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1. Introduction

ABSTRACT

A detailed study aimed at investigating the abundance of Late Cretaceous ichnofaunal assemblages
in the Jolfa area, East Azerbaijan Province, indicates that these assemblages are reliable tools for
interpreting the depositional environment of submarine fans. The types of trace fossils and their
stratigraphic arrangement are related to favorable biotic zones; therefore, they are employed to infer
information concerning the differentiation of sub-environments within the turbidite fan system,
sedimentation rate, and substrate consistency. The proximal and axial parts of the sandy system in the
studied section contain assemblages characterized by low diversity and low bioturbation intensity,
which are mostly dominated by post-depositional trace fossil suites. However, the distal parts show
an increase in both diversity and bioturbation intensity, displaying pre-depositional trace fossil
assemblages. The identified ichnofossil assemblages in the studied section correspond to the Nereites
ichnofacies. Five sub-ichnofacies of the Nereites ichnofacies were recognized in the studied deposits,
which may indicate a trend toward increasing water depth. These include: (1) Ophiomorpha rudis
sub-ichnofacies, (2) mixed Ophiomorpha rudis—Paleodictyon sub-ichnofacies, (3) Paleodictyon

sub-ichnofacies, (4) mixed Nereites—Paleodictyon sub-ichnofacies, and (5) Nereites sub-ichnofacies.

Commonly, a submarine fan system is characterized by a sheet-like turbidite sandstones interbedded with hemipelagic
single feeder system and an overall fan-shaped geometry mudstones. Submarine-fan models based on lithofacies
and consists mainly of channel-over bank deposits and successions of ancient deep-water deposits in outcrops
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and on morphological features of modern submarine fans
have been widely used for the interpretation of ancient
deep-water depositional systems. The use of trace fossils
stems from the fact that variations in trace fossil assemblages
and average bioturbation in fan and related environments
reflect changes in such environmental parameters, among
others, as substrate consistency (e.g. sand: mud ratio), energy
conditions, rates of sediment accumulation and oxygenation.
The Arsi stratigraphic section is accessible via the Jolfa—Siah
Rud road. After traveling approximately 25 km along this
route, the village of Arsi is reached, where an exposure of the
Late Cretaceous flysch succession is observed. Proceeding
nearly 2 km beyond Arsi toward the village of Daran, ridge-
shaped valleys formed by fluvial networks are visible. These
valleys not only provide pristine and ideal exposures of the
flysch deposits but, in some cases, also facilitate sandstone
extraction by local miners. The Cretaceous flysch unit in
the Jolfa—Siah Rud area generally comprises a lithological
assemblage of conglomerate, sandstone, siltstone,
limestone, marl, and flysch-type shale. The lower part of
this succession mainly consists of sandstone, flysch-type
shale, and conglomerate, whereas the upper unit includes
siltstone, sandstone, flysch-type shale, marl, and limestone.
In the study area at the Arsi section, the succession is
discontinuously and faulted over Triassic deposits, with an
unconformity beneath the Eocene sediments. Since the basal
portion of the Late Cretaceous flysch in this area is largely
covered and, in many cases, only the upper bedding plane
is visible, access to the base of these deposits—at least at
this section—was not feasible. Therefore, the study focused
on the upper part of the succession. It is noteworthy that,
given the extensive outcrops of these deposits in the Jolfa—
Siah Rud area, future studies could investigate the basal
portion in more suitable stratigraphic sections within the
region. The results of this study can provide a basic basis for
investigating the conditions of the sedimentary environment
and differentiation of facies and paleoecology of deep-sea
basins in other parts of Iran. It is hoped that the abundance of
this subsurface can help to understand the paleogeography of
late Cretaceous to Paleocene Iran.

2. Research methodology

Based on field investigations in this measured section, the
following features were examined: bedding thickness,
stratification surfaces, sedimentary structures, fossil traces,
and degree of bioturbation, grain-size variations, and bed
relationships. Ichnological assemblages were analyzed
following the approach of MacEachern et al. (2007c) to

evaluate pre- and post-depositional conditions of beds and

stratigraphic surfaces within the Cretaceous flysch deposits.

3. Results and Discussion

The study of Nereites ichnofacies shows that this facies
in deep sea basins does not show a uniform composition
from the proximal parts towards the distal parts, but has
many changes in the ichnological collections related to the
sedimentation conditions of the environment. In this regard,
considering the high frequency of trace fossils related to
Nerite ichnofacies in the deposits of the Cretaceous Flysch
Jolfa and its changes during the increase of the depth of the
basin, it was necessary to divide the existing ichnological
collections into the sub-facies related to sedimentation
conditions for the interpretation of the basin.

Most researchers introduce the bathymetric distribution
of the Nereites ichnofacies and its Ophiomorpha rudis-
Paleodictyon-Nereites subichnofacies from the upper parts
of the continental slope towards the lower parts of the basin.
Based on this, 5 subichnofacies related to the turbidite
deposits of the Cretaceous Flysch Deposits of the Jolfa Area
have been identified. This collection includes the following
subichnofacies:

(1) Ophiomorpha rudis subichnofacies, (2) Ophiomorpha
rudis—Paleodictyon  subichnofacies, (3) Paleodictyon
subichnofacies, (4) Nereites subichnofacies, (5) Nereites—

Paleodictyon subichnofacies

4. Conclusion

In the deposits of the Cretaceous Flysch Jolfa, the diversity
of trace fossils, the composition of ichnofauna, and the
behavior and morphology of pre-depositional assemblages
indicate the influence of the Nereites ichnofacies. However,
the diversity, abundance, and intensity of bioturbation
of the trace fossils related to the Nereites ichnofacies
vary in different parts of the turbidity sequence of the
Cretaceous Flysch Jolfa. Five sets of subfacies associated
with Nereites ichnofacies have been determined in the
deposits of Cretaceous Flysch Jolfa, which trend from
the shallow to the deeper parts of the basin, including:
(1) the subichnofacies of Ophiomorpha rudis, (2) the
subichnofacies of mixed Ophiomorpha rudis- Paleodictyon,
(3) Paleodictyon subichnofacies, (4) Mixed Paleodictyon-
Nereites subichnofacies, and (5) Nereites subichnofacies.
The central parts and close to the proximal of the Cretaceous
Flysch Jolfa sequence contain a collection of trace fossils
with low diversity and abundance, which mainly includes

the R-selected strategy, which trace fossils with a behavioral
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strategy of settlement are the most important trace fossils in
this part of the basin. The collection of trace fossils in these
sections is related to the subichnofacies of Ophiomorpha
rudis and the mixed subichnofacies of Ophiomorpha rudis-
Paleodictyon. Towards the end parts of the distal of the
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basin, higher diversity and abundance in the assemblages
before sedimentation increases with the behavior of grazing
and shipping. The collection of trace fossils in these parts
is related to Nereites, Paleodictyon subichnofacies and

Paleodictyon-Nereites mixed subichnofacies.
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Table 1. Integration of sedimentological and ichnological data from the Upper Cretaceous deposits in the studied section (modes of preservation,

tracemaker behavior, ichnofacies, and stacking pattern).

Type of preservation

i q q Primary sedimenta; . q q
A Fac.les' Facies lithology rimary sect ry Trace fossil and behavior of trace Ichnofacies
ssociation structures .
fossil producers.
Clast- rted . .
. ast-supporte Distinct erosional basal Ophiomorpha rudis
Grain- conglomerate, . . . . . .
surface with coarse basal Ophiomorpha, An increase in the ratio - Ophiomorpha
supported very coarse- . . . L Lo . :
. lags in sandstones, including Thalassinoides, of the domichnia rudis—Paleodictyon
conglomerate grained . .
scour-and-fill structures. sub-ichnofacies,
sandstones
Distinct erosional basal
surface with load cast
- structures and tool marks Ophiomorpha , skolithos,
& (including flute marks and Halopoa. H. storeana, A decrease in the ratio of
b groove marks). Abundant Planolites. Zoophycos, | the dwelling (suspension-
2 Very coarse- . . o . . .
2 . . intraclasts occur within Thalassinoides, and feeder) behavioral Ophiomorpha rudis
=) Thick to grained . .. S .
massive sandstones and the sandstone matrix. Scolicia, Palaeophycus, strategy, domichnia, - Ophiomorpha
. Thin-bedded turbidites are | Arenicolites., skolithos in and an increase in the rudis—Paleodictyon
sandstones coarse-grained . . . . . .
basal lags interpreted as natural levee the sandstone. ratio of deposit-feeding sub-ichnofacies,
deposits of proximal channel Planolites, and grazing traces,
settings within the basin. Helminthopsis, Gordia in | fodinichnia, pascichnia.
Trough cross-stratification the shale
and scour-and-fill structures
are also present
Post depositional;
Ophiomorpha rudis,
O. annulata, Halopoa This facies contains
Medium- to A succession of massive isp., Planolites isp., various ichnofossi'ls,
thick-bedded Medium to sandstones showing upward- Thalassinoides, and the presence of which | ophiomorpha rudis
sandstones | coarse-grained | fining or upward-coarsening | Scolicia isp., Taenidium is dependent on the - Ophiomorpha
with evidence | sandstones with | trends, with scattered parallel isp, Palaeophycus, strength of el'*osmnal rudis—Paleodictyon
of graded relatively good | lamination, ripple structures, Phycodes. currents. An Increase - Paleodictyon
bedding. sorting. and Bouma sequence Pre-depositional Poor m t.he ratlo.o.f dePOSIt' sub-ichnofacies,
divisions A and B. preservation of fossil feedmg'(fodlmcl?ma). and
traces due to erosional dwelling (domichnia)
currents and a high rate trace fossils.
of sedimentation
Massive sandstones with Post depositional;
irregular internal fabric or Ophiomorpha rudis, A decrease in the ratio of
Siltstone and lacking internal structures Planolites isp., the dwelling (suspension-
sandstone are intercalated with thin- Thalassinoides, feeder) behavioral
Thin-bedded with querate bedde‘d ‘sandstone/sil.tstone and Scolicia isp., strategy, domichnia, Ophiomorpha rudis
to high turbidites and dominant Palaeophycus; and an increase in the .
sandstone/ . . . . . . . - Ophiomorpha
. bioturbation, shale. Asymmetric ripple Taenidium, Zoophycos . ratio of deposit-feeding . .
= siltstone .. . o . rudis—Paleodictyon
& containing lamination and planar parallel Pre depositional: and grazing traces, .
and shale . . Lo L - Paleodictyon
% turbidites sandstone laminae are the prevalent Chondrites, fodinichnia, pascichnia. sub-ichnofacies
= layers of sedimentary structures. The Helminthopsis, Gordia An increase in the ’
= variable sequence exhibits a distinct isp. Scolicia (strozzii), ratio of the farming
thickness. erosional basal surface and Planolites, Circulichnus, (agrichnia) behavioral
includes Bouma sequence Paleodictyon, Nereites, .strategy
.divisions C, D, and E Cosmorhaphe.
Post depositional;
Ophiomorpha rudis,
Sedimentary structures O annulata, Halopoa Contains various
include parallel, ripple, isp., Planolites isp., ichnofossils, the presence
. and convolute laminations. Zoophycos isp., of which is dependent on
A succession . L . .
Different divisions of the Thalassinoides, the strength of erosional . .
of upward- . L . Ophiomorpha rudis
. . . Bouma sequence include and Scolicia isp., currents and the activity .
medium- thickening . ] . - Ophiomorpha
. massive sandstones (Tb) Spongeliomorpha isp. level of mud dwellers. . :
bedded sandstones with . o . . rudis—Paleodictyon
L . with parallel and convolute Taenidium isp. A decrease in the ratio .
turbidites interlayered Lo . . . - Paleodictyon
laminations (Tc). The absence Pre depositional: of deposit-feeding and . .
shales and ) . K sub-ichnofacies,
siltstones of basal Bouma sequence Chondrites, dwelling trace fossils,
' divisions (Ta) indicates Helminthopsis, Gordia and an increase in the
significant irregularity and | isp. Cochlichnus, Scolicia ratio of the farming
changes in the bedding trend. | (strozzii), Megagrapton,. (agrichnia) behavioral
Desmograpton. strategy
Planolites, Nereites.
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Continued from Table 1. Integration of sedimentological and ichnological data from the Upper Cretaceous deposits in the studied section

(modes of preservation, tracemaker behavior, ichnofacies, and stacking pattern).

Faci Primary sedimentar Type of preservation
A acles Facies lithology ry y Trace fossil and behavior of trace Ichnofacies
ssociation structures .
fossil producers.
A decrease in the ratio
. . of trace fossils, with
.. Massive or with scattered . . Lo . L
Deposition of | . L . Without bioturbation in deposit-feeding trace .
. . limestone and parallel laminations; light- . . . Nereites
hemipelagic . some cases, with traces fossils of deep tier . .
siltstone. colored, structureless clay . . ichnofacies
muds of Chondrites (deep feeding strategy)
layers. .
and a chemosymbiont
behavioral strategy.
Post depositional;
Ophiomorpha
rudis, Chondrites
. isp., Planolites isp.,
Mudst: d siltst . .
witllll Sa(;;lﬁealnor ?‘Lasss(;sz Thalassinoides, and A decrease in the ratio
Siltstone and P Lo Zoophycos 1isp. of dwelling traces, and
. structureless laminations; . X . .
. silty mudstone . Pre depositional: an increase in the ratio .
thin-bedded Lo sandstone beds featuring . . L Nereites
5 L with interlayers . . Chondrites, of grazing (pascichnia), . .
= turbidites . asymmetric ripple lamination, . . . . Lo ichnofacies
= of silty S Helminthopsis,Gordia farming (agrichnia), and
planar lamination, and . L . .
& sandstone. VL isp. Planolites isp. deposit-feeding trace
= Bouma sequence divisions . . .
4 Td. e Lorenzinia, Cochlichnus, fossils.
f o Megagrapton,
g Cosmorhaphe.
° Desmograpton,
E Paleodictyon.
g Post depositional;
S . .
5 Ophiomorpha rudis,
E Planolites isp.,
= Thalassinoides, and
The layer surfaces are distinct Scolicia isp.,
and lack any structures. In Pre depositional:
Siltstone and most cases, they consist of Chondrites, A decrease in the ratio
thin-bedded . the ‘e’ division of the Bouma Helminthopsis, of dwelling traces, and
. silty mudstone . A . . . . .
to medium- o sequence (Te), featuring Circulichnus , Gordia an increase in the ratio Nereites
with interlayers T . - .. . . . .
bedded of silt beds with internal structures isp. Scolicia (strozzii), of grazing, farming, and ichnofacies
turbidites san dstoie including asymmetric Megagrapton, deposit-feeding trace
’ ripple lamination, planar Fustiglyphus fossils.
lamination, and Bouma Spirorhaphe,
sequence divisions Tcde. Paleodictyon,
Cosmorhaphe.
Desmograpton,
Urohelminthoidia.
Planolites,
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isp., Thalassinoides horizntalis, Thalassinoides suevicus, Halopoa imbricata,
Halopoa storeana, Nereites irregularis, Nereites loomisi, Phycodes isp.,
Planolites beverleyensis, Palacophycus heberti, Palaeophycus tubularis,
Spongeliomorpha isp., Protovirgularia isp. and Taenidium isp.
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Scolicia strozzii, Halopoa storeana, Protovirgularia isp., Spirophycus
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Figure 3. Depositional model showing the sedimentary environments and related subichnofacies of the turbiditic deposits in the study section,

represented across three ichnoassociation: upper fan, middle fan, and lower fan with basin plain deposits. The subichnofacies show an

increasing depth trend as follows: (1) Ophiomorpha rudis subichnofacies (2) Ophiomorpha rudis-Paleodictyon subichnofacies (3) Paleodictyon

subichnofacies (4) Nereites-Paleodictyon subichnofacies (5) Nereites subichnofacies.
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a) Ophiomorpha rudis, b) Ophiomorpha annulata, c) Thalassinoides isp. (Th), Planolites isp. (Pl), Phycodes isp. (Phy), d)

Thalassinoides isp., ¢) Halopoa annulata, f) Bergaueria isp. (Be), g) Zoophycos isp. (Z0o).

Figure 4. Post-depositional assemblages from the Ophiomorpha rudis subichnofacies: a) Ophiomorpha rudis, b)

Ophiomorpha annulata, c) Thalassinoides isp. (Th), Planolites isp. (P1), Sinusichnus isp. (Si), Phycodes isp. (Phy), d)

Thalassinoides isp., €) Halopoa annulata, f) Bergaueria isp. (Be), g) Zoophycos isp (Z00).
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Ophiomorpha rudis, Ophiomorpha annulata, Thalassinoides isp., Halopoa
annulata, Halopoa imbricata, Halopoa storeana, Nereites irregularis,
Palaeophycus heberti, Palaeophycus tubularis, Spongeliomorpha isp.,
Protovirgularia isp., Desmograpton ichthyforme, Helminthopsis abeli,
Helminthopsis hieroglyphica, Paleodictyon italicum, Helminthoidichnites,

Bergaueria isp., Scolicia strozzii, Zoophycos isp., Chondrites isp.
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a) Rhizocorallium isp., b) Nereites irregularis, ¢) Paleodictyon isp. (Pa), Megagrapton isp. (Me), d) Protovirgularia isp. (Pr), e) Phycodes

isp. (Ph), Sinusichnus isp. (Si), Lockeia isp. (L), f) Desmograpton isp., g) Scolicia strozzi.

Figure 5. Trace fossil assemblage corresponding to the mixed Ophiomorpha rudis—Paleodictyon subichnofacies: a)

Rhizocorallium isp., b) Nereites irregularis, ¢) Paleodictyon isp. (Pa), Megagrapton isp. (Me), d) Protovirgularia (Pr), e)

Phycodes isp. (Ph), Sinusichnus isp. (Si), Lockeia isp. (L), f) Desmograpton isp., g) Scolicia strozzi.
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a) Lorenzia isp. (Lo), Megagerapton isp. (Me), Hypichnial semicircular
ridges forming the first- and second-order meanders from Cosmorhaphe
isp. (whit arrow), Cosmorhaphe lobata (Co), b) Helminthorhaphe isp., c)
Paleodictyon isp. (Pa), Lorenzia isp. (Lo), Megagerapton isp. (Me),
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d) Protovirgularia isp., Ophiomorpha isp., ¢) Astrosoma isp. (As), Lorenzai
isp. (Lo), Halopoa isp. (Ha), Palaeophycus isp. (Pa), f) Helminthopsis
isp. irregular windings, with common alternation of winding and straight

sections, Lorenzia isp. (Lo).

Figure 6. Trace fossil assemblage from the channel deposits
corresponding to the Ophiomorpha rudis subichnofacies: a) Lorenzia
isp. (Lo), Megagerapton isp. (Me), Hypichnial semicircular ridges
forming the first- and second-order meanders from Cosmorhaphe isp.
(whit arrow), Cosmorhaphe lobata (Co), b) Helminthorhaphe isp.,
¢) Paleodictyon isp. (Pa), Lorenzia isp. (Lo), Megagerapton isp. (Me)
Trace fossil assemblage from the fan-margin deposits
corresponding to the mixed Nereites—Paleodictyon subichnofacies:
d) Protovirgularia isp.and Ophiomorpha. isp. e) Astrosoma isp.
(As), Lorenzai isp. (Lo), Halopoa isp. (Ha), Palaeophycus isp. (Pa).
f) Helminthopsis isp. irregular windings, with common alternation

of winding and straight sections, Lorenzia isp. (Lo).
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a) Spirohaphe isp., b) Nereites isp., ¢) Scolicia

Prisca, d) Paleodictyon isp. (Pa), Lorenzia isp.

(lo), Protopaleodictyon  submontanum  with
irregularly distributed branches«

Protopaleodictyon 3| ok als tx sbals (e

incompositum

f) Nereites irregularis, g) Chondrites isp., h)

Scolicia Prisca, j) Chondrites isp., k) Gordia isp.

Figure 7. Trace fossil assemblage from the fan-margin to basin-plain deposits corresponding to the Nereites subichnofacies: a) Spirohaphe isp.

b) Nereites isp., ¢) Scolicia Prisca, d) Paleodictyon isp. (Pa), Lorenzia isp. (10), Protopaleodictyon submontanum with irregularly distributed

branches, e) Protopaleodictyon incompositum, f) Nereites irregularis, g) Chondrites isp. h) Scolicia Prisca, j) Chondrites isp., k) Gordia isp.
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