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The de vel op ment of a rel a tively small and iso lated part of the Wuchiapingian, Zechstein Wielichowo Reef was pos si ble ow -
ing to a pro gres sive sub si dence and fre quent sea level fluc tu a tions. Three biofacies were dis tin guished within this fea ture:
(1) the shal low-wa ter and highly en er getic Acanthocladia biofacies, dom i nated by bryo zoans and cri noids, with poorly pre -
served po ros ity, re duced mainly by cal cite ce men ta tion and com pac tion; (2) the Horridonia biofacies com pris ing nu mer ous
brachi o pods pre fer ring a mod er ate depth of wa ter, with com pa ra bly poor po ros ity; and (3) the Fenestella/Kingopora
biofacies rich in the most highly vari able fos sils, of the deep est and calm est wa ters, oc cur ring at the top of the sec tion and
show ing a sig nif i cant ef fec tive po ros ity, reach ing al most 13%. Among many diagenetic pro cesses al ter ing the reef, sev eral
lines of ev i dence sug gest that it was the me te oric diagenesis to en hance its po ros ity most ex ten sively. Since no stromatolites 
are pres ent, the fi nal sea level drop is in ter preted to be rapid, hence cre at ing con di tions fa vour able for the me te oric dis so lu -
tion. Some intraparticle po ros ity, how ever, seems to be of depositional or i gin.
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INTRODUCTION

Dur ing Perm ian times, west ern Po land was part of the
South ern Perm ian Ba sin (Fig. 1A) that de vel oped due to rift ing
on a con sid er able scale (Gast, 1988; Pha raoh et al., 2010). Its
base ment is built of folded De vo nian and Car bon if er ous rocks
(Kiersnowski et al., 2010). The main de vel op ment of this ba sin
took place be tween the Car bon if er ous and Perm ian when a
com plex net work of horsts and grabens was formed due to
extensional move ments (Ziegler, 1990; Kiersnowski et al.,
2010). In the east ern part of the South ern Perm ian Ba sin, there
is an up lifted pre-Zechstein horst struc ture, the Branden -
burg–Wol sztyn–Pogorzela Palaeo-High (or shortly, Wolsztyn
Ridge or Wolsztyn–Pogorzela High; Dyjaczyñski et al., 1997;
Dyjaczynski et al.,  2001; Kiersnowski et al., 2010; Fig. 1B). It is
the place where nu mer ous reef bod ies (Fig. 1B, C) with ben e fi -
cial petrophysical pa ram e ters have been de vel oped
(Dyjaczyñski et al., 1997; Dyjaczynski et al., 2001; Kotarba et
al., 2006; Kiersnowski et al., 2010; Peryt et al., 2012a). Con se -
quently, they host gas de pos its. The ad ja cent basinal zones
abound in thin car bon ate fa cies (e.g., Peryt and Wa¿ny, 1980;
Peryt, 1981; Dyjaczyñski et al., 1997, Reijers, 2012;
Dyjaczyñski and Peryt, 2014; Peryt et al., 2015) that rarely ex -

ceed 5 m in thick ness (Dyjaczyñski et al., 1997; Pikulski and
Wolnowski, 2005). The main fac tor that con trolled the growth of
the reefs was as so ci ated with the sub si dence, which tended to
be pro gres sive and con trolled by a con se quent sea level rise
(Strohmenger et al., 1996).

The biota found within the reefs of west ern Po land are typ i -
cal bryonoderm (cold-wa ter) or gan isms (Peryt et al., 2012a), as
the Zechstein ba sin, dur ing Wuchiapingian times, was in un -
dated by cold wa ters of the Barents Sea (D. Peryt et al., 2012;
Peryt et al., 2012a, b). The aim of this pa per is to char ac ter ise
the de vel op ment of a rel a tively small, iso lated reef body re -
corded in the Wielichowo-8 bore hole, lo cated north of the larger
and better doc u mented, Wielichowo Reef (Fig. 1C). The
Wielichowo Reef is about 5 to 6 km long and 0.5–1 km wide
(Dyjaczyñski et al., 1997). The fea ture stud ied, for mally be ing a
part of the Wielichowo Reef (Tomaszewska et al., 2008,
unpubl.), oc curs close to the Ruchocice Reef (Fig. 1C). It rep re -
sents the PZ1 (Werra) cyclothem within which the Zechstein
Lime stone (Ca1) car bon ates de vel oped, fol lowed by sul phate
de pos its. The out lines of all these reefs were in ter preted on the
ba sis of 3D seis mic re search (e.g., Dyjaczynski et al., 2001;
Kiersnowski et al., 2010).

The com bi na tion of mi cro scopic and Nu clear Mag netic Res -
o nance (NMR) stud ies al lowed us to char ac ter ise the petro -
physics of the Zechstein Lime stone res er voir, and hence cre -
ated a pos si bil ity to de ter mine an in flu ence of both diage nesis
and de po si tion on pore space evo lu tion. The his tory of the iso -
lated reef helps to un der stand the res er voir vari abil ity in larger
reef com plexes, oc cur ring in the South ern Perm ian Ba sin.
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MATERIAL AND METHODS

Pre lim i nary car bon ate fa cies were dis tin guished based on
mac ro scopic core de scrip tion. Be sides mac ro scopic ob ser va -
tions, 32 sam ples of rocks for thin sec tion prep a ra tion were col -
lected to en hance the pre vi ous re search (Fig. 1D). They were
stud ied un der a po lar iz ing mi cro scope in trans mit ted light to
iden tify their min eral com po si tion, tex tural ar range ment and to
rec og nize the pres ence of fos sils and ce ments within the sam -
ples. The tex tures of the rocks were de scribed based on the

scheme of car bon ate di vi sions pro posed by Dyjaczynski et al.
(2001) for reef rocks from this part of the ba sin, whereas the
biofacies were char ac ter ized on the ba sis of ear lier microfacies
clas si fi ca tion for the reefs from the Wolsztyn Ridge (Raczyñski,
2000; Peryt et al., 2012a). Core de scrip tion, and mi cro scopic
ob ser va tions were un der taken us ing Dun ham (1962) clas si fi ca -
tion of car bon ate rocks. In ad di tion, cathodoluminesce stud ies
were car ried out. The volt age of the equip ment was equal to
15 kV, while the cur rent in ten sity was set to 350 mA.
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Fig. 1. Location of the studied reef

A – pres ent-day ge og ra phy and for mer South ern Perm ian Ba sin (SPBA) bound aries af ter Smith (1980, mod i fied; red ar row in di cates lo ca tion 
of the reef); B – reefs of the Wolsztyn Ridge (west ern Po land; lo ca tion marked by yel low as ter isk) af ter Karnkowski (1999, mod i fied); C – in -
ter pre ta tion of the Wolsztyn reefs bound aries af ter Wilk (2008, Geofizyka Toruñ, unpubl., mod i fied) and Tomaszewska et al. (2008, PGNiG
SA, unpubl.); D – sim pli fied lithostratigraphy of the stud ied reef (Wielichowo-8 bore hole); P – main sam ple, W – sup ple men tal sam ple



The char ac ter iza tion of the sub se quent gen er a tions of ce -
ments was sup ported by us ing the back scat tered SEM mi cros -
copy. The SEM stud ies were ac com pa nied by the EDS mod ule, 
al low ing the min eral com po si tion rec og ni tion. Two bulk rock
sam ples and nine sam ples of sulphates were ana lysed by X-ray 
dif frac tion (XRD), in or der to dis tin guish anhydrite from gyp sum. 
More over, the Aliz a rin Red S and Po tas sium Ferri cyanide com -
pos ite test was made to en sure the iden ti fi ca tion of do lo mite
and cal cite, re spec tively, as well as po ten tial iron con tent. The
so lu tion was pre pared ac cord ing to Evamy (1963) rec ipe.

For the pur poses of NMR (Nu clear Mag netic Res o nance)
stud ies, the cy lin dri cal cores of 1 and 1.5 inch in width and
length, re spec tively, were col lected. The NMR was un der taken
to pro vide a quan ti ta tive po ros ity study. An ex ter nal mag netic
field strength was equal to 50 mT, the wait time (TW) was set to
ap prox i mately 1 s, and the inter-echo spac ing (TE) cor re -
sponded to an in ter val be tween 30–50 ms. The in ves ti ga tion
was based on T2 re lax ation time, as so ci ated with the loss of
mag net is ation in a trans verse plane (per pen dic u lar to the static
mag netic field) – e.g., Akkurt et al. (2009). The mag net is ation is
re lated to the hy dro gen nu clei, whose spins ori ent them selves
along a par tic u lar di rec tion pointed by the mag netic field
(Coates et al., 1999). Ac cord ing to the cited au thor, there is a
cor re la tion be tween the size of the pores and the T2 re lax ation
time. The smaller a par tic u lar void is, the shorter T2 time it ex -
hib its. The T2 value is used to sep a rate mov able flu ids from ir -
re duc ible ones (Akkurt et al., 2009; Coates et al., 1999). The
po ros ity ex pressed by the oc cur rence of mov able flu ids cor re -
sponds to the FFI – Free Fluid In dex, while the MCBW –
Clay-Bound Wa ter and BVI – Bulk Vol ume Ir re duc ible (here:
cap il lary wa ter) cor re spond to the spaces ex cluded from free
mo tion of flu ids (Coates et al., 1999). The ef fec tive NMR po ros -
ity (MPHI) is counted as a sum of BVI and FFI, while the MSIG
stays for the to tal NMR po ros ity (Coates et al., 1999). More -
over, to en sure that the ge netic as pect of the en coun tered po -
ros ity is con sid ered, it was char ac ter ized on the ba sis of
Choquette and Pray (1970) clas si fi ca tion. The shape and the
form of the pores have been used to dis tin guish be tween the
pri mary and sec ond ary po ros ity.

RESULTS AND INTERPRETATION

LITHOLOGY

The sec tion (from bot tom to top) starts with marls (Figs. 1D
and 2). The reef is doc u mented at a depth rang ing from 2363 to
2389 m. A very strong dolomitisation of the reef oc curs at the
fol low ing depth in ter vals: 2388–2389, 2380–2385 and
2370–2378 m (Fig. 1D). The Zechstein Lime stone (Ca1) is
bounded by the Lower Anhydrite (A1d) sulphates and Car bon if -
er ous sand stones from the top and from the bot tom, re spec -
tively (Fig. 1D).

FACIES ANALYSIS

The stud ied reef shows quite a wide di ver sity of both tex -
tural ar range ment of rocks and fos sil ev i dence (Figs. 2–4). On
the ba sis of the tex tural dif fer en ti a tion, six units (des ig nated
A–F) have been dis tin guished (Fig. 2), whereas the vari abil ity of 
fos sils al lowed us to as sign three biofacies: (1) the
Acanthocladia biofacies, dom i nated by bryo zoans, oc cur ring
most fre quently; (2) lo cally ob served Horridonia biofacies, con -
tain ing nu mer ous brachi o pods; and (3) the up per most, strongly

di ver si fied Fenestella/Kingopora biofacies, rep re sented by a
wide range of fos sils.

The low est part of the sec tion, i.e. unit A, is slightly marly
and con tains only sparsely dis trib uted fos sils – mainly bryo -
zoans, char ac ter is tic for the ma jor part of the reef. Its thick ness
is rel a tively small and does not ex ceed 20 cm (Figs. 1D and 2).
Such marly sed i ments of ten oc cur also in the south ern part of
the Pol ish South ern Perm ian Ba sin (e.g., Biernacka et al.,
2005). As bryo zoans show ing strongly frag mented zoaria are
abun dant within this in ter val, it may be clas si fied as the
Acanthocladia biofacies (cf. Figs. 3A, D and 4B). This is be -
cause the bryo zoans of this biofacies are very del i cate and spo -
rad i cally pre served with out any dam age (e.g., Raczyñski, 2000; 
Peryt et al., 2012a; Fig. 3A).

Unit A is over lain by a 3 m thick com plex of bindstones
(unit B; Fig. 3A, B). Al though the term “bindstone” was found
ap pro pri ate in terms of the tex tures, they show a sim i lar ity with
grainstones, some of which are dolomitised (Fig. 1D). They are
grain-sup ported and lack ing of car bon ate mud. Unit B also rep -
re sents the Acanthocladia biofacies and the bryo zoans of this
unit show a char ac ter is tic pin nate form, more ex ten sively dis -
cussed by Hara et al. (2013) and Raczyñski (2000; cf. Fig. 3A).
The Acanthocladia biofacies con tin ues up wards from the bot -
tom of the Zechstein Lime stone (2389.2 m) to a depth of
2385 m. In the in ter val 2386–2388 m, the bryo zoans are ac -
com pa nied by Horridonia (Figs. 3B and 4A). Ad di tion ally, cri -
noids are also very fre quent (Figs. 3C, D and 4B).

Unit B is cov ered by an ~8 m thick com plex dom i nated by
dolograinstones (Figs. 2 and 3C) of unit C, with in ter ca la tions of
bindstones and packstones/rudstones. These rocks can be re -
ferred to as bioclastic grainstones and packstones with
anhydrite. From the palaeontological point of view, this di vi sion
be gins with the Acanthocladia biofacies, char ac ter ized by a
con sid er able ad di tion of cri noids (Figs. 3C and 4B). To wards
the top, bryo zoans be come the sec ond skel e tal com po nent af -
ter the cri noids. Then, at a depth of ap prox i mately 2385 m, it
turns into the Horridonia biofacies (Figs. 3B and 4A), and fi nally, 
again changes back into the Acanthocladia biofacies. The fi nal
tran si tion from the Acanthocladia to Horridonia biofacies takes
place at a depth of 2382 m. Within unit C sul phate rocks are
com mon, too.

Unit D starts with dolowackestones (Fig. 3D) and lo cal
packstones. The top of this unit has hardly rec og niz able
depositional tex tures (no vis i ble fos sils), and thus was clas si fied 
as a crys tal line rock – do lo mite in this case (Figs. 1D and 3E).
Nev er the less, it con tains sparsely dis trib uted stems of cri noids
(Fig. 4B). Within the packstone in ter ca la tions, the cri noids are
fre quently ac com pa nied by bryo zoans and foraminifers. How -
ever, the num ber of bryo zoans does not ex ceed the amount of
cri noids. The co-oc cur rence of strongly frag mented
Acanthocladia and cri noids sug gests the pres ence of the
Acanthocladia biofacies with nu mer ous cri noids.

Unit E is 5 m thick and changes up wards from do lo mite to
lime stone (Fig. 1D). It be gins with dolowackestones/pack -
stones pass ing into slightly better packed rocks, rep re sented by 
typ i cal dolopackstones (Fig. 3F). It is richer in fos sils than the
pre vi ous ones (Figs. 2, 3F and 4B). The fos sils at the bot tom of
this unit com prise cri noids and gas tro pods, re placed up wards
by bryo zoans, brachi o pods, bi valves (Fig. 3F) and lo cally pre -
served foraminifers (Fig. 2). Vari able fos sils in di cate a close
neigh bour hood of the Fenestella/Kingopora biofacies (Figs. 3F, 
H and 4C–E). At a depth of ap prox i mately 2374 m, intraclastic
brec cia was iden ti fied (Fig. 3G). The brec cia con tains clay min -
er als and de tri tal quartz and is strongly af fected by phys i cal
com pac tion. Near the top of unit E, Strophomenata brachi o -
pods, with char ac ter is tic thick shells, start to ap pear
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Fig. 2. A litho- and biofacies/microfacies section of the Zechstein Limestone (Ca1) within the reef (Wielichowo-8 borehole)

A–F – tex tural sub di vi sions: A – marly car bon ates, B – bindstones, C – grainstones with in ter ca la tions of bindstones and
packstones/rudstones, D – wackestones, packstones and crys tal line dolomites, E – packstones and wackestones/packstones, F – mainly
rudstones; II–IV – biofacies di vi sions dis tin guished based on Dyjaczynski et al. (2001): II – bioclastic grainstones with extraclasts; III –
bioclastic grainstones and packstones (fre quently with anhydrite); IV – bioclastic wackestones/grainstones with intraclastic brec cia and car -
bon ate laminae
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Fig. 3. Biofacies and textural arrangement of the rocks studied, fossils of the three biofacies

A – bryo zoan of the Acanthocladia biofacies bindstone of unit B; B – Horridonia brachi o pod and its spines (ar rowed) in unit C, anhydrite-rich
bindstone (anhydrite is white); C – cri noids of the Acanthocladia biofacies cut by open frac tures (ar rowed) – grainstone of unit C; D –
Acanthocladia en crusted by foraminifers and frag ments of cri noids re placed by anhydrite – wackestone of unit D; E – dolograinstone with
anhydrite of unit D; F – bi valves of the Fenestella/Kingopora biofacies packstone of unit E, show ing intraparticle po ros ity (black); G – ma trix
of intraclastic brec cias of unit E; H – bryo zoans of the Fenestella/Kingopora biofacies – rudstone of unit F – note intraparticle po ros ity (blue);
A, B, D, H – plane-po lar ized light; C, E, F – cross-po lar ized light; G – back scat tered elec tron mi cro scope pho to graph; cr – cri noids, ef – en -
crusted foraminifers, frac. – open frac ture; 1 – heavy min er als, 2 – de tri tal quartz, 3 – clay min er als, 4 – do lo mite
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Fig. 4. Fossils of various biofacies

A – Horridonia biofacies (brachiopods); B – crinoids of the Acanthocladia biofacies (arrowed); C–E – Fenestella/Kingopora
biofacies: C, D – thick shells of Strophomenata brachiopods (arrowed) – note large dissolution caverns on C; E – reticulate

bryozoan



(Fig. 4C, D). Their high est fre quency cor re sponds to the in ter val 
be tween 2368 and 2372 m. They re main pres ent up to the top
bound ary of the Zechstein Lime stone, and are sur rounded by
nu mer ous bryo zoans that be come in creas ingly larger in size to -
wards the top (Fig. 4E). Be cause the ma jor ity of unit E is still
show ing nu mer ous frag mented bryo zoans, it can be treated
rather as the Acanthocladia biofacies with signs of tran si tion
into the Fenestella/Kingopora.

Unit F con tains rocks rang ing in types from float stones,
through packstones/rudstones and wackestones/packstones,
to typ i cal rudstones (Figs. 2, 3H and 4C–E). Their char ac ter is tic 
fea ture is also car bon ate mud co-oc cur ring with the sparry ce -
ment. The top of this unit ter mi nates with a 12 cm of a
wackestone, and its over all thick ness is 6 m (Fig. 2). In con trast
to unit E, the Fenestella/Kingopora biofacies is un doubt edly
pres ent within unit F (Figs. 2, 3H and 4C–E). The pres er va tion
of fos sils is con sid er able within the whole unit. It means that
they are only slightly frag mented and their shells are rel a tively
thick (Fig. 4C–E) – thus jus ti fy ing the di vi sion of rudstones. The
fos sils do not show any signs of re work ing. The top bound ary of
unit F is sharp, rather than grad ual, how ever, a thin layer char -
ac ter ized by the ap pear ance of both lime stone and anhydrite (a
part of the Werra Lower Anhydrite A1d) oc curs at a depth of
2363.5 m (Fig. 1D).

An at tempt was un der taken to cor re late the ob tained re sults 
with the al ready ex ist ing clas si fi ca tion of car bon ate rocks of the
Koœcian–Wielichowo re gion. The marly unit A, has no equiv a -
lent in the Dyjaczynski et al. (2001) sub di vi sion (cf. Fig. 2). Unit
B cor re sponds to the (II) unit of Dyjaczynski et al. (2001), i.e. to
bioclastic grainstones with extraclasts. Unit C can be treated as
bioclastic grainstones and packstones (III unit). Fi nally, the bot -
tom of unit D, forms a bound ary be tween the gen eral units (III)
and (IV). This means that wackestones-grainstones with
intraclastic brec cia and abun dant rudstones (unit IV) gen er ally
ap pear above the depth of 2378 m in the stud ied sec tion. Both
the low er most and up per most units (I and V) are miss ing and
these are the car bon ate brec cia and the stromatolitic-pisolitic
unit, re spec tively.

CEMENTATION AND OTHER DIAGENETIC ALTERATIONS

Among many dif fer ent zones of the sec tion, ce men ta tion
vari abil ity can be no ticed. Cal cite, do lo mite and anhydrite can
be seen the most fre quently. The ma jor ity of ce ments and min -
er als dis play both yel low and brown lu mi nes cence. This ap plies 
mostly to the zonal, sparry crys tals of cal cite. More over, red or
slightly brown ish lu mi nes cence cor re sponds mainly to do lo -
mite. The sulphates, in turn, show ei ther dark brown or no lu mi -
nes cence. Flu o rite, in the form of both replacive crys tals and
ce ments is blue in cathodoluminescence, and oc curs along the
en tire sec tion. Its abun dance in creases sys tem at i cally to wards
the top.

Multiphase recrystallisation was com mon within the reef. It
is ex hib ited by the fact that the mo saic of cal cite and/or do lo mite 
is strongly di ver si fied in terms of crys tal sizes. It hap pens that
some crys tals are close to a me dium-crys tal line cal cite/do lo -
mite, whereas oth ers reach a size of typ i cal sparite.

Unit B. The ce ments of bioclastic grainstones can be di -
vided into at least five gen er a tions (Fig. 5A, B). The old est gen -
er a tion is cal cite of brown lu mi nes cence, form ing nee dle-like
fringes, lo cally ob served also within the bot ry oi dal fans (1)
(Fig. 5A–D). It sur rounds two sub se quent gen er a tions of
equant cal cite, show ing yel low to brown lu mi nes cence (2, 3).
The in ner most parts of the strongly frag mented fos sils are filled
by a red gen er a tion of dolosparite (4).

Lo cally, even two gen er a tions of do lo mite were rec og nized.
They are marked by the lu mi nes cence vary ing from red to
brown (Fig. 5A). The do lo mite mo saic can be treated as me -
dium-crys tal line dolosparite (Fig. 5C). Fi nally, the flu o rite ce -
ment pre cip i tated (5; see Fig. 5B). An other im por tant fea ture of
unit B is hor i zon tal sty lo lites. Here, they are most abun dant
among all the stud ied units (Fig. 5C). The petrographic sit u a tion 
within unit B is ad di tion ally sup ple mented by the oc cur rence of
anhydrite, that ei ther forms the ce ment or par tially crystallises
in side the sty lo lites (Fig. 6A).

Unit C. A lit tle bit up per, where the rocks of grainstone-dom -
i nated unit C ap pear (Figs. 2 and 3B, C), six gen er a tions of ce -
ments were dis tin guished (Figs. 5E, F and 7A–D). Anhydrite,
show ing weak lu mi nes cence, was the first that pre cip i tated (1).
At few places, it co-oc curs with gyp sum, that ap pears too rarely
to be con sid ered as a sep a rate ce ment gen er a tion. Then, red,
fine-crys tal line dolosparite pre cip i tated (2; Fig. 5E, F). Sub se -
quently, the zonal cal cite com posed of yel low and brown bands
with sharp cur va ture re placed the in te ri ors of cri noids (3;
Figs. 5E, F and 7A–D). The next gen er a tion of ce ment rep re -
sented by equant cal cite of brown to yel low lu mi nes cence oc -
curred on their con tours (4; Fig. 7A, B). Then, dolosparitic crys -
tals pre cip i tated (5; Fig. 5E, F). The dolosparite is in creas ingly
fre quent to wards the top of the sec tion. Fi nally, the flu o rite ce -
ments of blue lu mi nes cence de vel oped (6) and sig nif i cantly de -
creased the intercrystalline po ros ity (Fig. 7B). It is worth add ing,
that all of these gen er a tions are cut by nu mer ous open frac tures 
(rarely filled with anhydrite), whose ap pear ance is in ter preted to
be the lat est (Fig. 5E, F). The sty lo lites, al though not ob served
un der the po lar iz ing mi cro scope, were clearly vis i ble on a mac -
ro scopic scale (cf. Fig. 2).

Unit D. The weakly lu mi nes cent, foraminifera-rich
wackestones of unit D, com prise four ba sic gen er a tions of ce -
ments (Fig. 7E–H). They oc cur in the fol low ing, chro no log i cal
or der: red, fi brous do lo mite (1); brown, fi brous cal cite (2);
anhydrite lack ing lu mi nes cence (very dark red), oc cur ring
among the dolosparite mo saic (Fig. 7B) in the form of both veins 
and patches, as well as ce ment fill ing the cham bers of
foraminifers (3); and the blue flu o rite ce ment (4). The flu o rite
crys tals fill the intercrystalline pores (Fig. 7F, H). These
wackestones, sim i larly as in case of unit C, are of ten cut by frac -
tures. Be cause they are com monly filled by anhydrite, they usu -
ally do not ac count for the to tal po ros ity ob served within this in -
ter val. More over, nu mer ous hor i zon tal sty lo lites were ob served
(Figs. 2 and 6B).

Unit E. Within unit E, the amount of cal cite in creases, es pe -
cially at a depth of 2371 m (Fig. 8). It is ex pressed by brown lu -
mi nes cence. Here, the sparry, nee dle cal cite (1) was post dated
by a se lec tively pre cip i tat ing gen er a tion of red dolosparite (2).
This, in turn, was fol lowed by an other gen er a tion of sparry cal -
cite (3; see Fig. 8A–D). In the re main ing part of unit E (above
and be low 2371 m depth), an other set of ce ments was noted
(Fig. 8E–H). Firstly, red, fine-crys tal line dolosparite ap peared
within the rem nants of the biota (I). Then, it was post dated by
the ap pear ance of poorly lu mi nes cent, acicular gyp sum (II)
(Fig. 8E, F). Al though gyp sum ap pears rel a tively fre quently
within unit E, it is much less com mon than anhydrite, as con -
firmed by XRD anal y ses. Gyp sum (Fig. 6C) is of ten found in the
shells of bi valves and gas tro pods, as pre sented in Fig ure 8E.
Greater amount of anhydrite, in turn, was ob served in the form
of nod ules – clearly vis i ble in the core sec tion (Fig. 6A), as well
as within for merly de vel oped intercrystalline po ros ity. The ap -
pear ance of sulphates, was fol lowed by the pre cip i ta tion of
dolosparite (III; Fig. 8E–H). Sub se quently, two va ri et ies of cal -
cite ce ments were formed: zonal cal cite ce ments (IV) of lu mi -
nes cence rang ing from yel low to brown (Fig. 8G, H); and
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Fig. 5. Cementation and other diagenetic alterations in units B and C

A, B – five sub se quent ce ment gen er a tions of unit B, B – note two gen er a tions of do lo mite (brown ish in side a red mass); C, D –
post-aragonitic bot ry oi dal fans of unit B (now cal cite), ac com pa nied by a stylolite; E, F – frac tured rock and ce ment gen er a tions
of unit C – note early sul phate pre cip i ta tion and polyphase do lo mite crystallisation; A, E: cross-po lar ized light; C – plane-po lar -
ized light; B, D, F – cathodoluminescence; (1) cor re sponds to the old est ce ment gen er a tion; a – anhydrite, bc – bot ry oi dal cal cite, 
ds – dolosparite, ec – equant cal cite, fds – fine-crys tal line dolosparite, fl – flu o rite, g – gyp sum – note a spe cific ori en ta tion of
cleav age in pho to graph E (left ar row), nc – nee dle-like cal cite, S – stylolite, zc – zonal cal cite; other ex pla na tions as in Fig ure 3



poikilitic cal cite of light yel low lu mi nes cence (V; Fig. 8E, F). Af ter 
the for ma tion of these ce ments, sparry flu o rite crys tals ap -
peared (Fig. 8C, D). Micrite, and es pe cially dolomicrite, is found
fre quently here, which is, in gen eral, a char ac ter is tic fea ture of
packstones (Dun ham, 1962). An other prop erty of unit E, is the
oc cur rence of the pre vi ously men tioned intraclastic brec cia
(Fig. 3G). The brec cia oc curs at the bot tom of the unit and com -
prises min er als show ing di verse lu mi nes cence – from red,
through brown and yel low, even to green. The SEM EDS mod -
ule has yielded in for ma tion about its chem i cal com po si tion. In
this par tic u lar case, yel low and brown colours in di cate clay min -
er als and lo cally oc cur ring de tri tal quartz grains, while green lu -
mi nes cence is re lated to heavy min er als. Be sides, rarely dis trib -
uted crys tals of do lo mite were also iden ti fied. The ev i dence of
both chem i cal (dis solved quartz grains) and phys i cal com pac -
tion (frac tured con tours, squeezed min er als: see Fig. 3G) are
no tice able in side the brec cia. Both frac tures and hor i zon tal sty -
lo lites are of a neg li gi ble sig nif i cance within unit E.

Unit F. The up per most tex tural sub di vi sion – unit F, rep re -
sented mainly by rudstones (Figs. 2, 3H and 4C–E), shows a
dom i nance of cal cite ce ments, with brown lu mi nes cence. The
oc cur rence of red-lu mi nes cent do lo mite is usu ally lim ited to the
in te ri ors of brachi o pod shells (Fig. 9A, B). Two typ i cal va ri et ies
of ce ments are pres ent within unit F (Fig. 9). The first one com -
prises three gen er a tions, com monly oc cur ring in side the shells
(Fig. 9C–F). Firstly, red, fine-crys tal line, fi brous do lo mite (1)
pre cip i tated and rimmed the brown, lam i nated cal cite re lated to
the pri mary struc ture of bi valve shells. The next ce ment gen er a -
tion (2) cor re sponds to weakly lu mi nes cent anhydrite ce ment,
rarely co-oc cur ring with sin gle, len tic u lar gyp sum crys tals ex hib -
it ing un du la tory op ti cal ex tinc tion (Fig. 9C). Anhydrite com -
monly oc curs as veins, and its abun dance in creases to wards
the top of the sec tion, where the tran si tion from the Zechstein
Lime stone (Ca1) to the Lower Anhydrite (A1d) was doc u -
mented (Fig. 1D). Fi nally, the youn gest, zonal cal cite ce ment
de vel oped (3; Fig. 9E, F). The zonal na ture of cal cite crys tals is
pres ent in many vari able ar range ments. Lo cally, it is de vel oped
in a “flower-like” man ner, while Fig ure 9F il lus trates an ex am ple
of a gas tro pod shell filled with purely zonal ce ments. The sec -
ond va ri ety of ce ment ar range ment is re lated to brachi o pod
spines, whose in ter nal struc ture was en tirely re placed by two
gen er a tions of ce ments (Fig. 9G, H). Yel low, sparry and
isopachous cal cite (I) rims an older gen er a tion of ce ment rep re -
sented by fine crys tal line dolosparite (II). These are post dated
by the ap pear ance of the youn gest, sparry flu o rite crys tals lo -
cated cen trally in the in te rior of the bioclasts (Fig. 9H).

The in ten sity and fre quency of the dis so lu tion struc tures are 
un usual in com par i son to the other units. Be sides the dis so lu -
tion voids ob served un der the po lar iz ing mi cro scope, also the
mac ro scopic po ros ity and large cav erns can be ob served in the
up per part of the unit (Fig. 4C). Me chan i cally com pacted com -
po nents oc cur again, here, in the form of de formed brachi o pod
spines, thus in di cat ing the sec ond stage of phys i cal com pac -
tion. Since the hor i zon tal sty lo lites are gen er ally ab sent from the 
sec tion of unit F, no sig nif i cant ev i dence for chem i cal com pac -
tion is ob served.

POROSITY

A com bi na tion of both fab ric se lec tive and not fab ric se lec -
tive po ros i ties was en coun tered in the stud ied sec tion. Poorly
pre served, pri mary po ros ity is usu ally re stricted to shel ter voids
(Fig. 10A, B). As long as intraparticle po ros ity is treated as pri -
mary po ros ity, it is an ex cep tion here, and oc curs fre quently
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Fig. 6. Sulphates

A – nod u lar anhydrite de pos ited in a sabkha en vi ron ment, post -
dated by chem i cal com pac tion marked by a stylolite (ar rowed); B –
anhydrite ce ment post dat ing the chem i cal com pac tion struc tures
(ar rowed); C – an ex am ple of a gyp sum crys tal with clearly vis i ble
cleav age (yel low ar row); A – core pho to graph; B – plane-po lar ized
light; C – cross-po lar ized light; NA – nod u lar anhydrite, S – stylolite;
other ex pla na tions as in Fig ure 5 
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Fig. 7. Cementation and other diagenetic alterations in units C and D

A, B – ce ment gen er a tions of unit C (cf. Fig. 5E, F), note the ap pear ance of equant cal cite rim ming a bioclast; C, D – the zonal
cal cite of unit C, in ter sected by finely-crys tal line do lo mite, note the pres ence of open frac tures; E–H – unit D – wackestone with
anhydrite and other ce ments fill ing the in te rior of foraminifers, note oc ca sional oc cur rence of flu o rite; A,C – cross-po lar ized light;
E, F – plane-po lar ized light; B, D, G, H – cathodoluminescence; (1) cor re sponds to the old est ce ment gen er a tion; fc – fi brous cal -
cite; fd – fi brous do lo mite; other ex pla na tions as in Fig ure 5
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Fig. 8. Cementation and other diagenetic alterations in unit E

A, B – well-de vel oped nee dle cal cite ac com pa nied by dolosparite and sparry cal cite; C, D – ce ment se quence en riched by flu o rite (cf. A, B);
E, F – sec ond set of ce ments – acicular gyp sum re plac ing the in te rior of cri noids in a close neigh bor hood of poikilitic cal cite and dolosparite;
G, H – zonal cal cite ac com pa nied by vug gy and pos si ble intercrystalline po ros ity and pre vi ously pre cip i tated dolosparite; A, C – plane-po lar -
ized light; E, G: cross-po lar ized light; B, D, F, H – cathodoluminescence; (1) and (I) cor re spond to the old est gen er a tion for a given set of ce -
ments, re spec tively; ag – acicular gyp sum, pc – poikilitic cal cite, sc – sparry cal cite; other ex pla na tions as in Fig ure 5
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Fig. 9. Cementation and other diagenetic alterations in unit F

A, B – cal cite and do lo mite re plac ing a par tially dis solved brachi o pod shell (intraparticle po ros ity); C, D – three gen er a tions of ce ments in the
in te rior of a bi valve, note the dom i nance of anhydrite, isopachous form of cal cite ce ment and len tic u lar-like crys tals of gyp sum show ing un du -
la tory ex tinc tion; E, F – purely zonal in te rior of a gas tro pod shell (now rep re sented by cal cite), sur rounded by par tially dis solved (vug po ros ity) 
do lo mite and lam i nated cal cite; G, H – a set of ce ments de vel oped within a brachi o pod spine – black is vug po ros ity; A, C, E, G – cross-po lar -
ized light; B, D, F, H – cathodoluminescence; (1) and (I) cor re spond to the old est gen er a tion of a given set of ce ments, re spec tively; c – cal -
cite, lc – lam i nated (re lated to the pri mary struc ture of bi valve shell); other ex pla na tions as in Fig ure 5



774 Adam Fheed, Anna Œwierczewska and Artur Krzy¿ak

Fig. 10. Various porosity types encountered within the studied reef

A – intraparticle/shel ter in side an ostracod shell; B – shel ter un der a bi valve shell (ar rowed); C – intraparticle within the bryo zoan
rem nants; D – a dis so lu tion vug; E – intercrystalline/vug; F – mouldic within the zoecial wall of a bryo zoan; G – frac ture (ar rows);
all pho to graphs are taken in plane-po lar ized light



(Figs. 3F, H, 9A, B and 10C). Nev er the less, the dom i nance of
sec ond ary po ros ity is clearly vis i ble.

Two main types of po ros ity are dom i nant in the Ca1 sec tion. 
These are the vug (Figs. 9E, G and 10D) and intraparticle voids
(Figs. 3F, H, 9A, B and 10C). Vugs are par tic u larly well-de vel -
oped in the up per part of the sec tion. In few places, their size
jus ti fies dis tin guish ing cav ern ous po ros ity (Fig. 4C). The role of
the intercrystalline (Figs. 7E, G, 8G, H and 10E), interparticle,
mouldic (Fig. 10F) and lo cally de vel oped frac ture po ros ity
(Fig. 10G), how ever, also re mains sig nif i cant.

Unit B is rep re sented by nu mer ous pores of frac ture or i gin.
An other kind of po ros ity is rep re sented by rarely dis trib uted
intercrystalline voids. The po ros ity is gen er ally poorly de vel -
oped within unit B, and this is due to a con sid er able in flu ence of
ce men ta tion. To ob tain de tailed po ros ity data for this unit, NMR
stud ies were car ried out. Ow ing to the NMR, the very low po ros -
ity of the unit was con firmed (Fig. 11A). This in ter val has the
max i mum ef fec tive po ros ity of just 2.8%, and its to tal po ros ity is
only slightly higher (3%). The weakly de vel oped pore sys tem is
re lated to larger voids show ing lon ger T2 re lax ation times. The
cap il lary and clay-sized pores are neg li gi ble. The am pli tude of
the NMR sig nal shows many fluc tu a tions that may re sult from
di verse ce men ta tion.

The first type of po ros ity ob served within unit C, is small dis -
so lu tion vugs, oc ca sion ally reach ing slightly greater sizes.
More over, rel a tively low intercrystalline and interparticle po ros -
ity types de vel oped in some places. Open frac tures were also
noted rel a tively fre quently (Fig. 7C, D). Nev er the less, sim i larly
as in case of unit B, this di vi sion does not ex hibit higher po ros -
ity, ei ther.

The pores of unit D are mostly of intercrystalline or
interparticle na ture (cf. Fig. 7E, F). The top of this unit shows
hardly rec og niz able, lower po ros ity. It cor re sponds to a crys tal -
line rock in ter val il lus trated in Fig ure 3E.

To wards the top of the sec tion, the po ros ity sig nif i cantly in -
creases. Unit E be gins to show more and more abun dant
intraparticle po ros ity - de vel oped in the in te ri ors of the fauna
(Fig. 3H). There also ap pear the first signs of the mouldic (cf.
Fig. 10F), well-de vel oped shel ter (cf. Fig. 10A, B) and vug gy (cf. 
Fig. 10C) po ros ity. Ad di tion ally, intercrystalline po ros ity can
also be ob served in many places (Fig. 7G, H). The ef fec tive po -
ros ity in ves ti gated with the NMR equip ment equals 12.8%,
while the to tal po ros ity reaches 12.9% (Fig. 11B).

Fi nally, unit F was in ves ti gated in terms of po ros ity de vel op -
ment. The wealth of its fos sils, stays in ac cor dance with the
highly di verse po ros ity. As al ready men tioned, the dis so lu tion
vugs are most fre quent in the up per part of the sec tion (e.g.,
Fig. 9E). Within unit F, the intraparticle po ros ity is also ex -
tremely abun dant (Fig. 10C). It is of ten due to bryo zoan zoaria,
whose in te ri ors are par tially dis solved. More over, signs of the
mouldic po ros ity were en coun tered. This ap plies mostly to the
shells of bi valves, frag ments of zoecial walls of bryo zoans and -
in few places – to the shells of foraminifers, too.

The up per most part of unit F, be ing rep re sented by the tran -
si tion from the Zechstein Lime stone to the Lower Anhydrite
(Fig. 1D), shows a neg li gi ble po ros ity. Ex cept for this zone, the
NMR ef fec tive po ros ity is quite high and reaches 8.1%. The to -
tal po ros ity was es ti mated to be the same as the ef fec tive one. It 
means that the cap il lary pore sys tem does not ex ist in this case
(Fig. 11C). It is prob a bly ab sent from the whole reef, be sides
some mi nor ex cep tions ob served within unit B (Fig. 11A).

DISCUSSION 

Pro gres sive sub si dence (Kiersnowski et al., 2010) to gether
with a con se quently ris ing sea level (Strohmenger et al., 1996)
cre ated con di tions fa vour able for the growth of the reef. The oc -
cur rence of three ba sic biofacies: the Acanthocladia, Horridonia 
and Fenestella/Kingopora, in di cates that the reef has un der -
gone quite a usual set of bathymetrical events. The ini tial trans -
gres sion was rapid, and this is sup ported by the lack ing car bon -
ate brec cia unit – pro posed by Dyjaczynski et al. (2001) for reef
rocks from the Koœcian–Wielichowo re gion. Hence, the brec cia
might be eroded. Al ter na tively, the reef could not be close
enough to the wa ter sur face at the be gin ning of the lowstand
sys tems tract (LST), so that the sub se quent trans gres sion re -
spon si ble for the for ma tion of such brec cias (D. Peryt et al.,
2012), did not lead to its de po si tion. A rel a tive sea level fall, in
turn, oc curred three times, ul ti mately lead ing to the me te oric ex -
po sure of the reef, sig nif i cant karstification, and fur ther sul phate 
plat form de vel op ment.

The reef was grow ing dur ing de po si tion of the highstand
sys tems tract (HST) (e.g., Wag ner, 1988). Firstly, the
Acanthocladia biofacies de vel oped in a still rel a tively shal low,
wave-af fected en vi ron ment. Abun dant cri noids in di cate that the 
wa ter was of nor mal sa lin ity (Peryt et al., 2012a; cf. Peryt and
Peryt, 2012). The in creased en ergy of wa ter ex pressed by
strongly frag mented bryo zoan zoaria (cf. Scholle and
Ulmer-Scholle, 2003) is slightly in co her ent with Peryt’s et al.
(2012a) in ter pre ta tion re lat ing the Acanthocladia biofacies
rather with mod er ate wa ter en ergy. The highly en er getic
Acanthocladia is rep re sented by fil ter ing or gan isms that can tol -
er ate a mod er ate rate of sed i ment sup ply, as well as a mod er -
ate amount of sus pended mat ter pres ent in wa ter (Peryt et al.,
2012a). Then, a sub se quent sea level rise caused a change in
the fauna, and al lowed the ap pear ance of Horridonia. The
Horridonia biofacies is rep re sented by ses sile filtrators such as
brachi o pods and bryo zoans (Peryt et al., 2012a). They might
have in hab ited the space be low the storm wave base (e.g.,
Peryt et al., 2012a). These brachi o pods pre ferred deeper and
calmer wa ters than bryo zoans of the Acanthocladia biofacies
(e.g., Raczyñski, 2000; Peryt et al., 2012a). Some of the brachi -
o pod shells, how ever, are found in a po si tion op po site to their
growth. Such re worked shells seem to sug gest a higher en ergy
of wa ter. The sa lin ity was nor mal and the wa ters were of mod er -
ate depth.

When the sea level rose, a typ i cal ma rine en vi ron ment al -
lowed the pre cip i ta tion of ar agon ite, strength en ing the struc ture
of the reef. Ar agon ite, as a metastable phase (Sandberg,
1985), was re placed by cal cite. The for mer pres ence of ar agon -
ite is ex pressed by the oc cur rence of nee dle-like cal cite fringes
pre served within the ce ments of unit B (e.g., Har ris et al., 1985;
Scholle and Ulmer-Scholle, 2003; D. Peryt et al., 2012; Peryt et
al., 2012a). In the Wolsztyn Ridge re gion, like in the Eng lish and 
Ger man parts of the Zechstein Ba sin (Paul, 1980; Tucker and
Hollingworth, 1986), there are also bot ry oi dal ce ments of pri -
mar ily aragonitic or i gin (e.g., Peryt, 1984; Dyjaczynski et al.,
2001; Weidlich, 2002; Peryt et al., 2012a; Jasionowski et al.,
2014). Such struc tures are pres ent within the pre vi ously de -
scribed unit B. The ma rine char ac ter of cur rently calcitic ce -
ments can also be de duced on the ba sis of their fre quently
noted, isopachous char ac ter (e.g., Folk, 1965; Har ris et al.,
1985; Jasionowski et al., 2014). This type of ce ment was es pe -
cially well-de vel oped within unit F (see Fig. 9C, D, G, H).
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Fig. 11. The NMR porosity based on T2 relaxation time distribution

A – po ros ity of unit B; B – unit E; C – unit F; blue, ver ti cal lines are the T2 cut-off val ues (sep a ra tion of mov able
and ir re duc ible flu ids); grey, ver ti cal lines are the cut-offs for Clay-Bound Wa ter; red curves – sat u rated sam ples; 
green curves – dried sam ples; MCBW – Clay-Bound Wa ter; BVI – Bulk Vol ume Ir re duc ible (cap il lary wa ter); FFI
– Free Fluid In dex; MPHI – NMR ef fec tive po ros ity; MSIG – NMR to tal po ros ity



While the lower part of the reef was be ing af fected by early
diagenetic al ter ation, the liv ing fauna oc cu py ing its top was rep -
re sented by Horridonia biofacies. Then, the depth of the wa ter
de creased sig nif i cantly, and con se quently, the de vel op ment of
the re newed Acanthocladia biofacies started. In such con di -
tions, brachi o pods faced con di tions un fa vour able for their sur -
vival, so that their death was in ev i ta ble. Ow ing to this, bryo -
zoans of the Acanthocladia biofacies could have eas ily at -
tached them selves to an al ready pre served, par tially lithified
bot tom, com pris ing for merly liv ing brachi o pods and other rem -
nants of fos sils (cf. Peryt et al., 2012a). Then, the al ready fallen
sea level be came even lower, thus al low ing the ap pear ance of
the sabkha set ting, ex pressed by anhydrite nod ules, ob served
in the cores (Fig. 6A). The nod ules sig nif i cantly de creased the
pre vi ously formed po ros ity. Among sulphates, anhydrite is most 
fre quent, be ing most abun dant in the up per part of unit D
(Figs. 2 and 7E, G). Be sides the sabkha set ting, sulphates were 
prob a bly de pos ited also in two dif fer ent en vi ron ments: (1) they
pre cip i tated af ter the dis so lu tion of pri mary cal cite/ar agon ite
and sec ond ary do lo mite; and later (2) dur ing fur ther diagenetic
stages, when the anhydrite crys tal lised in sty lo lites (cf. Fig. 6B).
The sulphates co-oc cur with cal cite and do lo mite. The car bon -
ates might have formed af ter ex cep tion ally early sulphates, due 
to a short-last ing sea level rise, or later, dur ing the burial of the
strata.

The fi nal fa cies tran si tion from the Acanthocladia biofacies
to the to tally dif fer ently de vel oped Fenestella/Kingopora
biofacies in di cates an other rel a tive sea level rise (cf. Peryt et
al., 2012a). The Fenestella/Kingopora biofacies de vel oped be -
neath the storm wave base. The wa ters were well oxi dised and
only slightly in flu enced by the pres ence of sus pended or ganic
mat ter. De duc ing from the well-pre served and highly di verse
fos sils, the en ergy of wa ter must have been rel a tively low. The
or gan isms were liv ing on a muddy bot tom in a nor mal-sa lin ity
en vi ron ment (Raczyñski, 2000). In deep wa ter con di tions,
isopachous cal cite rims also pre cip i tated, of ten sur round ing the
dolomitic ce ments. Such con di tions were fol lowed by a dra -

matic sea level fall, and hence the sabkha en vi ron ment ap -
peared again. As the re sult, the strata of the Werra Lower
Anhydrite was de pos ited by the end of the lowstand sys tems
tracts (LST) – see fur ther dis cus sion.

An other fea ture of the reef is the com plex ity of
dolomitisation. It was multiphase and oc curred in at least two
dif fer ent ep i sodes (Figs. 5E, F and 12). The sig nif i cant
dolomitisation was pre ceded by early com pac tion, lead ing to
de for ma tion of the gen tle, pri mar ily calcitic or aragonitic brachi -
o pod spines. Do lo mite crys tals usu ally form a sta ble and re sis -
tant frame work, pre vent ing the strata from com pac tion (Moore,
2001). Con se quently, the pres ence of com pacted grains sug -
gests that they were de formed prior to the dolomitisation.
Dolomitisation can oc cur in sev eral dif fer ent en vi ron men tal con -
di tions (Moore, 1989). Jasionowski et al. (2014) con firmed the
com plex ity of multiphase dolomitisation in the Wolsztyn Ridge
re gion. They in ter preted the re sults of sta ble iso tope geo chem -
is try and re lated them to the par tic u lar ep i sodes of the
dolomitisation. Jasionowski et al. (2014) con sid ered the sabkha 
en vi ron ment to be re spon si ble for al low ing the pre cip i ta tion of
the ma jor ity of do lo mite in this re gion. The do lo mite could have
orig i nated ow ing to an in creased re flux of flu ids. Jasionowski et
al. (2014) dis tin guished two ba sic types of do lo mite: (a) do lo -
mite re plac ing the pre vi ously pre cip i tated cal cite, and (b) do lo -
mite hav ing oc curred in a form of ce ment. The isopachous ge -
om e try of some of the dolomitic ce ments might have orig i nated
in a ma rine (or vadose) set ting and post dated cal cite pre cip i ta -
tion (Jasionowski et al., 2014). It should be added that both of
do lo mite types are pres ent in the stud ied reef (for re plac ing do -
lo mite see Figs. 3E and 5E, and for isopachous, fi brous do lo -
mite see Figs. 8A, B and 9C–F). The ear li est dolomitisation oc -
curred within unit D, where it took place be fore the pre cip i ta tion
of fi brous cal cite. In case of the re main ing units, it post dated ei -
ther the ap pear ance of cal cite (units: E, F) or sulphates (unit C).
Such sit u a tion can be as so ci ated with a high con tent of both
mag ne sium and cal cium in sea wa ter dur ing the al ter ation of
unit D. More over, the do lo mite shows signs of dis so lu tion.
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Fig. 12. Simplified diagenetic history of the Wielichowo isolated reef based on microscopic observations

S – sabkha environment
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Hence, it seems that its oc cur rence pre ceded the me te oric ex -
po sure.

As the reef be came subaerially ex posed, it has ul ti mately
died. By the end of Zechstein Lime stone de po si tion, a sea level
fall took place once again, re sult ing in ex pos ing the Ca1 strata.
An abrupt tran si tion from the Zechstein Lime stone to the Lower
Anhydrite is ex plained through a con se quent sea level fall
(Peryt, 1984; Wag ner and Peryt, 1997; Miko³ajewski et al.,
2009; Kiersnowski et al., 2010). Since no stromatolitic unit (V) is 
pres ent, this fall can be in ter preted to have been rapid.
Stromatolites are usu ally formed in a shal low, but still not
subaerially ex posed set ting (Har ris et al., 1985). How ever, they
may have been eroded by wave ac tiv ity. The sea level fall can
be val i dated by the com bi na tion of grow ing pro por tion of
anhydrite and the pres ence of ooids to wards the top of the sec -
tion (Fig. 2). Hence, it has been de duced that the diagenetic re -
gime quickly changed from short-last ing shal low-ma rine to typ i -
cal subaerial ex po sure.

Shortly af ter the ac ti va tion of the first ep i sode of
dolomitisation, the reef was dy nam i cally ex posed to the in flu -
ence of fresh wa ter. Unit F seems to ex hibit the stron gest in flu -
ence of the me te oric diagenesis among all of the dis tin guished
tex tural di vi sions. It can be in ferred based on nu mer ous dis so -
lu tion struc tures such as vugs, moulds and intraparticle pores,
to gether with intercrystalline voids, of ten still re main ing un filled
or only par tially filled by the ce ments. Fre quently oc cur ring cav -
erns, en coun tered in the up per part of this unit, can be treated
as a proof of in tense karstification, tak ing place in the vadose
zone (e.g., Moore, 1989). The oc cur rence of vugs and moulds
is due to ac tiv ity of chem i cal dis so lu tion dur ing subaerial ex po -
sure, cor re spond ing to the me te oric en vi ron ment dis cussed
above (e.g., Moore, 1989, 2001; Frykman et al., 1990; Scholle
and Ulmer-Scholle, 2003; Ahr, 2008; Ali et al., 2010; Reijers,
2012). Ac cord ing to Dyjaczyñski et al. (1997), the cav ern ous
po ros ity oc curs par tic u larly within the Paproæ and Koœcian
reefs. Com par ing the ob tained re sults with the Dan ish
Zechstein car bon ate res er voirs (Frykman et al., 1990), the oc -
cur rence of the dis so lu tion vugs in both cases seems to be sim i -
lar. How ever, in the in ves ti gated bore hole, a much better de vel -
oped as so ci a tion of intraparticle po ros ity was en coun tered.
Frykman et al. (1990) re ported that the intercrystalline po ros ity
rather oc curred in their study area, and tied it with the pri mary
po ros ity. The intraparticle po ros ity is con sid ered as pri mary
(e.g. Moore, 2001; Mazzullo, 2004), but it is also be lieved to ex -
press the ac tiv ity of dis so lu tion pro cesses (e.g., Frykman et al.,
1990; Flügel, 2010). The frac ture po ros ity is rel a tively well-de -
vel oped and surely ac counts for the per me abil ity and po ros ity
of the reef.

Equant cal cite ap peared si mul ta neously with the me te oric
dis so lu tion, of ten sur round ing the stems of cri noids. It is sup -
posed to in di cate the in flu ence of the vadose zone on the ce -
men ta tion de vel op ment (e.g., Ahr, 2008). Such sit u a tion takes
place mainly within unit B.

Sub se quently, the reef strata were be ing suc cess fully bur -
ied and over lain by evaporites of the Lower Anhydrite (A1d) re -
garded to be a lowstand sys tems tract (LST) sed i ment (e.g.,
Peryt and Wag ner, 1998; Peryt, 2010). By the end of the LST,
the sea level started to rise (cf. Catuneanu, 2006). This ini ti ated
a quick sul phate plat form de vel op ment. The sul phate plat form
might have been de vel oped on the pre vi ously, subaerially ex -
posed reef buildup. Then, con tin u ous flood ing and a pos si ble
seep age (Kend all, 2010), al lowed thick as sem blages of ha lite
(Na1; e.g., Peryt, 2010) to fill the de pres sions lo cated near the
up lifted tec tonic blocks. A di ver si fied re lief and ac com mo da tion
space avail able for ha lite de po si tion might have also been in -

her ited af ter lo cally ac ti vated tec ton ics (Kiersnowski et al.,
2010).

When the reef strata be came bur ied, phys i cal com pac tion
was in ten si fied sig nif i cantly as can be ex plained on the ex am ple 
of the intraclastic brec cia of unit E. It is claimed that such struc -
tures were formed due to a dra mat i cally rapid and huge sed i -
ment load (cf. Scholle and Ulmer-Scholle, 2003). The
intraclastic brec cia of unit E, is bounded from the top by the ce -
ment com posed of do lo mite rhom bo he dra that have not pre -
vented the brec cia from com pac tion. It can only be ex plained
based on a the ory that the dolomitisation oc curred af ter its de -
po si tion in this case. It might have been in duced by the seep age 
of ma rine wa ter, as il lus trated by Moore (1989).

Burial ce men ta tion was ac ti vated si mul ta neously with phys -
i cal com pac tion. This is ex pressed by the oc cur rence of
well-de vel oped, sparry and zonal cal cite ce ments, par tic u larly
well-vis i ble within unit F. Scholle and Ulmer-Scholle (2003) re -
lated such ce ments with the burial con di tions. As the
subsurface burial con tin ued, the chem i cal com pac tion be came
ac tive, too. As a re sult of this pro cess, nu mer ous hor i zon tal sty -
lo lites were formed. The rocks of unit B are the best ex am ple of
the oc cur rence of the chem i cal com pac tion. This phe nom e non
was also ob served in the shal lower parts of the sec tion, but its
in ten sity was in com pa ra bly weaker.

The frac tures cut ting the ear lier ce ments were cre ated due
to in creased stress con di tions (cf. Ahr, 2008; Fossen, 2010).
Be cause some of them re mained un filled, they might have sig -
nif i cantly en hanced the po ros ity and per me abil ity of the po ten -
tial res er voir. The oc cur rence of the frac tures par tially filled by
anhydrite within units E and F is com pat i ble with their char ac -
teri sa tion pro vided by Peryt et al. (2012a). Raczyñski (2000) no -
ticed that the po ros ity re duc tion caused by the pre cip i ta tion of
sulphates is di ver si fied and ex hib its a vari able in ten sity. Within
units E and F, how ever, frac tures are of neg li gi ble sig nif i cance,
as they are ei ther poorly de vel oped or mo not o nously filled with
anhydrite. The chem i cal com pac tion and frac tur ing were post -
dated by the flu o rite oc cur rence (e.g., Fig. 8D). Ahr (2008) as -
so ci ated the pres ence of such “ex otic” min er als with burial con -
di tions. The po si tion of the flu o rite crys tals, which are al ways lo -
cated in side other ce ments or grains, ver i fies its youn gest age.
It is worth add ing, that in many cases, flu o rite has sig nif i cantly
de creased the intercrystalline, depositional po ros ity.

Sub se quently, poikilitic cal cite formed (Fig. 8E, F) pos si bly
due to a con tact with the hyposaline wa ters (of de creased sa lin -
ity; Folk and Siedlecka, 1974). Al ter na tively, el e vated tem per a -
tures and pres sure dis so lu tion might have been re spon si ble for
its pre cip i ta tion (cf. Heydari and Moore, 2006).

Last but not least, equant, sparry cal cite ce ment was de vel -
oped (see Fig. 8A, B). It must have been formed dur ing the
burial of the strata (cf. Melim et al., 2002), be cause this type of
cal cite was found in the deep est parts of the reef, not show ing
any ev i dent signs of subaerial ex po sure.

CONCLUSIONS

1. The 26-m-thick reef car bon ates of the Zechstein Lime -
stone in the Wielichowo-8 bore hole are lack ing two units pro -
posed ear lier for reefs of the Koœcian–Wielichowo re gion
(Dyjaczynski et al., 2001); these are the bot tom most car bon ate
brec cia unit (I), whose ab sence is in ter preted to be due to ei ther
rel a tively el e vated wa ter ta ble dur ing the ini tial trans gres sion
from the Barents Sea, or wave ero sion; and the top most
stromatolitic-pisolitic unit (V), prob a bly ab sent be cause of the
rapid sea level fall.
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2. There were three ma jor sea level falls – the first one dur -
ing the tran si tion from the rel a tively deep Horridonia biofacies to 
the shal low-wa ter Acanthocladia biofacies, the sec ond one dur -
ing the first ep i sode of sabkha sed i men ta tion, marked by the
nod u lar anhydrite crystallisation, and fi nally, when a dy namic
sea level fall oc curred af ter the sed i men ta tion of the deep-wa ter 
Fenestella/Kingopora biofacies, thus lead ing to the sec ond
sabkha ep i sode. The last-men tioned, dra matic sea level fall,
had en abled the ag gres sive, CO2 rich flu ids to dis solve the pre -
vi ously formed ce ments and fos sils, be fore the sul phate plat -
form was de vel oped.

3. Ar agon ite pre cip i ta tion, marked by the oc cur rence of the
bot ry oi dal fans and nee dle cal cite fringes, has strength ened the 
frame work of the reef and al lowed its growth. The diagenesis,
though dom i nated by its early stages, was rel a tively com plex
and the pro cesses such as dis so lu tion, re place ment,
recrystallisation, ce men ta tion, dolomitisation, frac tur ing and
both chem i cal and phys i cal com pac tion had a sig nif i cant in flu -
ence on fi nal po ros ity char ac ter. The pri mary po ros ity was sig -

nif i cantly re duced by phys i cal and chem i cal com pac tion. The
dolomitisation ex pected to form a sta ble frame work pre vent ing
the strata from com pac tion, oc curred too late to act this way.
Ad di tion ally, the sul phate ce men ta tion has also ac counted for
po ros ity re duc tion. Con se quently, the po ros ity is pre dom i nantly
de vel oped as big dis so lu tion cav erns, ob served within with the
E and F units, en sur ing an el e vated ef fec tive NMR po ros ity
reach ing 12.8%. Among the po ros ity types, the me te oric vugs
cre ated dur ing the last sea level fall dom i nate.
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