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The Albergaria-a-Velha Unit is one of several tectonostratigraphic out-of-sequence units of the metamorphic belt associated with the
Porto—Tomar shear zone (Ossa—Morena Zone, W Portugal). It is composed of considerably deformed — very low grade — metasediments,
namely shales, siltstones and rare fine sandstones. In this work we present new sedimentological and biostratigraphical data that suggest
the Albergaria-a-Velha Unit was deposited from the (?)early Frasnian to the Serpukhovian in a distal marine environment, where
turbiditic and basinal sedimentation prevailed. Palynofacies analysis and lithological data point to a gradual increase of terrestrial input,
suggesting a prograding system. Detrital framework data is indicative of a stable cratonic sediment source area composed of low grade
metamorphic rocks. The timing of the onset of the Porto—Tomar shear zone activity and consequently its influence on the sedimentation
of this unit s discussed. Organic petrology and geochemistry data indicate that the Albergaria-a-Velha Unit is within the dry gas window
in terms of hydrocarbon generation ranges.
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INTRODUCTION Porto—Tomar shear zone (PTSZ), in its northern sector, com-
prises a narrow metamorphic belt that extends from the Tomar

area (western-central Portugal; Gama Pereira, 1987, 1998;

The Iberian Massif, in its northwestern region, is transected
by a NNW-SSE major dextral deep-crustal shear zone, sepa-
rating the Ossa—Morena Zone (OMZ) and the Central Iberian
Zone —ClIZ (e.g., Gama Pereira, 1987; Dias and Ribeiro, 1993;
Chaminé eral ., 2003a; Ribeiro etal ., 2007, 2010). The

Pereira et al ., 1998) to south of Porto area (NW Portugal;
Chaminé, 2000; Chaminé et al., 2003a, b). The general dextral
sense of movement of this shear zone was considered to have
started during the “Westphalian”, based on the tectono-
sedimentary control of the Gzhelian (late Pennsylvanian)
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intramontane Bugaco Basin (e.g., Lefort and Ribeiro, 1980;
Ribeiro et al., 1980; Gama Pereira et al., 2008; Pinto de Jesus et
al., 2010), but Dias and Ribeiro (1993), using structural data
from the CIZ, reinterpreted it as being already active since the
Late Devonian early stages of the Variscan orogeny. The
post-Mesozoic geodynamic evolution of Iberia has been domi-
nated by reactivated inherited crustal structures, which have in-
duced stress activity along the PTSZ segments from the end of
the Variscan orogeny until the present-day (e.g., Gomes et al.,
2007; Gomes, 2008; de Vicente and Vegas, 2009).

The PTSZ metamorphic belt comprises several relative
autochthonous and parautochthonous tectonostratigraphic
units with high to very low metamorphic degrees, as well as
allochthonous units of medium to high metamorphic grades
(Severo Gongalves, 1974; Gama Pereira, 1987, 1998;
Chaminé, 2000; Chaminé et al., 2003a, b; Fernandez et al .,
2003, and references therein). The Albergaria-a-VVelha upper
Paleozoic metapelitic rocks were initially reported by Chaminé
(2000) and later named the Albergaria-a-Velha Unit (AVU) by
Chaminé etal . (2000). This is one of several tectono-
stratigraphic out-of-sequence units, related to partition of
crustal deformation, of the PTSZ metamorphic belt (Chaminé,
2000). The first palynological data published by Fernandes et
al. (2001) and Chaminé efal. (2003a) suggest depositional
ages far it of between Late Devonian and Mississippian. The
AVU is tectonically imbricated with a garnetiferous
black-greenish metapelitic unit of late Proterozoic age
(Beetsma, 1995; Fernandez et al., 2003), the so-called Arada
Unit, and its metapelitic equivalents further south to the region
of Coimbra and Tomar (Gama Pereira, 1998; Chaminé et al.,
20034, b), making the cartographic differentiation of the two
units extremely difficult.

The AVU is overlain unconformably by Upper Triassic ter-
restrial deposits (Grés de Silves Fm. — Fig. 3A) of the Lusita-
nian Basin (Courbouliex, 1974; Palain, 1976; Gomes, 2008),
but not by deposits of the Gzhelian Bugaco Basin (see Fig. 1).
These have faulted contacts with the AVU and both are over-
lain unconformably by the Grés de Silves Fm. (Ribeiro, 1853).

Vazquez et al. (2007) examined the phyllosilicate crystallo-
graphic parameters of AVU samples which indicated maxi-
mum palaeotemperatures and pressures ranging from high
anchizone to epizone, i.e., maximum temperatures >200°C and
pressures between 1 and 2 Kbar

This work presents new data on the bio- and litho-
stratigraphy of the AVU and also on its hydrocarbon source
rock potential and thermal history.

MATERIALS AND METHODS
LITHOSTRATIGRAPHY

Detailed sedimentological and stratigraphical description
can only be performed on the few undeformed, relatively con-
tinuous sequences of coarser-grained metasedimentary rocks
(see Fig. 1 for locations and Fig. 2 for sections). These were
logged and sampled for palynology, thin sections and polished
surfaces to observe relevant sedimentary features. All other

known localities may have a few relatively undeformed beds
(<1 mthick), but are invariably bounded by faults and are usu-
ally folded (deformed under fragile-ductile or brittle-ductile
conditions), making it impossible to properly describe and in-
terpret the successions. The sand/mud ratio was visually esti-
mated for each locality and groups of exposures, both highly
deformed and relatively undeformed.

PALYNOLOGY

Several hundred dark grey and black shale and siltstone
samples were collected. Of these ca. 250 were processed for
palynology using a method similar to the one described by Ellin
and McLean (1994). About 60 productive samples were used
in this study (see Appendix C).

The slides produced were observed under a transmitted
light microscope, at the GeoBioTec Research Centre of the
University of Aveiro. The thermal alteration index (TAI) was
visually estimated in all samples. Documentation of observable
palynomorphs was conducted using an Olym pusDP20 digital
camera attached to an Olym pusBX40 transmitted light micro-
scope. Selected productive residues were mounted on acrylic
plates, air-dried and observed (and photographed) using an
Olym pus C3030 digital camera attached to a reflected light
Olym pus BX60 microscope. Several oxidation methods were
tested but none was effective. Due to the general poor quality of
the organic residues obtained from the AVU the palynofacies
analysis was limited to a few fundamental categories of palyno-
morphs. 30 samples of known age were used. For each sample,
two types of analysis were performed:

1. Total particulate organic matter content analysis as ob-
served on slides made from a non-sieved residue. Table 1 sum-
marizes the categories considered.

2. Non-amorphous organic matter (AOM) analysis ob-
served on slides produced from a 7 um-sieved organic residue.
Table 2 summarizes the categories considered.

Most categories can be easily recognized under transmitted
light microscopy. Chitinozoans and zooclasts were grouped be-
cause their differentiation is often difficult due to the consider-
able maturity of the organic matter. Phytoclasts could be differ-
entiated in most instances by their overall morphology. Smaller
and heavily degraded particles that could not be positively
identified were not counted.

SEDIMENT PROVENANCE

The AVU is composed essentially of pelitic metasediments.
The 9 samples used in this work derive from rare fine
sand-grade rocks forming the bases of turbidite beds (see Ap-
pendix C and Table 5). The samples were thin-sectioned pref-
erentially parallel to bedding in order to obtain a homogenous
grain-size within the thin section. 300 particles were counted in
each thin section using a semi-automated Swift point counter
coupled with a Leitz Orthoplan microscope. Observation and
counting was performed with crossed polars. The Gazzi-
Dickinson counting method was used (Gazzi, 1966 in Ingersoll
et al., 1984). Particles smaller than 0.00625 mm (silt-sized and
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Fig. 1. Simplified geological map of the Espinho—Miranda do Corvo sector of the PTSZ
metamorphic belt (adapted from Chaminé et al., 2003a) with the localities studied (see Appendix C)



142 Gil Machado et al.

Synthetic log BOS 2 (age unknown) MON 2 (Serpukhov|an FON | (Serpukhowan) FON N (Serpukhovian) FON G (Serpukhovian)
m |5 | [m] E :
10— 3 15—

Facies|

T
[
=5
@
7]

. %E F F [m] t?-
Facies & F'M}C acies acies o

E»v- FTrias
m

[ |
i

_Serpukhovian

2
]

A SIRs s **Billills&llw n

X

i nnimne=n 3 A3

planar bedded . cross bedded finely bedded
sandstone massive sandstone {775 (o nacione siltstone and silty shale

finely bedded . ! A
% shale - black shale s erosional surface  #  cross-bedding =<\
) bedding paralel N
~> minor fault = |amination m  massive bedding €\ fining-up cycles
=<

Fig. 2. Lithological columns of the undeformed studied sections and synthetic logs
of the AVU (adapted from Machado, 2010)

Table 1 smaller) were counted as matrix. Grains of doubtful origin (ma-
trix recrystallization or silicification) were not considered. Ta-
ble 3 summarizes the several categories of grains counted and
some of their main characteristics.

Summary table of the selected categories used
for palynofacies analysis on non-sieved slides

Category Palacoenvironmental significance Sﬁ}‘crﬁe S Due to the IOW. grade metamOijhism and deformation, only
samples were suitable for counting the number of undulatory
AOM stratif;icg) )\zztzﬁ gggmo?lrd iit?ggsbasin; oil-prone and non-undulatory quartz grains and also the number of crys-
- - tals of each polymineralic quartz grain using the parameters de-

Phytoclasts o T veity gas-prone | fined by Basu et al. (1975).
Palynomorphs variable oil-prone The results were plotted on ternary diagrams and compared

with previously defined fields (Basu et al., 1975; Dickinson
and Suczek, 1979; Dickinson ef al., 1983) using Grapher 4.0

Compiled from Tyson (1987, 1993) and Batten (19964, b)
software.
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Table 2

Summary table of the selected categories used for palynofacies

analysis on 7 um-sieved slides

Category Origin Palaeoenvironmental significance Source rock
exclusively land-derived, ;
Spores terrestrial proxy for shore proximity oil-prone
exclusively land-derived,
Phytoclasts | proxy for shore proximity gas-prone
Zooclasts i i
benthic marine arthropods, inert
but also land derived debris
Chitinozoans exclusively marine, relatively deep environments ?
- exclusively marine, proxy for organic :
Acritarchs marine productivity under “normal” marine conditions oil-prone
; dominant in abnormal marine conditions ; ;
Prasinophytes (salinity, temperature, oxygenation, ezc.) highly oil-prone

Compiled from Tyson (1987, 1993), Miller (1996) and Batten (1996a, b)

Table 3

Grain categories considered for this study, their main characteristics
and groups of grain categories used for ternary plots

Grains Code Main characteristics
Quartzose monocrystalline Qm fresh, commonly with undulatory extinction pattern
Quartzose polycrystalline Qp mostly chert grains, minor fine-grained quartzites
Plagioclase P typically slightly weathered and small; characteristic polysynthetic twinning
K feldspar K typically slightly weathered and small
Undifferentiated feldspars Fx typically slightly weathered and small
Lithic fragments L black, cryptocrystalline occasionally with very fine micas
Dense minerals D very rare, mostly pyroxenes (?)
Uncertain Misc too weathered of difficult to distinguish from matrix
Matrix M generally siliceous, often with small micas

Groups of grain categories considered for QFL and QmFLt ternary plots

total quartz Q Qm + Qp
QFL feldspars s./. F P+ K+Fx
lithic fragments L L
monocrystalline
quartz Qm Qm
FL
QmFLt feldspars s... F P+ K+Fx
total lithics Lt L+Qp

ORGANIC GEOCHEMISTRY
AND VITRINITE REFLECTANCE

A total of 12 samples of dark grey to black shales were
taken for organic geochemistry analysis (see Fig. 1 and Appen-
dix C for the localities). The samples were gently pulverized,
homogenized and sieved through a 1 mm mesh. All samples
were subjected to elemental analysis of total organic and inor-
ganic carbon using an Eltra Metalyt CS 100/1000S apparatus at
the Laboratory of Organic Geochemistry of the Czech Geolog-
ical Survey (Brno). Selected samples were analysed by
Rock-Eval 6 according to methodology described by Espitalié

et al. (1985) and Lafargue et al. (1998). The analyses were car-
ried out in nitrogen at a programmed temperature of
300-550°C with heating rate of 25°C/min. Several organic
geochemical parameters were obtained, namely S1 — free hy-
drocarbons (mg HC/g rock); S2 — bound (pyrolytic) hydrocar-
bons (mg HC/g rock); S3 — pyrogenic CO, and CO and peak
temperature of pyrolysis (Tra); HI — hydrogen index (mg HC/g
TOC) and Ol — oxygen index (mg CO,/g TOC).

Selected palynological residues obtained by cold HF disso-
lution of mineral matter were mounted using a method adapted
from Hillier and Marshall (1988) and observed under a Leitz
OrthoPlan (reflected light) microscope of the Organic Petrol-
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ogy lab of the Department of Geosciences, Environment and
Spatial Planning of the Faculty of Sciences of the University of
Porto. Vitrinite reflectance measurements and photomicro-
graphs were obtained with the image analysis software Fos si/
and Diskus.

RESULTS

STRATIGRAPHY,
SEDIMENTOLOGY AND FACIES

The sand/mud ratio varies greatly, but seems to be fairly
similar within a group of exposures over areas of a few km? It
varies between 0-100% to 80-20% and the total average, and
also the mode, is close to 30-70%. The few undeformed se-
quences described in detail here are sandstone- and locally
siltstone-dominated and thus have higher-than-average ratios.
Very rare cm-thick oil shale beds can be observed in some sec-
tions. Macrofossils and trace fossils were not found.

The vast majority of non-weathered exposures had rocks of
light to dark grey or black colour. Considering the localities
where some sedimentary information could be obtained, three
main types of lithofacies can be defined. These should be, how-
ever, considered end members of a continuum. The main char-
acteristics are summarized in Table 4.

The laminated grey shale facies is very commonly observed
and can be recognized even in considerably deformed rocks, as
the striking contrast of light grey and dark grey mm-thick
laminae is often preserved. The lamination is defined by darker
and finer-grained laminae alternating with lighter and slightly
coarser-grained laminae. This is observed at hand specimen
and thin section scales (Fig. 3G).

The black shale facies can be found in localities which are
entirely composed of shales (Fig. 3E) with an extremely re-
duced fine siltstone component — sand/mud ratio close to
0-100%. Pyrite is frequently observed at these localities. Lami-
nation is faint and only seldom seen between very penetrative
foliation planes.

The sand-silt-shale lithofacies is characterized by high
sand/mud ratios (close to 80-20%). Short undeformed se-
quences belonging to this lithofacies allow the observation of
characteristic cm- to dm-thick beds of sandstone or coarse

siltstone fining-upwards to finely laminated shales (Fig. 3B, C).
Five sections assignable to this lithofacies were suitable for de-
scribing relatively continuous stratigraphic sequences (up to
24 m) and examining the details of sedimentary features (Fig. 2).

Sections FON | and FON G (see Fig. 2) are composed of
dm- to m-thick (rarely cm-thick) successive beds of fining-up-
ward cycles. Most beds are composed dominantly of siltstones
that fine up to shales, but some fine sandstone-dominated beds
also occur. These beds typically have a coarser, massive or
crudely bedded base and a finer laminated top. Occasionally
cross-beds can be observed in a cm- to mm-thick intermediate
interval. These correspond to parts a + ¢ + d + e of Bouma se-
quences (Bouma, 1962). Within these sections, some intervals
are composed solely of very fine siltstones and shales which
can represent basinal deposition occurring between turbidity
current events (level e of Bouma sequences). These sections are
interpreted as a succession of low density turbidite beds.

Section FON N (Fig. 2) shows beds reflecting low-density
turbidity currents. These are generally finer grained and the
fining-upward cycles are not as well-defined and some beds
show even reverse grading. Additionally some siltstone beds
do not show significant changes in grain-size and lack the
massive/cross bed/laminated sequence observed elsewhere.
This type of succession of dm-thick fine sandstone and
siltstone beds associated with thin shale beds is interpreted as
a succession of low-density turbidites deposited in a consider-
ably more distal setting interbedded with basinal sediments
represented by the shale-dominated intervals; they might also
represent pro-delta deposits not necessarily associated with
turbidity currents.

The MON 2 section (Fig. 2) shows a sequence of siltstone-
dominated turbidite beds with fairly regular thicknesses, al-
though some very fine fining-upwards cycles can be observed
(ca. 9 m). Cross-bedding is rarely observed, although this fea-
ture may be obscured by the substantial oxidation of this sec-
tion. Most beds correspond to levels a and d of Bouma se-
quences. Level e (shales at the top of each cycle) is very poorly
developed at this section.

A single section (BOS 2; see Fig. 2) shows dm- to m-thick
fining-upward cycles that commonly have medium to coarse
sand-grained bases that grade to siltstones and more rarely
shales. At least in one of the cycles the base is defined by an
erosive surface. Fairly complete Bouma sequences can be ob-

Table 4

Essential characteristics of the 3 end-members of the lithofacies defined for the AVU

Lithofacies Description

Associated palynofacies
(shales)

Stratigraphical occurrence Interpretation

grey shales with mm- to

Laminated grey cm-thick darker and lighter

very high AOM; acritarchs and

Frasnian to Serpukhovian basinal sedimentation

lamination seldom visible

Spores very common

shales laminae prasinophytes rare, spores common with seasonal control(?)
black shal h | high hs and o/ I
ack shales with minimal very high AOM,; acritarchs an Famennian—early : : :
Black shales coarser or lighter material; prasinophytes may be common; Tournaisian, but some biﬁsgﬁgxsiidécr,'},ed'}tt?é'ﬁg

Visean and Serpukhovian
occurrences

successive cm- to m-thick
beds with normal grading;
massive base, laminated top,
occasionally cross beds

Sand-silt-shale beds

few or none organic-walled
microplankton; abundant spores;
phytoclasts occasionally frequent

low density turbidites
and (?)pro-delta deposits

restricted to the
Serpukhovian
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Fig. 3. Selected images of the AVU at the outcrop, hand sample and thin section scales

A —unconformity of the Upper Triassic strata over the AVU; note the intense ferruginization of the AVU; IP3 road, near Coimbra; B — outcrop
with successive (near vertical) turbidite beds; way-up to left; sand-silt-shale lithofacies; ALH locality, near Agueda; C — detail of one of the
beds from B showing one fining-upwards cycle; polished surface; D — photomicrograph of a thin section from the base of a turbidite bed; ALH
locality near Agueda; crossed polars; E — fresh exposure of the black shale facies; ASS locality (near the type locality of Albergaria-a-Velha);
hammer in red circle for scale; F — photomicrograph of a thin section from the base of a turbidite bed; BOS locality; note the metamorphic
growth of phyllosilicates (multicolour tints) replacing the original cement/matrix; crossed polars; G — example of the finely laminated grey
shale facies; polished surface; note the alternation of lighter, slightly coarser laminae and darker, finer laminae; SND locality, near
Albergaria-a-Velha; fp — feldspar, Qz — quartz, Qzite — quartzite, Phyll — phyllosilicates
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served, with a thick coarse massive base (level a), a crudely to
well bedded interval of medium sands (level b), cross lami-
nated sands (level c) and parallel laminated siltstone top
(level d). Shales are seldom present at the tops of cycles.

DETRITAL FRAMEWORK ANALYSIS
AND PROVENANCE

The absence of very coarse-grained metasediments in the
AVU precludes direct and precise identification of transported
grains and thus the identification of the sediment source areas.
The collected point-counting data set shows that samples are all
wackes, either quartz, sublithic or subarkose wackes, due to
their high matrix/cement contents (see Table 5).

Quartz grains, mono- and polymineralic, (Qm + Qp) domi-
nate all frameworks analysed, ranging from 64 to 95% of all
grains (Table 5 and Fig. 3D, F). Undulatory extinction was
commonly observed, although the extinction pattern differed

between grains, suggesting that the deformation episode that
created the undulatory extinction affected rocks in the sediment
source areas and not the AVU itself. Quartzite and chert grains
(Qp) were frequently observed (1 to 22.3%; Fig. 3D, F). Feld-
spars s... (K + P + Fx) are quite rare (0 to 3.3%), considerably
smaller than other grains and frequently weathered. Lithic frag-
ments (L) are usually rare, ranging from 0 to 6%. These are in
most instances black cryptocrystalline rocks, occasionally with
very small mica crystals. They may be volcanic derived
lithoclasts, but their true nature is uncertain.

One single sample group is visible, plotting in the craton in-
terior and recycled (quartzitic) orogen fields (Fig. 4). The aver-
age modal composition of the sample group is Qg; 4F29L 57 and
QmygsF20lt 6. The considerable proportion of polycrystalline
guartz grains (Qp) accounts for the “shift” from the Qm corner
(see Fig. 4).

All samples analysed were dominated by undulatory quartz
(58 to 67% of all quartz grains). The proportions of non-undu-

Table 5

Framework modes, and classification of the sandstones from the AVU

S Qm Qp P oS Fx L M D 1 Classification
Sample [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%]
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 17 quartz wacke
BOS3.2 35.7 13.0 1.0 0.0 0.0 6.0 39.0 17 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
CND1.2 443 12.7 0.3 0.0 0.0 2.3 37.0 0.7 2.7 quartz wacke
FON 1 00 30.7 7.3 3.3 0.0 13 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 17 quartz wacke
QuUI3.1 31.3 2.7 0.3 0.3 13 27 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 27 43 quartz wacke

For explanations see Table 3

recycled 0.6

orogen

undissected
arc

T ' I 0
0.8 1L

Fig. 4. Ternary QFL (left) and QmFLt (right) plots showing framework modes of the AVU samples

Fields defined by Dickinson et al. (1983), for explanations see Table 3
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latory quartz varied (10 to 20%) as well as that of
polycrystalline quartz (17 to 27%), but in most cases, the latter
was more frequent than the former.

Among polycrystalline quartz grains, ones with 3 or more
crystal units per grain were clearly dominant (between 73 and
90%), corresponding to chert (s...) grains and more rarely to
very-fine quartzite grains (Fig. 3D).

Apart from the undulosity, there were no relevant
petrographic differences between undulose and non-undulose
quartz grains. These were characteristically fresh, of variable
roundness: from very angular to well-rounded, typically
sub-angular or sub-rounded (Fig. 3D, F). Despite the reduced
number of samples, all are within the low grade metamorphic
field when plotted in the diamond plot of Basu et al. (1975).
This is in accordance with the composition of the lithoclastic
component of the frameworks which was dominated by chert
and quartzite grains.

PALYNOLOGY
AND PALYNOSTRATIGRAPHY

The organic residue was composed, in most instances, of
semi-translucent dark grey to black AOM with subordinate
amounts of sporomorphs and organic-walled microplankton.
Acritarchs and prasinophytes are commonly present in most
samples with ages from Frasnian to early Tournaisian.
Phytoclasts are generally rare. The systematic study and signif-
icance of the organic-walled microplankton from the AVU will
be addressed in a subsequent publication.

The overwhelming majority of the productive samples
from the AVU provided poorly preserved sporomorphs. Thus,
most of the taxa reported here are left in open nomenclature
(see Appendix A). Many of the samples could be assigned to a
stage and occasionally to one or to more than one biozones es-
tablished for the Devonian and the Carboniferous of Western
Europe (e.g., Clayton et al., 1977; Streel et al., 1987).

The spore assemblage recovered from the MIN locality
(see Fig. 1) of Frasnian age derives from 4 productive samples
from which several dozen slides were made. This is one of the
few localities that allowed the observation and documentation
of palynomorphs using transmitted light.

Spores assignable to the genera Apiculiretusispora
Geminospora, Grandispora and to a lesser extent to Leio-
triletes and Retusotriletes were dominant. Stratigraphically rel-
evant taxa include Aneurospora (Geminospora) extensa
morphon (4. 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 Richardson, 1960; Geminospora lemurata Balme,
1962 and Geminospora micromanifesta  (Naumova)
Arkhangelskaya, 1985 (see Streel ez al., 1987 and Richardson
and McGregor, 1986 for known ranges). Two specimens of
Lophozonotriletes me dia Taugourdeau-Lantz, 1967 were
found in one of the samples, but not stratigraphical important
species such as Cirratriradites Jjekhowskyi
Taugourdeau-Lantz, 1967; Hystricosporites multi furcdus

(Winslow) Mortimer and Chaloner, 1967; Pustula tisparites
rugulatus (Taugourdeau-Lantz) Loboziak and Streel, 1981 and
Verrucosisporites bulliferus Richardson and McGregor, 1986.
Furthermore, characteristic species that could be expected to
appear together with the described assemblage such as
Ancyrospora Spp., Emphani porites spp. and Hystricosporites
spp. were not found.

It is worth noting the presence of taxa commonly found in
Eastern Europe and Central 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 example Obukhovskaya et al.,
2000; Obukhovskaya and Obukhovskaya, 2008; Fig. 5). The
stratigraphic and palaeobiogeographical significance of these
taxa is unclear.

Other taxa usually found in older Devonian strata such as
Apiculiretusispora cf. perfectae Steemans, 1989; Retusotriletes
warringtonii Richardson and Lister, 1969; Latosporites cf.
ovalis Breuer, Al-Ghazi, Al-Ruwaili, Higgs, Steemans and
Wellman, 2007 represent a small fraction of the assemblage
and are interpreted as reworked (Fig. 5).

Considering the presence of Chelinospora concinna Allen,
1965 and Cristatisporites triangulatus (Allen) McGregor and
Camfield, 1982, this assemblage can be assigned to the
Samarisporites  triangulatus—Chelinospora concina (TCo0)
miospore biozone of Streel eral. (1987), equivalent to the
optivus-triangulatus miospore biozone of Richardson and
McGregor (1986): uppermost Givetian—lowermost Frasnian.

Nearly all other samples produced residues containing
palynomorphs not observable by standard transmitted light
methods. Documentation of specimens using reflected light mi-
croscopy was possible in some cases, but often the resulting im-
ages were too blurred to be illustrated. Due to the poor preser-
vation, the standard miospore biozonations of the Devonian
and Carboniferous was not directly applicable and stratigraphi-
cal palynology was based on the first known occurrence of
miospore genera and species.

Famennian and early Tournaisian miospore assemblages
are characterized by the presence 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 especially by Grandi-
spora gracilis (Kedo) Streel in Becker et al., 1974 which is
present in nearly every sample of this age group and also ap-
pears as a reworked form in Visean samples. Other characteris-
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 assemblages commonly contain a number of taxa
which are probably reworked from (?)Frasnian deposits such as
Hymenozonotriletes spp. and Archaeoperisaccus aff. ovalis
Naumova, 1953 (Fig. 7 and Appendix A).
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Phytoclasts

1 highly proximal shelf or basin

A Serpukhovian
® Visean

<€ Famennian-Tournaisian

2 marginal oxic-dysoxic basin
3 heterolithic oxic shelf (proximal shelf)
4 shelf to basin transition
5 mud dominated oxic shelf (distal shelf)

] Frasnian
6 proximal suboxic-anoxic shelf

7 distal dysoxic-anoxic shelf
8 distal dysoxic-oxic shelf

9 distal suboxic-anoxic basin

” Palynomorphs

Fig. 6. Ternary Tyson diagram showing the distribution of selected samples from the AVU according
to their palynological content (non-sieved slides)

Base diagram adapted from Tyson (1993)

Visean assemblages are difficult to determine 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  Williams) Smith and
Butterworth, 1967; Triquitrites Spp.; Verrucosisporites baccatus
Staplin, 1960 are indicative of this stage (Fig. 8 and Appendix A;
see Clayton et al., 1977 for known ranges). It is difficult to match
each sample to a specific biozone within the Visean as frequently
only one or two characteristic taxa are present.

Serpukhovian assemblages are relatively diverse and sev-
eral taxa allow the attribution of samples to this stage. ldenti-
fied taxa include Acanthotriletes cf. aculeolatus (Kosanke)

Sullivan, 1964; Crassispora aff. kosankei (Potonié and Kremp)
Smith and Butterworth, 1967; Dictyotriletes castaneaeformis
(Horst)  Sullivan, 1964;  Grumosisporites  inaequalis
(Butterworth and Williams) Smith and Butterworth, 1967 and
other species of this genus; Leiotriletes spp.; Lycospora cf.

subtriquetra (Luber) Potonié and Kremp, 1956; Proprisporites
laevigatus Neves, 1961; cf. Savitrisporites nux (Butterworth
and Williams) Smith and Butterworth, 1967 (Figs. 8 and 9, Ap-
pendix A; see Clayton et al., 1977 for known ranges). It is pos-
sible that some samples are actually lower Bashkirian as some
of the taxa identified have ranges that extend into the
Bashkirian, although none is restricted to this stage. Assem-
blages assigned to the Serpukhovian usually include several

Potonié and Kremp, 1955; Apiculatisporis cf. variocorneus ~ forms which are most likely reworked such as

A

Fig. 5. Lower (Middle?) Frasnian miospore assemblages

A, B —Aneurospora (Geminospora) extensa morphon (4. extensa—A. goensis) Turnau, 1999; C — Aneurospora cf. greggsii (McGregor) Streel, 1974; D -
Auroraspora asperella variant 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 Richardson, 1960; |
— 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 Pothe 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; reworked: V — Apiculiretusispora cf. perfectae Steemans, 1989; X — Retusotriletes warringtonii Richardson and Lister, 1969; Y —
Latosporites cf. ovalis Breuer, Al-Ghazi, Al-Ruwaili, Higgs, Steemans and Wellman, 2007; all images are transmitted light photomicrographs; all illus-
trated specimens derive from locality MIN (see Fig. 1)
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Apiculatasporites  wapsipiniconensis Peppers, 1969; aff.
Geminospora spp.; Grandispora spp.; Lophozonotriletes Spp.;
Rugospora spp. and Samarisporites sp. (Fig. 9).

PALYNOFACIES

For palynofacies analysis the samples selected were as-
sembled into four age groups for the sake of clarity. The re-
sults are graphically represented as several categories and
group of categories in ternary plots and bi-dimensional plots
with a time axis.

The Tyson diagram (Fig. 6) shows a single sample group
plotting near the AOM corner, corresponding to the distal
suboxic-anoxic basin and distal dysoxic-oxic shelf fields.
There is little differentiation between samples according to
their age. Nevertheless there is a poorly defined trend “away”
from the AOM corner from older to younger samples. This cor-
responds to a relative increase in the proportion of
palynomorphs (spores and organic-walled microplankton) and
to a lesser extent to an increase of phytoclast content.

Frasnian samples plot closely together, very near the AOM
corner. Palynomorphs are observable but are statistically irrele-
vant (Figs. 6 and 9). Phytoclasts are extremely rare. Famennian-
Tournaisian samples are concentrated very close to the AOM
corner, but extend into the distal dysoxic-oxic shelf field. This is
mainly due to the presence of acritarchs and prasinophytes (even
though highly fragmented) up to 13% in some samples (Figs. 6
and 9). Spores are also frequent, but never as common as
acritarchs and prasinophytes. Visean samples are dispersed, with
some plotting very near the AOM corner (AOM around 90%)
while others plot within the distal dysoxic-oxic shelf field, corre-
sponding to samples with higher palynomorph or phytoclast
content (Figs. 6 and 9). Serpukhovian samples are also dis-
persed, but can be separated in two groups, one within the distal
dysoxic-oxic shelf field, corresponding to samples with higher
spore contents (up to 17%) and a second group plotting near the
AOM corner — Serpukhovian black shale facies (Figs. 6 and 9).
The second group can also be identified in the terrestrial-marine
palynomorphs vs. age and spore-organic-walled microplankton
vs. age plots (Figs. 10 and 11).

Similarly to the Tyson diagram, the palynofacies analysis of
the sieved residues shows some dispersal of data, but some
trends are noticeable. The terrestrial-marine palynomorphs vs.
age and spore-organic-walled microplankton vs. age plots

A

(Figs. 10 and 11) show a progressive and irregular increase of
terrestrial palynomorphs’ content from older to younger sam-
ples.

Frasnian samples show some dispersal of data, but both or-
ganic-walled microplankton (Fig. 11) and total marine palyno-
morphs (Fig. 10) are dominant. This reflects the dominance of
highly fragmented acritarchs over the spores in the residues.
Lithologically, all Frasnian samples correspond to grey shales,
often finely laminated. Famennian-Tournaisian samples cover a
very wide range in both plots, but most samples show a higher
proportion of spores and total terrestrial palynomorphs. This
marks the general abundance of spores in the residues of this age.
However, some residues were particularly rich in acritarchs and
occasionally also in prasinophytes which explains the wide
range in both plots. Both types of residues (spore- and
acritarch-rich) originated from the black shale lithofacies.

Visean samples are characterized by the abundance of
spores in sieved residues. Phytoclasts are more frequent. This
is shown in both plots, where single sample groups are ob-
served, around the 90% spore and 75% terrestrial
palynomorph axes. Lithologically, Visean samples are grey
shales and some highly deformed silty-shales possibly repre-
sent turbidites? Serpukhovian samples are divided into two
groups, similarly to the Tyson diagram. One shows similar
characteristics to the Visean samples, with a high spore con-
tent and a generally high content of terrestrial palynomorphs
(phytoclasts are relatively frequent). These derive from the
sand-silt-shale beds, interpreted as turbidites. The second
group has a relatively high content of organic-walled
microplankton, few spores and very rare phytoclasts. Or-
ganic-walled microplankton is represented by simple polygo-
nomorphs and very small prasinophytes, although identifica-
tion is difficult as specimens are highly fragmented. Litho-
logically, these samples are derived from black shales, appar-
ently identical to the Famennian-Tournaisian ones.

ORGANIC GEOCHEMISTRY, SOURCE ROCK
POTENTIAL AND ORGANIC MATURITY

All  samples show considerably low TOC values
(<0.5 wt.%) and an apparent high maturity. There seems to be
little or no differentiation of samples according to their age.

The high maturity is indicated by the low S1 and S2 values
(see Fig. 12 and Appendix B). The production index (P1) is also

Fig. 7. Famennian-Tournaisian miospore and chitinozoan assemblages

A — Convolutispora ce re braButterworth and Williams, 1958 (CAN locality); B — Convolutispora subtilis Owens, 1971 (VAL locality); C —
Convolutispora paraverrucata McGregor, 1964 (VAL locality); D — Convolutispora varicosa Butterworth and Williams, 1958 (CAN locality); E —
Convolutispora cf. vermiformis Hughes and Playford, 1961 (VAL locality); F — Convolutispora sp. (VAL locality); G — Corbulispora cancellata (\Waltz)
Bharadwaj and Venkatachala, 1961 (VAL locality); H — Cyrtospora cristifer (Luber) Van der Zwan, 1979 (VAL locality); | — Dictyotriletes
submarginatus (Playford) Van der Zwan, 1980 (VAL locality); J — Emphanisporites rotatus (McGregor) McGregor, 1973 (BOU locality); K —
Grandispora cf. echinata Hacquebard, 1957 (VAL locality); L — Grandispora aff. cornuta Higgs, 1975 (VAL locality); M — Grandispora cf. famenensis
(Naumova) Streel in Becker et al., 1974 var. minuta Nekriata, 1974 (VAL locality); N— Grandispora gracilis (Kedo) Streel in Becker et al., 1974 (VAL lo-
cality); O — Punctatisporites minutus Kosanke, 1950 (VAL locality); P — Rugospora cf. flexuosa (Jushko) Streel in Becker ez al., 1974 (VAL locality); re-
worked: Q — Archaeoperisaccus aff. ovalis Naumova, 1953 (TAP locality); R—T — Hymenozonotriletes spp. (R and S — VAL locality, T — TAP locality);
U-X - Chitinozoan (V and X - VAL locality, U and W — ASS locality); all images are reflected light photomicrographs, except K, U, V, W and X which are

transmitted light microphotographs
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very low (<0.6) and indicates high thermal maturity equivalent
to the dry gas generation zone. This is consistent with the ob-
served maturity seem in palynological slides. The vast majority
of the organic residues analysed have slightly translucent to
opaque, black spores, indicating a thermal alteration index
(TAI) > 4+,

Under a reflected light microscope, very few particles
could be positively identified as vitrinite, since petrological in-
formation is lost in palynological residues. Nevertheless, all
particles measured indicate reflectance values higher than 3%.

The Tax Values below 400°C do not represent kerogen ma-
turity and are related to residual bitumen or exsudatinite.

The AVU samples have considerably low values of hydro-
gen index (HI; <60 mgHC/g TOC) and oxygen index (Ol;
<190 mgCO,/g TOC), thus most of them plot in the area where
the 3 types of kerogen line merge, providing no indication on
kerogen types (Fig. 13 and Appendix B). However, 3 samples
(MIN16.3, MIR4.3 and ALH1.4) plot within the kerogen
type Il1 field, i.e., gas-prone and usually associated with terres-
trially-derived organic matter. The palynofacies data indicate
that terrestrial influence was slight, even for the more proximal
environments recorded in some rocks of Serpukhovian age.
The organic residues of the AVU are typically marine
AOM-rich (>85% of total organic residue) with accessory
amounts of organic-walled microplankton, spores and gener-
ally rare or very rare phytoclasts.

The source rock potential of the samples analysed seems lim-
ited. This is readily indicated by the low TOC values
(<05 wt%) and also by the low S1 and S2 values
(<0.05 mgHCl/g rock). The palynofacies analysis of shale sam-
ples of the AVU invariably indicates oil-prone source rocks, al-
though this method does not give an estimate of the proportion of
the hydrocarbon-prone material per weight or volume of rock.

DISCUSSION

The observed sand/mud ratio at the outcrop scale varies
greatly, but, with few exceptions, mud clearly dominates and
the sand is usually medium to fine. Most of the relatively

A

undeformed sections (sand-silt-shale facies) show a turbiditic
character. The textural maturity of the sandstones and the gen-
eral dominance of mud over sand imply the existence of a large
and essentially low relief drainage area and also the presence of
a deltaic system (or coastal plain?) where most of the coarser
sediments were trapped (Bouma, 2000¢, b; see Fig. 14). A sim-
ilar sedimentary setting, associated with a large deltaic system,
was described by Ahrens (1936) and Stets and Schafer (2008)
from the Central Facies Belt of the Devonian of the
Rhenohercynian basin. Although deformed and slightly meta-
morphosed in some areas, the gradual passage from deltaic
subaerial (to the NW) to shallow marine and to deeper marine
settings (to the SE) is clearly observed in this basin. In the case
of the AVU, it is possible that only the distal parts of such a sed-
imentary system were preserved.

The newly collected sedimentary information from the
Serpukhovian sections strongly suggests that a turbidite system
close to the fine-grained end member (sensu Bouma, 2000a, b)
is represented by the metasedimentary rocks of the AVU of this
age. The observed turbidite sequences can be generally in-
cluded in facies association V and more rarely IV (BOS sec-
tion) of Mutti and Normark (1987), indicating distal (rarely in-
termediate) lobe depositional elements. The sedimentary pack-
ages composed essentially or entirely of shales (black shale and
laminated grey shale facies) within this unit are volumetrically
important and are not always associated (at least spatially) with
packages identified as turbidites. These shale packages may
represent the distal parts of lobes formed by turbidite deposi-
tion and/or hemipelagic deposits.

The dominance of quartz (and quartzose clasts — cherts and
quartzites) in the sandstones imply that the detrital framework
modes (Serpukhovian sections) described here derive from de-
tritus with a significant compositional maturity (e.g., Prothero
and Schwab, 1996), although the high proportion of matrix/ce-
ment indicates a low textural maturity (sensu Folk, 1951). This
textural characteristic may have been substantially altered by
the very low grade metamorphism to which this unit was ex-
posed. Such changes in the matrix nature are observable in
some of the samples (Fig. 3F). In addition the textural charac-
teristics may be related to the type of sediment reaching the

Fig. 8. Visean and Serpukhovian miospore assemblages

Visean miospore assemblages: A, A’ — Apiculatisporis cf. hacquebardi Playford, 1964 (PIC locality); B — Convolutispora cf. ce re brdButterworth and
Williams, 1958 (FRA locality); C — Convolutispora sp. (FRA locality); D — cf. Densosporites annulatus (Loose) Smith and Butterworth, 1967 (FRA local-
ity); E — Knoxisporites sp. (TOR locality); F — Lophozonotriletes sp. (FRA locality); G — Lycospora sp. (FRA locality); H — Retusotriletes incohatus
Sullivan, 1964 (CAT locality); | — Schulzospora sp. (CHE locality); J — Stenozonotriletes lycosporoides (Butterworth and Williams) Smith and
Butterworth, 1967 (TOR locality); K — Triquitrites sp. (PIC locality); L — Verrucosisporites baccatus Staplin, 1960 (CAT locality); reworked: M —
Grandispora cf. gracilis (Kedo) Streel in Becker et al., 1974 (CAT locality); Serpukhovian miospore assemblages: N — Acanthotriletes cf. aculeolatus
(Kosanke) Potonié and Kremp, 1955 (FON locality); O — Acanthotriletes aff. echinatus Hoffmeister, Staplin and Malloy, 1955 (AM11 locality); P — cf.
Ancyrospora? andevalensis Gonzalez, Playford and Moreno, 2005 (AM11 locality); Q — Apiculatisporis cf. porosus Williams in Neves et al., 1973 (SER
locality); R — Apiculatisporis cf. variocorneus Sullivan, 1964 (FON locality); S — Convolutispora cf. ampla Hoffmeister, Staplin and Malloy, 1955
(AM11 locality); T — Convolutispora ce re brdButterworth and Williams, 1958 (AM11 locality); U — Convolutispora circumvallata Clayton, 1971 (SER
locality); V — Convolutispora aff. disparalis Allen, 1965 (SER locality); W — Convolutispora subtilis Owens, 1971 (FON locality); X — Densosporites
annulatus (Loose) Smith and Butterworth, 1967 (AM11 locality); Y — Dictyotriletes cf. aequalis Staplin, 1960 (AM11 locality); Z — Dictyotriletes
castaneaeformis (Horst) Sullivan, 1964 (FON locality); AA — Grumosisporites inaequalis (Butterworth and Williams) Smith and Butterworth, 1967 (SER
locality); BB — Grumosisporites sp. (FON locality); CC — Laevigatosporites spp. (MON locality); all are reflected light photomicrographs except: A and
A’ which are transmitted light photomicrographs; Q, V, U, AA which are SEM photomicrographs
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Terrestrial-marine palynomorphs

present adjacent to the AVU and com-
posed essentially of low grade
metasedimentary rocks of late Protero-

0 20 40 Terrestrial o 80 100! zoic-Cambrian age (Carrington da

S ‘ ‘ ‘ ‘ Costa, 1950; Medina ez al., 1989, 1993)
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3804 g Basin (Gama Pereira, 1987; Machado,

= 2010). It is uncertain, however, if they
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Fig. 10. Terrestrial-marine palynomorphs vs. age

Plot of selected 7 um-sieved residues from the AVU; see Table 2 for the grouping of categories; error
bars on Y-axis based on the uncertainty of the biostratigraphical determination of each sample; ages
compiled from Time Scale Creator software (Gradstein et al., 2004); for other explanations see Figure 6

shelf areas (which was very likely mud-rich) and later trans-
ported by turbidity currents (Fig. 14).

The original data-set used by Dickinson and Suczek (1979)
for sediment provenance analysis included only samples with
matrix/cement proportion less than 25%, which can limit the
significance of the collected data.

The distribution of the detrital framework data-set within
the craton interior and quartzitic recycled orogen fields may
reflect a drainage basin located on an essentially stable
cratonic area (ClZ?) which may have a collisional or
transcurrent character along its margin. The results from the
undulosity of quartz, although restricted to a few samples,
clearly indicate that the sediments of the AVU derived from
rocks of low metamorphic grade. This is consistent with the
observed presence of quartzite and chert grains. The ClZ isa
potential sediment source area (see Fig. 14). This zone is at

A

(Chaminé et al., 2003b) that the PTSZ
was already active during the Late De-
vonian and Mississippian, controlling
the regional sedimentation by forming
scattered  pull-apart  like and/or
fault-wedge basins in a marine setting
near a continental block. The results
presented here suggest that such tec-
tonic activity may have been affecting the continental block
where the source areas were located, but probably did not af-
fect the shelf and basin floor where sedimentation was occur-
ring (Fig. 14). Neither intraclasts nor lithoclasts from the
closely associated Arada Unit were found in the frameworks
analysed. These would be expected if significant tectonic ac-
tivity (and consequent recycling) was occurring within the
sedimentation area (compare for example McCann, 1991,
Burnett and Quirk, 2001).

The palynofacies analysis presented here, coupled with the
lithological and sedimentological characteristics of the
metasedimentary rocks of the AVU show some palaeo-
environmental variations through time. A single sedimentation
environment (s.s.) seems to be recorded from Frasnian deposits
(laminated grey shales). A marine, most likely basinal setting is
indicated by the finely laminated shales with a typical marine

Fig. 9. Serpukhovian miospore assemblage and examples of unsieved organic residues

A — Leiotriletes ornatus Ischenko, 1956 (SER locality); B — Leiotriletes sp. (AM11 locality); C — Lycospora cf. subtriquetra (Luber) Potonié and Kremp,
1956 (AM11 locality); D — Proprisporites laevigatus Neves, 1961 (FON locality); E — Punctatisporites irrasus Hacquebard, 1957 (AM11 locality); F —
aff. Radialetes sp. (AM11 locality); G — Retusotriletes sp. (SER locality); H — cf. Savitrisporites nux (Butterworth and Williams) Smith and Butterworth,
1967 (AM11 locality); | — Verrucosisporites cf. scurrus (Naumova) McGregor and Camfield, 1982 (AM11 locality); reworked: J — Grandispora aff.
tamarae Loboziak in Higgs et al., 2000 (AM11 locality); K — Emphanisporites sp. (FON locality); L — Lophozonotriletes sp. (AM11 locality); M —
Rugospora cf. flexuosa (Jushko) Streel in Becker ez al., 1974 (AM11 locality); N — Samarisporites sp. (FON locality); unsieved organic residues: O — ex-
ample of a Frasnian non-sieved residue (RET locality); P — example of a Famennian non-sieved residue (VAL locality); Q — example of a Visean
non-sieved residue (FRA locality); R — example of a Serpukhovian non-sieved residue (FON locality); ac. — acritarch (s./.), aom —amorphous organic mat-
ter, frag. — fragment, phytoc. — phytoclast, spo. — spore; all are reflected light photomicrographs except: A, O, P, Q, R which are transmitted light photomi-
crographs; G which is a SEM photomicrograph
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described, for example, by Calvert (1964)
and Donegan and Schrader (1982) in the
Gulf of Mexico. The characteristics of the
palynological content of Frasnian sam-
ples are in accordance with this interpre-
tation. The lighter and darker laminae
commonly found can be described as
rhythmites. The origin and processes re-
sponsible for this rhythmical sedimenta-
tion are difficult to determine. A distal
deltaic suspension fall out sedimentation
type with a seasonal control can perhaps
explain the observed sedimentary fea-
tures. This lithofacies is also observed in
the Visean and Serpukhovian (more
rarely in Famennian-—Tounaisian) rocks
and, presumably, the sedimentary envi-

390 :
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[ I
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Fig. 11. Spore-organic-walled microplankton (acritarch and prasinophytes) vs. age

For other explanations see Figures 4 and 5

palynological association. The constant presence of organic mat-
ter and significant proportion of AOM, shown by palynological
analysis, along with the cm- to mm-lamination and the absence
of bioturbation implies that, generally, the marine organic pro-
ductivity in the water column was high, but also that the oxygen
minimum zone was near or below the sediment-water interface
where sedimentation was taking place (e.g., Curtis, 1980;
Calvert, 1987). A similar environment with laminated sediments

ronment where these facies developed
prevailed through time.

The Famennian and Tournaisian
rocks are, in most instances, black shales,
with a characteristic palynological con-
tent; AOM-rich along with a diverse or-
ganic-walled microplankton assemblage.
The terrestrial influence is increased,
when compared with Frasnian samples, indicated by the greater
presence of spores and slightly higher phytoclast content.

The Visean and Serpukhovian strata are generally
coarse-grained, with the appearance of turbidite and
(?)pro-delta deposits, but the black shale and laminated grey
shale facies persist, indicating a diversity of sedimentary envi-
ronments. The amount of terrestrial input is higher, indicated
by the generally coarse-grained sediments but also the greater
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Fig. 12. S1, S2 and S3 values for the samples analysed from the AVU
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Fig. 13. Van Krevelen diagram with 3 main types of
kerogen and the HI/OI ratios of the AVU samples

Original diagram from Tissot and Welte (1984)

@O0 Prasinophytes

amount of spores and, to a lesser extent, the greater amount of
phytoclasts. AOM proportions decrease slightly. It should be
mentioned that acritarch diversity and abundance decreases
globally in the latest Devonian and especially during the Mis-
sissippian (see Strother, 2008 and Riegel, 2008 for a revision of
previous work and causes) which could have influenced the re-
sults obtained from palynofacies analyses. Nevertheless, other
palynological and lithological indicators point to the same con-
clusions.

The thermal and burial history of the AVU as a whole
started after the Serpukhovian (youngest) deposits and lasted,
in a first phase, to the Early Triassic. This is indicated by the
outcrop-scale observation of Lower Triassic strata of the Lusi-
tanian Basin (Grés de Silves Fm.) resting unconformably over
the AVU at several localities and also by the associated
ferruginization of the AVU in these areas (see Fig. 3A). The
intramontane Gzhelian Bugaco Basin (Wagner et al., 1983;
Pinto de Jesus et al., 2010; Flores et al., 2010; Machado, 2010
and references therein) does not rest unconformably over the
AVU - the contacts are invariably fault-bounded (Gama
Pereira et al., 2008; Flores et al., 2010).

The basin represented by the AVU most probably extended
far beyond the influence of the PTSZ and may be preserved as
basement under the Lusitanian Basin, both on- and off-shore
(see Bless et al., 1977; Capdevila and Mougenot, 1988; Moco
etal., 2001). Indeed, samples from shallow boreholes in the
Lusitanian Basin (Estarreja and Ovar area) that reached the
basement indicate the presence of shales of similar

sediment
source area \

Central
Iberian
Zone?

¥ vegetation % acritarchs A spores

® fault block moving away @© fault block moving towards
from the plane of view the plane of view

Fig. 14. General schematic and non-age specific representation of the hypothetical tectonic
and sedimentation setting (km- to 100 m-scale) of the AVU

No vertical scale implied
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palynological content (regarding age and palynofacies) to the
AVU (ACCO01, ACC15, AC52 wells in Fig. 1).

It is worth noting the possible significance of the AVU as a
shale gas source rock. It is within the dry gas generation zone; it
is volumetrically quite important both at the surface and
subsurface (although its true volume and extension are still un-
known) and it is highly fractured. It is uncertain if the low TOC
values present here are representative of the AVU preserved in
the subsurface. The van Krevelen diagram points to a
gas-prone rock which is in contrast with the palynological con-
tent of this unit (which clearly indicates an oil-prone source).
This can be explained by the current thermal maturity of the
AVU - dry gas generation zone —which would result in the ob-
served OI/HI ratios.

CONCLUSIONS

The new palynological data presented here indicate that the
deposition of the AVU happened between the (?)early Frasnian
and the Serpukhovian. This is coherent with the preliminary re-
sults of Fernandes ez al. (2001). The new data allowed a refine-
ment of the known ages for the AVU and the identification of
characteristic lithofacies over several time intervals.

The sedimentological data collected implies that the
post-sedimentary tectonic evolution of the area, clearly associ-
ated with the partition of the crustal deformation along the
PTSZ (Chaminé et al., 2003a, b, 2007), destroyed most of the
sedimentary record and preserved only a few discrete portions
(AVU) of a much larger basin (see Fig. 14). The sediment
source areas were most probably located in the CIZ (Protero-
zoic and Paleozoic metasedimentary rocks).

Overall it seems the sedimentary system has a general
prograding tendency, from basinal distal deposits during the
Frasnian to more proximal settings in the Visean and especially
during the Serpukhovian where sand- and silt-dominated

turbidites seem to have prevailed (Fig. 14). The palynofacies
results are consistent with the sedimentological results, with an
increasing terrestrial influence — spores and phytoclasts be-
come more common, AOM and organic-walled microplankton
decrease proportionally — from older to younger deposits.

The AVU maturation data and regional geology indicate
that the exhumation of the AVU happened between the late
Pennsylvanian and the Late Triassic. They also show that the
thermal and generally the geological history of the basin repre-
sented by the AVU in this region were significantly controlled
by the PTSZ which was tectonically active at least from the late
Pennsylvanian.

The potential hydrocarbon play system formed by the
AVU, Bugaco Basin deposits and the Lusitanian Basin lacks
the correct timing of events within and near the PTSZ. Its po-
tential may be greater as shale gas play in regions outside the
influence of this shear zone.
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APPENDIX A

Systematic Palynology

The turmal division used here is modified from Potonié (1958, 1970) in Traverse (2007)
with additional subturmal divisions

Anteturma SPORITES Potonié, 1893

Turma TRILETES (Reinsch) Dettmann, 1963

Subturma AZONOTRILETES (Luber) Dettmann, 1963
Infraturma LAEVIGATI (Bennie and Kiston) Potonié, 1956

Genus 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 I1schenko, 1956

Leiotriletes aff. pagius Allen, 1965 (Fig. 5Q)
Leiotriletes aff. trivialis Naumova, 1953
Leiotriletes spp.

Genus Punctatisporites (Ibrahim) Potonié and Kremp, 1954
Punctatisporites cf. glaber (Naumova) Playford, 1962

Punctatisporites minutus Kosanke, 1950 (Fig. 70)

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 duacquebard, 1957

Punctatisporites springsurensis Playford, 1978

Punctatisporites Spp.

Genus Retusotriletes (Naumova) Streel, 1964

Retusotriletes cf. communis Naumova, 1953 (Fig. 5T)
Retusotriletes cf. dubius (Eisenack) Richardson, 1965
Retusotriletes incohatus Sullivan, 1964

Retusotriletes mi norKedo, 1963 (Fig. 5U)

Retusotriletes cf. pychovii Naumova, 1953

Retusotriletes cf. scabratus Turnau, 1986

Retusotriletes warringtonii Richardson and Lister, 1969 (Fig. 5X)
Retusotriletes Spp.

Infraturma APICULATI (Bennie and Kidston) Potonié, 1956
Subinfraturma GRANULATI Dybova and Jachowicz, 1957

Genus Cyclogranisporites Potonié and Kremp, 1954
Cyclogranisporites sp.

Genus Geminospora Balme, 1952

Geminospora cf. aurita Arkhangelskaya, 1985 (Fig. 51)

Geminospora lemurata Balme, 1962 (Fig. 5J)

Geminospora micromanifesta (Naumova) Arkhangelskaya, 1985 (Fig. 5K)

REMARKS. — The distinction between G. lemurata and G. micromanifesta
seems to rely solely on fine details of the ornamentation which are very simi-
lar. It is likely that these two species are conspecific. The preservation of the
present material does not allow a detailed study of this topic.

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

Genus Granulatisporites (Ibrahim) Schopf, Wilson, and Bentall, 1944
Granulatisporites sp.

Genus Tricidarisporites Sullivan and Marshall, 1966
Tricidarisporites fasciculatus (Love) Sullivan and Marshall, 1966

Subinfraturma VERRUCATI Dybova and Jachowicz, 1957

Genus Grumosisporites Smith and Butterworth, 1967

Grumosisporites  inaequalis (Butterworth and Williams) Smith and
Butterworth, 1967 (Fig. 8AA)

Grumosisporites cf. verrucosus (Butterworth and Williams) Smith and
Butterworth, 1967

Grumosisporites sp. (Fig. 8BB)

Genus Verrucosisporites (Ibrahim) Smith, 1971
Verrucosisporites baccatus Staplin, 1960 (Fig. 8L)
Verrucosisporites nitidus morphon (sensu Van der Zwan, 1980)
Verrucosisporites tumulentus Clayton and Graham, 1974
Verrucosisporites cf. scurrus (Naumova) McGregor

and Camfield, 1982 (Fig. 91)

Verrucosisporites Spp.

Subinfraturma NODATI Dybovéa and Jachowicz, 1957

Genus 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. 80)

Acanthotriletes Spp.

Genus Aneurospora (Streel) Richardson, Streel, Hassan and Steemans, 1982
Aneurospora (Geminospora) extensa morphon (4. extensa—A. goensis)
Turnau, 1999 (Fig. 5A, B)

Aneurospora cf. greggsii (McGregor) Streel, 1974 (Fig. 5C)

Aneurospora sp.

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

Genus Apiculatisporites Potonié and Kremp, 1956
Apiculatasporites davenportensis Peppers, 1969
Apiculatasporites wapsipiniconensis Peppers, 1969
Apiculatasporites Sp.

Genus 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 Richardson and Lister, 1969
Apiculiretusispora spp.

Genus 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 ez 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 (Daemon) Loboziak, Streel and Melo, 1999
Grandispora tamarae Loboziak in Higgs et al., 2000

Grandispora aff. tamarae Loboziak in Higgs et al., 2000 (Fig. 9J)



162 Gil Machado et al.

Grandispora aff. velata (Eisenack) McGregor, 1973 (Fig. 9N)
Grandispora spp.

Genus Lophotriletes (Naumova) Potonié and Kremp, 1954
Lophotriletes atratus Naumova, 1953

aff. Lophotriletes multiformis Tchibrikova, 1977 (Fig. 5S)
Lophotriletes sp.

Genus Spinozonotriletes (Hacquebard) Neves and Owens, 1966
Spinozonotriletes sp.

Subinfraturma BACULATI Dybova and Jachowicz, 1957

Genus Ancyrospora Richardson, 1960

cf. Ancyrospora? andevalensis Gonzélez, Playford
and Moreno, 2005 (Fig. 8P)

Ancyrospora sp.

Genus Raistrickia (Schopf, Wilson and Bentall) Potonié and Kremp, 1954
Raistrickia im bri catdKosanke, 1950
Raistrickia sp.

Infraturma MURORNAT!I Potonié and Kremp, 1954

Genus Acinosporites Richardson, 1965
Acinosporites Sp.

Genus Convolutispora Hoffmeister, Staplin and Malloy, 1955
Convolutispora cf. ampla Hoffmeister, Staplin and Malloy, 1955 (Fig. 8S)
Convolutispora ce re brdButterworth and Williams, 1958 (Figs. 7A and 8T)
Convolutispora cf. ce re brdButterworth and Williams, 1958
Convolutispora circumvallata Clayton, 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 Williams, 1958 (Fig. 7D)
Convolutispora cf. vermiformis Hughes and Playford, 1961 (Fig. 7E)
Convolutispora spp. (e.g., Fig. 7F)

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

Genus Cordylosporites Playford and Satterthwait, 1985
Cordylosporites Sp.

Genus Dictyotriletes (Naumova) Smith and Butterworth, 1967
Dictyotriletes cf. aequalis Staplin, 1960 (Fig. 8Y)

Dictyotriletes castaneaeformis (Horst) Sullivan, 1964 (Fig. 82)
Dictyotriletes cf. densoreticulatus Potonié and Kremp, 1955
Dictyotriletes submarginatus (Playford) Van der Zwan, 1980 (Fig. 71)
Dictyotriletes Spp.

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

Genus Microreticulatisporites (Knox) Potonié and Kremp, 1954
Microreticulatisporites concavus Butterworth and Williams, 1958

Genus Rugospora Neves and Owens, 1966
Rugospora cf. flexuosa (Jushko) Streel

in Becker et al., 1974 (Figs. 7P and 9M)
Rugospora polyptycha Neves and loannides, 1974
Rugospora spp.

Suprasubturma CAVATITRILETES
Subturma ZONOCAVATITRILETES

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

Subturma ZONOTRILETES Waltz, 1935

Genus Triguitrites Wilson and Coe, 1940
Triquitrites aff. bucculentus Guennel, 1958
Triquitrites spp. (e.g., Fig. 8K)

Infraturma CINGULATI (Potonié and Klaus) Dettmann, 1963

Genus Archaeozonotriletes (Naumova) Allen, 1965
Archaeozonotriletes chulus cf. var. chulus (Cramer) Richardson
and Lister, 1969

aff. Archaeozonotriletes divellomedium (Chibrikova) Burgess
and Richardson, 1991

Archaeozonotriletes sp.

Genus Camptozonotriletes Staplin, 1960
Camptozonotriletes cf. verrucosus Butterworth and Williams, 1958

Genus Contagisporites Owen, 1971
Contagisporites optivus Var. vorobjevensis (Chibrikova)
Owens, 1971 (Fig. 5F)

Genus 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)

Genus 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 media Taugourdeau-Lantz, 1967 (Fig. 5R)
Lophozonotriletes tuberosus Sullivan, 1964

Lophozonotriletes spp. (e.g., Figs. 8F and 9L)

Genus Savitrisporites Bharadwaj, 1955
cf. Savitrisporites nux (Butterworth and Williams) Smith and Butterworth,
1967 (Fig. 9F)

Genus Stenozonotriletes (Naumova) Potonié, 1958

Stenozonotriletes cf. bracteolus (Butterworth and Williams) Smith and
Butterworth, 1967

Stenozonotriletes lycosporoides (Butterworth and Williams) Smith and
Butterworth, 1967 (Fig. 8J)

Stenozonotriletes Spp.

Genus 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

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

Genus Cristatisporites

Cristatisporites aff. echinatus Playford, 1963

aff. Cristatisporites inaequus (McGregor) Gao, 1975

Cristatisporites triangulatus (Allen) McGregor and Camfield, 1982 (Fig. 5G)
Cristatisporites Spp.

Genus Cristicavatispora Gonzélez, Playford and Moreno, 2005
Cristicavatispora dispersa Gonzdlez, Playford and Moreno, 2005

Genus Densosporites (Berry) Butterworth, Jansonius, Smith and Staplin, 1964
Densosporites annulatus (Loose) Smith and Butterworth, 1967 (Fig. 8D, X)
cf. Densosporites devonicus Richardson, 1960 (Fig. 5H)

Densosporites spinifer Hoffmeister, Staplin and Malloy, 1955
Densosporites Spp.

Genus Hymenozonotriletes (Naumova) Potonié, 1958

Hymenozonotriletes cristatus Menendez and Péthe de Baldis, 1967 (Fig. 50)
Hymenozonotriletes cf. cristatus Menendez, 1967

Hymenozonotriletes (Samarisporites) cf. inaequus (McGregor) Owens, 1971
Hymenozonotriletes cf. incisus Naumova, 1953

Hymenozonotriletes spp. (Fig. 7TR-T)
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Genus Lycospora (Schopf, Wilson and Bentall) Potonié and Kremp, 1954
Lycospora cf. subtriquetra (Luber) Potonié and Kremp, 1956 (Fig. 9C)
Lycospora spp. (e.g., Fig. 8G)

Genus Samarisporites Richardson, 1965
Samarisporites spp. (.9., Fig. 9N)

Infraturma PATINATI (Butterworth and Williams) Playford
and Dettman, 1996

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

Genus Camarozonotriletes (Naumova) Naumova, 1953
Camarozonotriletes cf. antiquus (Naumova) Kedo, 1955
Camarozonotriletes Spp.

Genus Cymbosporites Allen, 1965
Cymbosporites cyathus Allen, 1965
Cymbosporites Sp.

Genus Cyrtospora Winslow, 1962
Cyrtospora cristifer (Luber) Van der Zwan, 1979 (Fig. 7H)

Supersubturma PSEUDOSACCITRILETES Richardson, 1965
Infraturma MONOPSEUDOSACCITI Smith and Butterworth, 1967

Genus Auroraspora Hoffmeister, Staplin and Malloy, 1955
Auroraspora cf. asperella (Kedo) Van der Zwan, 1980

Auroraspora asperella variant B (Kedo) Van der Zwan, 1979 (Fig. 7D)
Auroraspora micromanifesta (Hacquebard) Richardson, 1960
Auroraspora spp.

Genus Diducites Van Veen, 1981
Diducites sp.

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

Subturma PERINOTRILETES Erdtman, 1947

Genus Perotrilites (Erdtman) Couper, 1953
aff. Perotriletes tessellatus (Staplin) Neville in Neves ef al., 1973
Perotrilites Sp.

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

Turma MONOLETES Ibrahim, 1933
Subturma AZONOMONOLETES Luber, 1935
Infraturma LAEVIGATOMONOLETI Dybova and Jachowicz, 1957

Genus Laevigatosporites (Ibrahim) Schopf, Wilson and Bentall, 1944
Laevigatosporites spp. (Fig. 8CC)

Genus Latosporites Potonié and Kremp, 1954

Latosporites c¢f. 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

Genus Schulzospora Kosanke, 1950
Schulzospora spp. (Fig. 81)

Infraturma VESICULOMONORADITI Pant, 1954
Archaeoperisaccus aff. ovalis Naumova, 1953 (Fig. 7Q)

INCERTAE SEDIS

Genus Corystisporites Richardson, 1965
Corystisporites Sp.

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

APPENDIX B

Rock-Eval parameters of the analysed samples from the AVU

T S1 S2 S3 Pl S4 CO, S4CO S5
Sample | (9] | [mgHC/g rock] | [mgHC/g rock] | [mgCO./g rock] | S1/(S1+S2) | [MgCO/g rock] | [mgCO/g rock] | [MgCO,/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
CATS5.1 353 0.05 0.04 0.08 0.57 9.4 1.9 2
CHE1l.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

P1 — production index
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PC RC | TOC HI Ol mineral carbon
Sample | 9] | [%] | [%] |[mgHC/gTOC] | [mgCO./gTOC] [%] Age

ANG16 0.01 | 0.22 | 0.23 22 17 0.11 Serpukhovian

VAL4 0.01 | 013 | 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 | 043 | 0.44 5 5 0.08 early Tournaisian

MIR4.3 0.01 | 0.07 | 0.08 25 113 0.08 ?

CATS5.1 0.01 | 0.34 | 0.35 11 23 0.06 Visean

CHEl.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 organic carbon, RC — residual carbon organic
APPENDIX C
Localities details
i Localit . Analysis successfully performed

L%gﬁgéty (nearest viI)I/age) Age Deformation O?Igg?l?'res Palynology | Rock-Eval | Detrital framework
AM11 Sernada Serpukhovian heavy 1 X
FON Fontao Serpukhovian light 4 X X
SER Serém Serpukhovian heavy 2 X X
QUI Quintinha Serpukhovian light 2 X X
CAT Catraia Serpukhovian/Visean medium 3 X X
PIC Picoito Visean light 1 X
TOR Torres de Mondego Visean heavy 1 X
FRA S. Paulo de Frades Visean medium 2 X
CHE Cheira early Visean medium 2 X X
LOB Lobazes early Tournaisian heavy 2 X X
BOU Bouca 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 Assilhé 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 highway (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 medium 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 ? medium 1 X
ANG Angeja Serpukhovian light 2 X X
MIR Miranda do Corvo ? medium/heavy 1 X
SAL Salgueiral ? medium 1 X
GOL Golpe ? heavy 1 X
TRE Tremoa ? heavy 1 X




