1.2 Ma; Tarnowska, 1976, 1981; Szulczewski and
Porêbski, 2008), based on miospores and tephrocorrelation
(see Fija³kowska-Mader and Malec, 2011). Sim ple lithostrati -
graphic con sid er ations sug gest that sand stones ex posed at
Pod³azie Hill be long to the lower part of the Winna For ma tion
(see Fija³kowska-Mader and Malec, 2011).

The sec tion ex ca vated in 2011–2012 is rich in fos sils and
rep re sents only a small frac tion of the en tire suc ces sion ex -
posed orig i nally dur ing quar ry ing. The sec tion, ca. 2 m thick, oc -
curs in the mid dle part of the south ern slope and re veals bed -
ding dip ping at tec toni cally 30° to the south. The ex ca va tion re -
veals five quartzitic beds, up to 50 cm thick, which are
interbedded with tuffaceous claystones and claystones,
10–15 cm thick (Fig. 3). Each bed tends to be gin with an
erosionally-based, mas sive very coarse-grained sand stones or
gran ule con glom er ates (quartz grains 3–4 mm across) and
fines up wards into coarse to me dium-grained, com monly lam i -
nated sand stones (Fig. 3E). Lam i na tion in cludes com plex
cross-lam i nated lenses, mostly with con cave-up set bound aries 
lack ing mud drapes (Fig. 3F), and this may rep re sent
hummocky-cross-strat i fi ca tion. The sand stone bases are cov -
ered in places by rel a tively rare in ver te brate trace fos sils (see
de scrip tion be low).

The rocks in this site dip to the south at about 30°and main -
tain a strike of about 190°.

The most con spic u ous fea ture of the sand stone beds is the
oc cur rence of a basal bone-bear ing brec cia in their lower part of 
the sec tion (Fig. 3D). More over, two lev els rich in fish re mains
were iden ti fied in the sec tion; ma te rial de rived from one of them
was ex am ined in de tail (see de scrip tion be low). Brec cia in ter -
vals are 20 cm thick and show ero sional bases (Fig. 3E). The
brec cia con tains bro ken ver te brate bones (mainly der mal el e -
ments), claystone intraclasts, rare quartz ite peb bles (Fig. 4A)
and other un iden ti fied el e ments (Figs. 5–7). There is also a size 
sep a ra tion of par tic u lar el e ments in the brec cia seen as grad -
ing. Larger frag ments (up to 10 cm across) tend to oc cur in the
lower part of a bed, whereas the size of clasts and their amount
de crease up wards and the brec cia passes into the top most,
clast-free sandy in ter val (Fig. 3E). Ver te brate re mains are par -
tic u larly abun dant in the up per part of the ex posed sec tion
(Fig. 3).

Ver te brate re mains in the brec cia are pre served as nat u ral
moulds (empty spaces) left af ter the re moval of the bone tis sue.
The na ture of this pro cess is un clear, but it is likely that late
diagenetic hy dro ther mal pro cesses might have been re spon si ble.
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SEDIMENTARY FACIES 
IN THE POD£AZIE HILL SECTION

The placoderm sand stone in the sec tion stud ied was di -
vided into five depositional fa cies (A, B, C, D and E; Fig. 4).
These ap pear to be linked up with pro cesses ex ist ing within a
sin gle depositional en vi ron ment and may ac cord ingly rep re sent 
one fa cies as so ci a tion. How ever, the lim ited size of the ex po -
sure does not per mit in ves ti ga tion of spa tial fa cies vari abil ity in
any de tail.

Fa cies A (Fig. 4A) con sists of brec cia lay ers, 15 to 20 cm
thick, which show usu ally scoured bases and len tic u lar to
sheet-like ge om e try. The lay ers dis play ma trix-sup ported tex -
tures and con tain clay intraclasts (Fig. 5B, C), ver te brate re -
mains, in places in the form of a mass ac cu mu la tion (Figs. 5
and 7A), and rare quartz peb bles (up to 4 cm). The intraclasts
vary in size be tween 0.5 and 15 cm and re veal in part
subrounded to rounded shapes (Figs. 5C and 6C, F). The
clasts and ver te brate re mains are ei ther con cen trated in crude
laminae, or ar ranged ran domly through out the sandy ma trix.

Fa cies B (Fig. 4B) is rep re sented by mas sive and
structureless, fine- to me dium-grained sand stones, 10–40 cm
thick. The sand stones con tain clay clasts that are iso lated or oc -
cur in bands. Poorly sorted mix tures of gravel-sized quartz
clasts, clay intraclasts and ver te brate re mains tend be con cen -
trated near sand stone bases. The mas sive sand stone passes
com monly down wards into the brec cia fa cies.

Fa cies C (Fig. 4C) com prises lay ers, 10–15 cm thick, of very 
fine to coarse-grained sand stones, which show plane-par al lel
lam i na tion and rip ple cross-lam i na tion. The sand stones are
gen er ally mod er ately to lo cally poorly sorted and con tain gran -
ule (3-5 mm) string ers.

Fa cies D (Fig. 4D) con tains cross-strat i fied units, 10 to
15 cm thick, of well-sorted, fine to me dium-grained sand stone.
Rounded claystone intraclasts tend to be scat tered. Fa cies E
(Fig. 4E) com prises beds, 5 to 15 cm thick, of largely
structureless claystone with tuffite in ter ca la tions. Lo cally, a
crude hor i zon tal lam i na tion is dis cern ible due to the pres ence of 
very thin silt and sand streaks.

The fa cies de scribed above are ver ti cally or ga nized into
five, roughly fin ing-up wards units, each with ero sional bases in -
cised into the claystone fa cies (Fig. 3). This sur face is ei ther
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Fig. 3. Lithological profile exposed in the temporary trench at the Pod³azie Hill locality

A – Muz. PGI 1755.II.174; Lockeia isp. a part of a sur face with rest ing traces and lo co mo tion trails; B – Muz. PGI 1755.II.151,
Monomorphichnus isp.; C – Muz. PGI 1755.II.152, Ilmenichnus isp.; D – cross-sec tion through the part of bone-bear ing brec cia rich est in ver -
te brate re mains with nu mer ous moulds af ter bones, spines and clay intraclasts; E – cross-sec tion through the part of brec cia and mas sive
sand stones where nu mer ous clasts and bones in the base of the ho ri zon dis ap pear grad u ally up wards; F – cross strat i fi ca tion in the up per
part of the bone-bear ing brec cia; the po si tion of the ob jects in pic tures A–F is marked at the places where they were found; scale bar is 1 cm;
CS – cross strat i fi ca tion, DF – depositional fa cies; c – clay clasts, v – ver te brate re mains
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Fig. 4. A representative analysed section illustrating the sedimentology of the bone-bearing interval

A – brec cia (depositional fa cies A); B – mas sive and structureless, fine- to me dium-grained sand stones
(depositional fa cies B); C – very fine- to coarse-grained, plane-par al lel lam i nated sand stones (depositional
fa cies C); D – cross-strat i fied and structureless fine- to me dium-grained, well-sorted sand stones (depo -
sitional fa cies D); E – mas sive, usu ally structureless claystones (depositional fa cies E); scale bar is 1 cm

Fig. 5. Photographs of bone breccia specimens as discovered (all specimens are preserved as natural moulds)

A – two placoderm plates; B – large clay clasts in breccia with two remains of heterostracans; C – rounded
heterostracan plate with clay clasts and local mudstones accumulation; D – partially preserved acanthodian spine;

 E – large bone element from acanthodian girdle; scale bar is 0.5 cm



marked by clay intraclasts, or fol lowed up wards by peb ble con -
glom er ate and brec cia rich in ver te brate re mains (fa cies A).
This con glom er atic in ter val passes up into ei ther mas sive,
structureless sand stones (fa cies B), which is over lain by
cross-strat i fied sand stones (fa cies D), or plane par al lel-lam i -
nated and rip ple cross-lam i nated sand stones (fa cies C). Each
unit is capped with a mas sive, usu ally structureless claystones
bed (fa cies E).

The lam i nated claystone in di cates de po si tion by sus pen -
sion fall out in a low-en ergy en vi ron ment, such as a coastal la -
goon or bay. The cross-strat i fied and rip ple cross-lam i nated
sand stones were de pos ited from mod er ate to weak and com -
monly wan ing trac tion cur rents. The brec cia, con glom er ate and 
mas sive sand stone fa cies can be in ter preted as the in fill ings of
storm gul lies that crossed the shal low la goonal en vi ron ment.

INVERTEBRATE TRACE FOSSILS 
FROM THE POD£AZIE HILL SECTION

An in ter val rich in in ver te brate trace fos sils was iden ti fied in
a fine-grained sand stones show ing hor i zon tal and low-an gle in -
clined lam i na tion, which is in ter preted here as hummocky cross 
strat i fi ca tion (Fig. 3A–C). The spec i mens de scribed are housed 
in the col lec tion of the Geo log i cal Mu seum of the Pol ish Geo -
log i cal In sti tute-Na tional Re search In sti tute, Warszawa (col lec -
tion Muz. PGI 1755.II).

Ichnogenus Lockeia (James, 1879)
Lockeia isp.

(Fig. 3A)

M a t e r i a l. – One slab, Muz. PGI 1755.II.174 (sur face
with nu mer ous rest ing traces and short lo co mo tion trails) and
field ob ser va tions.

D e s c r i p t i o n. – Bi lat er ally sym met ri cal or slightly
asym met ri cal, al mond-shaped, rarely oval with smooth mar gin
mounds, 6 mm long and up to 4 mm wide, pre served as con vex
hyporelief. A few spec i mens show a dis tinct me dian crest. In the 
ma te rial stud ied slightly curved and elon gate mounds with
clearly pointed ter mi na tions also oc cur. A few spec i mens are
as so ci ated and fused with elon gated traces, prob a bly lo co mo -
tion traces (Fig. 3A).

R e  m a r k s. – The spec i mens agree with the di ag nos tic
fea tures of the ichnogenus Lockeia (see Schlirf, 2000; Schlirf et
al., 2001). Lockeia is in ter preted as a bi valve rest ing trace
(Seilacher and Seilacher, 1994) oc cur ring in ma rine and
non-ma rine en vi ron ments since the Cam brian (Buatois and
Mángano, 2011). Small crus ta ceans (e.g., large rep re sen ta -
tives of conchostraca or ostracoda) can also be po ten tial pro -
duc ers (Bromley and Asgaard, 1979; Pol lard, 1981). Lockeia is
a com mon shal low-ma rine trace fos sil and is the typ i cal el e ment 
of the Cruziana ichnofacies. How ever, it has also been de -
scribed from var i ous ter res trial de pos its and deep-sea de pos its
(Buatois and Mángano, 2011).

Ichnogenus Monomorphichnus (Crimes, 1970)
Monomorphichnus isp.

(Fig. 3B)

M a t e r i a l. – One slab, Muz. PGI 1755.II.151.
D e s c r i p t i o n. – Con vex hyporelief in the form of a se -

ries of straight to slightly wavy striae, 1–2 mm wide, which are
or ga nized as a group. Striae are par al lel or subparallel and do
not cross each other. In a few places, striae are ar ranged in dis -
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Fig. 6. Fish elements from the bone-bearing breccia

A – placoderm plate with or na men ta tion (microsculpture) and casts of sen sory lines; B – der mal el e ments of bony fish
with lo cal abra sion; C – highly rounded and abraded bone el e ment; D – sarcopterygian scale with bro ken mar gin; E –
highly abraded skel e tal el e ment which shows the in ter nal struc ture of the bone; F – par tially eroded der mal el e ment of a
bony fish; scale bar is 0.5 cm



tinct bun dles. The cen tral striae in a bun dle are more el e vated
above the sole than the oth ers.

R e  m a r k s. – The ichnogenus Monomorphichnus was in -
ter preted a tri lo bite trace (Crimes, 1970; Fillion and Pickerill,
1990), or one of non-ma rine crus ta ceans (Keighley and
Pickerill, 1998), or an en demic ar thro pod (Mikuláš, 1995).
Monomorphichnus oc curs mainly from the base of the Cam -
brian (Phycodes pedum zone), but Crimes (1994) sug gested
that it raises from the Ediacarian. The spec i men col lected of

Monomorphichnus isp. from Pod³azie is very sim i lar to
Monomorphichnus podolicus de scribed by Uchman et al.
(2004) from the Lower De vo nian of Ukraine, which re sem bles
an over lapped Cruziana. Ac cord ing to Uchman et al. (2004) M.
podolicus is dis tinctly dif fer ent from the other rep re sen ta tives of
Monomorphichnus (e.g., Monomorphichnus from the Cam -
brian) by its densely packed striae and large size.
Monomorphichnus from Pod³azie is sim i lar to forms de scribed
by Fillion and Pickerill (1990). Uchman et al. (2004) in ter preted
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Fig. 7. Skeletal elements from the bone-bearing breccia

A – Muz. PGI 1755.II.153, sec tion through the bone-bear ing brec cia with nu mer ous ver te brate re mains and clay
clasts, most of them are marked with ar rows; B–F – ex am ples of typ i cal re mains rep re sent ing all of the ver te -
brate groups from the bone-bear ing brec cia: B – Muz. PGI 1755.II.390, cen tral plate of an actinolepid
(Arthrodira, Placodermi), sil i con cast, C – Muz. PGI 1755.II.106, scale of Porolepis sp. (Sarcopterygii), D – Muz.
PGI 1755.II.484, frag ment of heterostracan plate with char ac ter is tic or na men ta tion, E – Muz. PGI 1755.II.360,
fin spine of Machaeracanthus sp. (Acanthodii), F – Muz. PGI 1755.II.45, fin spine of chondrichthyan fish; scale
bar is 0.5 cm



such a dense pack ing of the striae as a graz ing trace, prob a bly
made by a tracemaker with a large num ber of graz ing ap pend -
ages (e.g., a tri lo bite). 

Ichnogenus Ilmenichnus Hecker, 1980
Ilmenichnus isp.

(Fig. 3C)

M a t e r i a l. – One frag ment of sand stone with a par tially
pre served spec i men, Muz. PGI 1755.II.152.

D e s c r i p t i o n. – The spec i men col lected is hor i zon tal
or slightly oblique to the bed ding plane, a par tially pre served
com posed struc ture with a mar ginal tube and spreite area (orig -
i nally it was a U-shaped struc ture and en cir cled by the tube).
The pre served limb is clearly sep a rated from the spreite infill
and con tains ad di tional, low ridges on both mar gins. The area
with spreite struc ture is well-pre served and shows two types of
strat i fi ca tion.

R e  m a r k s. – The ichnogenus Ilmenichnus is typ i cal of
the Cruziana ichnofacies from shal low subtidal to intertidal en vi -
ron ments (MacEachern et al., 2007a, b; see also Schlirf, 2000,
2011; Buatois and Mángano, 2011; Knaust, 2013). Re cently,
Schlirf (2011) and Knaust (2013) pro posed two dif fer ent clas si -
fi ca tions for U-shaped spreite trace fos sils. The pro ce dure of
Schlirf (2011) is fol lowed herein. Ac cord ing to this con cept,
U-shaped struc tures with a sin gle-spreite lamina and with a ver -
ti cal or in clined ori en ta tion should be named Diplocraterion
(made by sus pen sion-feed ers). Wedge-shaped struc tures with
dou ble-spreite laminae are Rhizocorallium (made by mixed de -
posit and sus pen sion feed ers), whereas hor i zon tal struc tures
or those that are slightly oblique to the bed ding plane are as -
signed to Ilmenichnus (made by de posit-feed ers).

VERTEBRATE FOSSILS 
FROM THE POD£AZIE HILL SECTION

The ver te brate as sem blage from the Pod³azie Hill site rep -
re sents a di verse Early De vo nian fauna. Such as sem blages
are well known from other Lower–Mid dle De vo nian sites of Eu -
rope as well as from the up per part of this pe riod (e.g., Stensiö,
1932; VasiIkova et al., 2012; Voichychyn, 2012). The as sem -

blage of ver te brate re mains from the Pod³azie Hill site (Figs. 7
and 8) con tains mainly der mal el e ments of jawless fishes
(Agnatha; rep re sen ta tives of Heterostraci: Rhinopteraspis,
Guerichosteus and Hariosteus), der mal bones of me dium-sized 
placoderms (actinolepids), spines, scales and der mal bones of
large ac an tho dians (Machaeracanthus sp.), spines of
chondrichthyans (Elasmobranchii indet.), der mal and
endoskeletal bones, scales and teeth of large and me -
dium-sized sarcopterygians (a porolepid – Porolepis ex gr.
posnaniensis and Dipnoa indet.), as well as un de ter min able
bones of small actinopterygians (see also Tarlo, 1957, 1961,
1964, 1965; Kulczycki, 1960; Szrek et al., 2012).

The heterostracan fos sils found in the Pod³azie Hill show
sim i lar i ties to the Mid dle De vo nian Bal tic forms (Tarlo, 1957).
They are rep re sented by fully disarticulated der mal el e ments,
as well as by the plate frag ments of heterostracans and
placoderms. Scales and teeth, bones of the head and shoul der
gir dle of osteichthyans, and ac an tho dian spines and scales are
rare, but in some beds they are pre served in small quan tity.

BONE BRECCIA ANALYSIS

Plates, scales, teeth and other der mal el e ments, as well as
pos si bly some el e ments of vis ceral skel e ton de rived from the
bone brec cias are pre served as nat u ral moulds in fine-grained
sand stones, form ing dis tinct ho ri zons (up to 15 cm thick). The
quartz grains from bone-bear ing sand stones are well-rounded
and sorted, and are lo cally coated by clay or iron min er als. The
in ter stices be tween grains are usu ally filled with sec ond ary
crys tal lised quartz, the fill ing spaces be tween orig i nal grains. As 
a re sult of sub se quent sili ci fi ca tion, the most del i cate or na men -
ta tion (e.g., sculp ture of der mal bones) of the fos sils is per fectly
pre served (Figs. 5A, 6A, D and 7B–D). The plates, spines,
scales and other skel e tal parts have suf fered only slight dis tor -
tion, and show such an a tom i cal de tails as blood vas cu lar ca -
nals and microsculpture of scale sur faces and can best be ex -
am ined from la tex or sil i con casts (Fig. 7B–F). This method al -
lows ob ser va tion of ev ery de tail of the bone and is easy to ap -
ply. Oc ca sion ally, small frag ments of sub stance heavily mod i -
fied by geo chem i cal pro cesses are pre served re plac ing the
orig i nal bone.

The bone el e ments are usu ally bro ken (Fig. 6D) and their
edges are sharp. The col lected el e ments and the casted
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Fig. 8. Graphic illustration of the percentage share of particular vertebrate groups 
and clasts in the bone-bearing breccia from the Pod³azie Hill site



moulds of ver te brates’ bones are not de formed and they main -
tain the orig i nal cur va ture and shape. Sur faces of the skel e tal
el e ments are rarely abraded, al though some ac cu mu la tions
con tain rare, iso lated and highly abraded bone el e ments
(Fig. 6B, C, E, F). In most cases, they show well-pre served sur -
faces show ing microanatomical fea tures such as del i cate or na -
men ta tion (Fig. 6A, D), Haver’s chan nels or sen sory lines (de -
pend ing on the ver te brate group). All flat el e ments such as der -
mal bones and intraclasts lie hor i zon tally in the de pos its and
they did not show a ver ti cal ori en ta tion. Most skel e tal el e ments
are sus pended in the sand stone ma trix, but a pure bone brec cia 
has also been ob served in some places.

The char ac ter is tic fea ture of the bone brec cia from the
Pod³azie Hill site is the great frag men ta tion of the bone re mains
mixed with claystone clasts. The hor i zon tal and partly in clined
at ti tude of the bone frag ments within the bone-bear ing ho ri zon
is also not ho mo ge neous. There are zones con trast ing in the
den sity of fos sil dis tri bu tion and this prob a bly sug gest the pe ri -
od i cal ac cu mu la tion of bone el e ments on the slopes of sub -
aque ous sand dunes dur ing wave or cur rent ac tiv ity.

Quan ti ta tive anal y sis of a de bris ma te rial was made on one
solid piece of bone-bear ing brec cia and all ob jects seen on the
sand stone back ground were counted (Figs. 7 and 8). Each iso -
lated ver te brate frag ments, intraclast and quartz ite peb ble were 
treated as sep a rate ob jects. Non-ver te brate re mains were
treated as sep a rate where their out lines were clear and not in
con tact with any other ob ject.

Due to the very high de gree of frag men ta tion of al most all
ver te brate el e ments (der mal plates, parts of skulls, flat bones of 
the endoskeleton, as well as scales and teeth), we de cided to
count each ob ject in di vid u ally in spite of the state of pres er va -
tion. For ex am ple, small frag ments of der mal plate had the
same value as a com plete scale dur ing count ing.

The iden ti fi ca tion of ver te brate el e ments as be long ing to a
par tic u lar group (agnathans, placoderms, chondrichthyans, ac -
an tho dians, and osteichthyans) was made based on gen eral,
but clearly dis tinc tive mor pho log i cal fea tures. Such fea tures in -
clude or na men ta tion, shape (out line) of the el e ment, cross-sec -
tion shape, sen sory ca nals, and in ter nal bone ar chi tec ture.
Typ i cal spec i mens rep re sent ing a par tic u lar group are pre -
sented in Fig ure 7A–F. Poorly pre served fos sils were not as -
signed to a par tic u lar ver te brate group and were clas si fied as
un iden ti fied bone frag ments.

Count ing was based on care ful anal y sis of all spec i mens
col lected taken from the brec cia bed, con sid er ing all ob jects
vis i ble on the sur faces and in side the block. One square metre
of a 15 cm thick brec cia bed was ana lysed. In to tal, 920 el e -
ments were counted. These com prise (Fig. 8) 201 frag ments of
agnathans (mostly Psammosteidae, Fig. 7D), 166 frag ments of
osteichthyans (mainly be long ing to Porolepis, Fig. 7C),152 re -
mains of placoderms (actinolepids, Fig. 7B), 141 re mains of ac -
an tho dians (ge nus Machaeracanthus, Fig. 7E), 19 frag ments of 
chondrichthyans (fin spines of sharks), 93 un iden ti fied bones
frag ments and 148 intraclasts and quartz peb bles.

Early De vo nian ver te brate as sem blages are found in many
other sites across the Holy Cross Moun tains (for ex am ple sites
from the Iwaniska area and the Podole aban doned quarry near
Opatów). They are not eas ily ac ces si ble to make such anal y sis
as at the Pod³azie Hill site, how ever, one may con clude that
most of them rep re sent the same or i gin be cause of the pres -
ence of sim i lar sedimentological char ac ter is tics.

DISCUSSION

Beds with bone con cen tra tions in the Pod³azie lo cal ity re -
veal ero sional bases. This sug gests rapid de po si tion dur ing
high-en ergy events (John son and Baldwin, 2012). This is sup -
ported by the state of pres er va tion (abraded bones are rare)
that ex cludes rhyth mic re pro cess ing of the bot tom of the sea by
wave ac tiv ity. This in ter pre ta tion is sim i lar to that for the Mid -
dle-Up per De vo nian bone-beds from Langsede Cliff, Lat via
(Lukëeviès et al., 2011) and Klñnas (Vasilkova et al., 2012)
where sedimentological con di tions and the state of pres er va -
tion of the fos sils point to de po si tion un der the in flu ence of rapid
wa ter cur rents. At Langsede Cliff a low rate of frag men ta tion,
but a high de gree of bone disarticulation in di cate short trans port 
prior to fi nal burial. At the Pod³azie Hill site the trans port must
have been lon ger or the en ergy of the trans por ta tion pro cess
was stron ger. Both of these fac tors must also be taken into con -
sid er ation be cause the find ings of any com plete skel e tal el e -
ments or even par tially ar tic u lated bones are ex tremely rare.

A rel a tively close an a logue to the lo cal ity de scribed here is
the Bukowa Góra Quarry in the £ysogóry Re gion of the Holy
Cross Moun tains, where the Emsian Zagórze For ma tion
(Malec, 1990) is ex posed. Our bone-bear ing cyclothems
broadly re sem ble graded-lam i nated sand stone sheets show ing
brachi o pod coquinas along basal scours, de scribed by
Szulczewski and Porêbski (2008) from this quarry. These
sheets were in ter preted as storm washovers, which brought
shelf in ver te brates mixed with ma rine sands into a muddy, la -
goonal backshore.

Con cen tra tions of brachi o pods and other ma rine in ver te -
brates de pos ited in a la goonal en vi ron ment dur ing storm-wave
trans por ta tion oc cur com monly at that lo cal ity. These shell beds
dif fer from the bone con cen tra tion from the Pod³azie Hill site in
the al most un bro ken and non-abraded shelly el e ments. This may 
have re sulted from lower en ergy con di tions at Bukowa Góra.
This is sup ported by a re cent field ob ser va tion of bone el e ments
found at the Bukowa Góra lo cal ity in the shelly con cen tra tions
men tioned above (Szrek et al., in press). The bone el e ments are
rare but most of them have nat u ral mar gins (ex cept the larger el -
e ments ex ceed ing 15 cm across). There is no sedimentological
ev i dence of a la goonal en vi ron ment dur ing the de po si tion of the
placoderm sand stone at the Pod³azie Hill site.

The com po si tion of the bone-bear ing brec cia fauna at
Pod³azie is ex clu sively of ver te brates, al though Czarnocki
(1919, 1936) and Tarnowska (1976, 1981) noted the pres ence
of molluscs, brachi o pods and plant de tri tus (these have never
been de scribed and il lus trated). Their ob ser va tions were made
at other lo cal i ties.

En vi ron men tal pref er ences as signed to groups of
early/lower ver te brates found in the bone-bear ing brec cia
(based on Janvier, 1996) point to the mixed char ac ter of their
as sem blages. Ac an tho dians are fishes that lived in the open
sea, but placoderms had a wide range of en vi ron men tal tol er -
ance and in the Early De vo nian they oc cu pied mainly mar -
ginal-ma rine, or even brack ish en vi ron ments, such as la goons
or flooded river val leys (see Denison, 1978; Janvier, 1996) to -
gether with heterostracan agnathans. Thus, the as sem blages
re corded at Pod³azie Hill con tain forms re worked from the open
shelf (ac an tho dians, chondrichthyans) and mixed with those
that lived in a mar ginal-ma rine en vi ron ment (placoderms and
sarcopterygians).
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It is likely that the mixed char ac ter of the bone as sem blages 
re sulted from a high-en ergy en vi ron ment dur ing the
redeposition and fi nal de po si tion of fau nal re mains com ing from 
dif fer ent eco log i cal niches. 

In com par ing the en vi ron men tal tol er ances of ver te brates
rep re sented in bone-bear ing brec cia from the Lower De vo nian
of the Holy Cross Moun tains with a par tic u lar en vi ron ment of
sed i men ta tion (Tarnowska, 1976) it is es sen tial to de ter mine
their po si tion in the pro file. Al most all brec cias oc cur within the
Up per Sand stone Com plex, an in for mal unit of the Haliszka
For ma tion in the Porêba 1 bore hole (Tarnowska, 1976). Ac -
cord ing to Tarnowska (1981) this unit has a tran si tional sed i -
men tary char ac ter de fined as a beach and la goonal zone with a 
flu vial in flu ence (Tarnowska, 1976). This is gen er ally in agree -
ment with Czarnocki‘s ear lier (1936) view, who sug gested a
shal low-wa ter, coastal en vi ron ment for the de po si tion of the
placoderm sand stone. The to tal ab sence of body fos sils of in -
ver te brates in the brec cia and in the sand stones prob a bly has
an en vi ron men tal char ac ter. In this case, this was prob a bly the
ex is tence of brack ish con di tions close to the river mouth. The
same sedimentological in ter pre ta tion was pre sented by
Tarnowska (1976).

Prob a bly most of the Lower De vo nian ver te brate bone beds 
from the Holy Cross Moun tains are as so ci ated with a sandy and 
claystone de pos its and were formed in a ma rine coastal zone
dur ing rapid sed i men ta tion ep i sodes, but dif fer in fos sil abun -
dance and in the state of pres er va tion.

CONCLUSIONS

The Lower De vo nian (Emsian) siliciclastic bone-bear ing
brec cia ex posed in the Pod³azie Hill lo cal ity (Holy Cross Moun -
tains) has yielded rich ver te brate ac cu mu la tions whose or i gin is
con nected with an open shelf and a mar ginal-ma rine set ting.

The bone-bear ing brec cia known as placoderm sand stone
(sensu Gürich, 1896) con tains mainly non-placoderm el e ments 

be long ing to heterostracans, ac an tho dians, chondrichthyans,
and osteichthyans.

The mixed na ture of this as sem blage, to gether with an
abun dance of sedimentological in di ca tors of cur rents and wave
ac tion sug gest that the bone-bear ing beds were sub jected to
storm pro cesses af fect ing coastal ar eas. Their ma rine in flu ence 
is also con sis tent with the pres ence of the ichnogenera
Monomorphichnus and Ilmenichnus.

This mixed as sem blage is com posed of fos sil re mains
which were trans ported and de pos ited in shal low-wa ter con di -
tions. Dur ing storms the skel e tons were bro ken, seg re gated,
trans ported, mixed to gether and trans ported to shal low-wa ter in 
the form of re worked sed i ment en riched with the hard skel e tal
el e ments of ver te brates.

The oc cur rence of the Lockeia, Monomorphichnus, and
Ilmenichnus ichnogenera sug gests the pres ence of the
Cruziana ichnofacies in the sec tion stud ied. This may in di cate
that the siliciclastic, fine- to coarse-grained and ver te brate
bone-bear ing brec cia units orig i nated in a mar ginal-ma rine
(e.g., la goonal) en vi ron ment. How ever, it re mains puz zling why
such fos sil-rich de pos its do not con tain groups of or gan isms
such as in ver te brates which are usu ally com mon. This prob lem
re quires fur ther in ves ti ga tion.
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