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The dis persed miospore as sem blage of the Retispora lepidophyta-Verrucosisporites nitidus (LN) Zone from the Holy Cross Moun tains
(Po land) is marked by en rich ment (above 4%) in ab nor mal spore morphotypes dur ing a ter res trial flora turn over close to the De vo -
nian–Car bon if er ous bound ary, re corded just above the Hangenberg Black Shale level. In com plete and com plete tet rads rep re sent mostly
Vallatisporites spp., sup ple mented by Grandispora, Retusotriletes and Apiculiretusispora. Ad di tional pe cu liar morphotypes, marked by
anom a lous over all shape and or na men ta tion, are in ter preted as mu tated va ri et ies of Vallatisporites based on in ter me di ate mor pho log i cal
stages, con nect ing them with this well known ge nus. This rel a tively high ab er rant palynomorph fre quency is ac com pa nied by vol ca nic
ash in ter ca la tions, as well as by char coal de bris and polycyclic ar o matic biomarkers in dic a tive of for est wild fire. Thus, the anom a lous
spore mor phol ogy could re flect the mutagenic ef fect of re gional acid i fi ca tion due to ex plo sive vol ca nism. How ever, palynological lit er a -
ture data from NW France and Can ada high light the pos si bil ity of a su pra-re gional mu tated miospore sig nal near the De vo nian–Car bon -
if er ous bound ary, and there is need for high-res o lu tion stud ies of the LN Zone to ex am ine this. The end-Perm ian sce nario of ab nor mal
flo ral growth in im mensely stressed hab i tats may there fore ap ply to other po ten tially vol ca ni cally-in duced bi otic turn overs.
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INTRODUCTION

The multiphase De vo nian–Car bon if er ous (D–C) bi otic turn -
over, as so ci ated with the anoxic Hangenberg Event, is not
known as one of the “Big Five” mass ex tinc tions (Walliser,
1996; Hal lam and Wignall, 1997; Kai ser, 2005), but its sig nif i -
cance has re cently been em pha sized (e.g., Racki, 2005; Alroy,
2008). Dur ing this in ter val, the gla cial ep i sode in the D–C
bound ary tran si tion is well rep re sented in Gond wana, re corded
pri mar ily in a pro found sea level fall (Streel et al., 2000;
Sandberg et al., 2002; Haq and Schutter, 2008; Isaacson et al.,
2008). Thus, the pre ced ing grad ual cool ing is com monly ac -
cepted as the main ocean o graphic trig ger, lead ing to ef fi cient
mix ing and in creased nu tri ent in ven to ries that re sulted in am pli -
fied pri mary pro duc tiv ity, the spread of ben thic an oxia (even to
the photic zone; Marynowski and Filipiak, 2007), and a fi nal ma -
rine de mise (Hal lam and Wignall, 1997; Caplan and Bustin,
1999; Brand et al., 2004; Kai ser, 2005; Cramer et al., 2008). The 
biocrisis is dis tinctly re corded in many ma rine groups, and pe -
lagic and hemipelagic fau nas (e.g., ammonoids, cono donts,

ostracods) were more strongly in flu enced than were neritic fau -
nas (with the ex cep tion of reef build ers; see sum mary in Kai ser,
2005). Ac cord ing to Rid ing (2009), the ter res trial and ma rine
eco sys tems were im pacted by shifts in at mo spheric com po si tion
(CO2 fall, O2 rise) pro moted by the ex pan sion of vas cu lar land
plants, and this would have re struc tured phytoplankton, in -
creased ma rine pho to syn the sis and bioinduced cal ci fi ca tion, and
trans formed the food sup ply to ben thic hab i tats. How ever, in the
light of new ox y gen iso tope and cono dont data, en vi ron men tal
changes, in clud ing cli ma tic shifts, ap pear to have been more
com plex than pre vi ously sup posed (Kai ser et al., 2006, 2008).

The ter mi nal De vo nian timespan was a far more se vere cri -
sis for ter res trial plant evo lu tion than the ear lier high lighted
Frasnian–Famenian (F–F) mass ex tinc tion (see re view in Hal -
lam and Wignall, 1997). Both the vas cu lar plants and spores
show a dra matic turn over close to the D–C bound ary, just
above the Hangenberg Black Shale (HBS) (Fairon-Demaret,
1996; Streel et al., 2000), to sig nal the end of the Hangenberg
Event sensu lato (Brand et al., 2004); note, how ever, that Kai -
ser (2005, fig. 2; 2009, fig. 1) pro longs the multiphase
Hangenberg cri sis in ter val well into the ear li est Car bon if er ous.
Pos si ble causes are con nected with strong changes of edaphic



fac tors, caused by global re gres sion co in ci dent with the rapid
cli mate cool ing. Col lapse of wide spread Late De vo nian swamp 
veg e ta tion is di rectly re corded in the palynostratigraphical suc -
ces sion, for ex am ple in the dis ap pear ance of such com mon up -
per most Famennian miospore gen era as Retispora and
Diducites (Streel et al., 2000; Streel, 2009). The per sis tence of
a cool cli mate in the Tournaisian re sulted in the fi nal es tab lish -
ment of new Car bon if er ous-type veg e ta tion. 

As dem on strated by high-res o lu tion study of a newly-ex -
posed D–C deep-shelf pyroclastics-bear ing suc ces sion in cen -
tral Po land (Kowala Quarry in Holy Cross Moun tains, Fig. 1;
Marynowski and Filipiak, 2007; Trela and Malec, 2007), other
stresses may also have con trib uted to the end-De vo nian bi otic
turn over, par tic u larly for the mi cro-evo lu tion ary pro cesses of
ter res trial, free-spor ing veg e ta tion. A no tice able en rich ment in
spore tet rads and other ab nor mal palynomorphs is rec og nized
in this lo cal ity (see Marynowski and Filipiak, 2007, fig. 9d–g).
The sig nif i cance of this find ing is dis cussed in the con text
of a pos si ble mutational re sponse to dev as tat ing vol ca nic ac tiv -
ity, also via com par i son with the anom a lous end-Perm ian
palynofloral sig na ture (Visscher et al., 2004). 

METHODS AND MATERIAL

Sev en teen sam ples were col lected from the lower part of
the sec tion, but due to se vere weath er ing, only three con tained
ad e quate palynological res i dues (Fig. 2). Fif teen sam ples were
col lected from the up per part of the sec tion, but only seven
were paly no logi cal ly pro duc tive (for de tails see Marynowski
and Filipiak, 2007). Rock ma te rial was pro cessed us ing stan -

dard lab o ra tory meth ods for sam ples con tain ing min eral mat ter
(e.g., Wood et al., 1996). For sta tis ti cal anal y sis, 1000
miospores (in clud ing tet rads) were counted from each sam ple.
Over 3000 miospores were de ter mined only for the K3 sam ple,
as well as 500 miospores that were counted for three
stratigraphically older H sam ples, due to the lower con cen tra -
tion of ter res trial par ti cles in this Famennian in ter val (Fig. 2).
In sum mary, a large col lec tion of well- and very well-pre served 
palynomorphs, mostly miospores and prasinophytes, was ob -
tained, and more than 100 of them re veal more or less dis tinc -
tive ab nor mal char ac ters. For more in for ma tion con cern ing de -
tailed palynological in ves ti ga tion, spe cies di ver sity, rec og nized 
phytoplankton taxa and other ad di tional and sup port ing geo -
chem i cal data see Marynowski and Filipiak (2007).
The palynological slides and res i dues are housed at the Fac ulty
of Earth Sci ences of the Uni ver sity of Silesia in Sosnowiec.

RESULTS

PALYNOSTRATIGRAPHY

Palynostratigraphy of the 10 cm thick claystone layer (K3
sam ple), from just above the Hangenberg Black Shale
(Fig. 2), was pri mar ily based on the joint oc cur rence of
Retispora lepidophyta and Verrucosisporites nitidus (Fig. 3)
and es tab lished as the LN miospore Zone (Clay ton et al.,
1974). More in ten sive study of or ganic ma te rial from the K3
ho ri zon dur ing the pres ent re search re vealed the lim ited pres -
ence of Verrucosisporites nitidus. This taxon was not ob -
served dur ing the pre vi ous palynological re view when fewer
par ti cles were counted in slides from the same sam ple
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Fig. 1. Sim pli fied geo log i cal map show ing the study area in Po land and in the Holy Cross Moun tains

The ar row in di cates the area investigated



(Filipiak in Marynowski and Filipiak, 2007). It is worth men -
tion ing that both epon y mous taxa ap pear in very re stricted
amounts (< 1%) in the K3 sam ple, but this does not con tra dict
the pre vi ous palynological re search from the up per
Famennian of the Holy Cross Moun tains (e.g., Filipiak,
2004). Be sides those guide spe cies, other miospores char ac -
ter is tic of the LN Zone were also rec og nized in the K3 sam -
ple. Very fre quent are Vallatisporites vallatus, V. verrucosus
and V. pusillites (Fig. 3). Ac cord ing to Clay ton et al. (1977) in 
West ern Eu rope Vallatisporites pusillites and V. verrucosus
ap pear to gether only in the LN miospore Zone. Fur ther more,
V. pusillites has its up per strati graphic limit in this zone and is
a char ac ter is tic spe cies of the LN Zone of the East Eu ro pean
Plat form (Byvsheva and Umnova, 1993). Ad di tion ally, V.
vallatus ap pears in the suc ceed ing VI ho ri zon for the first time 
(e.g., Clay ton and Turnau, 1990). Thus, two sce nar ios are
pos si ble to ex plain the ap pear ance of these three spe cies to -
gether in a sin gle ho ri zon: (1) redeposition or (2) an ear lier ap -
pear ance of V. vallatus here than in West ern Eu rope. More -

over, in Belarus (Avkhimovitch, 1992; Avkhimovitch et al.,
1992) V. vallatus is known from the PM lo cal zone which is
the strati graphic equiv a lent of the up per part of the LN Zone
in West ern Eu rope. This may in di cate that V. vallatus, as in
the re gions lo cated east of Po land, ap pears in the up per most
Famennian. This ob ser va tion con strains the po si tion of the
sam ple in ves ti gated, and in di cates that the K3 sam ple is not
older than the up per part of the LN miospore Zone. Diducites
versabilis, the an im por tant in dex for the up per Famennian, is
still rarely pres ent in these as sem blages. Other spe cies typ i cal
of the LN Zone no ticed here are: Apiculiretusispora
verrucosa, Bascaudaspora submarginata, Grandispora
echinata, G. lupata, Kraeuselisporites mitratus, Pustulati -
sporites dolbii, Tumulispora malevkensis and T. raritube -
rculata. In ad di tion, ab nor mal miospores and miospore tet -
rads were also ob served in the as sem blage (see be low). 

The pres ently de scribed miospore as sem blage, ex clud ing
tet rads and ab nor mal miospores, is sim i lar to those de scribed
pre vi ously from East ern Eu rope (e.g., Byvsheva et al., 1984;
Filipiak, 2004). The very un com mon ap pear ance of Retispora
lepidophyta and Diducites spp. in di cates a de cline phase of the
coastal low land veg e ta tion (= LN tran si tional sensu Higgs et
al., 1993). The same flo ral turn over sce nario took place in
West ern Eu rope but sup pos edly some what later, just be fore the 
D–C bound ary (see Streel, 1999, 2009; Streel et al., 2000), al -
though Kai ser (2009) em pha sizes wide-rang ing cor re la tion er -
rors linked with the sys tem bound ary stratotype at La Serre
(Montagne Noire, France). Be sides the dom i nant land-de rived
palynomorphs, ma rine phytoplankton is pres ent as well, but in
the re stricted amounts in the suc ces sion un der study, con sist ing
of rare spec i mens of poorly dif fer en ti ated Leiosphaeridia spp. 

ABNORMAL PALYNOFACIES CHARACTERISTICS

The pres ent palynological in ves ti ga tion re veals that
miospores in the Kowala sam ples stud ied were rel a tively fre -
quently re leased in un sep a rated tet rads (Fig. 4). The nearby
D–C bore hole sec tion was stud ied pre vi ously but with out such
sur pris ing re sults due to a low sam pling den sity (Turnau, 1985,
1990; Ta ble 1). Only three sam ples were as signed to the crit i cal 
De vo nian–Car bon if er ous in ter val by Turnau (1990): two of
them were as signed to the LN and the one to the VI miospore
Zones (see Turnau, 1990). In this study, the num ber of
miospore tet rads in the HBS is be tween 0.5% and 2%, and
reaches over 3% in a thin (10 cm) claystone layer, just above
the HBS (sam ple K3 in Fig. 2). Al though dif fer ent microfloral
gen era are rep re sented by tet rads, the most fre quent are
Vallatisporites spp., sup ple mented by in com plete and com plete 
tet rads of Grandispora, Retusotriletes and Apiculiretusispora
as well (Fig. 4).

To gether with rel a tively abun dant tet rads, ad di tional pe cu -
liar palynomorph morphotypes in the K3 sam ple are marked by 
anom a lous over all shape and or na men ta tion, prob a bly be long -
ing to ab nor mal spec i mens of Vallatisporites (Fig. 5) or
Cristatispo rites(?), al though they are not as fre quent as are tet -
rads. There is a prob lem with ex act fre quency es ti ma tion, be -
cause some part of the pop u la tion ap pears in an in ter me di ate
stage, and there fore it was dif fi cult to clas sify them ei ther to
known gen era or as ab nor mal taxa (see Fig. 5). Gen er ally, in fi -
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Fig. 2. The up per most Famennian – basal Car bon if er ous suc ces sion
at Kowala Quarry (af ter Marynowski and Filipiak, 2007), 

with evolv ing per cent age of miospore tet rads

Ex tinc tion steps dur ing the Hangenberg Event sensu lato are shown af ter
Brand et al. (2004, fig. 9) and Kaiser (2005, fig. 2); note the peak tetrad
abun dance (above the bench mark of palynomorph ab nor mal ity for en vi -
ron men tal mu ta gen e sis; Fos ter and Afonin, 2005) ex actly in the flo ral cri -
sis ho ri zon
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Fig. 3. The typ i cal miospore as sem blage for the LN miospore Zone in sam ple K3 from the up per most Famennian of Kowala Quarry

A – un rec og nized Archaeozonotriletes-type of trilete miospore with very lit tle echinate or na men ta tion; B – Verrucosisporites nitidus Playford, 1964;
C – Retispora lepidophyta (Kedo) Playford, 1976; D – Apiculiretusispora verrucosa (Caro Moniez) Streel in Becker et al., 1974; E – Retusotriletes
incohatus Sullivan, 1964; F, G – Kraeuselisporites mitratus Higgs, 1975; H – Vallatisporites verrucosus Hacquebard, 1957; I–K – Vallatisporites
vallatus Hacquebard, 1957; L – Vallatisporites pusillites (Kedo) Dolby and Neves, 1970; M – Grandispora echinata Hacquebard, 1957; N – Grandispora
micronulata (Kedo) Avkhimovitch, 2000; O – Spinozonotriletes uncatus Hacquebard, 1957; P – Retispora macroreticulata (Kedo) Byvsheva, 1985. Mag -
ni fi ca tion for all pic tures is shown in N
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Fig. 4. Dif fer ent types of miospore tet rads from sam ple K3 (LN Zone, Kowala Quarry)

A – sep a rate, not com plete tetrad of Vallatisporites; B–H – tetrad va ri ety of Vallatisporites sp.; I – tetrad of Apiculiretusispora verrucosa (Caro Moniez)
Streel in Becker et al., 1974; J, K – tetrad and sin gle taxa of Retusotriletes incohatus Sullivan, 1964; L – tetrad of Grandispora sp. Mag ni fi ca tion for all
pic tures is shown in K



nal mu tant stages, their mor phol ogy ex ceeds the es tab lished
mor pho log i cal bound ary of nor malcy within a pop u la tion. In
other cir cum stances, ex clud ing mu ta tion, the mor pho log i cal
changes are so pro found that a new ge nus might be es tab lished.

For mu tant-en riched sam ple K3 from the claystone layer
(Fig. 2), al most 100% of count able kerogen com po nents is of
ter res trial or i gin. Also the ab sence of amorphic or ganic mat ter
in di cates gen er ally nor mal oxic con di tions at the bot tom (see
Marynowski and Filipiak, 2007). 
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Fig. 5. Ab nor mal, mu tated(?) and un typ i cal miospores from sam ple K3 (LN Zone, Kowala Quarry)

A – Vallatisporites verrucosus Hacquebard, 1957 com mon miospore in the up per most Famennian; B–K – some vari a tions of gen eral body con struc tion
and or na men ta tion changes of Vallatisporites verrucosus(?); see long bro ken line ar rows (A–K). Stages on B–D show taxa very sim i lar to V. verrucosus;
E shows an ex am ple with solid, long or na men ta tion with small spines at free end and with out cingulum with vac u oles; F–I show next stages not so strongly
con nected with V. verrucosus. Miospores are dif fer en tially built, pos sess ing this same type of or na men ta tion: a bul bous ap pend ages with thin echinae
spines (see small black ar rows). Gen er ally, from F to K they pos sess dif fer ent types of body con struc tion, not typ i cal of Vallatisporites. J and K show spec -
i mens pos sess ing finer or na men ta tion but of the same kind as pre vi ously shown (com pare F and G with J and K). All these forms per haps rep re sent ab nor -
mal types and/or mu ta tions of Vallatisporites spp.(?); L – miospore sim i lar to Retusotriletes(?) but pos sess ing a monolete laesure mark;
M – Vallatisporites pusillites (Kedo) Dolby and Neves, 1970; N, O – vari a tion in body con struc tion of V. pusillites lead ing to ab so lute vac u ole re duc tion in 
the cingulum; see other long bro ken line ar rows (M–O). N shows in ter me di ate stage with ir reg u lar vac u oles (small black ar rows); O shows a spec i men pos -
sess ing sim i lar or na men ta tion on the cen tral body to V. pusillites but with a cingulum free of vac u oles (per haps rep re sent ing dif fer ent gen era?). Mag ni fi ca -
tion for all pic tures is shown in L



SUMMARY OF PALYNOLOGICAL DATA 
AROUND THE D–C BOUNDARY

The up per most Famennian strata, cor re spond ing to the
Hangenberg Event and youn ger than the D–C bound ary strata,
have been in tensely stud ied in many nat u ral ex po sures (Higgs
and Streel, 1984), trenches (Higgs and Streel, 1984; Higgs et
al., 1993; Streel, 1999; Filipiak, 2004) and bore holes (Turnau,
1978; Higgs and Streel, 1984, 1994; Byvsheva et al., 1988;
Davies et al., 1991; Filipiak, 2004; González et al., 2005). Al -

most all these pa pers con cern only palynostratigraphy and
some bio-cor re la tions based on microflora. We re port herein
the ex cep tional oc cur rence of miospore tet rads over the broad
D–C bound ary, and the cru cial suc ces sions are re viewed be low 
in this in trigu ing con text (see sum mary in Ta ble 1). 

The most de tailed palyno-enviromental study has been
done by Streel (1999), who sum ma rized sedimentological and
palaeoclimatological data to gether with re fined palynological
quan ti ta tive anal y sis and pro posed com plex en vi ron men tal
sce nar ios for the lat est Famennian based on sam ples taken from 
the Ourthe Val ley (Bel gium) and Sauerland (Ger many), with -
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T a  b l e  1

Eigh teen se lected pa pers, deal ing with the up per most De vo nian to De vo nian–Car bon if er ous tran si tion palynostratigraphy from dif fer ent
parts of the world, an a lyzed in the con text of tetrad re cord and pos si ble causes of their ab sence



out men tion ing tet rads in this high-res o lu tion anal y sis. Higgs et 
al. (1993) pre sented a re fined palynostratigraphy of the D–C
tran si tional in ter val from the Stockum trench II (Ger many).
They ob tained palynological or ganic ma te rial from 21 sam ples
but the crit i cal strati graphi cal in ter val, in our opin ion [i.e., lay -
ers 161 and 151, just above the black(?) shale; see fig. 1, p. 552
in Higgs et al., 1993], was omit ted in the sam pling. Sim i lar data 
from the Hasselbachtal bore hole (Higgs et al., 1993) came
from the Hangenberg shale in ter val, in di cat ing the LN
miospore Zone, but the sec tion was not so densely sam pled (see 
fig, 2, p. 555 in Higgs et al., 1993). More over, also not so
densely sam pled were the bore holes de scribed by Higgs and
Streel (1994) from the key D–C in ter vals from the Rhenish
Slate Moun tains in Ger many. On the other hand, an other
higher-res o lu tion palynological in ves ti ga tion by Maziane et al.
(1999) reached only the LE Zone, just be low the LN level due
to un fa vor able fa cies (lime stone). 

De tailed palynological analyses have been made in South -
ern Spain, in the Ibe rian Py rite Belt (González et al., 2005;
Sáez et al., 2008). In the Gondwanan re gion there are two black 
shale ho ri zons dated as the LN Zone (see fig. 2 in González et
al., 2005), but un for tu nately the palynomorphs have been over -
heated, and miospore tet rads were not noticed. 

Mean while, in other palaeoenviromental and palynofacies
pa pers, miospore tet rads nave been re ported from the broader
D–C bound ary in ter val. Davies et al. (1991) ob served the con -
stant but low-fre quency oc cur rences of tet rads in south-east
Wales. Hartkopf-Fröder and Streel (1994) also no ticed more
abun dant tet rads in the LV Zone in the Bergisch Gladbach–
Paffrath Syncline of the Rhenish Slate Moun tains (Ger many).
From the same re gion, Hartkopf-Fröder (2004), in sam ples
from the Refrath 1 bore hole has found com plete and in com -
plete miospore tet rads, dated paly no logi cal ly to the LL Zone
(sensu Maziane et al., 1999). Sig nif i cantly, based on the oc cur -
rence of the di verse acanthomorph acritarch as sem blage and
ac com pa ny ing typ i cal ma rine fauna, nor mal ma rine con di tions
were pos tu lated for this palynofacies (Hartkopf-Fröder, 2004).
This is in op po si tion to the com mon view that a pro fu sion of
miospore tet rads in di cates a near-shore en vi ron ment (e.g., Bat -
ten, 1996; see be low). Tak ing into ac count the hith erto re ported 
fre quency of miospore tet rads, it seems that the Rhenish Slate
Moun tains area is the most prom is ing re gion, where re fined
sam pling, bed by bed, would help con strain the up per most
Famennian palaeoenvironmental history. 

How ever, older palynostratigraphic data from other re gions 
are also note wor thy be cause Combaz and Streel (1971) de -
scribed a re mark able as sem blage from the D–C bound ary
(Hangenberg shale) in ter val in the Brévillers bore hole
(Pas-de-Calais, NW France) in clud ing Raistrickia variabilis,
dis tin guished by over grown and de formed or na men ta tions of
spines, ridges and thick ened tu ber cles (see Combaz and Streel,
1971, p. 229, pl. 3: 3–9). The au thors sug gest that sim i lar
“quasi teratorological” fea tures char ac ter ize the co eval
Famennian palynofloras from Can ada il lus trated by McGregor
and Owens (1966, pl. 28: 26–27, pl. 29: 9–10). Also, Streel
(2009, p. 173) in dis cuss ing the Up per De vo nian miospores of
west ern Eu rope, re ported the oc cur rence of Verrucosisporites

nitidus with atyp i cally small verrucate or na men ta tion. Those
rare morphotypes were no ticed just above the HBS
(Hasselbachtal sec tion, Sauerland, Ger many; see also Higgs
and Streel, 1994).

In sum mary, mu tated palynomorphs have rarely been re -
ported from the crit i cal D–C in ter val for many rea sons (Ta -
ble 1), but ac cord ing to our ob ser va tions from Kowala, their
max i mum con cen tra tion is di rectly above the HBS, and this ho -
ri zon should be pref er en tially ex am ined in fu ture high-res o lu -
tion stud ies of the LN miospore Zone. 

DISCUSSION

Among the spore-pro duc ing plants re corded in the end-De -
vo nian palynofacies from Kowala, Vallatisporites be longs to
lepidophyte cones, whereas Retusotriletes and Apiculi -
retusispora could be pro duced by a num ber of other
pteridophytean groups such as sphenopsids (Tra verse, 2007).
These plants are prob a bly most com mon in the pa ren tal coastal
(“coal”) swamp veg e ta tion (Streel et al., 2000; Streel, 2009). 

Tet rads are treated as a palaeoenvironmental in di ca tor
(Tyson, 1993). Their ex cep tional en rich ment in sed i ments is
rather com mon in shal low, palaeoshore-prox i mal and/or
prodelta en vi ron ments (e.g., Bat ten, 1996), near to the par ent
flora (they are four times big ger than sin gle trilete spores).
Judg ing from the dark, clayey-car bon ate sed i ment type
(Fig. 2) and mostly pe lagic biota, it is ob vi ous that a crit i cal
part of the Kowala suc ces sion was de pos ited in a deep-shelf
en vi ron ment (Marynowski and Filipiak, 2007). Un for tu -
nately, the sam ples from the in ter vals just be low and above
the HBS ho ri zon in the lo cal ity are weath ered, or ganic-poor
marls not use ful for palynology, but the quan tity of miospores
in tet rads is “nor mal”, close to 0.5%, in the un der ly ing bi tu mi -
nous level (Fig. 2). As showen by ex ten sive study of Up per
De vo nian and lower Car bon if er ous sites in the re gion (above
200 sam ples; see Filipiak, 2004), the typ i cal abun dance of
spore tet rads is very low, es sen tially be low 1%. Such nor mal
tetrad con cen tra tions has been ob served in Famennian sam -
ples from the annulata and Dasberg Black Shales, stud ied re -
cently by the first au thor from the same Kowala suc ces sion
(Filipiak in Marynowski et al., 2010). Davies et al. (1991) no -
ticed sim i larly in fre quent tet rads (be low 1%) in all co eval 37
in ves ti gated sam ples from south-east Wales. Ac cord ingly,
this per cent age re flects an ap prox i mate palynofacies sig na -
ture of back ground intraspecific vari a tion among De vo nian
spore-bear ing plants in an off shore sed i men tary set ting, as
also seen in rep re sen ta tive palynofloras from the Perm -
ian–Tri as sic (P–T) tran si tion (Fos ter and Afonin, 2005).
When com bined with the ex clu sive co-oc cur rence of ab er rant
spore va ri et ies (Fig. 5), the high est tetrad abun dance only just
above the HBS level, i.e., dur ing the high lighted “miospore
events” very near the D–C bound ary (Streel et al., 2000,
2009; Fig. 2), is ac cepted as a real eco log i cal phe nom e non,
and not as a triv ial taphonomic ef fect of vari able sort ing.
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ENVIRONMENTAL STRESS AND SPORE/POLLEN 
MUTATION PHENOMENA

In re cent pol len grains, an an oma lously large mor pho log i -
cal vari a tion is a proxy for a high mu ta tion rate in stress ful life
con di tions, in duced by ei ther en vi ron men tal pol lut ants, or pri -
mar ily by in tense ion iz ing and ul tra vi o let (UV–B) ra di a tion
due to a strato spheric ozone col lapse caused by a di ver sity of
pro cesses (e.g., Dzyuba, 1998; Ries et al. 2000; Visscher et al.,
2004; Koti et al., 2005; Lomax et al., 2008). In fact, plants are
ex posed to mul ti ple en vi ron men tal dis tur bances con cur rently,
and their re pro duc tive pro cesses are highly sus cep ti ble to
global cli mate change fac tors such as CO2, tem per a ture, and
UV ra di a tion, al though there were no pos i tive feed backs be -
tween these le thal driv ing forces (Koti et al., 2005). On the
other hand, ex tant Pinus pol len grains, stud ied by Mičieta and
Murín (1998), dem on strate clearly that heavy industrial pol lu -
tion and/or acid i fi ca tion (flu o rides and SO2) can strongly in flu -
ence lo cal tree pop u la tions, re corded in ab er rant va ri et ies (see
other ex am ples in Dzyuba, 1998, 2006; Fos ter and Afonin,
2005). The mutational symp toms are re corded mostly by the
oc cur rence of per ma nent tetrad con fig u ra tions, a group ing of
four embryophytic spores that re sult from atyp i cal mei otic di vi -
sion of one mother cell (e.g., Dzyuba and Tarasevich, 2001;
Visscher et al., 2004).

Sev eral stud ies have high lighted dra matic eco sys tem con -
se quences of sul phur-rich volatiles outgassed into the strato -
sphere dur ing vol ca nic ex plo sive ac tiv ity, which are pro gres -
sively con verted into sul phate aero sols that even tu ally formed
acid rains (e.g., Chenet et al., 2005; Grattan, 2005; Dzyuba
2006). The eco log i cal trauma, as dis played by the Ice lan dic
1783 Laki ba saltic erup tion, may be con ti nen tal in ex tent, and
plant life is se ri ously dis turbed, to gether with fruit ing (Grattan,

2005). Most re cent re sults im ply that huge vol umes of S and Cl
volatiles were re leased from even sin gle lava flows in some an -
cient flood ba salt prov inces, and their en vi ron men tal im pact
was prob a bly far more di sas trous than hith erto as sumed
(Scaillet, 2008). Thus, anom a lous spore mor phol ogy could cer -
tainly also re flect the mutagenic ef fect of en vi ron men tal change 
due to ex plo sive vol ca nism, on a geo graph ical scale at least
com pa ra ble to ma jor in dus trial SO2 pol lu tion (see re view of
vol ca ni cally in duced stresses in Dale et al., 2005). Hu mid do -
mains, marked by weakly buf fered soils, are par tic u larly sus -
cep ti ble to volcanogenic and anthropogenic acid i fi ca tion
(Kilian et al., 2006). 

As sum ma rized by Fos ter and Afonin (2005), per cent ages
above 3% of ab nor mal pol len are com monly used as a proxy to
mon i tor re cent air pol lu tion, and there fore, a com pa ra ble abun -
dance of mu tated pol len and spores is a sig nal of fer til iza tion
fail ure in stressed an cient hab i tats. In the fos sil re cord, how -
ever, such a spe cif i cally anom a lous palynofacies (tet rads and
ab er rant morphotypes) has been ex clu sively as so ci ated with
the end-Perm ian event (Marynowski and Filipiak, 2007). Com -
mon teratologies in ly co pod spores and more fre quently in
gym no sperm pol len, and other de formed va ri et ies, oc curred
around the P–T bound ary world wide (Visscher et al., 2004;
Fos ter and Afonin, 2005), with the ex cep tion of the Ant arc tic
do main (Collinson et al., 2006). Ab er rant spores and pol len are
found at be tween 3 and 15%, but oc ca sion ally reach ing even
40–60% of all palynomorphs. Visscher et al. (2004) and Fos ter
and Afonin (2005) hy poth e sized that fre quent ab nor mal
palynomorphs pro vides ev i dence for chronic en vi ron men tal
mu ta gen e sis in the sur viv ing end-Perm ian ter res trial flo ras.
The land veg e ta tion is hence a sen si tive proxy for iden ti fy ing
the bi otic re sponse to ma jor en vi ron men tal stress (Visscher et
al., 2004; McElwain and Punyasena, 2007), and a cen tral com -
po nent of vol ca nism-ex tinc tion sce nar ios (Wignall, 2005,
2007; van de Schootbrugge et al., 2009). Ex ces sive subaerial
emis sion of hy dro ther mal organohalogens in vast ar eas af -
fected by the Si be rian Traps erup tion, cou pled with
thermogenic pro duc tion of the pol lut ants, led to raised UV
stress as a re sult of on go ing strato spheric Cl and Br in crease
and ozone col lapse (Visscher et al., 2004). As sim u lated by
Beerling et al. (2007), pro tracted ex po sures to harm ful ra di a -
tion dur ing a 100–200 kA erup tive phase, com bined with other
del e te ri ous fac tors (such as acid rain from SO2, high CO2 and
H2S fluxes, rap idly ris ing tem per a tures; Kump et al., 2005;
Racki and Wignall, 2005; Scaillet, 2008), may have played a
de ci sive role in flo ral destruction (e.g., Visscher et al., 2004;
Wignall, 2007). 

IMPLICATIONS FOR THE END-DEVONIAN 
BIOTIC CRISIS

More fre quent tet rads have been re ported mainly from late
Famennian al lu vial-la goonal to prox i mal-ma rine fa cies in the
Ardennes–Rhenish Mas sif (Streel in Becker et al., 1974;
Hartkopf-Fröder et al., 2007). The quan ti ta tively un de fined en -
rich ments are sim ply ex plained by hy dro dy namic sort ing in
shal low-wa ter set tings, es pe cially since con tem po ra ne ous dis -
tal en vi ron ments are char ac ter ized by de creased tetrad fre quen -
cies (Hartkopf-Fröder, 2004, p. 81). No ta bly, the off shore
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Fig. 6. Se lected Earth-bound and ex tra ter res trial event sig na tures
around the D–C bound ary, show ing their poorly doc u mented cor re la -
tion with the global bi otic cri sis (Hangenberg Black Shale – HBS) be -
cause of ra dio met ric age er rors and the long-last ing multiphase na ture 
of ig ne ous ac tiv ity (partly based on fig. 4 in Racki, 2005, and ref er -
ences therein; Wil son and Lyashkevich, 1996; Lescuyer et al., 1998;
Courtillot and Renne, 2003; Bryan et al., 2004; Downes et al., 2005;
Keller, 2005; González et al., 2006); for the Si be rian vol ca nism al ter -
na tive dat ing of flood ba salt vol ca nism and dia mon di fer ous kimberlite 
ex plo sive ac tiv ity is shown, re spec tively af ter Pirajno et al. (2009) and
Agashev et al. (2004)



Rhenish “ab nor mal” (tetrad-rich) palynofacies is lim ited to the
LL miospore Zone (sensu Maziane et al., 1999), be low the
HBS, and there fore ap prox i mately co eval with “back ground”
tetrad fre quen cies in the Pol ish suc ces sion (Fig. 2). 

This tetrad en rich ment is ac com pa nied by vol ca nic ash lev -
els at Kowala, and, as re cently rec og nized, by a large amount of 
char coal de bris and polycyclic ar o matic biomarkers in dic a tive
of for est wild fire (Marynowski and Filipiak, 2007). The lat ter
com pounds have been in ter preted by van de Schootbrugge et
al. (2009) as a re cord of in com plete com bus tion of plant mat ter
by out pour ing lavas. Anom a lous spore mor phol ogy could cer -
tainly re flect the mutagenic ef fect of re gional en vi ron men tal
acid i fi ca tion and other stresses due to vol ca nic erup tions, as re -
viewed above (?also ex tremely toxic polycyclic ar o matic hy -
dro car bons; see van de Schootbrugge et al., 2009). A similar
case may be, for ex am ple, abun dant undissociated spore tet rads 
(8.5 to 16%) in Old Red Sand stone fluviatile de pos its as so ci -
ated with lava piles, in ter preted by Lav en der and Wellman
(2002) as re flect ing prim i tive re pro duc tive strat e gies. This ex -
pla na tion is cer tainly ir rel e vant in the Late De vo nian lycopsid
plants, be cause only pre-Mid De vo nian land-de rived
microfloras were marked by functional tetrads of spore-like
palynomorphs (Strother, 2000).

The max i mum pro por tion of ab nor mal miospores (mostly
tet rads) is over 4%, which there fore may be con sid ered, af ter
Fos ter and Afonin (2005), as an in di ca tion of en vi ron men tal
mu ta gen e sis, though this thresh old re fers es sen tially to mu tated 
gym no sperms. The data al to gether im ply that vol ca nism could
re gion ally have caused soil acid i fi ca tion from sulphuric acid
de po si tion and/or at mo spheric stress on land veg e ta tion be fore
and es pe cially just af ter the Hangenberg Event. In ad di tion,
how ever, the pres ent pa per pro vides the first in di ca tion of an
in creased mu ta tion sig nal dur ing a sig nif i cant flo ral turn over
close to the D–C bound ary that suc ceeded the ma jor ma rine ex -
tinc tion (Fig. 2). 

The Famennian age, and es pe cially the broadly de fined
D–C tran si tion is over all dis tin guished by in ten sive Eovariscan 
tectono-ther mal and mag matic ac tiv ity in many re gions dur ing
an over all plate con ver gence (e.g., Khain and Seslavinsky,
1996; Nikishin et al., 1996; Lescuyer et al., 1998; Racki, 1998;
Pracht, 2000; Han and Zhao, 2003; Mazur et al., 2006; Kai ser
et al., 2007, 2008; Kro ner et al., 2007; Sasseville et al., 2008).
By anal ogy with the end-Perm ian cri sis, vol ca nism may have
been re spon si ble for the D–C ter res trial cri sis. 

Ev i dence of such large-scale ig ne ous ac tiv ity re mains rather
con jec tural near the D–C bound ary, be cause im pre cise dat ing is
the main ob sta cle to gen eral in ter pre ta tion (Fig. 6; see also fig. 4
in Racki, 1998). In fact, out side the Holy Cross Mts. (for re -
gional sum mary of the “Strunian” vol ca nism see Żakowa,
1967), well-dated lava flows and vol ca nic ashes from the D–C
tran si tion have un til now only been known from Eu rope (e.g.,
Rhenish Moun tains – Korn and Weyer, 2003; Thuringia –
Rösler 1960, p. 209; the Dnie per rift – Nikishin et al., 1996,
fig. 10; SW Ire land – Pracht and Bat che lor, 1999; the Ibe rian do -
main – Oliveira et al., 2004), some Asi atic re gions (south ern
China – Bai, 2001; Alazeja-Oloj area in the Kolyma Ba sin –
Gagiev, 1997, fig. 3; the Kuznetsk Ba sin – Karaulov and
Gretschischnikova, 1997, fig. 4; the Minusinsk Ba sin –
Karaulov and Gretschischnikova, 1988, p. 240; see also

Simakov, 1993, figs. 1–3)), and from the New Eng land fold belt, 
East ern Aus tra lia (Claoue-Long et al., 1992; see also Bryan et
al., 2003, 2004). For ex am ple, the tuff ho ri zon in the
Hasselbachtal bore hole (Rhenish Moun tains) and Zr-rich
Hangenberg Sand stone in the Bohlen sec tion (Thuringia) are
cor re la tive with the crit i cal Kowala pyroclastic level (see fig. 4 in 
Piecha et al., 2008 and fig. 8 in Bartzsch et al., 1998, re spec -
tively). The su pra-re gional ex ha la tive min er al iza tion peak (a
global pulse?), re corded pri mar ily within the west ern North
Amer i can, Chi nese (e.g., Tianshan) and West Hercynian belts,
also took place near the D–C bound ary (Lescuyer et al., 1998;
Fang et al., 2001; Han and Zhao, 2003; Dergachev and Eremin,
2008; Piercey et al., 2008), as re corded in the larg est geo chem i -
cal anom aly on Earth, linked to the Almadén mer cury ore de pos -
its in Spain (ca. 360 Ma; Higueras et al., 2005). The black shale
(LN Zone) suc ces sion, which in cludes the mas sive sul fides,
stockworks and acidic vol ca nic rocks of the gi ant Ibe rian Py rite
Belt (Oliveira et al., 2004; Sáez et al., 2008), is the start ing point
for the con cept by González et al. (2006) of a vol ca ni cally-as so -
ci ated Hangenberg anoxic ep i sode. The data seem to point
mostly to sub aque ous ig ne ous ac tiv ity, but Late De vo nian to
early Car bon if er ous (ca. 360–350 Ma) subaerial ex plo sive vol -
ca nism was wide spread (>250 000 km2) across the shal low ma -
rine, partly emer gent “back-arc” ba sin sys tem along the East ern
Aus tra lian con ti nen tal mar gin (Bryan et al., 2003, 2004).

On the other hand, a poorly-dated Si be rian (North Asian)
and/or East Eu ro pean Craton (super)plume vi o lent erup tive ep -
i sode, en com pass ing ex tremely ex plo sive kimberlite ex plo -
sions, may have been the re quired world wide trig ger (Wil son
and Lyashkevich, 1996; Yarmolyuk et al., 2000; Ernst and
Buchan, 2001; Courtillot and Renne, 2003; Kononova et al.,
2006; Khain and Filatova, 2008; see Fig. 6). In ad di tion, Cather
et al. (2009) caus ally linked the D–C Gondwanan glaciations
with ma jor pro tracted silicic vol ca nism in East ern Aus tra lia.
Al though still spec u la tive, this ac cu mu la tion of more or less re -
li able data on mag matic ac ti va tion may ap pear to fi nally be a
key to vol ca ni cally-in flu enced de te ri o rat ing at mo spheric con -
di tions near the D–C bound ary.

Al ter na tively, new biomarker ev i dence (isorenieratane;
Marynowski and Filipiak, 2007) is con sis tent with the hy poth e -
sis of euxinic sur face-wa ter con di tions and the cat a strophic re -
lease of oce anic hy dro gen sul fide as an at mo spheric fac tor that
di sas trously af fected ter res trial life (Kump et al., 2005; see also
dis cus sion in Harfoot et al., 2008). 

CONCLUSIONS

1. The mu tated end-De vo nian palynofloral event may have
been re lated to a va ri ety of lo cal or re gional stress sources (e.g.,
soil acid i fi ca tion and at mo spheric pol lu tion). How ever, as
shown above, palynological re cords across the D–C bound ary
should be re-vis ited in the con text of the dis tinct Pol ish sig na -
ture, as sup ported by some older re cords from France and Can -
ada. As em pha sized by Lav en der and Wellman (2002), un til
now there has been lit tle at ten tion paid to De vo nian miospore
tet rads, which have rarely been re ported in the lit er a ture, and,
be cause of this, have es caped the in ter est of palaeo bot an ists.
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If it is con firmed that the spore tetrad acme oc curs in widely
sep a rated D–C lo cal i ties, es pe cially close to mag matic cen tres,
the hy poth e sis of an ep i sode of global at mo spheric stress
triggered by vol ca nism, anal o gous to the end-Perm ian event,
may be further developed.

2. The over all hypothessis that Phanerozoic mass ex tinc -
tions have co in cided with vol a tile-in duced cli mate re sponse
due to mas sive flood ba salt erup tions, and feed back green -
house mech a nisms has been com pre hen sively de vel oped
(Courtillot and Renne, 2003; Wignall, 2005, 2007; Racki and
Wignall, 2005; Hough et al., 2006; Scaillet, 2008, among oth -
ers), al though a sup ple men tary ice house – silicic large ig ne ous
prov ince hy poth e sis has re cently been pro posed by Cather et
al. (2009). Even if we con sider vol ca nism acting on a lo cal
scale only, as an ad di tional del e te ri ous fac tor op er at ing in the
ter mi nal De vo nian in ter val, our in trigu ing palaeobotanical
find ing sug gests that the end-Perm ian model of in creased mu -
ta tion rate in highly stressed hab i tats ap ply to other bi otic cri ses
(fac ul ta tive spore tet rads from the Tri as sic–Ju ras sic tran si tion
have been discussed in this con text: Visscher et al., 2004).

Test ing this hy poth e sis re quires de tailed study of other vol ca ni -
cally-trig gered ex tinc tion in ter vals at var i ous at mo spheric ox y -
gen lev els (Berner, 2006), sig nif i cant as regards strato spheric
ozone stability. 

3. Such re sults em pha sized the need for com pre hen sive elu -
ci da tion of the role of floral change in global biodiversity cri -
ses, as ex pressed by McElwain and Punyasena (2007), above
all to sain a better un der stand ing of veg e ta tional re sponse to
cur rent en vi ron men tal per tur ba tion. Re mark ably, the ter res trial
flora shift oc curred af ter the ma rine cri sis not only dur ing the
Hangenberg cri sis, but also dur ing other ex tinc tion events, no -
ta bly the end-Perm ian (Wignall, 2007), sug ges tive a sim i lar
phased pattern.

Ac knowl edge ments. The au thors are in debted to five
anon y mous jour nal re view ers and P. Wignall, as well as to
J. Mor row, D. Bond, J. Kaźmierczak, T. Wrzołek and J.
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