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The Jauf Formation miospore succession is synthesized in terms of palaeoenvironments and sequence stratigra-
phy. The data set for this study is obtained from four overlapping, continuously cored, and extensively sampled,
boreholes that form a 940 ft (287 m) composite section. The Jauf Formation ranges in age from late Pragian to
latest Emsian. The palynological assemblages, recognized herein, provide the basis for recognizing depositional
environments present in the Lower Devonian of northern Saudi Arabia. Transgressive–regressive cycles are indi-
cated not only by lithology, but also by marked changes in the marine to terrestrially dominated palynological
assemblages, which are described in detail. Flooding events are recognized by the replacement of spore-
dominated assemblages by organic-walled microphytoplankton and could be climate-controlled. The maximum
flooding interval for the Jauf Formation is reinterpreted based on a correlative event consisting of diverse
acritarchs and abundant chitinozoans. The sequence of palynological assemblages corresponds to fourth order
cycles in the Hammamiyat Member. The new northern Gondwanan biozonation developed by Breuer and
Steemans (2013) and used here allows a high-resolution regional biozonation for the Arabian Plate and larger-
scale correlation of the Jauf Formation with other Gondwanan and Euramerican localities. One new spore
genus (Zonohilates) and four new spore species (Insculptospora maxima, Camarozonotriletes alruwailii,
Devonomonoletes crassus and Zonohilates vulneratus) are proposed.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Dispersed plant spores are the primary tool used for biostratigraphic
age determination and correlation of the Devonian deposits of Saudi
Arabia supplementing marine faunas that are confined to Jauf Forma-
tion outcrops (e.g. Boucot et al., 1989; Forey et al., 1992). More than a
decade ago, Saudi Aramco drilled a number of shallow core holes in
northern Saudi Arabia with the intention of studying the Devonian de-
posits of this area and correlating them to the nearby outcrops.
Leszczyński et al. (2010) described the sedimentology of two pairs of
core holes located ca. 350 km apart (Fig. 1), and documented the biotur-
bation and sedimentological structures present in the Jauf Formation
(Figs. 2 and 3). The JNDL-3 and JNDL-4 core holes are located in the vi-
cinity of Domat Al-Jandal while BAQA-1 and BAQA-2 are near the town
of Baq'a. The Jauf Formation in northern Saudi Arabia is divided into five
members based on lithofacies. The lower part of formation occurs in the
BAQA core holes whereas its upper part occurs in JNDL-3 and JNDL-4.
Stratigraphic overlap of the cores gives a complete composite Jauf
966 13 873 1009.
).
Formation succession (942 ft/287 m thick) and includes all members
(Fig. 4).

These core holes were studied palynologically to establish a detailed
Devonian biostratigraphy and correlate with subsurface sections from
eastern Saudi Arabia (Breuer et al., 2005, 2007; Breuer and Steemans,
2013). Palynological slides from previous studies were re-examined
and complemented by newly processed samples and observations.
This paper represents the synthesis for the spore-based stratigraphy of
the Jauf Formation in northern Saudi Arabia. Although the majority of
spore species from the studied assemblages were described by Breuer
et al. (2007) and Breuer and Steemans (2013), some are new and de-
scribed below in the Systematic Palaeontology. Finally the results of
the quantitative study carried out on palynological assemblages are pre-
sented herein and palaeoenvironments are discussed regarding the de-
tailed sedimentological study of the sections by Leszczyński et al.
(2010).

2. Jauf Formation

The Jauf Formation is exposed in northern Saudi Arabia (Powers,
1968). The formation is described in the explanatory notes of several
geological quadrangle maps where it is present (Vaslet et al., 1987;
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Fig. 1. Location of coreholes discussed in this study. The Jauf Formation exposed innorthwestern Saudi Arabiawasdescribed from indicated geological quadrangles (Devonian indicatedby
the letter D; undifferentiated Ordovician–Silurian–Devonian indicated as OSD).
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Wallace et al., 1996, 1997; Janjou et al., 1997a,b; Lebret et al., 1999). The
Jauf Formation in outcrop was also studied by Helal (1965), Bahafzallah
et al. (1981), Al-Laboun (1982, 1986) and Al-Husseini and Matthews
(2006). Macrofauna from the Jauf Formation were investigated for bra-
chiopods (Boucot et al., 1989) and fish (Forey et al., 1992). Spore assem-
blages were only recorded from the subsurface (see below). Over many
Arabian Plate tectonic structures and palaeohighlands the Jauf forma-
tion is absent because of Late Palaeozoic uplift and subsequent erosion
(Wender et al., 1998; Konert et al., 2001). In eastern Saudi Arabia, the
Jauf Formation is only present in the subsurface (e.g. Wender et al.,
1998; Al-Hajri et al., 1999).

In northwestern Saudi Arabia, the Jauf Formation varies inmeasured
thickness between 886 ft (270 m) and 1083 ft (330 m) (Helal, 1965;
Powers, 1968; Boucot et al., 1989; Wallace et al., 1997). It overlies
disconformably or unconformably the continental to shallow-marine
Tawil Formation, and is unconformably overlain by the continental
Jubah Formation. Although the shift from continental (Tawil) to marine
(Jauf) sedimentation would presumably involve a hiatus, some authors
interpret the Jauf/Tawil Formation contact to be conformable
(e.g., Powers, 1968; Vaslet et al., 1987; Al-Hajri et al., 1999). Others de-
clare that the Jauf Formation overlies the Tawil Formation in disconfor-
mity (Janjou et al., 1997a; Wallace et al., 1997) or unconformity
(Wallace et al., 1996). Although the contact between the Jauf and
Jubah Formations appears to be conformable (Al-Hajri et al., 1999),
the upper part of the Jauf Formation (Murayr Member) is unconform-
ably overlain by Jubah sandstone beds (Wallace et al., 1996, 1997;
Janjou et al., 1997a). This major erosional boundary between the
Murayr tidal sandstone and the Jubah fluvial sandstone reflects an
abrupt change in the sedimentary environment and is a sequence
boundary.
2.1. Lithostratigraphy

The alternating siliciclastics and carbonates of the Jauf Formation in
northwestern Saudi Arabia are used to subdivide it into five members:
the Sha'iba, Qasr, Subbat, Hammamiyat and Murayr members (in as-
cending order). The five members constitute a conformable succession
according toWallace et al. (1996, 1997). Although the lithological char-
acters of the Jauf Formation change little throughout northwestern
Saudi Arabia, the different members are described according to the re-
gion where the studied core holes cut through them (Figs. 2 and 3).
2.1.1. Sha'iba Member
This unit is only drilled by BAQA-2 core hole (Fig. 2). In the Baq'a

Quadrangle (Vaslet et al., 1987), the Sha'iba Member in outcrop is com-
posed in the lower part of beigefine-grained sandstone sometimeswith
cross-bedding and reworked clay galls and plant remains. This sand-
stone interval is capped by a ferruginous surface. The interval above
comprises green to red,micaceous silty claystone including rare pinkish,
laminated, silty dolomite at the base. The 6.5 uppermost feet (2 m) are
composed of yellow to pinkish, lenticular dolomite intercalated with
ochre, laminated, fine-grained sandstone and green, micaceous, silty
claystone. Estimate of the thickness inside the Baq'a Quadrangle in the
Al Muyyah section is 85 ft (26 m) (Vaslet et al., 1987) whereas the
Sha'iba Member is about 121 ft (37 m) thick in BAQA-2 (Fig. 2). In the
Baq'a Quadrangle, the contact between the Jauf and the underlying
Tawil Formations is sharp and characterized by a reworking of the
palaeosol capping the Tawil sandstone and is conformable according
to Vaslet et al. (1987). This boundary is distinctively marked by plant
root structures in BAQA-2 (Fig. 2).
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Fig. 2. Generalized core logs from the BAQA core holes, showing main rock types, sedimentary structures, ichnology, intensity of bioturbation structures, intensity of bioturbation, envi-
ronmental origin of palynomorph assemblages and inferred depositional environments (modified after Leszczyński et al., 2010).
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2.1.2. Qasr Member
This unit is drilled by BAQA-1 and BAQA-2 core holes (Fig. 2). In the

Baq'a Quadrangle (Vaslet et al., 1987), the Qasr Member in outcrop is
composed, in the lower part, of beige to gray, oolitic and stromatolitic
dolomite with reworked clay galls at the base. The stromatolites show
a columnar pattern. The overlying interval is brown, micaceous, clayey
siltstone of 13 ft (4 m) in thickness. The uppermost 20 ft (6 m) com-
prises gray to yellowish, sparitized dolomite. Massive benches of very
bioclastic facies with oolites at the top and more laminated facies near
the base occur. Estimate of the thickness inside the Baq'a Quadrangle
in theAlMuyyah section is 46 ft (14m) (Vaslet et al., 1987) asmeasured
in BAQA-2 (Fig. 2).

2.1.3. Subbat Member
This unit is drilled byBAQA-1 core hole (Fig. 2) in the Baq'aQuadran-

gle and by JNDL-4 (Fig. 3) in the Al-Jawf Quadrangle. In the Baq'a

image of Fig.�2
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Fig. 3. Generalized core logs from the JNDL core holes, showingmain rock types, sedimentary structures, ichnology, intensity of bioturbation structures, intensity of bioturbation, environ-
mental origin of palynomorph assemblages and inferred depositional environments (modified after Leszczyński et al., 2010).
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Quadrangle (Vaslet et al., 1987), the SubbatMember in outcrop ismain-
ly composed of gray or white, fine-grained, commonly cross-bedded or
laminated sandstone, intercalated with greenish silty claystone. In the
lower part, a decimetre-sized layer of sub-bituminous coal occurs with
abundant plant remains. The Subbat Member in JNDL-4 is more shale-
dominated (Fig. 3) but more sand-dominated in BAQA-1 (Fig. 2). In
the Al-Jawf Quadrangle (Wallace et al., 1997), the Subbat Member in
outcrop is variegated shale that contains detrital mica on bedding sur-
faces. The shale is silty with common secondary gypsum veins.
Interbedded grayish-red, gray, and reddish-gray sandstone beds range
from several centimetres to 6.5 ft (2 m) in thickness. A prominent
reddish-tan-weathering, ripple-marked sandstone, about 6.5 ft (2 m)
thick, is present near the top of the member that is also recognized in
JNDL-4 (Fig. 3). Estimates of the thickness are 328 ft (100 m) (Helal,
1965; Vaslet et al., 1987), 372 ft (113.4 m) (Powers, 1968), or about
371 ft (113 m) (Boucot et al., 1989). The thickness of the Subbat Mem-
ber in BAQA-1 is about 382 ft (116m) (Fig. 2) but cannot be determined
in JNDL-4 because the base is not reached (Fig. 3).
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2.1.4. Hammamiyat Member
This unit is penetrated by JNDL-3 and JNDL-4 core holes (Fig. 3). In

the Al-Jawf Quadrangle, the Hammamiyat Member according to
(Wallace et al., 1997) is an interval of moderate gray-, tan-, or light-
grayish-yellow-weathering, stromatolitic, finely crystalline limestone
interbeddedwith shale. Helal (1965) and Boucot et al. (1989) described
six limestone zones that range from 13–36 ft (4–11 m) in thickness,
which are separated by light-gray, grayish-brown, and yellowish-
brown shale and rare beds of gray, fine-grained sandstone. They can
be recognized in the studied sections (Fig. 3). Stromatolites are as
much as one metre in diameter and occur as laterally linked
hemispheroids and as isolated heads that are 10–20 cm in diameter.
Shale beds contain primary gypsum in thin layers and secondary gyp-
sum fills fractures and joints. Estimates of the thickness in the Al-Jawf
Quadrangle are 387 ft (118 m) (Helal, 1965; Wallace et al., 1997),
349 ft (106.3 m) (Powers, 1968) or 344 ft (105 m) (Boucot et al.,
1989). The measured thickness of the Hammamiyat Member in JNDL-
4, where it is complete, is 312 ft (95 m) (Fig. 3).
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2.1.5. Murayr Member
This unit is only present in the JNDL-3 core hole (Fig. 3). The Murayr

Member was previously named the ‘transition zone member’ (Powers,
1968) or the informal Fiy'adh Member (Al-Hajri et al., 1999). In the
Al-Jawf Quadrangle (Wallace et al., 1997), the Murayr Member, in out-
crop, is a light gray and light-grayish-brown sandstone that weathers
to reddish-brown and grayish brown. Sandstone, siltstone and shale
beds are poorly indurated. The sandstone is thinly bedded (2–8 cm),
and contains ripple cross-lamination, planar lamination, rib-and-
furrow structure, and small- to medium-scale crossbeds. The sandstone
beds generally coarsen upward and are mostly medium-grained at the
base becoming fine-grained in the upper part of the member; most
grains are subangular and subrounded. The sandstone is micaceous
and some beds contain fragmentary fish bones. The shale and siltstone
are light green to light tan, and these fine-grained rocks contain abun-
dant secondary gypsum and one thin bed of chert. A gastropod coquina
bed near the top of this unit was first described by Lozej (1983), and al-
though only 2–3 cm thick, it is an easily recognizable marker bed near
the top of the Murayr Member. The Murayr Member is 108 ft (33 m)
thick to the north of Domat Al-Jandal but thins near this locality. Indeed,
the unit is 82 ft (25 m) thick in JNDL-3 (Fig. 3).

2.2. Depositional environments and sequence stratigraphy

2.2.1. Sha'iba Member
The basal part of the Sha'iba Member was deposited in a transgres-

sive, shallow-marine and nearshore setting over low local topography
(Boucot et al., 1989). This environment succeeded, fairly abruptly, the
sand-dominated, tidally influenced deltaic system of the upper part of
the Tawil Formation. In Baq'a Quadrangle, the Sha'iba Member is
sand-dominated. In BAQA-2, it was deposited in a bay-type environ-
ment in which sandstone bodies accumulated either at the mouths of
tidal distributary channels, or as tidal flats in the upper part (Fig. 2).

2.2.2. Qasr Member
The clastic beds in the Qasr Member were interpreted to have been

deposited in deeper water than those of the underlying Sha'iba Member
(Boucot et al., 1989). Stromatolitic and oncolitic limestone beds repre-
sent deposition in a shallow-marine, subtidal environment within the
photic zone. Beds containing fish remainsmay record brackish-water es-
tuarine conditions (Boucot et al., 1989). Janjou et al. (1997a) interpreted
the sediments of the QasrMember to represent a carbonate-rich lagoon-
al environment inwhich argillaceous sedimentswere succeeded by stro-
matolitic carbonates characteristic of an environment relatively free of
terrigenous sediment input. The progressive reduction in the influx of
terrigenousmaterial toward the top of themembermay reflect a relative
rise in sea level and led to the deposition of the stromatolitic carbonates.

2.2.3. Subbat Member
The lowermost part of the Subbat Member is interpreted to be de-

posited in a siliciclastic lagoonal system of principally argillaceous sedi-
mentation succeeded by meandering channels, and characterized by
low energy subtidal influence (Fig. 2). Progradation of this terrigenous
lagoon sequence over themarine carbonates of the QasrMember repre-
sents a regressive phase that succeeded thefirst transgressive episode at
the base of the Jauf Formation. The remainder of the Subbat is deposited
in an estuary system in BAQA-2 (Fig. 2). In many places in the Baq'a
Quadrangle, the uppermost parts of the Subbat Member are incised by
large-scale, fluvial-dominated valleys, which are filled with red to
light brown, large-scale cross-bedded, coarse- to very fine-grained,
fining-upward sandstones. They may be more than 49 ft (15 m) thick
and 164 ft (50 m) wide. Their erosional bases represent sequence
boundaries as a result of substantial fall in sea level. All the evidence
suggests that the Subbat Member was deposited in a transgressive sys-
tems tract. In JNDL-4 which is more shale-dominated, the depositional
environment of the Subbat Member is interpreted to be shallow-
marine and nearshore in a region of low relief (Fig. 3); in most respects,
it was deposited in an environment similar to the Sha'iba Member
(Boucot et al., 1989).

2.2.4. Hammamiyat Member
According to Boucot et al. (1989), the general depositional environ-

ment of the Hammamiyat Member was shallow-marine and distant
from shore and sources of clastic debris; muds and rare sand bars accu-
mulated in quiet water belowwave base. JNDL-4 and JNDL-3 core holes
show a great variety of depositional environments from carbonate off-
shore to siliclastic tidal complexes (Fig. 3). According to Al-Husseini
and Matthews (2006), the Hammamiyat Member is subdivided into
six units, which correspond to the six T–R cycles previously identified
by Janjou et al. (1997a). As pointed out by Al-Husseini and Matthews
(2006), the two lower units are principally carbonate and indicatemax-
imum distance from the terrigenous source. The base of the final unit 6
indicates a high energy hydrodynamic system and the presence of in-
creasing terrigenous input, followed by a return to carbonate sedimen-
tation (Fig. 3).

2.2.5. Murayr Member
TheMurayrMemberwas deposited in a brackish and estuarine envi-

ronment and the sandstone beds may represent beach deposits and es-
tuarine channels (Boucot et al., 1989). The lower part of the Murayr
Member in JNDL-3 was deposited in a tidal flat environment. The thin
carbonate beds in the upper part highlight high frequency transgressive
fluctuations that replaced estuarine sedimentation by more-lagoonal
deposition (Fig. 3). The sediments of theMurayrMemberwere deposit-
ed by a regressive siliciclastic estuarine complex (Janjou et al., 1997a),
which was the harbinger of deposition of the mostly continental Jubah
Formation.

In contrast to the sandstones of the underlying Tawil and overlying
Jubah Formations, the limestones of the Jauf Formation clearly reflect
an open-marine depositional environment in northwestern Saudi
Arabia. The Jauf Formation, however, changes from marine influenced
in northwestern Saudi Arabia to marginal marine/continental in central
and southern regions (Al-Hajri et al., 1999; Al-Hajri and Owens, 2000).
In the subsurface of eastern Saudi Arabia, Rahmani et al. (2002) divided
the Jauf Formation into a lowermember or Sequence S1 andmiddle and
upper members both forming Sequence S2. The D3B Palynosubzone
(Al-Hajri et al., 1999) occurs in a mainly dark-colored marker shale at
the top of the transgressive system tract of Sequence S2 (Rahmani
et al., 2002). Wender et al. (1998) suggested a similar interpretation
in which the D3B Palynosubzone was considered as a possible con-
densed section and maximum flooding interval. Rahmani et al. (2002)
interpreted each of the two sequences of the Jauf Formation as third-
order. They identified 16 fourth-order sequences in Sequence S1 and
15 in Sequence S2. Sequence S1 is probably correlative with the Sha'iba,
Qasr and lower Subbat members. Sequence S2may be equivalent to the
Hammamiyat and Murayr members. Rahmani (2004) described Se-
quence S1 as dominated by a falling stage systems tract (forced regres-
sive shoreface), which prograded from west to east over a distance of
150–200 km. Sequence S2 comprises transgressive and highstand sys-
tem tracts.

Al-Husseini andMatthews (2006) demonstrated that the deposition
of the Jauf Formation in outcrop (from the Al Qalibah Quadrangle) cor-
responds to a second-order transgressive–regressive cycle and mani-
fests several stratigraphic elements that can be interpreted in terms of
third- and fourth-order orbital cycles. Al-Husseini and Matthews
(2005) calibrated a periodic second-order sequence stratigraphic
framework for theArabian Phanerozoic succession on the basis of a sim-
plified orbital-forcing model of sea-level. In this framework, each
second-order depositional sequence (denoted DS2) was deposited dur-
ing a constant period of approximately 14.58 million years (my). The
Jauf Formation corresponds to the 28th sequence (DS2 28) and was de-
posited between second-order sequence boundaries (denoted SB2) that
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coincide with the Jauf/Tawil Formation boundary (SB2 28 at 407.6 my)
and Jubah/Jauf Formation boundary (SB2 27 at 393.0 my). The second-
order cycle can be characterized in terms of an initial flood (Qasr Mem-
ber), followed by a more regional flood (Hammamiyat Member). The
Hammamiyat flood can be recognized across Saudi Arabia thanks to
the presence of the D3B Palynosubzone (Al-Hajri et al., 1999). The six
units of the Hammamiyat Member appear to be fourth-order cycles
and could constitute a third-order deposition sequence according to
Al-Husseini and Matthews (2006). The lower units 1 and 2, which are
principally carbonate, representmaximumtransgression in the Jauf For-
mation. The upper units 3–6 represent the start of the second-order re-
gression that gave way to the final regression (Murayr Member). A first
major sequence may be represented by the Sha'iba, Qasr and the lower
part of the Subbat Members. It may be a double third-order sequence
which corresponds probably in subsurface to Sequence S1 of Rahmani
et al. (2002). The rest of the Jauf Formation may represent four third-
order sequences and probably corresponds to the Sequence S2 of
Rahmani et al. (2002).

2.3. Palaeontology in outcrop

The Sha'iba Member yielded brachiopods known from the Pragian
and possibly also the Emsian (Boucot et al., 1989). Abundant fish debris
were also found and appear to confirm the early Pragian age of these
beds (Janjou et al., 1997a). The QasrMember contains abundant fish re-
mains that range from late Lochkovian to early Pragian (Janjou et al.,
1997a). Boucot et al. (1989) also recovered conodonts in this unit indic-
ative of middle Pragian tomiddle Emsian age and trilobites suggesting a
Pragian to Emsian age range. The Subbat Member does not contain in-
vertebrate fossils but one coarse-grained layer yielded rare undated ver-
tebrate remains (Janjou et al., 1997a). The HammamiyatMember is rich
in vertebrate and invertebrate fossils, and contains several highly fossil-
iferous strata that yielded Emsian brachiopods (Bahafzallah et al., 1981;
Boucot et al., 1989) and accompanying bryozoans, gastropods, bivalves,
cephalopods, crinoids, and fish debris of minor stratigraphic interest.
Some fish spines from the Hammamiyat Member are known only
from the Emsian to Givetian from Gondwana (Lelièvre et al., 1995).
The Murayr Member has several layers rich in vertebrate remains, two
taxa of which are known in the Middle to Late Devonian. Fragments of
Prototaxites, which is a tree-like fungus restricted to the Devonian,
were collected in place throughout the Murayr Member. Remains of
plants were also found in the argillaceous beds at the base of the mem-
ber (Wallace et al., 1997).

Faunas and floras were thus collected from many fossiliferous beds
throughout the Jauf Formation. Boucot et al. (1989) who studied sam-
ples from the Qasr and Hammamiyat members assigned a Pragian to
early Emsian age to the Jauf Formation on the basis of brachiopods, tri-
lobites, conodonts and fish remains. Forey et al. (1992) drew the same
conclusion from fish remains found in the Jauf Formation. Janjou et al.
(1997a) concluded that the collected faunas indicate an age ranging
from Pragian (in the Sha'iba Member) to early or late Emsian (in the
Hammamiyat Member); the Qasr Member being assigned to the
Pragian. They stated that none of the vertebrate taxa found in the Jauf
Formation is typically characteristic of the Eifelian. The palynological as-
semblages were also studied by various authors and their results are
discussed in the following section.

3. Review of palynological studies

Loboziak and Streel (1995)were thefirst to publish palynological re-
sults from the Jauf Formation in northern Saudi Arabia. Based on taxa
common to Euramerica, they applied the Devonian spore zonation de-
veloped forWestern Europe by Streel et al. (1987) for the TRBH-1 bore-
hole. They assigned the spore assemblages from the uppermost Tawil
and lower Jauf formations to the Emsian, while the lower part of the
Tawil Formation was dated as Late Silurian to Early Lochkovian
(Steemans, 1995). Higher in the sequence, in the Subbat Member,
Loboziak and Streel (1995) recognized a late Emsian spore assemblage.

Al-Hajri et al. (1999) published an operational palynological zona-
tion developed by Saudi Aramco for Devonian strata for Saudi Arabia.
Their work includes observations from the Jauf Formation in northern
Saudi Arabia. They assigned a late Pragian–Eifelian age for the Jauf For-
mation. The biozonationwas age-calibrated based on comparisonswith
the established spore zonations of Richardson and McGregor (1986)
and Streel et al. (1987). Al-Hajri et al. (1999) identified the early
Pragian–late Emsian D4A Palynosubzone from the lower part of the
Jauf Formation and upper part of the underlying Tawil Formation in
northwestern Saudi Arabia. The Emsian D3/D4 Palynozone is associated
with themiddle part of the Jauf Formation. These authors attributed the
D3BPalynosubzone,which iswidespread in Arabia, to theHammamiyat
and possibly the Subbat Members, and suggested a likely late Emsian
age. The late Emsian-early Eifelian D3A Palynosubzone is defined in
the upper Jauf and lower Jubah Formations.

In Breuer et al. (2005), the age of the Jauf Formation is assessed using
index species from the established Euramerican Devonian
palynozonations (e.g. Streel et al., 1987; Steemans, 1989). This showed
that the Jauf Formation in northwestern Saudi Arabia ranges from late
Pragian to latest Emsian. By correlating with the spore zonations of
Richardson and McGregor (1986) and Streel et al. (1987), Al-Ghazi
(2007) assigned an Emsian age to the partly cored Jauf Formation
from an exploration borehole in northern Saudi Arabia. Recently,
many new endemic species were described (Breuer et al., 2007;
Breuer and Steemans, 2013). These authors determined a late Pragian
to late Emsian age for the entire Jauf Formation in northern Saudi
Arabia. In Breuer and Steemans (2013) the Jauf Formation extends
from the Synorisporites papillensis–Cymbohilates baqaensis to the
Emphanisporites annulatus–Grandispora protea Assemblage Zone. They
subdivided the formation into four assemblages, three interval and
one acme zones. These are described below in the biostratigraphy
section.

4. Description of the palynological assemblages

Abundant and well-preserved palynomorphs were recovered from
throughout the investigated Jauf sections. Most assemblages contain a
mixture of terrestrial (spores, phytodebris and freshwater algae) and
marine elements (acritarchs, prasinophytes, scolecodonts and very
rarely chitinozoans). Some assemblages are dominated by spores and
phytodebris, with marine elements generally rare or totally absent.
Others are dominated by sphaeromorphs and/or acritarchs. In rare in-
stances freshwater coenobial algae are predominant. The palynological
assemblages are interpreted to reflect estuary, lagoonal to nearshore,
shallow marine depositional conditions, characterized, in most cases,
by a very high terrestrial sediment input, and variablemarine influence.
The characteristics and significance of these assemblages are discussed
in detail below. All the spore taxa encountered in the sections are listed
in the appendix, described and illustrated in Breuer et al. (2007), Breuer
and Steemans (2013) or herein. Stratigraphic ranges of spore taxa, di-
versity curves for spores, cryptospores and marine palynomorphs, and
relative abundance of each palynological group are plotted on Figs. 5
to 8.

4.1. Sha'iba Member

In the lower part of the Sha'iba Member in BAQA-2 (134.4 and
133.0 ft samples), the assemblages recovered from a marine bay
depositional setting (Fig. 2) are rich, diverse, and composed of
large numbers of miospores and acritarchs. The base of the Sha'iba
Member was deposited during a transgressive, shallow-marine, near-
shore setting over low local relief (Boucot et al., 1989). This bay-type
environment succeeded the sandy deltaic system of the Tawil
Formation. In this environment, trilete spores are diverse (more
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Fig. 7. Stratigraphic ranges of spore species, diversity and relative abundance of environmentally sensitive palynomorphs in JNDL-4.
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than 45 different species) and dominant. They are represented by nu-
merous specimens of Apiculiretusispora plicata, Retusotriletes spp. and
Synorisporites papillensis. The other most characteristic trilete spores
are Ambitisporites avitus, Biornatispora elegantula, Camarozonotriletes
filatoffii, Chelinospora carnosa, C. vulgata, Cirratriradites? diaphanus,
Cymbosporites dammamensis, C. rarispinosus, C. wellmanii, Dictyotriletes
subgranifer, Lycospora culpa, Raistrickia jaufensis, Scylaspora costulosa,
Verrucosisporites onustus and V. polygonalis. Cryptospores represent
only 7–9% of the palynological assemblages but are diverse (9–11
species). They include above all hilate species such as Cymbohilates
baqaensis, C. comptulus and Gneudnaspora divellomedia var. minor.
Althoughmiospores dominate the assemblages acritarchsmay be local-
ly numerous, represented mainly by Gorgonisphaeridium spp.,
Multiplicisphaeridium spp. and Veryhachium spp. These constitute
more than 40% of the whole palynological assemblage in the 133.0 ft
sample.

Higher, in the 69.7–67.0 ft interval, the samples yield low to moder-
ate amounts of organic matter and are impoverished in palynomorphs
(Fig. 5). The upper part of the Sha'iba Member (64.5–50.2 ft interval)
yields an increase of organic matter and rich assemblages. In these
sediments interpreted to have been deposited in lagoonal tidal flat
(Fig. 2), the terrestrial component increases and varies from 69%
to 98% of the palynological assemblage. Although Apiculiretusispora
plicata, Retusotriletes spp., Synorisporites papillensis are still abun-
dant, laevigate retusoid spores increase in numbers compared to
the lower Sha'iba Member. In contrast with the lower Sha'iba
Member the first occurrence of common species such as
Dictyotriletes ?gorgoneus, Latosporites ovalis, Leiozosterospora cf.
L. andersonii and members of the Dictyotriletes biornatus Morphon
(see Breuer and Steemans, 2013), and the disappearance of
Cymbosporites wellmanii and Dictyotriletes granulatus are the
major differences. Cryptospores are slightly less diverse (6–9
species) than previously but increase up to 18% of the assemblage.
Gneudnaspora divellomedia var. minor specimens are abundant.
The other common cryptospores are Cymbohilates baqaensis,
C. comptulus and Zonohilates vulneratus. Although the miospore
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diversity increases up section in this interval (from 28 to 45),
it is generally comparable to the lower part of the Sha'iba Mem-
ber. Unlike the lower part of the Sha'iba Member, the marine
component is mainly represented by leiospheres and some
prasinophytes.

4.2. Qasr Member

In the Qasr Carbonate Member in BAQA-1, the palynological assem-
blages from the 416.6 to 406.0 ft interval reflect a shallow-marine/
lagoon subtidal environment (Fig. 6). The proportionally lower number
ofmiospores is interpreted to represent distance of source area. The pal-
ynological assemblages are dominated by acritarchs. In the
stratigraphically deepest sample (416.6 ft), the marine assemblage is
nearly monospecific and represented by abundant leiospheres.
Stratigraphically above acritarchs become diverse with a dozen species
belonging notably to Diexallophasis spp., Gorgonisphaeridium spp.,
Multiplicisphaeridium spp., Polygonium spp. and Veryhachium spp. and
other acantomorphic genera. These acritarch species represent up to
half of the marine palynomorph population in the 408.3 ft sample, the
remainder being leiospheres.

4.3. Subbat Member

As progradation of the Subbat Member siliclastics over marine car-
bonates of the Qasr Member represent a regressive phase that
succeeded the first transgressive episode at the base of the Jauf Forma-
tion, the spores becomepredominant from the 399.0 ft sample upwards
in BAQA-1 (Fig. 6). The miospores reach their highest diversity (52–53
species) in the lower part of the Subbat Member. In this interval up to
the 345.5 ft sample, the spores are mainly represented by species of
the genera Apiculiretusispora, Biornatispora, Chelinospora, Cymbosporites,
Dictyotriletes, Emphanisporites, Retusotriletes, Synorisporites and
Verrucosisporites. The most common characteristic trilete spores are
Biornatispora elegantula, Camarozonotriletes alruwailii, Chelinospora
carnosa, C. condensata, C. densa, Dictyotriletes biornatus Morphon, ?
Knoxisporites riondae, Synorisporites papillensis, Verrucosisporites onustus
and V. polygonalis. Although most of these species are also known from
the Sha'iba Member, they co-occur with rarer stratigraphically useful
species that make their first appearance in this interval such as
Biornatispora dubia, Brochotriletes hudsonii, Diaphanospora milleri,
Emphanisporites schultzii and Stellatispora multicostata. Cryptospores
are still dominated by Cymbosporites baqaensis and C. comptulus. The lat-
ter can be particularly abundant locally and reach up to 10% of the pal-
ynological assemblage. In the lower Subbat Member, the total amount
of marine palynomorphs is low but increases up to 37% of the palyno-
logical assemblage at the top of this succession in the 345.5 ft sample
with an influx of Solisphaeridium spp. specimens, which could represent
a relative rise in sea level (Fig. 6). This could also be supported by the in-
crease of acritarch diversity and the presence of rare chitinozoans
(Ramochitina magnifica Lange 1967) in the 346.8 ft sample just below
this acritarch-rich sample.

The middle to upper part of the Subbat Member in BAQA-1
(Fig. 2) corresponds to an estuary and was deposited in various
subenvironments. The palynological assemblages from this interval
(from 308.3 to 161.0 ft samples) show a very high terrestrial input
as they include almost exclusively spores and cryptospores (Fig. 6).
Trilete spores dominate the spore assemblages however
cryptospores constitute a significant part throughout the upper
part of the Subbat Member. Whereas the lower part of the Subbat
Member is mainly characterized by spores with proximal papillae,
emphanoid, verrucate, reticulate/foveolate and laevigate retusoid
spores, these types of spores become less common towards the top
of the section in BAQA-1. In the upper part of the Subbat Member,
they are progressively replaced by numerous specimens of
Apiculiretusispora and cryptospores. The stratigraphically useful
species such as Rhabdosporites minutus, Cymbosporites asymmetricus
and Acinosporites lindlarensis successively make their appearance in
this sequence. Species that were common in the underlying sections
have vanished such as Chelinospora carnosa, Dictyotriletes ?
gorgoneus, Lycospora culpa and Verrucosisporites onustus.

In the Subbat Member the spore and cryptospore diversity de-
creases progressively to reach a minimum (8–30 species for spores
and 1–3 species for cryptospores) in the 205.8–161.0 ft interval
(Fig. 6). In these monotonous spore assemblages, relative abundance
of cryptospores can reach up to 30% of the palynological assemblage.
Cymbosporites senex and its cryptospore equivalent, Cymbohilates
comptulus, which are probably produced by the same parent plant,
are particularly abundant locally. Combined they constitute 24% to
48% of the palynological assemblage respectively in the 205.8 and
161.0 ft samples. The rest of spores mostly belong to species of the
genera Apiculiretusispora and Retusotriletes. As these assemblages
are not diverse, dominated by a few species and rich in cryptospores,
it indicates that most of the dispersed miospores came from local
vegetation and underwent short transport. These assemblages
seem to correspond to the period of maximum regression in the
Jauf Formation. Furthermore it is supported by the sedimentological
study of these deposits corresponding to a bayhead delta deposition-
al setting (Fig. 2).

The Subbat Member in the Al-Jawf area is more shale-dominated in
contrast to the more sand-dominated lithofacies in the Baq'a area
(Fig. 4). As the depositional environment of the Subbat Member in
JNDL-4was shallow-marine to nearshore, the difference is also reflected
in the palynology assemblages. A mix of terrestrial, freshwater and ma-
rine palynomorphs are present in JNDL-4 while palynological assem-
blages from the equivalent section in BAQA-1 (see Fig. 4) are less
diverse and comprise almost exclusively terrestrially derived
palynomorphs (Fig. 6). In JNDL-4, the spores from the Subbat Member
are mainly represented by specimens belonging to Apiculiretusispora,
Cymbosporites, Emphanisporites and Retusotriletes. Dictyotriletes
biornatus Morphon vanish in the Subbat Member. Chelinospora repre-
sentatives also decrease and almost disappear before the base of the
Hammamiyat Limestone Member. The main biostratigraphic indices
that appear in this interval are the more geographically widespread
Acinosporites lindlarensis and Rhabdosporites minutus. Cymbosporites
senex and Cymbohilates comptulus are also quite common locally but
not as abundant as in BAQA-1. Combined they can constitute generally
up to 8% of the palynological assemblage, and rarely more frequent.
Cryptospores are mainly represented by Cymbohilates comptulus and
Gneudnaspora divellomedia. This latter species progressively increases
in abundance throughout the Subbat Member and becomes dominant
among cryptospores in the Hammamiyat Member. Gneudnaspora
divellomedia specimens occur above all in the spore-rich assemblages,
notably between the samples in the 389.0–341.0 ft interval. Although
the spore diversity dropswhenmarine palynomorphs increase in num-
ber, the general trend shows a slight decrease towards the top of the
Subbat Member. The occurrence of several acritarch-rich events in the
upper part of the Subbat Member reflect the resumption of a transgres-
sive trend that led to deposition of the Hammamiyat Limestone Mem-
ber. These marine assemblages are not very diverse and mainly
characterized by Dictyotidium spp., Gorgonisphaeridium spp. and
Leiosphaeridia spp. representatives. Near the top of the Subbat Member,
the marine event in the 336.0 ft sample is dominated by Leiosphaeridia
‘jaufensis’ and corresponds to the D3B Palynosubzone of Al-Hajri et al.
(1999). This biozone is actually an acme zone characterized by the sud-
den dominance of monospecific small leiospheres in the whole palyno-
logical assemblage. This leiosphere-rich assemblage or D3Bpalynofacies
is very distinctive and constitutes the first of a series of several events in
JNDL-4 (see below). Large prasinophytes are also common in the Subbat
Member and can represent up to about 15% of the whole palynological
assemblage. Coenobia can be super abundant locally (e.g. 414.2 ft sam-
ple) indicating a significant freshwater input.
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4.4. Hammamiyat Member

The Hammamiyat Limestone Member represents the maximum
flooding in the Jauf Formation and is characterized by offshore to tidal
flat facies in addition to lagoon (Fig. 3). According to Al-Husseini and
Matthews (2006), the facies succession records six transgression/re-
gression cycles, with a generally regressive upward trend, correspond-
ing to the six limestone units noted by Helal (1965) and Boucot et al.
(1989). This pattern is also reflected by the palynological assemblages
from JNDL-4 and JNDL-3. These display an alternation of leiosphere-
rich and spore-rich intervals throughout the Hammamiyat Member
(Figs. 7 and 8). The marine pulses can be correlated between the two
cored sections on logs, sedimentology andpalynology. The spore assem-
blages comprise simple sculptured spores (Apiculiretusispora,
Cymbosporites and Dibolisporites), laevigate retusoid, and emphanoid
spores. The other spore groups are rather rare or occur sporadically. Of
importance is the first occurrence of Camarozonotriletes sextantii in the
shale above the third limestone and can be locally abundant in the
two last units. Common species such as Amicosporites jonkeri,
Camarozonotriletes filatoffii, Cymbosporites dammamensis, Dictyotriletes
emsiensis, D. favosus and Stellatispora multicostata disappear before the
last limestone of the Hammamiyat Member. The spore diversity drops
momentarily in leiosphere-rich levels but it is higher where leiospheres
are accompanied by more diverse marine palynomorphs indicating a
more open-marine depositional settings. Cryptospores are almost or to-
tally absent in themarine palynomorph dominated intervals. They usu-
ally are more abundant in spore-rich intervals of the tidal flats where
they can reach up to 10% of the assemblage. Whereas Cymbohilates
seems to be preferentially more characteristic of the siliclastics from
the SubbatMember, Artemopyra and Gneudnaspora are more numerous
in the Hammamiyat Member with common A. inconspiuca, A. recticosta
and G. divellomedia representatives. Marine assemblages are recurrent
and occur as a series of pulses throughout the interval and highlight
the transgressives phases of each cycle. There are a series of six main
marine events whose assemblages are dominated by Leiosphaeridia
‘jaufensis’ and correspond to the D3B Palynosubzone of Al-Hajri et al.
(1999) recognized in eastern Saudi Arabia. They are related to the six
limestoneunits of theHammamiyatMember andoccur in the carbonate
and/or in the overlying shale. In addition there is another leiosphere-
rich event in the 202.0 ft sample in JNDL-4 but it is distinguished from
the D3B palynofacies as the assemblage is dominated by a thin-walled
leiosphere species and might have a different significance. The assem-
blages are usually poor in diversity in the D3B palynofacies. These
peculiar, low-diversity assemblages probably indicate lagoonal environ-
ments. Nevertheless the diversity increases with the occurrence of
Gorgonisphaeridium, Multiplicisphaeridium, Polyedryxium, Veryhachium
specimens and prasinophytes in some levels indicating more
open-marine conditions locally. In these levels, the diversity can
reach up to about a dozen different marine palynomorph species
and is the highest within the second and third units of the
Hammamiyat Member. The increase in marine diversity is charac-
terized in the overlying shale of the third limestone by the abun-
dance of chitinozoans (undescribed Angochitina spp.), which are
elsewhere absent except for some different chitinozoan species in
the lower Subbat Member (see above). An influx of prasinophytes
tends to occur where a higher marine diversity is present. Coenobia
and Quadrisporites occurrences can be significant for indicating
freshwater input during regressive phases of each cycle. These
algae are dominated by coenobia and can locally constitute up to
about 20% of the palynological assemblage (Fig. 7).

4.5. Murayr Member

The deposits of the Murayr Member belong to a regressive
siliciclastic estuarine complex that succeeded the Hammamiyat Lime-
stone Member (Fig. 3). It was deposited in a brackish and estuarine
environment channels (Boucot et al., 1989). The lower part of the
Murayr Member in JNDL-3 was deposited in a tidal flat environment
(Fig. 3). The palynological assemblages from this interval (from 294.0
to 268.1 ft samples) show a high terrestrial influence and contrast
from the underlying last D3B event from the Hammamiyat Member.
They include almost exclusively spores and cryptospores (Fig. 8). The
spore assemblages aremainly composed, in order of abundance, by rep-
resentatives of Apiculretusispora, Dibolisporites and Retusotriletes. The
most common species are Apiculiretusispora plicata, Dibolisporites
echinaceus andD. gaspiensis. Cymbosporites, which is common in the un-
derlying levels, have dramatically decreased. Reticulate/foveolate forms
are totally absent. The spore diversity is rather low and varies from13 to
23 species at most. Cryptospores are dominated by Artemopyra and
Gneudnaspora and represent 2%–4% of the whole palynological assem-
blage. Marine palynomorphs are poorly diverse and constitute less
than 5% of the assemblages. They are mainly represented by
Leiosphaeridia ‘jaufensis’ and scolecodonts.

In the upper Murayr Member, palynological assemblages (from
258.7 to 220.60 ft samples) contain a mix of terrestrial, freshwater and
marine palynomorphs (Fig. 8). These assemblages with a couple of
thin carbonate beds highlight transgressive fluctuations that replaced
estuarine sedimentation by brackish conditions. The spores dominate
only in the 250.0 ft sample. Over the interval, they are still represented
by Apiculiretusispora, Dibolisporites and Retusotriletes specimens. The
widespread species Emphanisporites annulatus first occur near the top
of the Jauf Formation while lots of species have disappeared. The
spore assemblages are poorly diverse and the diversity has decreased
again from the Hammamiyat Member. It is not higher than 17 species
at most. Cryptospores are almost absent and only represented by rare
Gneudnaspora divellomedia var. divellomedia specimens. The marine
input increases in general aswell as its diversity, which is comprised be-
tween four and eight different forms. The acritarch assemblages still in-
clude locally abundant Leiosphaeridia ‘jaufensis’ but not super abundant
as in theHammamiyatD3B intervals. The leiospheres aremainly accom-
panied by other acritarch types belonging to Gorgonisphaeridium,
Leiosphaeridia, Rugaletes and Saharidia. Although freshwater algae are
mainly represented by coenobia, the occurrence of thick-walled, oper-
culate Quadrisporites is typical of the Murayr Member. The significant
increase of the freshwater component in the palynological assemblages
from the upper part of theMurayrMember seems to presage deposition
of fluvial sandstones from the overlying Jubah Formation.

5. Biostratigraphy

Most studied assemblages have an abundant and diverse spore com-
ponent. Spores are the most useful biostratigraphic tool for dating and
correlation of the Saudi Arabian Early Devonian deposits, although the
rare occurrences of chitinozoans are also useful. Acritarchs, however
locally abundant, were not studied in detail and will be the subject of
a future paper.

The stratigraphic palynology of the Jauf Formation presented in
Breuer et al. (2005, 2007)was principally based on species that are com-
mon to the standard Euramerican zonations of Richardson and
McGregor (1986) and Streel et al. (1987). All the Euramerican biozones
were not recognized for the studied interval. Precise trans- and inter-
continental correlations based on spores are sometimes challenging
(Traverse, 2007). Due to intrinsic provincialism of plants, the two stan-
dard Devonian spore zonations defined by Richardson and McGregor
(1986) and Streel et al. (1987) in Euramerica are sometimes difficult
to apply to localities outside Euramerica (Breuer and Steemans, 2013).
In addition, Rubinstein et al. (2005), Steemans et al. (2008) and Troth
et al. (2011) among others showed that key spore taxa that are used
zonally in both Euramerica andGondwana donot all have coincident in-
ceptions in both areas. Some are earlier (E. annulatus in Euramerica,
D. emsiensis in Gondwana), others later (i.e. Ancyrospora and
Hystricosporites in Gondwana) whereas others are approximately
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Fig. 8. Stratigraphic ranges of spore species, diversity and relative abundance of environmentally sensitive palynomorphs in JNDL-3.
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synchronous (large Grandispora spp.). The biozonation of Breuer and
Steemans (2013) defined in northern Gondwana allows a finer correla-
tion for Saudi Arabian localities and better correlation with western
Gondwanan and Euramerican localities. The palynostratigraphy of the
Jauf Formation in the studied core holes is elucidated herein although
the same sections were used by Breuer and Steemans (2013) to estab-
lish their biozonation.

The oldest spore assemblages from the lower part of the Sha'iba
Member belong to Synorisporites papillensis–Cymbohilates baqaensis As-
semblage Zone of Breuer and Steemans (2013) (Figs. 4 and 5). This zone
is characterized by common S. papillensis specimens and well-
diversified cryptospores including above all C. baqaensis, C. comptulus
and Gneudnaspora divellomedia var. minor. The co-occurrence of
Verrucosisporites polygonalis and Dictyotriletes emsiensis correlate this
assemblage to the polygonalis–emsiensis Assemblage Zone of
Richardson and McGregor (1986). The presence of Dictyotriletes
subgranifer indicates more precisely the Su Interval Zone of Streel et al.
(1987). Although the latter is spanning the Pragian/Emsian boundary,
occurrence of species such as Chelinospora retorrida and Dictyotriletes
granulatus, which are not recorded in the lower Emsian (Breuer and
Steemans, 2013), indicate a late Pragian age for this section (Fig. 5).

In the upper Sha'iba, the first significant inception of monolete
spores marks the base of the Latosporites ovalis Interval Zone from the
Latosporites ovalis–Dictyotriletes biornatus Assemblage Zone of Breuer
and Steemans (2013), which extends into the Subbat Member (Fig. 4).
The simple monolete spore, Latosporites ovalis, is not very common,
but a persistent component of the spore assemblages up to the top of
the Jauf Formation (Breuer and Steemans, 2013). This occurrence is par-
ticularly interesting as it represents one of the earliest reports of a
monolete spore, and hints at the possibility that monolete spores ap-
peared on Gondwana, before their first appearance in Euramerica
(Breuer et al., 2007). Monolete sporeswere also observed in coeval sed-
iments from the Paraná Basin, Brazil (MendlowiczMauller, et al., 2007).
Dibolisporites echinaceus sensu stricto and Emphanisporites schultzii,
whose first appearance is known to be Emsian, combined with the last
occurrences of Chelinospora retorrida and Iberoespora cantabrica, which
are usually not younger than late Pragian, suggest that the Pragian/
Emsian boundary lies within the ovalis Zone. The boundary is possibly
picked in the uppermost Qasr or lowermost Subbat Member (Figs. 4
and 6). The presence of chitinozoans, Ramochitina magnifica Lange
1967, in the 346.8 ft sample (Fig. 4) indicates the R. magnifica Zone
of Grahn (2005) defined in Western Gondwana. It is found in
Antarctica, Argentina, Bolivia, Brazil, Paraguay and the Falkland
Islands (see Troth et al., 2011). Although it is originally considered
as Pragian (Gerrienne et al., 2001; Grahn, 2005), it is found within
the Su Interval Zone in the Paraná Basin, Brazil (Grahn et al., 2010)
and is thus in agreement with a late Pragian–early Emsian age for
this part of the section.

The Diaphanospora milleri Interval Zone of Breuer and Steemans
(2013) is recognized in the lower Subbat Member from BAQA-1 based
on the first occurrence of the eponymous species (Figs. 4 and 6). Then
the first inception of Cymbosporites asymmetricus indicates the
C. asymmetricus Interval Zone of Breuer and Steemans (2013) in the
middle part of the Subbat Member in BAQA-1 and JNDL-4 (Figs. 4, 6
and 7). The occurrence of Rhabdosporites minutus allows the partial
correlation of the Cymbosporites asymmetricus Interval Zone to the
Min Interval Zone of Streel et al. (1987) that is included in the FD
Oppel Zone.

In upper SubbatMember from BAQA-1 and JNDL-4 (Figs. 4, 6 and 7),
the first specimens of Acinosporites lindlarensis indicate the base of the
middle-late Emsian Acinosporites lindlarensis–Camarozonotriletes
sextantii Assemblage Zone of Breuer and Steemans (2013), which ex-
tends into the Murayr Member. Camarozonotriletes sextantii occurs af-
terwards above the third limestone from the Hammamiyat Member
(Figs. 7 and 8). On the contrary, C. sextantii, which is a nominal species
for the annulatus–sextantii Assemblage Zone of Richardson and
McGregor (1986) and occurs in the AB Oppel Zone of Streel et al.
(1987), appears before A. lindlarensis in Euramerica and as early as the
early Emsian. The lindlarensis–sextantii Zone includes the D3B
Palynosubzone of Al-Hajri et al. (1999), which represents amonospecif-
ic algal bloom. Although it is good marker horizon throughout Saudi
Arabia (Al-Hajri et al., 1999), it is above all a distinctive palynofacies
characterized by leiosphere-rich, low-diversity assemblages. D3B oc-
curs in northwestern Saudi Arabia not as a unique event but a series of
marine pulses that extends up to 400 ft thick (Breuer et al., 2007). The
D3B marine assemblages alternate with terrestrial, spore-dominated
assemblages.

The Emphanisporites annulatus–Grandispora proteaAssemblage Zone
of Breuer and Steemans (2013) is recognized in JNDL-3 based on the
first appearance of E. annulatus from the 222.7 ft sample near the top
of the Jauf Formation (Figs. 4 and 8). This assemblage zone is usually
characterized by first occurrence of the large apiculate and spinose
zonate–pseudosaccate spores (Grandispora/Samarisporites complex).
Although absent in JNDL-3, first specimens of G. protea occur with
E. annulatus in a coeval section from JNDL-1 (Breuer and Steemans,
2013). In JNDL-1, E. annulatus occurs slightly before G. protea. Interest-
ingly, E. annulatus and Grandispora spp. (except the small Grandispora
sp. A in Steemans et al., 2008, which occurs in the Lochkovian) have a
near common inception in Bolivia (Troth et al., 2011), Ontario
(McGregor and Camfield, 1976), North Africa and Saudi Arabia
(Breuer and Steemans, 2013). The appearance of E. annulatus is well
constrained to the lowermost Emsian, in northwestern Europe
(Steemans, 1989; Streel et al., 2000) and Canada (Richardson and
McGregor, 1986) whereas it is delayed to the upper Emsian in all
Gondwana (e.g. Grignani et al., 1991; Melo and Loboziak, 2003; Troth
et al., 2011; Breuer and Steemans, 2013) and even Ontario (Troth
et al., 2011, p. 15). Besides, the first appearance of the large zonate–
pseudosaccate spores (i.e. Grandispora spp.) is known globally in the
upper Emsian and corresponds in Euramerica to the douglastownensis–
eurypterota Assemblage Zone of Richardson and McGregor (1986) and
the AP Oppel Zone of Streel et al. (1987), and in Western Gondwana to
Grandispora/Samarisporites spp. Interval Zone of Melo and Loboziak
(2003). In the German GSSP section (Riegel, 1982; Ziegler, 2000),
where spores occurwith both goniatites and conodonts, the first appear-
ance of Grandispora spp. is latest Emsian in age. Consequently the top of
the Jauf Formation is not younger than the latest Emsian.

6. Depositional model based on palynological assemblages

6.1. Data

In the Early Devonian section represented by the BAQA-1 and BAQA-
2 core holes the secondary dolomitic portion of the Qasr Member con-
tains numerous acritarch specimens and the number of miospore spe-
cies is drastically reduced compared to the assemblages from the
Sha'ibaMember. The environment of deposition for this dolomitic inter-
val is interpreted to be lagoonal. Among the miospore species that dis-
appear during Qasr time, many reappear progressively in the
overlying siliciclastic sediments, within the upper part of the Qasr and
the Subbat members. Through this succession, the environment of de-
position changes from lagoonal to estuarine. Fifteen of the 30 miospore
species reappear progressively above the dolomitic Qasr: Ambitisporites
asturicus, Amicosporites jonkeri, Apiculiretusispora arabiensis,
Camarozonotriletes filatoffii, Clivosispora verrucata var. convoluta,
Cymbosporites dittonensis, C. rarispinosus, Raistrickia jaufensis,
Retusotriletes tenerimedium, Chelinospora condensata, Devonomonoletes
sp. 1, Dibolisporites verecundus, ?Knoxisporites riondae, Emphanisporites
sp. 2 and Iberoespora cantabrica.

In JNDL-4, the palynological assemblages alternate between inter-
vals dominated by miospores and those dominated by leiospheres
(see above). Among the miospore species listed above several have a
long stratigraphic range and are still present in the upper Subbat
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and the Hammamiyat members. They are Ambitisporites asturicus,
Amicosporites jonkeri, Apiculiretusispora arabiensis, Camarozonotriletes
filatoffii, Clivosispora verrucata, Cymbosporites dittonensis, C. rarispinosus,
Raistrickia jaufensis, Retusotriletes tenerimedium (i.e. nine of the 15
species listed above, reappearing in the lower Subbat Member).
With rare exceptions, these nine species disappear from the
leiosphere-dominated intervals and then reappear. There is one im-
portant anomalous leiosphere-rich event, which contains palyno-
logical assemblages different from the others (Fig. 7). Over the
160.7–188.4 ft interval, samples are rich in leiospheres but also con-
tain miospores from the hinterland. An increase of marine
palynomorph diversity and the presence of rare to common
chitinozoans characterize this stratum (see above). This pattern
biofacies succession is also observed in the coeval section from
JNDL-3 (Fig. 8).

6.2. A possible interpretation

Classically, the Qasr Carbonate Member is interpreted to represent a
maximum flooding (Sharland et al., 2001). The dolomitic portion of the
Qasr in BAQA-1 indicates that detrital siliciclastic input is diminished.
The numerous miospore species present are interpreted to have been
derived from local vegetation. Species, which were thought to have
been transported by rivers from the hinterland and observed below in
the Sha'iba Member, disappear during this period in conjunction with
a decrease in fluvial siliciclastics. They reappear above the dolomite
where siliciclastic sediments are again transported into the basin. Ac-
cording to this hypothesis, the dolomitic horizon would not correspond
to a maximum flooding but to an arid period during which the input of
siliciclastics transported by rivers is very low. This hypothesis seems to
be confirmed by observations of the Hammamiyat Member deposition-
al environments from the JNDL-3 and JNDL-4 core holes where sedi-
ments are more carbonate-rich. Each depositional event in which
hinterland species are absent corresponds to intervals of carbonate sed-
imentation and the concomitant occurrence of abundant leiospheres.
This type of palynofacies is interpreted to reflect arid periods during
which miospores, normally derived from the hinterland, are restricted
by the lack of fluvial transport into the basin.

Fig. 9 summarizes the changes in depositional environments en-
countered in the Jauf Formation and their evolution through time. Sev-
eral phases can be observed.

Phase 1. Rivers transport huge amount of sediments from the coast-
line up to the hinterland. Sediments are detrital and contain conti-
nental palynomorphs from the area transected by fluvial systems.
Lowland derived miospore species are observed in the sediments
along with those produced in the hinterland. Even though there is
a low subsidence, it is largely compensated by siliclastic sediments
prograding into the central basin. Phase 1 corresponds to a sedimen-
tological system under a humid climate (estuary).
Phase 2. The climate becomes progressively drier. River systems par-
tially disappear limiting sediment transport to the coastal plain. The
shape of the coast line changes and a lagoon develops, probably be-
cause of subsidence. The climate is interpreted to be hot and dry
allowing sedimentation of carbonates. Shale interbedded within
the carbonates yield miospores derived from the immediate area.
Hinterland miospores are not present in the lagoon as rivers cannot
transport sediments to the coast. Under a dry andwarm climate, the
depositional environment may be eutrophized and responsible for
blooms of algae (e.g., Strother, 1994), corresponding to the D3B
palynofacies.
Phase 3. The climate becomes more humid resulting in increased
amounts of siliciclastic sediments transported by rivers from the
coastal plain and the hinterland. Carbonate sediments decrease in
quantity and extent. Siliciclastic sediments prograde and form an es-
tuarine environment. They contain miospores from lowland plain
and hinterland biotopes and locally significant amounts of freshwa-
ter algae. Phase 3 is similar to Phase 1.
Phases 1 and 2 are cyclic and repeated several times, withminor dif-
ferences. A lagoon is not always developed during Phase 2.
Phase 4. The subsidence rate vs. sedimentation rate changes drasti-
cally, allowing a flooding of the low land by the sea. This could be
due to a stronger dry period, decreasing the input of sediments to
the basin. In the Hammamiyat Member, this phase is characterized
by palynological assemblages retrieved from the third limestone
unit and the overlying shaly interval, corresponding to the 160.7–
188.4 ft interval (Fig. 7). Contrary to the earlier D3B events, palyno-
logical samples contain miospore species representative of hinter-
land biotopes. The presence of those species in the shale layers
interbedded with the carbonates suggests an important transgres-
sive period, which corresponds to the D20 MFS of Sharland et al.
(2001). In this phase the shoreline is closer to the biotopes where
the hinterland plants where growing reducing the transport dis-
tance to the sedimentary basin. Miospore species are represented
from all the biotopes.

Combining the lithofacies and the palynofacies represented by dif-
ferent terrestrial biotopes and marine assemblages provide data that
lead to an integrated depositional model. It incorporates palaeoclimatic
signals that explain the causes of basinal evolution and can be used to
infer the significance of palynofacies.

6.3. Orbital signature

The Jauf Formation is described as an orbital second-order deposi-
tional sequence limited at the base by the second-order Tawil/Jauf
boundary and at the top by the second-order Jauf/Jubah boundary
(Al-Husseini and Matthews, 2006). The Jauf Formation would
represent ca. 14.6 Ma. It consists of six third-order sequences and
the Hammamiyat Member consists of six fourth-order orbital cycles
each representing 0.405 Ma (Al-Husseini and Matthews, 2006).

According to new palynological data, the base of the Jauf Formation
is close to the Pragian/Emsian boundary (407.0±2.8Ma) and the top of
the analysed sequence (inside of the Murayr Member) is close to the
Emsian/Eifelian boundary (397.5 ± 2.8 Ma). This indicates that the
studied interval spans ca. 10 Ma and that the estimated 14.6 Ma dura-
tion for the Jauf Formation by Al-Husseini and Matthews (2006) could
have been overestimated. Around thirty climatic cycles are observed
throughout the Jauf composite section. This value, however, is
constrained by sampling density; therefore, it represents a minimum.
There is some uncertainty about the absolute ages used tomake reliable
hypotheses about the causes of that cyclicity and its effects on
palynofacies and sedimentation.

An approach to estimating absolute age is to divide the duration
of stages present by the number of miospore biozones. In the Jauf
and the Jubah formations eleven miospore biozones have been de-
fined (Breuer, 2007), from the Pragian/Emsian boundary up to the
Givetian upper boundary (385.3 ± 2.6 Ma), a range of time of
about 22 Ma. Therefore, each biozone would span ca. 2 Ma. The
Jauf Formation is subdivided into five biozones over approximately
10 Ma. The estimate of 2 Ma per biozone seems to be realistic from
these estimates. According to Al-Husseini and Matthews (2006)
the Hammamiyat Member is estimated to be ca. 2.4 Ma, but we
also know that duration of the Jauf Formation could have been
overestimated by ca. 40%. Therefore, the Hammamiyat Member
should be ca. 1.5. As the Hammamiyat Member represents approx-
imately two thirds of the lindlarensis–sextantii Zone of Breuer and
Steemans (2013), the biozone should be about 2.2 Ma. Despite
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the limitations of these arguments, it would seem that the esti-
mate of ca. 2–2.2 Ma for the lindlarensis–sextantii biozone is
realistic.

According to the palaeogeographic and palaeoclimatic maps of
Scotese (2000), during the Early Devonian time the Arabian Plate was
on the northwestern border of theGondwana at about 45°S. The bound-
ary between an arid climate and a warm/wet climate latitudinally
crosses at the position of Saudi Arabia. Around twenty climatic cycles
may be recognized in the lindlarensis–sextantii biozone (i.e. around
100 ka for each cycle). This corresponds to the orbital eccentricity of
Milankovitch cycles. The depositional model proposed here based on
palynological observations could be a proxy for identification of
orbitally-driven sedimentary cycles. We realize that this hypothesis is
based on minimal data but feel that it has merit and should be tested
as more data become available.

7. Conclusions

This paper synthesizes the results of palynological studies begun
some time ago (Breuer et al., 2005, 2007; Breuer and Steemans, 2013)
to refine the age of the Jauf Formation in northwestern Saudi Arabia.
The new northern Gondwanan biozonation developed in Breuer and
Steemans (2013) allows a fine regional correlation and larger-scale cor-
relationwith Gondwanan and Euramerican localities. Troth et al. (2011)
showed that key spore used zonally in both Laurussia andGondwana do
not all have coincident first appearances in both areas, it is more
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appropriate to apply regional biozonations to assess the age of the sec-
tions studied here rather than trying to apply the standard biozonations
established in Euramerica such as Richardson and McGregor (1986) or
Streel et al. (1987). We now realize, based on studied Arabian Plate sec-
tions, that some species such as Camarozonotriletes sextantii and
Emphanisporites annulatus occur later in Gondwana than in Euramerica
whereas others such Acinosporites lindlarensis, Dictyotriletes subgranifer
and large Grandispora spp. are approximately synchronous.

Detailed palynological biostratigraphy confirms that the Jauf Forma-
tion is late Pragian to latest Emsian in age (Fig. 4). Four spore assem-
blage zones including three interval zones of Breuer and Steemans
(2013) are defined for the Jauf Formation. The base of the Jauf Forma-
tion is late Pragian according to the occurrences of Chelinospora
retorrida, Dictyotriletes granulatus and D. subgranifer. The top of the
Jauf Formation is not younger than the latest Emsian based on the first
appearance of Emphanisporites annulatus and Grandispora protea just
below the base of the Jubah Formation. While chitinozoans from the
Hammamiyat Member seem endemic to Saudi Arabia and do not
allow any correlation, those from the lowermost part of the Subbat
Member indicate the late Pragian–early Emsian Ramochitina magnifica
Zone of Grahn (2005) defined in Western Gondwana. The Pragian/
Emsian boundary ismost likelywithin the upper part of theQasr or low-
ermost Subbat Member as recognized using spores.

In addition, the palynological assemblages reflect the Jauf Formation
depositional sequences. The rich and diverse assemblages from the
Sha'iba Member, which is characterized by estuary to tidal flat environ-
ments, comprisemainly spores and acritarchs. The spores are dominant
and diverse in this unit. These are replaced by acritarch-rich assem-
blages of the Qasr Member that indicate a major transgression with
shallow-marine/lagoon subtidal environments. The palynological as-
semblages highlight the D10 Maximum Flooding Surface (MFS) of
Sharland et al. (2001). Succeeding themarine QasrMember, palynolog-
ical assemblages of the Subbat Member represent a regressive phase as
the spores again become dominant. Poorly diverse assemblages but rich
in cryptospores in the middle part of the Subbat Member correspond
most likely to a period of maximum regression in the Jauf Formation.
The occurrences of several acritarch-rich events in the upper part of
the Subbat Member reveal the resumption of a transgressive trend in
which a series of D3B events were deposited during Hammamiyat
Member time. Although the D3B Palynosubzone of Al-Hajri et al.
(1999), which represents a monospecific algal bloom, ranges from the
uppermost Subbat almost to the top of Jauf Formation within the
MurayrMember, it is above all characteristic of the HammamiyatMem-
ber and mainly restricted to the limestone intervals. This specific
palynofacies is characterized by leiospherid-rich, low-diversity assem-
blages and occurs in northwestern Saudi Arabia not as a unique event
but a series of marine pulses that are present over 400 ft (122 m)
(Breuer et al., 2007). These isochronous pulses can be correlated with
the fourth order cycles of Al-Husseini andMatthews (2006) recognized
from outcrop. The transgressive marine leiosphere-rich assemblages al-
ternate with spore-dominated assemblages, which represent brief re-
gressive phases of the cycles. The palynological assemblage from the
black shale interval overlying the third Hammamiyat limestone repre-
sents the D20MFS of Sharland et al. (2001). It contains a diversemarine
assemblage and the only rich chitinozoan level in the Devonian in Saudi
Arabia. Sharland et al. (2001) identify the D20MFS at the top of the first
limestone unit while Al-Husseini and Matthews (2006) consider the
maximum flooding interval at the second limestone. Succeeding the
Hammamiyat Member, the assemblages from the Murayr Member re-
flect the general regressive trend that ultimately led to the deposition
of fluvial sandstones of the Jubah Formation although they show some
minor transgressive fluctuations. Indeed palynological assemblages be-
comepoorly diverse and contain amix of terrestrial, freshwater andma-
rine palynomorphs. They are transitional between the marine
assemblages of the Hammamiyat Member and the continental assem-
blages from the lower Jubah Formation.
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Appendix A. Material and methods

The studied core holes are located in northwestern Saudi Arabia
(Fig. 1). They include BAQA-1, BAQA-2, JNDL-3 and JNDL-4 core holes
that in combination give a complete section through the Jauf Formation
(Fig. 4). The preliminary palynological results from these core holes
were published by Breuer et al. (2005, 2007) and the detailed taxonomy
by Breuer and Steemans (2013). Palynological slides from these previ-
ous studies were re-examined and complemented by new samples
resulting in a total of 175 productive samples. Although the majority
of spore species from the studied assemblages were previously de-
scribed, some are new and described below. After the first observation
and the identification of species, which compose the palynological as-
semblages, quantitative species counts were carried out for each sam-
ple. At least 250 spore specimens per slide were counted when
recovery was sufficient. Independently freshwater algae, acritarchs
and other marine palynomorphs (prasinophytes, scolecodonts and
chitinozoans)were also counted to determine their relative percentages
and diversity.

All samples were processed according to standard palynological lab-
oratory methods (Streel, 1965). Each sample was crushed and 10–25 g
were demineralized in 10% HCl and 40% HF. The residue of the most
thermally mature samples was oxidized in 65% HNO3 and KClO3

(Schultze solution) and sieved through a 10 μm mesh. Subsequently, a
hot bath in 25% HCl eliminated the remaining fine neoformed fluoride
particles. The residue of all samples was sieved through a 10 μm mesh.
The final residue was mounted on palynological slides using Euparal or
Eukit® resin. One to three slides were prepared for each productive
sample.

All material is housed in the collections of Palaeobiogeology,
Palaeobotany and Palaeopalynology at the Liège University and the col-
lections of the Centre for Palynology of the University of Sheffield.

Appendix B. Systematic palaeontology

New species of cryptospores, monolete and trilete spores that were
not described in Breuer and Steemans (2013) are described below and
illustrated in Plates I to IV. Taxonomic descriptions are arranged alpha-
betically by genus and species within each group. The remainder of the
taxa encountered in the studied sections are described and illustrated in
Breuer et al. (2007) and Breuer and Steemans (2013).

Cryptospores

Genus Artemopyra Burgess and Richardson, 1991 emend.
Richardson, 1996

Type species: Artemopyra brevicosta Burgess and Richardson, 1991.
Artemopyra? scalariformis Richardson, 1996 (Plate I, 1–2)
1996 Artemopyra? scalariformis Richardson, 1996: p. 18; pl. 10, Figs.

10–12.
Dimensions: 41 (42) 43 μm; 2 specimens measured.
Occurrence: BAQA-2; Sha'iba Member; papillensis–baqaensis Zone.
Genus Zonohilates gen. nov.
Type species: Zonohilates vulneratus gen. et sp. nov.
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Derivation of name: Refers to the equatorial structure of the spore;
from the Latin zona, meaning thin outer structure of a spore that pro-
jects at the equator.

Diagnosis: Hilate cryptospore monads with a proximo-equatorial
thin zona or flange. Distal exine laevigate.

Zonohilates vulneratus gen. et sp. nov. (Plate I, 3–8)
Holotype: BAQA-2 core hole, sample 64.5 ft, slide 66818, Q38 (Plate I,

5).
Paratype: BAQA-2 core hole, sample 54.8 ft, slide 66815, L24 (Plate I,

3).
Locus typicus and stratum typicum: BAQA-2 core hole, Sha'iba Mem-

ber of the Jauf Formation at Baq'a, Saudi Arabia.
Derivation of name: Refers to the characteristic of the flange; from

the Latin vulneratus, meaning damaged.
Diagnosis: A Zonohilates species with a thin, proximo-equatorial

flange irregular in outline.
Description: Amb is circular to sub-circular. A diffuse to distinct

curvatura delimits a circular hilum. The proximal surface is often
torn and shows different types of tears such as simple slits or more
rarely a trilete-like configuration. The hilum is approximately seven-
tenths to four-fifths of the amb diameter. Exine of the central body is
punctate, thinner proximally, 2–3 μm thick equatorially and
distally. The proximo-equatorial flange, generally up to about 10 μm
wide, is always damaged and irregular. Proximal and distal surfaces
are laevigate.
Plate I. Each figured specimen is identified by core hole, sample depth, slide number and England

1–2. Artemopyra? scalariformis Richardson, 1996.
1. BAQA-2, 134.4 ft, 66826, H36.
2. BAQA-2, 133.0 ft, 66825, V24/3.
3–8. Zonohilates vulneratus gen. et sp. nov.
3. Paratype, BAQA-2, 54.8 ft, 66815, L24.
4. BAQA-2, 56.0 ft, 66816, X34/1.
5. Holotype, BAQA-2, 64.5 ft, 66818, Q38.
6. BAQA-2, 64.5 ft, 66818, E29.
7. BAQA-2, 64.5 ft, 66818, J46/3.
8. BAQA-2, 133.0 ft, 66825, U29.
9–15. Devonomonoletes crassus sp. nov.
9. JNDL-4, 120.0 ft, 68612, R42.
10. Paratype, JNDL-4, 165.8 ft, 68628, M27/3.
11. JNDL-4,141.3 ft, 68619, F46/2.
12. JNDL-4, 55.0 ft, 68596, Q32.
13. Holotype, JNDL-4, 167.2 ft, 68629, M28/1.
14. JNDL-3, 353.8 ft, 68559, J51.
15. JNDL-4, 84.8 ft, 68603, D43/4.

Plate II. Each figured specimen is identified by core hole, sample depth, slide number and England F

1–8. Camarozonotriletes alruwailii sp. nov.
1. Holotype, BAQA-1, 395.2 ft, 66807, K22/1.
2. BAQA-1, 345.5 ft, 66794, H42/4.
3. BAQA-1, 346.8 ft, 66797, W48/4.
4. BAQA-1, 395.2 ft, 66807, J33.
5. BAQA-1, 395.2 ft, 66807, Q26/4.
6. Paratype, BAQA-1, 395.2 ft, 66807, S23/4.
7. BAQA-1, 395.2 ft, 03CW121, J37/1.
8. BAQA-1, 395.2 ft, 66807, C51.
9–10. Cymbosporites paulus McGregor and Camfield, 1976.
9. JNDL-4, 182.5 ft, 68836, L42.
10. JNDL-3, 462.0 ft, 68576, N51/2.
11–12. ?Diaphanospora sp. 1.
11. JNDL-4, 152.7 ft, 68622, V46.
12. JNDL-3, 273.8 ft, 68548, M44.
13–18. Dibolisporites cf. D. farraginisMcGregor and Camfield, 1982.
13. JNDL-4, 182.5 ft, 68636, P34/3.
14. JNDL-4, 179.9 ft, 68635, U40.
15. JNDL-4, 163.7 ft, 68626, L32/1.
16. JNDL-4, 152.7 ft, 68622, F48.
17. JNDL-4, 167.2 ft, 68629, C29.
18. JNDL-3, 479.2 ft, 68582, C46.
Dimensions: 38 (54) 70 μm; 18 specimens measured.
Remarks: The proximo-equatorial flange is probably damaged when

the dyads are separated into monads. Although Cirratriradites?
diaphanus Steemans, 1989 is trilete and has proximal papillae devel-
oped on each interradial area, it is quite similar to Zonohilates vulneratus
in other respects. Both forms could have been produced by the same
parent plant.

Occurrence: BAQA-2; Sha'ibaMember; papillensis–baqaensis to ovalis
zones.
Monolete spores

Genus Devonomonoletes Arkhangelskaya, 1985
Type species: Devonomonoletes microtuberculatus (Chibrikova)

Arkhangelskaya, 1985.
Devonomonoletes crassus sp. nov. (Plate I, 9–15)
Holotype: JNDL-4 core hole, sample 167.2 ft, slide 68629, M28/1

(Plate I, 13).
Paratype: JNDL-4 core hole, sample 165.8 ft, slide 68628, M27/3

(Plate I, 10).
Locus typicus and stratum typicum: JNDL-4 core hole, Hammamiyat

Member of the Jauf Formation at Domat Al-Jandal, Saudi Arabia.
Derivation of name: Refers to the general appearance of the spore;

from the Latin crassus, meaning thick.
Finder Co-ordinate location. All figured specimens are at magnification ×1000.

inder Co-ordinate location. All figured specimens are at magnification ×1000 (see on page 206).
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Plate II. (caption on page 204)
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Diagnosis: A Devonomonoletes species with a sturdy appearance and
sculptured with small, densely distributed coni and spinae.

Description: Amb is elliptical to oval. The length of the short axis gen-
erally equals seven-tenths to four-fifths of the long axis. Laesura is dis-
tinct, straight to slightly curved, accompanied by prominent labra
commonly 1-3 μm in overall width, and terminating in well-defined
curvaturae. Exine is 1.5–4.0 μm thick. Proximo-equatorial and distal re-
gions are sculptured with evenly and densely distributed coni and
spinae c. 1 μm high. Contact faces are laevigate.

Dimensions: 40 (45) 50 μm; 19 specimens measured.
Remarks: Although Cymbosporites asymmetricus Breuer et al., 2007 is

trilete, it is also elongate and has a similar ornamentation. Some speci-
mens of Devonomonoletes crassus (e.g. Plate I, 12) have what appears
to be an additional laesura that resembles the asymmetrical trilete
mark of C. asymmetricus.

Occurrence: JNDL-3 and JNDL-4; Hammamiyat Member;
lindlarensis–sextantii Zone.

Trilete spores

Genus Camarozonotriletes Naumova, 1939 ex Naumova, 1953
Type species: Camarozonotriletes devonicus Naumova, 1953.
Camarozonotriletes alruwailii sp. nov. (Plate II, 1–8)
Holotype: BAQA-1 core hole, sample 395.2 ft, slide 66807, K22/1

(Plate III, 1).
Paratype: BAQA-1 core hole, sample 395.2 ft, slide 66807, S23/4

(Plate III, 6).
Locus typicus and stratum typicum: BAQA-1 core hole, Subbat Mem-

ber of the Jauf Formation at Baq'a, Saudi Arabia.
Derivation of name: Named in honor of Mansour Al-Ruwaili, Saudi

Aramco palynologist, who retired in 2011.
Diagnosis: A Camarozonotriletes species sculptured with minute,

closely spaced grana, coni or spinae. Cingulum width opposite the
laesurae slightly reduced.

Description: Amb is sub-circular to sub-triangular. Laesurae are sim-
ple, straight, commonly three-fifths to three-quarters of the amb radius
in length. Exine along laesurae is dark and presumably represents a tri-
angular thickened zone, wider near the proximal pole and tapering to-
wards the equator. Curvaturae are visible and often correspond
interradially to the inner margin of the cingulum. Cingulum is 1–2 μm
thick equatorially opposite the laesurae and 1.5–3.0 μm thick
interradially. Exine is laevigate proximally. Distal and equatorial sculp-
ture are composed of closely spaced grana, coni or spinae, generally
up to 1 μm high and 0.5 μm wide. The largest elements occur in the
equatorial interradial region.

Dimensions: 27 (35) 45 μm; 16 specimens measured.
Remarks: Reduction of the cingulum width opposite the laesurae is

not often conspicuous in some specimens. Sculptural elements are not
always evenly distributed. Some laevigate spots and convolute zones
can occur distally on some specimens (e.g. Pl. 2, 2–3, 6).

Comparison: Camarozonotriletes parvus Owens, 1971 is thicker
equatorially and sculptured with smaller elements often barely percep-
tible. Specimens described as C. parvus in Steemans (1989), which are
misidentified and represent actually a different species (Breuer and
Steemans, 2013), are thicker interradially. Besides their sculpture com-
prise higher bacula, pila and spinae.

Occurrence: BAQA-1; Subbat Member; ovalis tomilleri zones.
Genus Cymbosporites Allen, 1965
Type species: Cymbosporites cyathus Allen, 1965.
Cymbosporites paulusMcGregor and Camfield, 1976 (Plate II, 9–10)
1976 Cymbosporites paulusMcGregor and Camfield: p. 15; pl. 2, Figs.

7–9.
Dimensions: 30 (30.5) 31 μm; 2 specimens measured.
Occurrence: JNDL-3 and JNDL-4; Hammamiyat Member;

lindlarensis–sextantii Zone.
Genus Diaphanospora Balme and Hassell, 1962
Type species: Diaphanospora riciniata Balme and Hassell, 1962.
?Diaphanospora sp. 1 (Plate II, 11–12)
Description: Amb is sub-circular. Laesurae are not perceptible.

Nexine is granulate, c. 1 μm thick. Sexine extremely thin, transparent,
closely appressed to the spore body and showing local detachment at
the equator. Sexine surface folded in a reticulate pattern.

Dimensions: 53 (54.5) 56 μm; 2 specimens measured.
Comparison: Diaphanospora milleri Breuer and Steemans, 2013 is

smaller and its sexine is randomly and finely folded. Its trilete mark is
distinct.

Occurrence: JNDL-3 and JNDL-4; Hammamiyat and Murayr mem-
bers; lindlarensis–sextantii Zone.

Genus Dibolisporites Richardson, 1965
Type species: Dibolisporites echinaceus (Eisenack) Richardson, 1965.
Dibolisporites cf. D. farraginisMcGregor and Camfield, 1982 (Plate

II, 13–18)
cf. 1982 Dibolisporites farraginisMcGregor and Camfield: p. 38; pl. 8,

Figs. 3–4; text-Fig. 54.
Description: Amb is sub-circular. Laesurae are straight, accompanied

by labra, up to 1.5 μmwide each, extending to, or almost to, the equator.
Exine is 1.0–1.5 μm thick. Proximo-equatorial and distal regions are
sculptured with a heterogeneous mixture of spinae, coni, bacula and
verrucae, 0.5–3.0 μm high, 0.5–3.0 μm wide at base, some of which
may be locally fused at base. Sculptural elements are unevenly distribut-
ed. Contact areas arewith similarly shaped but smaller andmorewidely
scattered sculpture.

Dimensions: 45(58)70 μm; 13 specimens measured.
Remarks: Specimens assigned to this species could belong to a more

or less intergrading series from those with predominantly conate and
small verrucose sculpture (D. farraginis and D. uncatus (Naumova)
McGregor and Camfield, 1982). McGregor and Playford (1992) define
the D. farraginis Morphon. It includes sub-circular forms sculptured
with a mixture of mostly discrete grana, coni, spinae, biform elements
and verrucae of various sizes.

Comparison:Dibolisporites farraginisMcGregor and Camfield, 1982 is
very similar but has a thicker exine and might have slightly larger
ornamentation.

Occurrence: JNDL-3 and JNDL-4; Hammamiyat Member;
lindlarensis–sextantii Zone.

Genus Dictyotriletes Naumova, 1939 ex Ishchenko, 1952
Type species: Dictyotriletes bireticulatus (Ibrahim) Potonié and

Kremp, 1955.
Dictyotriletes sp. 2 (Plate III, 1)
Description: Amb is sub-circular to sub-triangular. Laesurae are sim-

ple and extend to the patina. Exine is 2–3 μm thick equatorially. Exine is
proximally thinner and laevigate. Proximo-equatorial and distal regions
are bi-reticulate. Lumina of the largermesh reticulumare polygonal and
3–6 μm in diameter. At muri junctions of this reticulum, flat-topped pa-
pillae occur and are 1–4 μmhigh. Lumina of the smallermesh reticulum
are sub-rounded and 0.5–2.5 μmMuri of both reticula are thin and low.
Proximal region is laevigate.

Dimensions: 48 μm; 1 specimen measured.
Comparison: The bi-reticulum of Dictyotriletes sp. 2 is a unique fea-

ture among Devonian Dictyotriletes species.
Occurrence: JNDL-4; Subbat Member; lindlarensis–sextantii Zone.
Genus Emphanisporites McGregor, 1961
Type species: Emphanisporites rotatus McGregor emend. McGregor,

1973.
Emphanisporites sp. 2 (Plate III, 2–4)
Description: Amb is sub-circular. Laesurae are straight, simple, ex-

tending to, or almost to, the equator. Exine is 1–2 μm equatorially
thick. Proximal radially arranged muri, 0.5–1.5 μm wide at equator are
commonly fused to form a thick, darker zone in themiddle of each con-
tact area. Muri are numerous in each contact area, straight to slightly
undulating, variable in width and do not reach the proximal pole. Distal
surface is laevigate.
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Dimensions: 23 (35) 38 μm; 3 specimens measured.
Occurrence: BAQA-1 and BAQA-2; Sha'iba and Subbat members;

papillensis–baqaensis to ovalis zones.
Genus InsculptosporaMarshall, 1985
Type species: Inscultospora confossa (Richardson) Marshall, 1985.
Insculptospora maxima sp. nov. (Plate III, 5–10; Plate IV, 1–2)
Holotype: JNDL-3 core hole, sample 389.0 ft, slide 68563, S30/4 (Plate

IV, 1).
Paratype: JNDL-3 core hole, sample 374.0 ft, slide 68562, L44 (Plate

III, 9).
Locus typicus and stratum typicum: JNDL-3 core hole, Hammamiyat

Member of the Jauf Formation at Domat Al-Jandal, Saudi Arabia.
Derivation of name: Refers to the large size of the spore; from the

Latin maximus, meaning the largest.
Diagnosis: A large laevigate Insculptospora specieswith nexine sculp-

tured with grana to verrucae towards the proximal pole where the fu-
sion of sculptural elements forms an irregular rugulate or reticulate
pattern.

Description: Amb is circular to sub-circular. Laesurae are straight,
simple and equal to seven-tenths to eight-tenths of the amb radius in
length. Curvaturae are often barely visible. The two layers are closely ap-
pressed or show a variable separation, which is visible at the equatorial
margin. Nexine is less than 1 μmthick, and always displays compression
folds independent of sexine. Nexine is sculptured with grana to verru-
cae towards the proximal pole, where the fusion of sculptural elements
forms an irregular rugulate or reticulate pattern. Sculptural elements
are less than 2 μm wide. Sexine is single-layered, 1.5–3.0 μm thick and
laevigate.

Dimensions: 82 (100) 128 μm; 27 specimens measured.
Comparison: Inscultospora confossa (Richardson) Marshall, 1985 is

very similar in many aspects except that its sexine is strongly
infrapunctate and can be double-layered.

Occurrence: JNDL-3; Hammamiyat Member; lindlarensis-sextantii
Zone.
Plate III. Each figured specimen is identified by core hole, sample depth, slide number and Eng
otherwise stated.

1. Dictyotriletes sp. 2. JNDL-4, 341.2 ft, 68671, S43/2.
2–4. Emphanisporites sp. 2.
2. BAQA-1, 346.8 ft, 66797, L50/4.
3. BAQA-2, 50.2 ft, 66812, Q50/3.
4. BAQA-1, 371.1 ft, 66801, R55/1.
5–10. Insculptospora maxima sp. nov.
5. JNDL-3, 353.8 ft, 68559, P39 (×750).
6. JNDL-3, 374.0 ft, 68562, T31 (×750).
7. JNDL-3, 389.0 ft, 68563, R27 (×750).
8. JNDL-3, 374.0 ft, 68562, V41/2 (×750).
9. Paratype, JNDL-3, 374.0 ft, 68562, L44 (×750).
10. JNDL-3, 374.0 ft, 68562, E41/2 (×750).

Plate IV. Each figured specimen is identified by core hole, sample depth, slide number and Eng
page 210).

1–2. Insculptospora maxima sp. nov.
1. Holotype, JNDL-3, 389.0 ft, 68563, S30/4.
2. JNDL-3, 389.0 ft, 68563, T26.
3–5. Raistrickia sp. A in Steemans (1989).
3. JNDL-4, 448.6 ft, 68693, E37.
4. JNDL-4, 499.1 ft, 68704, M30/2.
5. JNDL-4, 484.1 ft, 68699, M35.
6–8. Verruciretusispora sp. 1.
6. JNDL-4, 454.8 ft, 68694, W51/2.
7. BAQA-1, 308.3 ft, 66791, T40.
8. JNDL-4, 404.8 ft, 03CW258, U47.
9–13. Verrucosisporites sp. 2.
9. JNDL-4, 111.0 ft, 68608, V25.
10. JNDL-4, 120.0 ft, 68612, K57.
11. JNDL-3, 463.5 ft, 68578, S41.
12. JNDL-4, 160.7 ft, 68624, C46/3.
13. JNDL-4, 152.7 ft, 68622, T38.
Genus Raistrickia Schopf et al. emend. Potonié and Kremp, 1954
Type species: Raistrickia grovensis Schopf et al., 1944.
Raistrickia sp. A in Steemans (1989) (Plate IV, 3–5)
1989 Raistrickia sp. A; Steemans: p. 156; pl. 45, Fig. 17.
Description: Amb is sub-circular to sub-triangular. Laesurae are

straight, simple and extending almost to the equator. Curvaturae are
generally coincident with the equator in the interradial areas. Exine is
0.5–1 μm thick equatorially. Equatorial and distal regions are usually
densely sculptured with small pila and bacula, sub-polygonal in plan
view, up to 1.5 μm high and wide at base, rarely up to 2.5 μm at top,
and 1 μm apart. The tops of elements are flat, slightly concave or irreg-
ular. Contact areas are granulate.

Dimensions: 31 (34) 39 μm; 3 specimens measured.
Comparison: Verrucosisporites onustus Breuer and Steemans, 2013

has also sculptural elements with expanded apices but these are larger.
Occurrence: JNDL-4; Subbat Member; asymmetricus Zone.
Genus Verruciretusispora Owens, 1971
Type species: Verruciretusispora dubia (Eisenack) Richardson and

Rasul, 1978.
Verruciretusispora sp. 1 (Plate IV, 6–8)
Description: Amb is sub-circular. Laesurae are straight, simple or ac-

companied by labra, up to 2 μm in overall width, six-tenths to nine-
tenths of the amb radius in length. Exine is 1–2 μm thick. Equatorial
and distal regions are sculptured with verrucae, 1–2.5 μm wide, 0.5–
1 μm high and 1–4 μm apart. Verrucae are sub-circular in plan view
and rounded in profile. Contact areas are laevigate or granulate.

Dimensions: 55 (60) 70 μm; 3 specimens measured.
Occurrence: BAQA-1 and JNDL-4; Subbat Member; milleri to

asymmetricus zones.
Genus Verrucosisporites Ibrahim emend. Smith, 1971
Type species: Verrucosisporites verrucosus (Ibrahim) Ibrahim, 1933.
Verrucosisporites sp. 2 (Plate IV, 9–13)
Description: Amb is sub-circular. Laesurae are straight, simple or ac-

companied by labra, up to 4 μm in overall width, half to three-fifths of
land Finder Co-ordinate location. All figured specimens are at magnification ×1000 unless

land Finder Co-ordinate location. All figured specimens are at magnification ×1000 (see on
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Plate IV. (caption on page 208)
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the amb radius in length. Curvaturae are barely visible. Exine is c. 1 μm
thick equatorially. Proximo-equatorial and distal regions are sculptured
with variable verrucae commonly 0.5–3.0 μm wide at base, 0.5–1.0 μm
high. Sculptural elements are rounded in profile, sub-polygonal to
sub-rounded or irregular in plan view, and closely spaced. Proximal re-
gion laevigate or with reduced sculpture.

Dimensions: 35 (37) 44 μm; 5 specimens measured.
Comparison: Verrucosisporites polygonalis Lanninger, 1968 is larger

and has a less variable ornamentation arranged in a polygonal pattern.
Besides its verrucae can be flat-topped in profile.

Occurrence: JNDL-3 and JNDL-4; Hammamiyat Member;
lindlarensis–sextantii Zone.

Appendix C. List of recorded spore taxa with full author citations

Acinosporites apiculatus (Streel) Streel, 1967
Acinosporites lindlarensis Riegel, 1968
Alatisporites trisacculus Breuer and Steemans, 2013
Ambitisporites asturicus (Rodriguez) Breuer and Steemans, 2013
Ambitisporites avitus Hoffmeister, 1959
Ambitisporites eslae (Cramer and Díez) Richardson et al., 2001
Amicosporites jonkeri (Riegel) Steemans, 1989
Amicosporites streelii Steemans, 1989
Aneurospora cf. A. bollandensis Steemans, 1989
Apiculiretusispora arabiensis Al-Ghazi, 2009
Apiculiretusispora brandtii Streel, 1964
Apiculiretusispora plicata (Allen) Streel, 1967
Archaeozonotriletes chulus (Cramer) Richardson and Lister, 1969
Artemopyra inconspicua Breuer et al., 2007
Artemopyra recticosta Breuer et al., 2007
Artemopyra? scalariformis Richardson, 1996
Biornatispora dubia (McGregor) Steemans, 1989
Biornatispora elegantula Breuer and Steemans, 2013
Biornatispora microclavata Breuer and Steemans, 2013
Breconisporites simplexWellman 1993
Brochotriletes crameri Breuer and Steemans, 2013
Brochotriletes foveolatus Naumova, 1953
Brochotriletes hudsonii McGregor and Camfield, 1976
Brochotriletes robustus (Scott and Rouse) McGregor, 1973
Brochotriletes tenellus Breuer and Steemans, 2013
Camarozonotriletes alruwailii sp. nov.
Camarozonotriletes filatoffii Breuer et al., 2007
Camarozonotriletes retiformis (Hashemi and Playford) Breuer and

Steemans, 2013
Camarozonotriletes sextantiiMcGregor and Camfield, 1976
Chelinospora carnosa Breuer and Steemans, 2013
Chelinospora condensata Breuer and Steemans, 2013
Chelinospora densa Breuer and Steemans, 2013
Chelinospora laxa Breuer and Steemans, 2013
Chelinospora retorrida Turnau, 1986
Chelinospora vulgata Breuer and Steemans, 2013
Cirratriradites? diaphanus Steemans, 1989
Clivosispora verrucata McGregor, 1973 var. convoluta McGregor and

Camfield, 1976
Clivosispora verrucata McGregor, 1973 var. verrucata McGregor and

Camfield, 1976
Concentricosisporites sagittarius (Rodriguez) Rodriguez, 1983
Coronaspora inornata Breuer and Steemans, 2013
Cymbohilates baqaensis Breuer et al., 2007
Cymbohilates comptulus Breuer et al., 2007
Cymbohilates cymosus Richardson, 1996
Cymbohilates heteroverrucosus Breuer et al., 2007
Cymbosporites asymmetricus Breuer et al., 2007
Cymbosporites dammamensis Steemans, 1995
Cymbosporites dittonensis Richardson and Lister, 1969
Cymbosporites echinatus Richardson and Lister, 1969
Cymbosporites paulusMcGregor and Camfield, 1976
Cymbosporites rarispinosus Steemans, 1989
Cymbosporites senex McGregor and Camfield, 1976
Cymbosporites stellospinosus Steemans, 1989 var. minor Breuer and

Steemans, 2013
Cymbosporites variabilis var. densus Breuer and Steemans, 2013
Cymbosporites variabilis var. dispersus Breuer and Steemans, 2013
Cymbosporites variabilis var. variabilis Breuer and Steemans, 2013
Cymbosporites wellmanii Breuer and Steemans, 2013
Devonomonoletes crassus sp. nov.
Devonomonoletes sp. 1 in Breuer and Steemans, 2013
Diaphanospora milleri Breuer and Steemans, 2013
?Diaphanospora sp. 1
Diatomozonotriletes frankliniiMcGregor and Camfield, 1982
Dibolisporites bullatus (Allen) Riegel, 1973
Dibolisporites echinaceus (Eisenack) Richardson, 1965 sensu stricto
Dibolisporites eifeliensis (Lanninger) McGregor, 1973
Dibolisporites cf. D. farraginisMcGregor and Camfield, 1982
Dibolisporites gaspiensis (McGregor) Breuer and Steemans, 2013
Dibolisporites tuberculatus Breuer and Steemans, 2013
Dibolisporites verecundus Breuer and Steemans, 2013
Dibolisporites sp. 1 in Breuer and Steemans (2013)
Dibolisporites sp. 2 in Breuer and Steemans (2013)
Dictyotriletes biornatus Breuer et al., 2007 var. biornatus Breuer and

Steemans, 2013
Dictyotriletes biornatus Breuer et al., 2007 var. murinatus Breuer and

Steemans, 2013
Dictyotriletes emsiensis (Allen) McGregor, 1973
Dictyotriletes favosusMcGregor and Camfield, 1976
Dictyotriletes ?gorgoneus Cramer, 1966a inMcGregor (1973)
Dictyotriletes granulatus Steemans, 1989
Dictyotriletes marshallii Breuer and Steemans, 2013
Dictyotriletes subgranifer McGregor, 1973
Dictyotriletes sp. 1 in Breuer and Steemans, 2013
Dictyotriletes sp. 2
Dyadaspora murusattenuata Strother and Traverse, 1979
Emphanisporites annulatus McGregor, 1961
Emphanisporites cf. E. biradiatus Steemans, 1989
Emphanisporites decoratus Allen, 1965
Emphanisporites cf. E. edwardsiae Wellman, 2006
Emphanisporites erraticus (Eisenack) McGregor, 1961
Emphanisporites mcgregorii Cramer, 1966a
Emphanisporites plicatus Breuer and Steemans, 2013
Emphanisporites rotatusMcGregor emend. McGregor, 1973
Emphanisporites schultzii McGregor, 1973
Emphanisporites sp. 2
Gneudnaspora divellomedia (Chibrikova) Balme, 1988 var.

divellomedia Breuer et al., 2007
Gneudnaspora divellomedia (Chibrikova) Balme, 1988 var. minor

Breuer et al., 2007
Grandispora protea (Naumova) Moreau-Benoit, 1980b
Granulatisporites concavus Breuer and Steemans, 2013
Iberoespora cantabrica Cramer and Díez, 1975
Iberoespora glabella Cramer and Díez, 1975
Iberoespora cf. I. guzmani Cramer and Díez, 1975
Insculptospora maxima sp. nov.
?Knoxisporites riondae Cramer and Díez, 1975
Latosporites ovalis Breuer et al., 2007
Leiozosterospora cf. L. andersonii Wellman, 2006
Lycospora culpa Allen, 1965
Perotrilites caperatus (McGregor) Steemans, 1989
Raistrikia jaufensis Breuer and Steemans, 2013
Raistrickia sp. A in Steemans (1989)
Reticuloidosporites antarcticus Kemp, 1972
Retusotriletes atratus Breuer and Steemans, 2013
Retusotriletes celatus Breuer and Steemans, 2013
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Retusotriletes goensis Lele and Streel, 1969
Retusotriletes maculatusMcGregor and Camfield, 1976
Retusotriletes rotundus (Streel) Streel emend. Lele and Streel, 1969
Retusotriletes tenerimedium Chibrikova, 1959
Retusotriletes triangulatus (Streel) Streel, 1967
Rhabdosporites minutus Tiwari and Schaarschmidt, 1975
Scylaspora costulosa Breuer et al., 2007
Stellatispora multicostata Breuer et al., 2007
Synorisporites papillensisMcGregor, 1973
Tetrahedraletes medinensis Strother and Traverse emend. Wellman

and Richardson, 1993
Verruciretusispora dubia (Eisenack) Richardson and Rasul, 1978
Verruciretusispora sp. 1
Verrucosisporites nafudensis Breuer and Steemans, 2013
Verrucosisporites onustus Breuer et al., 2007
Verrucosisporites polygonalis Lanninger, 1968
Verrucosisporites stictus Breuer and Steemans, 2013
Verrucosisporites sp. 1 in Breuer and Steemans (2013)
Verrucosisporites sp. 2
Zonohilates vulneratus gen. et sp. nov.
Zonotriletes brevivelatus Breuer and Steemans, 2013
Zonotriletes rotundus Breuer and Steemans, 2013
Zonotriletes venatus Breuer and Steemans, 2013
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