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The Albergaria-a-Velha Unit is one of sev eral tectonostratigraphic out-of-se quence units of the meta mor phic belt as so ci ated with the
Porto–Tomar shear zone (Ossa–Morena Zone, W Por tu gal). It is com posed of con sid er ably de formed – very low grade – meta sedi ments,
namely shales, siltstones and rare fine sand stones. In this work we pres ent new sedimentological and biostratigraphical data that sug gest
the Albergaria-a-Velha Unit was de pos ited from the (?)early Frasnian to the Serpukhovian in a dis tal ma rine en vi ron ment, where
turbiditic and basinal sed i men ta tion pre vailed. Palynofacies anal y sis and lithological data point to a grad ual in crease of ter res trial in put,
sug gest ing a prograding sys tem. De tri tal frame work data is in dic a tive of a sta ble cratonic sed i ment source area com posed of low grade
meta mor phic rocks. The tim ing of the on set of the Porto–Tomar shear zone ac tiv ity and con se quently its in flu ence on the sed i men ta tion
of this unit is dis cussed. Or ganic pe trol ogy and geo chem is try data in di cate that the Albergaria-a-Velha Unit is within the dry gas win dow
in terms of hy dro car bon gen er a tion ranges. 
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INTRODUCTION

The Ibe rian Mas sif, in its north west ern re gion, is transected
by a NNW–SSE ma jor dextral deep-crustal shear zone, sep a -
rat ing the Ossa–Morena Zone (OMZ) and the Cen tral Ibe rian
Zone – CIZ (e.g., Gama Pereira, 1987; Dias and Ribeiro, 1993;
Chaminé et al ., 2003a; Ribeiro et al ., 2007, 2010). The

Porto–Tomar shear zone (PTSZ), in its north ern sec tor, com -
prises a nar row meta mor phic belt that ex tends from the Tomar
area (west ern-cen tral Por tu gal; Gama Pereira, 1987, 1998;
Pereira et al ., 1998) to south of Porto area (NW Por tu gal;
Chaminé, 2000; Chaminé et al., 2003a, b). The gen eral dextral
sense of move ment of this shear zone was con sid ered to have
started dur ing the “Westphalian”, based on the tectono -
sedimentary con trol of the Gzhelian (late Penn syl va nian)



intramontane Buçaco Ba sin (e.g., Lefort and Ribeiro, 1980;
Ribeiro et al., 1980; Gama Pereira et al., 2008; Pinto de Je sus et 
al., 2010), but Dias and Ribeiro (1993), us ing struc tural data
from the CIZ, re in ter preted it as be ing al ready ac tive since the
Late De vo nian early stages of the Variscan orog eny. The
post-Me so zoic geodynamic evo lu tion of Ibe ria has been dom i -
nated by re ac ti vated in her ited crustal struc tures, which have in -
duced stress ac tiv ity along the PTSZ seg ments from the end of
the Variscan orog eny un til the pres ent-day (e.g., Gomes et al.,
2007; Gomes, 2008; de Vicente and Ve gas, 2009).

The PTSZ meta mor phic belt com prises sev eral rel a tive
autochthonous and parautochthonous tectonostratigraphic
units with high to very low meta mor phic de grees, as well as
allochthonous units of me dium to high meta mor phic grades
(Severo Gonçalves, 1974; Gama Pereira, 1987, 1998;
Chaminé, 2000; Chaminé et al ., 2003a, b; Fernández et al .,
2003, and ref er ences therein). The Albergaria-a-Velha up per
Pa leo zoic metapelitic rocks were ini tially re ported by Chaminé
(2000) and later named the Albergaria-a-Velha Unit (AVU) by
Chaminé et al . (2000). This is one of sev eral tectono -
stratigraphic out-of-se quence units, re lated to par ti tion of
crustal de for ma tion, of the PTSZ meta mor phic belt (Chaminé,
2000). The first palynological data pub lished by Fernandes et
al. (2001) and Chaminé et al . (2003a) sug gest depositional
ages far it of be tween Late De vo nian and Mis sis sip pian. The
AVU is tec toni cally imbricated with a garneti ferous
black-green ish metapelitic unit of late Pro tero zoic age
(Beetsma, 1995; Fernández et al., 2003), the so-called Arada
Unit, and its metapelitic equiv a lents fur ther south to the re gion
of Coimbra and Tomar (Gama Pereira, 1998; Chaminé et al.,
2003a, b), mak ing the car to graphic dif fer en ti a tion of the two
units ex tremely dif fi cult.

The AVU is over lain un con form ably by Up per Tri as sic ter -
res trial de pos its (Grés de Silves Fm. – Fig. 3A) of the Lusi ta -
nian Ba sin (Courbouliex, 1974; Palain, 1976; Gomes, 2008),
but not by de pos its of the Gzhelian Buçaco Ba sin (see Fig. 1).
These have faulted con tacts with the AVU and both are over -
lain un con form ably by the Grés de Silves Fm. (Ribeiro, 1853).

Vázquez et al. (2007) ex am ined the phyllosilicate crys tal lo -
graphic pa ram e ters of AVU sam ples which in di cated max i -
mum palaeotemperatures and pres sures rang ing from high
anchizone to epizone, i.e., max i mum tem per a tures >200°C and 
pres sures be tween 1 and 2 Kbar 

This work pres ents new data on the bio- and litho -
stratigraphy of the AVU and also on its hy dro car bon source
rock po ten tial and ther mal his tory. 

MATERIALS AND METHODS

LITHOSTRATIGRAPHY

De tailed sedimentological and strati graphi cal de scrip tion
can only be per formed on the few undeformed, rel a tively con -
tin u ous se quences of coarser-grained metasedimentary rocks
(see Fig. 1 for lo ca tions and Fig. 2 for sec tions). These were
logged and sam pled for palynology, thin sec tions and pol ished
sur faces to ob serve rel e vant sed i men tary fea tures. All other

known lo cal i ties may have a few rel a tively undeformed beds
(<1 m thick), but are in vari ably bounded by faults and are usu -
ally folded (de formed un der frag ile-duc tile or brit tle-duc tile
con di tions), mak ing it im pos si ble to prop erly de scribe and in -
ter pret the suc ces sions. The sand/mud ra tio was vi su ally es ti -
mated for each lo cal ity and groups of ex po sures, both highly
de formed and rel a tively undeformed.

PALYNOLOGY

Sev eral hun dred dark grey and black shale and siltstone
sam ples were col lected. Of these ca. 250 were pro cessed for
palynology us ing a method sim i lar to the one de scribed by Ellin 
and McLean (1994). About 60 pro duc tive sam ples were used
in this study (see Ap pen dix C).

The slides pro duced were ob served un der a trans mit ted
light mi cro scope, at the GeoBioTec Re search Cen tre of the
Uni ver sity of Aveiro. The ther mal al ter ation in dex (TAI) was
vi su ally es ti mated in all sam ples. Doc u men ta tion of ob serv able 
palynomorphs was con ducted us ing an Olym pus DP20 dig i tal
cam era at tached to an Olym pus BX40 trans mit ted light mi cro -
scope. Se lected pro duc tive res i dues were mounted on acrylic
plates, air-dried and ob served (and pho to graphed) us ing an
Olym pus C3030 dig i tal cam era at tached to a re flected light
Olym pus BX60 mi cro scope. Sev eral ox i da tion meth ods were
tested but none was ef fec tive. Due to the gen eral poor qual ity of 
the or ganic res i dues ob tained from the AVU the palynofacies
anal y sis was lim ited to a few fun da men tal cat e go ries of palyno -
morphs. 30 sam ples of known age were used. For each sam ple,
two types of anal y sis were per formed: 

1. To tal par tic u late or ganic mat ter con tent anal y sis as ob -
served on slides made from a non-sieved res i due. Ta ble 1 sum -
ma rizes the cat e go ries con sid ered.

2. Non-amor phous or ganic mat ter (AOM) anal y sis ob -

served on slides pro duced from a 7 mm-sieved or ganic res i due.
Ta ble 2 sum ma rizes the cat e go ries con sid ered.

Most cat e go ries can be eas ily rec og nized un der trans mit ted
light mi cros copy. Chitinozoans and zooclasts were grouped be -
cause their dif fer en ti a tion is of ten dif fi cult due to the con sid er -
able ma tu rity of the or ganic mat ter. Phytoclasts could be dif fer -
en ti ated in most in stances by their over all mor phol ogy. Smaller 
and heavily de graded par ti cles that could not be pos i tively
iden ti fied were not counted.

SEDIMENT PROVENANCE

The AVU is com posed es sen tially of pelitic meta sedi ments. 
The 9 sam ples used in this work de rive from rare fine
sand-grade rocks form ing the bases of turbidite beds (see Ap -
pen dix C and Ta ble 5). The sam ples were thin-sec tioned pref -
er en tially par al lel to bed ding in or der to ob tain a ho mog e nous
grain-size within the thin sec tion. 300 par ti cles were counted in
each thin sec tion us ing a semi-au to mated Swift point coun ter
cou pled with a Leitz Orthoplan mi cro scope. Ob ser va tion and
count ing was per formed with crossed polars. The Gazzi-
 Dickinson count ing method was used (Gazzi, 1966 in Ingersoll
et al., 1984). Par ti cles smaller than 0.00625 mm (silt-sized and
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Fig. 1. Sim pli fied geo log i cal map of the Espinho–Miranda do Corvo sec tor of the PTSZ 
meta mor phic belt (adapted from Chaminé et al., 2003a) with the lo cal i ties stud ied (see Ap pen dix C)



smaller) were counted as ma trix. Grains of doubt ful or i gin (ma -
trix recrystallization or sili ci fi ca tion) were not con sid ered. Ta -
ble 3 sum ma rizes the sev eral cat e go ries of grains counted and
some of their main char ac ter is tics. 

Due to the low grade meta mor phism and de for ma tion, only
5 sam ples were suit able  for counting  the num ber of un du la tory 
and non-un du la tory quartz grains and also the num ber of crys -
tals of each polymineralic quartz grain us ing the pa ram e ters de -
fined by Basu et al. (1975).  

The re sults were plot ted on ter nary di a grams and com pared
with pre vi ously de fined fields (Basu et al ., 1975; Dickinson
and Suczek, 1979; Dickinson et al., 1983) us ing Grapher 4.0
soft ware.
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Fig. 2. Lithological col umns of the undeformed stud ied sec tions and syn thetic logs 
of the AVU (adapted from Machado, 2010)

T a  b l e  1

Sum mary ta ble of the se lected cat e go ries used 
for palynofacies anal y sis on non-sieved slides

Cat e gory Palaeoenvironmental sig nif i cance Source
rock

AOM strat i fied wa ter col umn or deep ba sin;
anoxic-suboxic con di tions oil-prone

Phytoclasts ex clu sively land-de rived, 
proxy for shore prox im ity gas-prone

Palynomorphs vari able oil-prone

Com piled from Tyson (1987, 1993) and Bat ten (1996a, b)



ORGANIC GEOCHEMISTRY 
AND VITRINITE REFLECTANCE

A to tal of 12 sam ples of dark grey to black shales were
taken for or ganic geo chem is try anal y sis (see Fig. 1 and Ap pen -
dix C for the lo cal i ties). The sam ples were gently pul ver ized,
ho mog e nized and sieved through a 1 mm mesh. All sam ples
were sub jected to el e men tal anal y sis of to tal or ganic and in or -
ganic car bon us ing an Eltra Metalyt CS 100/1000S ap pa ra tus at 
the Lab o ra tory of Or ganic Geo chem is try of the Czech Geo log -
i cal Sur vey (Brno). Se lected sam ples were ana lysed by
Rock-Eval 6 ac cord ing to meth od ol ogy de scribed by Espitalié

et al. (1985) and Lafargue et al. (1998). The anal y ses were car -
ried out in ni tro gen at a pro grammed tem per a ture of
300–550°C with heat ing rate of 25°C/min. Sev eral or ganic
geo chem i cal pa ram e ters were ob tained, namely S1 – free hy -
dro car bons (mg HC/g rock); S2 – bound (pyrolytic) hy dro car -
bons (mg HC/g rock); S3 – pyrogenic CO2 and CO and peak
tem per a ture of py rol y sis (Tmax); HI – hy dro gen in dex (mg HC/g 
TOC) and OI – ox y gen in dex (mg CO2/g TOC).

Se lected palynological res i dues ob tained by cold HF dis so -
lu tion of min eral mat ter were mounted us ing a method adapted
from Hill ier and Mar shall (1988) and ob served un der a Leitz
OrthoPlan (re flected light) mi cro scope of the Or ganic Pe trol -
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T a  b l e  2

Sum mary ta ble of the se lected cat e go ries used for palynofacies 
anal y sis on 7 mm-sieved slides

Cat e gory Or i gin Palaeoenvironmental sig nif i cance Source rock

Spores
ter res trial

ex clu sively land-de rived, 
proxy for shore prox im ity oil-prone

Phytoclasts ex clu sively land-de rived, 
proxy for shore prox im ity gas-prone

Zooclasts
ben thic ma rine ar thro pods, 
but also land de rived de bris in ert

Chitinozoans

ma rine

ex clu sively ma rine, rel a tively deep en vi ron ments ?

Acritarchs ex clu sively ma rine, proxy for or ganic 
pro duc tiv ity un der “nor mal” ma rine con di tions oil-prone

Prasinophytes dom i nant in ab nor mal ma rine con di tions 
(sa lin ity, tem per a ture, ox y gen a tion, etc.) highly oil-prone

Com piled from Tyson (1987, 1993), Miller (1996) and Bat ten (1996a, b)

T a  b l e  3

Grain cat e go ries con sid ered for this study, their main char ac ter is tics 
and groups of grain cat e go ries used for ter nary plots

Grains Code Main char ac ter is tics

Quartzose monocrystalline Qm fresh, com monly with un du la tory ex tinc tion pat tern

Quartzose polycrystalline Qp mostly chert grains, mi nor fine-grained quartz ites

Plagioclase P typ i cally slightly weath ered and small; char ac ter is tic polysynthetic twinning

K feld spar K typ i cally slightly weath ered and small

Un dif fer en ti ated feld spars Fx typ i cally slightly weath ered and small

Lithic frag ments L black, cryptocrystalline oc ca sion ally with very fine micas

Dense min er als D very rare, mostly py rox enes (?)

Un cer tain Misc too weath ered of dif fi cult to dis tin guish from ma trix

Ma trix M gen er ally si li ceous, of ten with small micas

Groups of grain cat e go ries con sid ered for QFL and QmFLt ter nary plots

QFL

to tal quartz Q Qm + Qp

feld spars s.l. F P + K + Fx

lithic frag ments L L

QmFLt

monocrystalline
quartz

Qm Qm

feld spars s.l. F P + K + Fx

to tal lithics Lt L + Qp



ogy lab of the De part ment of Geosciences, En vi ron ment and
Spatial Plan ning of the Fac ulty of Sci ences of the Uni ver sity of
Porto. Vitrinite reflectance mea sure ments and pho to mi cro -
graphs were ob tained with the im age anal y sis soft ware Fos sil
and Diskus.

RESULTS

STRATIGRAPHY, 
SEDIMENTOLOGY AND FACIES

The sand/mud ra tio var ies greatly, but seems to be fairly
sim i lar within a group of ex po sures over ar eas of a few km2. It
var ies be tween 0–100% to 80–20% and the to tal av er age, and
also the mode, is close to 30–70%. The few undeformed se -
quences de scribed in de tail here are sand stone- and lo cally
siltstone-dom i nated and thus have higher-than-av er age ra tios.
Very rare cm-thick oil shale beds can be ob served in some sec -
tions. Macrofossils and trace fos sils were not found.

The vast ma jor ity of non-weath ered ex po sures had rocks of 
light to dark grey or black col our. Con sid er ing the lo cal i ties
where some sed i men tary in for ma tion could be ob tained, three
main types of lithofacies can be de fined. These should be, how -
ever, con sid ered end mem bers of a con tin uum. The main char -
ac ter is tics are sum ma rized in Ta ble 4. 

The lam i nated grey shale fa cies is very com monly ob served 
and can be rec og nized even  in con sid er ably de formed rocks, as 
the strik ing con trast of light grey and dark grey mm-thick
laminae is of ten pre served. The lam i na tion is de fined by darker
and finer-grained laminae al ter nat ing with lighter and slightly
coarser-grained laminae. This is ob served at hand spec i men
and thin sec tion scales (Fig. 3G).

The black shale fa cies can be found in lo cal i ties which are
en tirely com posed of shales (Fig. 3E) with an ex tremely re -
duced fine siltstone com po nent – sand/mud ra tio close to
0–100%. Py rite is fre quently ob served at these lo cal i ties. Lam i -
na tion is faint and only sel dom seen be tween very pen e tra tive
fo li a tion planes. 

The sand-silt-shale lithofacies is char ac ter ized by high
sand/mud ra tios (close to 80–20%). Short undeformed se -
quences be long ing to this lithofacies al low the ob ser va tion of
char ac ter is tic cm- to dm-thick beds of sand stone or coarse

siltstone fin ing-up wards to finely lam i nated shales (Fig. 3B, C).
Five sec tions as sign able to this lithofacies were suit able  for de -
scrib ing rel a tively con tin u ous strati graphic se quences (up to
24 m) and ex am in ing the de tails of sed i men tary fea tures (Fig. 2). 

Sec tions FON I and FON G (see Fig. 2) are com posed of
dm- to m-thick (rarely cm-thick) suc ces sive beds of fin ing-up -
ward cy cles. Most beds are com posed dom i nantly of siltstones
that fine up to shales, but some fine sand stone-dom i nated beds
also oc cur. These beds typ i cally have a coarser, mas sive or
crudely bed ded base and a finer lam i nated top. Oc ca sion ally
cross-beds can be ob served in a cm- to mm-thick in ter me di ate
in ter val. These cor re spond to parts a ± c + d ± e of Bouma se -
quences (Bouma, 1962). Within these sec tions, some in ter vals
are com posed solely of very fine siltstones and shales which
can rep re sent basinal de po si tion oc cur ring be tween tur bid ity
cur rent events (level e of Bouma se quences). These sec tions are 
in ter preted as a suc ces sion of low den sity turbidite beds.

Sec tion FON N (Fig. 2) shows beds re flect ing low-den sity 
tur bid ity cur rents. These are gen er ally finer grained and the
fin ing-up ward cy cles are not as well-de fined and some beds
show even re verse grad ing. Ad di tion ally some siltstone beds
do not show sig nif i cant changes in grain-size and lack the
mas sive/cross bed/lam i nated se quence ob served else where.
This type of suc ces sion of dm-thick fine sand stone and
siltstone beds as so ci ated with thin shale beds is in ter preted as
a suc ces sion of low-den sity turbidites de pos ited in a con sid er -
ably more dis tal set ting interbedded with basinal sed i ments
rep re sented by the shale-dom i nated in ter vals; they might also
rep re sent pro-delta de pos its not nec es sar ily as so ci ated with
tur bid ity cur rents.

The MON 2 sec tion (Fig. 2) shows a se quence of siltstone-
 dom i nated turbidite beds with fairly reg u lar thick nesses, al -
though some very fine fin ing-up wards cy cles can be ob served
(ca. 9 m). Cross-bed ding is rarely ob served, al though this fea -
ture may be ob scured by the sub stan tial ox i da tion of this sec -
tion. Most beds cor re spond to lev els a and d of Bouma se -
quences. Level e (shales at the top of each cy cle) is very poorly
de vel oped at this sec tion. 

A sin gle sec tion (BOS 2; see Fig. 2) shows dm- to m-thick
fin ing-up ward cy cles that com monly have me dium to coarse
sand-grained bases that grade to siltstones and more rarely
shales. At least in one of the cy cles the base is de fined by an
ero sive sur face. Fairly com plete Bouma se quences can be ob -
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T a  b l e  4

Es sen tial char ac ter is tics of the 3 end-mem bers of the lithofacies de fined for the AVU

Lithofacies De scrip tion As so ci ated palynofacies 
(shales) Strati graphi cal oc cur rence In ter pre ta tion

Lam i nated grey
shales

grey shales with mm- to
cm-thick darker and lighter

laminae

very high AOM; acritarchs and
prasinophytes rare, spores com mon Frasnian to Serpukhovian basinal sed i men ta tion

with sea sonal con trol(?)

Black shales
black shales with min i mal
coarser or lighter ma te rial;
lam i na tion sel dom vis i ble

very high AOM; acritarchs and
prasinophytes may be com mon;

spores very com mon

es sen tially
Famennian–early

Tournaisian, but some
Visean and Serpukhovian

oc cur rences

basinal sed i men ta tion
in anoxic con di tions

Sand-silt-shale beds

suc ces sive cm- to m-thick
beds with nor mal grad ing;

mas sive base, lam i nated top, 
oc ca sionally cross beds

few or none or ganic-walled
microplankton; abun dant spores;
phytoclasts oc ca sion ally fre quent

re stricted to the
Serpukhovian

low den sity turbidites
and (?)pro-delta de pos its
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Fig. 3. Se lected im ages of the AVU at the out crop, hand sam ple and thin sec tion scales

A – un con formity of the Up per Tri as sic  strata over the AVU; note the in tense ferruginization of the AVU; IP3 road, near Coimbra; B – out crop 
with suc ces sive (near ver ti cal) turbidite beds; way-up to left; sand-silt-shale lithofacies; ALH lo cal ity, near Águeda; C – de tail of one of the
beds from B show ing one fin ing-up wards cy cle; pol ished sur face; D – pho to mi cro graph of a thin sec tion from the base of a turbidite bed; ALH
lo cal ity near Águeda; crossed polars; E – fresh ex po sure of the black shale fa cies; ASS lo cal ity (near the type lo cal ity of Albergaria-a-Velha);
ham mer in red cir cle for scale; F – pho to mi cro graph of a thin sec tion from the base of a turbidite bed; BOS lo cal ity; note the meta mor phic
growth of phyllosilicates (multicolour tints) re plac ing the orig i nal ce ment/ma trix; crossed polars; G – ex am ple of the finely lam i nated grey
shale fa cies; pol ished sur face; note the al ter na tion of lighter, slightly coarser laminae and darker, finer laminae; SND lo cal ity, near
Albergaria-a-Velha; fp – feld spar, Qz – quartz, Qzite – quartz ite, Phyll – phyllosilicates



served, with a thick coarse mas sive base (level a), a crudely to
well bed ded in ter val of me dium sands (level b), cross lam i -
nated sands (level c) and par al lel lam i nated siltstone top
(level d). Shales are sel dom pres ent at the tops of cy cles. 

DETRITAL FRAMEWORK ANALYSIS 
AND PROVENANCE

The ab sence of very coarse-grained meta sedi ments in the
AVU pre cludes di rect and pre cise iden ti fi ca tion of trans ported
grains and thus the iden ti fi ca tion of the sed i ment source ar eas.
The col lected point-count ing data set shows that sam ples are all 
wackes, ei ther quartz, sublithic or subarkose wackes, due to
their high ma trix/ce ment con tents (see Ta ble 5).

Quartz grains, mono- and polymineralic, (Qm + Qp) dom i -
nate all frame works ana lysed, rang ing from 64 to 95% of all
grains (Ta ble 5 and Fig. 3D, F). Un du la tory ex tinc tion was
com monly ob served, al though the ex tinc tion pat tern dif fered

be tween grains, sug gest ing that the de for ma tion ep i sode that
cre ated the un du la tory ex tinc tion af fected rocks in the sed i ment 
source ar eas and not the AVU it self. Quartz ite and chert grains
(Qp) were fre quently ob served (1 to 22.3%; Fig. 3D, F). Feld -
spars s.l. (K + P + Fx) are quite rare (0 to 3.3%), con sid er ably
smaller than other grains and fre quently weath ered. Lithic frag -
ments (L) are usu ally rare, rang ing from 0 to 6%. These are in
most in stances black cryptocrystalline rocks, oc ca sion ally with
very small mica crys tals. They may be vol ca nic de rived
lithoclasts, but their true na ture is un cer tain. 

One sin gle sam ple group is vis i ble, plot ting in the craton in -
te rior and re cy cled (quartzitic) orogen fields (Fig. 4). The av er -
age modal com po si tion of the sam ple group is Q91.4F2.9L5.7 and
Qm76.5F2.9Lt20.6. The con sid er able pro por tion of polycrystalline
quartz grains (Qp) ac counts for the “shift” from the Qm cor ner
(see Fig. 4).

All sam ples ana lysed were dom i nated by un du la tory quartz
(58 to 67% of all quartz grains). The pro por tions of non-un du -
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Fig. 4. Ter nary QFL (left) and QmFLt (right) plots show ing frame work modes of the AVU sam ples

Fields de fined by Dickinson et al. (1983), for ex pla na tions see Ta ble 3

T a  b l e  5

Frame work modes, and clas si fi ca tion of the sand stones from the AVU

         Cat e gory

Sam ple 

Qm

[%]

Qp

[%]

P

[%]

K

[%]

Fx

[%]

L

[%]

M

[%]

D

[%]

Misc

[%]
Clas si fi ca tion

ALH3.3 51.7 11.7 0.0 0.0 0.3 2.0 32.3 0.7 1.3 quartz wacke

ALH3.2 52.3 22.3 1.0 0.0 0.7 3.3 18.3 0.3 1.7 quartz wacke

BOS3.2 35.7 13.0 1.0 0.0 0.0 6.0 39.0 1.7 3.7 (sub)lithic wacke

BOS4.1 36.0   6.0 0.0 0.0 0.0 6.0 47.3 2.7 2.0 (sub)lithic wacke

CND1.2 44.3 12.7 0.3 0.0 0.0 2.3 37.0 0.7 2.7 quartz wacke

FON I 00 30.7   7.3 3.3 0.0 1.3 4.0 47.3 1.0 5.0 (sub)arkosic wacke

MON2.8c 51.3   3.3 1.7 0.0 0.7 0.7 40.0 0.7 1.7 quartz wacke

QUI3.1 31.3   2.7 0.3 0.3 1.3 2.7 51.0 0.3 10.0 (sub)lithic wacke

ZOR1.2 31.3   1.0 0.3 0.0 0.3 0.0 60.0 2.7 4.3 quartz wacke

For ex pla na tions see Ta ble 3



la tory quartz var ied (10 to 20%) as well as that of
polycrystalline quartz (17 to 27%), but in most cases, the lat ter
was more fre quent than the for mer.

Among polycrystalline quartz grains, ones with 3 or more
crys tal units per grain were clearly dom i nant (be tween 73 and
90%), cor re spond ing to chert (s.l.) grains and more rarely to
very-fine quartz ite grains (Fig. 3D).

Apart from the undulosity, there were no rel e vant
petrographic dif fer ences be tween undulose and non-undulose
quartz grains. These were char ac ter is ti cally fresh, of vari able
round ness: from very an gu lar to well-rounded, typ i cally
sub-an gu lar or sub-rounded (Fig. 3D, F). De spite the re duced
num ber of sam ples, all are within the low grade meta mor phic
field when plot ted in the di a mond plot of Basu et al. (1975).
This is in ac cor dance with the com po si tion of the lithoclastic
com po nent of the frame works which was dom i nated by chert
and quartz ite grains.

PALYNOLOGY 
AND PALYNOSTRATIGRAPHY

The or ganic res i due was com posed, in most in stances, of
semi-trans lu cent dark grey to black AOM with sub or di nate
amounts of sporomorphs and or ganic-walled microplankton.
Acritarchs and prasinophytes are com monly pres ent in most
sam ples with ages from Frasnian to early Tournaisian.
Phytoclasts are gen er ally rare. The sys tem atic study and sig nif -
i cance of the or ganic-walled microplankton from the AVU will 
be ad dressed in a sub se quent pub li ca tion.

The over whelm ing ma jor ity of the pro duc tive sam ples
from the AVU pro vided poorly pre served sporomorphs. Thus,
most of the taxa re ported here are left in open no men cla ture
(see Ap pen dix A). Many of the sam ples could be as signed to a
stage and oc ca sion ally to one or to more than one biozones es -
tab lished for the De vo nian and the Car bon if er ous of West ern
Eu rope (e.g., Clay ton et al., 1977; Streel et al., 1987).

The spore as sem blage re cov ered from the MIN lo cal ity
(see Fig. 1) of Frasnian age de rives from 4 pro duc tive sam ples
from which sev eral dozen slides were made. This is one of the
few lo cal i ties that al lowed the ob ser va tion and doc u men ta tion
of palynomorphs us ing trans mit ted light. 

Spores as sign able to the gen era Apiculiretusispora
Geminospora, Grandispora and to a lesser ex tent to Leio -
triletes and Retusotriletes were dom i nant. Stratigraphically rel -
e vant taxa in clude Aneurospora (Geminospora) extensa
morphon (A. extensa–A. goensis) Turnau, 1999; Aneurospora
cf. greggsii (McGregor) Streel, 1974; Chelinospora concinna
Allen, 1965; Contagisporites optivus var. vorobjevensis
(Chibrikova) Owens, 1971; Cristatisporites triangulatus
(Allen) McGregor and Camfield, 1982; cf. Densosporites
devonicus Rich ard son, 1960; Geminospora lemurata Balme,
1962 and Geminospora micromanifesta (Naumova)
Arkhangelskaya, 1985 (see Streel et al., 1987 and Rich ard son
and McGregor, 1986 for known ranges). Two spec i mens of
Lophozonotriletes me dia Taugourdeau-Lantz, 1967 were
found in one of the sam ples, but not strati graphi cal im por tant
spe cies such as Cirratriradites jekhowskyi
Taugourdeau-Lantz, 1967; Hystricosporites multi furcatus

(Wins low) Mortimer and Chaloner, 1967; Pustula tisporites
rugulatus (Taugourdeau-Lantz) Loboziak and Streel, 1981 and 
Verrucosisporites bulliferus Rich ard son and McGregor, 1986.
Fur ther more, char ac ter is tic spe cies that could be ex pected to
ap pear to gether with the de scribed as sem blage such as
Ancyrospora spp., Emphani sporites spp. and Hystricosporites
spp. were not found. 

It is worth not ing the pres ence of taxa com monly found in
East ern Eu rope and Cen tral Asia such as Geminospora cf.
aurita Arkhangelskaya, 1985; Geminospora micromanifesta
(Naumova) Arkhangelskaya, 1985; Geminospora notat a
(Naumova) Obukhovskaya, 1993; Kedoesporis imperfectus
(Naumova) Obukhovskaya and Obukhovskaya, 2008; aff.
Lophotriletes multiformis  Tchibrikova, 1977; Retusotriletes cf. 
scabratus Turnau, 1986 (see for ex am ple Obukhovskaya et al.,
2000; Obukhovskaya and Obukhovskaya, 2008; Fig. 5). The
strati graphic and palaeobiogeographical sig nif i cance of these
taxa is un clear. 

Other taxa usu ally found in older De vo nian strata such as
Apiculiretusispora cf. perfectae Steemans, 1989; Retusotriletes 
warringtonii Rich ard son and Lis ter, 1969; Latosporites cf.
ovalis  Breuer, Al-Ghazi, Al-Ruwaili, Higgs, Steemans and
Wellman, 2007 rep re sent a small frac tion of the as sem blage
and are in ter preted as re worked (Fig. 5).

Con sid er ing the pres ence of Chelinospora concinna Allen,
1965 and Cristatisporites triangulatus (Allen) McGregor and
Camfield, 1982, this as sem blage can be as signed to the
Samarisporites triangulatus–Chelinospora concina (TCo)
miospore biozone of Streel et al . (1987), equiv a lent to the
optivus-triangulatus miospore biozone of Rich ard son and
McGregor (1986): up per most Givetian–low er most Frasnian. 

Nearly all other sam ples pro duced res i dues con tain ing
palynomorphs not ob serv able by stan dard trans mit ted light
meth ods. Doc u men ta tion of spec i mens us ing re flected light mi -
cros copy was pos si ble in some cases, but of ten the re sult ing im -
ages were too blurred to be il lus trated. Due to the poor pres er -
va tion, the stan dard miospore biozonations of the De vo nian
and Car bon if er ous was not di rectly ap pli ca ble and strati graphi -
cal palynology was based on the first known oc cur rence of
miospore gen era and spe cies.

Famennian and early Tournaisian miospore as sem blages
are char ac ter ized by the pres ence of Grandispora cf. echinata
Hacquebard, 1957; Grandispora aff. cornuta Higgs, 1975;
Grandispora cf. famenensis (Naumova) Streel in Becker et al.,
1974 var. minuta Nekriata, 1974 and es pe cially by Grandi -
spora gracilis (Kedo) Streel in Becker et al ., 1974 which is
pres ent in nearly ev ery sam ple of this age group and also ap -
pears as a re worked form in Visean sam ples. Other char ac ter is -
tic taxa are Corbulispora cancellata (Waltz) Bharadwaj and
Venkatachala, 1961; rarely Cyrtospora cristifer (Luber) Van
der Zwan, 1979 and Emphanisporites rotatus (McGregor)
McGregor, 1973; Rugospora cf. flexuosa (Jushko) Streel in
Becker et al ., 1974 and Verrucosisporites nitidus morphon
(sensu van der Zwan, 1980; Fig. 7). Late Famennian/early
Tournaisian as sem blages com monly con tain a num ber of taxa
which are prob a bly re worked from (?)Frasnian de pos its such as 
Hymenozonotriletes spp. and Archaeoperisaccus aff. ovalis
Naumova, 1953 (Fig. 7 and Ap pen dix A).
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Visean as sem blages are dif fi cult to de ter mine but the pres -
ence of Apiculatisporis cf. hacquebardi Playford, 1964;
Densosporites annulatus (Loose) Smith and Butterworth, 1967;
Lycospora spp.; Schulzospora spp.; Stenozonotriletes
lycosporoides (Butterworth and Wil liams) Smith and
Butterworth, 1967; Triquitrites spp.; Verrucosisporites baccatus
Staplin, 1960 are in dic a tive of this stage (Fig. 8 and Ap pen dix A; 
see Clay ton et al., 1977 for known ranges). It is dif fi cult to match 
each sam ple to a spe cific biozone within the Visean as fre quently 
only one or two char ac ter is tic taxa are pres ent. 

Serpukhovian as sem blages are rel a tively di verse and sev -
eral taxa al low the at tri bu tion of sam ples to this stage. Iden ti -
fied taxa in clude Acanthotriletes cf. aculeolatus (Kosanke)
Potonié and Kremp, 1955; Apiculatisporis cf. variocorneus

Sullivan, 1964; Crassispora aff. kosankei (Potonié and Kremp) 
Smith and Butterworth, 1967; Dictyotriletes castaneaeformis
(Horst) Sullivan, 1964; Grumosisporites inaequalis
(Butterworth and Wil liams) Smith and Butterworth, 1967 and
other spe cies of this ge nus; Leiotriletes spp.; Lycospora cf. 
subtriquetra (Luber) Potonié and Kremp, 1956;  Proprisporites 
laevigatus Neves, 1961; cf. Savitrisporites nux  (Butterworth
and Wil liams) Smith and Butterworth, 1967 (Figs. 8 and 9, Ap -
pen dix A; see Clay ton et al., 1977 for known ranges). It is pos -
si ble that some sam ples are ac tu ally lower Bashkirian as some
of the taxa iden ti fied have ranges that ex tend into the
Bashkirian, al though none is re stricted to this stage. As sem -
blages as signed to the Serpukhovian usu ally in clude sev eral
forms which are most likely re worked such as
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Fig. 5. Lower (Mid dle?) Frasnian miospore as sem blages

A, B – Aneurospora  (Geminospora) extensa morphon (A. extensa–A. goensis) Turnau, 1999; C – Aneurospora cf. greggsii  (McGregor) Streel, 1974; D –
Auroraspora asperella vari ant B (Kedo) Van der Zwan, 1979; E – Chelinospora concinna Allen, 1965; F – Contagisporites optivus var. vorobjevensis
(Chibrikova) Owens, 1971; G – Cristatisporites triangulatus (Allen) McGregor and Camfield, 1982; H – cf. Densosporites devonicus Rich ard son, 1960; I
– Geminospora cf. aurita Arkhangelskaya, 1985; J – Geminospora lemurata Balme, 1962; K – Geminospora micromanifesta (Naumova)
Arkhangelskaya, 1985; L – Geminospora notata  (Naumova) Obukhovskaya, 1993; M – Grandispora tamarae Loboziak in Higgs et al ., 2000; N –
Grandispora aff. velata (Eisenack) McGregor, 1973; O – Hymenozonotriletes cristatus  Menendez and Pöthe de Baldis, 1967; P – Kedoesporis
imperfectus (Naumova) Obukhovskaya and Obukhovskaya, 2008; Q – Leiotriletes aff. pagius Allen, 1965; R – Lophozonotriletes me dia
Taugourdeau-Lantz, 1967; S – aff. Lophotriletes multiformis Tchibrikova, 1977; T – Retusotriletes cf. communis Naumova, 1953; U – Retusotriletes mi -
nor Kedo, 1963; re worked: V – Apiculiretusispora cf. perfectae Steemans, 1989; X – Retusotriletes warringtonii Rich ard son and Lis ter, 1969; Y –
Latosporites cf. ovalis Breuer, Al-Ghazi, Al-Ruwaili, Higgs, Steemans and Wellman, 2007; all im ages are trans mit ted light pho to mi cro graphs; all il lus -
trated spec i mens de rive from lo cal ity MIN (see Fig. 1)

Fig. 6. Ter nary Tyson di a gram show ing the dis tri bu tion of se lected sam ples from the AVU ac cord ing
to their palynological con tent (non-sieved slides)

Base di a gram adapted from Tyson (1993)
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Apiculatasporites wapsipiniconensis Pep pers, 1969; aff.
Geminospora spp.; Grandispora spp.; Lophozonotriletes spp.;
Rugospora spp. and  Samarisporites sp. (Fig. 9). 

PALYNOFACIES

For palynofacies anal y sis the sam ples se lected were as -
sem bled into four age groups for the sake of clar ity. The re -
sults are graph i cally rep re sented as sev eral cat e go ries and
group of cat e go ries in ter nary plots and bi-di men sional plots
with a time axis.

The Tyson di a gram (Fig. 6) shows a sin gle sam ple group
plot ting near the AOM cor ner, cor re spond ing to the dis tal
suboxic-anoxic ba sin and dis tal dysoxic-oxic shelf fields.
There is lit tle dif fer en ti a tion be tween sam ples ac cord ing to
their age. Nev er the less there is a poorly de fined trend “away”
from the AOM cor ner from older to youn ger sam ples. This cor -
re sponds to a rel a tive in crease in the pro por tion of
palynomorphs (spores and or ganic-walled microplankton) and
to a lesser ex tent to an in crease of phytoclast con tent. 

Frasnian sam ples plot closely to gether, very near the AOM
cor ner. Palynomorphs are ob serv able but are sta tis ti cally ir rel e -
vant (Figs. 6 and 9). Phytoclasts are ex tremely rare. Famennian-
 Tournaisian sam ples are con cen trated very close to the AOM
cor ner, but ex tend into the dis tal dysoxic-oxic shelf field. This is
mainly due to the pres ence of acritarchs and prasinophytes (even
though highly frag mented) up to 13% in some sam ples (Figs. 6
and 9). Spores are also fre quent, but never as com mon as
acritarchs and prasinophytes. Visean sam ples are dis persed, with 
some plot ting very near the AOM cor ner (AOM around 90%)
while oth ers plot within the dis tal dysoxic-oxic shelf field, cor re -
spond ing to sam ples with higher palynomorph or phytoclast
con tent (Figs. 6 and 9). Serpukhovian sam ples are also dis -
persed, but can be sep a rated in two groups, one within the dis tal
dysoxic-oxic shelf field, cor re spond ing to sam ples with higher
spore con tents (up to 17%) and a sec ond group plot ting near the
AOM cor ner – Serpukhovian black shale fa cies (Figs. 6 and 9).
The sec ond group can also be iden ti fied in the ter res trial-ma rine
palyno morphs vs. age and spore-or ganic-walled micro plankton
vs. age plots (Figs. 10 and 11).

Sim i larly to the Tyson di a gram, the palynofacies anal y sis of
the sieved res i dues shows some dis persal of data, but some
trends are no tice able. The ter res trial-ma rine palynomorphs vs.
age and spore-or ganic-walled microplankton vs. age plots

(Figs. 10 and 11) show a pro gres sive and ir reg u lar in crease of
ter res trial palynomorphs’ con tent from older to youn ger sam -
ples. 

Frasnian sam ples show some dis persal of data, but both or -
ganic-walled microplankton (Fig. 11) and to tal ma rine palyno -
morphs (Fig. 10) are dom i nant. This re flects the dom i nance of
highly frag mented acritarchs over the spores in the res i dues.
Lithologically, all Frasnian sam ples cor re spond to grey shales,
of ten finely lam i nated. Famennian-Tournaisian sam ples cover a
very wide range in both plots, but most sam ples show a higher
pro por tion of spores and to tal ter res trial palynomorphs. This
marks the gen eral abun dance of spores in the res i dues of this age. 
How ever, some res i dues were par tic u larly rich in acritarchs and
oc ca sion ally also in prasinophytes which ex plains the wide
range in both plots. Both types of res i dues (spore- and
acritarch-rich) orig i nated from the black shale lithofacies.

Visean sam ples are char ac ter ized by the abun dance of
spores in sieved res i dues. Phytoclasts are more fre quent. This
is shown in both plots, where sin gle sam ple groups are ob -
served, around the 90% spore and 75% ter res trial
palynomorph axes. Lithologically, Visean sam ples are grey
shales and some highly de formed silty-shales pos si bly rep re -
sent turbidites? Serpukhovian sam ples are di vided into two
groups, sim i larly to the Tyson di a gram. One shows sim i lar
char ac ter is tics to the Visean sam ples, with a high spore con -
tent and a gen er ally high con tent of ter res trial palynomorphs
(phytoclasts are rel a tively fre quent). These de rive from the
sand-silt-shale beds, in ter preted as turbidites. The sec ond
group has a rel a tively high con tent of or ganic-walled
microplankton, few spores and very rare phytoclasts. Or -
ganic-walled microplankton is rep re sented by sim ple polygo -
no morphs and very small prasinophytes, al though iden ti fi ca -
tion is dif fi cult as spec i mens are highly frag mented. Litho -
logically, these sam ples are de rived from black shales, ap par -
ently iden ti cal to the Famennian-Tournaisian ones.

ORGANIC GEOCHEMISTRY, SOURCE ROCK 
POTENTIAL AND ORGANIC MATURITY

All sam ples show con sid er ably low TOC val ues
(<0.5 wt.%) and an ap par ent high ma tu rity. There seems to be
lit tle or no dif fer en ti a tion of sam ples ac cord ing to their age.

The high ma tu rity is in di cated by the low S1 and S2 val ues
(see Fig. 12 and Ap pen dix B). The pro duc tion in dex (PI) is also 
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Fig. 7. Famennian-Tournaisian miospore and chitinozoan as sem blages 

A – Convolutispora ce re bra Butterworth and Wil liams, 1958 (CAN lo cal ity); B – Convolutispora subtilis Owens, 1971 (VAL lo cal ity); C –
Convolutispora paraverrucata McGregor, 1964 (VAL lo cal ity); D – Convolutispora varicosa Butterworth and Wil liams, 1958 (CAN lo cal ity); E –
Convolutispora cf. vermiformis Hughes and Playford, 1961 (VAL lo cal ity); F – Convolutispora sp. (VAL lo cal ity); G – Corbulispora cancellata (Waltz)
Bharadwaj and Venkatachala, 1961 (VAL lo cal ity); H – Cyrtospora cristifer (Luber) Van der Zwan, 1979 (VAL lo cal ity); I – Dictyotriletes
submarginatus (Playford) Van der Zwan, 1980 (VAL lo cal ity); J – Emphanisporites rotatus (McGregor) McGregor, 1973 (BOU lo cal ity); K –
Grandispora cf. echinata Hacquebard, 1957 (VAL lo cal ity); L – Grandispora aff. cornuta Higgs, 1975 (VAL lo cal ity); M – Grandispora cf. famenensis
(Naumova) Streel in Becker et al., 1974 var. minuta Nekriata, 1974 (VAL lo cal ity); N – Grandispora gracilis (Kedo) Streel in Becker et al., 1974 (VAL lo -
cal ity); O – Punctatisporites minutus Kosanke, 1950 (VAL lo cal ity); P – Rugospora cf. flexuosa (Jushko) Streel in Becker et al., 1974 (VAL lo cal ity); re -
worked: Q – Archaeoperisaccus aff. ovalis Naumova, 1953 (TAP lo cal ity); R–T – Hymenozonotriletes spp. (R and S – VAL lo cal ity, T – TAP lo cal ity);
U–X – Chitinozoan (V and X – VAL lo cal ity, U and W – ASS lo cal ity); all im ages are re flected light pho to mi cro graphs, ex cept K, U, V, W and X which are 
trans mit ted light mi cro pho to graphs
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very low (<0.6) and in di cates high ther mal ma tu rity equiv a lent
to the dry gas gen er a tion zone. This is con sis tent with the ob -
served ma tu rity seem in palynological slides. The vast ma jor ity 
of the or ganic res i dues ana lysed have slightly trans lu cent to
opaque, black spores, in di cat ing a ther mal al ter ation in dex
(TAI) > 4+. 

Un der a re flected light mi cro scope, very few par ti cles
could be pos i tively iden ti fied as vitrinite, since pet ro log i cal in -
for ma tion is lost in palynological res i dues. Nev er the less, all
par ti cles mea sured in di cate reflectance val ues higher than 3%. 

The Tmax val ues be low 400°C do not rep re sent kerogen ma -
tu rity and are re lated to re sid ual bi tu men or exsudatinite.

The AVU sam ples have con sid er ably low val ues of hy dro -
gen in dex (HI; <60 mgHC/g TOC) and ox y gen in dex (OI;
<190 mgCO2/g TOC), thus most of them plot in the area where
the 3 types of kerogen line merge, pro vid ing no in di ca tion on
kerogen types (Fig. 13 and Ap pen dix B). How ever, 3 sam ples
(MIN16.3, MIR4.3 and ALH1.4) plot within the kerogen
type III field, i.e., gas-prone and usu ally as so ci ated with ter res -
tri ally-de rived or ganic mat ter. The palynofacies data in di cate
that ter res trial in flu ence was slight, even for the more prox i mal
en vi ron ments re corded in some rocks of Serpukhovian age.
The or ganic res i dues of the AVU are typ i cally ma rine
AOM-rich (>85% of to tal or ganic res i due) with ac ces sory
amounts of or ganic-walled microplankton, spores and gen er -
ally rare or very rare phytoclasts.

The source rock po ten tial of the sam ples ana lysed seems lim -
ited. This is readily in di cated by the low TOC val ues
(<0.5 wt.%) and also by the low S1 and S2 val ues

(£0.05 mgHC/g rock). The palynofacies anal y sis of shale sam -
ples of the AVU in vari ably in di cates oil-prone source rocks, al -
though this method does not give an es ti mate of the pro por tion of 
the hy dro car bon-prone ma te rial per weight or vol ume of rock. 

DISCUSSION 

The ob served sand/mud ra tio at the out crop scale var ies
greatly, but, with few ex cep tions, mud clearly dom i nates and
the sand is usu ally me dium to fine. Most of the rel a tively

undeformed sec tions (sand-silt-shale fa cies) show a turbiditic
char ac ter. The tex tural ma tu rity of the sand stones and the gen -
eral dom i nance of mud over sand im ply the ex is tence of a large
and es sen tially low re lief drain age area and also the pres ence of
a deltaic sys tem (or coastal plain?) where most of the coarser
sed i ments were trapped (Bouma, 2000a, b; see Fig. 14). A sim -
i lar sed i men tary set ting, as so ci ated with a large deltaic sys tem,
was de scribed by Ahrens (1936) and Stets and Schäfer (2008)
from the Cen tral Fa cies Belt of the De vo nian of the
Rhenohercynian ba sin. Al though de formed and slightly meta -
mor phosed in some ar eas, the grad ual pas sage from deltaic
subaerial (to the NW) to shal low ma rine and to deeper ma rine
set tings (to the SE) is clearly ob served in this ba sin. In the case
of the AVU, it is pos si ble that only the dis tal parts of such a sed -
i men tary sys tem were pre served. 

The newly col lected sed i men tary in for ma tion from the
Serpukhovian sec tions strongly sug gests that a turbidite sys tem 
close to the fine-grained end mem ber (sensu Bouma, 2000a, b)
is rep re sented by the metasedimentary rocks of the AVU of this 
age. The ob served turbidite se quences can be gen er ally in -
cluded in fa cies as so ci a tion V and more rarely IV (BOS sec -
tion) of Mutti and Normark (1987), in di cat ing dis tal (rarely in -
ter me di ate) lobe depositional el e ments. The sed i men tary pack -
ages com posed es sen tially or en tirely of shales (black shale and 
lam i nated grey shale fa cies) within this unit are vol u met ri cally
im por tant and are not al ways as so ci ated (at least spa tially) with
pack ages iden ti fied as turbidites. These shale pack ages may
rep re sent the dis tal parts of lobes formed by turbidite de po si -
tion and/or hemipelagic de pos its. 

The dom i nance of quartz (and quartzose clasts – cherts and
quartzites) in the sand stones im ply that the de tri tal frame work
modes (Serpukhovian sec tions) de scribed here de rive from de -
tri tus with a sig nif i cant compositional ma tu rity (e.g., Prothero
and Schwab, 1996), al though the high pro por tion of ma trix/ce -
ment in di cates a low tex tural ma tu rity (sensu Folk, 1951). This
tex tural char ac ter is tic may have been sub stan tially al tered by
the very low grade meta mor phism to which this unit was ex -
posed. Such changes in the ma trix na ture are ob serv able in
some of the sam ples (Fig. 3F). In ad di tion the tex tural char ac -
ter is tics may be re lated to the type of sed i ment reach ing the
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Fig. 8. Visean and Serpukhovian miospore as sem blages 

Visean miospore as sem blages: A, A’ – Apiculatisporis cf. hacquebardi Playford, 1964 (PIC lo cal ity); B – Convolutispora cf. ce re bra Butterworth and
Wil liams, 1958 (FRA lo cal ity); C – Convolutispora sp. (FRA lo cal ity); D – cf. Densosporites annulatus (Loose) Smith and Butterworth, 1967 (FRA lo cal -
ity); E – Knoxisporites sp. (TOR lo cal ity); F – Lophozonotriletes sp. (FRA lo cal ity); G – Lycospora sp. (FRA lo cal ity); H – Retusotriletes incohatus
Sullivan, 1964 (CAT lo cal ity); I – Schulzospora sp. (CHE lo cal ity); J – Stenozonotriletes lycosporoides (Butterworth and Wil liams) Smith and
Butterworth, 1967 (TOR lo cal ity); K – Triquitrites sp. (PIC lo cal ity); L – Verrucosisporites baccatus Staplin, 1960 (CAT lo cal ity); re worked: M –
Grandispora cf. gracilis (Kedo) Streel in Becker et al., 1974 (CAT lo cal ity); Serpukhovian miospore as sem blages: N – Acanthotriletes cf. aculeolatus
(Kosanke) Potonié and Kremp, 1955 (FON lo cal ity); O – Acanthotriletes aff. echinatus Hoffmeister, Staplin and Malloy, 1955 (AM11 lo cal ity); P – cf.
Ancyrospora? andevalensis González, Playford and Moreno, 2005 (AM11 lo cal ity); Q – Apiculatisporis cf. porosus Wil liams in Neves et al., 1973 (SER
lo cal ity); R – Apiculatisporis cf. variocorneus Sullivan, 1964 (FON lo cal ity); S – Convolutispora cf. ampla Hoffmeister, Staplin and Malloy, 1955
(AM11 lo cal ity); T – Convolutispora ce re bra Butterworth and Wil liams, 1958 (AM11 lo cal ity); U – Convolutispora circumvallata Clay ton, 1971 (SER
lo cal ity); V – Convolutispora aff. disparalis Allen, 1965 (SER lo cal ity); W – Convolutispora subtilis Owens, 1971 (FON lo cal ity); X – Densosporites
annulatus (Loose) Smith and Butterworth, 1967 (AM11 lo cal ity); Y – Dictyotriletes cf. aequalis Staplin, 1960 (AM11 lo cal ity); Z – Dictyotriletes
castaneaeformis (Horst) Sullivan, 1964 (FON lo cal ity); AA – Grumosisporites inaequalis (Butterworth and Wil liams) Smith and Butterworth, 1967 (SER 
lo cal ity); BB – Grumosisporites sp. (FON lo cal ity); CC – Laevigatosporites spp. (MON lo cal ity); all are re flected light pho to mi cro graphs ex cept: A and
A’ which are trans mit ted light pho to mi cro graphs; Q, V, U, AA which are SEM pho to mi cro graphs
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shelf ar eas (which was very likely mud-rich) and later trans -
ported by tur bid ity cur rents (Fig. 14).

The orig i nal data-set used by Dickinson and Suczek (1979)
for sed i ment prov e nance anal y sis in cluded only sam ples with
ma trix/ce ment pro por tion less than 25%, which can limit the
sig nif i cance of the col lected data.

The dis tri bu tion of the de tri tal frame work data-set within
the craton in te rior and quartzitic re cy cled orogen fields may
re flect a drain age ba sin lo cated on an es sen tially sta ble
cratonic area (CIZ?) which may have a collisional or
transcurrent char ac ter along its mar gin. The re sults from the
undulosity of quartz, al though re stricted to a few sam ples,
clearly in di cate that the sed i ments of the AVU de rived from
rocks of low meta mor phic grade. This is con sis tent with the
ob served pres ence of quartz ite and chert grains. The CIZ is a
po ten tial sed i ment source area (see Fig. 14). This zone is at

pres ent ad ja cent to the AVU and com -
posed es sen tially of low grade
metasedimentary rocks of late Pro tero -
zoic–Cam brian age (Carríngton da
Costa, 1950; Me dina et al., 1989, 1993) 
over lain by Or do vi cian (namely the
Armori can quartz ite very near the CIZ
bound ary) to Lower De vo nian very low 
grade metasedimentary rocks (e.g.,
Coo per, 1980; Paris, 1981; Oliveira et
al., 1992; Fig. 9). The tim ing of the
meta mor phic event (or events) that af -
fected the CIZ and the time at which
these rocks were ex posed and eroded is
cer tainly pre-late Penn syl va nian as in -
di cated by the pres ence of CIZ-de rived
clasts in the sed i ments of the Buçaco
Ba sin (Gama Pereira, 1987; Machado,
2010). It is un cer tain, how ever, if they
were al ready ex posed by Late De vo -
nian times. It has been sug gested
(Chaminé et al., 2003b) that the PTSZ
was al ready ac tive dur ing the Late De -
vo nian and Mis sis sip pian, con trol ling
the re gional sed i men ta tion by form ing
scat tered pull-apart like and/or
fault-wedge bas ins in a ma rine set ting
near a con ti nen tal block. The re sults
pre sented here sug gest that such tec -

tonic ac tiv ity may have been af fect ing the con ti nen tal block
where the source ar eas were lo cated, but prob a bly did not af -
fect the shelf and ba sin floor where sed i men ta tion was oc cur -
ring (Fig. 14). Nei ther intraclasts nor litho clasts from the
closely as so ci ated Arada Unit were found in the frame works
ana lysed. These would be ex pected if sig nif i cant tec tonic ac -
tiv ity (and con se quent re cy cling) was oc cur ring within the
sed i men ta tion area (com pare for ex am ple McCann, 1991;
Bur nett and Quirk, 2001).

The palynofacies anal y sis pre sented here, cou pled with the
lithological and sedimentological char ac ter is tics of the
metasedimentary rocks of the AVU show some palaeo -
environmental vari a tions through time. A sin gle sed i men ta tion
en vi ron ment (s.s.) seems to be re corded from Frasnian de pos its
(lam i nated grey shales). A ma rine, most likely basinal set ting is
in di cated by the finely lam i nated shales with a typ i cal ma rine
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Fig. 9. Serpukhovian miospore as sem blage and ex am ples of unsieved or ganic res i dues

A – Leiotriletes ornatus Ischenko, 1956 (SER lo cal ity); B – Leiotriletes sp. (AM11 lo cal ity); C – Lycospora cf. subtriquetra (Luber) Potonié and Kremp,
1956 (AM11 lo cal ity); D – Proprisporites laevigatus Neves, 1961 (FON lo cal ity); E – Punctatisporites irrasus Hacquebard, 1957 (AM11 lo cal ity); F –
aff. Radialetes sp. (AM11 lo cal ity); G – Retusotriletes sp. (SER lo cal ity); H – cf. Savitrisporites nux (Butterworth and Wil liams) Smith and Butterworth,
1967 (AM11 lo cal ity); I – Verrucosisporites cf. scurrus (Naumova) McGregor and Camfield, 1982 (AM11 lo cal ity); re worked: J – Grandispora aff.
tamarae Loboziak in Higgs et al ., 2000 (AM11 lo cal ity); K – Emphanisporites sp. (FON lo cal ity); L – Lophozonotriletes sp. (AM11 lo cal ity); M –
Rugospora cf. flexuosa (Jushko) Streel in Becker et al., 1974 (AM11 lo cal ity); N – Samarisporites sp. (FON lo cal ity); unsieved or ganic res i dues: O – ex -
am ple of a Frasnian non-sieved res i due (RET lo cal ity); P – ex am ple of a Famennian non-sieved res i due (VAL lo cal ity); Q – ex am ple of a Visean
non-sieved res i due (FRA lo cal ity); R – ex am ple of a Serpukhovian non-sieved res i due (FON lo cal ity); ac. – acritarch (s.l.), aom – amor phous or ganic mat -
ter, frag. – frag ment,  phytoc. – phytoclast, spo. – spore; all are re flected light pho to mi cro graphs ex cept: A, O, P, Q, R which are trans mit ted light pho to mi -
cro graphs; G which is a SEM pho to mi cro graph

Fig. 10. Ter res trial-ma rine palynomorphs vs. age

Plot of se lected 7 mm-sieved res i dues from the AVU; see Ta ble 2 for the group ing of cat e go ries;  er ror
bars on Y-axis based on the un cer tainty of the biostratigraphical de ter mi na tion of each sam ple; ages
com piled from Time Scale Cre ator soft ware (Gradstein et al., 2004); for other ex pla na tions see Fig ure 6



palynological as so ci a tion. The con stant pres ence of or ganic mat -
ter and sig nif i cant pro por tion of AOM, shown by palyno logical
anal y sis, along with the cm- to mm-lam i na tion and the ab sence
of bioturbation im plies that, gen er ally, the ma rine or ganic pro -
duc tiv ity in the wa ter col umn was high, but also that the ox y gen
min i mum zone was near or be low the sed i ment-wa ter in ter face
where sed i men ta tion was tak ing place (e.g., Curtis, 1980;
Calvert, 1987). A sim i lar en vi ron ment with lam i nated sed i ments

form ing in ar eas where the ox y gen min i -
mum in ter sected the ocean floor has been
de scribed, for ex am ple, by Calvert (1964) 
and Donegan and Schrader (1982) in the
Gulf of Mex ico. The char ac ter is tics of the 
palynological con tent of Frasnian sam -
ples are in ac cor dance with this in ter pre -
ta tion. The lighter and darker laminae
com monly found can be de scribed as
rhythmites. The or i gin and pro cesses re -
spon si ble for this rhyth mi cal sed i men ta -
tion are dif fi cult to de ter mine. A dis tal
deltaic sus pen sion fall out sed i men ta tion
type with a sea sonal con trol can per haps
ex plain the ob served sed i men tary fea -
tures. This lithofacies is also ob served in
the Visean and Serpu khovian (more
rarely in Famennian-–Tounaisian) rocks
and, pre sum ably, the sed i men tary en vi -
ron ment where these fa cies de vel oped
pre vailed through time.

The Famennian and Tournaisian
rocks are, in most in stances, black shales,
with a char ac ter is tic palyno logical con -
tent; AOM-rich along with a di verse or -
ganic-walled microplankton as sem blage.
The ter res trial in flu ence is in creased,

when com pared with Frasnian sam ples, in di cated by the greater
pres ence of spores and slightly higher phytoclast con tent.

The Visean and Serpukhovian strata are gen er ally
coarse-grained, with the ap pear ance of turbidite and
(?)pro-delta deposits, but the black shale and lam i nated grey
shale fa cies per sist, in di cat ing a diversity of sed i men tary en vi -
ron ments. The amount of ter res trial in put is higher, in di cated
by the gen er ally coarse-grained sed i ments but also the greater

156 Gil Machado et al.

Fig. 11. Spore-or ganic-walled microplankton (acritarch and prasinophytes) vs. age

For other ex pla na tions see Fig ures 4 and 5

Fig. 12. S1, S2 and S3 val ues for the sam ples ana lysed from the AVU



amount of spores and, to a lesser ex tent, the greater amount of
phytoclasts. AOM pro por tions de crease slightly. It should be
men tioned that acritarch di ver sity and abun dance de creases
glob ally in the lat est De vo nian and es pe cially dur ing the Mis -
sis sip pian (see Strother, 2008 and Riegel, 2008 for a re vi sion of 
pre vi ous work and causes) which could have in flu enced the re -
sults ob tained from palynofacies anal y ses. Nev er the less, other
palynological and lithological in di ca tors point to the same con -
clu sions.

The ther mal and burial his tory of the AVU as a whole
started af ter the Serpukhovian (youn gest) de pos its and lasted,
in a first phase, to the Early Tri as sic. This is in di cated by the
out crop-scale ob ser va tion of Lower Tri as sic strata of the Lusi -
ta nian Ba sin (Grés de Silves Fm.) rest ing un con form ably over
the AVU at sev eral lo cal i ties and also by the as so ci ated
ferruginization of the AVU in these ar eas (see Fig. 3A). The
intramontane Gzhelian Buçaco Ba sin (Wag ner et al ., 1983;
Pinto de Je sus et al., 2010; Flores et al., 2010; Machado, 2010
and ref er ences therein) does not rest un con form ably over the
AVU – the con tacts are in vari ably fault-bounded (Gama
Pereira et al., 2008; Flores et al., 2010). 

The ba sin rep re sented by the AVU most prob a bly ex tended
far be yond the in flu ence of the PTSZ and may be pre served as
base ment un der the Lusi ta nian Ba sin, both on- and off-shore
(see Bless et al., 1977; Capdevila and Mougenot, 1988; Moço
et al ., 2001). In deed, sam ples from shal low bore holes in the
Lusi ta nian Ba sin (Estarreja and Ovar area) that reached the
base ment in di cate the pres ence of shales of sim i lar
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Fig. 13. Van Krevelen di a gram with 3 main types of
kerogen and the HI/OI ra tios of the AVU sam ples

Orig i nal di a gram from Tissot and Welte (1984)

Fig. 14. Gen eral sche matic and non-age spe cific rep re sen ta tion of the hy po thet i cal tec tonic 
and sed i men ta tion set ting (km- to 100 m-scale) of the AVU

No ver ti cal scale im plied



palynological con tent (re gard ing age and palynofacies) to the
AVU (ACC01, ACC15, AC52 wells in Fig. 1).

It is worth not ing the pos si ble sig nif i cance of the AVU as a
shale gas source rock. It is within the dry gas gen er a tion zone; it 
is vol u met ri cally quite im por tant both at the sur face and
subsurface (al though its true vol ume and ex ten sion are still un -
known) and it is highly frac tured. It is un cer tain if the low TOC
val ues pres ent here are rep re sen ta tive of the AVU pre served in
the subsurface. The van Krevelen di a gram points to a
gas-prone rock which is in con trast with the palynological con -
tent of this unit (which clearly in di cates an oil-prone source).
This can be ex plained by the cur rent ther mal ma tu rity of the
AVU – dry gas gen er a tion zone – which would re sult in the ob -
served OI/HI ra tios.

CONCLUSIONS

The new palynological data pre sented here in di cate that the
de po si tion of the AVU hap pened be tween the (?)early Frasnian 
and the Serpukhovian. This is co her ent with the pre lim i nary re -
sults of Fernandes et al. (2001). The new data al lowed a re fine -
ment of the known ages for the AVU and the iden ti fi ca tion of
char ac ter is tic lithofacies over sev eral time in ter vals.

The sedimentological data col lected im plies that the
post-sed i men tary tec tonic evo lu tion of the area, clearly as so ci -
ated with the par ti tion of the crustal de for ma tion along the
PTSZ (Chaminé et al., 2003a, b, 2007), de stroyed most of the
sed i men tary re cord and pre served only a few dis crete por tions
(AVU) of a much larger ba sin (see Fig. 14). The sed i ment
source ar eas were most prob a bly lo cated in the CIZ (Pro tero -
zoic and Pa leo zoic metasedimentary rocks).

Over all it seems the sed i men tary sys tem has a gen eral
prograding ten dency, from basinal dis tal de pos its dur ing the
Frasnian to more prox i mal set tings in the Visean and es pe cially 
dur ing the Serpukhovian where sand- and silt-dom i nated

turbidites seem to have pre vailed (Fig. 14). The palynofacies
re sults are con sis tent with the sedimentological re sults, with an
in creas ing ter res trial in flu ence – spores and phytoclasts be -
come more com mon, AOM and or ganic-walled microplankton
de crease pro por tion ally – from older to youn ger de pos its.

The AVU mat u ra tion data and re gional ge ol ogy in di cate
that the ex hu ma tion of the AVU hap pened be tween the late
Penn syl va nian and the Late Tri as sic. They also show that the
ther mal and gen er ally the geo log i cal his tory of the ba sin rep re -
sented by the AVU in this re gion were sig nif i cantly con trolled
by the PTSZ which was tec toni cally ac tive at least from the late
Penn syl va nian.

The po ten tial hy dro car bon play sys tem formed by the
AVU, Buçaco Ba sin de pos its and the Lusi ta nian Ba sin lacks
the cor rect tim ing of events within and near the PTSZ. Its po -
ten tial may be greater as shale gas play in re gions out side the
in flu ence of this shear zone.
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APPENDIX A

Sys tem atic Palynology

The turmal di vi sion used here is mod i fied from Potonié (1958, 1970) in Tra verse (2007)
with ad di tional subturmal di vi sions

Anteturma SPORITES Potonié, 1893

Turma TRILETES (Reinsch) Dettmann, 1963

Subturma AZONOTRILETES (Luber) Dettmann, 1963

Infraturma LAEVIGATI (Bennie and Kiston) Potonié, 1956

Ge nus Leiotriletes (Naumova) Ischchenko, 1952
Leiotriletes aff. balapucensis di Pasquo, 2007 
Leiotriletes cf. devonicus Naumova, 1953 
Leiotriletes aff. devonicus Naumova, 1953 
Leiotriletes inermis (Waltz) Ischenko, 1952 
Leiotriletes cf. microgranulatus Playford, 1962 
Leiotriletes ornatus Ischenko, 1956  
Leiotriletes aff. pagius Allen, 1965 (Fig. 5Q)
Leiotriletes aff. trivialis Naumova, 1953 
Leiotriletes spp. 

Ge nus Punctatisporites (Ibrahim) Potonié and Kremp, 1954
Punctatisporites cf. glaber (Naumova) Playford, 1962
Punctatisporites minutus Kosanke, 1950 (Fig. 7O)
Punctatisporites irrasus Hacquebard, 1957
Punctatisporites lucidulus Playford and Helby, 1968
Punctatisporites planus Hacquebard, 1957
Punctatisporites cf.  reticulopunctatus Hoffmeister, Staplin and Malloy, 1955
Punctatisporites sol i dus Hacquebard, 1957 
Punctatisporites springsurensis Playford, 1978 
Punctatisporites spp. 

Ge nus Retusotriletes (Naumova) Streel, 1964
Retusotriletes cf. communis Naumova, 1953 (Fig. 5T)
Retusotriletes cf. dubius (Eisenack) Rich ard son, 1965 
Retusotriletes incohatus Sullivan, 1964 
Retusotriletes mi nor Kedo, 1963 (Fig. 5U)
Retusotriletes cf. pychovii Naumova, 1953
Retusotriletes cf. scabratus Turnau, 1986
Retusotriletes warringtonii Rich ard son and Lis ter, 1969 (Fig. 5X)
Retusotriletes spp. 

Infraturma APICULATI (Bennie and Kids ton) Potonié, 1956

Subinfraturma GRANULATI Dybová and Jachowicz, 1957

Ge nus Cyclogranisporites Potonié and Kremp, 1954
Cyclogranisporites sp.

Ge nus Geminospora Balme, 1952
Geminospora cf. aurita Arkhangelskaya, 1985 (Fig. 5I)
Geminospora lemurata Balme, 1962 (Fig. 5J)
Geminospora micromanifesta (Naumova) Arkhangelskaya, 1985 (Fig. 5K)

REMARKS. – The dis tinc tion be tween G. lemurata and G. micromanifesta
seems to rely solely on fine de tails of the or na men ta tion which are very sim i -
lar. It is likely that these two spe cies are conspecific. The pres er va tion of the
pres ent ma te rial does not al low a de tailed study of this topic.

Geminospora notata (Naumova) Obukhovskaya, 1993 (Fig. 5L)
Geminospora spp.

Ge nus Granulatisporites (Ibrahim) Schopf, Wil son, and Bentall, 1944
Granulatisporites sp.

Ge nus Tricidarisporites Sullivan and Mar shall, 1966
Tricidarisporites fasciculatus (Love) Sullivan and Mar shall, 1966

Subinfraturma VERRUCATI Dybová and Jachowicz, 1957

Ge nus Grumosisporites Smith and Butterworth, 1967
Grumosisporites inaequalis (Butterworth and Wil liams) Smith and
Butterworth, 1967 (Fig. 8AA)
Grumosisporites cf. verrucosus (Butterworth and Wil liams) Smith and
Butterworth, 1967
Grumosisporites sp. (Fig. 8BB)

Ge nus Verrucosisporites (Ibrahim) Smith, 1971
Verrucosisporites baccatus Staplin, 1960 (Fig. 8L)
Verrucosisporites nitidus morphon (sensu Van der Zwan, 1980)
Verrucosisporites tumulentus Clay ton and Gra ham, 1974 
Verrucosisporites cf. scurrus (Naumova) McGregor 
and Camfield, 1982 (Fig. 9I)
Verrucosisporites spp.

Subinfraturma NODATI Dybová and Jachowicz, 1957

Ge nus Acanthotriletes (Naumova) Potonié and Kremp, 1954
Acanthotriletes cf. aculeolatus (Kosanke) Potonié and Kremp, 1955 (Fig. 8N)
Acanthotriletes aff. echinatus Hoffmeister, Staplin 
and Malloy, 1955 (Fig. 8O)
Acanthotriletes spp.

Ge nus Aneurospora (Streel) Rich ard son, Streel, Hassan and Steemans, 1982
Aneurospora (Geminospora) extensa morphon (A. extensa–A. goensis)
Turnau, 1999 (Fig. 5A, B)
Aneurospora cf. greggsii (McGregor) Streel, 1974 (Fig. 5C)
Aneurospora sp. 

Ge nus Apiculatisporis (Ibrahim) Potonié and Kremp, 1956
Apiculatisporis cf. porosus Wil liams in Neves et al., 1973 (Fig. 8Q)
Apiculatisporis cf. hacquebardi Playford, 1964 (Fig. 8A, A’)
Apiculatisporis cf. variocorneus Sullivan, 1964 (Fig. 8R)
Apicultisporis spp.

Ge nus Apiculatisporites Potonié and Kremp, 1956
Apiculatasporites davenportensis Pep pers, 1969 
Apiculatasporites wapsipiniconensis Pep pers, 1969
Apiculatasporites sp. 

Ge nus Apiculiretusispora (Streel) Streel, 1977
Apiculiretusispora cf. arenorugosa McGregor, 1973
Apiculiretusispora cf. gaspiensis McGregor, 1973
Apiculiretusispora cf. perfectae Steemans, 1989 (Fig. 5V)
Apiculiretusispora cf. plicata (Allen) Streel, 1967
Apiculiretusispora cf. synorea Rich ard son and Lis ter, 1969
Apiculiretusispora spp.

Ge nus Grandispora (Hoffmeister, Staplin and Malloy) McGregor, 1973
Grandispora aff. cornuta Higgs, 1975 (Fig. 7L)
Grandispora cf. echinata Hacquebard, 1957 (Fig. 7K)
Grandispora cf. famenensis (Naumova) Streel, 1974 in Becker et al. 1974 var. 
minuta Nekriata, 1974 (Fig. 7M)
Grandispora gracilis (Kedo) Streel in Becker et al., 1974 (Fig. 7N)
Grandispora cf. gracilis (Kedo) Streel in Becker et al., 1974 (Fig. 8M)
Grandispora cf. micronulata (Kedo) Avkhimovitch, 2000
aff. Grandispora microseta (Kedo) Streel in Becker et al., 1974
Grandispora minuta (Kedo) Avkhimovitch, 2000
Grandispora permulta (Dae mon) Loboziak, Streel and Melo, 1999
Grandispora tamarae Loboziak in Higgs et al., 2000 
Grandispora aff. tamarae Loboziak in Higgs et al., 2000 (Fig. 9J)
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Grandispora aff. velata (Eisenack) McGregor, 1973 (Fig. 9N)
Grandispora spp. 

Ge nus Lophotriletes (Naumova) Potonié and Kremp, 1954
Lophotriletes atratus Naumova, 1953
aff. Lophotriletes multiformis Tchibrikova, 1977 (Fig. 5S)
Lophotriletes sp.

Ge nus Spinozonotriletes (Hacquebard) Neves and Owens, 1966
Spinozonotriletes sp.

Subinfraturma BACULATI Dybová and Jachowicz, 1957

Ge nus Ancyrospora Rich ard son, 1960
cf. Ancyrospora? andevalensis González, Playford 
and Moreno, 2005 (Fig. 8P)
Ancyrospora sp.

Ge nus Raistrickia (Schopf, Wil son and Bentall) Potonié and Kremp, 1954
Raistrickia im bri cate Kosanke, 1950
Raistrickia sp.

Infraturma MURORNATI Potonié and Kremp, 1954

Ge nus Acinosporites Rich ard son, 1965
Acinosporites sp.

Ge nus Convolutispora Hoffmeister, Staplin and Malloy, 1955
Convolutispora cf. ampla Hoffmeister, Staplin and Malloy, 1955 (Fig. 8S)
Convolutispora ce re bra Butterworth and Wil liams, 1958 (Figs. 7A and 8T)
Convolutispora cf. ce re bra Butterworth and Wil liams, 1958
Convolutispora circumvallata Clay ton, 1971 (Fig. 8U)
Convolutispora aff. disparalis Allen, 1965 (Fig. 8V)
Convolutispora florida Hoffmeister, Staplin and Malloy, 1955
Convolutispora jugosa Smith and Butterworth, 1967
Convolutispora paraverrucata McGregor, 1964 (Fig. 7C)
Convolutispora subtilis Owens, 1971 (Figs. 7B and 8W)
Convolutispora varicosa Butterworth and Wil liams, 1958 (Fig. 7D)
Convolutispora cf. vermiformis Hughes and Playford, 1961 (Fig. 7E)
Convolutispora spp. (e.g., Fig. 7F)

Ge nus Corbulispora Bharadwaj and Venkatachala, 1961
Corbulispora cancellata (Waltz) Bharadwaj and Venkatachala, 1961
(Fig. 7G)

Ge nus Cordylosporites Playford and Satterthwait, 1985
Cordylosporites sp.

Ge nus Dictyotriletes (Naumova) Smith and Butterworth, 1967
Dictyotriletes cf. aequalis Staplin, 1960 (Fig. 8Y)
Dictyotriletes castaneaeformis (Horst) Sullivan, 1964 (Fig. 8Z)
Dictyotriletes cf. densoreticulatus Potonié and Kremp, 1955
Dictyotriletes submarginatus (Playford) Van der Zwan, 1980 (Fig. 7I)
Dictyotriletes spp. 

Ge nus Emphanisporites McGregor, 1961
Emphanisporites rotatus (McGregor) McGregor, 1973 (Fig. 7J)
Emphanisporites sp.

Ge nus Microreticulatisporites (Knox) Potonié and Kremp, 1954
Microreticulatisporites concavus Butterworth and Wil liams, 1958

Ge nus Rugospora Neves and Owens, 1966
Rugospora cf. flexuosa (Jushko) Streel 
in Becker et al., 1974 (Figs. 7P and 9M)
Rugospora polyptycha Neves and Ioannides, 1974
Rugospora spp.

Suprasubturma CAVATITRILETES 

Subturma ZONOCAVATITRILETES 

Ge nus Kedoesporis (Naumova) Obukhovskaya and Obukhovskaya, 2008
Kedoesporis imperfectus (Naumova) Obukhovskaya and Obukhovskaya,
2008 (Fig. 5P)

Subturma ZONOTRILETES Waltz, 1935

Ge nus Triquitrites Wil son and Coe, 1940
Triquitrites aff. bucculentus Guennel, 1958 
Triquitrites spp. (e.g., Fig. 8K)

Infraturma CINGULATI (Potonié and Klaus) Dettmann, 1963

Ge nus Archaeozonotriletes (Naumova) Allen, 1965
Archaeozonotriletes chulus cf. var. chulus (Cramer) Rich ard son 
and Lis ter, 1969 
aff. Archaeozonotriletes divellomedium (Chibrikova) Bur gess 
and Rich ard son, 1991 
Archaeozonotriletes sp.

Ge nus Camptozonotriletes Staplin, 1960
Camptozonotriletes cf. verrucosus Butterworth and Wil liams, 1958

Ge nus Contagisporites Owen, 1971
Contagisporites optivus var. vorobjevensis (Chibrikova) 
Owens, 1971 (Fig. 5F)

Ge nus Knoxisporites (Potonié and Kremp) Neves, 1961
Knoxisporites concentricus (Byvscheva) Playford and McGregor, 1993
Knoxisporites aff. concentricus (Byvsheva) Playford and McGregor, 1993
Knoxisporites ruhlandii Doubinger and Rauscher, 1966 
Knoxisporites cf. ruhlandii Doubinger and Rauscher, 1966 
Knoxisporites cf. triradiatus Hoffmeister, Staplin and Malloy, 1955
Knoxisporites spp. (e.g., Fig. 7E)

Ge nus Lophozonotriletes (Naumova) Potonié, 1958
Lophozonotriletes cf. Convolutispora insulosa Playford, 1978
Lophozonotriletes bellus Kedo, 1963
Lophozonotriletes cf. bouckaertii Loboziak and Streel, 1989
Lophozonotriletes cf. lebedianensis Naumova, 1953
Lophozonotriletes cf. grandis (Naumova) Arkhangelskaya, 1985
Lophozonotriletes me dia Taugourdeau-Lantz, 1967 (Fig. 5R)
Lophozonotriletes tuberosus Sullivan, 1964
Lophozonotriletes spp. (e.g., Figs. 8F and 9L)

Ge nus Savitrisporites Bharadwaj, 1955
cf. Savitrisporites nux  (Butterworth and Wil liams) Smith and Butterworth,
1967 (Fig. 9F)

Ge nus Stenozonotriletes (Naumova) Potonié, 1958
Stenozonotriletes cf. bracteolus (Butterworth and Wil liams) Smith and
Butterworth, 1967 
Stenozonotriletes lycosporoides (Butterworth and Wil liams) Smith and
Butterworth, 1967 (Fig. 8J)
Stenozonotriletes spp.

Ge nus Tumulispora Staplin and Jansonius, 1964
aff. Tumulispora rarituberculata (Luber) Potonié, 1966

Subturma ZONOLAMINATITRILETES Smith and Butterworth, 1967

Infraturmae CRASSITI (Bharadwaj and Venkatachala) Smith and
Butterworth, 1967 and CINGULICAVATI Smith and Butterworth, 1967

Ge nus Crassispora (Bharadwaj) Sullivan, 1964
Crassispora aff. kosankei (Potonié and Kremp) Smith and Butterworth, 1967
Crassispora spp.

Ge nus Cristatisporites
Cristatisporites aff. echinatus Playford, 1963
aff. Cristatisporites inaequus (McGregor) Gao, 1975
Cristatisporites triangulatus (Allen) McGregor and Camfield, 1982 (Fig. 5G)
Cristatisporites spp.

Ge nus Cristicavatispora González, Playford and Moreno, 2005
Cristicavatispora dispersa González, Playford and Moreno, 2005 

Ge nus Densosporites (Berry) Butterworth, Jansonius, Smith and Staplin, 1964
Densosporites annulatus (Loose) Smith and Butterworth, 1967 (Fig. 8D, X)
cf. Densosporites devonicus Rich ard son, 1960 (Fig. 5H)
Densosporites spinifer Hoffmeister, Staplin and Malloy, 1955 
Densosporites spp. 

Ge nus Hymenozonotriletes (Naumova) Potonié, 1958
Hymenozonotriletes cristatus Menendez and Pöthe de Baldis, 1967 (Fig. 5O)
Hymenozonotriletes cf. cristatus Menendez, 1967
Hymenozonotriletes (Samarisporites) cf. inaequus (McGregor) Owens, 1971 
Hymenozonotriletes cf. incisus Naumova, 1953
Hymenozonotriletes spp. (Fig. 7R–T)
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Ge nus Lycospora (Schopf, Wil son and Bentall) Potonié and Kremp, 1954
Lycospora cf. subtriquetra (Luber) Potonié and Kremp, 1956 (Fig. 9C)
Lycospora spp. (e.g., Fig. 8G)

Ge nus Samarisporites Rich ard son, 1965
Samarisporites spp. (e.g., Fig. 9N)

Infraturma PATINATI (Butterworth and Wil liams) Playford 
and Dettman, 1996

Ge nus Chelinospora Allen, 1965
Chelinospora concinna Allen, 1965 (Fig. 5E)
Chelinospora spp.

Ge nus Camarozonotriletes (Naumova) Naumova, 1953
Camarozonotriletes cf. antiquus (Naumova) Kedo, 1955
Camarozonotriletes spp.

Ge nus Cymbosporites Allen, 1965
Cymbosporites cyathus Allen, 1965
Cymbosporites sp. 

Ge nus Cyrtospora Wins low, 1962
Cyrtospora cristifer (Luber) Van der Zwan, 1979 (Fig. 7H)

Supersubturma PSEUDOSACCITRILETES Rich ard son, 1965

Infraturma MONOPSEUDOSACCITI Smith and Butterworth, 1967

Ge nus Auroraspora Hoffmeister, Staplin and Malloy, 1955
Auroraspora cf. asperella (Kedo) Van der Zwan, 1980
Auroraspora asperella vari ant B (Kedo) Van der Zwan, 1979 (Fig. 7D)
Auroraspora micromanifesta (Hacquebard) Rich ard son, 1960
Auroraspora spp.

Ge nus Diducites Van Veen, 1981
Diducites sp. 

Ge nus Spelaeotriletes Neves and Owens, 1966
aff. Spelaeotriletes balteatus (Playford) Higgs, 2006

Subturma PERINOTRILETES Erdtman, 1947

Ge nus Perotrilites (Erdtman) Couper, 1953
aff. Perotriletes tessellatus (Staplin) Neville in Neves et al., 1973
Perotrilites sp.

Ge nus Proprisporites Neves, 1958
Proprisporites laevigatus Neves, 1961 (Fig. 9D)

Turma MONOLETES Ibrahim, 1933

Subturma AZONOMONOLETES Luber, 1935

Infraturma LAEVIGATOMONOLETI Dybová and Jachowicz, 1957

Ge nus Laevigatosporites (Ibrahim) Schopf, Wil son and Bentall, 1944
Laevigatosporites spp. (Fig. 8CC)

Ge nus Latosporites Potonié and Kremp, 1954
Latosporites cf.  ovalis Breuer, Al-Ghazi, Al-Ruwaili, Higgs, Steemans and
Wellman, 2007 (Fig. 5Y)
Latosporites sp. 

Anteturma POLLENITES Potonié, 1931

Turma SACCITES Erdtman, 1947

Subturma MONOSACCITES Potonié and Kremp, 1954

Infraturma TRILETESACCITI Leschik, 1955

Ge nus Schulzospora Kosanke, 1950
Schulzospora spp. (Fig. 8I)

Infraturma VESICULOMONORADITI Pant, 1954

Archaeoperisaccus aff. ovalis Naumova, 1953 (Fig. 7Q)

INCERTAE SEDIS

Ge nus Corystisporites Rich ard son, 1965
Corystisporites sp. 

Ge nus Radialetes Playford, 1963
aff. Radialetes sp. (Fig. 9F)

APPENDIX B

Rock-Eval pa ram e ters of the an a lysed sam ples from the AVU
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Sam ple Tmax  
[oC]

S1
[mgHC/g rock]

S2
[mgHC/g rock]

S3
[mgCO2/g rock]

PI
S1/(S1+S2)

S4 CO2
[mgCO2/g rock]

S4 CO   
[mgCO/g rock]

S5
[mgCO2/g rock]

ANG16 422 0.04 0.05 0.04 0.44   6.2 1.1 4

VAL4 354 0.03 0.05 0.07 0.38   4.3 0.2 3

MIN16.3 333 0.04 0.04 0.13 0.50   1.2 0.6 3

LOB1.1 329 0.02 0.02 0.02 0.50 11.5 2.8 3

MIR4.3 337 0.03 0.02 0.09 0.60   2.3 0.3 3

CAT5.1 353 0.05 0.04 0.08 0.57   9.4 1.9 2

CHE1.1 343 0.02 0.04 0.13 0.33   5.7 2.0 3

ALH1.4 324 0.04 0.05 0.09 0.44   2.1 0.8 2

SAL3.1 328 0.01 0.01 0.00 0.50   6.0 2.6 9

GOL1.1 351 0.01 0.02 0.06 0.33   1.6 2.0 2

SER2 326 0.01 0.02 0.02 0.33   1.7 2.1 2

TRE1.1 343 0.02 0.04 0.05 0.33   1.8 2.0 4

PI – pro duc tion in dex
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App. B cont.

Sam ple
PC         
[%]

RC         
[%]

TOC         
[%]

HI       
[mgHC/gTOC]

OI      
[mgCO2/gTOC]

min eral car bon
[%] Age

ANG16 0.01 0.22 0.23 22   17 0.11 Serpukhovian

VAL4 0.01 0.13 0.14 36   50 0.12 late Famennian

MIN16.3 0.01 0.06 0.07 57 186 0.09 early Frasnian

LOB1.1 0.01 0.43 0.44   5     5 0.08 early Tournaisian

MIR4.3 0.01 0.07 0.08 25 113 0.08 ?

CAT5.1 0.01 0.34 0.35 11   23 0.06 Visean

CHE1.1 0.01 0.25 0.26 15   50 0.10 early Visean

ALH1.4 0.01 0.09 0.10 50   90 0.15 ?

SAL3.1 0.01 0.27 0.28   4     0 0.25 ?

GOL1.1 0.01 0.13 0.14 14   43 0.15 ?

SER2 0.01 0.14 0.15 13   13 0.06 Serpukhovian

TRE1.1 0.01 0.14 0.15 27   33 0.11 ?

PC – pyrolyzable or ganic car bon, RC – re sid ual car bon or ganic

APPENDIX C

Lo cal i ties de tails

Lo cal ity
code

Lo cal ity

(near est vil lage)
Age De for ma tion Num ber 

of sam ples
Anal y sis suc cess fully per formed

Palynology Rock-Eval De tri tal frame work

AM11 Sernada Serpukhovian heavy 1 X

FON Fontăo Serpukhovian light 4 X X

SER Serém Serpukhovian heavy 2 X X

QUI Quintinha Serpukhovian light 2 X X

CAT Catraia Serpukhovian/Visean me dium 3 X X

PIC Picoito Visean light 1 X

TOR Torres de Mondego Visean heavy 1 X

FRA S. Paulo de Frades Visean me dium 2 X

CHE Cheira early Visean me dium 2 X X

LOB Lobazes early Tournaisian heavy 2 X X

BOU Bouça Famennian–Tournaisian heavy 1 X

CAN Vale da Canas Famennian–Tournaisian heavy 1 X

TAP Tapada Famennian–Tournaisian heavy 1 X

TOV Tovim Famennian–Tournaisian heavy 1 X

ASS Assilhó Famennian–Tournaisian heavy 1 X

VAL Valmaior late Famennian heavy 4 X X

MAR S. Marcos Famennian–Tournaisian heavy 1 X

SND Sernada do Vouga Famennian–Tournaisian heavy 1 X

POR Portos Famennian–Tournaisian heavy 1 X

AUT A29 high way (near Salreu) Famennian–Tournaisian heavy 1 X

SPD Lameira S. Pedro Famennian–Tournaisian heavy 1 X

DUP Vila Duparchy Famennian–Tournaisian heavy 1 X

RET Retorta Frasnian heavy 1 X

MIN Minhoteira early Frasnian heavy 6 X X

LUS Luso Frasnian me dium 1 X

ALH Alhandra ? light 3 X X

BOS Bostelim ? light 2 X

CND Candam ? light 1 X

MON Monsarros Serpukhovian light 3 X X

ZOR Zorro ? me dium 1 X

ANG Angeja Serpukhovian light 2 X X

MIR Miranda do Corvo ? me dium/heavy 1 X

SAL Salgueiral ? me dium 1 X

GOL Golpe ? heavy 1 X

TRE Tremoa ? heavy 1 X


