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La Meseta For ma tion is made up of estuarine and shal low ma rine, fossiliferous clastic de pos its 720 m thick that pro vides a unique re cord
of ma rine and ter res trial biota of Ant arc tic eco sys tems pre ced ing con ti nen tal gla ci ation in the Oligocene. The lower limit of this for ma -
tion has been poorly known, and there fore it has been care fully in ves ti gated. The low est part of the La Meseta For ma tion, at the south ern
bank of a palaeodelta, is rep re sented by rel ics of a prograding se quence of sed i ments de pos ited in the wave-dom i nated part of a deltaic
sys tem in the off shore and lower and up per shoreface en vi ron ments. The se quence is com pleted land wards by youn ger tidal plain sed i -
ments de pos ited at 40 m lower al ti tude in a rel a tively pro tected, cen tral estuarine ba sin, which was dom i nated by tidal ac tiv ity and in flu -
enced by pe ri odic flu vial in flow. These strata were de pos ited dur ing a late Paleocene or Ypresian/Lutetian lowstand of sea level, which
might re flect a gla ci ation event or glacioisostatic re bound of land fol low ing deglaciation of hypothetic Ant arc tic in land gla ciers. Forced
re gres sion of sea level and sea ward ex pan sion of a deltaic fresh wa ter en vi ron ment, led to lo cal ex tinc tion of a unique as sem blage of ma -
rine echinoderms, bryo zoans, cor als and brachi o pods. These ma rine fos sils, rep re sent ing a thanatocoenosis, are per fectly pre served due
to syngenetic goethite permineralisation. This pro cess owed its or i gin to ex cess re ac tive iron com ing from sul phide-rich bed rock through
weath er ing pro cesses and acid sul phate drain age of the neigh bour ing land area.
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INTRODUCTION

The sed i men tary and vol ca nic strata in the James Ross Is land 
re gion, com pris ing the suc ces sion on Sey mour Is land, be long to
the Larsen Ba sin and con sti tute the fill of an ensialic back-arc ba -
sin de vel oped on the Weddell Sea flank of the Ant arc tic Pen in -
sula (Elliot, 1988; Fig. 1). The Larsen Ba sin en com passes a suc -
ces sion of  Ju ras sic, Cre ta ceous and Ce no zoic strata. The up per
part of this suc ces sion, cov er ing the time pe riod from the late
Maastrichtian to the end of the Eocene, can be seen in nu mer ous
ex po sures on ice-free Sey mour Is land and ad ja cent is lands
(Elliot et al., 1975; Rinaldi et al., 1978; Elliot and Trautman,
1982; Askin, 1988; Sadler, 1988; Marenssi et al., 1998a, b;
Fig. 2). The de pos its are poorly con sol i dated and abun dant in
fos sils that pro vide a unique re cord of preglacial en vi ron men tal
changes at the tip of the Ant arc tic Pen in sula.

The Cre ta ceous strata of the Lopez de Bertodano For ma tion 
on Sey mour Is land are rep re sented by clastic de pos its ac cu mu -
lated in open ma rine en vi ron ments. Dur ing the lat est Cre ta -
ceous, then in the Paleocene (Sobral and Cross Val ley for ma -
tions) and early Eocene, the sed i men tary en vi ron ments
changed pro gres sively to wards shal low ma rine and estuarine,
in which ma rine and fresh wa ter in flu ences interfingered on a
lo cal scale (Macellari, 1988; Sadler, 1988).

There is no clear ev i dence and no con sis tent opin ion on the
en vi ron men tal evo lu tion from the Paleocene/Eocene bound ary, 
through the Ypresian eustatic sea level per tur ba tions, to an
abrupt sea level fall at the Ypresian/Lutetian bound ary. The fact 
re mains that the youn ger de pos its of the La Meseta For ma tion
rest uncomformably on the older part of the suc ces sion. The
po si tion of the lower bound ary of the for ma tion is still un cer -
tain, al though a rich ma rine fauna from the bound ary zone has
been col lected and de scribed by sev eral au thors. 



The Eocene La Meseta For ma tion con sists of fossiliferous 
sand stones and mudstones, which have a to tal thick ness of
ca. 720 m. They were de pos ited in the mouth of a tec toni -
cally-con trolled, in cised-val ley es tu ary with al ter nat ing al lu -
vial and ma rine-dom i nated sed i men tary in flu ences (Porębski, 
1995). The for ma tion pro vides the best palaeontological re -
cord of the Ce no zoic (up to end of the Eocene) biota in the
Ant arc tic. The sedimentological and palaeontological data it
pro vides are es sen tial not only to re search ing of global ma rine 
eco sys tems and ocean evo lu tion, but also in re con struct ing
the Ant arc tic ter res trial en vi ron ments prior to the im por tant
de te ri o ra tion of cli mate and the first gla ci ation of Antarctica
at the be gin ning of Oligocene (Marenssi et al., 1998a, b;
Gandolfo et al., 1998; Reguero et al., 1998; Viscaino et al.,
1998; Case, 2006; Beu, 2009).

The lower limit of the La Meseta For ma tion was orig i nally
placed at a muddy sand bear ing two ho ri zons of olistostrome
con tain ing large Ostrea and Pecten shells that over lap older de -
pos its along an ir reg u lar un con formity at Capo Wiman. That
ca. 20 m thick unit of clastic strata was named Telm 1 by Sadler 
(1988). How ever, be neath Telm 1 Zinsmeister and DeVries

(1982) first sug gested, and then Marenssi et al. (1994) and
Elliot (1993) rec og nized, 160 m of older de pos its that were in -
cluded into the La Meseta For ma tion. In a new
lithostratigraphic scheme pro posed by Marenssi et al. (1998b),
the for mer Telm 1 would be lo cated at the bound ary be tween
Allomember Valle de Las Focas and Allomember Acantilados
(Fig. 1). Askin (1993) con firmed the va lid ity of that ad di tional
unit by dinocyst anal y sis and de ter mined the age as late early
Eocene. The next youn ger unit of Sadler (1988) – Telm 2 – re -
fers to a thinly interlayered muddy sand de pos ited in a tid ally
af fected es tu ary mouth (Porębski, 1995), and fossiliferous
sandy de pos its mark ing ma rine in flow along tidal chan nels
were named Telm 2s. 

The sec tions de scribed in this pa per rep re sent the up per part 
of Allomember Valle de Las Focas and the lower part of
Allomember Acantilados en com pass ing the tran si tion from
ma rine to deltaic en vi ron ments ex posed at the south ern bank of
the es tu ary. This part of the suc ces sion is ex pressed by dif fer ent 
sed i men tary fea tures than at the north ern bank of the es tu ary.
The lo ca tion in ves ti gated is here de scribed for the first time, al -
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Fig. 1. Sim pli fied geo log i cal map of north-east Sey mour Is land ac cord ing to Marenssi et al. (1998a, b) with sites in ves ti gated marked

Lo cal i ties ZPAL 1, 5, 9 in tro duced af ter Gaüdzicki et al. (2004)
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though it has been men tioned pre vi ously as an im -
por tant fos sil site (Fig. 1). 

The main goal of our re search was to de ter -
mine and de scribe the depositional his tory of the
low est ex posed part of the La Meseta For ma tion,
and this led to the col lec tion of a new data for re -
con struct ing en vi ron men tal changes dur ing the
global late Paleocene or the Ypresian/Lutetian
lowstand of sea level (see global sea level
changes in Fig. 2). The re gres sion in Antarctica
was a sud den event dur ing the pe riod of time cov -
er ing the Paleocene–Eocene ther mal max i mum
(PETM) and the mid dle Eocene cli ma tic op ti mum 
(MECO) – cli ma tic op tima with rises of sea sur -
face tem per a ture (SST), at mo spheric CO2 con -
cen tra tions at least two times greater than the
pres ent-day level, and lit tle if any ice pres ent on
the Earth’s poles (Zachos et al., 2001, 2008;
Yapp, 2004; Bijl et al., 2009). How ever, ac cord -
ing to sev eral au thors, tem per a tures and sea level
fluc tu a tions dur ing Ypresian time (be tween both
cli ma tic op tima) changed re peat edly over ex cep -
tion ally wide range (Ivany et al., 2008; Vanhove
et al., 2011). Af ter the early-mid Eocene op ti -
mum, a grad ual de te ri o ra tion of cli mate took
place and fi nally “the green par a dise” was lost
for ever at the fol low ing cool ing and gla ci ation of
the Ant arc tic Con ti nent from the be gin ning of the 
Oligocene (Prothero and Berggren, 1992; Case,
2006; Thorn and DeConto, 2006). 

METHODS

Field work was car ried out by A. Tatur dur ing
the Ar gen tine Ant arc tic Ex pe di tion to Marambio
Sta tion in aus tral sum mer 1993/1994. Strata in the
Bill Hill sec tion were de scribed in de tail in the field, 
and sam ples were taken from sites ZPAL 1,
ZPAL 5 and ZPAL 9 (Fig. 1). All sites re ferred to
“ZPAL” were coded as fos sil lo ca tions (for de tails
see Gaüdzicki and Tatur, 1994). The fos sil fauna
col lected from the sta tions in ves ti gated had al ready
been de scribed in sev eral pub li ca tions. Im por tantly
since the fos sil-bear ing sur face at the top of Bill Hill 
was re stricted in size to a few acres, al most all the
spec i mens were col lected and are now housed in
the Mu seum of the In sti tute of Paleobiology, Pol ish
Acad emy of Sci ences in War saw. 

Petrographic in ves ti ga tion of fos sils was car -
ried out us ing a JEOL JSM-840A scan ning elec -
tron mi cro scope (SEM) equipped with a Link An -
a lyt i cal en ergy-dispersive spec trom e ter AN
1000/85S (EDS) at the In sti tute of Geo log i cal Sci -
ences, Pol ish Acad emy of Sci ences in War saw.
Freshly bro ken sur faces of fos sils were ana lysed.
To study thin sec tions a petrographic mi cro scope
was used. Min eral com po si tion was de ter mined
us ing X-ray diffractograms.  
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Fig. 3. Bill Hill, lo cal ity ZPAL 1 with abun dant fauna of Telm 1 at the top

Fig. 4. Pro file ex ca vated along the slope of Bill Hill with sec tions 
of typ i cal li thol ogy en larged



RESULTS

FIELD INVESTIGATION: BILL* HILL 1; TELM 1 
ALLOMEMBER VALLE DE LAS FOCAS

(ZPAL 1, at 41 m a.s.l.; Figs. 1 and 2)

The low est ex posed part of the La Meseta For ma tion at
Bill Hill (Fig. 2) is made up of a coars en ing- and thick en -
ing-up wards, al most hor i zon tal se quence of silty sand de pos -
its (Figs. 3 and 4). The de pos its are loose, and only the up per -
most sand beds are slightly con sol i dated. A Paleogene se -
quence 10.5 m thick (Fig. 2A) lies un con form ably on Cre ta -
ceous sandy mud that be longs to the Lopez de Bertodano For -
ma tion (Fig. 2B). The lower part of sec tion is bar ren, and con -
sists of thinly lam i nated sand with interlayered sand-mud
bed ding. A thin layer of shell con glom er ate oc curs 5.8–6.5 m
above the base. An abun dant ma rine fauna (as sem blage A)
was re cov ered from a sandy mud layer con tain ing intraclasts
(mud balls). The fauna con sists of crushed shells rep re sented
by pectenoids, oys ters, brachi o pods and a shell hash of bi -
valves with gas tro pods. 

The ma rine bot tom fauna of as sem blage B is scat tered
through the over ly ing mud-sand interbedded de pos its, be ing
con cen trated mainly in mud lay ers. Wavy and cross lam i na tion
was rec og nized in sand lay ers. An abun dant sur face con cen tra -
tion of this fauna oc curs at the very top of the sec tion in loose
weath ered muddy sand (9.8–10.5 m), which cov ers the sum mit
of Bill Hill. How ever, this as sem blage is quite dif fer ent from
that oc cur ring be low and con sists mainly of bryo zoans. More
than 1000 spec i mens be long ing to 40 spe cies were col lected
from the top of Bill Hill. Mi nor con stit u ents of this as sem blage
in clude echinoderms (cri noids, as ter oids and echinoids) and
cor als. There is some ad mix ture of re worked Cre ta ceous fauna
that could have been ei ther eroded from the bed rock dur ing
sed i men ta tion, or may con sti tute con tam i na tion re sult ing from
downslope trans port from the ex posed Cre ta -
ceous rocks dur ing Qua ter nary or Re cent times.
All the fauna is per fectly pre served, due to stain -
ing of their sur faces and im preg na tion of in ter nal 
struc tures by iron com pounds and car bon ates.
Even en tire cri noid ca ly ces, star fish and del i cate
co lo nial bryo zoans are per fectly pre served. The
sed i ment se quence ends up wards in ir reg u lar
patches of loose sand rich in glauconite. Trun -
cated climb ing rip ple lam i na tion can be ob -
served in some poorly con sol i dated sand stone
on the top of Bill Hill next to the pro file de -
scribed (Fig. 5). Beach-lam i nated sed i ment
might oc cur above this. 

De pos its ex posed in the Bill Hill pro file (see
Fig. 1) were in cluded, on the ba sis of fau nal sim -

i lar i ties to the up per most part of the Allomember Valle de Las
Focas and the very be gin ning of the Allomember Acantilados
by Marenssi et al. (1998b) and the up per fos sil-bear ing part is
equiv a lent to Telm 1 of Sadler (1988).

FIELD INVESTIGATION: CRETACEOUS/PALEOGENE CONTACT
IN CLIFF; TELM 2 LOWER PART OF ALLOMEMBER

ACANTILADOS (ZPAL 5; Figs. 1 and 2)

The old est de pos its of the La Meseta For ma tion ex posed in
the cliff along Bahia Lopez de Bertodano rest un con form ably
on the Cre ta ceous Lopez de Bertodano For ma tion (Fig. 6). The

La Meseta For ma tion starts with a sandy layer dip ping 45°N,
that bears muddy clasts of Cre ta ceous bed rock at the base and is 
over lain by a set of sand/mud bed ding trun cated about 2 m

higher by a weakly lithfied sandy lens dip ping 20°N. A few

The facies and biota of the oldest exposed strata of the Eocene La Meseta Formation (Seymour Island, Antarctica) 349

Fig. 5. Trun cated climb ing rip ple lam i na tion typ i cal 
of an up per shoreface unit

Fig. 6. Ero sive or soft tec tonic con tact be tween sandy clastic de pos its
of the Paleogene La Meseta For ma tion (on the left) with muds 

of the Lopez de Bertodano For ma tion (on the right)

Ex po sure in the cliff at the south-west bank of the es tu ary

* named (see Gaüdzicki and Tatur, 1994) in honor of

Wiliam J. (Bill) Zinsmeister, who first men tioned that site in

1985 (af ter Stillwell and Zinsmeister, 1992). 



poorly pre served spher i cal bryo zoans were pos si bly eroded
from older de pos its of Telm 1 that were pre served as a relic oc -
cur rence on the top of Bill Hill (sit u ated about 200 m seawards
and at a height of 40 m a.s.l.). Hemi spheric bryo zoans spe cies
are char ac ter is tic of the base of the La Meseta For ma tion and
do not oc cur in any other lo cal ity of this for ma tion (Hara,
1997a, b). The sand lenses are over lain by a set of mo not o nous
thinly interbedded mud and sand that oc ca sion ally con tains
thicker lenses of sand. These de pos its were de scribed by Sadler
(1988) as the lower part of the Telm 2 unit, that be longs to the
low est part of Allomember Acantilados ac cord ing to the sug -
ges tion of Marenssi (1998a, b). 

South wards from this site, an olistostrome oc curs that is
tec toni cally in cised in soft muds of the Lopez de Bertodano
For ma tion (Fig. 7). The olistostrome (brec cia) con tains blocks
of Paleocene Sobral For ma tion in a youn ger sandy fossiliferous 
(as sem blage C in Fig. 2) ma trix rich in glauconite dated (by
dinocysts) to the late early Eocene. It is com pa ra ble with sim i -
lar blocks oc cur ring in the well-de fined beds in the north bank
of the val ley, from where palynological data has been ob tained
(Askin, 1993). There fore, in Pol ish palaeontological col lec -
tions this out crop is treated as part of Telm 1.
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Fig. 8. Sed i ments in tidal ebb- and flood-af fected es tu ary mouth

Close to ZPAL 9 lo cal ity in Fig ure 1

Fig. 9. Chan nel in cised in tidal de pos its, ver ti cal scar infill

Close to ZPAL 9 in Fig ure 1; the knife shows the bases of the chan nels,
note load struc tures at the top

Fig. 7. Olistostrome block ex posed in sea cliff, rich in large clastic
de pos its bear ing fauna in her ited from 

the Paleocene Sobral For ma tion

The block is tec toni cally in cised in Cre ta ceous Lopez 
de Bertodano For ma tion muds (near ZPAL 5 in Figs. 1 and 2)



FIELD INVESTIGATION: TELM 2 OUTCROP IN CLIFF
 (ZPAL 9; Figs. 1 and 2)

The tid ally in flu enced muddy strata de pos ited
in the pro tected cen tral estuarine ba sin (Porębski,
1995; lower part of Telm 2) are cut by tidal chan -
nels. Along these, ep i sodic ma rine in va sions de liv -
ered coarse clastic sed i ments and ma rine fauna to
the chan nels bases. The chan nels usu ally cut the
up per part of Telm 2. The se quence of estuarine de -
pos its is slightly in clined to the axis of the
palaeovalley and is ex posed in a cliff 5 m high for
more than 1 km along the coast. This site has been
in ves ti gated ear lier by Porębski (1995) and Doktor
et al. (1988, 1996).

The tidal delta de pos its con sist of thinly
interlayered mud and sand show ing len tic u lar bed -
ding. Sand lenses in the mud are up to a few cm
thick and are lo cally ce mented by car bon ates rich in 
iron hy drox ides, form ing discoidal syngenetic con -
cre tions (Fig. 8). There are dis persed shells of
Nucula and lo cally abun dant plant de tri tus and rare
leaves.

The tidal chan nels cut the tidal flat suc ces sion.
The ver ti cal chan nel infill de scribed (Fig. 9) has a
fin ing and thin ning up wards sig na ture, and in -
cludes a nor mally graded sandy con glom er ate
with abun dant re worked ma rine shells and shell
hash at the base. Slump struc tures and muddy
intraclasts are com mon. Crushed car bon ate con -
cre tions de rived di rectly from the lower unit have
also been found. Rip ple bed ding with mud flasers
are fre quently noted in sandy lay ers, though asym -
met ri cal cur rent rip ple marks may also be found
(Fig. 10). In the fine-grained de pos its load struc -
tures (Fig. 9) and in coarser beds trace fos sils –
Nereites and Cruziana may be iden ti fied. The
infills may con tain oc ca sional plant and fish fos -
sils (Fig. 11). The leaves col lected from this site
be long to six spe cies and one clupeoid fish is a
new spe cies (Doktor et al., 1996).  

LABORATORY INVESTIGATIONS

Two hemi spher i cal and multilamellar bryo zoan
spec i mens col lected from the sur face of Bill Hill
(Telm 1 of Sadler, 1988) were in ves ti gated by SEM and their
chem i cal com po si tion was de ter mined by EDS. Con cen tra tions 
of iron hy drox ides and sil ica form – ex ter nal brown ve neers
cov er ing the car bon ate skel e tons. All zooecial open ings in the
skel e tons are cov ered by a re sis tant sil i cates-sil ica-iron hy drox -
ide crust show ing compositional changes on a microscale
(Figs. 12–15). Be low this crust, the zooecial tubes are of ten
empty, al though a thin mi cro-druse of well-crys tal lized
rhombohedral goethite crys tals usu ally cover  the in ner wall of
tubes (Fig. 14). The goethite forms thin plates (Figs. 16 and 17)
of ten ter mi nated ac cord ing to Weidler et al. (1996) by 110
and 021 faces (Fig. 18). EDS anal y ses con firm a stoichimetric
chem i cal com po si tion of the goethite crys tals. On the sur face of 

the goethite crys tals mi nor ac cu mu la tions of py rite and gyp sum 
were oc ca sion ally iden ti fied. Chan nels left by epibionts
(serpulid poly chaetes) feed ing on the bryozoa col o nies are also
filled with goethite (Fig. 19). 

In some in ner parts of the bryo zoan col o nies a sec ond gen -
er a tion of permineralisation was com monly ob served. Empty
spaces may (fol low ing goethite crystallisation on the walls) be 
en tirely filled with well-de fined crys tals of cal cite. Pseudo -
morphs of cal cite af ter fi brous ar agon ite was also com monly
ob served in the car bon ate skel e tons of the col o nies (Fig. 20).
The min eral com po si tion of the bryo zoan skel e tons and the
min eral com po si tion of permineralisation was con firmed by
X-ray anal y ses.
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Fig. 10. Chan nel in cised in tidal de pos its, ver ti cal scar infill

Asym met ri cal rip ple marks

Fig. 11. Chan nel in cised in tidal de pos its, ver ti cal scar infill

Head of fos sil fish



DISCUSSION

Doc u men ta tion of the prograding sed i men tary
se quence in the low est ex posed part of the La Meseta 
For ma tion ne ces si tates con straints on both age and
con di tions of thanatocoenosis for ma tion.
Petrographic stud ies have shown that the loose
and/or poorly con sol i dated de pos its on Sey mour Is -
land and Vega Is land have un der gone only neg li gi -
ble diagenetic al ter ation (Pirrie et al., 1994; Marenssi 
et al., 2002).

AGE OF THE DEPOSITS

Sadler (1988) sug gested that the late Ypresian
lowstand of sea level at 49.5 Ma could ac count for the
ero sion prior to de po si tion of the La Meseta For ma -
tion. This date is con sis tent with a tax o nomic in ven -
tory of molluscs (Stillwell and Zinsmeister, 1992) and
Ant arc tic mam mals that are com pa ra ble with
well-known South Amer ica spe cies. Porębski (1995,
fig. 2; and 2000, fig. 4) sug gested that the late
Ypresian lowstand cor re lates rather to a hi a tus ob -
served within the La Meseta For ma tion, and that the
base of the for ma tion is much older. Marenssi (2006)
and then Ivany et al. (2008), af ter de tailed con sid er -
ation of all avail able ev i dence, pro posed the 56 Ma sea 
level lowstand as the time of pos si ble ini ti a tion of the
La Meseta For ma tion. Un for tu nately, this age prob lem 
can not be re solved un equiv o cally us ing stron tium iso -
tope stra tig ra phy (SIS) as the stron tium iso tope curve
fluc tu ates dur ing this time in ter val, and two or three al -
ter na tive age es ti mates can be ob tained for a given iso -
to pic value (Ivany et al., 2008). The K/Ar and Ar/Ar
meth ods can not be ap plied to glauconite, be cause the
glauconite grains are widely re de pos ited from older
units. The Paleocene Sobral For ma tion is par tic u larly
rich in glauconite. Fi nally, the age of the olistostrome
ma trix at the base of the La Meseta For ma tion (top of
Allomember Valle de Las Focas, Telm 1 of Sadler,
1988) near Capo Wiman was es ti mated to be late early 
Eocene on the ba sis of dinocysts (Askin, 1988, 1993;
Wrenn and Hart, 1988; Cocozzac and Clarkec, 1992).
Sand stone blocks oc cur ring in two lev els of the
olistostromes were dated as Paleocene, show ing a
dinocyst as sem blage sim i lar to the one in the Sobral
For ma tion bed rock. How ever, a high-res o lu tion re -
cord of palaeotemperature vari a tion  in ferred from sta -
ble ox y gen and car bon iso topes as well as care fully
con sid ered SIS data sup port shift ing the lower limit of
the La Meseta For ma tion back to the up per Paleocene
(Ivany et al., 2008). De spite dif fer ent opin ions on the
age, all au thors agree that a lowstand of sea level ini ti -
ated de po si tion of the La Meseta For ma tion, al though
with lim ited ev i dence of shal low-wa ter en vi ron ments
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Fig. 12. Bryozoa, frac tured frag ment of hemi spheric col ony

In ner struc ture show ing tan gen tial 
sec tion through zooecial tubes

Fig. 13. Bryozoa, frac tured frag ment of hemi spheric col ony

In ner struc ture show ing tan gen tial and lon gi tu di nal sec tions
through zooecial tubes 



sup port ing this in ter pre ta tion. This pa per pro vides 
data that fills this gap. 

Ac cord ing to Haq et al. (1987, 1988), global
sea level fell at the end of the Paleocene and
close to the Ypresian bound ary by more than
100 m in a rel a tively short time geo log i cally.
How ever, in a new com pi la tion by Snedden and
Liu (2010), the late Ypresian lowstand of sea
level had two min ima at 47.47 and 49.75 Ma.
These are lo cated in zone Yp 10 that strad dles the 
Ypresian/Lutetian bound ary. The Paleocene sea
level lowstand was in ter preted to rep re sent the
time in ter val be tween 56 and 58 Ma, i.e. zone
Th4. How ever, re cent opin ion sug gests that the
sea level changes prob a bly did not ex ceeded
100 m over both time in ter vals.

GENESIS OF THANATOCOENOSIS 
AT THE TOP OF BILL HILL

The depositional his tory of the La Meseta
For ma tion (ac cord ing to Sadler, 1988) be gan
with a regressional trend that ter mi nated in a sea
level lowstand. The or gan isms of a shal low ma -
rine ben thic biocenosis (as sem blage B from Bill
Hill) were killed as a re sult of a sud den in flow of
fresh, muddy wa ter from a prograding river sys -
tem that fol lowed a regressional trend. The re ac -
tion of ma rine biocenoses to such stress has long
been ob served, and it is a sub ject of on go ing re -
search in ma rine eco sys tem stud ies (Mac Ginitle,
1939; van Woesik et al., 1995; Hutchinings et al., 
2009). Sea level changes (both rises and falls)
and their eco log i cal con se quences are con sid ered 
as a pri mary rea son of thanatocoenosis for ma tion 
(Hal lam and Wignall, 1999). 

The abun dant ma rine ben thic fauna oc cur ring
in as sem blage B at the top of Bill Hill (Telm 1, lo -
cal ity ZPAL 1) is finely pre served. It seems to rep -
re sent a typ i cal thanatocoenosis formed as a re sult
of the lo cal ex tinc tion of all ma rine ben thic or gan -
isms dur ing a very short pe riod of time. The co-oc -
cur rence of stylasterids (Stolarski, 1998) with
abun dant scleractinians (Stolarski, 1996), bryo -
zoans (Gaüdzicki and Hara, 1994; Hara, 1997a,
b), echinoderms (Baumiller and Gaüdzicki, 1996;
Radwańska, 1996) and brachi o pods (Bitner,
1996) has been noted from the Bill Hill lo cal ity.
Pres er va tion of nu mer ous ar tic u lated brachi o pod
shells, com plete echinoid tests with at tached
spines as well as crowns and pinnules of cri noids
tes tify to quick in situ burial by in iron-rich muddy
sed i ment (Stolarski, 1998). Thus, the rea son for
ben thic fau nal ex tinc tion and thanatocoenosis for -
ma tion in Telm 1 is other than the storm wave ac -
tion com monly in voked to ex plain the or i gin of
fossiliferous lay ers in the higher units of the La
Meseta For ma tion.
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Fig. 14. Zooecial open ings corked at ex ter nal sur face (on the right) 
and open in frac ture zone ex pos ing in ner struc ture (on the left)

Fig. 15. Zooecial open ing on the ex ter nal sur face of col ony cov ered 
by hard sil i cate-sil ica-iron hy drox ide crust



All ma rine fos sils of as sem blage B have been
stained by and im preg nated with iron hy drox ides.
Empty voids left by bryozoa col o nies are filled with 
goethite in the pro cess of permineralisation, that is
de fined as in which min eral de pos its form in ter nal
casts of the or gan ism (Schopf, 1975; Mani, 1996).
Goethite permineralisation is usu ally ob served in
bones or wood frag ments (Pfretzschner, 2001; Uhl
and Montenari, 2011) al though it af fects also other
or gan isms: echinoderms, foraminifera, bryo zoans,
and even De vo nian soft-bod ied worms (Cameron,
1967; Boiko, 2001; Paine, 2005). The polychaete
worms oc cur ring in the La Meseta For ma tion at the
same strati graphic po si tion, but on the other side of
the drowned val ley are also coated by iron hy drox -
ides but these are amor phous (Schweitzer et al.,
2005). The sec ond and fi nal step of
permineralisation that fi nally hard ened most of the
po rous and frag ile or ganic struc tures was rec og -
nized in as sem ble B of Bill Hill as the
crystallisation of cal cite.   

The ma rine eco sys tem of Telm 1 was de vel -
oped in a rel a tively shal low estuarine en vi ron ment
near the front of a delta formed by a lo cal river that
cut Cre ta ceous (Lopez de Bertodano For ma tion)
and Paleogene (Sobral and Cross Val ley for ma -
tions) rocks. Blocks, clasts and fos sils from these
for ma tions are pres ent in the low est de pos its of the
La Meseta For ma tion. The Paleogene (pre-Eocene) 
rocks are com posed of sand interlayered with bi tu -
mi nous mud with sulphides. In tense ox i da tion of
sulphides me di ated by mi cro bi o log i cal pro cesses is
cur rently tak ing place in ar eas of sur face ex po sure
of these de pos its (Tatur et al., 1993) and was likely
also con tem po ra ne ous with de po si tion of the La
Meseta For ma tion, since the course of the sul -
phide-weath er ing pro cess is azonal. The ex cess of
iron re leased in Re cent acid sul phate drain age fol -
low ing sul phide ox i da tion is washed from soils and
trans ported down wards by wa ter and usu ally pre -
cip i tates in de pres sions as iron ox ides and gyp sum
(Fig. 21); al ter na tively acid so lu tions bear ing di va -
lent iron can en ter river and ma rine wa ter. 

The sup ply of re ac tive iron ions to the seafloor
helped to harden the frag ile fos sils by sur face coat -
ings and in ner iron hy drox ides permineralisation
that in suit able con di tions oc curred in zooecial tube
open ings, lo cally form ing per fect goethite crys tals.
How ever, the zooecial tube open ings are not filled
en tirely by goethite since the pro cess of
permineralisation was in ter rupted im me di ately af -
ter the death of the col ony and voids were closed by
a cover of lithified sed i ment that in hib ited fur ther
goethite min er ali sa tion. There fore, we sup pose that
goethite was formed syngenetically, and iron coat -
ing might be a di rect rea son for death of the ben thic
fauna. If the chem is try of the en vi ron ment is ap pro -
pri ate, the or gan ism or frag ment of or gan ism can
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Fig. 16. Frac ture, zooecial open ing with goethite 
druse on the in ner walls of tubes

 Thin tab u lar plates of goethite

Fig. 17. Frac ture, zooecial open ing 
with goethite druse on the in ner walls

Thin tab u lar plates of rhombic goethite



act as a nu cleus for the pre cip i ta tion of min er als,
re sult ing in a nod ule form ing around it. If this hap -
pens rap idly, be fore sig nif i cant de cay to the or -
ganic tis sue, very fine three-di men sional mor pho -
log i cal de tail can be pre served
(www.MuseumStuff.com). This type of fos sili sa -
tion by iron hy drox ides mo bi lised in the sul phate
drain age pro cess is doc u mented in sev eral stud ies
in past and re cent en vi ron ments bear ing sul phide
from the wa ter shed (Fernández-Remolar and
Knoll, 2008). That pro cess has also caused the fos -
sili sa tion of echinoderm vis cera (Haugh and Bell,
1980). The sec ond step of permineralisation by
car bon ates (cal cite) would be diagenetic.

PROGRADING SEQUENCE IN THE LOWEST STRATA
OF THE LA MESETA FORMATION

Sed i ments of Telm 1 ex posed at Bill Hill are
in ter preted to rep re sent part of a delta-front
prograding se quence in the wave-dom i nated part
of a mar ginal sea-fac ing delta sys tem (ZPAL 1;
Figs. 1 and 2) start ing from an off shore – lower
shoreface to up per shoreface en vi ron ment (Wise,
1980 in re gres sions and trans gres sions). That in -
ter pre ta tion fits the re gional con cept of delta de -
vel op ment at that time as “...a prograding delta
front from in ner estuarine or prodelta set ting to the 
tidal dom i nated and storm in flu enced sub aque ous 
delta plain...” (Marenssi et al., 1998b).

With gen er ally reg u lar dis charge of sed i ment
into the es tu ary, the oc cur rence of olistostromes
(megabreccias) near the north (Sadler, 1988;
Askin, 1993) and south-west (olistrome on Fig. 7
is lokalized  near ZPAL 5 marked in Figs. 1 and 2) 
banks of es tu ary sug gest that the rapid fall of sea
level had char ac ter is tics of a forced re gres sion.
The prograding se quence from Bill Hill is com -
pleted nearby, but in a 40 m lower orographic po -
si tion as a sed i ment de pos ited later in the pro -
tected cen tral estuarine ba sin, dom i nated by tidal
ac tiv ity and in flu enced by pe ri odic flu vial in flow
(Porębski, 1995). This sed i ment belt is ex posed
along a cliff in Lopez de Bertodano Bay (ZPAL 9
in Fig. 1), and may rep re sent a lowstand of sea
level. The pres ence of a re worked bryo zoan fauna 
sug gests ero sion of the older Telm 1 de pos its. The 
prograding se quence at Bill Hill pre cedes the
transgressive tidal es tu ary de pos its form ing the
youn ger units.

The sea level fall at the end of the Paleocene at 
56 Ma or al ter na tively in the early Lutetian at
47.47 Ma (Fig. 2) are con sid ered as dates of a sig -
nif i cant and dis tinc tive event in the low est part of
the La Meseta For ma tion. We do not have con -
vinc ing data to sup port any of these ages, alhough
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Fig. 18. Frac ture, zooecial tubes with goethite druse on the in ner walls

Thin tab u lar rhombic plates of goethite sharp ened by 110 and 021 faces

Fig. 19. In ner walls of chan nel left by epibionts feed ing on bryo zoan col ony
 is also cov ered by druse of sharp crys tals of goethite



the sedimentological ev i dence of the lowstand of sea level in
the Bill Hill sec tion is un equiv o cal. The unique com po si tion of
the ma rine fauna of as sem blage B col lected at this lo cal ity
makes it pos si ble to cor re late our sec tion with the one on the
op po site bank of the es tu ary and con strain its po si tion in the
strati graphic ar chi tec ture of the for ma tion (Baumiller and
Gaüdzicki, 1996; Bitner, 1996; Stolarski, 1996, 1998;
Radwańska, 1996; Hara, 1997a, 2001; Szczechura, 2001). 

The sea level fluc tu a tions in Eocene were con sid ered ac -
cord ing to Zachos et al. (2001) as eustatically con trolled, since
the Ant arc tic con ti nent re mained pre dom i nantly ice-free dur -
ing Ce no zoic un til the mid dle to late Eocene. How ever, there is
in creas ing num ber of sug ges tions that Antarctica was a sub ject
of cy clic glaciations dur ing Paleocene and Eocene, which were
con fined to the in ner part of the con ti nent. Payros et al. (2009)
have shown that the cyclicity of sea level fluc tu a tions dur ing
Ypresian that ter mi nated in the lowstand at the
Ypresian/Lutetian bound ary might re sulted from re cur rent gla -
ci ation of the Ant arc tic con ti nent. The Hervé Cove diamictite
on King George Is land, which is pos si bly a moun tain-type
tillite, sup ports this hy poth e sis (Birkenmajer et al., 2005;
Nawrocki et al., 2010).  That might mean that early Lutetian or
late Paleocene lowstand of sea wa ter re sulted ei ther from spe -
cific glacioeustatic global event at the on set of gla ci ation or
from glacioisostatic de layed re bound of land in inter gla cial
time af ter pos si ble ini tial in un da tion event. This is typ i cal very
dy namic sce nario ob served dur ing Qua ter nary, but usu ally
care fully ap plied to geo log i cal past his tory (Haq et al., 1987,
1988; Snedden and Liu, 2010).

How ever, the range of sea level fluc tu a tions in Paleocene
and Eocene were much lower than in Qua ter nary and did not
ex ceed 100 m. Glacioisostatic up lift fol lowed melt ing of in land 
gla ciers would har mo nize with com monly pos tu lated late
Paleocene (PETM) or mid dle Eocene (MECO) cli ma tic op ti -

mum. Con sid er ing sea level fluc tu a tion dur ing the
La Meseta For ma tion, we have to take into ac count
the rate of lo cal fault sub si dence of the val ley floor
against a ver ti cal ac cre tion infill. Al though, it is
hardly to treat ver ti cal ac cre tion infill as the rea son
of abrupt re gres sion of the sea. Like wise, the tec -
tonic ac tiv ity in drown ing val ley might be rather a
rea son of trans gres sion but not rel a tive sea level
fall. There fore, the in ter pre ta tion ac cepted in this
pa per points to short term and abrupt sea level fluc -
tu a tions that may be ef fec tively ex plained by
hypothetic cy clic glaciations. 

The sedimentological and palaeontological ev -
i dence col lected pro vide ev i dence of bathymetric
changes dur ing progradation. Bathymetric es ti -
mates for the fos sil as sem blage B from Bill Hill
(Telm l unit of the La Meseta For ma tion) based on
bryo zoans (1048 spec i mens than be long to 40 spe -
cies in lo cal ity ZPAL 1 of Telm 1) sug gest wa ter
depths be tween 20 and 80 m, by com par i son with
spe cies struc ture in the well-doc u mented Mio cene
of the Med i ter ra nean re gion (Hara, 2001). Our
sedimentological data sup port that in fer ence:
climb ing rip ple lam i na tion in an estuarine ba sin
with tidal chan nels and wavy bed ding, while trace

fos sils from over ly ing de pos its im ply even shal low
depositional con di tions.

How ever, as sess ment based on scleractinians and brachi o -
pods sug gest palaeodepths at least ca. 100 m (Bitner, 1996;
Stolarski, 1996). All known nine spe cies of the ge nus
Conopora are re corded from depths ex ceed ing 100 m, but most 
of these (as with stylasterids in gen eral) oc cur at depths of
200–1000 m (af ter Stolarski, 1998). Stolarski (1998) left the
prob lem open and pro posed to treat the oc cur rence of
Conopora in shal low-wa ter as an “in ter est ing ex cep tion” for
the pop u la tion of this ge nus liv ing at high lat i tudes in the
South ern Hemi sphere. Bitner (1996) sug gests af ter Long
(1992), who rec og nized in the lower part of La Meseta deep
wa ter sharks, that co-oc cur rence of shal low- and deep-wa ter
brachi o pod spe cies by the pres ence of lo cal deep- and lengthy
trenches. This way un even bot tom to pog ra phy may lead to eco -
log i cal “...het er o ge ne ity of the en vi ron ment...”.

To ex plain this dis crep ancy, dif fer ent depth hab i tats for fos -
sil and re cent cri noids (Baumiller and Gaüdzicki, 1996) and
echinoids (Radwańska, 1996) have been in voked. It is known
that some Eocene bot tom-liv ing spe cies shifted to deeper wa ter
fol low ing gla ci ation in the Oligocene, while some Eocene shal -
low-wa ter spe cies, formely re garded as ex tinct, were re cently
found at the bot tom of the Pa cific Ocean (Zinsmeister, 1986).
How ever, de pos its of the early to mid Eocene at the base of La
Meseta For ma tion were de pos ited dur ing a cli ma tic op ti mum.
Even if a within-con ti nent gla ci ation then took place, the
coastal zones and ad join ing shal low bas ins would have been
ice-free.

We would like to stress that the La Meseta For ma tion
formed over sev eral sed i men tary cy cles of onlapping and
offlapping sed i ment se quences, in a sub sid ing es tu ary con -
trolled by tec tonic pro cesses (Porębski, 1995; Marenssi et al.,
1998b). Eustatic sea level fluc tu a tions had am pli tudes of up to
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Fig. 20. Thin sec tion of bryo zoan spec i men (plane polar ised light)

Cal cite pseudo morphs af ter ar agon ite make up frame and zooecial open ings filled
with goethite druse on the walls (thin dark ring) and cal cite 

crys tals (cen ter) permineralisation 



100 m (Snedden and Liu, 2010). Lo cal fault sub si dence of the
val ley floor was never di rectly mea sured but the thick ness of
for ma tion is es ti mated to 720 m (Marenssi et al., 1998a). More -
over, bound aries be tween sed i men tary units are not al ways
clear, and de tailed de scrip tion of fos sil sam pling lo cal ity is de -
sir able. We con fine our re marks to one lo cal ity at Bill Hill
(ZPAL 1), where the prob lem in de ter min ing bathymetric con -
text of dif fer ent groups of tax o nom i cally well-elab o rated ma -
rine or gan isms is strik ing. We do not ex clude the so phis ti cated
ex pla na tions pre sented above, but we would like to stress that
some sim ple com mon geo log i cal pro cesses have been may
aperative.

Fos sil as sem blage A is the old est, found in the off -
shore/lower shoreface en vi ron ment of a delta front prograding
se quence rep re sent ing the low est ex posed de pos its of the La
Meseta For ma tion. It con tains abun dant shell hash of bi valves
and gas tro pods; among these, frag ments of Chlamys sp. and
Ostrea were rec og nized. These or gan isms were prob a bly

eroded from the shal low coastal zone by a re treat ing
sea and de pos ited as re worked ma te rial in the deeper 
lo cal ity where they were mixed with rel a tively
well-pre served brachi o pods. Four metres above this
ho ri zon, there is level bear ing  an other abun dant
fos sil as sem blage B, in the Bill Hill pro file, that
bears sed i ment fea tures of a slightly shal lower lower 
shoreface en vi ron ment. How ever, the com po si tion
and state of pres er va tion of fos sils are to tally dif fer -
ent. Bryo zoans dom i nate over cri noids,
echinoderms, star fish sin gle scleractinians, brachi o -
pods and some Cre ta ceous fos sils (in clud ing char -
ac ter is tic rotularia). The oc cur rence of bryo zoans
fits a gen er ally shal low en vi ron ment (Hara, 2001;
Amini et al., 2004). Abun dant in di vid u als and their
very good pres er va tion sug gest an in situ hab i tat, at
least for bryo zoans. A mi nor ad mix ture of other or -
gan isms could have been ei ther eroded from de pos -
its formed dur ing in un da tion that pre ceded ma rine
re gres sion, or were sim ply eroded from soft Cre ta -
ceous and/or Paleocene de pos its formed near the
east bank of the es tu ary. The find ing of def i nite Cre -
ta ceous fos sils sup ports such a pos si bil ity. More -
over, in the olistostrome oc cur ring at the base of
Telm 1, at the north and south banks of the es tu ary,
most clastic ma te rial and fos sils are in her ited from
bed rock. 

The La Meseta For ma tion con sists of three large
sed i men tary se quences, con strained by fault – con -
trolled sub si dence (a drown ing delta) and eustatic
sea level changes (Porębski, 1995, 2000). How ever, 
the eco log i cal sce nario of the basal prograding se -
quence of the La Meseta For ma tion was never re -
peated. A clear lithological pro file that sug gest
progradation is avail able only at Bill Hill. 

CONCLUSIONS

The low est ex posed part of the Eocene La
Meseta For ma tion rep re sents a delta front

prograding in the wave-dom i nated mar ginal part of a delta sys -
tem start ing from off shore though lower and then up per
shoreface. The se quence is com pleted nearby in sed i ment de -
pos ited in a rel a tively pro tected, cen tral estuarine ba sin, which
was dom i nated by tidal ac tiv ity and in flu enced by pe ri odic flu -
vial in flow. That might rep re sent the low est stand of sea wa ter,
but up wards, signs of a com ing trans gres sion are ob served. The 
fol low ing units (from old est to youn gest) were rec og nized in
the se quence:

– Un con formity with Cre ta ceous Lopez de Bertodano
sandy mud:

  · off shore: interlayered mud-sand de pos its to thinly
lam i nated sand, bar ren;

  · lower shoreface: muddy sand with dis persed fos sils,
hash of Pecten and Ostrea in a basal layer, in situ
thanatocoenosis with abun dant echinoderms and bryo -
zoans at the top of the unit;
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Fig. 21. Re cent iron hy drox ide pre cip i ta tion on the sur face as a re sult
of acid sul phate drain age in the area of the Sobral For ma tion 



  · up per shoreface: sands with climb ing rip ple lam i na -
tion, with pos si ble beach  de pos its at the top.

– Un con formity with Cre ta ceous Lopez de Bertodano
muds (con tin u a tion with over lap ping sec tion nearby):

  · lower shoreface: sands with in di vid ual bryo zoans, rel -
ict oc cur rence; 

  · tidal delta: thinly interlayered mud and sand with len -
tic u lar bed ding;

  · distributary chan nels in tidal flat de pos its: nor mal
graded sandy con glom er ate at the base bear ing abun -
dant re worked paraautochthonous ma rine molluscs,
oc ca sion ally fish and dis persed wood frag ments and
leaves; de pos its get ting finer and thin ner up wards,
load struc tures and trace fos sils may be found at top. 

Forced re gres sion as a re sponse to sea level changes dur ing
in land glaciations of Antarctica in the late Paleocene or per haps 
dur ing the Ypresian/Lutetian lowstand was prob a bly a driv ing
force that ini ti ated the prograding se quence for ma tion. Rapid
sea level fall and prob a bly freshwa ter in put to the sea bot tom
re sulted in a sud den lo cal ex tinc tion of the rare as sem blage of
bryo zoans, echinoderms, cor als and brachi o pods. Their skel e -
tons were per fectly fos sil ised by syngenetic goethite
permineralisation, and then by ce men ta tion with cal cium car -

bon ate dur ing diagenetis, be com ing the du ra ble wit ness of a
lost eco sys tem. Ex cess re ac tive iron may have been de liv ered
to freshwaters due to in tense sul phide ox i da tion and acid sul -
phate drain age of bed rock formed by sul phide-rich clastic de -
pos its of the Sobral For ma tion.
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