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Advances in Science, Technology & Innovation (ASTI) is a series of peer-reviewed books
based on important emerging research that redefines the current disciplinary boundaries in
science, technology and innovation (STI) in order to develop integrated concepts for
sustainable development. It not only discusses the progress made towards securing more
resources, allocating smarter solutions, and rebalancing the relationship between nature and
people, but also provides in-depth insights from comprehensive research that addresses the 17
sustainable development goals (SDGs) as set out by the UN for 2030.

The series draws on the best research papers from various IEREK and other international
conferences to promote the creation and development of viable solutions for a sustainable
future and a positive societal transformation with the help of integrated and innovative
science-based approaches. Including interdisciplinary contributions, it presents innovative
approaches and highlights how they can best support both economic and sustainable
development, through better use of data, more effective institutions, and global, local and
individual action, for the welfare of all societies.

The series particularly features conceptual and empirical contributions from various
interrelated fields of science, technology and innovation, with an emphasis on digital
transformation, that focus on providing practical solutions to ensure food, water and energy
security to achieve the SDGs. It also presents new case studies offering concrete examples of
how to resolve sustainable urbanization and environmental issues in different regions of the
world.

The series is intended for professionals in research and teaching, consultancies and
industry, and government and international organizations. Published in collaboration with
IEREK, the Springer ASTI series will acquaint readers with essential new studies in STI for
sustainable development.

ASTI series has now been accepted for Scopus (September 2020). All content published
in this series will start appearing on the Scopus site in early 2021.
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About the Conference

About MedGU

Steps toward the creation of a Mediterranean Geosciences Union
(MedGU)

Mediterranean Geosciences Union (MedGU) aims to create a unique federation that brings
together and represents the Mediterranean geoscience community specializing in the areas of
Earth, planetary and space sciences.

MedGU will be structured along the lines of American Geophysical Union (AGU) and
European Geosciences Union (EGU).

The plan is to establish a large organization for the Mediterranean region that is more
influential than any one local geoscience society with the objective of fostering fundamental
geoscience research, as well as applied research that addresses key societal and environmental
challenges.

MedGU’s overarching vision is to contribute to the realization of a sustainable future for
humanity and for the planet.

The creation of this union will give the Earth sciences more influence in policy-making and
in the implementation of solutions to preserve the natural environment and to create more
sustainable societies for the people living in the Mediterranean region. It is hoped that the
union will also provide opportunities to Mediterranean geoscientists to undertake interdisci-
plinary collaborative research. MedGU plans to recognize the work of the most active geo-
scientists with a number of awards and medals.

Although MedGU has not yet been officially inaugurated, its first annual meeting is planned
for November 2021 in Istanbul. This will provide a forum to achieve a consensus for the
formation of this non-profit international union of geoscientists. Membership will be open to
individuals who have a professional engagement with the Earth, planetary and space sciences,
and related studies, including students and retired seniors.

Nabil Khelifi and Attila Çiner have taken an ambitious approach to the launch of the first
MedGU Annual Meeting 2021 and hope to develop it in the near future into the largest
international geoscience event in the Mediterranean and the broader MENA region. Its mission
is to support geoscientists based in this region by establishing a Global Geoscience Congress.

It is expected that hundreds of participants from all over the world will attend this first
MedGU Annual Meeting 2021, making it one of the largest and most prominent geosciences
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events in the region. So far, over 1300 abstracts have been submitted from 95 countries. The
meeting’s sessions will cover a wide range of topics with more details available on the
conference tracks.

This first 2021 Annual Meeting will have a “hybrid” format, with both in-person and virtual
participation. Springer, its official partner, will publish the proceedings in a book series
(indexed in Scopus) as well as a number of special issues in diverse scientific journals (for
more details, see Publications). The official journal of MedGU is Mediterranean Geoscience
Reviews (Springer).

Conference Tracks

The scientific committee of the MedGU invites research papers on all cross-cutting themes of
Earth sciences, with a main focus on the following 16 conference tracks:

• Track 1. Atmospheric Sciences, Meteorology, Climatology, Oceanography
• Track 2. Biogeochemistry, Geobiology, Geoecology, Geoagronomy
• Track 3. Earthquake Seismology and Geodesy
• Track 4. Environmental Earth Sciences
• Track 5. Applied and Theoretical Geophysics
• Track 6. Geo-Informatics and Remote Sensing
• Track 7. Geochemistry, Mineralogy, Petrology, Volcanology
• Track 8. Geological Engineering, Geotechnical Engineering
• Track 9. Geomorphology, Geography, Soil Science, Glaciology, Geoarchaeology,

Geoheritage
• Track 10. Hydrology, Hydrogeology, Hydrochemistry
• Track 11. Marine Geosciences, Historical Geology, Paleoceanography, Paleoclimatology
• Track 12. Numerical and Analytical Methods in Mining Sciences and Geomechanics
• Track 13. Petroleum and Energy Engineering, Petroleum Geochemistry
• Track 14. Sedimentology, Stratigraphy, Paleontology, Geochronology
• Track 15. Structural Geology, Tectonics and Geodynamics, Petroleum Geology
• Track 16. Caves and Karst, a special session on the occasion of International Year of Caves

and Karst
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Preface

This proceedings volume consists of 57 papers accepted and presented during the 1st
Mediterranean Geosciences Union (MedGU-21) Conference organized in Istanbul, Turkey, in
2021 under the auspices of Springer Nature. Here, we assembled a set of contributions
investigating, through multidisciplinary and advanced methodologies, the most recent
advances in the comprehension of geodynamic scenarios, geological processes and linkage
with the anthropic environment.

The first part is related to Sedimentology, Stratigraphy and Paleontology. It contains 15
studies dealing with depositional environments, chronostratigraphy, chemostratigraphy, fossil
records, paleoecology and paleoenvironment reconstruction.

Under the Geochemistry, Mineralogy, Petrology and Volcanology part, 19 papers address
petrogenetic studies, geochronological investigations, ore geology works, mineralogical
characterizations, hydrothermal and geothermal contributions and volcanological findings.
Additionally, this section also contains contributions investigating volcanological hazards and
environmental recovery.

The third part includes five articles focused on Structural Geology, Tectonics and Geo-
dynamics, exploring the Meso-Cenozoic scenario from the western Mediterranean to the
Iranian Makran, passing through the Balkans and Turkey.

Finally, the fourth part, with 18 contributions, is fully dedicated to the advancements in
Petroleum and Energy Engineering and Petroleum Geology.

Although more than half of the inputs come from the Mediterranean region, many other
countries around the globe also actively participated in contributing to this volume. This
collection of studies is related to disciplines spanning from sedimentology and paleontology to
structural geology and geodynamics, from petrology and mineralogy to volcanology, from
geochemistry to ore geology and petroleum geology. Therefore, it could represent a privileged
point of view for a better understanding of the Earth System.

The book is of interest to all researchers, practitioners and students in the abovementioned
fields, presenting an updated complementary view on field studies, laboratory analyses and
modeling aimed at better quantifying process-product binomials in geosciences.

Istanbul, Türkiye Attila Çiner
Mumbai, India Santanu Banerjee
Bari, Italy Federico Lucci
Kraków, Poland Ahmed E. Radwan
Gadong, Brunei Afroz Ahmad Shah
Rome, Italy Domenico M. Doronzo
Benha, Egypt Zakaria Hamimi
Halban, Oman Wilfried Bauer
July 2022
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Sedimentology and Depositional Facies
Architecture of the Cenomanian Ain Tobi
Formation, Nafusah Escarpment, NW Libya

Mohamed Hamruni and Ibrahim Mriheel

Abstract

This study deals with the facies architecture of the
Cenomanian Ain Tobi Formation along Nafusah Escarp-
ment (NE), Northwest Libya. The Ain Tobi succession
was deposited broadly on a shallow carbonate ramp
setting. Five detailed sections were measured from the
northeastern to the southwestern parts of the NE and
logged using the standard logging technique. Sixty thin
sections were examined and interpreted better to under-
stand the vertical and lateral facies variations through
time. Six leading facies associations (FA-I to FA-VI)
were identified. Peritidal facies association (FA-I) is
characterized by red/yellow colored sandstone, microbial
laminated bindstone with locally desiccation cracks,
skeletal wacke-packstone with mechanical lamination,
and sandy skeletal float-packstone with locally erosive
base and oriented bioclasts. Rudist biostorm of ramp
interior (FA-II) comprises sandy rudistic float-rudstone
deposited within the lagoon. Shallow lagoonal subtidal
(FA-III) consists of bioturbated mudstone/wackestone,
packstone, and floatsone with locally wavy ripples. Deep
lagoonal subtidal (FA-IV) mainly comprises marlstone
and marly claystone. Shoal (FA-V) comprises cross-
bedded oolitic, peloidal, and skeletal packstone/
grainstone. Rudist bank and forebank (FA-VI) is charac-
terized by scattered communities of rudist build-up, and
these rudist shells redeposited basinward in the forebank
as massive rudistic skeletal wackestone/floatstone. These
facies are highly dolomitized. The Ain Tobi Formation
represents a major third-order transgressive–regressive
succession developed on the northern African passive
margin during greenhouse conditions. The Formation has
been subdivided into four fourth-order cycles in the

northeastern parts of the NE and only three cycles in the
southwestern part. These Cenomanian depositional
sequences probably coincide with global glacio-eustatic
cycles that are driven by the long eccentricity variation.
Both eustatic sea-level change and paleotopography were
the primary controls on spatial facies distributions and
thickness variations.

Keywords

Facies architecture�Cenomanian�Ain Tobi formation�
Nafusah Escarpment � NW Libya

1 Introduction

The Ain Tobi succession was deposited broadly on a shallow
carbonate ramp setting (Christie, 1954). This study is
focused on the lateral facies development of the Cenomanian
depositional platform along NE in the NW Libya (Fig. 1).
Although the excellent exposure of Ain Tobi Formation,
published works used stratigraphic sequence approach
remains limited along the scarp. This work will refine our
understanding of the Formation’s depositional environment
and stratigraphic sequence framework. This contribution
aims to construct the depositional model of the Formation
and to build the depositional facies architecture of the Ain
Tobi succession in the light of sequence stratigraphy. The
methodology and results of this study are summarized in the
following sections and supported by evidence (Fig. 1).

2 Methods

Logging of five sections from the central to the western part
of NE was constructed using standard logging technique,
and several field stops were checked (Fig. 1). Hand samples
were collected for every bed and whenever there were
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changes in facies. In addition, representative samples were
collected for both macro-structure and micro-texture exam-
inations of Ain Tobi samples were conducted during outcrop
and laboratory microscopic studies.

3 Results

The Ain Tobi facies association belt comprises peritidal,
rudist biostorm, shallow lagoon, deep lagoon, shoal, and
rudist bank and forebank (Hamruni, 2022). The Ain Tobi
Formation is conformably overlain by Yifren Marl and
overlying the marginal marine siliciclastic Jennawen
Formation.

A model for classifying the depositional facies relating to
the ramp depositional system along the NE is proposed
(Fig. 1) (Hamruni, 2022). The main component facies
association includes: FA-I Peritidal is characterized by
red/yellow colored sandstone, algal dolobindstone with
desiccation cracks, sandy skeletal float-packstone with
locally erosive base and oriented bioclasts, and skeletal
wacke-packstone with mechanical lamination of upper flow
regime. FA-II Rudist biostorm ramp interior consists of a
high accumulation of unbroken rudist shells and sandy
rudistic floatstone-rudstone. FA-III Shallow lagoonal sub-
tidal is mainly comprised of bioturbated mudstone/
wackestone, packstone, and floatstone with locally wavy
ripples and mechanical lamination of lower flow regime.

Fig. 1 Showing location map of the study area (a), facies belt within Ain Tobi carbonate ramp system (b) with their description (c)
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FA-IV Deep lagoonal subtidal consists of marlstone with
local burrowing and mechanical lamination and marly
claystone. FA-V Shoal is characterized by cross-bedded
oolitic, pelodial and skeletal packstone-grainstone. FA-VI
Rudist bank and forebank comprise scattered communities
of in situ rudist build-up in front of shoal, rudistic bound-
stone. These rudist shells redeposited in the forebank,
forming rudistic skeletal wackestone-floatstone. These facies
associations are strongly dolomitized.

A stratigraphic sequence framework is conducted and
reveals four fourth-order transgressive–regressive cycles in
the northeastern flank and only three in the southwestern
flank (Fig. 2) (Hamruni, 2022). They include: S1 and S2
Sequences one and two consist of tidal-influenced
inner-ramp T/R depositional sequences. S3 Sequence three
is characterized by rudist bank and forebank facies, changing
laterally to cross-bedded oolitic/skeletal shoal. S4 Sequence
four comprises retrograding and prograding stacking pat-
terns of peritidal, inner-ramp shoal, and shallow and deep
lagoonal facies.

4 Discussion

The overall Ain Tobi depositional sequences represent the
lower part of the third-order sequence (Hamruni, 2022) that
developed over the paleo north–south Ghadames-Tripoli
passive margin. The depositional sequences one and two
mark the first transgressive interval of Ain Tobi carbonate
sediments. They comprise transgressive/regressive cycles,
separated by the maximum regressive surface where the
thickest peritidal facies occur. The maximum flooding sur-
face (MFS) for both sequences in the northeastern part of the
NE is placed on the thickest shallow lagoonal subtidal facies.
However, in the southwestern part, the MFS of sequence two
is picked on the rudist biostorm ramp interior. A major
transgression of sequence three followed these sequences. It
consists of rudist bank and fore-bank facies in the north-
eastern flank of escarp, which changes laterally into the
oolitic shoal. The time of maximum flooding is placed on the
thickest bed of the rudist forebank and its time equivalent
shoal. The top of this sequence in the southwestern region

Fig. 2 Showing sequence-stratigraphic framework along Nafusah Escaprment

Sedimentology and Depositional Facies Architecture … 5



was affected by shallow karstification. The depositional
sequence four is characterized by retrograding and pro-
grading packages, in which the MFS occurs over the
mid-ramp and inner-ramp shoal and deep lagoonal subtidal
facies. The sequence boundary of the last prograding suc-
cession, sequence four, is placed on the red-colored oxidized
peritidal facies. These depositional sequences are probably
related to global Cenomanian sea-level fluctuations driven
by the long eccentricity cycle (0.405 Myr) in the Milanko-
vitch band, as noted by many authors (Gale et al., 2002).

5 Conclusions

The Cenomanian sedimentary succession of the Ain Tobi
Carbonate ramp system comprises six main facies associa-
tion. They are peritidal, rudist biostorm, shallow lagoon,
deep lagoon, shoal, and rudist bank and forebank. Facies and

environmental analyses, together with the reconstructed
stratigraphic architecture of this succession, allowed
sequence-stratigraphic interpretation of these depositional
facies, containing four fourth-order sequences in the north-
eastern of the NE but only three in the southwestern flank.
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Distribution of Surface Sediments
at the Bottom of Lake Ladoga

Vladimir Anokhin, Dina Dudakova, Aleksey Aksenov,
Mikhail Dudakov, and Anna Revunova

Abstract

Lake Ladoga is the largest source of fresh water in
Europe, on which the health and lives of millions of
people depend. Bottom sediments affect the water quality
in the lake. Therefore, it is necessary to study them.
Researchers from the Institute of Limnology of RAS are
looking at the distribution of surface sediments at the
bottom of Lake Ladoga using new methods. Based on the
research results, a new map of the distribution of bottom
sediments has been compiled, which can serve as a
qualitative basis for monitoring the ecological situation in
the lake.

Keywords

Lake � Sediments � Bottom relief � Distribution �
Bottom sampling

1 Introduction

Lake Ladoga is the largest lake in Europe in terms of area
and a source of fresh water for the metropolis of St.
Petersburg and the adjacent regions. Therefore, studying the

distribution of the lake’s bottom sediments is an important
and urgent task. During the study of the lithology of the base
of Lake Ladoga, a significant amount of knowledge has been
accumulated, and several works have been published, for
example (Naumenko, 2020; Rumyantsev et al., 2015;
Semenovich, 1966; State Geological Map of the Russian
Federation Scale, 2015).

In 2019–21, employees of the Institute of limnology RAS
(ILRAS) carried out a study of the bottom sediments of Lake
Ladoga. The results of these works form the basis of the
proposed publication.

2 Methods

The research methodology includes bottom sampling, echo
sounding, an underwater photo-video survey of the tail,
particle size analysis, and mapping bottom sediments based
on digital bottom topography models.

Bottom sampling is the primary source of information in
this study. It was carried out using a Lauri-Niemiste ground
pipe on fine-grained sediments and an Ekman-Burge bottom
grab on sandy sediments. Of the entire core of the tube, the
top 10 cm of sediment was taken into account for mapping.
Sampling was carried out over a subregular network of
stations, more or less evenly distributed throughout the
entire water area (191 stations).

The underwater survey was carried out using the “Lim-
noscout” underwater vehicle, designed and assembled at
ILRAS (Anokhin & Dudakova, 2020), at a significant part of
sampling stations. In addition, the bottom was a photo-video
profiled in several local coastal areas.

Echo-sounding was applied at each station pointwise and
in combination with photo-video profiling in coastal areas.

For cartographic constructions, a digital model of the
relief of the bottom of Lake Ladoga was used, compiled by
Mikhail Naumenko at ILRAS (Naumenko, 2020).
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3 Results

Based on the results obtained, the authors created a map of
the distribution of bottom sediments in Lake Ladoga
(Fig. 1). The map shows that according to the distribution of
deposits, the bottom of the lake, in the first approximation,
can be divided into two zones—northern and southern.

The northern zone is dominated by olitic silts, which are
replaced by other sediments at the bottom elevations. In the
southern site, mainly sandy sediments are widespread,
decreasing their size from the coast to the center of the water
area from coarse-grained sands to aleuro-sands and sandy silts.

There is general preservation in the northern part of the
usual zoning of bottom sediments in large reservoirs with
bedrock banks with increasing depth (bedrocks—
coarse-clastic—medium-clastic—fine-clastic—fine-clastic).
There are also many deviations from this sequence. In

particular, the filling of shallow-water zones in the fields of
the northern coast of the lake with pelites is noticeable,
where these sediments come almost to the very beach,
composed of bedrocks, to a depth of several meters.

On the basins’ sides are locally manifested olitic sedi-
ments, band-like, and band clays. According to many fea-
tures, we refer to one group of sediments, well-known as
deposits of the Baltic Glacial Lake. This ancient glacial
reservoir occupied a vast area at the beginning of the
Holocene, which included, in addition to the present-day
Lake Ladoga, a large part of the Baltic Sea. Moraine (gla-
cial) deposits most likely underlie band clays.

Glacial boulder-rubble deposits are distributed along the
entire bottom in local glacial forms and in strips along the
coast. Found that large glacial ridges have a bedrock base.

In the southern part of the lake, fragments of clay were
found in bottom sediments, similar to the “blue” clay of the

Fig. 1 Map of the distribution of
surface sediments of the bottom
of Lake Ladoga: 1—bedrocks and
their large fragments, 2—
boulder-block, pebble-gravelly
deposits, 3—undivided sands, 4
—coarse-grained sands, 5—
medium-fine-grained sands, 6—
silt-sands, 7—sandy silts, 8—
pelitic silts, 9—silty pelites, 10—
clays, 11—band-like, band clays
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Cambrian age, which partially composes the southern shores
of Lake Ladoga. Perhaps, this will make it possible to clarify
the distribution of Cambrian clays at the bottom.

4 Discussion

Currently, two main cartographic products contain infor-
mation on the distribution of bottom sediments at the bottom
of Lake Ladoga. This is the scheme of the distribution of
bottom sediments of Lake Ladoga, Semenovich (1966) and
the scheme of bottom sediments from the set of the State
Geological Map of the Russian Federation (2015).

Semenovich’s scheme is the most detailed and substan-
tiated factual material, and it has faithfully served
researchers studying Lake Ladoga for over 50 years. How-
ever, the methods of the twentieth century’s late 50 s were
used when constructing it. In particular, the geographic
referencing of the stations had an accuracy of 1–2 km. But
much more serious is that there was no high-quality detailed
bathymetric base at that time. And the bottom topography is
a decisive factor in the distribution of bottom sediments.
Thus, Semenovich’s constructions are essentially outdated
by now.

A much newer lithological scheme from the set of the State
Geological Map has a rather small scale of 1:1,000,000.
Therefore, it is impossible to see the geomorphological and
lithological details of the bottom structure on it.

Our research was carried out using a GPS satellite binding,
giving deviations in a matter of meters. When constructing
our map, we used the most detailed digital elevation model
available for Lake Ladoga. Of course, the authors made full
use of all the constructions of their predecessors, paying
particular attention to the two mentioned sources.

The authors are aware that all the above conclusions and
constructions are debatable. Nevertheless, there is confi-
dence that ongoing research will bring us closer to an
accurate picture of the distribution of bottom sediments of
Lake Ladoga.

5 Conclusions

The following features characterize the distribution of sur-
face sediments at the bottom of Lake Ladoga. (1) In the
northern part of the lake, pelitic silts dominate at the bottom,
filling all depressions, the sides of which are composed,
apparently, sediments of the Baltic glacial lake. (2) Band
clays are probably underlain by glacial deposits, which, in
turn, are capped by bedrocks. (3) In the southern part of the
lake, mainly sandy sediments are widespread, the distribu-
tion of which obeys the usual zoning of decreasing the size
of the constituent particles from the coast to the center of the
water area, from coarse-grained sands to silty sands and
sandy silts. (4) The discovery of fragments of (maybe)
Cambrian clay in sediments of the southern part of Ladoga
may make it possible to clarify the boundary of the distri-
bution of bedrock clays.

The publication was compiled with State Project IL
RAS No. 0154-2019-0001 No. of state registration
AAAA-A19-119031890106-5. And State Project of St.
Petersburg Scientific Center of the Russian Academy of
Sciences 82.1 FNI.
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Upper Pleistocene-Holocene Coastal
Depositional Sediments of the Farwah
Spit, NW Libya

Ibrahim Mriheel and Mohamed Hamruni

Abstract

This study examines sedimentary facies development of
coastal deposits adjacent to the modern-day Farwah Spit
in NW Libya. The modern-day coastal depositional
system comprises salt marsh, tidal flat, lagoon, flood
delta, and spits. Sedimentological analysis of outcrops,
integrated with satellite image interpretation and compar-
ison with equivalent deposits from neighbouring pro-
vinces, allows an understanding of the genesis and timing
of the Holocene Farwah Spit Formation. The Holocene
sediments unconformably overlie sediments of the Late
Pleistocene age. This sequence boundary is represented
by an exposed and weathered surface with Late Pleis-
tocene marginal marine bioclastic and bioturbated sandy
coastal sediments. The Holocene Farwah Spit Formation
comprises bioclastic sands interpreted to record trans-
gressive marginal shallow marine facies. These change
laterally to grey muds, rich in organic matter (TOC up to
3.05%), deposited within a lagoon, and protected from the
sea by Holocene sand spits. Locally, close to the eastern
inlet, the lagoonal facies pass into rippled sands, inter-
preted to record flood delta deposits. Landward, the cycle
is represented by supratidal sand and mudstones depos-
ited in a salt marsh with characteristic halophile plants.
Locally, a thin salt crust cover has occasional microbially
induced sedimentary structures and/or yellow sands of
aeolian origin. Mapping lateral facies changes allows
identification of prograding succession, resembling
sixth-order sedimentary cycles that extend for 13 km
E-W along strike and vary from 100 m to a few km in
width. The distribution of coastal depositional facies,
particularly the spatial distribution of the Holocene
prograding spits and the associated lagoonal-tidal flat

sediments, records the progressive infilling of the lagoon.
Progradation of the spit is interpreted to have developed
within a highstand systems tract, following sea-level rise
after the last glacial maximum. The main factors
controlling facies development are local topography,
sea-floor morphology, sedimentation rate, relative
sea-level fluctuation, and climate change following the
last glacial maximum. The response to sea-level rise
offers insight into long-term changes in coastal morphol-
ogy that are relevant to impact studies of future sea-level
rise associated with climate change.

Keywords

Upper Pleistocene-Holocene � Coastal deposition �
Farwah � NW Libya

1 Introduction

This study records the sedimentary facies development of
Holocene coastal deposits adjacent to Farwah Spit in NW
Libya (Fig. 1). No previous work has interpreted the sedi-
mentological features of the Holocene Farwah coastal sys-
tem on the southern margin of the Mediterranean Sea. This
contribution examines macroscopic and microscopic features
within these tidal flat sediments. Supratidal-subtidal litho-
facies and associated sedimentary structures are described.
These are interpreted to record coastal depositional systems
(salt marshes, tidal flats, lagoon, flood delta, and spit), and a
model is presented.

2 Methods

The different lithofacies were described and mapped locally
using field observations. The areal extent was interpreted by
utilizing Google Earth images (Fig. 1). To examine the tidal
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changes through time, several visits were made during
spring and neap tides. Facies belts were mapped based on
satellite images covering the study area. Representative
samples were collected from both surface and subaqueous
depositional sites. Both macro-structure and micro-texture
examinations of samples were conducted during field and
laboratory microscopic studies. Several 30–50 cm excava-
tions were dug using a shovel to observe near-surface sed-
imentary structures within the tidal flat sediments. The TOC
of mud deposited within the Farwah lagoon was determined
using Rock–Eval pyrolysis.

3 Results

The Holocene sediments comprise bioclastic sands,
organic-rich muds, rippled bioclastic sand, and massive to
cross-bedded sand, unconformably overlying marginal
marine bioclastic and bioturbated sandy deposit of Late
Pleistocene age. The lithofacies record the transgression of
marginal shallow marine tidal facies. Seaward, the facies
change laterally to lagoonal grey muds, rich in organic

matter and locally bioturbated. Landward, the facies is
covered with thin salt crust with many microbially induced
sedimentary structures and/or yellowish sands of aeolian
origin. These are interpreted to have been deposited within a
lagoon, protected from the sea by a sand spit. Landward, the
sand, clay, and evaporite sediments record a supratidal flat
with salt marshes. A model for the coastal depositional
system is proposed (Fig. 1).

Satellite imagery has been interpreted to extend the field
observations, and the recent coastal systems can be observed
that also reveal the present-day provenance of the barrier
sediments along the Northern Africa continent (i.e., erosion
of the Libyan Farwah and Ras Ejdeir headlands that form an
essential source for the El Bibane barrier in Tunisia).

4 Discussion

The Holocene Farwah coastal sequence was formed during
the last glacio-eustatic cycle, and the exposed prograding
surfaces mark the last highstand systems tract (HST) devel-
opment over the southern Mediterranean Sea that post-dated

Fig. 1 a Location map of the study area, b interpretation of the
depositional environment of the Farwah coastal system, and c a model
of the peritidal-shallow lagoonal depositional facies, similar to the

hypothetical profile proposed after Lakhdar et al. (2020) for the
southeastern coast of Tunisia
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the last glacial maximum. The marine flooding surface,
which separates the transgressive systems tract (TST) from
the overlying HST, occurs within submerged strata and has
no exposure in the region.

Correlation with the adjacent Tunisian Boujmel Sabkha
and Al Bibane lagoon (up to 6.8 ka BP) (Lakhdar et al.,
2006, 2020), influenced by similar climatic events, sea-level
changes (Hansen et al., 2013) and Mediterranean Sea
influence (i.e., Adriatic Sea, SE Italy), reveals that the Far-
wah facies are prograding spit. The spit and its associated
tidal flat and lagoonal facies belts developed within the HST
followed postglacial sea-level rise after 22.1 ± 4.3 ka
(Shakun & Carlson, 2010). The prograding spit consists
almost entirely of a regressive succession emplaced during
postglacial sea-level transgression between the latest Pleis-
tocene (14 ka BP) and early Holocene (8 ka BP). Lateral
facies changes within the spit allow for identification and
lateral tracing of six stacked, prograding successions, which
may resemble stacked sixth-order cycles.

5 Conclusions

The Holocene sedimentary succession of the Farwah coastal
system records the short duration (approximately 10 ± 2 ka)
progradation of spits and associated lagoonal and tidal flat
sequences. Facies and environmental analyses, together with
the reconstructed stratigraphic architecture of this succes-
sion, allow a sequence-stratigraphic interpretation, with the
identification of a sequence boundary on the underlying
Pleistocene and places most of the Farwah Formation into
the HST. The maximum flooding surface, which separates

the underlying TST from the overlying HST, occurs within
submerged strata and has no apparent exposure in the region.

Correlation with the adjacent Tunisian Boujmel Sabkha
and Al Bibane lagoon suggests coeval deposition influenced
by the same climatic event and global sea-level change
following the last glacial maximum (*14 to 8 ka).

Our study documents the stratigraphic organization of the
Farwah coastal facies. It records the interaction between
global eustatic variations and sediment supply, both pro-
cesses under the control of climatic change. Changes in
sediment input, climatic variations, and, more recently,
human activities close to the eastern opening (inlet) have
played an essential role in the development of the flooded
delta during the last century.
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Study of the Oligocene Sediments in the SW
Boundary of Les Avellanes Diapir (NE Spain)

Gabriel Cofrade, Irene Cantarero, Òscar Gratacós, Anna Travé,
Eduard Roca, and Oriol Ferrer

Abstract

The interpretation of the detritic Eocene–Oligocene
sediments located at the SW margin of Les Avellanes
Diapir (South-Central Pyrenees) allows for recognizing
the advance and emplacement of a salt glacier during their
sedimentation. Six (6) lithostratigraphic units have been
identified as superimposed in the stratigraphic sequence
recording the salt extrusion and advance. Units 1 to 4
record a southwards prograding alluvial fan system
transporting detrital components from the diapir that
must be exposed during this stage. Over a paleo-relief
formed atop the alluvial fan system, the unconformable
overlying unit 5 is a rubble zone made by a breccia of
diapir rocks, which indicates the extrusive advance of the
glacier. Finally, unit 6 belongs to the salt glacier, which
flows toward SE and overlies all the upper Eocene–
Oligocene succession.

Keywords

Diapirism � Pyrenees � Keuper � Salt glacier �
Halokinetic sequences

1 Introduction

Sedimentary sequences in diapir margins serve as a proxy
for understanding diapiric history (Hudec & Jackson, 2007).
These studies can be especially useful in diapiric provinces

inside orogenic belts where compression could reactivate
previous salt structures, usually producing salt extrusion and
controlling the contractional structures’ location, type, and
geometry (Rowan et al., 2012).

The South-Central Pyrenean fold and thrust belt is a
thin-skinned imbricated thrust sheet sequence decoupled
over the Upper Triassic evaporites during the Late Creta-
ceous to Oligocene. Here, pre-contractional salt diapirs of
Triassic rocks are relatively common, affecting the
syn-contractional deposits (Saura et al., 2016). Among them,
the Les Avellanes Diapir (Serres Marginals, NE Spain) crops
out in the central part of the Serres Marginals thrust sheet,
which is formed of a syn-orogenic Upper Cretaceous to
Oligocene unconformably overlaying the pre-orogenic Tri-
assic to Jurassic succession. Les Avellanes Diapir is com-
posed of evaporites (gypsum at the surface, halite, and
anhydrite at depth), siltstones and carbonates of the Keuper
facies, dolostones of the facies Muschelkalk, and dolerites.

Along its SW margin, north of Os de Balaguer village
(Fig. 1), these diapir rocks overlie the syn-contractional
detrital Eocene–Oligocene sediments with a contact that has
been historically interpreted as a thrust (Pocoví, 1978). This
contribution aims to: (1) decipher the precise nature of this
contact and (2) better understand the evolution of the Les
Avellanes Diapir during the sedimentation of the
syn-contractional Eocene–Oligocene sediments. Further-
more, this exceptional outcrop presents an excellent oppor-
tunity to study Les Avellanes Diapir and other deformed
diapirs in contractional settings (e.g., Zagros, Alps).

2 Methods

To characterize and interpret this outcrop, a field campaign
was carried out in an outcrop located North of Os de
Balaguer town. Sedimentary and structural data have been
mapped in detail, and a stratigraphic section has been done.
From these data, six lithostratigraphic units have been
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distinguished and correlated laterally and vertically. Each
unit has been analyzed from a sedimentological and struc-
tural point of view, assigned to a diapiric or depositional
environment, and interpreted to unravel the iaper evolution.

3 Stratigraphic Sequence

The studied syn-kinematic sediments onlap the underlying
Alveoline Limestones (Ilerdian, Ypresian) toward the W-SW.
The first lithostratigraphic unit (Fig. 1), U1, is composed of
an alternation of fine parallel laminated gypsarenites and lithic
arenites, intercalated with dm tabular microconglomerate

layers in a thickening upwards sequence. U2 corresponds to
silts intercalated with dm tabular alabastrine gypsum layers.
U3 is a marly succession with cross-laminated calcareous
arenites. U4 is mainly composed of reddish laminated silts
intercalated with dm tabular beds of lithic arenites. These four
units change laterally and vertically to the NW, first into an
alternation of coarse sand with conglomerates, which further
evolves into large-scale cross-bedded conglomerates and
finally into massive conglomerates. Clasts consist of
Muschelkalk carbonates, dolerites, gypsum, minor Illerdian
limestones, and other carbonates. U5 unconformably overlies
a paleo-relief located above U4. This upper unit is represented
by a mud-supported, poorly sorted, inverse-graded breccia

Fig. 1 a Eastern Pyrenees map with the approximated location of Les Avellanes Diapir. b Regional map of Les Avellanes Diapir. c General and
in-detail stratigraphic sequence of the studied Eocene–Oligocene sediments
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composed only of pebble to boulder components of
Muschelkalk carbonates, dolerites, and gypsum clasts. Forest
planes made of oriented pebble levels are recognized at the
base of the breccia. A net contact can be observed between
U5 and the uppermost megabreccia of U6. This megabreccia
comprises dm to m gypsum boulders, gypsum vein fragments,
and dm blocks of Muschelkalk carbonates, usually located
atop the deposit, floating in a fine matrix.

4 Units Interpretations and Halokinetic
Implications

The presented lithostratigraphic units can be interpreted to
recognize stages related to diapirism. U1 to U3 were depos-
ited in a sabkha to salt pan environment that progressively
evolved into a carbonated lacustrine/palustrine margin. U4 is
interpreted as mudflats located at the distal part of an alluvial
fan system that prograde toward the S-SW. The grain com-
position, facies distribution, and geometries of units 1 to 4
point that one of the source areas is Les Avellanes Diapir
which had to be exposed a few kilometers to the NE. Later, an
erosion stage occurred, as indicated by the paleo-relief filled
by the breccia of U5. Breccia components are exclusively
derived from the diapiric rocks and deposited in a very
proximal position. The inverse grading indicates increasing
energy which a gradually closer source area could explain.
The uppermost gypsum megabreccia (U6) can be interpreted
as the remains of an extruded salt mass in which highly sol-
uble minerals (e.g., halite) have been dissolved, leaving
gypsum and carbonate blocks floating in a fine-grained matrix
(allochthonous diapiric breccias, (Hearon et al., 2015)). This
salt extrusion most likely occurred at the iaper boundary and
advanced toward S-SW as a salt glacier.

The erosion of this salt glacier produced the
syn-halokinetic sedimentation of U5 at its frontal areas, which
was later unconformably overlaid by the advancing salt gla-
cier. Breccias under allochthonous salt bodies have also been
recognized in the Gulf of Mexico, referred to as rubble zones
(Rowan, 2017). The precise nature of these breccias is still
being discussed, and thus, the importance of this work.

5 Conclusions

The studied syn-kinematic sediments, located at the SWmargin
of Les Avellanes Diapir, record the S-SW advance of a salt
glacier over a breccia generated from its erosion, transport, and
sedimentation. The salt-sediment boundary constitutes the net
base of this glacier and is not a fault. The subsalt breccia filled a
previous paleo-relief, developed over an alluvial fan's detrital
sediments. This depositional system transported diapiric
materials, demonstrating that the diapir was already exposed.
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Facies, Sedimentology, and Characterization
of the Depositional Environments
of the Lower Liassic (Lower Jurassic)
Deposits from the Mohammedia–
Benslimane–ElGara–Berrechid Basin
(Moroccan Meseta)

Ahmed Belqadi, Rachid Essamoud, Abdelkrim Afenzar,
and Touria Hssaida

Abstract

The present study addresses the Mohammedia–Bensli-
mane–ElGara–Berrechid Liassic basin (MBEB) belong-
ing to the Mesetian domain. This basin is usually
considered a vast, shallow depression originating from
an N-S to NE-SW half-graben structure. According to
up-to-date analyses, the deposits in the MBEB basin can
be subdivided into two major series: lower argillaceous-
salt series attributed to the Triassic and Upper
argillaceous-salt series attributed to the Liassic. Both
series are separated by a basaltic complex of the Late
Triassic–Early Liassic age (200 Ma). The study aims to
present a detailed sedimentological analysis of the
ill-known upper supra-basaltic part to reconstruct the
respective palaeoenvironment and provide a sequence-
stratigraphic analysis as a base for stratigraphic correla-
tion. During the Lower Liassic, the paleoslope in the
MBEB basin after basaltic effusion was low with distal
environments. Facies analysis of four sections evidenced
the presence of four major lithofacies corresponding to
sandstone, silt, clay, and evaporite facies in the field. We
recognize two formations corresponding to two
mega-sequences: the rock-salt bearing lower and the
clayey upper mega-sequences. The sedimentation of the
first mega-sequence was in a system of depression with
free brine, followed by saline mudflats under continental
influences. The upper clayey mega-sequence display
facies documenting sea-level fluctuations of the final
transgression from the Tethys or Proto-Atlantic Sea.

Keywords

Facies analysis � Architectural elements � Liassic �
Meseta � Morocco

1 Introduction

The opening of the central Atlantic, which began in the
Triassic and Lower Jurassic (Lower Liassic), was announced
by the creation of coastal basins in North-West Africa,
particularly Morocco. Detrital, evaporitic, and volcanic
deposits characterize several basins. The MBEB is one of
these basins formed mainly by salt deposits, which is a good
cover for hydrocarbon deposits. Thus, it is essential to know
the type of deposits and their evolution over time. The Tri-
assic series has been well studied recently (Afenzar &
Essamoud, 2020), but the Liassic series has never been
approached, which justifies our interest in this Liassic series.
The purposes of this study are (1) to identify the different
lithofacies and (2) to characterize the facies associations to
reconstruct the paleoenvironment in the basin.

2 Geological Setting

MBEB, located in the coastal Meseta in the North-West of
Morocco (Fig. 1), is a Triassic–Liassic basin filled by
detrital and evaporitic deposits, which produced the salt
deposit exploited by the company of Mohammedia salt.
The MBEB is a vast shallow depression that originated as a
consequence of an N-S to NE-SW oriented semi-graben
(Lyazidi, 2004).
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3 Lithostratigraphic Framework

The latest works (Afenzar & Essamoud, 2020; Hssaida et al.,
2012; Lyazidi, 2004) show that the sedimentary series in the
basin are subdivided into two major series: Lower
argillaceous-salt series attributed to Triassic and Upper
argillaceous-salt series attributed to Liassic separated by a
basaltic complex (Fig. 2).

This basalt was dated Upper Triassic-Lower Jurassic
(Lower Liassic 200 Ma), belonging to the CAMP (Central
Atlantic Magmatic Province), based on radiometric dating
data (Peretsman, 1985). Subsequently, the supra-basaltic
series can be attributed to the Lower Liassic (Hssaida et al.,
2012).

4 Methodology

At first, our study will focus on four characteristics: lithol-
ogy, grain size, texture, and sedimentary structures observed
in outcrop. The facies nomenclature in this study corre-
sponds to those determined by Miall (1977, 1978, 1996).
The vertical and horizontal layouts of these facies give the
characterized architectural elements according to several
criteria specified by Allen (1983) and Miall (1985, 2006),
which correspond to the nature of the upper and lower
bounding surfaces, the external geometry, the scale, and the
internal structures. The last step is the determination of the

paleoenvironment based on nature and types of lithofacies
already characterized and types of architectural elements
formed by said lithofacies.

5 Facies Analysis and Architectural Elements

5.1 Lithofacies

We encountered four types of repeated lithofacies in the
basin's Liassic (Lower Jurassic) outcrops. To make the
sedimentological characterization of these facies, we corre-
sponded with Miall facies (1977, 1978).

Table 1 summarizes the different facies, the lithology of
each facies, and the sedimentary structures and
interpretations.

Sandstone Facies LF1: The LF1 facies is reddish to
purple massive coarse sandstone without sedimentary
structures, 50 to 80 cm thick. It was observed only on the
Kachlat Al Arian section at the Oued El Maleh dam level.

Silty Facies LF2: These facies are represented by mas-
sive reddish siltstone, with greenish to grayish levels of
marmorization due to the transformation and then leaching
of iron oxides, the origin of the red color of the sediments.
These facies are found in almost all studied outcrops.

Clay Facies LF3: These facies is the most abundant. It is
massive red claystone, sometimes marmorated without
stratification and lamination. These claystones are consid-
ered lacustrine or overbank deposits (Miall, 1996).

Fig. 1 Geographical and
geological situation of the MBEB
basin with different studied
outcrops
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Evaporite facies EFa: The stratified gypsum facies EFa
is identified at the top part of the Oued Elmaleh section and
Sidi Abderrahmane hill. These facies may originate and be
preserved under relatively humid environments with no flora
(Afenzar & Essamoud, 2020).

Evaporite Facies EFb: The fibrous gypsum in veins
facies EFb is identified in the basin at Sidi Abderrahmane
hill. This satin spar (fibrous gypsum) may originate from a
diagenetic process and/or dissolved elements.

5.2 Architectural Elements

To reconstitute the deposits’ palaeoenvironments, we
determine the relationship between the facies and the
architectural elements by using the basic references (e.g.,
Allen, 1983 and Miall, 1985, 2006). According to Miall
(1985, 2006), the description and interpretation of these
architectural elements are based on four main criteria:
(1) The nature of the lower and upper bounding surfaces;
(2) External geometry; (3) The scale; (4) Internal geometry.

Generally, three architectural elements are encountered in
our study (Fig. 3):

AE1: The association of sandstone facies (Sm), silty
facies (Fl), and claystone facies (Fm) are interpreted as an
association of playa facies. It presents a cyclicity of sand-
stone and silty-clay facies, which shows that their deposit
was made in an unsalted playa lake. The presence of sand-
stone deposits also indicates that they were shallow (Afenzar
& Essamoud, 2017, 2020; Liu & Wang, 2001).

AE2: This architectural element is formed by the asso-
ciation of Fl and Fm facies. These siltstones and claystone
facies show a massive appearance indicating a calm depo-
sition environment. The AE2 corresponds to the architec-
tural element OF (overbank fine) of Miall (1985, 1996),
which has a geometrical sheet form, reflecting its origin by
vertical aggradation (Fig. 4).

AE3: Finally, the association of evaporitic facies is
composed of claystone facies (Fm) and gypsum facies.
These evaporitic facies often have a primary and/or a dia-
genetic origin. The evaporation of saline water forms them
in mud flats and lagoons in a hot and humid climate (Afenzar
& Essamoud, 2017, 2020).

6 Interpretation

The outcrops studied from the Lower Jurassic (infra-Liassic)
in the MBEB are characterized by fine to very fine massive
sediments, especially Sm, Fl, and Fm facies of Miall (1978,
2006): deposits of AE1, AE2, architectural elements, which

Fig. 2 Lithostratigraphic subdivision of the detrital, evaporite, and
basaltic series of the MBEB basin (Lyazidi, 2004)

Table 1 Facies identified in the studied area, correspondence with Miall facies (1978, 2006)

Lithofacies Code Miall facies Characteristic Interpretation

Sandstone facies LF1 Sm Massive fine to coarse Rapid deposition, gravity flow of sediments

Silty facies LF2 Fl Laminated to massive Overbank or vanning flood deposits

Clay facies LF3 Fm Laminated to massive Overbank, drape deposits, or abandoned channels

Evaporitic facies (a) FEa – Stratified gypsum Lake or lagoon deposits

Evaporitic facies (b) FFb – Fibrous gypsum veins Diagenetic origin
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we find at the Jmaat Melila and Tlet Ziaida sections, the
dominating dynamics are overflows deposited in the flood-
plain (OF of Miall, 1985, 2006). The presence of an evap-
orate term with fine to very fine deposits in Sidi
Abderrahmane hill; kachlat Al Aryan sections is probably
due to the retrogradation of the clastic system and connec-
tion to a playa (Afenzar & Essamoud, 2020).

We can recognize two lower Liassic formations corre-
sponding to two mega-sequences:

• The lower mega-sequence, rock-salt bearing, consists of
two sequences with metric, marly, reddish brown argil-
lites at the base and a whitish rock salt unit at the top of
the first sequence, and an alternation of increasingly
clayey rock salt and reddish-brown argillites.

• The second upper clayey mega-sequence contains reddish
brown argillites and a mottled red, slightly sandstone.

The sedimentation of the first mega-sequence was in a
depression system with free brine, followed by saline mud-
flats under continental influences (Et-Touhami, 1994). The
upper argillaceous mega-sequence display facies docu-
menting sea-level fluctuations of the final transgression from
the Tethys or Proto-Atlantic Sea.

7 Conclusions

After establishing the underwater to subaerial basaltic flows,
the sedimentation of the lower Liassic was mainly saliferous
in a free-brine depression, subsequently subjected to conti-
nental influences (Salvan, 1984; Et-Touhami, 1994). The
evaporite deposited in the middle and top of succession can
be preserved in relatively humid environments.

Fig. 3 Illustration of the different facies and architectural elements identified in the basin
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Paleoecology, Paleoenvironment,
and Petroleum Potential of middle-upper
Cretaceous Calabar Flank Sediments,
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Abstract

Three Upper Cretaceous sections belonging to Mfamos-
ing, Ekenkpon and New Netim Formations from the
Calabar Flank, southeastern Nigeria, have been investi-
gated to evaluate ammonite, palynology and palynofacies,
and to interpret their paleoecology, paleoenvironments
and hydrocarbon potentials. Mfamosing Formation is
composed predominantly of limestone with shale inter-
calations. Ekenkpon Formation is made up mainly of
shale with mudstone and sandy-mud intercalations. The
New Netim consists mainly of marl with shale and
sandstone intercalations. The presence of shell fragments
and ferruginous materials suggests a shallow marine
environment for the deposition of the Mfamosing
Formation. The palynomorphs recovered in this study
are moderately to poorly preserved. The Mfamosing and
Ekenkpon Formations were dated to early Albian and
early to late Cenomanian, respectively. Four types of
palyno-debris were recognized in this study. They
comprise phytoclasts (degraded and structured), opaque,
amorphous organic matter (AOM) and palynomorphs.
These palynofacies suggested highly proximal shelf or

basin and marginal dysoxic-anoxic basin paleoenviron-
ments of deposition. In addition, Kerogen type III was
revealed, which has moderate potential for hydrocarbon
generation. Morphometric analysis revealed that the
conch shape of ammonite taxa was thin to thick, discoidal
and involute. The degree of whorl overlap was strongly
embracing and the whorl cross-section shape was weakly
compressed. The Westermann Morphospace analysis
revealed that the studied ammonite shell shapes corre-
spond to oxycone (i.e., low umbilical exposure, low
inflation and high whorl expansion) with assumed
nektonic life modes. This study contributes to under-
standing the sediment deposition and petroleum resources
of the Calabar Flank regions.

Keywords

Ammonite � Morphometric analysis � Morphospace
analysis � Palynology � Palynofacies

1 Introduction

Paleoecology and paleoenvironment are mainly concerned
with reconstructing past biota, populations, communities,
landscapes and ecosystems from available geological and
paleontological data preserved in the rock record (e.g.,
Bishop, 2018; Terry, 2009). Equally, petroleum potential is
the thermal maturity and ability of source rocks’ organic
matter (kerogen) constituents to produce hydrocarbon (e.g.,
Atta-Petters et al., 2015). The present work aimed at
integrating invertebrate paleontology (using ammonite
species), palynology and palynofacies analyses to recon-
struct the paleoecology and paleoenvironment, and to infer
petroleum potentials of the Mfamosing, Ekenkpon and
New Netim Formations of Calabar Flank, southeastern
Nigeria (Fig. 1).
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2 Materials and Methods

Fifteen (15) rock samples and twelve (12) ammonite mold
samples were collected at different outcrop locations L1,
L2 and L3, respectively (Fig. 1). Rock samples were sub-
jected to standard lithostratigraphic description techniques
for roundness, textures, color, sphericity, sizes and sorting
of the sand particles. The presence and absence of acces-
sory minerals such as ferruginous materials, glauconite,
carbonaceous detritus, pyrites, calcites and shell fragments
were also noted for each sample. Rock samples were fur-
ther subjected to the standard palynological procedures

based on the work of Faegri and Iversen (1989) to recover
palynomorphs and organic matter particles (palynofacies).
Ammonite mold samples were carefully cleaned with water
and a paintbrush, and those embedded in rock were
exposed with a chisel. The measurement of three cardinal
conch parameters, conch diameter (Cd), whorl width
(Ww) and whorl height (Wh), was carried out based on the
works of Raup (1967). These parameters were used to
generate Morphospace (i.e., the conch proportion and the
expansion rate), which comprises conch width index
(CWI), whorl width index (WWI), umbilical width index
(UWI), whorl expansion rate (WER) and imprint zone
rate (IZR).

Fig. 1 Location map of the study
area in the southeastern offshore
Niger Delta (modified after
Ukpong et al., 2018)

Fig. 2 Chart showing the distribution of palynomorphs species of the studied section of Calabar Flank. a Mfamosing formation at location L1,
b Ekenkpon formation at location L2, and c New Netim Formation at location L3
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Fig. 3 Correlation charts of Cretaceous palynological biozonation in West Africa and the palynological zonation proposed in the present study.
FO = First occurrence and LAD = Last appearance datum (Modified after Schrank 1992)
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3 Results and Discussion

The detailed lithostratigraphic analysis revealed the pre-
dominance of limestone lithofacies with shale intercalation
in the Mfamosing Formation (e.g., Boboye & Okon, 2014).
The present study shows that the Ekenkpon Formation
lithologies are mainly shale with intercalation of thin bands
of calcareous nodules, limestone and mudstone (e.g.,
Ukpong et al., 2018). The New Netim Formation lithologies
are mostly marl with intercalation of shale and thin bands of
limestone (e.g., Ayodele et al., 2017). A total of 32 paly-
nomorphs that comprises 18 pollen, five spores, four marine
elements and three miscellaneous elements are recovered
from Mfamosing, Ekenkpon and New Netim Formations
(Fig. 2a–c). The palynological assemblages in this study
suggest shallow to the marginal marine depositional envi-
ronments (e.g., Itam et al., 2019). Mfamosing and Ekenkpon
Formations were dated early Albian to late Cenomanian due
to the first occurrences (FOs) of Afro-pollis sp. and Clas-
sopollis sp., the last appearance datum (LAD) of Arau-
cariacites sp. and the presence of Triorites africaensis
(Jardine & Magloire, 1965; Lawal & Moulade, 1986;
Fig. 3). The recorded palynofacies assemblage revealed a
dominance of phytoclast with low percentages of AOM and
rare occurrence of palynomorphs, which are types I and II of
Tyson (1993) and interpreted as type III Kerogen (gas
prone). They indicate fluctuation between highly proximal
shelf or basin and marginal dysoxic-anoxic basin environ-
ments of deposition (Fadiya et al., 2020; Fig. 4). The pale-
ontological analysis revealed sparse occurrence of ammonite

taxa that comprised of genera Placenticeras, Coilopoceras
and Acompsoceras. This study shows that the ammonite taxa
are characterized by low umbilical exposure, low inflation
and high whorl expansion similar to what has been previ-
ously described and correlated to oxycone shell shape with
assumed nektonic life modes, which is associated with
pelagic habitat (e.g., Westermann, 1996; Fig. 5).

4 Conclusion

This study has concluded that four lithologies were depos-
ited in Mfamosing, Ekenkpon and New Netim Formations:
marl, shale, limestones and sandstone. The palynological
assemblage was dominated by terrestrial palynomorphs that
helped in dating Mfamosing and Ekenkpon Formations to
have ranged from early Albian to late Cenomanian age, and
shallow to marginal marine depositional environment were
suggested. The palynofacies assemblage was dominated by
terrestrial kerogen, which is generally gas prone. The whorl
conch shape of the ammonite taxa is characterized by thin to
thick discoidal, involute, weakly compressed, low umbilical
exposure, low inflation and high whorl expansion rate.
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Post-oligocene Tectono-Eustatic
Fluctuations and Their Influence
on the Stratigraphy of Eastern Arabia:
The Fars Group of the Batina Coast, Oman

Osman Salad Hersi, Iftikhar Ahmed Abbasi, Abdulrazak Al-Sayigh,
Musaab Al-Sarmi, Mohamed El-Ghali, and Tariq Al-Raisi

Abstract

The Fars Group of the Batina Coast of North Oman lies
unconformably over Oligocene Asmari Formation (also
known as MAM reefs). The group occurs along the
low-lying region between the Al-Hajar Mountains and the
coast of the Gulf of Oman. The group is divisible into
three tectonostratigraphic successions represented by
three formations: Sultan Qaboos University (SQU),
Suwadi, and Barzaman, in ascending order. The SQU
Formation consists of conglomerates, sandstones, and
mudrocks with plant imprints in the muddier facies. The
lower boundary of the formation is recognized in a well
drilled in the Barka area (*35 km west of the SQU
campus). This boundary indicates an erosional uncon-
formable contact. A disconformable contact also defines
the upper limit of the formation. The formation represents
an alluvial fan to braided river system deposits with
interfluvial ponds and flood plains. The Suwadi Forma-
tion is a carbonate tongue with abundant corals, calcare-
ous algae, larger benthic foraminifera (LBF), echinoids,
and mollusks. The LBF fossils indicate Langhian-
Serravalian age. The underlying SQU Formation is
envisaged to be early Miocene in age. The Barzaman
Formation is dominated by pebble- to cobble-size sandy
conglomerates with sandstone and mudrock interbeds.
These facies accumulated in a fluvio-deltaic environment
connected to lacustrine system. The formation consists of
a lower unit with rootlets, imbricated clasts, scour
surfaces, normal grading, and minor diagenetic (carbon-
atized) alterations and an upper unit defined by the typical

“Barzamanite facies” (ophiolite detrital grains diagenet-
ically altered to carbonate). The age of the Barzaman
Formation is considered to be late Miocene to Pliocene in
age. The Fars Group has been affected by Pliocene–
Pleistocene uplifting and tilting. This resulted in terrige-
nous Quaternary deposits with marked erosional surface
and angular contact.

Keywords

Fars Group � Miocene � Tectonics � Stratigraphy �
Batina Coast � Oman

1 Introduction

The Batina Coastal Plain (BCP) lies along the northeastern
flank of the North Oman Al-Hajar Mountains. This
low-lying region is mainly covered by Quaternary alluvial
deposits, obscuring older stratigraphic successions. The
group is recorded throughout the Arabian and Persian
regions. It consists of heterogeneous lithologic units,
including coarse- to fine-grained siliciclastic, marl, carbon-
ate, and evaporite rocks. In northern Oman, the
post-Oligocene Fars Group occurs in two regions, the
western/southwestern interior zone (Lacinska et al., 2014;
Maizels, 1988) and the BCP (Salad Hersi et al., 2013). The
two zones are separated by the Al-Hajar Mountains (Fig. 1).
Previous work in the BCP region (Béchennec et al., 1986;
Villey et al., 1986) was mainly in the form of regional
mapping with little sedimentologic and stratigraphic details.
Recent work by Salad Hersi et al. (2013) divided the group
into three informal units (I, II, and III) of siliciclastic, car-
bonate, and siliciclastic strata, respectively. The purpose of
this work is to formalize the lithostratigraphic content of the
Fars Group of the BCP of Oman. This short paper summa-
rizes the lithostratigraphy of the Fars Group in the BCP of
Oman.
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2 Geologic Settings

Middle to early late Proterozoic metamorphic and igneous
rocks constitute basement rocks unconformably overlain by
late Neoproterozoic to Carboniferous sedimentary succes-
sions, such as the Huqf and Haima supergroups (Abbasi
et al., 2014; Glennie et al., 1974). During the Permian to
Cretaceous periods, the region became an extended shelf of
the Tethyan Ocean. The shelf was dominated by carbonate
deposition represented by the Hajar Supergroup. The
divergent tectonic regime of the Tethys Ocean changed to a
convergent system in the early Late Cretaceous, followed by
an orogenic (early Alpine) event (Hanna, 1995). The con-
verging tectonic setting resulted in the obduction of the
Tethyan oceanic crust, along with deep ocean hemipelagic
and pelagic sediments of Sumeni and Hamrat Duru groups,
on the Arabian platform in Late Cretaceous time. Ophiolite
emplacement was followed by tectonic quiescence, sea level
rise, and deposition of carbonate-dominated Maastrichtian to
Oligocene succession with intermittent depositional hiatuses.
A second phase of orogenic activity (late Alpine event) due
to the opening of the Red Sea–Gulf of Aden caused north-
ward movement of the Arabian Peninsula, collision with the
Eurasian plate, and uplifting of the Zagros Mountains and
Al-Hajar Mountains. In the region north of the Al-Hajar
Mountains (i.e., the Batina coastal region), post-obduction
Maastrichtian to Oligocene clastic and carbonate successions
were deposited (Abbasi et al., 2014). As a result, the Fars
Group unconformably overlies the Oligocene strata. (Salad
Hersi et al., 2013).

3 Lithostratigraphy and Sedimentology
of the Fars Group

In ascending order, the Fars Group can be divided into three
tectonostratigraphic successions represented by Sultan
Qaboos University (SQU), Suwadi, and Barzaman Forma-
tions (Fig. 2). These formations are well exposed in road
cuts and excavations within the university campus. The SQU
Formation comprises a thick succession of normally- and
inversely grading conglomerates, sandstones, and mudrocks.
Fossilized plant imprints (twigs, leaves, and root casts) are
present within the muddier facies. The lower contact of the
formation is not exposed within the study area. However, the
Barka area's well (*35 km west of SQU) indicates an
erosional unconformable contact. The upper contact is a
sharp surface followed by conglomeratic lag deposits that
define the base of the overlying Suwadi Formation.
The SQU Formation represents alluvial fan to braided river
system deposits with discrete interfluvial ponds and flood
plains. The Suwadi Formation is a thin, highly fossiliferous
carbonate tongue. This formation consists of reefal bodies
with abundant corals and calcareous algae. It also contains
larger benthic foraminifera (LBF), echinoid, and mollusk
shells. This formation is well-exposed in the As-Suwadi
Islands near Barka, which is much thicker than the section
exposed on the SQU campus. Biostratigraphic data
(LBF) from this work and previous studies indicate Middle
Miocene (Langhian-Serravalian) age for this carbonate unit.
This age suggests an early Miocene (pre-Langhian) age for
the underlying SQU Formation. The Barzaman Formation is
dominated by pebble- to cobble-size sandy conglomerates
with sandstone and mudrock interbeds. Sedimentary struc-
tures in the formation suggest deposition in a fluvio-deltaic
(fan-delta) environment, most likely connected to a lacus-
trine system. The formation consists of two lithologic units.
Rootlets, scoured surfaces, graded beds, imbricated clasts
and minor diagenetic (carbonatized) alterations characterize
the lower unit of the formation (BZ1). In contrast, the upper
unit (BZ2) is defined by the typical “Barzamanite facies”
(ophiolite detrital grains diagenetically altered to carbonate,
Maizles, 1988; Lacinska et al., 2014). The age of the
Barzaman Formation is late Miocene to Pliocene; it docu-
ments intensive uplifting of the hinterland and renewal of
siliciclastic progradation that followed the withdrawal of the
“Suwadi Sea”. The Fars Group has been affected by Plio-
cene–Pleistocene uplifting, faulting, and tilting. This resulted
in Quaternary detrital deposits with marked basal erosional
surface and angular surface unconformity.

Fig. 1 Location of the Batina Coastal Plain (BCP), Al-Hajar
mountains, and the interior zone of northern Oman
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Fig. 2 Lithostratigraphic units and sedimentologic summary of the Fars Group at the SQU campus
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4 Discussion

Al-Hajar Mountains preserve and expose extensive rock
succession of Precambrian to the Cenozoic age. The strati-
graphic stacking nature of the post-Oligocene succession of
the BCP reflects tectono-eustatic perturbations that had
affected the region. The main uplifting phase of Al-Hajar
Mountain was related to the late Neogene Alpine / Zagros
deformation (Hanna, 1995). This was followed by intensive
erosion and deposition of siliciclastic-dominated strata of the
SQU Formation. Middle Miocene tectonic quiescence
accompanied by sea level rise resulted in a reduction of the
clastic input, establishment of a carbonate platform, and
deposition of the Suwadi Formation. Subsequent sea level
drop and uplifting of the hinterland rejuvenated weathering
and clastic influx represented by the Barzaman Formation.
The latter, mainly formed by gravel- to mud-size ophiolite
clasts, has been highly altered to carbonate mineralogy, the
typical Barzamanite facies of Maizels (1988), Salad Hersi
et al. (2013), and Lacinska et al. (2014). This tripartite
clastic-carbonate-clastic sequence constitutes the Fars Group
of the BCP.

5 Conclusion

Miocene to Pliocene tectonic and marine incursions have
shaped the sedimentary succession of the Batina Coast of
Oman. The succession constitutes the Fars Group which is
well-recognized throughout the Arabian and Persian regions.
In the Batina Coastal Plain (BCP), the group is divided into
three formations: two siliciclastic units: lower Sultan Qaboos
University (SQU) and upper Barzaman formations are
intervened by the carbonate strata of the Suwadi Formation.
The clastic units were deposited in fluvial, interfluvial, and
possibly lacustrine environments. However, the carbonate
unit accumulated in a shallow marine setting as suggested by
marine fossils (corals, foraminifera, calcareous algae, echi-
noids, and mollusks). Fossils in the Suwadi Formation
indicate middle Miocene age. Thus, the SQU Formation,
which unconformably lies over the Oligocene Asmari For-
mation (or MAM reefs), is inferred to date lower Miocene
and the Barzaman Formation as late Miocene to possibly
Pliocene in age. The vertical lithostratigraphic pattern of

clastic-carbonate-clastic succession reflects two events (early
and late Miocene) of tectonic uplifting and intensive
weathering of the hinterland. This has resulted in extensive
siliciclastic influxes into the basin. These two events are
intervened by a middle Miocene period of relatively tectonic
quiescence, sea level rise, establishment of a carbonate
platform, and deposition of the shallow marine, highly fos-
siliferous Suwadi Formation.
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New Time-Expanded Chronostratigraphic
Column of Northern Iraq During Cretaceous
and Tertiary

Kamal Haji Karim

Abstract

The oil companies worked in Iraq, drew and published
the time-expanded chronostratigraphic column (Wheeler
diagram) of Iraq in the fifties of the last century. During
this long time, the column remained without significant
changes. Therefore, the present study tries to modify and
update the column according to the recent sedimentolog-
ical developments and traditional and sequence stratigra-
phies. Moreover, the modification is based on more than
50 published papers by the author and more than 20 years
of fieldwork in northern Iraq. The significant updates
include removing previous unconformities between for-
mations, such as Qamchuqa with Dokan and Bekhme,
Gulneri with Dokan and Kometan, and the latter Forma-
tion with Shiranish Formation. This is true for the
unconformity between Tanjero and Kolosh Formations.
Thus, the article changed the contacts between the above
units to conformable ones, and their boundary is assigned
as gradational in the new chronostratigraphic column. The
column also includes the lateral merging of the Kolosh
Formation and the lower part of the Red Bed Series with
the Walash Formation (Group). The study considers these
three units as deposits of a large foreland basin, and their
sediments derived from a volcanic arc inside Iran during
the Paleocene. On the new column, the ophiolites and
basaltic rocks are assigned as metamorphosed greywackes
(volcaniclastic sandstones) of the Walash Formation. The
column manifests the tectonic setting and location of each
Formation according to the present tectonic zones (Low
and High Folded, Imbricated, Thrust, and Sanandaj-Sirjan
Zones) of Iraq instead of the previous general geographic
positions of the formations. According to fossils and
sedimentary structures, it shows the stratigraphic units in
their proper environmental settings, such as the Creta-
ceous Arabian Platform Margin and the coastal areas of

the Zagros Foreland Basin, where the coarse clastic units
rested near the source areas during the Tertiary. Similarly,
it indicated the deep facies (marls and shales) near the
basin plains. The column is associated with models for
showing some of the stratigraphic units in their paleo-
geographic and tectonic settings in basins during the lat-
ter two ages. Establishing a new Iraqi time-expanded
stratigraphic column has applications in exploring oil and
other natural resources. It also enables a better under-
standing of the stratigraphy and tectonic setting of the
Arabian plate and Zagros collisional belt.

Keywords

Wheeler diagram � Northern Iraq stratigraphy �
Time-expanded stratigraphic column � Zagros
stratigraphy � Arabian Plate stratigraphy

1 Introduction

The time-expanded stratigraphic column (Wheeler diagram)
displays graphical geographic extent, period, and the miss-
ing ages of many lithostratigraphic units of an area. The
missed sediments of ages (unconformity) are expanded in
this type of column to manifest their time durations, which
are helpful for basin analysis and oil exploration. The missed
ages are those that have no representative lithology in the
rock column (or in the basin) due to erosion or
non-deposition. Geologists can call these columns “wheeler
diagrams” in honor of Wheeler (1953). He configured these
columns as two axes of time and geographic extent (spatial
extent) to represent vertical and horizontal coordinates. He
added that it expands or exaggerates the rock bodies and
unconformities according to their period. The time-expanded
chronostratigraphic column of Iraq was established in the
fifties of the last century by Bellen et al. (1959) (Fig. 1a and
b). Later, Buday (1980), Jassim and Goff (2006) indicated

K. H. Karim (&)
University of Sulaimani, Kurdistan, Iraq
e-mail: kamal.karim@univsul.edu.iq

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
A. Çiner et al. (eds.), Recent Research on Sedimentology, Stratigraphy, Paleontology, Tectonics, Geochemistry,
Volcanology and Petroleum Geology, Advances in Science, Technology & Innovation,
https://doi.org/10.1007/978-3-031-43222-4_8

35

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-43222-4_8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-43222-4_8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-43222-4_8&amp;domain=pdf
mailto:kamal.karim@univsul.edu.iq
https://doi.org/10.1007/978-3-031-43222-4_8


most of the missed ages (unconformities) between the for-
mations in their wheeler diagrams. The present study tries to
update and modify the column with the aid of recent studies
and new developments in the tectonic setting, sequence
stratigraphy, and sedimentologic principles of the area. The
study is mainly limited to northern Iraq, where the most
recent relevant studies are conducted. The present column
highly benefited from the column of the latter three works of
literature. During this long time, the column was beneficial
for teaching and academic purposes in all Iraqi universi-
ties and for practical implications by petroleum and other
economic activities but remained nearly without main
changes.

2 Methodology and Materials

The present study is the result of more than 20 years of field
studies in north Iraq (Kurdistan Region), in addition to
reviewing the stratigraphy and biozonation of the previous
studies. Our study inspected the boundary conditions of all
Cretaceous and Tertiary Formations laterally and vertically
in northern Iraq. The author revisited all the previous
unconformities established in Bellen et al. (1959), Buday
(1980), Jassim and Goff (2006) and checked them in tens of
sections. In the drawing of the new column, current concepts
of sedimentology and sequence stratigraphy are utilized
(Fig. 1c, d, e).

3 Result and Discussion: Removal of Several
Unconformities

3.1 Problem of Fossils-Based Unconformities

The present column removed several unconformities and
changed their statuses to conformable, depending on the
absence of conglomerate, erosional surface, paleosoil, and
unusual lithologies. Most of the previous unconformities are
established depending on the lack of index fossils. Examples
of recent studies that used this latter method are the studies
of Ameen and Gharib (2014, p. 2708), who attributed
missing sediments of Gulneri and Dokan Formations (Mid-
dle Cenomanian-Early Turonian) in the majority of the High
Folded and Thrust Zone of Iraq to the disappearance of the
R. cushmani and H. moremani subzone. Similarly, Lawa
et al. (2013) concluded 4.7 Ma unconformity (as Turonian
hiatus) between Qamchuqa and Kometan Formations in the
Qamchuqa Gorge section. They justified unconformity by
the absence of planktonic foraminiferas such as

Globigerinoides bentonensis and Dicarinella hangi, Whit-
nella archaeocretacea, Heterohelix moremani, and Helve-
totruncana Helvetica.

Another example is the study of Ghafur et al., 2020), who
found unconformity with a period of 25 Ma at the south-
western limb of the Piramagroon anticline, during which the
whole Qamchuqa Formation was missed. They do not
indicate any direct evidence to estimate the period of this
huge unconformity. However, they attributed, indirectly it to
the absence of index fossils since they mentioned biostrati-
graphic age dating of their sections. On the same basis,
Farouk et al. (2017) considered the contact between
Kometan and Shiranish Formations as unconformable due to
the missing sediments of Late Campanian. They observed
the absence of CC20-CC21/UC15b-CTP nannofossil zones
and equivalent planktonic foraminifera zones Contusotrun-
cana plummerae (Globotruncana ventricosa Zone), R. cal-
carata, and G. havanensis. The present study inspected tens
of sections in the field. However, the above three uncon-
formities are not confirmed. The use of the index fossils
alone to indicate the unconformity is unsafe since the
absence of index fossils depends not only on unconformities
but also on diagenesis, environment restrictions, submarine
erosion, mass wasting, rate of sedimentation, methods of
sampling, and accuracy of identifications. Especially the
boundaries of the formations are sensitive to the survival of
fauna due to changes in lithologic and nutrients. Taha and
Karim (2009), Karim et al. (2018), and Al-Badrani et al.
(2012) also refuted the above unconformities, and the pre-
sent study aids their considerations.

3.2 Fault Breccia Considered as Conglomerate
Previously

Wetzel (1950 in Bellen et al., 1959), Al-Qayim et al. (1995)
recorded an unconformity represented by 10 m conglomer-
ate between Bekhme (late Campanian) and Qamchuqa
(Hautervian-Cenomanian) Formations in Bekhma Gorge,
Arbil area. In its type section and the other regions,
Al-Mutwali et al. (2008) recorded polygenetic conglomerate
too at the base of the Bekhme Formation with variable
thickness (3-20 m). According to these authors, this
unconformity spanned about 20 million years, during which
sediments of the Kometan, Gulneri, and Dokan Formations
were missed. Conversely, Ameen and Karim (2008) and
Karim (2013) studied this conglomerate in detail and doc-
umented much evidence to prove the gradational boundary
between the latter two formations. They concluded a fault
breccia instead of the claimed conglomerate. They attributed
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it to a reverse fault in the area (Fig. 2). Oil companies
recently proved the fault by seismic profiles in the Bekhme
gorge. Due to faulting and folding of the type section of the
Balambo Fm, Bellen et al. (1959) indicated an unconformity
between two deep marine formations (Balambo and Shi-
ranish Fms) in Sirwan valley. It spanned about 10 million
years, during which sediments of Coniacian and Santonian
were missed. Karim et al. (2016) proved a conformable
boundary between the latter two formations and attributed

this claimed unconformity to faulting, which was not con-
sidered by Bellen et al. (1959).

3.3 Geographic Extension of the Wheeler
Diagram to the Sanandaj-Sirjan Zone (SSZ)

Recently, many papers have been published and focused on
changing the previous ophiolite and volcanic rocks to

Fig. 1 a, b Time-expanded chronostratigraphic column of northern
Iraq during Tertiary and Cretaceous by Bellen et al. (1959), c similar
column of the present study, d tectonic and paleographic models during

Paleocene and e similar model for Cretaceous (modified from Karim,
2020). The corresponding locations of the formations are indicated X1
…X6 for Cretaceous and those of Tertiary by 8 … 12 in the text
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metamorphosed sandstones (greywackes and volcanic
detritus). These studies are such as Karim and Bidry (2020),
Karim and Ghafur (2021), and Karim and Hamza (2021),
who refuted the igneous rocks (Ophiolites) and their
obduction on the Arabian Continental Plate in the Bulfat,
Mawat, Avroman, and Penjween areas. These studies
changed the tectonic settings of these areas to metamorphic
core complexes and parent rocks to volcaniclastic sand-
stones, impure limestones and greywackes, which later
metamorphosed. In the same context, two other papers were
published. The first one is Karim et al. (2020) documented
eleven pieces of evidence for the refusal of basaltic intrusion
in the Gercus Formation in the Dohuk area and changed to a
sedimentary succession of volcaniclastic sandstone. The
second one is Karim and Abioui (2021), who refuted ophi-
olite and basaltic rocks with detailed models and concluded
transportation of the volcaniclastic sandstones and grey-
wackes from the Urumieh-Dokhtar Magmatic Arc to the
SSZ (Mawat, Bulfat, and Penjween areas as a part of the

latter zone). Slightly earlier, Karim (2020) changed the SSZ
from a continental block to a deep basin as a part of the
Neo-Tethys (Fig. 1d and e). The above papers considered all
the previous ophiolite rocks as metamorphosed sediments of
the Walash Formation (mainly greywacke and volcaniclastic
sediments). The latter Formation is observable in these
complexes under the Naopurdan Formation (reefal lime-
stone, see Karim and Ghafur, 2021). In the stratigraphic
column, these changes are considered, and the Walash
Formation and Kata Rash Conglomerate (as proximal facies)
correlated (joined) with Kolosh Formation in the High Fol-
ded Zone as distal facies. This correlation is based on the
deposition of the three facies in a single foreland basin,
aided by present field works. The present study removed
many previous unconformities between deep formations but
added many new ones on the column in the coastal area of
the Tertiary foreland basin (Fig. 1c).

4 Conclusion

This study prepared a new time-expanded stratigraphic
column (Wheeler diagram) for northern Iraq during the
Cretaceous and Tertiary according to extensive fieldwork. In
this column, many previous unconformities are removed,
and the new ages and distributions of many units are intro-
duced. The study changed all allochthonous rocks of
Northern Iraq to autochthonous ones. This study suggests
avoiding using fossil and biozonation for the establishment
of unconformities. While using the boundary condition, the
field features such as paleosoils, conglomerate, and erosional
surfaces, with regional correlation, are more accurate for
establishing unconformities.
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Establishment of Geological Age Under
the Constraints of Astronomical Cycles
in Dongying Sag

Xuwei Luan and Jinliang Zhang

Abstract

The accurate determination of geological age is the key to
understanding the evolutionary history and process of
earth, but improving the accuracy of geological age has
always been a scientific problem. Astronomical cycle
analysis is an effective method developed for high-
resolution stratigraphic research in recent years. We apply
this method to improve the accuracy of the stratigraphic
age of the ash-deficient section of lacustrine fine-grained
sedimentary rocks in Dongying Sag, which can make up
for the lack of isotopic dating. By observing the core
(about 198 m thick, well Niu 33), the study interval’s
petrological characteristics are found. The study interval
is divided into four stratigraphic units according to the
GR curve and lithology. After the data preprocessing, the
results show that these four stratigraphic units all record
the Milankovitch cycles of 405 ka eccentricity, 125 ka
short eccentricity, 40.1–38.7 ka obliquity, and 18.7 ka
precession. Finally, the 38.7 ka obliquity cycle curves are
filtered out, and we find about 202.45 cycles of 38.7 ka in
the Es3m of the Dongying Sag, with a cumulative
deposition time of 7.83 Ma. Taking the volcanic dating
40.1 Ma of the Es3l and the Es3m as the anchor point, a
“floating” astronomical age scale is established, and the
geologic age of the top of the Es3m is 32.27 Ma.

Keywords

Dongying Sag � Milankovitch cycles � A “floating”
astronomical age scale

1 Introduction

Milankovitch hypothesis provides a new perspective for
geoscientists. For a long time, it has been considered that the
three major factors controlling sedimentation are sea-level
rise and fall, tectonic movement, and climatic conditions.
These three factors have a particular control effect on sedi-
mentation, but they still encounter some unexplained sci-
entific problems. Therefore, some scholars began to observe
the outside of the earth and look for higher-level exogenous
control factors. With the deepening of research, people
gradually found and extracted the Milankovitch cycle signals
from different earth materials, and its application field is
more and more extensive. The method of geological dating
using the Milankovitch cycle theory is considered the third
milestone of time stratigraphy interpretation (Gong et al.,
2008). Using the astronomical cycle theory, the age scale is
established through the astronomical tuning of high-
resolution cycle strata to improve the accuracy of geologi-
cal age and make up for the shortage of isotopic dating in
some time periods (Huang, 2014).

2 Settings and Methods

Dongying Sag is located in the southern part of the Jiyang
Depression in the Bohai Bay Basin, eastern China (Fig. 1).
The targeted stratum in this study is the third middle member
(Es3m) of the Paleogene Shahejie formation. This target
interval developed during the rift-filling period. The basin’s
tectonic movement was relatively stable, and the lake water
was deepening because the climate was warm and humid.
Therefore, a large set of mudstone deposits developed during
this period.

Before spectrum analysis, it is necessary to remove
extreme values, obtain evenly spaced data, and then carry
out preprocessing processes such as detrending. Therefore,
adopt 2P spectrum analysis of GR logging series by the
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multi-taper method. In addition, the Fast Fourier Transform
(FFT) spectrum of the GR logging series is used to track the
change of cycle frequency under different sedimentary
accumulation rates. The cycle length ratio method determi-
nes the relationship between sedimentary cycle and earth
orbit parameters. First, the Milankovitch cycles are extracted
by the Gaussian bandpass filter, and then the astronomical
time scale is established (Hinnov, 2013).

3 Results

3.1 Lithofacies Characteristics

By observing the core (about 198 m thick, well Nui 33), the
study interval’s petrological characteristics are found. The
lithology of the lower section of the Es3m is mainly com-
posed of interbedded silty sandstone and mudstone. The silty
sandstone and the light mudstone indicate a shallow lake
environment (Fig. 2a). Vertically, the development of the
silty sandstone (blue) and the mudstone (red) has the char-
acteristics of periodic (Fig. 2b). The gray mudstone indicates
a semi-deep lake environment (Fig. 2c). And the dark gray
mudstone indicates the deep lake sedimentary environment
(Fig. 2d).

3.2 Time Series Analysis Results

The study interval is divided into four stratigraphic units
according to the GR curve. For example, the strata from the

Fig. 1 Geological setting of
Dongying Sag

Fig. 2 Core photos of lithofacies in the Dongying Sag. a light
mudstone, Well Niu 33, 3053.20–3055.20 m; b sandstone and
mudstone interbed, Well 33, c gray mudstone, Well 33, 3138.75–
3140.75 m, d dark gray mudstone, Well 33, 3211.64–3213.54 m
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Es3m in Niu 33 well are divided into three units: 3215–
3025 m, 3025–2703 m, and 2703 m–2512 m (Fig. 3.).

The GR logging data are used as a substitute index. After
the data preprocessing, the spectrum analysis shows a sig-
nificant peak value exceeding the 95% confidence level. The
results show that these three stratigraphic units all record the
Milankovitch cycles of 405 ka eccentricity, 125 ka short
eccentricity, 40.1–38.7 ka obliquity, and 23–21 ka, 18.7 ka
precession. It proves that lacustrine fine-grained sedimentary
rocks can be a sound recorder of Milankovitch cycle signals.

4 Discussion

Comparing the Milankovitch cycle signal identified by the
spectrum analysis diagram of the three strata, the astro-
nomical cycle curve with a period of 38.7 ka in each stratum
is extracted, respectively. The results show 70 cycles of the
38.7 ka in unit 1 of the Es3m, lasting 2.52 Ma. There are
67.45 cycles of the 38.7 ka in unit 2 of the Es3m, lasting
2.61 Ma. And there are 65 cycles of the 38.7 ka in unit 3 of
the Es3m, lasting 2.7 Ma. The volcanic dating 40.1 Ma at
the boundary of the Es3l and the Es3m is taken as the anchor
point. A “floating” astronomical age scale is established.

5 Conclusions

Lacustrine fine-grained sedimentary rocks can be a sound
recorder of Milankovitch cycle signals. About 202.45 cycles
of 38.7 ka in the Es3m of the Dongying Sag, with a
cumulative deposition time of 7.83 Ma. The geologic age of
the top of the Es3m is 32.27 Ma. A “floating” astronomical
age scale is established and used to estimate each stage in the
study interval.

References

Gong, Y., Du, Y., Tong, J. (2008). Cyclostratigraphy: The third
milestone of stratigraphy in understanding time. Earth Science-
Journal of China University of Geosciences, 33(4), 444–457.

Hinnov, L. A. (2013). Cyclostratigraphy and its revolutionizing
applications in the earth and planetary sciences. Geological Society
of America Bulletin, 11(12), 1703–1734.

Huang, C. (2014). Cyclostratigraphy and astrochronology and their
research status in Mesozoic., 21(2), 49–66.

Fig. 3 Spectrum diagram

Establishment of Geological Age … 43



Well Log Sequence Stratigraphic Analysis
of the Upper Carboniferous-Early Permian
Haushi Group in South Oman

Ibtisam Nasser Al-Kharusi, Mohamed A. K. El-Ghali,
Iftikhar Ahmed Abbasi, and Aleksandar Ilic

Abstract

The Upper Carboniferous-Early Permian Haushi Group is
equivalent to the Arabian Plate Megasequence 5 (AP5)
and comprises Al-Khlata and Gharif Formations. Wire-
line sequence stratigraphic analysis from conventional
wireline logs in the Dhofar Region, South Oman, has
shown that Haushi Group composes of seven third-order
system tracts. The Al-Khlata Formation is subdivided into
two system tracts, a highstand system tract (HST) fol-
lowed by a transgressive system tract (TST). The lower
Al-Khlata Member is composed of aggrading facies of
galciofluvial sand packages and diamictites reflecting an
early stage of ice retreat, capped by transgressive fine
sediments of the upper Al-Khlata Member. The upper part
of the Haushi Group corresponds to the Gharif Formation
and is subdivided into four systems in order, transgressive
system tract (TST), highstand system tract (HST), trans-
gressive system tract (TST), and finally, the lowstand
system tract (LST). The lower Gharif Member deposited
consecutively and shared the transgressive system tract
(TST) with the upper Al-Khlata Member. This system
tract ended with marine shales marking a maximum
flooding surface. The middle Gharif reflects a highstand
system tract (HST), which comprises progradational
calcareous siliciclastics. A sequence boundary marks the
end of this system. The upper Gharif Member represents a
transgressive system tract in the bottom, shifting to a
regressive lowstand system in the top sediment packages
of Upper Gharif.

Keywords

Sequence stratigraphy � Gharif formation � Al-Khlata
formation � Wireline logs

1 Introduction

Haushi Group in South Oman was studied using subsurface
data from conventional wireline logs from five wells in the
Dhofar Region, South Oman. The sequence stratigraphy was
analyzed using wireline data solely through well-known
methods that involve studying log suits' shapes, defining
anomalies, cross plots, and correlations. The studied Haushi
Group was deposited during Late Carboniferous till the Late
Permian period, equivalent to the last Arabian Plate Gla-
ciation (AG3) melt-out (Sharland, 2001). During this period,
the Arabian Plate moved from the South Pole toward the
equator resulting in an environmental shift from glaciofluvial
into marginal marine and fluvial settings (Forbes et al.,
2010). The paleogeography of Haushi Group in Rub
Al-Khali Basin, South Oman, revealed that the sea-level
change influenced the stratigraphic sequence architecture in
glacial and fluvial settings (Japex Montasar Report, 1990).
Haushi Group in the Rub Al-Khali Basin in southwest Oman
was not exposed to public research in the past decades. This
study was conducted to fill the research gap in this area and
to be used in the future to create sequence-based regional
correlation for Haushi Group.

2 Geological Setting and Stratigraphy

The deposition of Haushi Group followed the Hercynian
uplift and erosion in the Carboniferous, where the northern
terrains of Gondwana drifted apart in response to the
opening of the Neo-Tethys Ocean (Abbasi et al., 2012;
Forbes et al., 2010; Konert et al., 1999). The first sediments
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above the Hercynian Unconformity consist of glacial sedi-
ments of the Al-Khlata Formation and are conformably
overlayed by the fluvial clastic deposits of the Gharif For-
mation. The Al-Khlata Formation comprises two members,
upper Al-Khlata and lower Al-Khlata, whereas the over-
laying Gharif Formation comprises three members, upper
Gharif, middle Gharif, and lower Gharif. According to
Osterloff (2004), there are two depositional settings devel-
oped during the accumulation of the Al-Khlata Formation:
glaciofluvial and glaciolacustrine settings. The glaciofluvial
deposits are sand-dominated, reflecting channelized glacio-
fluvial outwash deposits, whereas the glaciolacustrine

sediments are massive laminated mud-dominated deposits.
The Gharif Formation lithology consists of marginal marine
sediments in the lower member and shifting to fluvial
sandstones and shales in the middle and upper members
(Abbasi et al., 2012; Forbes et al., 2010).

3 Results and Discussion

Conceptual sequence-based depositional models were con-
structed for Haushi Group using wireline data extracted from
five wells located in the Rub Al-Khali Basin (Fig. 1), South

Fig. 1 Conceptual sequence depositional model for Haushi Group,
Al-Khlata Formation, and Gharif Formation with the corresponding
gamma-ray log shape (red color) from the reference well Wadi Quitbit -
1 South Oman, Rub Al-Khali Basin. a Lower Al-Khlata high stand

system tract (HST), b Upper Al-Khlata transgressive system tract
(TST), c Lower Gharif transgressive and Highstand system (TST-HST),
d Upper Gharif transgressive and lowstand system (TST-LST)
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Oman (Fig. 1). The findings of this study indicate that the
lower Al-Khlata was deposited during the highstand system
tract (HST) where glacial melt out began (Fig. 1a). This
interpretation is supported by thick packages of diamictites
that represent an early stage of ice retreat. This highstand
system was developed in a glaciofluvial setting where
braided channels formed landward close to source areas
(Ghudun-Khasfa high). In this system, the sediment load
compared to accommodation space is low. Therefore, amal-
gamated channels have formed, which reflects in the
gamma-ray log as a blocky motif (Fig. 1a). The upper
Al-Khlata (Fig. 1b) consists of transgressive sediments
(TST) deposited in a glaciolacustrine setting where lakes were
formed from ice melt. Fine-laminated sediments dominate the
deposits from lakes, namely, Rahab shales (Osterloff, 2004).
The gamma-ray log appears in bell shape representing fining
upward facies. The beginning of lower Gharif (Fig. 1c) shared
the transgressive system tract (TST) with upper Al-Khlata, as
there is no evidence of an erosive surface separating the lower
Gharif and upper Al-Khlata Members.

However, the sediments of lower Gharif are a mixture of
fining upwards sand and shales of marginal marine setting
deposited during sea-level increase. Highstand system sedi-
ments were detected in the upper layers of the lower Gharif
Member, marked by Haushi limestone deposited during the
phase where the accommodation space and sediment load
formed equally. As a result, an aggregational sedimentary
pattern is represented by the blocky shape in the gamma-ray
log (Fig. 1 C). The end of this system tract is represented by
a sequence boundary that marks the shift from a marginal
marine to a continental setting. Following this sequence
boundary is a transgressive system tract (TST) characterized
by the deposition of isolated channel bodies reflecting a
meandering fluvial system (Fig. 1d). The ample space
between channels is formed during sea-level increase, which
increases the accommodation space. The shaly material
reflects the flood plain in between channels. The end of this
system tract normally ends with a maximum flooding sur-
face; however, no evidence in the well logs marks an
anomaly in the gamma-ray or the other log suits indicating a
flooding surface. Therefore, this can be explained by erosion
and placement of a sequence boundary (SB). The upper
Gharif Formation was deposited during a stage where the
accommodation space was lower than the sediment supply
due to sea-level fall. This resulted in forming amalgamated
channels during the fluvial highstand system (HST) repre-
sented by funnel-shaped progradational facies in the
gamma-ray log view (Fig. 1d).

4 Conclusion

Haushi Group was deposited in a complex setting. The
establishment of sequence stratigraphy for both the Gharif
and Al-Khlata formations was affected by sea-level change
originating from the melt of glaciers during the last Arabian
Plate Glaciation. The third-order sequence architecture was
built from seven system tracts. The ice retreat began in lower
Al-Khlata, reflecting a highstand system (HST), followed by
the formation of a transgressive system by lacustrine from
ice melt in upper Al-Khlata. The transgression continued in
the overlaying lower Gharif Member by the deposition of
marine shales that marks the maximum transgression fol-
lowed by aggradational highstand limestone facies (HST).
Finally, middle and upper Gharif Members were deposited
in a transgressive followed by a regressive system in a flu-
vial setting. This study was conducted using wireline logs as
the primary data source. Within this data limitation, the
uncertainty of the funding is higher. However, the results
were correlatable with Osterloff's (2004) research. This study
can be further improved by using a more inclusive data set,
including a core study, carbon isotope analysis, etc.
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Sequence Stratigraphy
and Chemostratigraphy Interpretations
Based on Stable Isotope and Gamma Ray:
An Example from the Early Triassic Lower
Mahil Formation [Upper Khuff Outcrop
Equivalent (KS1)], al Jabal Al-Akhdar, North
Oman, Sultanate of Oman

Mohamed S. H. Moustafa, Mohamed A. K. El-Ghali, Rasha Al Raqaishi,
Iftikhar Ahmed Abbasi, Hezam Al-Awah, Mohammed Farfour, Nada Al
Ghafri, and Aaraf Al Humaidi

Abstract

This study aims to integrate facies distribution, stable
isotope, spectral and total gamma rays to build
high-resolution sequence stratigraphy of the Early Triassic
Lower Mahil Formation [Upper Khuff outcrop equivalent
(KS1)]. The Lower Mahil Formation was deposited on a
carbonate ramp in Al Jabal al-Akhdar of North Oman.
Saiq Plateau andWadi Sahtan sections of the Lower Mahil
Formation were logged and measured along a depositional
dip cross section. A detailed sedimentological description
for studied sections was performed using Dunham’s
classification, isotope samples were taken every 50 cm,
and spectral gamma ray measurements were taken every
10 cm. The Lower Mahil Formation is a third-order
sequence consisting of inner-ramp and mid-ramp carbon-
ate facies. Several lithofacies were identified, including
breccia, packstone/grainstone, and mudstone. The top of
the breccia marks the top of the third-order sequence with
normal carbon isotope and low gamma rays and shows a
sharp change in lithology. However, the base of this
sequence is a transition contact with a gradual decrease in
the carbon isotope and gamma ray curves. An increasing

trend of both carbon isotope and gamma ray curves marks
the maximum flooding surface zone.

Keywords

Saiq Plateau � Wadi Sahtan � Lower Mahil � Oman �
Third-order sequences � Al Jabal al-Akhdar

1 Introduction

This study presents the stratigraphic framework integrated
with high-resolution carbon isotopes for the Early Triassic
Lower Mahil Formation (Upper Khuff outcrop equivalent
(KS1)) within the Al Jabal al-Akhdar of North Oman. The
stratigraphic sequence framework presented here builds on
the rock-based stratigraphic framework, carbon stable isotope
chemostratigraphy, gamma ray, and available biostratigraphic
data. Based on the lithology, wireline logs, and faunas, the
Khuff Formation has been subdivided into Upper Khuff,
Middle Khuff, and lower Khuff. The lower and middle Khuff
is equivalent to the Saiq Formation in Jabal al-Akhdar
(Alsharhan, 2006). Simultaneously, the upper Khuff is
equivalent to the Lower Mahil Formation, which overlies the
Saiq Formation (Alsharhan, 2006). The Khuff Formation
represents one supersequence, which comprises six
transgressive/regressive sequences (KS6–KS1) (Koehrer
et al., 2010). On the Saiq Plateau of the Al Jabal al-Akhdar,
Oman, the Upper Saiq Formation is time equivalent to the
Lower and Middle Khuff Formation (K5–K3), and the Lower
Mahil Member is the time equivalent to the Upper Khuff
Formation (K2–K1) (Koehrer et al., 2010). This study will
focus on the Lower Mahil Formation (upper Khuff outcrop
equivalent (KS1)). Studying this supersequence may help in
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understanding the sequence stratigraphy of the Lower Mahil
Formation (upper Khuff outcrop equivalent (KS1)). The initial
goal of this work is to do a sequence stratigraphic interpreta-
tion of the Lower Mahil Formation based on bed-by-bed
measured sections (Saiq Plateau and Wadi Sahtan).

2 Geological Setting

The Akhdar Group comprising the Saiq and Mahil Forma-
tion in the Al Jebel Akhdar area was deposited due to the
initial phase of the breakup of the supercontinent Pangaea.
During the lower Paleozoic, Oman was a passive margin.
This stable phase ended with the collision of Gondwana and
Laurasia during the Carboniferous Hercynian event that
created the base Haushi unconformity. Following the
widespread Hercynian event, the northern Gondwanan ter-
ranes rifted with the opening of the Neo-Tethys Ocean in the
Late Carboniferous/earliest Permian. The sediments above
the Hercynian unconformity in Oman are represented by the
clastics of the Haushi Group. From the middle Permian to
middle Cretaceous times (ca. 267–91 Ma), a passive margin
developed with extensive carbonate deposition, comprising
the Akhdar, Sahtan and Kahmah, and Wasia Groups. The
Khuff Formation was deposited on an epeiric carbonate
platform under arid conditions dominated by carbonate
sedimentation due to a significant transgression.

3 Results

Several lithofacies were identified, including breccia,
packstone/grainstone, and mudstone. The Lower Mahil For-
mation is a third-order sequence consisting of backshoal,
shoal, to foreshoal depositional settings. Inside this
third-order sequence is fourth- and fifth-order sequences with
23 distinguished parasequences (Fig. 1a–c).

4 Discussion

4.1 Depositional Environment

The Lower Mahil Formation lithofacies were identified,
including breccia, packstone/grainstone, and mudstone
(Fig. 1c). Studying these facies indicates that the Lower
Mahil Formation deposited within shallow ramp setting
limited to backshoal, shoal to foreshoal ramp facies, similar

to previous studies (Koehrer et al., 2010). The shoal facies
dominate the Saiq Plateau section. The source of the breccia
is unknown (Koehrer et al., 2010). However, this study
shows normal carbon isotope patterns (Fig. 1a) and no
indications of subaerial unconformity (Forbes et al., 2010;
Koehrer et al., 2012) in response to the breccia facies. These
isotopic results confirm that there are no unconformity or
diagenetic effects of breccia facies. Therefore, the source of
the breccia can be tectonic/syntectonic (?) with no clear
evidence from the field.

4.2 Lower Mahil Composite Sequence Duration

The Lower Mahil is Early Triassic, which is time equivalent
to the Upper Khuff Formation in the subsurface. However,
this study focuses only on the lower member of the Mahil
Formation (KS1 sequence equivalent), which has been dated
previously (Koehrer et al., 2010) as Late Induan. The Lower
Mahil was deposited during the late Induan with a � 1 m.y
(Gradstein et al., 2012), making it a third-order sequence
(Goldhammer et al., 1990). Each of the three sequences of
the Lower Mahil Formation has a duration of 0.3 m.y,
making them fourth-order sequences. Each of the eight
sequences has a duration of 0.1 m.y, making them a
fifth-order sequence. In greenhouse times, cycles are likely
dominated by high-frequency, low-amplitude sea-level
changes driven by precession (Read, 1985, 1998). There-
fore, one would expect to find many more parasequences in
the one m.y. The duration of parasequences in the Lower
Mahil Formation is challenging to evaluate, as they are
rarely regionally mappable. The maximum number of
parasequences (23) occurs in the Lower Mahil Formation.
Given the one m.y. duration of formation, this would suggest
that the parasequences are � 43 k.y. The Lower member of
the Mahil Formation [(Upper Khuff outcrop equivalent (KS1
sequence)] is made up of two-cycle sets composed of 8
fifth-order cycles (Fig. 1a). The maximum flooding surface
MFS zone of the Lower Mahil Formation is placed within
the wackestones lithofacies (Fig. 1a). The thick brecciated
bed defines the upper sequence boundary, which represents
the boundary between the Lower Mahil Member (Khuff
Formation equivalent) and the overlying Middle Mahil
Formation (Sudair Formation equivalent) (Fig. 1a). At the
same time, the lower sequence boundary represents the
normal contact between KS1 and the underlying KS2
sequence.
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Fig. 1 Third-, fourth-, and
fifth-order sequences of the
Lower Mahil formation (a) and
the breccia facies (b) with the
facies code (c)
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5 Conclusions

1. The Lower Mahil Formation lithofacies were identified,
including breccia, packstone/grainstone, and mudstone.
Studying these facies indicates that the Lower Mahil
Formation deposited within shallow ramp settings is
limited to backshoal–shoal to foreshoal ramp facies.

2. Carbon isotope shows standard patterns and no indica-
tion of subaerial unconformity in response to the breccia
facies. These isotopic results support the possible tec-
tonic origin of the breccia.

3. The Lower Mahil Formation is a third-order sequence
consisting of backshoal, shoal, to foreshoal carbonate
facies.
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Spectral Gamma-Ray Variability Within
Carbonate Lithofacies: An Example
from the Early Triassic Lower Mahil
Formation (Upper Khuff-Equivalent)
of Al Jabal Al-Akhdar, North Oman

Mohamed S. H. Moustafa, Mohamed A. K. El-Ghali,
Iftikhar Ahmed Abbasi, Hezam AL-Awah, Musaab Shakir Al Sarmi,
Abdulrazak Al-Sayigh, Arshad Ali, Nada Al Ghafri, Araf Al Humaidi,
and Rasha Al Raqaishi

Abstract

This study aims to test the relationship between the
elements Potassium (K), Uranium (U), and Thorium
(Th) measured by spectral gamma-ray to sedimentary
facies. Spectral gamma-ray is widely used in depositional
facies and sequence stratigraphic analysis. Here, spectral
gamma-ray U, Th, and K measurements from two logged
sections of the Early Triassic Lower Mahil Formation
(Upper Khuff-equivalent, KS1) of Al Jabal Al-Akhdar
(Saiq Plateau and Wadi Sahtan), north Oman, are
discussed. A detailed sedimentological description for
both logged sections was performed using Dunham’s
classification, and spectral gamma-ray measurements
were taken every 10 cm with an RS-230 BGO Handheld
Spectrometer. Several lithofacies were identified, includ-
ing breccia, packstone/grainstone, and mudstone. Saiq
Plateau and Wadi Sahtan lithofacies are grain-dominated
facies (e.g., shoals), which indicate that the Lower Mahil
Formation was deposited in a shallow carbonate ramp
(shoal to foreshoal setting). In all lithofacies in the Lower

Mahil Member, the percentage of U exceeds Th and K.
This relative enrichment of the U reflects the reduction
conditions and high preservation of organic matter.

Keywords

Saiq Plateau �Wadi Sahtan � Lower Mahil � Oman � Al
Jabal Al-Akhdar

1 Introduction

Spectral gamma-ray logging has been helpful in some set-
tings, e.g., identifying sediment facies and correlations
(Ehrenberg & Svana, 2001; Omidpour et al., 2021).
Gamma-ray logs record the radioactivity of the formation
and the intensity of gamma-ray signatures controlled by
Potassium (K), Thorium (Th), and Uranium (U) contents
(Gao et al., 2020). Controls on the absolute and relative
contributions of K, Th, and U are complex. They involve the
original rock constituents (including depositional and geo-
chemical properties) in addition to the effect of weathering
(Cowan & Myers, 1988). The richness of K, Th, and U is a
direct product of the mineral composition of the Earth’s
crust, and the average abundances of K, U, and Th are
estimated to be 2–2.5 wt%, 2–3 ppm, and 8–12 ppm,
respectively. These are the only elements with radioactive
isotopes that show sufficient gamma-ray emission to be
adequately measured (Guagliardi et al., 2013).

In general, high U values reflect reducing conditions and
high preservation of organic matter. However, low U peaks
indicate oxidation conditions and lower organic preservation
(Ehrenberg & Svana, 2001; Omidpour et al., 2021). Gen-
erally, a high gamma-ray response means fine-grained
deposits or clay-rich rock formations, such as shale and
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mudstone; lower gamma radiation reflects coarse-grained
carbonate rocks (Ehrenberg & Svana, 2001). Diagenesis,
such as dolomitization, can result in an uneven distribution
in U contents, so there may be no direct correlation between
U and organic content. Therefore, U be affected by many
other factors, and it shows less correlation with lithofacies
than K and Th (Schnyder et al., 2006). In contrast, K and Th
concentrations are mainly associated with illite, kaolinite,
sericite, and potassium feldspars.

2 Geological Setting

The Akhdar Group comprising Saiq and Mahil formations in
Al Jebel Akhdar area was deposited due to the initial phase
of the breakup of the supercontinent Pangaea. It covers most
of Oman except the site in the South-East due to Cretaceous
erosion. The landward (proximal) facies appear in South
Oman, and the seaward (distal) facies appears in North
Oman. The Permian Saiq Formation and the lowermost part
of the Triassic Mahil Formation are the stratigraphic
equivalent of the Khuff Formation in the subsurface (Forbes
et al., 2010). The lower part of the Akhdar Group is the
Khuff Formation (Lower Mahil Formation equivalent, KS1).
The Lower Mahil Member is time-equivalent to the Upper
Khuff Formation.

3 Results

The lithology of both sections is quite similar, showing
grain-dominated facies. However, the Saiq Plateau section
consists of more grain-dominated facies than the Wadi
Sahtan section, leading to a clear shoal setting (oolitic
grainstone) in the Saiq Plateau. The spectral gamma-ray data
of these lithofacies revealed differences in U, Th, and K
measurements (Fig. 1). The Lower Mahil Formation at Wadi

Sahtan displays relatively higher U values (0–2.5; av.
1.5 ppm) than the Lower Mahil Formation at the Saiq Pla-
teau (0–2.3; av. 1 ppm). For instance, the U values of the
breccia lithofacies range between 1.3 and 2.5 ppm with an
average of 1.8 pm in the Wide Sahtan section compared with
0.8–2.3 ppm with an average of 1.2 ppm in Saiq Plateau.
Moreover, the average of the U from the packstone/
grainstone lithofacies in Wadi Sahtan is 1.2 ppm compared
to 0.8 ppm in the Saiq Plateau. The U from mudstone
lithofacies in Wadi Sahtan is 1.4 ppm compared to 0.8 ppm
in Saiq Plateau.

4 Discussion

In this study, there is evidence that spectral gamma provides
more information on lithofacies identification (e.g.,
grain-dominated vs. mud-dominated). Breccia in both sec-
tions are mud-supported, which can be seen directly in the
outcrop and indirectly, as indicated by the high U values in
these facies (Figs. 1 and 2). Studies have shown that dif-
ference in U is a useful indicator of lithofacies. For example,
U is concentrated in organic matter (Schnyder et al., 2006),
and humid weathering depletes both K and U relative to Th
(Parkinson, 1996). In this study, Th and U correlate well in
the Saiq Plateau section relative to the Wadi Sahtan section.
The Wadi Sahtan section is paleogeographically located
more distal (Forbes et al., 2010) than the Saiq Plateau sec-
tion. It can be the main reason for changes in the U values
measured. The high U values at the Wadi Sahtan section are
attributed to (1) reduction conditions, (2) diagenetic effects,
and (3) relative sea-level rise. The Th values in different
lithofacies show low to moderate values (0–1.5; av.
0.5 ppm), which may be due to relative sea-level fall. The K
values are nearly zero in all lithofacies, indicating pure
carbonate (Omidpour et al., 2021). This study supports that

Fig. 1 Scatter plot of Th versus U for each facies from the Saiq Plateau
section

Fig. 2 Scatter plot of Th versus U for each facies from the Wadi
Sahtan section. Note that U is higher in the mudstone facies
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the Lower Mahil Formation is grain-dominated carbonate.
Low spectral gamma-ray values can be seen in both sections,
with spikes of mud facies that show relatively higher U
values in the Wadi Sahtan section.

5 Conclusions

(1) Spectral gamma-ray (U, Th, and K) measurements from
Saiq Plateau and Wadi Sahtan sections of the Early Tri-
assic Lower Mahil Formation (Upper Khuff-equivalent)
indicate different concentrations within the facies.

(2) Breccia facies in both sections are mud-supported, as
indicated by the high U values.

(3) The Lower Mahil Formation at Wadi Sahtan displays
higher U values than in the Saiq Plateau.
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Chemostratigraphy of a Mixed Upper
Cretaceous Carbonate-Siliciclastic
Succession (Southern Pyrenees):
Geochemical Proxies for Sedimentological
Interpretations

David Cruset, Mar Moragas, Enric Pascual-Cebrian,
Ramon Mercedes-Martín, Anna Travé, and Jaume Vergés

Abstract

The chemostratigraphy of the growth strata related to the
growth of the Sant Corneli-Bóixols anticline, reveals the
sedimentary environment evolution of these syn-orogenic
sediments. The decrease of Y/Ho ratios throughout the
succession from typical open marine values to nearshore
values indicates the shallowing upward trend of the
growth strata and the progressive input of siliciclastic
sediments from emerged areas. The depletion in d13C and
d18O, the decrease in the Sr and Mg contents, and the
Mg/Ca molar ratios reveal the freshwater input into
shallower environments. The results correlate well with
the previous sedimentological interpretations of the
studied succession. They also support the combination
of the elemental and isotopic composition of carbonates
to interpret depositional environments in non-continuous
subsurface reservoirs and seal rocks.

Keywords

Chemostratigraphy � Mixed carbonate-siliciclastic
succession � Southern Pyrenees � Sedimentological
interpretations

1 Introduction

Core recoveries are often incomplete, hampering sedimen-
tological descriptions and their interpretations. To solve
these limitations, chemostratigraphy is a reliable tool that
provides information about the evolution of buried sedi-
mentary systems, which can be applied to both continuous
conventional core data and drill cuttings. Furthermore,
chemostratigraphy offers additional information for
core-scan data, facilitating more robust sedimentological
interpretations.

We test whether using Y/Ho ratios, combined with
standard geochemistry proxies such as d13C, d18O, Sr, Mg
contents of calcite shells (innoceramids, rudists, oysters, and
other bivalves), and bulk rock samples can be used as geo-
chemical proxies of sedimentary environments.

To validate whether sedimentary geochemistry can shed
light on environmental conditions of facies deposition, a
1400 m thick well-exposed middle Campanian to upper
Maastrichtian syn-orogenic shallowing an upward succes-
sion was studied (Sant Corneli-Bóixols anticline, Southern
Pyrenees).

2 Geological Setting

The studied growth strata have 1400 m of thickness, are in
the southern Pyrenees (Fig. 1), and record the emplacement
of the Sant Corneli-Bóixols anticline from the late Santonian
to the latest Maastrichtian.

From older to younger, the studied growth strata suc-
cession consists of (1) outer platform to slope deposits;
(2) prodelta and offshore siltstones and marls; (3) foreshore
calcareous sandstones and delta-front sandstones; and
(4) lagoonal and littoral limestones and siltstones.
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3 Methodology

Geochemical studies were done in 32 samples of low mag-
nesium calcite shells and bulk rock samples derived from the
study of Pascual-Cebrian et al. (2019). For carbon and
oxygen isotope analyses of carbonate rocks, an automated
Kiel Carbonate Device attached to a Thermal Ionization
Mass Spectrometer Thermo Electron (Finnigan) MAT-252
was used. To determine the Sr, Mg, and REE contents,
samples were analyzed using High-Resolution Inductively
Coupled Plasma Mass spectrometry (HR-ICP-MS), using a
Thermo Scientific Model Element XR (Thermo Fisher Sci-
entific, Bremen, Germany).

4 Chemostratigraphy of the Studied
Growth Strata

Samples from deeper and older outer platform to slope
deposits show d13C values between + 2.01 and + 3.19 ‰
VPDB, d18O values between −2.72 and −1.25 ‰ VPDB,
Y/Ho ratios between 37 and 52.9, Sr contents between 445
and 2278 ppm, Mg contents between 1385 and 8798 ppm
and Mg/Ca molar ratios between 1.5 and 5.9. Samples from

shallower and younger deposits have lighter d13C and d18O
values between −3.78 and + 3.37 and between −7.27 and
−1.72 ‰ VPDB, respectively, lower Y/Ho ratios between
36.46 and 40.8, lower Sr contents between 308 and
1018 ppm, lower Mg contents between 1038 and 5334 ppm
and Mg/Ca molar ratios between 0.38 and 3.0.

5 Discussion

Modern seawater contains large positive Y anomaly (cal-
culated as the mass ratio between Y/Ho), with Y anomalies
between 40 and 80 in open marine settings decreasing to
values between 33 and 40 in nearshore or restricted areas in
the studied locality (Nothdurft et al., 2004; Tostevin et al.,
2016). Thus, the decrease of Y/Ho ratios throughout the
succession, from typical open marine values to lower ratios
similar to nearshore settings in shallower deposits, supports
the overall upward trend of the growth strata and the pro-
gressive input of siliciclastic sediments from emerged areas.
The freshwater input into shallower environments could
have been responsible for the lighter d13C and d18O values
and the lower Mg/Ca molar ratios and Sr and Mg contents
(He & Xu, 2015; Lebrato et al., 2020; Ravelo &
Hillaire-Marcel, 2007).

Fig. 1 Stratigraphy, d13C, d18O,
Y/Ho ratios, Sr and Mg contents,
and Mg/Ca molar ratios of the
growth strata related to the
growth of the Sant
Corneli-Bóixols anticline. Mg/Ca
molar ratio of parental fluid was
calculated using a distribution
coefficient of 0.012 for a fluid at
25 °C (Mucci & Morse, 1984)
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6 Conclusions

The chemostratigraphy of the 1400 m thick Late Santonian
to Late Maastrichtian growth strata related to the growth of
the Bóixols-Sant Corneli anticline in the Southern Pyrenees
reveals a shallowing upward trend that fits with previous
sedimentological interpretations. The results support that
carbonate’s elemental and isotopic composition can be
combined as a cost-effective tool for interpreting deposi-
tional and environmental conditions in settings where
reservoir and seal subsurface data are incomplete.
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Stratigraphy and Age of the Sahabi
Formation, Libya

Moftah El Shawaihdi, Ahmed Muftah, Raymond Bernor,
and Noel Boaz

Abstract

New data from lithostratigraphic and biostratigraphic
research, sub-surface investigations, and remote sensing
studies have allowed the formalization of lithostrati-
graphic nomenclature in the Sahabi area, North Central
Libya. The base of sedimentation is the Late Miocene
Benghazi Formation of the Ar Rajmah Group, formerly
“Formation M.” These sediments were deposited under
shallow marine conditions and are of Tortonian age,
ranging from biozones NN8 to NNl la, with an age range
of 8.23–10.70 Ma.87Sr/86Sr dates from these levels range
from 8.99 Ma to 9.36 Ma. The pack of sediments lying
unconformably above the Benghazi Formation comprises
the Late Miocene Sahabi Formation, the Pliocene Qarat
Weddah Formation, and the Pleistocene-Recent “Forma-
tion Z.” The Sahabi The formation is divided into two
members: the “Lower Member,” including the gypsifer-
ous former “Formation P” and lower portion of “Member
T,” and the “Upper Member,” including the non-
gypsiferous and fossil-rich Units U-1, U-D, and U-2.
Vertebrate fossils from U-1 and U-2 represent a highly
diverse mosaic of paleohabitats ranging from the steppe,
savanna, forest, large river, and estuarine to marine
offshore, which makes the Sahabi fauna more valuable for
biostratigraphic comparison with a wide variety of
penecontemporaneous sites. The open country fauna
shows Sahabi to have been a crossroads fauna correlating

to European mammalian biozones MN12 and MN13,
with a best-fit age estimate of 6.8 Ma for Unit U-1 and
6.0 Ma for Unit U-2. The closed and water-tied faunal
elements from Sahabi are more relictual and include a
highly endemic anthracothere shared with the essential
hominin-bearing site of Toros Menalla, Chad, correlating
most closely with the Sahabi U-2 fauna. The Chorora and
Adu-Asa Formations in the Awash Basin of Ethiopia, the
Qaret El-Muluk Formation of Wadi El-Natrun, Egypt,
and the Nawata Formation of Lothagam, Kenya, are close
in biostratigraphic age to the “Upper Member” of the
Sahabi Formation. Sahabi shows the closest similarity in
Eurasia to the MN12/13 site of Baynunah, Abu Dhabi and
the MN13 site of Maramena, Axios Valley, Greece. The
upper age of the Sahabi U-2 fauna is constrained by the
unconformity that forms a Margin Erosion Surface
(MES) separating the Messinian-aged Sahabi Formation
from the overlying Pliocene Qarat Weddah Formation,
dated elsewhere in the Mediterranean Basin to 5.96 Ma to
5.33 Ma.

Keywords

Libya � Messinian � Miocene � Stratigraphy � Sahabi

1 Introduction

Sahabi is located on the northeastern flank of the Sirt Basin
and covers an area of * 375km2. It is bounded by longi-
tudes 20° 48′ 08″ to 20° 54′ 45″ E and latitudes 30° 10′ 58″
to 30° 17′ 36″ N (Fig. 1). Strata are exposed along the
western edge of the recent Sabkhat Al Qunnayyin, in a
general NE-SW trend of elongated intermittent hills (De
Heinzelin & El-Arnauti, 1987).

The area is known for both its important Neogene fossil
vertebrates (Boaz et al., 1979, 1987) and the discovery of
presumed Messinian-aged subsurface channels of over
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400 m in depth detected by seismic studies (Barr & Walker,
1973). The As Sahabi area is composed of Upper Neogene
sediments known as Benghazi Formation, Sahabi Formation,
and Qarat Weddah Formation.

2 Materials and Methods

103 stratigraphic exposures were investigated during field
seasons between 1977 and 2010. Fieldwork resulted in the
lateral tracing of the recognized Sahabi rock units based on
lithological descriptions and macro/micropaleontological
contents. Standard preparation techniques for age-dating
using stable strontium isotopes (87Sr/86Sr), foraminifera, and
calcareous nannofossils have been followed. Thin sections
were studied for petrographical examination. All materials
including micropaleontological slides and vertebrate fossils
are stored at the Earth Sciences Department and Museum of
Vertebrate Paleontology of Benghazi University, Benghazi,
Libya. All locality data and specimen identifications are
maintained in the master catalog of the East Libya Neogene
Research Project (ELNRP) database.

3 Results–Lithostratigraphy of As Sahabi
Area

The paper integrates the most recent lithostratigraphic
studies by the ELNRP team (El-Shawaihdi et al., 2014,
2016; Muftah et al., 2013, 2018). We identify an uncon-
formable Margin Erosional Surface (MES) (Roveri et al.,

2014), dating to 5.33 Ma–5.96 Ma, that resulted from
Messinian down-cutting of the Eosahabi paleoriver. This
unconformity separates the Miocene Sahabi Formation from
the Pliocene Qaret Weddah Formation. This revised lithos-
tratigraphy is supported by vertebrate biostratigraphy,
nannoplankton biostratigraphy of intercalated marine sedi-
ments, strontium dating, and subsurface studies, and refines
earlier studies by De Heinzelin and El-Arnauti (1987) and
Giglia (1984) (Fig. 2).

Formerly termed “Formation M,” the Benghazi Forma-
tion is a * 12 m thick dolomitic limestone that forms the
lowest stratigraphic level of the sediments exposed in the As
Sahabi area. Its lower contact is not exposed, and its upper
contact is an unconformity underlying the Sahabi Formation.
It consists of highly gypsiferous, halite-containing sandy,
and clayey bioclastic sediments. There is a rich marine
invertebrate fauna including echinoids, pelecypods, bry-
ozoans, barnacles, foraminifera, and ostracods. The cal-
careous nannofossils indicate a Tortonian age (ca. 8.23 Ma),
supported by 87Sr/86Sr isotope studies on a fossilized shell
providing ages of 8.99 Ma to 9.36 Ma. The macro/
microfossils suggest a depositional environment of trans-
gressive inner neritic marine conditions, indicative of shal-
low water deposition with a low rate of sedimentation.

The Sahabi Formation is composed of two members. The
“Lower Member” is up to 25 m thick and is composed of
gypsiferous dark clay and sand, previously termed “For-
mation P” and the “Member T” portion of the Sahabi For-
mation. It contains a network of 5 m-deep polygonal cracks
filled with selenite gypsum. The upper contact is an
unconformity delineated by gypsum-filled cracks. This

Fig. 1 Location of the Neogene
sedimentary deposits in the As
Sahabi area, north central Libya
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stratum was interpreted by De Heinzelin and El-Arnauti
(1987) to be terminal Miocene in age and correlative to the
Messinian Salinity Crisis, but lithologic and fossil content
indicate a shallow marine depositional environment and
evaporitic conditions within a sabkha or hypersaline lagoon.
The age of this Unit is Late Miocene (Messinian Stage)
(El-Shawaihdi et al., 2016).

The “Upper Member” of the Sahabi Formation includes
the upper part of the member T (TU), and Units U-1, U-D,
and U-2. Clay and sands grade upwards into peloidal sandy
dolostone, followed by arrhythmic intercalations of sand and
clay locally interrupted by thin dolostones. Vertebrate fossils
are abundantly preserved in Units U-1 and U-2. This
member has been dated to the Late Miocene using benthic
foraminifera (Borelis melo curdica) and numerous vertebrate
taxa at ca. 6.8 Ma (Bernor et al., 2020; Boaz et al., 2008).
Depositional environments included a mosaic of paleohabi-
tats, terrestrial (steppe, wooded savanna, and forest) and
aquatic (large freshwater river, estuary, and offshore marine).
The cross-bedded strata of unit U-D, earlier interpreted as a

“dune,” constitute a transgressive carbonate barrier bar
(Muftah et al., 2008).

The Qarat Weddah Formation formerly termed “Member
V,” consists of variable white to green sands and sandy
mudstones with lenses of gray, gypsiferous dolomite, with
frequent clay balls. This unit unconformably overlies the
“Upper Member” of the Sahabi Formation, and represents
transgressive fluvio-deltaic deposition in tidal channels,
fresh to brackish-water marshes, or sabkhas. This formation
was deposited during the post-Messinian re-filling of the
Mediterranean Basin, and its age is estimated as Early
Pliocene based on its stratigraphic position. The upper
contact is unconformable with overlying “Formation Z,” a
brecciated paleosol with root casts of Quaternary age
(El-Shawaihdi et al., 2016).

4 Discussion

The regional stratigraphic framework in the As Sahabi area
now provides a matrix for documenting earth history events
and investigating biotic effects during the Messinian period
in northern Africa and the eastern Mediterranean Basin.
Among the questions that can be addressed here are the
course, timing, and demise of one of Africa's great rivers, the
Eosahabi, a significant source of fresh water emptying into
the Mediterranean (Barr & Walker, 1973; Griffin, 2006,
2011; Nicolai, 2008). Questions surrounding the timing and
origin of the Sahara Desert can also be effectively addressed
in unexplored sedimentary deposits along the long Eosahabi
valley stretching south to the Mega-Lake Chad Basin.
Paradoxical aspects of Neogene As Sahabi, showing attri-
butes of both a “crossroads” and endemic biota, remain to be
explained (11).

5 Conclusions

Roveri et al. (2014) note that “a comprehensive stratigraphic
scenario of Messinian events is still unavailable because of
the difficulties in combining onshore and offshore observa-
tions.” The Neogene stratigraphic record of sediments
exposed at Sahabi represents just such a marine-terrestrial
sequence. Reconstructing that record has required a
methodical multidisciplinary program of fieldwork and
lithostratigraphic correlation. The As Sahabi area holds great
promise for interpreting the complex geological and pale-
oenvironmental phenomena preceding and following the
Messinian Salinity Crisis.

Fig. 2 Chrono/lithostratigraphic columnar section showing the
exposed Neogene rock units in the As Sahabi area, northeast Sirt Basin
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Early Pliocene Benthic Foraminifera
of the Southeastern Coast of Cap
Bon Peninsula (Northern Tunisia)

Syrine Ben Ali and Nadia Gaaloul

Abstract

A study of benthic foraminiferal assemblages was carried
out based on the analysis of clay sediment samples
collected from the lower Pliocene deposits of the Jrêba
section (Nabeul region, southeastern coast of the Cap
Peninsula, Tunisia). A diversified micro-faunistic content
was documented, consisting of 36 species of benthic
foraminiferal belonging to 26 genera and 21 families.
Among these species: Ammonia beccarii, Ammonia
inflata, Bulimina aculeata, Bulimina costata, Bolivina
dilatata, Bulimina inflata, Bolivina punctata, Cibicides
floridani, Elphiduim crispuim, Lobatula lobatula, Melonis
barleeanum, and Melonis pompiloides. These species are
ecologically characterized by reference to those common to
the Mediterranean modern environments, and their distri-
bution is closely related to the seawater dynamics. The
obtained results reveal important changes in the composi-
tion and the stratigraphic distribution of benthic forami-
niferal assemblages indicating, for the study area, an
evolution of the paleoenvironment from circalittoral to
infralittoral stages during the early Pliocene. Ammonia
tepida (species known as tolerant typical coastal lagoons)
at the uppermost levels of the Jrêba section within the
foraminiferal content denotes a restricted paleoenviron-
ment and a decrease of marine influence from this
stratigraphic interval.

Keywords

Benthic foraminifera � Paleoecology � Early Pliocene �
Cap Bon Peninsula � Tunisia

1 Introduction

Pliocene deposits are primarily distributed along the Tuni-
sian coasts (Dammak, 2002; Temani & Gaaloul, 2007). On
the southeastern coast of Cap Bon Peninsula, the Pliocene
transgression favored the deposition of clay sediments with
diversified microfossils. Among them, specimens of benthic
Foraminifera are well represented. They are unicellular
microorganisms colonizing various marine environments
and ecosystems (Loeblich & Tappan, 1987), ranging from
shallow marine conditions to abyssal plains. Therefore, they
are classically used as proxies to evaluate environmental
conditions and are applied for environmental reconstructions
(Murray, 2001).

The distribution of benthic Foraminifera is influenced by
the type of sediments, their grain-size distribution (Armynot
du Châtelet, 2009), and the physicochemical parameters of
water bodies such as salinity, temperature, and oxygen
(Gooday, 2003).

This work aims to investigate the composition and dis-
tribution of benthic foraminiferal associations of the south-
eastern coast of Cap Bon Peninsula, northern Tunisia, and to
characterize the paleoenvironmental evolution of this region
during the early Pliocene Mediterranean transgression.

2 Materials and Methods

The Cap Bon Peninsula, located on the northeastern coast of
Tunisia, covers an area of about 2822 km2. It is an elongated
SW-NE oriented structure called the “Djebel Abdelrahmene”
anticline (Fig. 1). The tectonic setting of the region is
marked by the Late Cenozoic alpine phase resulting from the
collision between African and European plates. The lithos-
tratigraphic succession ranges from Eocene to Quaternary
(Ben Salem, 1995) and is represented mainly by alternations
of clay, sand, and limestone-rich sediments.
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The southeastern coast of Cap Bon Peninsula shows a
continuous and thick Pliocene series (Fig. 2a), providing the
opportunity to follow the sedimentary record. Therefore, the
lower Pliocene section of the Jrêba quarry was selected for
this study (Fig. 2a, b). This section, 6 m thick, is located
5 km northwest of Nabeul town. Eighteen samples (codified
Ap), spaced 10 to 20 cm, were taken through the section.

Two samples (250 g) replicates were collected from each
sampled stratigraphic level and stored in polyethylene bags.
A sample was used to study foraminiferal assemblages; a
second was kept for further studies. In the laboratory, all
samples were washed through 63, 125, 250, and 500 µm
sieves. At least three hundred specimens, for all particle size
fractions, were observed, picked, counted then studied in
slides. The generic taxonomical classification follows that of
Loeblich and Tappan (1987). The names of species were
checked against the latest name list of the World Register of
Marine Species (WORMS). Specimens were photographed
by Scanning Electron Microscopy (SEM) of the Tunisian
Company of Petroleum Activities and stored in the Labo-
ratory of Sedimentary Basins and Petroleum Geology of the
Faculty of Sciences of Tunis (Tunisia).

3 Results

The Jrêba section shows an overall clayey succession
containing mollusk shells. Toward the top of the section,
sediments are enriched with sandy grains. The micropale-
ontological study identified 36 species of benthic For-
aminifera belonging to 26 genera, 21 families, and six orders.

The occurrence of Sphaeroidinellopsis in samples Ap1,
Ap2, and Globorotalia margaritae in samples Ap3, Ap4,
Ap5, AP7, and AP15 allowed us to consider that the sedi-
mentary succession belongs to Zanclean which can be cor-
related to the MPL1 of Cita (1975).

Benthic foraminiferal assemblages (Fig. 3) were primarily
dominated by families: Uvigerinidae,Melonidae, Cibicididae,
Ammoniidae, and Buliminidae. Some species, including
Ammonia inflata,Melonis barleeanum,Melonis pompilioides,
Pullenia bulloides, Sphaerodina bulloides, Valvulineria gla-
bra, and Uvigerina peregrina were observed in all samples.
Species: Adelosina depressa, Bigenerina nodosaria, Bolivina
punctata, Lenticulina rotulata,Marginulina sp.,Neugeborina
longiscata, Nonion commune, and Plectofrondicularia

Fig. 1 Geographic localization
of the study area
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inaequalis were restricted to some levels. Ammonia beccarii,
Bulumina aculeata, Bulumina costata, Cancris auriculus,
Lobatula lobatula, Planulina arimensis, and Uvigerina pyg-
mea show episodic occurrences. Melonis pompilioides, Pul-
lenia bulloides, Planulina arimensis, and Uvigerina
peregrina reached a maximum abundance (20 to 40%) in the
lower part of the section (Ap1 to Ap9). The interval from Ap10
to Ap13 shows the dominance of Bulimina costata, Bolivina
dilatata, Cibicides floridiani, and Uvigerina mediterranea.
Species:Ammonia beccarii, Ammonia inflata, and Lenticulina
orbicularisweremore frequent in the upper part of the section.
The sample Ap18 at the top of the section is marked by the
presence of Ammonia tepida.

4 Discussion

The abundance of benthic foraminiferal taxa provides
valuable criteria to determine the habitat type and the faunal
assemblage's paleoenvironment for a specific time interval
(Bergh et al., 2018). Based on the stratigraphic distribution
of benthic foraminiferal species, their abundance throughout
the study section, and their ecological preferences, we have
distinguished three types of faunal assemblages, indicating
three successive paleoenvironments:

A1, assemblage with typical species of circalittoral
stage (interval Ap1-Ap10). This assemblage contains
M. barleeanum, M. pompilioides, P. arimensis, P. bulloides,
and U. peregina which marks the lower part of the section. It
is currently present in the East China Sea, the North Atlantic
Ocean, the Gulf of Mexico, and the Mediterranean Sea. This
assemblage in the Yellow Sea (China) is common in water
depths of 32 to 80 m (Lei & Li, 2016). U. peregrina is
mentioned in the recent sediments of the Bay of Biscay
(western France), the Celtic Sea (southern England), the
North Atlantic Sea, the continental shelf of North-East U.S.,
and the Mediterranean Sea. Mohan et al. (2011) reported
M. barleeanum and U. peregrina in the Neogene sediments
of Blake Ridge (northeast U.S.). The author links their
presence to the early Pliocene warm period. P. arimensis
characterizes deep marine environments ranging from the
circalittoral to bathyal stages (Van Morkhoven et al., 1986).
In the Gulf of Cadis (southern Spain), this species is con-
sidered an indicator of the Mediterranean Outflow Water.

A2, Assemblage with infralittoral/circalittoral taxa
(interval Ap11-Ap13). Compared to the precedent one, for-
aminiferal content in this assemblage shows an increase in
the abundance of species: B. costata, B. dilatata, C. florid-
iani, and U. mediterranea. According to Jourissen et al.
(1995), the genus Bolivina is not typical of a particular

Fig. 2 a Geological map of the
study area and location of the
study section (after geological
map of Tunisia 1/50000).
b General view of the section
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bathymetry but seems to indicate a confined marine envi-
ronment. In addition, these authors consider that the asso-
ciation of genera Cibicides and Bolivina requires a marine
environment with variable input of oxygen and organic
matter. The simultaneous presence of circalittoral (Bulu-
mina) and intertidal to infralittoral (Cibicides) taxa suggest
that the median interval of the study section can be linked to
an infralittoral/circalittoral environment.

A3, assemblage with species of infralittoral stage (in-
terval Ap14-Ap18). This assemblage characterizes the upper
part of the section. The most abundant species are A. inflata,
E. crispuim, and L. orbicularis. Genus Ammonia includes
species largely common in shallow marine water of transi-
tional environments (Langer and Hottinger, 2000). In addi-
tion, A. beccarii has been described in the estuarine systems
of the whole of Europe and the Mediterranean Sea (Debnay
et al., 1996). Elphiduim is encountered in the shallowest
marine margins of the Iberian coast depth of less than 10 m.
In the Ap14-Ap18 interval of the study section, foraminiferal
benthic association indicates an infralittoral stage showing a
great similarity with the associations reported from marginal
Mediterranean environments. Our result partially matches
with data from Dammak (2002), who reported the Pliocene
transgression in the Nabeul region for the first time.

5 Conclusions

This study offers useful information about the relationship
between benthic foraminiferal associations and paleoenviron-
ments. The benthic foraminiferal microfauna from the Jrêba
section suggests significant paleoenvironmental changes in the
southeastern coast of Cap Bon Peninsula during the early
Pliocene. In this area, Pliocene paleoenvironments evolve from
deep circalittoral conditions, at the base of the section (initiated
by the early Pliocene Mediterranean transgression) to shallow
infralittoral environments, at the top of the section.
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The Geochemistry of Biotite from TTG
Batholiths and A-type Complexes (Silet
Region, Hoggar, Algeria): A Marker
of Geodynamic Evolution
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Abstract

This work aims to compare the chemical composition of
electron microprobe analysed biotite (n = 245) from four
Trondhjemite-tonalite-granodiorite (TTG) batholiths and
four A-type complexes. All of them are exposed in the
central part of the Silet terrane (western Hoggar, Algeria)
and crosscut Pharusian volcano-sedimentary series.
According to Nd isotope values, the rocks are geograph-
ically arranged in two narrow N-S oriented bands
separated by the Tin-Dahar fault. Negative isotopic
values characterize all rocks of the narrow eastern band
(ENB) (−2.91 < eNd < −8.10), and biotite is the only
mafic mineral. On the other hand, in the western band,
rocks display positive (WPB) isotopic values
(+0.52 < eNd < + 4.57) and amphibole in addition to
biotite. WPB biotites are magnesian (0.50 < Mg < 3.31)
and calc-alkaline, while ENB biotites are ferroan (0.31
< Mg < 2.55) and alkali-calcic to alkaline. ENB biotites
are relatively poor in Altotot (2.58 < Altotot < 2.89)
compared with WPB biotites (2.72 < Altotot < 3.10).
On the other hand, a-type biotites have high Al tot values
in the WPB rocks (2.67 < Altot < 4.18) compared to ENB
(2 < Altot < 3.18). The distinctive features of the studied
biotites evidence the Tin-Dahar fault as a major regional
feature.

Keywords

Biotite chemistry�TTGbatholiths�A-complex granite�
Tin-Dahar fault � Silet � Hoggar � Algeria

1 Introduction

Like 25 other terranes in Hoggar, the Silet Terrane is located
within the Tuareg shield (Liégeois, 2019). The Silet terrane
considered a composite island arc (Bechiri-Benmerzoug,
2009), was accreted to the eastern margin of the LATEA
meta craton during the late stage of pan-African orogeny
(650–630 Ma). It comprises Neoproterozoic volcano-
sedimentary series (Pharusien I and II), crosscut by TTG
batholiths (870–639 Ma). The last phase of the cycle is
marked by the emplacement of A-type granitic complexes of
the “Taourirt” suite (Azzouni-Sekkal et al., 2020, and refer-
ences therein). According to Nd whole-rock and Hf zircon
isotopic ratios, rocks of the central region of the Silet terrane
are geographically arranged into two narrow bands roughly
oriented N-S, separated by the Tin-Dahar fault. Rocks of
the eastern band (ENB) yield negative eNd
(−2.91 < eNd < −8.10), while those of the western band
(WPB) yield positive eNd/eHf (+0.52 < eNd < + 4.57). We
compared biotite chemical compositions from eight massifs,
including four TTG-type batholiths: Tin-Tekadiouit, Aham-
batou, Silet, and Eheli, and four A-type granitic complexes:
Tin-Erit, Tioueïne, Teg-Orak, and Inedjaren (Fig. 1). The
main geological, petrographic, geochemical, and
geochronological features are summarized in Tables 1 and 2.

2 Materials and Methods

We selected two hundred and forty-five (245) chemical
compositions of biotite, of which 44 analyses were carried
out at the Museum of Natural History of Paris (Teg-Orak
and Tioueine) and 201 new analyses were carried out at the
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OSU UPMC-INSU (Sorbonne University–Paris-France)
with CAMECA SX-100 microprobe for four TTG batholiths
(Eheli, Ahambatou, Tin-Tekadiouit, and Silet) and two
A-type granites (Tin-Erit and Inedjaren). The structural
formulas, based on 22 oxygen anions, and the distribution
of Fe2+ and Fe3+ were calculated using the software of
Li et al.

3 Results

Black mica is a hydrated ferromagnesian silicate common in
all plutonic rocks of the TTG and A-type batholiths of the
western positive isotope signature (WPB): Eheli (TTG) and

Inedjaren and Teg-Orak (A-type) and the biotite of the TTG
(Tin-Tekadiouit, Ahambatou, and Silet) and A-type (Tin-Erit
and Tioueïne) batholiths, located in the eastern band nega-
tive isotopic signature (ENB) is associated with amphibole.

Comparative results of the chemical compositions of bio-
tites conducted in the two bands (ENB, WPB) show a distinct
geochemical contrast between the biotites of the two bands,
the element Mg is decreased from the biotites of the ENB
granites (0.57 < Mg < 4.20) to the biotites of the WPB band
(0 < Mg < 2.88). In contrast, Fet shows the opposite trend
2.14 < Fet < 6.05 (WPB) and 1.80 < Fet < 4.23 (ENB).

In the Feal [Fe + Mn + Ti-AlVI] vs. Mgli (Mg-Li) dia-
gram (modified from Tischendorf et al., 1997), the

Fig. 1 Geological map of Silet
area (Bechiri et al., 2016)
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compositions of the black micas of TTG and A-type granites
show an evolution from the ENB band group (Mg-biotite,)
except the Teg-Orak batholith biotite which is less magne-
sian and lies in the Fe-biotite field, to the WPB band group
where the biotite is more ferriferous which straddles the
Fe-biotite field for TTG granites and approaches the annite
pole for A-type granites (Fig. 2a).

In the Alt/Mg magmatic affinity diagram of Nachit et al.,
we find a certain similarity between the different micas of
the granites studied in the two bands as regards the evo-
lution from the most magnesian biotites of the eastern band
(TTG and A-type) which are similar to the Calco-Alkaline
to Alkali-Calcic to the least magnesian biotites which
characterizes the Western band (A-type) draw a trend going
from the domain Alkali-Calcic towards the domain Alkaline
for the granite of A-type, on the other hand, the biotites of
granite of Type TTG are registered in the same line with the

other biotites of the Eastern band (Calco-Alcaline)
(Fig. 2b).

4 Discussion

Major oxides, FeO, MgO, Al2O3, and TiO2 (not discussed
here) enable the characterization of biotites (Foster, 1960,
etc.). Biotite of Eheli TTG batholith is more magnesian and
less alumina-rich than Tin-Tekadiouit, Ahambatou, and Silet
batholiths. Biotite of Inedjaren and Teg-Orak A-type com-
plexes show the same features, pointing to a siderophyllite
end-member, while biotite of Tin-Erit and Tioueïne A-type
complexes are ferroan (Azzouni-Sekkal et al., 2003). Mag-
nesian and aluminous characteristics of Teg-Orak and Ined-
jaren may reflect an orogenic character, though they are
anorogenic (Fig. 3).

Fig. 2 Chemical compositions of TTG and A-type granite biotites of the Silet area a feal (Fe + Mn + Ti–AlVI) versus mgli (Mg–Li) (Tischendorf
et al., 1997) and b Mg versus Altot

Fig. 3 Silet biotites on FeOt-MgO-Al2O3 discrimination ternary diagrams
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5 Conclusions

The eastern band's juvenile rocks (TTG + A-type) may
reflect an ocean-ocean subduction context. In contrast, those
of the western band suggest a crustal contribution in their
parent magmas emplaced in an ocean-continent context.
This result is supported by the studied rocks’ biotite com-
positions (Mg-biotite and Fe-biotite).

References

Azzouni-Sekkal, A., Bonin, B., Bowden, P., Bechiri-Benmerzoug, F.,
& Meddi, Y. (2020). Zircon U-Pb and Lu–Hf isotopic systems in
Ediacaran to Fortunian “Taourirt” granitic ring complexes (Silet and
In Tedeini terranes, Tuareg shield, Algeria). Journal of African
Earth Sciences, 168, 103865.

Azzouni-Sekkal, A., Liégeois, J.-P., Bechiri-Benmerzoug, F.,
Belaidi-Zinet, S., & Bonin, B. (2003). The, “Taourirt” magmatic
province, a marker of the closing stage of the Pan-African orogeny
in the Tuareg Shield: A review of available data and Sr-Nd isotope
evidence. Journal of African Earth Sciences, 37, 331–350.

Bechiri, H., Azzouni-Sekkal, A., Béchiri-Benmerzoug, F., Bonin, B.,
Liégeois, J. P., Kheloui, R., Matukov, D. I., & Sergeev, S. A.
(2016). La faille de Tin-Dahar, un élément clé dans la structuration
du bloc de Silet (ex Iskel) Hoggar occidental, Algérie. In 1st Arab
geoscience union international conference (AIC-1) (p. 4). Algiers,
Algeria.

Bechiri-Benmerzoug, F. (2009). Pétrologie, géochimie isotopique et
géochronologie des granitoïdes Pan-africains de type TTG de Silet:
contribution à la connaissance de la structuration du bloc d’Iskel
(Silet, Hoggar occidental) Algérie, Thèse Doctorat, Université des
Sciences et Techniques Houari-Boumedienne, Alger, 398p.

Bechiri-Benmerzoug., F., Bonin, B., Bechiri, H., Khéloui, R.,
Talmat-Bouzeguela, S., & Bouzid, K. (2017). Hoggar geochronol-
ogy: A historical review of published isotopic data. Arabian Journal
of Geosciences, 10, 351.

Foster, M. (1960). Interpretation of composition of trioctaheral micas
(Geological Survey Professional Paper 354-B) (pp. 1–49). United
States Department of the Interior.

Liégeois, J. P. (2019). A new synthetic geological map of the Tuareg
Shield: An overview of its global structure and geological
evolution, the geology of the arab world—An overview, springer
geology.

Mokaddem, S. et al. (2019). Classification des biotites de la région de
Silet (Hoggar Occidental, Algérie): Exemple d'un TTG
(Tin-Tekadiouit), d'un complexe annulaire (Taharait N'abror) et
d'un granite à deux micas. 1er séminaire National en Géosciences et
Environnement- Centre Universitaire de Tamanrasset. 23–24 octo-
bre 2019.

Rieder, M., Cavazzini, G., D’Yakonov, Y. S., Frank-Kamenetskii, V.
A., Gottardi, G., Guoggenheim, S., Koval, P. V., Müller, G., Neiva,
A. M. R., Radoslovich, E. W., Robert, J. L., Sassi, F. P., Takeda, H.,
Weiss, Z., & Wones, D. R. (1998). Nomenclature of the micas.
Canadian Mineralogist, 36, 905–912.

Tishendorf, G., Gottesmann, B., Forster, H. J., & Trumbull, R. B.
(1997). On Li-bearing micas: Estimating Li fromelectron micro-
probe analysis and an improved diagramfor graphical representa-
tion. Mineralogical Magazine, 61, 809–834.

78 S. Mokaddem et al.



U–Pb Age Dating for Carbonate Sequences:
An Example from Late Neoproterozoic
Kharus Formation, Al Jabal Al-Akhdar,
Northern Oman

Mohamed A. K. El-Ghali, Osman Salad Hersi, Iftikhar Abbasi,
Hezam Al-Awah, and Mohamed S. H. Moustafa

Abstract

Outcrops of the late Neoproterozoic carbonate Kharus
Formation are time-equivalent to the subsurface Buah
Formation in Oman Interior Basin. Kharus Formation
belongs to the Nafun Group, overlying the Mu'aydin
Formation with a transitional contact, and is overlain
conformably by the late Neoproterozoic to early Cam-
brian Fara Formation, or unconformably (i.e., angular
unconformity) by the Permian Saiq Formation. However,
precise age dating of the Kharus Formation is not
constrained yet due to the lack of fossils and absolute
age results. Herein, we report results to constrain the
Kharus Formation age using the direct in-situ U–Pb
technique on carbonate samples. The samples were
collected from the outcropped Kharus Formation at Wadi
Bani Awf, Jabal Akhdar. The samples collected from the
lower part of the Kharus Formation close to the contact
with the Mu'aydin Formation yielded an age of
573 ± 28 Ma. In contrast, the samples from the upper-
most part close to the Fara Formation provided a period of
564 ± 4.5 Ma. These ages are relatively comparable with
the reported speculative age of the Kharus Formation (ca.
575–550 Ma) in the literature based on the dated
overlying Fara Formation (ca. 544 ± 3.3 Ma) using

zircon age dating. However, further refinement of the
obtained results using the direct in-situ U–Pb age dating
of carbonate successions is required. This can be achieved
by analyzing samples not affected or less affected by
diagenetic processes.

Keywords

Late Neoproterozoic carbonate � Kharus Formation � U–
Pb age dating � Geochronology

1 Introduction

The late Neoproterozoic Kharus Formation carbonate unit is
well-exposed along deeply cut valleys (wadis) on the flanks
of Jabal Akhdar in northern Oman (Fig. 1a–c; Cozzi, 2000;
Cozzi et al., 2004a, b; Cozzi & Al-Siyabi, 2004; Tiley et al.,
2000). The Formation belongs to the Nafun Group and is an
outcrop-equivalent of the subsurface, hydrocarbon-
producing Buah Formation (Fig. 1c). The Kharus Forma-
tion lies unconformably over the Mu'aydin Formation and
underlies either the latest Neoproterozoic-early Cambrian
Fara Formation conformably or Permian Saiq Formation
with an angular unconformity (Fig. 1c; Cozzi et al., 2004a,
b). Direct age dating of the Kharus Formation is not con-
strained yet, biostratigraphically and/or radiometrically. Yet,
the age of the Kharus Formation is speculated between ca.
575 and 550 Ma based on zircon dating (ca. 544 ± 3.3 Ma)
of the overlying Fara Formation (Amthor et al., 2003; Bra-
sier et al., 2000; Le Guerroué et al., 2006). The current
research aims to decipher the age of the Kharus Formation
by using direct in-situ U–Pb carbonate age dating on
selected carbonate samples from Kharus Formation.
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2 Materials and Methods

To achieve the aim of this current study, carbonate samples
were collected from two logged sections of the outcropped
Kharus Formation in Wadi Bani Kharus and Wadi Bani Awf
in Jabal Akhdar of northern Oman (Fig. 1a–c). The samples
were collected from the lowermost layers of the Formation,
close to the Mu'aydin Formation, and the uppermost part of
the Formation, close to the Fara Formation contact (Fig. 1c).
The samples were thin-sectioned and polished (1 µm) to
increase the ability to view the sample. In-situ U–Pb car-
bonate dating was performed on the collected samples at the
University of New Brunswick, Department of Earth Sci-
ences, Canada, using a Resonetics S-155-LR 193nm Exci-
mer laser ablation system coupled to an Agilent
7700 � quadrupole ICP MS. Forty spots with a 112-
µm-diameter crater and a 30-s ablation time following 30 s
of background collection for each collected sample, and a
standard sample was used to measure and calculate the
207Pb/206Pb and 238U/206Pb ratio and age.

3 Results

Herein, we report the preliminary results of an in-progress
study to decipher the age of the Kharus Formation using
direct in-situ U–Pb technique on carbonate samples.
LA-ICP-MS results show that samples collected from the
lowermost layers of the Kharus Formation, close to the
contact with the Mu'aydin Formation (Fig. 1c), yielded an
age of 573 ± 28 Ma (Fig. 2a). On the other hand, the results
from the uppermost part of the Formation, close to the
contact with Fara Formation (Fig. 1c), provided an age of
564 ± 4.5 Ma (Fig. 2b).

4 Discussion

The obtained ages (573 ± 28 Ma to 564 ± 4.5 Ma) using
in-situ U–Pb carbonate age-dating technique on the selected
carbonate samples from Kharus Formation in Jabal Akhdar
are relatively comparable with the previously reported

Fig. 1 a Location and
b geological map of the study
area showing the position of Jabal
Akhdar [red square] in northern
Oman and position of studied
wadis; Wadi Bani Awf and Wadi.
Bani Kharus, where Kharus/Buah
Formation is exposed, and
c stratigraphic section from Jabal
Akhdar (northern Oman) to Huqf
region (central Oman) and
subsurface (South Oman Salt
Basin) depicting the reported
absolute age from Brasier et al.
(2000), Cozzi et al. (2004a, b),
and this study
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speculative age range (ca. 575–550 Ma; Amthor et al., 2003;
Brasier et al., 2000; Le Guerroué et al., 2006) for the Kharus
Formation in Jabal Akhdar and the subsurface. However,
although the obtained age range for Kharus Formation is
comparable, the top age (ca. 564 ± 4.5 Ma) is somehow not
a good match with the previously reported ages in the lit-
erature. Reported ages were based on a single zircon in Jabal
Akhdar (ca. 544 ± 3.3 Ma; Brasier et al., 2000) and on a
single zircon for each of the two selected intervals in the
subsurface (ca. 542.0 ± 0.6 Ma and 542.6 ± 0.3 Ma;
Amthor et al., 2003) from the overlying middle part of Fara
Formation. Cozzi et al. (2004a, b) estimated the age of the
top Kharus Formation to be about 550 Ma. However, this
estimated age is about 15 Ma, different from the reported age
in this study. This poor match could be related to the effect
of diagenesis. It is reported through former studies that the
upper part of the Kharus Formation is severely dolomitized
(Cozzi et al., 2004a, b) or possibly the presence of a time gap
between the Kharus and Fara formations. The presence of
such a time gap between the two formations is not reported
geologically yet. On the other hand, the constrained age of
the base of Kharus (ca. 573 ± 28 Ma) is in good agreement
with the interpolated age (ca. 575 Ma) by Le Guerroué et al.
(2006). To constrain the Kharus Formation’s age using
direct in-situ carbonate age-dating technique, more samples
are required from other exposed sections in Jabal Akhdar
and Huqf region and from the subsurface, taking into con-
sideration that samples with minimal diagenetic modifica-
tions are to be selected.

5 Conclusions

This study aimed to use the in-situ U–Pb carbonate
age-dating technique to constrain the age of the Kharus
Formation in Jabal Akhdar. This study revealed that:

1. The lower part of the Kharus Formation, close to the
contact with the underlying Mu'aydin Formation, yielded
an age of 573 ± 28 Ma, and

2. The uppermost part of the Kharus Formation, close to the
contact with the overlaying Fara Formation, yielded an
age of 564 ± 4.5 Ma.
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Diagenetic Alterations of the Outcropped
Lower Triassic Mahil Formation (KS-1
Khuff-Equivalent) in the Oman Mountains,
North Oman

Mohamed A. K. El-Ghali, Mohamed S. H. Moustafa,
Iftikhar Ahmed Abbasi, Hezam Al-Awah, Musaab Shakir Al Sarmi,
Arshad Ali, Abdulrazak Al-Sayigh, Rana Al Rab’ani, Basma Al Kindi,
Najiya Al Subhi, and Sankaran Rajendran

Abstract

The Lower Triassic Mahil Formation in North Oman
is the outcrop time-equivalents to the hydrocarbon-
bearing reservoir, Upper Khuff Formation (referred to as
KS-1 cycle). The studied sections of the KS-1 cycle in the
Saiq Plateau and Wadi Sahtan of North Oman are ca.
50 m thick. They are dominated by dolomitized grain-
stones, less commonly dolomitized mudstones, and brec-
ciated dolostone. The detailed petrographic analyses
revealed various diagenetic alterations affecting pore
types, pore throats, and pore size distributions. The
identified diagenetic alterations include (i) near-surface
to shallow burial (eodiagenesis), fine- to medium-
crystalline dolomite, mostly with non-planer tex-
ture, through prevalent dolomitization of carbonates (allo-
chems and matrix) via modified marine pore waters
(d18OVPDB = −4.2 to + 0.2‰), (ii) shallow burial (eo-
diagenesis), mechanical compaction as indicated by
closely packed carbonate allochems grains, (iii) chemical
compaction and stylolite development at the onset of deep
burial (mesodiagenesis), (iv) precipitation of deep burial
(mesodiagenesis), various types of coarse-crystalline
dolomite cement, e.g., saddle texture cement (typically
for deep burial) and rarely calcite cement via evolved

marine pore waters, (v) fracture-filled calcite and dolomite
cement with saddle texture, which is typical for deep
burial (mesodiagenesis) and/or with equant drusy texture,
which is typical for meteoric water diagenesis indicating
its formation during telodiagenesis, and (vi) carbon-
ate allochems grains and cement dissolution during pro-
gressive burial (eo- to mesodiagenesis) and/or during
telodiagenesis. This study revealed that the Lower Triassic
Mahil Formation in North Oman is deeply buried.
Consequently, the porosity is destructed by extensive
cementation and compaction through near-surface and
progressive burial. However, on the other hand, porosity
is enhanced by fracturing and dissolution of allochems
grains during progressive burial and subsequent uplifting.

Keywords

Carbonate diagenesis � Lower triassic � Lower Mahil
formation � Oman

1 Introduction

The assessment of reservoir quality and heterogeneity in
sandstone and carbonate reservoirs, which is essential for
hydrocarbon exploration, appraisal, production, and
enhanced hydrocarbon recovery, relies on better identifica-
tion and quantification of diagenetic processes products
(El-Ghali et al., 2006; El-Ghali et al., 2019; El-Khatri et al.,
2015; Lucia & Ruppel, 1996). Dolomitization, cementation,
compaction, and dissolution are common diagenetic pro-
cesses in carbonate reservoirs and have profound effects on
the final reservoir quality and heterogeneity (Ehrenberg
et al., 2007; Lucia & Ruppel, 1996; Moradpour et al., 2008).

The Permian–Triassic Saiq and lower Mahil formations
in North Oman are the outcrop time-equivalents to the
hydrocarbon-bearing reservoir of the Khuff Formation (re-
ferred to as KS-7 to KS1 cycles). The Saiq and lower Mahil
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formations (Khuff-equivalent) were deposited on a low-relief
epeiric carbonate platform under arid climatic conditions
during the opening of the Neotethys Ocean (Baud et al.,
2001). Therefore, understanding the depositional environ-
ment, palaeoclimate, and tectonic history of Saiq and lower
Mahil formations will help better understand the operating
diagenetic processes and, thus, reservoir quality evolution.

This study aims to outline the type and distribution and
decipher the origin of diagenetic alterations of the Lower
Mahil Formation (KS-1 cycle) in North Oman (Fig. 1).

2 Methods

To achieve the main objective of this study, 170 rock sam-
ples were collected from two logged sections, namely the
Saiq Plateau section and the Wadi Sahtan section located in
Oman Mountains, northern Oman. The samples were
thin-sectioned after impregnating with blue epoxy for
porosity recognition, defining and describing the diagenetic
alterations, and constructing their paragenetic sequence. The
thin sections were half-stained with Alizarin Red-S better to

Fig. 1 Geological map showing the distribution of Permian–Triassic rocks including Saiq and Mahil formations (Khuff-equivalent) and the
logged sections’ locations in Saiq Plateau and Wadi Sahtan areas (After Béchennec et al., 1993)
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recognize calcite and dolomite and their ferroan types using
an optical microscope. Stable O- and C-isotope analyses
were performed on selected samples for various diagenetic
carbonate cement. O- and C-isotope results were reported in
the d notation relative to the Vienna PDB (PeeDee Belem-
nite) and Standard Mean Ocean Water (SMOW) standards.

3 Results and Discussion

Several diagenetic processes have been recognized and
described, including dolomitization, cementation, com-
paction, and dissolution (Fig. 2a–i). Dolomite is the most
dominant diagenetic alteration in the studied Lower Mahil
Formation. Dolomite is extensively replacing diagenetic
minerals of the preexisting carbonate matrix and grains (i.e.,
ooids, peloids, etc.) (Fig. 2a,b). This dolomite is highly
variable in size, occurring as fine- to medium-sized crystals
(ca. 10–200 lm across). The fine-crystalline dolomites are

characterized by non-planar to sub-planar texture.
Medium-crystalline dolomites are characterized by
non-planar texture. This dolomite is characterized by
d18OVPDB between −2.5 and + 0.2‰ and d13CVPDB

between + 1.4 and + 2.6‰, reflecting their marine and
modified marine pore water origins, knowing that the original
oxygen isotope signatures of the Lower Triassic ocean are ca.
−3.9 to −0.6 and the carbon isotope signatures of the Lower
Triassic ocean are ca. + 1 to + 4.2‰ (Korte et al., 2005;
Veizer et al., 1999). Various types of coarse-crystalline
dolomite with variable crystal sizes between 300 and
2000 lm across occur as overgrowths, intergranular
pore-filling between grains, and vug pore-filling, e.g., blocky
and saddle textures (Fig. 2c–e). These dolomites are char-
acterized by d18OVPDB between −4.2 and −2.8‰ and
d13CVPDB between −2.3 and −0.2‰, reflecting their modified
marine pore waters during progressive burial, i.e., shallow to
deep at higher temperatures. Calcite is a rare diagenetic
alteration in the (Fig. 2g) studied samples. It occurs as a fine-

Fig. 2 Microphotographs showing a dolomitized matrix, b dolomitized
grains, c intergranular pore filling dolomite, d grain-coating dolomite,
e dolomite overgrowths, f coarse-crystalline dolomite replacing grains

and mechanical compaction evidenced by grain-to-grain and concave–
convex contact, g development of stylolite and calcite filling fractures,
h intragranular porosity, and i vug porosity
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to coarse-crystalline depicting, in some cases, sparry and
equant drusy texture, filling vugs, fractures, and intergranular
pores. The origin of these calcites is enigmatic due to the lack
of isotope analysis. However, the vug filling calcite with an
equant drusy texture may reflect their meteoric water origin,
possibly during telodiagenesis. Compaction is a common
diagenetic process, including both the mechanical and
chemical types of compaction. Mechanical compaction is
indicated by closely packed carbonate allochems grains
(Fig. 2f), reflecting their development at shallow depths
during progressive burial. Chemical compaction, as evi-
denced by the presence of concave–convex and straight
contact along the interface of the ooid grains and the devel-
opment of stylolite (Fig. 2f,g), reflects the onset of deep
burial diagenesis. Dissolution is relatively rare in the studied
samples, resulting in vugs and melodic, intragranular, and
intercrystalline pores (Fig. 2h,i). Dissolution may occur
during progressive burial and/or after uplift.

4 Conclusions

In conclusion, petrographic and stable oxygen and carbon
isotopic analyses helped better understand the prevalent
diagenetic processes and products of the Lower Mahil For-
mation. This study revealed that Lower Mahil Formation
exposed to various diagenetic processes resulted in the for-
mation of prevalent dolomitization of grains and matrix and
filling vug, inter- and intragranular pores, and fractures with
various textures. These various types of dolomites reflect
their development under various diagenetic regimes, i.e.,
near-surface diagenesis, shallow to deep burial, and subse-
quent uplift. Mechanical and chemical compaction is rela-
tively common, reflecting the development during shallow
and deep burial. Pervasive dolomitization and compaction
caused a severe reduction in porosity and permeability.
However, dissolution, although rare, resulted in secondary
porosity.
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Geochronologic Constraints
on the Rubidium Deposit of Guiren Peak,
Guangdong, China

Su Zhou, Ruizhao Qiu, Bingjing Xie, Lei Qiu, Cui Liu, and Dan Lin

Abstract

A rubidium deposit has been recently discovered in
Jiaoling county, Guangdong province, China. MC-LA-
ICP MS zircon U–Pb yields ages 141.7–133.7 Ma for
barren rocks, while two ore-bearing granites are
128.1 ± 2.6 Ma and 128.6 ± 1.0 Ma, respectively. Pet-
rographic, mineralogical, and geochemical observations
suggest that granites may be classified as aluminous
A-type. It also indicates that the rubidium ore deposit was
formed during the late magmatism of the district. The
tectonic environment of the deposit formation was
extensional, related to slab rollback in the oblique
subduction of the paleo-Pacific plate under Eurasia.

Keywords

Geochronology � A-type granite � Rubidium deposit

1 Introduction

The rubidium element is generally associated with alkali
feldspar granite containing lepidolite, granite pegmatite, and
salt deposits. An Rb deposit has been recently discovered in
the Guiren peak, Jiaoling County, Guangdong province,
China, and is predicted to produce about 1.7 Mton of
rubidium (Noferrous Metals Geological Bureau of Guang-
dong Province 935 Battalion, 2015). The orebodies were

hosted in metasedimentary and granitic rock, with the cutoff
grades mainly occurring in the upper part of Louziba for-
mation of Upper Sinian (Z2lz). A small portion appeared in
the contact intersects between the middle part of the for-
mation and the hidden granite rock. The preliminary geo-
logical survey showed that the strike of the ore body is
roughly consistent with the relief form of the intrusive rock
(Zhang, 2016). Thus, studies of it are important to under-
stand when and how this unique ore deposit was formed.

2 Geological Background

The Meizhou area is situated in the southern margin of the
Cathaysia block on the outer margin of the E-W Nanling
metallogenic belt and the N-E Wuyi metallogenic belt,
belonging to the regionally Yongmei depression within
northeastern-central Guangdong, south China. Its northwest
and southeast sides are adjacent to Jiulianshan uplift and the
eastern Guangdong uplift. The geological background of the
study area is shown in Fig. 1. Magmatic rocks there were
assigned to the third Yanshanian epoch by previous geo-
logical surveys (corresponds to the late Jurassic), while
hypabyssal dikes were granite porphyry, quartz porphyry,
aplite, and diorite-porphyrite, compositionally variated,
multistage, and successive to intrusions (Zhang, 2016).
However, there is a lack of reliable isotopic data on these
intrusive acids. The Rb-bearing minerals in the metamorphic
rocks include alkaline feldspar and biotite, which contain an
average content of 0.09% and 0.19% Rb2O, respectively. In
contrast, the ones in granite are alkaline feldspar, with an
average Rb2O content of 0.16%.

One granite sample was collected from a drilling core
(ZK808 T1-5, about 400 m in depth), and other granites
were collected from the outcrops of Huangyoubi (HY-12)
and Shangcunzi (HY-17) intrusion. Moreover, sample
HY-14 was collected in the NW trending granite porphyry
dike (Fig. 1).
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3 Results

3.1 Petrography

Granites (T1-5, HY-12, and HY-17) are medium- to
coarse-grained with hypidiomorphic equigranular textures
and consist of quartz, alkaline feldspar, plagioclase, and
biotite, along with accessory minerals such as magnetite,
pyrite, topaz, and fluorite (Fig. 2). The granite porphyry
(HY-14) is pale red and shows porphyritic texture, with
mineral assemblage similar to the plutons. No hornblende
has been identified in them. The analyses of the mineral
composition by Electron probe show that all plagioclase
from the granite and granite porphyry are more enriched in
sodium with albite composition, indicating late-stage, highly
evolved magmas; the biotites are siderophyllite (Fe-rich
annite). Some sub-idiomorphic flaky muscovites occur
between feldspar crystals or interact with biotite.

3.2 Zircon U–Pb Geochronology
and Whole-Rock Nd Isotopes

One hundred and twenty-six zircon U–Pb ages are obtained
by MC-LA-ICP-MS, which yield four groups of weighted
mean 206Pb/238U ages on concordia diagrams. The data of
dating and whole-rock Nd isotopes of samples are as
Table 1.

4 Discussion

4.1 Ages of the Granitoid Crystallization and Rb
Mineralization

U–Pb dating of granites and porphyry from Jiaoling,
Guangdong, reveals that granitic intrusions were emplaced
in a major phase from 128.1 to 141.7 Ma (Table 1). The
borehole where the ZK808T1-5 sample is located is the

Fig. 1 Simplified geological map
of research area (modified after
(Noferrous Metals Geological
Bureau of Guangdong Province
935 Battalion, 2015)). SCB = the
South China Block; NCC = the
North China Craton
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hidden ore-forming body with an average content of Rb2O
of higher than 0.06%. Thus, the isotopic dating of the sample
T1-5 indicates the metallogenic age of 128.6 ± 1.0 Ma. On
the other hand, the isotopic age of Huangyoubi pluton,
which is also enriched in rubidium, is 128.1 ± 2.6 Ma; that
identical age strongly suggests that ore-formation might
have occurred in the late stage of magma activity in this
period.

4.2 Petrogenetic Type of Granitoid: I-, S-,
or A-type?

As the granitoid plutons in this study are highly fractionated
rocks with elevated SiO2 concentration (up to 75.96 wt %)
and near-horizontal `̀ Seagull'' REE patterns (tetrad effect), it
is hard to classify them as I-, S- or A-type. The rocks are
weakly peraluminous (molar ratios Al2O3/(CaO + Na2O +
K2O) of 1.03–1.07) and show low P2O5 contents (about 0.01
wt %), which are different from the highly felsic, strongly
peraluminous S-type, but similar to the I-type granites in the
Lachlan Fold Belt. However, our samples contain neither
amphibole nor pyroxene, independent from typical I-type
granite. Moreover, it is noteworthy that these granites have
higher HFSE contents (Zr + Nb + Ce + Y > 343 ppm) and
FeOT/MgO (total iron as FeO), contain topaz, siderophyllite
and show Nb–Ta positive anomaly, similarly to typical
A-type. In highly fractionated magma, zircon crystallization
separation may decline the Zr content and zirconium

saturation temperature of rocks (Table 1). Therefore, we
prefer that our rocks belong to A2-subtype suites (Liu et al.,
2003).

4.3 Rb-Metallogenic Model

The Jiaoling granitoid was enriched in Rb, with the highest
rubidium and fluorine contents in the later stages of the
magmatic period (Table 1). We speculate that both magma
and strata supplied the ore-forming material (Rb). The slab
rollback in the process of the oblique subduction of the
paleo-Pacific plate under Eurasia provided large amounts of
volatile (fluorine) to the source of the granite. It lowered its
solidus temperature and viscosity (Liu et al., 2003). It also
facilitated transforming plagioclase to albite, which is more
compatible with rubidium in the form of isomorphism,
subsequently generating metallogenic granite. The ascending
rubidium-rich magma caused the metamorphism of the
overlying sandstone and shale, forming iron and magnesia
biotite, which benefited rubidium enrichment and
mineralization.

5 Conclusions

A study on petrography and geochemistry for these granitoid
suggests that they may be classified as aluminous A-type
granites and that the tectonic environment of the formation

Fig. 2 Photomicrographs of HY-012 a and ZK808T1-5 b and c under cross-polarized light. Abbreviations: Bt-biotite; Kfs- alkaline-feldspar;
Pl-plagioclase; Ms-muscovite; Qz-quartz. Ser- sericite; Toz- topaz

Table 1 Representative data of
granitic samples from Jiaoling,
China

Sample Age (Ma) SiO2 wt.% Rb (ppm) F (ppm) TZr (°C) eNd (t)

HY-12 128.1 ± 2.6 75.10 412 3420 754 −6.3

T1-5 128.6 ± 1.0 75.30 410 3220 764 −6.4

HY-17 133.7 ± 1.2 75.96 384 363 768 −6.5

HY-14 141.7 ± 1.5 77.69 296 580 802 −8.0

The initial Nd isotopic ratios rocks were calculated based on the crystallization age of 130 Ma
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of granites was extensional. Zircon MC-LA-ICPMS U–Pb
dating yields the emplacement ages of 141.7–128.1 Ma,
indicative of an Early Cretaceous age rather than a Late
Jurassic. The Rb mineralization occurred about 128 Ma,
about 13 Ma later than the emplacement ages for the
Shangcunzi pluton (barren rock).
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Sandstone Petrography and Geochemistry
of the Pre-albian Awi Formation, Calabar
Flank, Southeast Nigeria

Emmanuel Etim Okon, Nse Udo Essien, Oluwaseye Peter Oyetade,
Ebenezer Agayina Kudamnya, Ama Otele, and Betty Ikporukpo

Abstract

A combined petrographic and geochemical study of the
pre-Albian Awi Formation, Calabar Flank, was carried
out to characterize their provenance history and tectonic
setting. Ten (10) samples were collected and subjected to
petrographic analysis and whole rock geochemistry
(major oxides, trace, and rare earth elements). The
petrographic analysis showed that the sandstones are
poor to moderately sorted, with evidence of angular to
sub-angular grains. The sandstones are arkosic–
sub-arkosic arenites with quartz ranging from 57 to
66% and feldspar generally greater than 25% (26–35).
Predominantly polycrystalline quartz with sutured con-
tacts exhibiting undulose extinction constitutes most
grains. The geochemical analysis reveals SiO2 (53.56–
80.03 wt. %) as the predominant major oxide in
sandstone. A close variation was observed between the
major oxides of this study and the upper continental crust
composition (UCC). There is a positive correlation
between Al2O3 and K2O, and Na2O suggesting abundant
clay mineral contribution to major oxides during the
weathering process. Ratios of Fe2O3/K2O, SiO2/Al2O3,
Na2O/K2O, and /Al2O3 reveal the sandstone is non-
calcareous and chemically immature. Enriched high field
strength elements and bivariate plots of TiO2 against
Fe2O3 + MgO reflect contributions from more felsic

provenance for the sediments, with only a few contribu-
tions from mafic sources in tectonic settings typical of a
passive margin. This suggests deposition within a
passive/rifted tectonic province (continental block prove-
nance). This study re-affirms the suitability of an
integrated approach using petrography and geochemical
composition in evaluating provenance as well as the
tectonic setting of the sandstones.

Keywords

Awi formation � Polycrystalline quartz � Provenance �
Undulose extinction � Whole rock geochemistry

1 Introduction

The Awi Formation (Neocomian–Aptian) is exposed as the
oldest formation unconformably overlying the crystalline
basement complex in the Calabar Flank, far southeastern
part of the Southern Benue Trough. It has been the focus of
many researchers since the late 1970s when Adeleye and
Fayose (1978) defined it as a separate lithological unit from
the Odukpani Formation of Reyment (1965).

Studies involving age, stratigraphy, sedimentological
characteristics, sedimentary geochemistry, and its applica-
tions to provenance determination (Boboye & Okon, 2014;
Boboye et al., 2021; Nton, 1999; Okon, 2015; Okon et al.,
2017) using exposed outcrop sections are well documented
in the literature. In their study, Nton (1999) and Okon (2015)
emphasized the sandstones' arkosic nature and the
fluvio-deltaic settings within which the sediments were
deposited. Therefore, based on this, it is true that information
about the compositions and post-depositional modifications
(especially of the provenance materials) and tectonic settings
are recorded in the sediments (Fedo et al., 1995; Okon,
2015; Okon et al., 2017). Framework components of clastic
rocks are suitable for classification and lend clues into the
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paleoclimatic settings, provenance, and paleotectonic setting
during deposition (Dickinson et al., 1983; Johnsson, 1993).
As a complement to the modal compositions, the geo-
chemical signatures of parent source materials are
pre-recorded in the sediments, with only slight modifications
depending on the intensity of diagenesis. Some elements are
known to be less fractionated and, therefore, insoluble in
transporting fluids during sedimentary processes making the
analyses of major, trace, and rare earth elements a suitable
complement to modal analysis during provenance and tec-
tonic setting determinations (Fedo et al., 1997; Wronkiewicz
& Condie, 1989; Ibe & Okon, 2021). This research aims to
integrate the data derived from petrological modal analysis
and sediment geochemistry to assess and characterize the
provenance and tectonic setting of the pre-Albian Awi
Formation.

2 Methods

Petrographic analysis and whole rock geochemical analysis
were carried out on ten (10) sandstone samples using the
LOGITECH PM6 autoprecision lapping/polishing machine
and inductively coupled plasma mass spectrometer
(ICP-MS), respectively. The analyses facilitated thin section
description (XP 213C petrographic microscope) of miner-
alogy using the modified Glagolov Chayes methods to
evaluate the framework elements and void fillers (Chayes,
1949) and characterization of multi-elements in the sedi-
ments. The choice of ICP-MS was due to its high accuracy
and low detection limit, and details of the methodological
approach are outlined in Ibe & Okon (2021).

3 Results

Petrographic analysis showed that the sandstones are poorly
to moderately sorted, with evidence of angular to
sub-angular grains (Fig. 1a–b). Predominantly polycrys-
talline quartz with sutured contacts exhibiting undulose
extinction constitutes most grains. The geochemical analysis
of Awi Sandstone reveals SiO2 (53.56–80.03 wt. %) as the
predominant oxide in sandstone. A close variation was
observed between the major oxides of this study and upper
continental crust composition (UCC). Observed positive
correlation between Al2O3 and K2O, and Na2O suggests
abundant clay mineral contribution to major oxides during
the weathering process. Depletion of CaO indicates that the
sandstone sediments are not calcareous (Table 1).

4 Discussion

The sandstones are arkosic–sub-arkosic arenites (Fig. 2a),
with quartz ranging from 56 to 80%; and feldspar generally
greater than 25%. The petrographic analysis suggests that
the sediments are immature, poorly sorted arkoses derived
from a nearby continental (uplifted fault) block setting typ-
ical of the Oban Massif (Fig. 2b). The absence of evaporites
and volcanic sediments precludes any marine and active arc
setting. The abundance of polycrystalline quartz exhibiting
undulose extinction admixed with monocrystalline quartz
and altered feldspar grains points to mix metamorphic and
igneous provenance within a humid setting as the most
probable source for sediments (Boboye et al., 2021; Okon,
2015). The geochemistry of the sediments results from the

Fig. 1 Photomicrographs of selected pre-Albian Awi sandstones,
illustrating: a poorly sorted, sub-rounded grains with point and sutured
contacts; b matrix-supported sandstone with heavy mineral included in

quartz (MQ-Monocrystalline quartz; PQ-Polycrystalline quartz;
F-Feldspar; Hm-Heavy mineral; Rf-Rock fragment)
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composition of the parent materials, prevalent climatic set-
tings during transportation and deposition, and tectonic
history (McLennan, 1989). During sedimentary processes, it
has been observed that certain elements (e.g., Zr, Ti, Al)
remain immobile and are not affected by weathering pro-
cesses (Okon, 2015).

Enrichment in HFSE typifies felsic source rocks. Tectonic
imprints derived from the sediment studied were from
transitional and cratonic settings. Furthermore, the geo-
chemical plot of TiO2 against Fe2O3 + MgO was used to
constrain the tectonic setting and suggest passive margin
settings for the sandstones (Fig. 3).

Table 1 Pearson correlation
matrix for the major oxides

SiO2 TiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O

SiO2 1

TiO2 0.359 1

Al2O3 −0.898 −0.271 1

Fe2O3 −0.071 −0.444 −0.302 1

MgO 0.389 0.408 −0.583 0.136 1

CaO 0.017 −0.612 −0.178 0.442 0 1

Na2O 0.539 0.304 −0.724 0.304 0.745 0 1

K2O −0.75 0 0.52 0.238 0.7 −0.349 −0.052 1

Fig. 2 a Sandstone
classification; b Provenance of
Awi Sandstone

Fig. 3 Tectonic discrimination diagrams for Awi sandstone using T
(TiO2) versus F + M (Fe2O3 + MgO) (fields after Bhatia, 1983)
[PM-passive margin; ACM-active continental margin;
CIA-continental island arc; OIA-ocean island arc]
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5 Conclusions

The sandstones in the study area contain abundant quartz
grains of monocrystalline and polycrystalline affinities, with
a few metamorphic rock fragments and heavy minerals.
They are arkosic and poorly sorted with sub-angular to
sub-rounded grain morphologies. Integrating geochemistry
with mineralogy further enhanced the characterization of the
sediments hinging on the nature of the source rock’s
provenance as well as the tectonic setting of the sandstones.
Data from immobile traces and REEs indicated the parent
materials (source rocks). They suggested felsic sources
dominated the provenance area of the sandstone with
deposition in the continental (uplifted and faulted) block
cratonic settings typical of a passive margin. This study
supports the significance of an integrative approach using
petrography and geochemistry to characterize provenance
and tectonic settings, especially in clastic rocks.
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Trace Element Geochemical Analysis
and Depositional Environment
of Lokoja-Basange Sandstone at Imiegba
Area, Southwestern Nigeria

S. O. Obaje and B. Alli

Abstract

This study uses trace element geochemistry to establish the
paleodepositional environment of sediments from the study
area. Although granulometric and petrological assessments
have been extensively carried out and published by several
researchers in the study area, the application of trace
element geochemistry for paleodepositional environmental
interpretation of the sediments is grossly absent. Eight
sandstone surface samples were collected from the Cam-
panian Lokoja-Basange Formation in the western part
(Benin Flank) of the Anambra Basin situated at Imiegba,
southwestern Nigeria, and investigated using standard
procedures of trace element geochemical analysis to infer
their depositional environment. The trace element geo-
chemical analysis of the field samples was done using the
X-ray fluorescence technique. The Lokoja-Basange For-
mation is conformably overlain by the Mamu Formation
and underlain by the Igarra Schist Belt Basement Complex.
The sandstones from the study area originated from highly
altered igneous/metamorphic rocks, and they are compo-
sitionally immature and deposited in a tectonically stable
cratonic environment. Lokoja-Basange sediments are com-
posed of fine- to coarse-grained, highly ferruginous
sandstones: litharenite (50%), greywacke (25%), and
arkose (25%). Using the average values in parts per
million, W is < 0.01 ppm; Cr, Cu, Pb, Ni, V, and Zn have
an average concentration of < 0.01 to 0.04 ppm; Sb, Sn,
Mo, and Zr have an average value > 0.04 to 0.4 ppm,
while Co has an average concentration of 2.12 ppm. The
computed trace element ratios for the Lokoja-Basange
sediments are Cu/Zn, Ni/Co, V/Cr, V/Ni, V/(Ni + V), and
V/(V + Cr). Cu/Zn ranged between 0.33 and 1.00, with an
average of 0.52; Ni/Co varied between 0.00 and 0.01, with

an average of 0.01; V/Cr ranged from 0.00 to 0.33, with an
average of 0.21; V/Ni ranged between 0.00 and 1.00 with
an average of 0.69; V/(Ni + V) ranged between 0.00 and
0.50 with an average of 0.38 and V/(V + Cr) ranged
between 0.00 and 0.25 with an average of 0.17. Using six
trace element ratios such as Cu/Zn, Ni/Co, V/Cr, V/Ni,
V/(Ni + V), and V/(V + Cr) suggests an oxic fluvial
paleoenvironment for the sandstones from the study area.

Keywords

Sandstone �Geochemistry�Depositional environment �
Anambra basin � Lokoja-Basange formation

1 Introduction

The geochemistry of sedimentary rocks in a basin reflects its
tectonic setting and insight into the environment of their
deposition (McLennan et al., 1993). The study area is the
Campanian Lokoja-Basange Formation in the western part
(Benin Flank) of the Anambra Basin situated at Imiegba,
southwestern Nigeria, on latitude 07°12′49′′N and longitude
06°27′33′′E.

This study uses trace element geochemistry to establish
the paleodepositional environment of sediments from the
study area. Although granulometric and petrological
assessments have been extensively carried out and published
by several researchers in the study area, the application of
trace element geochemistry for paleodepositional environ-
mental interpretation of the sediments is grossly absent.

2 Regional Geological Setting

The Anambra Basin had received geological attention since
1903, when coal exploration started in the basin. The basin is
adjacent to the lower Benue Trough, which is intracratonic.
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Consequently, there are numerous research publications on
the stratigraphy, age, paleoenvironment, paleogeography,
sedimentary tectonic, granulometric assessments, the origin
of the Anambra Basin, and component formations (Agagu
et al., 1985; Arua, 1988; Ladipo, 1988; Lucas & Ebahili,
2017; Obaje, 2019).

Anambra Basin is stratigraphically made up of the Enugu
and the Nkporo Shales representing the brackish marsh and
fossiliferous pro-delta facies of the Late Campanian-Early
Maastrichtian depositional cycle. The coal-bearing Lower
Maastrichtian Mamu Formation and the Upper Maastrichtian
Ajali Sandstone were deposited during the overall regression
of the Nkporo Shale cycle. Mamu Formation has continental
and marginal marine influence, while Ajali Formation is
entirely continental. The Imo Shale and Nsukka Formation
were deposited at the onset of another transgression episode
during the Paleocene. The shales contain a significant
amount of organic matter and may be a potential source of
the hydrocarbons in the northern part of the Niger Delta.
Finally, the Eocene Nanka and Ameki Sandstones mark the
return to regressive conditions in the basin (Nwajide &
Reijers, 1996).

Lokoja-Basange Formation is made up of sediments
composed of fine- to coarse-grained highly ferruginous
sandstones: litharenite (50%), graywacke (25%), and arkose
(25%). Lokoja-Basange Formation is the oldest Formation in
the Benin Flank of Anambra Basin. It is the chronostrati-
graphic lateral equivalent of the Nkporo Formation and
Enugu Shales in the Eastern portion of the Anambra Basin.
It is siliceous and conformably overlain by the Mamu For-
mation and underlain by the Igarra Schist Belt Basement
Complex (Alli, 2021).

Figure 1 shows a map of Nigeria, the stratigraphy of the
Anambra Basin, the Study Area, and Samples Locations.

3 Materials and Methods

Eight representative surface samples, which consist of fine-
to coarse-grained highly ferruginous indurated sandstones,
were collected from the study area. Major and trace element
compositions of the samples were assessed with Energy
Dispersive X-Ray Fluorescence (ED-XRF) machine
(PANalytical model) at the Engineering Material Develop-
ment Institute (EMDI) in Akure, Nigeria.

The samples were pulverized to 63 µm (230 mesh) and
divided into two portions. One portion produced glass beads
for significant oxides analysis, while the second was used to
make pellets for trace element analysis. The assessment of
duplicate samples and industrial standards/reference mate-
rials ascertained the accuracy of the results. The instrumental
error of analysis is < 2.5% compared to industry-certified
standards/reference materials. The detection limit of
ED-XRF is 0.1 ppm for trace elements and 100% for sig-
nificant components. The elemental range is Be to Am.

4 Result

Table 1 gives the primary (weight percent) and trace (parts
per million (ppm)) elemental concentrations of the samples
from the study area.

5 Discussion

The major oxides results show SiO2(73.49–79.85 wt. %;
average77.33 wt.%), Al2O3(11.07–13.00 wt. %; average
12.09 wt.%), Fe2O3(1.74–3.41 wt. %; average 2.75 wt.%),
MgO (0.03–0.09 wt. %; average 0.06 wt.%) LOI (0.28–

Fig. 1 Map of Nigeria, stratigraphy of Anambra Basin, study area and samples locations (modified after Nwajide & Reijers, 1996)
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5.56wt.%;average 1.61 wt.%). The Index of Compositional
Variability (ICV) was used to determine the provenance and
compositional maturity of the sandstones in the study area.
ICV is computed using ((Fe2O3 + K2O + Na2O + MgO +
TiO2)/Al2O3). According to Cox et al. (1995), ICV > 1
infers matured sandstones in a tectonic active first cycle
setting, while ICV < 1 suggests sandstones in a tectonically
quiescent or cratonic environment. The ICV values for
Lokoja-Basange Sandstones are 0.58 to 0.76, with an aver-
age of 0.65 indicative of compositionally immature

sandstones deposited in a tectonically quiescent or cratonic
environment. Also, the Chemical Index of Alteration
(CIA) was used to ascertain the degree of weathering of the
source rocks of the Lokoja-Basange Sandstones. CIA is
calculated using [(Al2O3/(Al2O3 + CaO + Na2O + K2O))
100]. The CIA values for the samples are 65.97–74.23%,
with an average of 70.40%. According to Nesbitt and Young
(1982), The CIA values for the study area sandstone indicate
highly altered igneous and metamorphic source rocks. The
binary plot of log (SiO2/Al2O3) versus log (Fe2O3 + K2O)

Table 1 Major (wt.%) and trace
(ppm) elements compositions of
Lokoja-Basange sandstone
samples

Element (wt.%) SOBA1 SOBA2 SOBA3 SOBA4 SOBA5 SOBA6 SOBA7 SOBA8

SiO2 75.41 73.49 77.83 79.22 78.15 77.57 77.14 79.85

TiO2 0.81 0.82 0.82 0.95 1.15 0.91 1.14 0.84

Al2O3 11.46 12.5 12.12 11.07 12.52 13 12.31 11.72

Fe2O3 3.41 3.22 2.56 2.51 2.43 2.84 3.32 1.74

MnO 0.02 0.03 0.59 0.04 0.03 0.05 0.07 0.06

MgO 0.05 0.03 0.04 0.09 0.06 0.05 0.04 0.09

CaO 0.85 0.76 0.91 1.12 1.11 0.87 0.86 1.04

Na2O 1.29 1.06 1.67 2.00 1.71 1.75 2.10 2.08

K2O 2.16 2.52 2.53 2.59 2.39 2.55 2.70 2.07

P2O5 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01

LOI 4.54 5.56 0.91 0.37 0.37 0.41 0.28 0.40

Total (ppm) 100.01 100.00 100.00 99.97 99.94 100.01 99.97 99.90

Co 1.71 1.81 1.90 2.14 2.53 2.22 2.49 2.19

Cr 0.03 0.04 0.05 0.05 0.05 0.04 0.04 0.04

Cu 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Mo 0.24 0.24 0.19 0.21 0.2 0.15 0.2 0.17

Ni 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.02

Pb 0.03 0.04 0.05 0.06 0.06 0.02 0.02 0.04

Sb 0.51 0.37 0.24 0.15 0.19 0.28 0.43 0.35

Sn 0.54 0.32 0.24 0.15 0.19 0.26 0.34 0.39

V 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01

W 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Zn 0.03 0.03 0.02 0.02 0.02 0.01 0.03 0.03

Zr 0.19 0.16 0.21 0.21 0.23 0.22 0.20 0.20

log (SiO2/Al2O3) 0.82 0.77 0.81 0.85 0.80 0.78 0.80 0.83

log (Fe2O3/K2O) 0.20 0.11 0.01 −0.01 0.01 0.05 0.09 −0.08

*CIA 72.72 74.23 70.34 65.97 70.61 71.55 68.50 69.31

*ICV 0.67 0.61 0.63 0.74 0.62 0.62 0.76 0.58

Cu/Zn 0.67 0.33 0.50 0.50 0.50 1.00 0.33 0.33

Ni/Co 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01

V/(Ni + V) 0.33 0.33 0.5 0.5 0.5 0.5 0.00 0.33

V/(V + Cr) 0.25 0.2 0.17 0.17 0.17 0.2 0.00 0.20

V/Cr 0.33 0.25 0.20 0.20 0.20 0.25 0.00 0.25

V/Ni 0.50 0.50 1.00 1.00 1.00 1.00 0.00 0.50
* CIA = (Al2O3/(Al2O3 + CaO + Na2O + K2O)) � 100
* ICV = ((Fe2O3 + K2O + Na2O + MgO + TiO2)/Al2O3)
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(Fig. 2) shows that 50% of the samples are litharenite, while
graywacke and arkose are 25% each.

Co, Cr, Cu, Ni, V, and Zn are redox-sensitive indicators
of the prevalence of paleodepositional conditions of sedi-
ments. Trace element ratios such as Cu/Zn, Ni/Co,
V/(Ni + V), V/(V + Cr), V/Cr, and V/Ni were used to infer
paleo-redox depositional environments of sandstones from
the study area. Eighteen trace elements were assessed in the
samples; however, Ag, As, Au, Cd, Nb, and Rb have
detection limits far below the ED-XRF. They were excluded
from the trace elements analysis result accordingly. On the
other hand, the average values in parts per million for the
rest twelve trace elements are as follows: W has < 0.01
ppm; Cr, Cu, Pb, Ni, V, and Zn have an average concen-
tration of < 0.01 to 0.04 ppm; Sb, Sn, Mo, and Zr have an
average value > 0.04 to 0.4 ppm, while Co has an average
concentration of 2.12 ppm (Table 1). The low Cu/Zn ratio
depicts oxic, while high values infer a reducing environment
(Hallberg, 1976). Ni/Co ratio < 5 indicates an oxic envi-
ronment, while values in the range of 5 to 7 show a reducing
atmosphere. V/Cr ratio < 2 is oxic, while > 2 to 4.25 is
reducing environment (Jones & Manning, 1994; Nagarajan
et al., 2007). According to Hatch and Leventhal (1992),

V/(Ni + V) ratio < 0.46 is oxic, while values >0 0.46
to > 0.84 are a reducing environment. V/Ni ratio < 3 is oxic,
while > 3 is reducing habitat; V/(V + Cr) < 0.6 is toxic,
and > 0.6 is reducing environment of deposition (Brumsack,
2006; Pi et al., 2014).

The computed trace element ratios for the Lokoja-
Basange sediments show that low Cu/Zn ratios ranged
between 0.33 and 1.00 with an average of 0.52; Ni/Co varied
between 0.00 and 0.01 with an average of 0.01; V/Cr ranged
from 0.00 to 0.33, with an average of 0.21; V/Ni ranged
between 0.00 and 1.00 with an average of 0.69; V/(Ni + V)
ranged between 0.00 and 0.50 with an average of 0.38 and
V/(V + Cr) ranged between 0.00 and 0.25 with an average
of 0.17. The interpretation of the six trace element ratios
established that the sediments were deposited in the oxic
fluvial paleoenvironment.

6 Conclusion

The sandstones from the study area originated from highly
altered igneous/metamorphic rocks, and they are composi-
tionally immature and were deposited in a tectonically stable
cratonic environment. Lokoja-Basange Formation is com-
posed of fine- to coarse-grained highly ferruginous sand-
stones: litharenite (50%), graywacke (25%), and arkose
(25%). Using six trace element ratios such as Cu/Zn, Ni/Co,
V/Cr, V/Ni, V/(Ni + V), and V/(V + Cr) suggests an oxic
fluvial paleoenvironment for the sandstones from the study
area.
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Gold in Silicified Structures Related
to the Quartz Diorite-Serpentinite Contact
of Taghouni Prospect in the Bou Azzer
Mining District (Central Anti-Atlas, Morocco)

Hamid Dani, Abdelhafid El Fels El Alaoui, Mustapha El Ghorfi,
and Lhou Maacha

Abstract

The Taghouni deposit is part of the Bou Azzer mining
district, where the mineralization is of a “cross-cutting”
type, as cobalt arsenide veins hosted in quartz diorites.
The district is mined for Cobalt, Nickel, and Chromium,
but the mining activities provide significant concentra-
tions of gold and silver. Based on the study of quartz
diorite alteration, they appear to correspond to a metaso-
matic system involving the quartz diorites, serpentinites,
and hydrothermal fluids. The reactions are ensured by the
interface quartz diorite-serpentinite and by the fractures
which intersect these two components. In this alteration
system, the quartz diorites have recognized mineralogical
modifications. Essentially, the albite and sericite replace
the potassic feldspars and the quasi-totality of the
plagioclases, and the ferromagnesians are transformed
into chlorite and muscovite. The hydrothermal manifes-
tation is summarized in three stages. Only the last one has
been studied in detail: (i) a chlorite breccia which are
associated with the Co–Ni phases; (ii) carbonatization,
leading to the development of a stockwerk of dolomite,
siderite, and ankerite; (iii) auriferous silicification,
expressed in polyphasic quartz-filled veinlets, and we
distinguish Quartz I (Q1) well-crystallized toward the
outskirts of the veinlet; Quartz II (Q2) microcrystalline in
the middle; Quartz III (Q3) as geodes within Q2. These
last two silifications carry the explored gold as native
grains and electrum.

Keywords

Serpentinites�Quartz diorite�Ophiolite�Hydrothermal
alterations � Gold mineralization � Cobalt arsenide �
Taghouni deposit � Bou Azzer � Anti-Atlas

1 Introduction

The Anti-Atlas deposits are the leading suppliers of
Moroccan gold production, in addition to some deposits of
the High Atlas such as the one of Tamlalt–Menhouhou, and
the Tighza deposit in the Moroccan central massif. Fur-
thermore, the reports recently published by the National
Office of Hydrocarbons and Mines “ONHYM” highlight the
gold potential of the southern province of Morocco (Sahara),
which will increase the ambitions of Morocco in this field.

2 Geological Background

The Bou Azzer inlier records a stacking of Precambrian
crustal rocks, which outcrop as tectonic units testifying to a
subduction environment (Leblanc, 1975, 1981; Leblanc &
Lancelot, 1980; Bodinier et al., 1984; Triantafyllou, 2016).
The lithostratigraphy of Bou Azzer extends from Tonian to
Cambrian. The basement includes the Tachdamt–Bleida
formation and Assif n'Bougmmane–Takroumt metamorphic
complex. The Tachdamt–Bleïda unit represents a vestige of
a platform, constituted of sandstones, quartzites, carbonates,
and tholeïtic basalt veins (Bouougri et al., 2020; Clauer,
1976), while the metamorphic complex forms a discontin-
uous band, covered by the upper Neoproterozoic cover, and
exhumed in the massifs of Bou Azzer, Tazegzaout, Oumlil,
and in the main outcrop of central El Graara (Bougemmane
massif in the Takroumt area). Their lithology includes
Augen orthogneiss, métagabbros, amphibolites, and mica
schists (Blein et al., 2014; D'lemos et al., 2006; El Hadi
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et al., 2010; Hefferan et al., 2014). In the northern part of the
inlier outcrops, the Tichibanin–Ben-Lgrad back arc suite,
formed by basalts, microgabbros, rhyolites, acid, and dacitic
ash tuffs, as well as sandstone silts, whose arc affinity dated
to 760Ma- is well established (Bodinier et al., 1984; El Hadi
et al., 2010; Naidoo et al., 1991; Saquaque et al., 1989;
Triantafyllou et al., 2018). The Ophiolite is exposed in the
axial part of the inlier and is expressed as serpentinites,
gabbros, sheeted dykes complex, and pillow basalts. This
sequence is intruded by diorite, quartz diorite, and monzo-
diorite, indicating the Cryogenian–Ediacaran transition
(Blein et al., 2014; Leblanc, 1975; Samson et al., 2004;
Triantafyllou et al., 2020). The cover comprises the Edi-
acaran terranes as Bou-Lbarod, Tiddiline, and Ouarzazate
groups. They are respectively composed of mafic volcanic
rocks, terrigenous sediments (overlying unconformably the
Ophiolite), and high-K volcanic rocks as ignimbrite and tuffs
(Blein et al., 2014; Chbani, 2001; Choubert, 1963; Choubert
& Faure-Muret, 1970; Hefferan et al., 2014; Inglis et al.,
2004; Leblanc, 1975). The terranes described above lie
under a Paleozoic sedimentary cover. The Precambrian–
Cambrian transition is marked by a carbonate formation
known as the Adoudou formation, recently attributed to the
Taroudant group (Bouchta et al., 1997; Gasquet et al., 2005).

3 Petrographic Analysis of Quartz Diorites

The samples studied are quartz diorites taken from the
walls of Co-mineralized structures at the contact between
these diorites and the serpentinites. They are brittle and
deformed, whereas the phyllitic minerals (chloritized bio-
tite) exhibit a ductile deformation. These samples present
several features of alteration successive in time. The
sericitization seems the earliest because it is affected by all
the deformation stages. It concerns only the primary min-
erals of the rock, essentially the potassic feldspars and the
plagioclases. These are characterized by neoformation of
epidote in their cleavages and often in patches on them.
The accentuation of alteration caused the albitization of
neoformed sericite and epidote (Fig. 1a). The primary
epidote is completely leached from the rock (Garcia, 1979).
On the other hand, the alteration system, which appears to
be important in mineralization, is initiated by a chlorite
(occasionally penninite) brecciation carrying a cobalt
arsenides mineralization, specifically skutterudite. The
chlorite and mineralization are intersected by a network of
waste carbonate veinlets, such as dolomite, siderite, and
probably ankerite (Fig. 1b).

Silicification is the most common alteration. Our inves-
tigations lead to distinguishing between two types. Comb
quartz mineralized by automorphic Fe-Co-arsenides

materializes the first type. This quartz intersects the chlorite
breccia, but no relationship is observed with the carbonate
veins (Fig. 1c). The second type is interpreted as a poly-
phase mobilization of silica. We believe this phase is the last
of all previously described stages, giving the argument of the
erythrine particles hosted in the silicified veins, which means
that this silicification was set up only after the oxidation of
the primary cobalt mineralization to erythrine (Fig. 1d).

The auriferous phases have been identified at the
second-type silicification. The textural examinations of these
silicified structures reveal three generations of quartz:
(1) large quartz crystals in the borders of the veins (Q1);
(2) microcrystalline quartz in the middle of the veins (Q2);
(3) the geodic quartz within the microcrystalline (Q3). The
gold has been recognized only in these last two stages. The
native gold occurs as small grains within microcrystalline
quartz (Fig. 1e), while the geodes contain electrum particles
(Fig. 1f).

4 Discussion

To characterize the precious metals associated with cobalt in
the Taghouni area, we have studied the alteration of quartz
diorites, the main host rock of these mineralizations. Min-
eralogically, the studied rocks have undergone polyphase
modifications, starting with the total leaching of their pri-
mary epidote, then the sericitization of feldspars. First, the
plagioclase is affected by saussuritization leading to the
genesis of epidote patches on the minerals or in their
cleavages. Next, the albite appears in the proximity of
mineralized structures replacing the feldspars. We also
notice the formation of muscovite near these structures.
Then, another tectonic-hydrothermal event is triggered and
expressed in a chlorite breccia associated with Co-Fe
arsenides. This chlorite, and sometimes in the form of pen-
ninite. The chlorite–penninite association is intersected by
carbonate veinlets (ankerite, siderite). We have distinguished
here between two types of silicifications: the type material-
ized by quartz comb-bearing iron and cobalt arsenides, and
the type of polyphase silicifications, composed of three
stages, which correspond to a series of mobilizations
of silica in the veinlets. The destruction of the whole pri-
mary epidote and the replacement of the feldspars
(K-feldspar + plagioclase) by sericite + muscovite + albite
is a piece of evidence about the highly active behavior of
calcium (Ca) under these conditions and also alkalis, con-
cluding the departure of calcium and the entrance of sodium
in the form of albite and potassium incorporated in sericite
and muscovite. This stage matches the spilitization phe-
nomenon in the tonalite massifs of Bou-Zben, and Oumisden
described by Besson (1980).
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The chloritization corresponds to the activation of the
Mg-Fe system. The presence of the penninite refers to an
Mg-high bring. The iron is supposed to be varied in the
opposite trend like in the Bou-Zben tonalite, and to be
accumulated until its incorporation in the carbonates veinlets
(siderite, ankerite) to explain those carbonate’s Fe-high
content. Native silver was identified by Leblanc and Lbouabi
(1989) in the Tizi deposit, not far to the east of our study
area. Based on the results provided by the fluid inclusions,
the authors link these mineralizations to the phenomenon of
diorite rodingitization, resulting from the Na–K-rich fluid
metasomatism. This study highlights that gold mineraliza-
tion occurs as small grains of native gold in microcrystalline
quartz (Q2) veins and electrum (Au–Ag) in the geodes (Q3).
We link the auriferous event to the last paragenetic stage, a
series of silicifications, and mainly to the last two stages of
silicification.

5 Conclusions

We draw two main conclusions from the petrographic
analysis of the Taghouni quartz diorites and the comparison
with previous studies:

• The quartz diorites studied are the result of Na–
K-metasomatism, causing the subtraction of almost all
rock calcium as well as that the chloritization is related to
a high bringing of Mg, which derives from the serpen-
tinites, whereas the carbonatization controls the iron.

• The auriferous phase is observed in silicified structures of
the last paragenetic stage. The native gold is directly
linked to the microcrystalline quartz (Q2), and the elec-
trum is observed in silicified geodes.

Fig. 1 Microphotography of the alterations affecting the quartz diorites
(photos a, b, c, and d are under transmitted light, while e and f are
under reflected light): a sericitized potassic feldspars and plagioclases
with saussuritization of the plagioclases and the posterior chlorite
(Chl)–penninite (Pen) breccia; b the carbonate vein cross-cutting the
chlorite breccia; c silicification type-1 as comb quartz bearing iron and

cobalt arsenides (Co-Fe-Ars); d silicification type-2 with the three
quartz generations; e native gold (Au) in microcrystalline quartz (Q2);
f electrum (Au–Ag) in geodic quartz (Q3) (Ser: sericite, Alb; albite,
Ank: ankerite; Dol: dolomite, Ery: erythrite, Skt: skutterudite; Ars:
arsenides)
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Geology and Geodynamic Setting
of the Chadak Epithermal Au–Ag Deposit
in Middle Tien Shan (Uzbekistan)

Bakhtiar Nurtaev and Svetlana Kirezidi

Abstract

The Kurama ore region in the east of Uzbekistan is
located in the eastern part of the extended Beltau-Kurama
volcano-plutonic belt of the Middle Tien Shan. This
mining district exemplifies unique deposits with perfectly
preserved characteristic features of Au–Cu porphyry and
epithermal Au–Ag occurrences. This paper briefly sum-
marizes original and published data on the Chadak
deposit, including its geological features, ore character-
istics, and primary mineral assemblages. The event of
syenite, trachydolerite, lamprophyre, and leucogranite
dikes at the upper parts of the formation of plutons
simultaneously with mineralization is interesting since
they fit into the ore-forming process and make it possible
to trace its evolution unambiguously. Significant differ-
ences in REE and trace element patterns of analyzed
porphyry intrusions and dikes were reported in the study
area. On this basis, the trachydolerites, syenites, and
leucogranites have not formed by fractional crystalliza-
tion from a common parental magma. The stage of
magmatism closest to ore genesis is represented here by
mafic dikes. The emergence of the hydrothermal system,
which caused the final formation of gold-silver ore
bodies, should be associated with the activity of a deep
source, the magmatic derivatives of which are basic dikes.

Keywords

Kurama ore region � Epithermal deposit � Deep faults �
Geochemical features � Genesis

1 Introduction

The Kurama ore region in the east of Uzbekistan is located
in the eastern part of the extended Beltau-Kurama
volcano-plutonic belt—a structural component of the Mid-
dle Tien Shan (Cheng et al., 2018; Dolgopolova et al., 2017;
Rudniye mestorozhdeniya Uzbekistana [Ore deposits of
Uzbekistan], 2001). This mining district exemplifies unique
deposits with perfectly preserved characteristic features of
Au–Cu porphyry and epithermal Au–Ag occurrences (Nur-
taev & Mamarozykov, 2021; Rudniye Mestorozhdeniya
Uzbekistana [Ore deposits of Uzbekistan], 2001). The sec-
tion is composed of diverse blocks and volcanic structures. It
shows widespread manifestations of intrusive magmatism
ranging from Devonian, Middle and Late Carboniferous, and
Early Permian in age. The geological driving force of these
processes was tectonic activity in the Chatkal–Kurama zone.
Extensive factual evidence (Dolgopolova et al., 2017;
Kovalenker et al., 1995; Rudniye Mestorozhdeniya Uzbek-
istana [Ore deposits of Uzbekistan], 2001) indicates that this
activity was accompanied by the multiple restyling of the
local topography and hydrothermal activity younger than
290 Ma. The igneous rocks in the area are associated in
space and time with the large epithermal deposits of the
Kochbulak (Au–Ag–Te) and Lashkerek (Ag–Pb–Zn) ore
fields, the Kyzylalmasai and Chadak (Au–Ag), and Aktepe
(Ag-As-Co–Ni-U) deposits as well as several occurrences of
Au, Ag, Cu, Pb, Zn, and Bi occurrences (Kovalenker et al.,
1995; Rudniye Mestorozhdeniya Uzbekistana [Ore deposits
of Uzbekistan], 2001).

This paper briefly summarizes original and published data
on the Chadak deposit, including its geological features and
ore characteristics, the sequence of the mineral paragenesis,
and the primary ore mineral assemblages. The Chadak ore
field is one of Uzbekistan’s oldest gold and silver deposits,
industrially developed since 1970 by two still operating
mines—Pirmirab and Guzaksai (Kovalenker et al., 1995;
Rudniye Mestorozhdeniya Uzbekistana [Ore deposits of
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Uzbekistan], 2001). The most important Au- and Ag-bearing
phases are electrum of highly variable fineness, acanthite,
and Ag–Cu sulfides (jalpaite, mckinstryite). The average
grades range between 5.6 and 6.0 ppm for Au and from 26
to 80 ppm for Ag. Previous mineralogical and fluid inclu-
sion studies revealed that the mineralization was formed
during three hydrothermal stages: an early hydrothermal
stage of Upper Carboniferous age, skarn-hydrothermal, and
late hydrothermal stages of Upper Permian age (Rudniye
Mestorozhdeniya Uzbekistana [Ore deposits of Uzbekistan],
2001). Gold and silver mineralization occurs during the later
mineral stages associated with skarn-like Ag-Bi-
Pb-Cu-bearing mineralization. In the Chadak ore field,
syenitoid dikes, together with trachydolerites and lampro-
phyres, form a group of dike bundles that developed along
parallel-oriented fractures. Understanding the genesis of
these ore deposits and their relations with intrusions of dif-
ferent ages remains uncertain.

2 Materials and Methods

The petrography, chemical composition of dikes, and their
petro- and ore-generating role during the gold-silver miner-
alization are provided in this research. This will help reveal
the petrogenesis of intrusive and associated dikes responsi-
ble for forming the Chadak fluid-magmatic system. In this
regard, petrographic and mineralogical studies of igneous
rocks were performed using the Nikon Optiphot 2Pol mul-
tifunctional polarizing microscope. In addition, the form of
occurrence and composition of rock forming, accessory ore
minerals were determined using an electron probe micro-
analyzer JXA-8800R. Finally, the chemical compositions
and abundances of ore elements were determined by
applying the ICP-MS-7500 series mass spectrometer.

3 Results

According to satellite and geophysical imagery data, the ore
field is located in the conjugate system of northwest-
southeast-trending strike-slip Kumbel-Ugam and
north-dipping reverse North Fergana faults where Late
Carboniferous supra-subduction and Permian intraplate
magmatism actively occurred. In terms of geochemical
characteristics, the dikes of the Chadak deposit belong to the
K-Na series: syenitoids (Na2O/K2O–0.1–1.3, on average
−0.9), trachydolerites dikes (0.4–2.2, on average −1.3),
leucogranites (0.4–1.5, on average −0.9), as well as high
aluminous. In a spider diagram (Pearce, 1983) normalized to
MORB (Fig. 1a), trachydolerites and syenitoids show a
consistent pattern characterized by substantial depletion in
Ti and Zr and high Rb, Ba, and Th. A chondrite-normalized

REE pattern with enrichment of light REE relative to REE
and fragile Eu anomalies characterizes the REE diagram. In
the MORB-normalized trace element spider diagrams, the
leucogranites (Fig. 1a) display Sr, Ti, Zr, and La depletion
and enrichment of HFSE, including Nb, Ta, and Hf.
The REE diagram of leucogranites (Fig. 1b) is character-
ized by positive anomalies of Pr, Sm, Eu, Er, and Lu, typical
for shallow depths of the magmatic source. Significant dif-
ferences are noted between the two groups, indicating that
they cannot have formed by a fractional crystallization
process from a common parental magma. It is also necessary
to report the general antidromic sequence of dikes
from acidic rhyolitic to olivine dolerite, one of the specific
features of the late orogenic stage of the region's
development.

4 Discussion

The petrogenesis and tectonic setting of trachydolerites
suggests that they are unfractionated, meta-aluminum,
calc-alkaline to sub-alkaline formations of volcanic arcs,
while lamprophyres belong to the intraplate environment.
Narrow dikes of spherulite trachytes cropped out with geo-
chemical affinities for gold and silver rare earth elements.
Syenitoid dikes are accompanied by quartz-hematite,
quartz-carbonate, and quartz-adularia hydrothermal veins, in
which gold and silver mineralization is associated with Bi,
W, and REE. The concentration of the last three elements in
these veins is associated with increased fluorine in their fluid
phases. The basic dikes are more silver-bearing than syenitic
ones. So we assumed that Chadak deposits belong to the
volcanic-hosted low-sulfidation gold deposits with an
anomalous regime of fluid evolution, e.g., high temperature
jumps after the main stage of epithermal ore formation. The
age of gold-silver mineralization was determined by many
researchers and has not received an unambiguous interpre-
tation. According to the data of the absolute age determi-
nations by the K–Ar dating, at least two age groups of
metasomatized similar to their petrological features were
distinguished: I (272–253) ± 11 Ma—Permian and II (239–
220) ± 9 Ma—Triassic (Rudniye Mestorozhdeniya Uzbek-
istana [Ore deposits of Uzbekistan], 2001).

The stage of magmatism closest to ore genesis is repre-
sented here by mafic dikes. Therefore, it seems that the
emergence of the hydrothermal system, which caused the
final formation of gold–silver ore bodies, should be associ-
ated with the activity of a deep source, the magmatic
derivatives of which are basic dikes. One of the main reasons
for the formation of the ore field we assume a vertical
channel for magmatic and ore bodies associated with the
northwestern influence of the Tarim plume, which was
active at about the same time (Gao et al., 2014).
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5 Conclusions

The stage of magmatism closest to ore genesis is represented
here by mafic dikes. However, it is hardly possible to con-
sider them as a source of ore-bearing fluids. Therefore, it
seems that the emergence of the hydrothermal system, which
caused the final formation of gold-silver ore bodies, should
be associated with the activity of a deep source, the mag-
matic derivatives of which are basic dikes. The drainage
systems provided deep tectonic zones for the ascending
mantle material at the intersection of the Kumbel-Ugam
zone of deep faults with the North Fergana fault. It is hoped
that a better understanding of the nature of epithermal Au–
Ag mineralization will assist in evaluating the prospects for
the placement of polymetallic mineralization with gold, sil-
ver, and platinum group elements in the zone of
Kumbel-Ugam deep faults.
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Fluid Evolution of the Fe-Zn Skarn Deposits
in the Çiftehan (Ulukışla-Niğde) Area,
South-Central Turkey

Emmanuel Daanoba Sunkari, Abdurrahman Lermi, and Yılmaz Demir

Abstract

This study investigated the compositional variations of
fluid inclusions in the different stages of mineralization at
the Esendemirtepe and Horoz Fe-Zn skarns, south-central
Turkey. The skarn zones in the study area consist of
volcano-sedimentary sequences intruded by intrusive
bodies and marble–schist in contact with granitoids. The
primary ore minerals in both locations are magnetite and
hematite, with subordinate sphalerite, chalcopyrite, pyrite,
and pyrrhotite. The Esendemirtepe Fe-Zn skarn deposit is
a typical deep exoskarn characterized by irregular
disseminated hematite and magnetite assemblages with
blebs of chalcopyrite, accompanied by calcite, quartz, and
epidote at the contact between the volcano-sedimentary
units and the skarn. The Horoz Fe-Zn skarn deposit is also
a relatively deep endoskarn characterized by massive
garnet crystals. Rhythmic banded crystallization of spo-
radic nodular-shaped sphalerite, quartz, and calcite
developed along with the marble–schist skarn contact.
Two-phase liquid-rich (L + V) fluid inclusions were
observed in garnet, epidote, quartz, calcite, and sphalerite
mineral assemblages. The average homogenization

temperatures and calculated salinities in all stages of
mineralization range from 155 to 600 °C and 0.53 to 23.1
wt.% NaCl equ., respectively. The eutectic temperatures
also range from −66.2 to −21.2 °C, implying that the
early stages were dominated by fluids that reflect an
H2O-NaCl-CaCl2 system and become an H2O-NaCl
system in the later stage. The continuous evolution
history of the fluids reveals a gradual change from early
high-temperature-salinity magmatic fluids to late rela-
tively low-temperature-salinity mixed magmatic fluids
due to interaction with meteoric-derived fluids.

Keywords

Fluid inclusions � Skarn deposits � Esendemirtepe and
Horoz Fe-Zn Skarns � Magmatic-derived fluids �
Meteoric-derived fluids

1 Introduction

Skarn deposits are an essential class of mineral deposits in
Turkey that formed between the Late Cretaceous and
Oligo-Miocene periods during the collision between the
Afro-Arabia and Eurasia plates (Kuşcu, 2019). The Fe-Zn
skarn deposits in the Çiftehan (Ulukışla-Niğde) area are
located in the eastern part of the Bolkar Mountains. In this
area, several large- and small-scale mines exist, but only a
small number are currently in operation (Çiftçi et al., 2014).
The geology of the region, stratigraphic relations between
the lithologies, formation mechanisms of the units, kine-
matics of the Ecemiş Fault, constraints on the geotectonic
position of the Horoz granitoids, geology and mineralogy of
other deposits in the region have already been studied.
However, studies on the fluid evolution of the Fe-Zn skarn
deposits in the region are limited. Therefore, this study aims
to determine the compositional variation of fluid inclusions
in the different stages of mineralization so that the formation
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conditions of the Fe-Zn skarns in the study area can be
properly understood.

2 Materials and Methods

The ore textures as observed in the various lithologies were
described prior to the fluid inclusion studies. In total, 30
doubly-polished sections were prepared for fluid inclusion
petrography and microthermometry. Microthermometric data
were obtained using a LINKAM THMG600 heating-freezing
stage coupled to an OLYMPUS microscope housed in the
Department of Geological Engineering, Recep Tayyip Erdo-
ğan University, Turkey. The equipment has a sensitivity rate
of 0.01–150 °C/min heating with temperature control from
−196 to 600 °C.

3 Results

3.1 Textural Properties of the Skarn Deposits

The Esendemirtepe skarn includes a variety of
macroscopic-scale prograde patterns. Irregular disseminated
hematite and magnetite assemblages with blebs of chal-
copyrite are accompanied by garnet, calcite, and quartz at the
contact between the volcano-sedimentary rocks and the
skarn zone. Epidote and chalcopyrite inclusions are observed
around fracture-filling textures and retrograde-stage mag-
netite. In the Horoz skarn, the early prograde-stage garnets
are represented by massive textures. Sporadic nodular-
shaped sphalerite and irregular quartz developed along the
marble–schist skarn contact. Coarse-grained garnet crystals
surrounded by smaller fine-grained garnet crystals are also
common, representing the late prograde stage of garnet
formation closer to the ore zone and may suggest reactive
infiltration (Demir et al., 2017).

3.2 Classification of Fluid Inclusions

Fluid inclusion studies were performed on garnet, epidote,
quartz, calcite, and sphalerite mineral assemblages. Liquid-
and vapor-bearing (L + V) two-phase fluid inclusions were
identified in the investigated minerals. The fluid inclusions
were generally polygonal and irregular in shape, while lesser
amounts of the rounded, elliptical, tube- and pear-shaped
morphologies were also present. Fluid inclusions observed
in the samples were generally two-phase (L + V) Type I
inclusions, which are liquid-rich at room temperature. Most
of these inclusions are present in garnet, calcite, epidote, and
sphalerite from all stages of mineralization. A NaCl crystal
was found in Type I inclusion of garnet. The Type I fluid

inclusions have vapor–liquid ratios of approximately 10–
30%, and homogenization commonly occurs in the liquid
phase. Clathrate formation was observed in Type I calcite
inclusions during the microthermometric measurements.
Also, the Type I inclusions in sphalerite are CO2-bearing in a
few samples. The CO2 phase was so small that it was dif-
ficult to define CO2 in the inclusions by the microscopic
investigations. But during the microthermometric measure-
ments, CO2 melting temperature (Tm-CO2) and CO2

homogenization temperature (ThCO2) were easily defined.
Type II inclusions are vapor-rich, characterized by 30–

40% vapor–liquid ratios, and homogenized in the vapor
phase. The Type II inclusions were identified in only the
early stages of garnet and quartz formation. The Type II
inclusions found in garnet are characterized by clathrate
melting temperatures, which imply that there may be a
limited amount of CO2 and/or CH4 in the system, but not as
much as the formation of CO2-bearing separate phases.

3.3 Microthermometric Properties of the Fluid
Inclusions

The eutectic temperatures (Te) were measured in Type I and
Type II fluid inclusions in garnet, epidote, quartz, calcite,
and sphalerite minerals. The Te of fluid inclusions studied in
garnet minerals scattered in a large range of −59.1 to
−29.7 °C (Fig. 1a), and the final ice melting (Tm-ice) tem-
peratures vary from -20.8 to −4.00 °C. Calculated salinities
of the fluid inclusions entrapped in garnet according
to Bodnar (1993) and based on the Tm-ice values vary in the
range of 6.45–23.1 wt% NaCl equ (Fig. 1a). The homoge-
nization temperatures (Th) of fluid inclusions in garnet were
very high (280–600 °C; Fig. 1a) when compared with the
other minerals. Clathrate melting temperatures were mea-
sured in the range of 1.1 and 2.8 °C. The salinity (12.2–14.3
wt% NaCl equ.) of these clathrate bearing inclusions was
calculated according to Darling (1991). For epidote, the Te
changed from −66.2 to −36.2 °C (Fig. 1b) with Tm-ice
values from −20.9 to −10.0 °C. The salinity values range
from 13.9 to 23.0 wt% NaCl equ. (Fig. 1b). The Th values
also varied from 298 to 469 °C (Fig. 1b). The Te measured
in quartz ranged from −54.3 to −21.2 °C (Fig. 1c) with
Tm-ice values in the range of −17.9 to −3.8 °C. In addition,
the salinity and Th values of fluid inclusions in quartz ranged
from 6.16 to 20.9 wt% NaCl equ. and 155 to 491 °C,
respectively (Fig. 1c). For calcite, the Te scattered in a
narrow range of −47.9 to 31.5 °C (Fig. 1d) with Tm-ice
values ranging from −15.5 to 0.30 °C. Relatively lower
salinity values (0.53–19.6 wt% NaCl equ.) and Th values
(192–378 °C) were recorded in the fluid inclusions in calcite
(Fig. 1d). Clathrate melting temperatures in the fluid inclu-
sions found in calcite are in the range of 1.50–2.00 °C with
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Fig. 1 Microthermometric measurements of the fluid inclusions
(a) eutectic temperature versus salinity in garnet, (b) homogenization
temperature versus salinity in garnet, (c) eutectic temperature versus
salinity in epidote, (d) homogenization temperature versus salinity
in epidote, (e) eutectic temperature versus salinity in calcite,

(f) homogenization temperature versus salinity in calcite, (g) eutectic
temperature versus salinity in quartz, (h) homogenization temperature
versus salinity in quartz, (i) eutectic temperature versus salinity in
sphalerite, and (j) homogenization temperature versus salinity in
sphalerite
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salinity values ranging from 9.19 to 13.86 °C. Also, the Te
of fluid inclusions in sphalerite varied from −64.0 to −22.5 °
C (Fig. 1e) with Tm-ice values from −12.9 to −6.1 °C. The
salinity values (9.34–17.2 wt% NaCl equ.) are lower than
that of all the other minerals except calcite. The Th values
are also lower (192–404 °C) (Fig. 1e). Clathrate formed in
some fluid inclusions of sphalerite has melting temperatures
and salinity values varying from 2.50 to 7.00 °C and 5.76 to
12.6 °C, respectively. The CO2 phase in the sphalerite is
characterized by CO2 melting temperatures (TmCO2) and
CO2 homogenization (ThCO2) temperatures in the range of
−57.1 to −56.1 °C and 17.7 to 30.6 °C, respectively.

4 Discussion

Skarn deposits commonly form along the contact between
intrusive bodies and carbonate host rocks. In this regard,
diverse metasomatic processes that involve fluids derived
from magmatic, metamorphic, meteoric, and marine sources
have been suggested for skarn formation (Baker & Lang,
2003). These studies indicate that high salinity fluid inclu-
sions are mostly derived from magmatic sources, whereas
low salinity fluid inclusions are typically derived from a
mixture of magmatic and other reservoir solutions. Fur-
thermore, the lower salinity values of the fluid inclusions in
all the investigated minerals of samples from the skarn
deposits in the study area indicate that the fluids evolved
from a magmatic origin and later mixed with meteoric fluids
during their ascent.

Comparing the Te temperatures of fluid inclusions with
the specific salt combination and according to Hein (1989),
it was found that the fluid composition was predomi-
nantly H2O-NaCl-CaCl2. The volcano-sedimentary sequen-
ces dominated by limestone and dolomite units are the only
reason for the CaCl2-rich early-stage inclusions. The change
from CaCl2-rich first-stage inclusions to a mixture of salt
solutions in the later stages indicates that the interaction of the
hydrothermal solutions with the carbonate host rocks was
high at the onset of skarnization. The continuous evolution of
the fluids in the skarn deposits also indicates that the
hydrothermal solutions contain relatively higher Th and
salinity values at the early stages of skarn formation due to

interaction between fluids derived frommagmatic sources and
carbonaceous limestones and dolomites. However, the Th and
salinity values gradually reduced as the system was opened to
influence from meteoric water infiltration during the later
stage (prograde to retrograde stage) (Wilkinson, 2001).

5 Conclusions

From the fluid inclusion studies, it is proposed that the
formation of the skarn deposits started with the exsolution of
relatively high saline fluids (up to 600 °C) from a
deep-seated pluton. Then, the magmatic fluids from the
deep-seated pluton ascended along major faults and began
interacting with the host limestones, dolomites, and marble–
schist rocks to form the skarn. Later, reactivation of the
faults redirected ore-forming fluids through the same path-
ways to replace the skarn and host rocks under a moderately
high oxidation state to form magnetite–sphalerite-dominated
Fe-Zn ore bodies in the area.
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Effect of Different Basis Sets
on the Theoretical Calculation of Zinc
Isotope Fractionation of Zn Complexes

Yang Zhao and Yongbing Li

Abstract

Isotope fractionation of zinc between Zn(H2O)6
2+, ZnCl

(H2O)5
+, ZnCl2(H2O)4, ZnCl3(H2O)

−, ZnCl4
2−,

ZnHCO3(H2O)3
+, ZnCO3(H2O)3, Zn(OH)2(H2O)4, and

ZnSO4(H2O)5 was explored by DFT method in this study,
as well as the optimized structures, vibrational frequen-
cies. These complexes were calculated by mixed basis
sets LanL2DZ/6–311 + G(d, p) and def2-TZVP/6–
311 + G(d, p). The results show that the optimized bond
lengths calculated by mixed basis sets are more extensive
than previous data, and the calculated vibrational fre-
quencies are smaller than experimental values. Further-
more, the mixed basis sets lead to larger reduced partition
function rations (RPFR) than 6–311 + G(d, p) basis set.
Therefore, combining the calculated vibrational results
with previous studies and experimental data, the
def2-TZVP/6–311 + G(d, p) basis set may be more
suitable for calculating Zn isotope fractionation.

Keywords

Zn complexes � Zn isotope fractionation � Density
functional theory � Basis sets

1 Introduction

Zinc complexes, such as Zn hydrate, chloride, carbonate,
hydroxide, and sulfate, are essential inorganic complexes in
nature. The Zn isotope fractionation in these complexes
plays an important tracing role in geochemistry fields (e.g.,
hydrothermal fluids, seawater, and soil–plant systems).
Therefore, it has been studied experimentally and

theoretically in recent years. However, the effect of different
basis sets on the theoretical calculation of Zn isotope frac-
tionation has not been studied. Here, we aimed to explore the
impact of varying basis sets on the structures, vibrational
frequencies, and reduced partition function rations (RPFR)
of selected Zn complexes (Tables 1 and 2).

2 Theory and Methods

Density functional theory (DFT) was used to study the iso-
tope fractionation of Zn complexes, Zn(H2O)6

2+, ZnCl
(H2O)5

+, ZnCl2(H2O)4, ZnCl3(H2O)
−, ZnCl4

2−,
ZnHCO3(H2O)3

+, ZnCO3(H2O)3, Zn(OH)2(H2O)4,and
ZnSO4(H2O)5. Here, the Gaussian 09 (Dennington et al.,
2009; Frisch et al., 2009) was used to calculate the geome-
tries optimization, vibrational frequencies, and isotope
fractionation of Zn complexes. Becke-style 3-parameter (B3)
with the Lee–Yang–Parr (LYP) correlation functional (Lee
et al., 1988; Becke, 1993a, 1933b) and mixed basis sets
(LanL2DZ/6–311 + G(d, p) and def2-TZVP/6–311 + G(d,
p)) was used, where LanL2DZ is effective core potential
(ECP) basis set, and def2-TZVP and 6–311 + G(d, p) are
all-electron basis sets. LanL2DZ or def2-TZVP basis sets
were used for Zn, and 6–311 + G(d, p) was used for other
elements.

3 Results

Tables 1 and 2 give the optimized bond lengths of Zn
complexes. The results show that most of the bond lengths
calculated by LanL2DZ/6–311 + G(d, p) are larger than that
by def2-TZVP/6–311 + G(d, p), and the results calculated
by the two mixed basis sets are larger than the previous
study calculated by 6–311 + G(d, p).

Table 3 gives the totally symmetric vibrational frequen-
cies of Zn aqueous and chloride complexes. According to
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Table 3, the theoretically calculated values are smaller than
the experimental ones. For example, the frequencies of Zn
(H2O)6

2+ and ZnCl4
2− calculated by the two mixed basis sets

are 327.04 cm−1 and 218.61 cm−1, 336.64 cm−1 and 233.45
cm−1, respectively. This means that the vibrational fre-
quencies calculated by LanL2DZ/6–311 + G(d, p) are
smaller than that by def2-TZVP/6–311 + G(d, p), and the
vibrational frequencies results calculated by 6–311 + G (d,
p) are in the middle of the two mixed basis sets.

Table 4 gives the calculated RPFR values of Zn com-
plexes at 298K computed using 6–311 + G(d, p),
LanL2DZ/6–311 + G(d, p), and def2-TZVP/6–311 + G(d,
p) basis sets. The results show that the RPFR values of Zn
species calculated by mixed basis sets are larger than pre-
vious results calculated by 6–311 + G(d, p) basis set, and the
RPFR values of Zn(H2O)6

2+, ZnCl(H2O)5
+, ZnCl2(H2O)4,

ZnSO4(H2O)5, ZnHCO3(H2O)3
+ calculated by LanL2DZ/6–

311 + G(d, p) are larger than those by def2-TZVP/6–
311 + G(d, p). In addition, the orders of isotope fractiona-
tion calculated by different basis sets are also different.

4 Discussion

Different basis sets may cause the deviation of the optimized
structures, vibrational frequencies, and RPFR values. Com-
paring the calculated results of selected Zn species by this
study with the previous theoretical results and experimental
data shows that the optimized bond lengths calculated by the
mixed basis sets are larger than previous results calculated
by the 6–311 + G(d, p) basis set. Furthermore, the theoret-
ical vibrational frequencies are smaller than experimental
values, and the vibrational frequency results calculated by 6–
311 + G(d, p) are in the middle of the two mixed basis sets.
Frequency is one of the most affected factors that may cause
errors in the calculated RPFR values. Thus, the deviation of
calculated vibrational frequencies and experimental data
may lead to an error between theoretical and experimental
results. For RPFR values, the mixed basis sets lead to larger
results than the 6–311 + G(d, p) basis set, even in different
RPFR order.

Table 1 Optimized bond lengths (Å) of Zn aqueous and chloride complexes

Basis sets Zn(H2O)6
2+ ZnCl(H2O)5

+ ZnCl2(H2O)4 ZnCl3(H2O)
− ZnCl4

2−

Zn–O Zn–O Zn–Cl Zn–O Zn–Cl Zn–O Zn–Cl Zn–Cl

LanL2DZ/
6–311 + G(d, p)

2.15 2.21,2.16,2.20,2.22 2.30 2.24 2.36 2.30 2.35,2.29 2.42

def2-TZVP/
6–311 + G(d, p)

2.13 2.21,2.14,2.20,2.24 2.24 2.26 2.30 2.37 2.30,2.24 2.37

6–311 + G(d, p)a 2.13 2.21, 2.13 2.23 2.25 2.30 2.39 2.29,2.23 2.37
a Fujii et al. (2010)

Table 2 Optimized bond lengths (Å) of Zn sulfate and hydroxide complexes

Basis sets ZnSO4(H2O)5 Zn(OH)2(H2O)4 ZnHCO3(H2O)3
+ ZnCO3(H2O)3

Zn–O Zn–S Zn–OH Zn–OH2 Zn–O Zn–C Zn–O Zn–C

LanL2DZ/6–311 + G(d, p) 2.12, 2.23,
2.17, 2.07

3.10 2.02 2.02, 2.25, 2.30 2.10, 2.09, 2.07 2.40 2.09, 1.97,
2.13,2.14

2.46

def2-TZVP/6–311 + G(d, p) 2.10, 2.24,
2.16, 2.03

3.05 1.97 2.26, 2.36, 2.36 2.09, 2.08, 2.07 2.39 2.07, 1.94,
2.12,2.13

2.44

Table 3 Totally symmetric
vibrational frequencies of Zn
(H2O)6

2+ and ZnCl4
2− complexes

Species Basis sets Frequency Reference

Zn (H2O)6
2+ LanL2DZ/6–311 + G(d, p) 327.04 This study

def2-TZVP/6–311 + G(d, p) 336.64 This study

6–311 + G(d, p) 333.4 Fujii et al. (2010)

Raman 379 ± 5 Yamaguchi et al. (1989)

ZnCl4
2− LanL2DZ/6–311 + G(d, p) 218.61 This study

def2-TZVP/6–311 + G(d, p) 233.45 This study

6–311 + G(d, p) 230.9 Fujii et al. (2010)

Raman 279–289 Yamaguchi et al. (1989)
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5 Conclusions

Our calculated results show that setting different basis sets
for Zn complexes can cause differences in optimized struc-
tures, vibrational frequencies, and isotope fractionation. For
example, comparing the three kinds of frequencies calculated
by three basis sets with the experimental ones shows that
def2-TZVP/6–311 + G(d, p) basis set may be more suitable
for calculating Zn isotope fractionation.
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ZnCl (H2O)5
+ 3.136 3.332 3.230

ZnCl2(H2O)4 2.950 3.143 3.020
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2− 2.293 2.339 2.450
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b This study

Effect of Different Basis Sets on the Theoretical Calculation … 115



Lead Mineralization in Carbonate Rocks
Jamrud, District Khyber, Pakistan

Asghar Ali, Sajid Ali, Salman Akbar, Aamir Azad, Aasim Danish,
Rafique Ahmad, and Liaqat Ali

Abstract

Sulfide vein, fluorite vein, brecciated wall rock, and host
rock were analyzed using X-ray Diffraction (XRD).
The XRD qualitative analyses of samples collected from
brecciated wall rock and sulfide vein consist of goethite,
dolomite, calcite, quartz, and galena. The host rock
contains dolomite and calcite. A fluorite vein NW of the
lead sulfide mineralization zone consists of fluorite,
calcite, sodalite, quartz, and localized well-crystalline
malachite grains. Lead sulfide mineralization is largely
controlled by vein and brecciated wall rocks, with less
lateral extension in the host Khyber Limestone. Petro-
logical, geochemical, micro to mesoscopic structures,
carbonate host rocks, and associated fluorite suggest that
this mineralization agrees with the characteristics of
Mississippi Valley Type (MVT) deposits.

Keywords

Sulfide � Fluorite � Khyber limestone � MVT

1 Introduction

Ore genesis occurs in strata-bound, magmatic, skarn, sedi-
mentary, and metamorphic environments. Metal enrichment
in these deposits takes place through different types of
hydrothermal circulation. Due to ore-laden fluid circulation

within sedimentary basins, the strata-bound deposits are
confined to a particular stratigraphy and region. These
deposits preserve in dilation sites, including veins, brecciated
stratigraphic units, pipes, and flats. An MVT deposit is an
epigenetic ore deposit that forms in sedimentary basins by
hydrothermal fluid flow. The sedimentary diagenetic or
syngenetic ore deposits are usually called sedimentary
exhalative deposits. The Mississippi Valley sphalerite,
galena, fluorite, and barite deposits are worldwide mined
from the Phanerozoic carbonate rocks. However, an insuffi-
cient quantity or number is reported in Precambrian rocks
(Edwards & Atkinson, 1986; Stanton, 1972). The MVT
deposits association with coral debris suggests that these
deposits form at low latitudes and warmer climates. The coral
debris provides initial high porosity and permeability to fluid
circulation within sedimentary basins (Badham, 1981; Dun-
smore & Shearman, 1977). The MVT deposits commonly
contain more sphalerite than galena, fluorite, and barite.
However, sometimes galena concentration increases from
sphalerite. Therefore, Evans (1993) included all carbonate-
hosted low-temperature epigenetic sulfides, barite, and
fluorite in the MVT deposits. These deposits are the most
significant source of the world’s lead and zinc production.
Around 85% of lead in the USA is mined from Mississippi
Valley Type deposits (Vineyard, 1977). Therefore, these
deposits are appealing and lucrative for large- and small-scale
metal-based industries worldwide. The Silurian–Devonian
Khyber Limestone contains sporadic galena, barite, and
fluorite occurrences. This research focuses on understanding
the nature of sulfide mineralization in the Khyber Limestone
through geochemical and petrographic investigations.

2 Regional Geology

The E–W trending Himalayan mountain belt culminated at
the northernmost plate margin of the Indian Plate. This
gigantic orogenic belt formed due to the collision of the
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Indian Plate with the Kohistan Island Arc during the
Cenozoic (Larson et al., 2018). It extends from Bhutan in
the east through Nepal, India, and Pakistan into Afghanistan
to the west (Gansser, 1981). The Khyber Range, where the
current research has been taken, forms the western portion of
the Higher Himalaya (Fig. 1). It is bounded by the Main
Mantle Thrust in the north and Khairabad/Panjal Thrust in
the south. Concordant and discordant dolerite intrusions in
the Khyber Ranges are associated with the Permian rifting
before the Indian plate separation from the Gondwanaland.

3 Materials and Methods

3.1 Petrography

Detailed petrographic analyses were carried out on 25
specimens to understand rocks composition, depositional
environment, alteration around epigenetic mineralization,
and primary to secondary textures. These specimens were
collected from carbonate rocks, dolerite dikes, sulfide-laden
veins, fluorite veins, and sulfide-mineralized wall rocks
(Fig. 2). Systematically collected samples from the sulfide
vein walls confirm opaque minerals enrichment toward the
vein axis. The wall rocks are mesoscopically brecciated.
Sulfide nucleation in the brecciated mass indicates
hydrothermal solution flow in the more porous medium of
the host rock.

3.2 X-ray Diffraction (XRD)

Qualitative analyses of different mineral phases in
sulfide-mineralized zone, host, and brecciated wall rocks are
carried out using XRD. S 17, BG 3, BG 7, S 22, SF 9, and
SF 10 were analyzed with XRD operating conditions of
generator voltage 45 V, tube current 40 A, anode material
Cu, monochromator absent, K-Alpha wavelength 1.542512.
The results of XRD analyses are shown in Fig. 3.

4 Results and Discussion

4.1 Lead Mineralization Associated
with Carbonate Rocks

The MVT deposits that mainly occur in the foreland basins
are globally reported from the Middle to Late Paleozoic
rocks of the supercontinent Pangaea reaching 61% of lead
and zinc content in the dated MVT deposits (Leach et al.,
2001). In these period rocks, the MVT deposits are com-
monly associated with fluorite and barite mineralization
(Leach, 1980). The occurrence of lead sulfide mineralization
in the form of galena in Khyber Limestone of Devonian age
and its association with fluorite and barite indicates that the
ore body most probably belongs to the MVT deposit. Barite
mined from Ali Masjid region located at * 5–6 km NW of
the lead mineralized zone (Fig. 1). The Khyber limestone

Fig. 1 Regional geological map
of the Paleozoic rocks exposed in
Khyber and Mohmand districts.
Red square and black dots show
the study area and sample
locations (modified after the
Geological Survey of Pakistan,
1995)
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grades into marble at several horizons, which indicates
recrystallization of limestone. It overlies the Shagai Forma-
tion argillaceous rocks with a faulted contact. The Ghundi
Sar reef complex lies in its north (Fig. 1). The MVT deposits
form at low latitudes, and warmer climates often occur close
to reefal carbonates (Dunsmore & Shearman, 1977). The
occurrence of ooids in the Khyber limestone also indicates a
shallow marine environment and warmer climate. The MVT
ores are deposited along lithological transitions where ver-
tical and lateral permeability variations exist in the carbonate

sequence, common in reef and barrier complexes. It also
includes facies transition from shale to carbonate, sandstone
to carbonates, and limestone to dolostone. Argillaceous units
act as barriers to fluid migration within a stratigraphic
sequence. The presence of shallow marine carbonates, coral
reefs, and intercalated shales in the Silurian to Devonian
rocks of Jamrud, district Khyber confirms the presence of
suitable rock variations in the region for hosting MVT
deposits.

Fig. 2 Photomicrographs showing galena mineralization hosted within
Khyber Limestone in a brecciated wall rock, relative changes in sulfide
mineralization along the wall rocks of galena vein, mineral phases in
dolerite dikes, ooids, and malachite crystals. The concentration of
galena decreases away from the main mineralized fracture zone.
a galena surrounded by quartz grains. The tiny white dots in the galena
are quartz inclusions; b iron oxides crystallized into hematite around
the mineralized zone; c sample BG 3, representing the immediate left
side of wall rock, is altered more and contains a greater number of
opaque minerals as compared to rest of wall rock samples; d, e BG 7
and BG 8 showing fracture filled by calcite and elongated muscovite
around the mineralized zone; f chlorite nucleated in pyroxene and

amphibole grains, elongated apatite needle growth in the matrix.
Apatite grew in a groundmass of the rock and protruded to pyroxene,
amphibole, and plagioclase grains; g photomicrograph showing
well-developed ophitic texture, large crystals of pyroxene and amphi-
bole enclosed randomly oriented euhedral plagioclase laths. Note the
ophitic texture characteristically occurs in dolerite phaneritic intrusion;
(h) photomicrograph showing different shapes of ooids present within
the carbonate matrix. Some dislocation can also be observed, which has
divided ooids into two parts and moved them apart; (i) photomicrograph
showing green-colored malachite crystals along veins, calcite, and
malachite-filled fractures. Malachite crystals grow from wall rocks to
the fracture cavity
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Fig. 3 XRD graphs a sample S 17 collected from a galena mineralized
zone representing galena (G), b sample SF 10 obtained from a fluorite
mineralized zone contains fluorite (F), quartz (Q), calcite (C), and
sodalite (S), c sample BG 3 taken from the brecciated wall rocks
showing goethite (G), calcite (C) and halide (H), d sample BG 7

collected from wall rock showing calcite (C) and quart (Q). In addition,
the presence of quartz gives a siliceous limestone signature to the
rock, e sample S 22 collected from host carbonate showing dolomite
(D) and calcite (C), f sample SF 9 collected from fluorite mineralized
zone showing fluorite (F) and quartz (Q) peaks
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4.2 Carbonate Host Rocks

The Khyber Limestone hosted MVT deposit occurs in a very
high micro to mesoscopic fractured and brecciated structure.
The deposit contains very high-grade galena as indicated by
XRD qualitative peaks (Fig. 3a). The XRD analyses of
samples SF 9 and SF 10 collected from fluorite mineralized
zones show quartz, fluorite, and quartz, fluorite, calcite, and
sodalite, respectively (Fig. 3b, f). Samples BG 3 and BG 7
collected from lead sulfide wall rock indicate high-intensity
peaks of calcite (Fig. 3c, d). The XRD analysis of S 22 gives
dolomite high-intensity peaks with minor calcite (Fig. 3e),
which geochemically indicates that some part of the host
rock has been altered to dolomite. The same has been
reported by McKnight and Fischer (1970) from the Tri-State
district, where the host limestone rocks crystallized to
dolomite. Fractured and brecciated carbonates near coral
reefs with both secondary and primary porosity and per-
meability are highly favorable sites for MVT ore bodies.
MVT is often restricted to dolomite compared to limestone
(Leach et al., 2005). Extensive dolomite is determined in
XRD graphs (Fig. 3e). MVT deposits are usually charac-
terized by dolomite and calcite alterations (McKnight &
Fischer, 1970). These alterations were frequently observed
across and along the sulfide-mineralized zone through
changes in color, composition, and texture (Fig. 2).

4.3 Source of Sulfur

Sulfur-rich organic materials, connate seawater, SO4 bearing
evaporates, H2S reservoir gas, diagenetic sulfate, and
reduced sulfur in anoxic waters of stratified basins are con-
sidered sources for sulfur in MVT deposits (Deng et al.,
2017; Leach et al., 2005; Ohmoto & Rye, 1979; Sangster,
1990). Recent field investigations during this study have
identified organic-rich shale beds in the Khyber Limestone.
The sulfur-rich organic shale bed is at * 2 km NW of the
lead mineralized zone. It has been presumed that sulfur
preserved in the organic shale beds could be one of the
potential sources of sulfur for lead sulfide mineralization in
the region. The sulfur from the source could be transported
as part of the basinal brines deposited along the fractures and
brecciated zone (cf. Leach et al., 2005).

5 Conclusions

Very similar in characteristics to many studied MVT
deposits in the world, Jamrud sulfide deposits of this study
constitute dominantly galena, whereas sphalerite is absent.

We conclude these studied sulfide deposits by referring
to them as MVT ore deposits based on the following
evidence:

(1) Hosted by a fractured and brecciated part of car-
bonate rocks. (2) Presence of coral reef and ooids in the
north of the sulfide-mineralized zone. (3) In the vicinity of
these sulfide deposits, fluorite, barite, and traces of copper
in malachite are associated closely with MVT ore deposits.
(4) Presence of lithological transitions in the studied area
from shale to limestone and limestone to dolostone adds
more focus to calling studied sulfide mineralization an
MVT deposit. (5) Host rocks belong to the geological time
frame where about 61% of MVT ore deposits formed.
(6) The organic-rich shale bed located at * 2 km NW of
the lead mineralized zone indicates that it might have pro-
vided sulfur for forming this sulfide ore mineralization in
Khyber district, one of the critical factors for MVT ore
deposition.
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Microfaciological Characterization
of Calcareous Crusts of Pleistocene
Moghrebian Strata in the Coastal Basin
of Tarfaya (Morocco): Paleoclimatic
Implications

Fatima Jira and Abdallah Lakhouili

Abstract

The Pleistocene Moghrebian strata in the Tarfaya
(Morocco) coastal basin comprise alternating beds of
conglomerate, lumachelle, sandstone, calcarenite, and a
calcareous crust on the surface. The diagenetic evolution
of the Moghrebian strata is very precocious. It is
characterized by the dissolution of bioclasts, the crystal-
lization of microsparitic calcite, and the corrosion of
quartz in the crust due to the over-saturation of the
medium with calcium carbonate. Supersaturation of
the environment with calcium carbonate has promoted
the development of a calcareous crust on the surface of
the Mogrebian strata by isovolumetric epigeny of the
initially deposited detrital material. This calcification has
occurred in a climate of alternating wet and dry seasons,
where wet seasons are characterized by the dissolution of
quartz and dry seasons are characterized by intense
evaporation, the crystallization of calcite in quartz
corrosion concavities, and the neoformation of paly-
gorskite and sepiolite. The fine fraction of the different
beds are characterized by the following clay minerals:
chlorite, illite, kaolinite, smectite, interlayered clay
(chlorite-smectite, chlorite-vermiculite, vermiculite-
smectite), and fibrous clay (palygorskite and sepiolite)
of detrital origin. Palygorskite and sepiolite occur as
detrital clays in all the studied beds and as newly formed
clays in the superficial calcareous crusts.

Keywords

Moghrebian � Palygorskite � Crystallization � Crust �
Neoformation � Tarfaya � Epigeny � Pleistocene

1 Introduction

The coastal basin of Tarfaya is located on the western
margin of the Sahara platform in North Africa. The Atlantic
Ocean borders the basin to the North-West and West, the
South Atlas Range to the East and South-East, and the
Sebkha Et-Tah to the south (Fig. 1). Lower Pleistocene
conglomerate, sandstone, lumachelle, and limestone beds are
collectively called the Moghrebian strata (Choubert, 1957).

The lithostratigraphic data (Choubert et al., 1966) from
the Tarfaya coastal basin show a Precambrian basement
overlain by strata ranging in age from Paleozoic to Quater-
nary (Choubert et al., 1966). Most outcrops are of Creta-
ceous strata with a monocline structure (Abou ali et al.,
2005). The tabular shape of the Tarfaya coastal basin results
mainly from (1) sediment progradation toward the west; and
(2) positive vertical movements during the Late Cretaceous
belonging alpine tectonic phase (Kabbachi et al., 2001). In
Morocco, Moghrebian strata of Lower Pleistocene age were
defined in the Rabat region, consisting of detrital deposits
lying unconformity over Pliocene strata (Arambourg &
Choubert, 1965; Choubert, 1957) characterized by the
coexistence of Pliocene and Quaternary fauna (Lecointre,
1966) In the Tarfaya coastal basin, the Moghrebian strata are
represented by sub-horizontal biodetritic series of marine
and continental origin. At most locations, this series overlies
an unconformity on Cretaceous marls, although in a few
places in the southwest part of the basin, the Moghrebian
series overlies Pliocene sandstone. The Pleistocene age of
the Moghrebian is assigned based on lithological and pale-
ontological comparisons (Choubert et al., 1966; Lecointre,
1966) and palynological determinations (Ortlieb, 1975). The
development of a calcareous crust at the top of the biodetritic
series gives it the name Moghrebian Dalle (Bouab, 2001).

This manuscript presents new data on the lithology and
microfacies of Moghrebian strata and their clay mineral
content. These data are used for the microfaciological
characterization of calcareous crusts and subsequently for
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reconstructing the climatic conditions that prevailed in the
coastal basin of Tarfaya during post-Moghrebian times.

2 Methods

Two kinds of studies were carried out to clarify the crust
development modalities: the microfacies study and the X-ray
diffractometry of fine fractions. In addition, stratigraphic
surveys were carried out in the field to make the lithos-
tratigraphic logs representative of the area (Figs. 2 and 3).

Forty-seven samples were selected for the clay mineral
study and were leached for 12 h. When the clay fraction (< 2
lm) was separated from the obtained stable suspension, it was
spread on oriented sections that were analyzed using an X-ray
diffractometer. This analysis consisted of recording the fol-
lowing three diagrams for each sample after their preparation;

• A “normal” diagram (without treatment);
• A “heating” diagram produced by heating the sample for

4 h at 490 °C;
• An “ethylene–glycol” diagram was produced by placing

the slides in a vacuum overnight in the presence of
ethylene–glycol.

For the study of microfacies, thin sections were made for
lumachelle, calcarenites, sandstones, and surface crusts.
These slides were microscopically studied using a polarizing
microscope.

3 Results

The Moghrebian strata are present along a 350 km-long
stretch of the coast between Râs Takoumba and Tarfaya
(Fig. 2). The lithostratigraphic logs show that the

Moghrebian strata range in thickness from 5 to 30 m and
comprise conglomerate, lumachelle, sandstone, and cal-
carenite beds (Fig. 3). The uppermost bed of the
Moghrebian strata is a remarkably developed calcareous
crust rich in terrestrial gastropods. In addition, many beds
are characterized by diagenetic features such as the dis-
solution of bioclasts and the crystallization of microsparitic
calcite in dissolution pores and drusic cement in inter-
granular pores.

The calcareous crust is characterized by micritic veins
and nodules, grains with ooids, and an accentuated corrosion
of the detrital elements, especially quartz grains. Further-
more, diffractograms of the fine sediment fraction in the
different beds of the lithostratigraphic logs indicate the fol-
lowing assemblage of clay minerals: chlorite, kaolinite, illite,
smectite, interlayered clay (chlorite-smectites, chlorite-
vermiculite, vermiculite-smectite), and fibrous clay (sepio-
lite and palygorskite). The latter is especially abundant in the
superficial crust. The percentage of the various clay minerals
in the logs is listed in Table 1.

4 Discussion

Pliocene–Pleistocene strata are not common in the coastal
basin of Tarfaya. However, Pleistocene marine strata are
represented there by the Moghrebian and Uljian strata,
which denote the classic last stage of the stratigraphy of the
Quaternary marine units in North Africa (Brebion & Ortlieb,
1976).

The Moghrebian strata show significant variability in
lateral extent and thickness. The thickness variability is
explained by the alternation of sediment deposition/erosion
phases that can be related to regional variations in sea level.
The diagenetic evolution of these strata is very precocious
and characterized by bioclast dissolution. This dissolution

Legend

Limit of the study area

Al�tudes (meters)

City

Study area

Fig. 1 Location of the studied
area (coastal basin of Tarfaya,
Morocco)
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increased the rock’s porosity and enriched the environment
in calcium carbonate, thus promoting the precipitation of
microparticle calcite in the form of drusic cement. As a
result, the surface crust is characterized by strong quartz
grains corrosion and calcite precipitation in the corrosion
concavities. This corrosion occurs either by developing
concavities on the quartz grain's surface until it is completely
replaced by calcite or by the bursting of the quartz grain
before its dissolution and its total replacement by calcite.
This process corresponds to isovolumetric calcareous epi-
geny (Millot et al., 1977) (Fig. 4).

The presence of continental gastropods and the nodular
appearance of the superficial calcareous crusts indicate that
the phenomenon affects the upper section of previously
deposited detrital sediment. In addition to the abundance of
palygorskite and sepiolite, such calcification can only occur
in a climate of alternating wet and dry seasons. During the
wet season, the supersaturation of carbonate solutions cre-
ates destabilization of the silica and, subsequently, the dis-
solution of quartz and the release of silica in the medium.

During dry seasons, evaporation becomes significant.
Solutions are oversaturated, the pH increases, and calcite

precipitates. The epigenesis of quartz also marks dry seasons
by calcite and by the neoformation of magnesian fibrous
clays (palygorskite and sepiolite). The abundance of clay
mineral types (illite, kaolinite, chlorite, smectite, interlayered
clay, palygorskite, and sepiolite) in the studied beds is
unrelated to the sample lithology. In addition, the burial
diagenesis of these strata is negligible, which confirms the
detrital origin of these clays.

Fibrous magnesian clays (palygorskite and sepiolite)
often develop in calcareous crusts formed in arid climates
(Guettouch et al., 2006; Paquet, 1983). Their presence in the
calcareous crusts surmounts the Moghrebian strata of the
Tarfaya coastal basin which could be explained by their
neoformation from the hydrolysis of silicates in a basic
medium (Millot, 1964). In addition to their neoformation in
the superficial crusts, which is associated with massive
drought and evaporation, these clays seem to be derived
from the Lower Eocene strata of the Tarfaya basin, where
they are very abundant. Similar fibrous clays (palygorskite
and sepiolite) in dry coastal climatic conditions have been
reported in the northeast Atlantic, Mediterranean, and Indian
basins (Sajid et al., 2019).

Fig. 2 Geomorphological and geological sketch of the studied
area according to Arambourg (1952). The stars indicate the location
of sampled sections: A: Bou Issafen; B: Aoreora; C: Draa; D: Chebeika

North; E: Chebeika South; F: El Waar; G: Sidi Akhfennir; H: Sebkha
Tazra; I: Carriere Shell; J: Sidi Aila; K: Sebkha Tisfourine
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Fig. 3 Lithostratigraphic logs of Pleistocene Moghrebian strata in the coastal basin of Tarfaya

Table 1 Clay mineral data (weighted average by log) from the Pleistocene Moghrebian strata in the coastal basin of Tarfaya

Log Kaolinite
(%)

Illite
(%)

Chlorite
(%)

Smectite
(%)

Palygorskite
(%)

Sepiolite
(%)

Chl/Verm
(%)

Verm/Smect
(%)

Chl/Smec
(%)

Bou Issafen 10 42 46 0 2 0

Aoreora 39 23 13 15 9 0 1

Draa 10 7 24 48 11 0 0 0

Chébeika N 3 21 26 23 27 0

Chébeika S 7 35 11 0 26 21

EL Waar 11 14 15 32 10 9 9

S Akhfennir 1 26 7 0 49 17

Sebkha Tazra 25 21 15 23 14 0 1

Carr Shel 15 35 20 25 4 1 0

Sidi Aila 17 47 25 4 6 0

Tisfourine 7 45 32 0 15 0
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5 Conclusion

The diagenetic evolution of the Pleistocene Moghrebian
strata of the coastal basin of Tarfaya is very precocious.
The dissolution of bioclastic debris and the beginning of
drusic cementation characterizes this evolution. The
development of calcareous crusts by the isovolumetric
epigeny of quartz by calcite at the top of the Moghrebian
strata and the richness of these crusts in palygorskite
sepiolite imply that the climate during post-Moghrebian
times has been marked by the alternation of wet and dry
seasons. Wet seasons favor the mobility of ions in solution,
whereas dry seasons favor the neoformation of magnesian
clays, calcareous epigenesis, and the crystallization of
micritic calcite into microsparite.
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Chlorides’ Concentration Assessment
in the Waters of the Sila Massif
(Calabria, Southern Italy)

Ilaria Guagliardi, Tommaso Caloiero, Ernesto Infusino,
Simona Gaglioti, and Nicola Ricca

Abstract

In this study, 63 water samples were collected and
analyzed using UV spectrophotometry for chloride (Cl−)
contents inside the Sila Massif (Calabria region, Italy). In
addition, the spatial distribution of chlorides in the study
area was performed through the geostatistical approach.
Results showed a good quality status of the spring waters
in the Sila Massif, considering that their Cl− content was
lower than the permissible levels of chloride for safe
drinking water. Furthermore, the observed Cl− concen-
trations are strongly affected by the geological nature of
the rocks of the aquifers of the study area. Therefore, the
knowledge of chloride sources may help decision-makers
identify the presence of contaminants that can disturb
drinking.

Keywords

Chloride � Water � Geochemistry � Geostatistics �
Mediterranean

1 Introduction

Chloride (Cl−) is a major anion in all-natural waters (Granato
et al., 2015). Since most chloride naturally present in water
comes from dissolved rocks and minerals, the natural chlo-
ride content for an area varies considerably according to its
geology. Upon contacting the land surface, Cl− concentra-
tions in water increase due to the interaction with soils,

rocks, and biota (waste products) and the atmospheric con-
tributions (Gaglioti et al., 2019; Mullaney et al., 2009).
Although chloride is a relatively minor contaminant, it is
non-toxic to humans (however, elevated levels make water
unpotable due to the salty taste), and it is deleterious to some
plants and aquatic biota (Scott et al., 2019). Furthermore,
various anthropogenic sources (e.g., wastewater, fertilizer,
and animal waste) increase the chloride concentrations in
many receiving waters (Kelly et al., 2019). This investiga-
tion aimed to determine the chloride concentrations in the
Sila Massif (Calabria, southern Italy) and to relate these
concentrations with local geology to identify the source(s) of
Cl−. These aims have also been obtained using geostatistical
methods, an essential tool for most scientists (Buttafuoco
et al., 2017). It is important to conduct this survey in the
selected area because the Sila Massif is sufficiently repre-
sentative of more expansive territories in the Mediterranean
setting.

2 Materials and Methods

Spring waters were collected from 63 sites inside the Sila
Massif, located in the central-northern area of the Calabria
region (Fig. 1). The study area consists of an
igneous-metamorphic complex with acidic mineral associa-
tions. The Mesozoic and tertiary sedimentary soils have a
modest extension and are formed by Calabrian sediments,
i.e., sands and conglomerates (Iovine et al., 2018). The study
area presents a high climatic variability due to its position in
the Mediterranean and its mountainous nature (Buttafuoco
et al., 2016, 2018; Coscarelli et al., 2004; Pellicone et al.,
2019). The sampling was carried out from February to May
2020, during which the spring's maximum flow rates are
generally recorded. The chloride contents were analyzed by
UV Spectrophotometry. The quality control results were
within accepted international standards (< 5%). The valua-
tion of Cl− content in water was performed by analyzing
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its spatial distribution through geostatistical methods
(Matheron, 1971), precisely by using ordinary kriging
(Chilès & Delfiner, 2012; Webster & Oliver, 2007).

3 Results

Basic statistics for Cl− in waters sampled are reported in
Table 1. Results highlighted that the Cl− maximum con-
centration in mg l−1 was 85.12, the minimum was 7.80, and
the mean was 17.97 (st. dev. 11.63). A nested model was
tested to fit the shape of the experimental variogram for Cl-
content, whose goodness was checked by cross-validation.
The results were acceptable for the statistics used, i.e., the
mean of the raw estimation errors was close to 0, while the
variance of the standardized error was close to 1.

Figure 2 shows the spatial distribution map of Cl− con-
tent produced by the ordinary kriging technique.

4 Discussion

Chloride concentrations suitable for human consumption and
agricultural and industrial water use are commonly on the
order of 10–1000 mg per liter. In the present study, the

chloride level recorded in the whole sampling point of the
spring waters was lower than the permissible chloride levels
for safe drinking water set by WHO in 250 mg l−1 (WHO,
2003). Furthermore, the distribution map of the chlorides
shows higher concentrations in the northern-western part of

Fig. 1 a Sila Massif with the
water sample locations in the
square. b Lithological map of the
study area: (1) limestones and
dolostones, (2) metamorphic
rocks with ophiolites, (3) sand,
clay, and gravel, (4) clayey and
marly terranes, (5) flysch,
(6) sandstones, conglomerates,
and limestone banks, and
(7) intrusive metamorphic
complex

Table 1 Basic statistics for Cl− water content

Min Max Mean Standard deviation Kurtosis Skewness

Cl− 7.80 85.12 17.97 11.63 18.48 3.72

Fig. 2 Spatial distribution of chloride concentration in Sila Massif
waters
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the study area, where the intrusive metamorphic complex
occurs, than in the eastern one, where the lithology also
includes flysch, sandstones, conglomerates, and limestone
banks. Indeed, the recorded Cl− contents in the Sila Massif
waters can be ascribable to the area's geology, whose min-
eralogical composition of the rocks and soil permeability
strongly affected the waters’ geochemistry. Conversely, no
human activities were individuated as responsible for the
chloride increase in the spring waters.

5 Conclusions

The study in the Sila Massif (Calabria, Southern Italy) on
spring water samples confirms that the chloride ion con-
centration was within the limit. Furthermore, a correspon-
dence between Cl− content and local geology has been
observed. This outcome complies with the geochemistry of
the study area waters, which are relatively shallow, coming
from intrusive aquifers. Furthermore, the geochemical and
climatic characteristics of the study area are common to
other wide Mediterranean regions. Therefore, relevant con-
siderations could be applied in similar contexts.
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Geothermal Supply System for a Winery
on a Volcanic Island (Lanzarote,
Canary Islands)

Juan C. Santamarta, Giovanni Lemes Pacheco,
Jesica Rodríguez-Martín, Mª del Cristo Expósito,
Alejandro García-Gil, and Noelia Cruz-Pérez

Abstract

Geothermal energy comes in many different forms
depending on the specific conditions of the resource.
For example, in volcanic areas (such as the Canary
Islands) or with subduction of tectonic plates, deposits of
water/steam of very high energy and temperatures (150°–
350 °C) are sometimes produced, known as high enthalpy
resources. Due to their high quality, these can be used for
electricity production in binary cycles. The design of a
geothermal heat pump system to replace conventional
cæold and heat production systems in a winery on the
island of Lanzarote (Canary Islands, Spain) is presented.
First, a calculation system based on the Matlab program
was designed to review the influences of the winemaker’s
decisions on the cold and heat consumption of the winery.
After calculating hot and cold water consumption and
heat pump requirements, a field of geothermal probes was
designed using available software. Subsequently, the
dimensions of the liquid impulsion equipment were
estimated, and an electrical installation was created for
the whole system. The data considered are related to
winery logistics, must properties, environment, tank
dimensions, and energy needs (cooling and heating).
Finally, it was decided to use a reversible heat pump with
exhaust heat recovery. This system allows heat extracted
by the cooling system to be partly used to produce hot

water instead of all of it being discharged to the ground.
The cooling system will be operated for 18 h daily as a
design criterion. The pump selected for the final project
installed has an exhaust heat recovery system that allows
domestic hot water to be produced in cooling mode. Hot
water generation, when the heat pump is cooling, is
15 kW, and the temperature provided is 60 °C, which is
adequate to meet the hot water needs of the winery. In
addition, the heat pump’s heat sink is in the ground,
which remains in practically constant conditions through-
out the year, so the effect of outside temperature is
minimized. In general, the main advantages of installing a
geothermal system are energy savings and reduction in
CO2 emissions.

Keywords

Geothermal energy � Low-enthalpy � Heat pump �
Refrigeration � Winery

1 Introduction

The energy accumulated on earth represents an opportunity
to address energy supply and efficiency issues. Conventional
energy resources, such as oil, natural gas, coal, and uranium,
which are increasingly consumed in the world, originate
from finite energy resources extracted from the earth’s crust.
Moreover, only one energy resource from the crust is
renewable, namely geothermal energy (Drahansky et al.,
2016).

The ground possesses high heat storage capacity and low
thermal conductivity. In fact, at a depth of 15–20 m, the
temperature remains practically constant throughout the year
(Muñoz et al., 2015). These conditions can provide renew-
able energy to supply the heating and cooling needs of a
room throughout the year and even generate a certain
amount of hot water. The equipment most used for this
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purpose is the geothermal heat pump, capable of extracting
heat from the ground and injecting it into a room or, working
in a reverse cycle, removing heat from the room and
injecting it into the ground. In cooling mode, heat extracted
from the building is transferred to the ground. In heating
mode, heat extracted from the earth is moved to the structure
(Márquez et al., 2016).

2 Materials and Methods

Winemaking is a seasonal process, and production is
concentrated in a short period, which may vary depending
on the climatic conditions of each year. Much of the
energy consumed is used for refrigeration due to the
importance of operating below climatic temperatures to
ensure product quality (Carlos et al., 2009). The temper-
ature has a significant influence on oenological processes.
An increase in temperature accelerates the dissolution of
solids, the volatilization of gases and liquids, and the
speed of chemical reactions. On the other hand, a decrease
in temperature decreases the solubility of gases and exerts
a complex action on the development of microorganisms
(at first favorable and then inhibitory) and on the products
of their metabolism (Blouin & Maron, 2006). The distri-
bution of energy consumption is not homogeneous since
the consumption of refrigerated energy is produced,
especially during white vinification and in different auxil-
iary operations. In general, refrigeration needs vary
throughout the day, as many of the processes occur
intermittently at other times of the day. In addition, energy
consumption depends on the time of year, with a peak
toward the middle of the harvest period, when the arrival
of the grapes overlaps with the fermentation process
(Carlos et al., 2009).

Refrigeration and heating needs vary throughout the
winemaking processes, concentrating on the harvest stage,
when the procedures with the highest thermal demands are
carried out. For this reason, computer tools have been used
to calculate the needs in different scenarios and to verify that
the size of the facilities follows these assumptions. The
processes studied and measured refrigeration for desludging
and its thermal losses, refrigeration for fermentation and its
thermal losses, and losses associated with the distribution of
the cooling fluid. In addition, other cooling and heating
processes are carried out, whose impact on the size of the
facilities is minor. These include temperature-controlled
maintenance of elaborated wines, generation of domestic hot
water for various uses, production of hot water for tank
cleaning, and production of hot water for disinfection of the
bottling line.

3 Results

3.1 Refrigeration Needs

The winery’s refrigeration equipment is designed to meet the
refrigeration needs during the harvest season. Therefore, all
the starting conditions for performing the calculations were
entered in a Matlab function that calculates energy demand
autonomously and has the following sections: (a) Start data
(logistics data, must characteristics, temperature and
humidity, fermentation tank, and refrigerant distribution);
(b) Racking; (c) Losses per wall during desludging;
(d) Needs for fermentation refrigeration; (e) Wall losses
during fermentation; (f) Losses in the cold water distribution
line; (g) Unification.

The usual method in the winery consists of working in
batches, with tanks at different stages of fermentation and
generating different amounts of heat at each harvest stage.
To quantify the effect of these tanks, it has been assumed
that all batches of must are equal in quantity, acidity, and
sugar content and that they will ferment at the same tem-
perature. Therefore, they are generated periodically, typi-
cally one batch each day.

The effect of climate is only influential when using a heat
pump whose heat sink is the ambient air (López & Secanell,
1992). Therefore, in this facility, it was decided to use a heat
pump in which the heat sink is in the ground and remains in
practically constant conditions throughout the year. Hence,
the effect of the external temperature is minimal.

3.2 Heating Requirements

The facility also needs hot water for the disinfection of the
bottling line, the cleaning of the tanks, and domestic hot
water (DHW) for the services of the workers. Considering a
demand of 15 L per person and day, and knowing that in its
moment of maximum production, the winery has 15 work-
ers, the need for domestic hot water will be 225 l/d.

Additionally, the bottling machine must be rinsed before
use. Each wash consumes 500 L of water at 90 °C for dis-
infection of all its pipes, which takes place twice a month.
The facility has been designed, so that the bottling tank is
filled with hot water produced by the heat pump at a tem-
perature of 60 °C. The additional energy needed to reach
90 °C is obtained using electric resistance incorporated in
the accumulator. The tanks can be washed with cold or hot
water. However, the advantage of hot water is that it has
greater descaling power, achieving savings in using cleaning
products. Therefore, whenever it is available, hot water is
used to wash the tanks.
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4 Discussion

The energy consumed in wine production is mainly due to
lighting, grape processing, pumping filtration and mixing,
bottling, thermal conditioning, sterilization, cleaning, wine
moving machinery, and miscellaneous (Smyth & Nesbitt,
2014). Calculations have shown that cold water require-
ments are more significant than hot water requirements and
that refrigeration will be necessary every day of the year.
Therefore, it was decided to use a reversible heat pump, as
this system allows heat extracted by the cooling system to be
partly used to produce hot water instead of being sent into
the ground.

Since there are no wells around the winery, it was decided
to construct a closed geothermal circuit with vertical probes.
The facility costs depend on the depth of the reservoir, the
various applications, the type of technology used, and the
maintenance required (Xydis et al., 2013).

5 Conclusions

Low-temperature geothermal facilities applied to buildings
are cost-effective and adapt to the thermal needs of different
facilities and uses. Low-enthalpy projects are viable due to
the following: Less dependence on primary energy, which is
one of the objectives sought when using renewable energies;
geothermal energy is clean energy and reduces CO2 emis-
sions to the atmosphere, and it is very efficient as it comes
from an inexhaustible source of energy. It is also an excel-
lent alternative to conventional heating systems and resi-
dential air conditioning; monitoring inside the facility

through an intelligent control system makes it much more
profitable in system maintenance and energy efficiency.
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Origin of Çardak Tephra, SW Turkey

Rengin Özsoy, Erkan Aydar, and Orkun Ersoy

Abstract

The origin of the Çardak tephras remains a mystery. Two
different remarks on this issue were presented by Kazancı
et al. in Glob Planetary Change 80–81:36–50 (2012),
Sulpizio et al. in J Quaternary Sci 28:329–335 (2013).
Kazancı et al. in Glob and Planetary Change 80–81:
36–50 (2012) reported that the Çardak tephras were
formed by the eruption of the Yalı-Nisyros volcano, while
Sulpizio et al. in J Quaternary Science 28:329–335 (2013)
associated them with the Minoan eruption. By solving
this enigma, we aim to contribute to future studies on the
distribution of tephra belonging to the Aegean Islands’
volcanism. Using SEM-EDS, we performed chemical
analyses on volcanic glass, minerals, and xenoliths.
Moreover, whole-rock geochemical analysis (major,
trace, and rare earth elements), XRD, and grain size
analysis are reported in this contribution. During the
analysis of the tephras, the predominance of xenoliths/
xenocrystals belonging to different basement rock groups
was noted. Moreover, albite and quartz peaks were
observed in XRD results. We believe that the xenoliths
significantly influence our geochemical analysis. Conse-
quently, we found these chemical analyses irrelevant to
compare with volcanic sources. Instead, we think that
using the chemistry of volcanic glasses to investigate the
origin of tephra will give more accurate results. The
volcanic glass analyses of the Çardak tephras exhibit a
rhyodacitic/rhyolitic composition. After comparing the

major oxides values are obtained from the glass analysis
of the Çardak tephras with the glass analysis of the
volcanic eruptions in different Aegean islands, the glass
chemistry is similar to the Minoan Eruption of Santorini,
as was already claimed by Sulpizio et al. in J Quaternary
Science 28:329–335 (2013).

Keywords

Çardak tephra �Minoan eruption � Acıgöl graben � Ash
dispersal � Contamination

1 Introduction

Throughout history, the Mediterranean has hosted many
volcanic events caused by subduction-related processes
(Dilek & Sandvol, 2009; Sengör & Yilmaz, 1981; Yilmaz
et al., 1998). One of the most destructive and well-known
eruptions is the Minoan (Druitt et al., 1989; Hamann et al.,
2010; Karátson et al., 2020; Stock et al., 2020). The volcanic
products of the Minoan eruption are widely distributed
(Aksu et al., 2008; Eastwood et al., 1999; Goodman-
Tchernov et al., 2009; Guichard et al., 1993). Previous
studies have reported that tephras of the Minoan eruption
have been observed in different regions of Turkey (Aksu
et al., 2008; Aydar et al., 2021; Guichard et al., 1993). The
Çardak tephras, found within the Acıgöl Graben of Western
Anatolia, are also tephra levels associated with volcanic
eruptions in the Aegean Arc volcanism (Kazancı et al., 2012;
Sulpizio et al., 2013). This study's characterization of the
Çardak tephras was approached from a new perspective.
Different researchers have reported two separate studies on
the Çardak tephras. While Kazancı et al. (2012) stated that
the tephras were produced due to Yali-Nisyros volcanism,
Sulpizio et al. (2013) reported that the eruption that caused
the formation of Çardak tephras was related to the Minoan
eruption of Santorini. We tried to solve this mystery and
shed light on the origin of the Çardak tephras with our work.
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2 Methodology

Microscopy analysis of volcanic ash samples taken from the
Çardak Formation was performed at Hacettepe University by
using a Zeiss EVO 50-EP Scanning Electron Microscope
(SEM) equipped with a Bruker XFlash 3001 Energy Dis-
persive Spectrometer (EDS) operating in backscattered
electron (BSE) mode and secondary electron (SE) at beam
conditions of 15–20 keV accelerating voltage. Whole-rock
major and trace element compositions of Bozkurt-4 and
Bozkurt-2 samples were carried out in ACME laboratories.
The ICP-ES (emission spectrometry) method performed
major element analyses, and trace element contents were
obtained by ICP-MS (mass spectrometry). X-ray diffraction
(XRD) analyses were performed for Bozkurt-2 and
Bozkurt-4 samples using Empyrean, Malvern Panalytical,
Worcestershire, UK, at Niğde Ömer Halisdemir Central
Research Laboratory. Classification diagrams of whole rock
and glass analyses were made using PetroGram (Gündüz &
Asan, 2021).

3 Results

The chemistry of the Çardak tephras was determined to be
rhyolitic and rhyodacitic (Fig. 1), according to the classifi-
cation diagram of Le Bas et al. (1986). Alkali feldspar,
albite, andesine, labradorite, bytownite and anorthite oligo-
clase, augite, diopside, pigeonite, enstatite, olivine, and
quartz are found in free form in the Çardak tephras. Xeno-
liths are predominantly of magmatic origin. However,
dolomite, calcite, and some xenoliths/xenocrystals of meta-
morphic origin were also observed in the samples. More-
over, the XRD analysis results show quartz and albite peaks.

4 Discussion

The Mediterranean region has hosted many volcanic activ-
ities throughout the Neogene (Aydar & Gourgaud, 1998)
and Quaternary, with the effect of the Hellenic arc formed by
subduction (Dilek & Sandvol, 2009; Palladino et al., 2008;
Sengör & Yilmaz, 1981). The products of the eruptions in
the Mediterranean show a wide spread of ash (Hamann et al.,
2010; Tomlinson et al., 2015; Wulf et al., 2020). One of
these dangerous and devastating eruptions is the Minoan
eruption of Santorini (Aydar et al., 2021; Druitt et al., 1989).
The volcanic products of the Minoan eruption were observed
at locations in Western Anatolia (Aksu et al., 2008; Aydar
et al., 2021). Kazancı et al. (2012) and Sulpizio et al. (2013)
provided two different hypotheses on the origin of the Çar-
dak tephras that can be found within the colluvial fan of the
Acıgöl Graben of Western Anatolia. Kazancı et al. (2012)
stated that these tephras belong to the Yali-Nisyros volcan-
ism. Considering that both the minerals belonging to the
different basement rock revealed by XRD analysis affect the
whole rock composition and the chemical analyses taken
from the volcanic glasses, the origin of the Çardak tephras
has been determined as the Minoan eruption, as previously
reported by Sulpizio et al. (2013).

5 Conclusion

This study focused on the origin of the Çardak tephras
within the colluvial fan of the Acigöl Graben of Western
Anatolia. Considering the major oxide values of the Çardak
tephras, it has been observed that the composition of the
Çardak tephras is compatible with the Minoan eruption of
Santorini. Xenoliths of different origins encountered during

Fig. 1 TAS diagram of Çardak
tephras (Le Bas et al. 1986). Data
are from; Minoan (Wulf et al.
2020), Yali-Nisyros (Koutrouli
et al. 2018)
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the investigation made with SEM-EDS and quartz and albite
minerals observed in the XRD results indicate contamination
in the samples.
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Distal Pyroclastic Current Deposits
of the 79 AD Vesuvius Eruption
on the Mountains Adjacent
to the Campanian Plain

Ileana Santangelo, Claudio Scarpati, Annamaria Perrotta,
Lorenzo Fedele, and Giulia Chiominto

Abstract

Literature data show that the two most widespread
Vesuvius 79 AD pyroclastic density currents (PDCs) have
been traced over a large area around the volcano throughout
the Campanian plain. Here, we present stratigraphic and
volcanological evidence for 79ADPDC deposits on higher
elevated areas bordering the Campanian plain. More
specifically, a sequence of ash deposits, with erosive basal
contacts, interstratified with lithic-rich lapilli fall layers (D,
G1,G3, I, andX2), has been observed above a thick pumice
blanket that has been associated with the Plinian phase on
the Lattari mountains between 50 and 300 m asl. We use
fall layers as guide levels that allow the correlation of the
distal ash deposits with the proximal/medial stratigraphic
sequences. The ash PDC sequence ranges in thickness from
22 cm (where local debris flows partially erode it) to
150 cm (where it thickens against anthropic structures).
This study demonstrates that most PDC units recognized in
medial areas, including the final phreatomagmatic events,
are traceable on mountain slopes about 20 km from the
vent. The discovery of PDC units at altitudes as high as
300 m asl adjacent to the Campanian plain suggests an
inflated and turbulent nature of the parental pyroclastic
currents and a limited shielding effect of the mountains to
the spread of the PDCs.

Keywords

AD 79 vesuvius eruption � Distal pyroclastic current
deposits � Post-plinian phase

1 Introduction

Plinian eruptions are characterized by buoyant plumes,
widespread fall deposits, and total or partial collapse regimes
emplacing pyroclastic density currents (PDCs) (Cioni et al.,
2015). Although, most of the volume of magma emitted is
usually associated with a sustained column phase, the gen-
eration and propagation of PDCs cause the greatest damage
to the territory and the resident populations (Neri, 2015).
One of the most important examples in this sense is repre-
sented by the 79 AD Plinian eruption of Vesuvius, during
which several PDCs destroyed and buried the Roman cities
of Pompeii and Herculaneum and many suburban villas
(Cioni et al., 2004; Luongo et al., 2003; Sigurdsson et al.,
1985). The destructive impact is mostly observed 10 km
from the vent, even if a PDC probably killed the famous
Pliny the Elder near Stabiae, ca. 15 km south of Vesuvius
(Sigurdsson et al., 1985). PDCs were generated during and
after the Plinian phase by a partial to entirely collapsing
plume (Shea et al., 2011). The two most energetic PDCs
inundated the Campanian Plain south of Vesuvius (Tadini
et al., 2021).

Here, we present stratigraphic and volcanological evi-
dence for 79 AD PDC deposits on the mountains bordering
the Campanian plain.

2 Methods

The composite stratigraphy of the 79 AD Vesuvius eruption
deposits, illustrated here, follows the naming scheme pro-
posed by Scarpati et al. (2020). The relationship between
this stratigraphy and previously published data is described
in Scarpati et al. (2020). Lithofacies were described using
non-genetic terms based on the lithological characteristics of
the deposits (e.g., internal structures, grain size, sorting,
component variations, and welding intensity).
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3 Results

3.1 Stratigraphy

In distal areas, beyond 15 km from the vent, ash deposits are
observed at altitudes between 50 and 300 m asl on the
Lattari mountains (Fig. 1). They are not interbedded with the
Plinian pumice fall deposit but lie above it (Fig. 1). The
lowermost ash deposit, unit E, which is poorly sorted
(r/ = 2.15–2.73), exhibits a massive structure with gray
pumice clasts at the base and rare armored lapilli. It thickens
toward obstacles. Unit F is poorly sorted (r/ = 2.18–3.02),
stratified, and shows diffuse accretionary lapilli. Unit H is a
massive ash deposit with accretionary lapilli. Locally, it
thickens in small depressions, and accretionary lapilli con-
centrate at the top. Unit L is an accretionary lapilli-bearing
horizon. Unit N is a thin, very fine ash deposit. It is overlain
by unit X1, a poorly sorted, lithic-rich, coarse ash deposit
documented here for the first time. Finally, above the
uppermost lithic-rich fall deposit (X2), a stratified ash
deposit, unit O, is observed. Accretionary lapilli are diffused
in the whole unit and concentrates at the base and in
the middle. Lithic clast content increases from 14 to 40 wt%
from E to X1, while the overlying unit O has 5–15 wt%.

3.2 Lithofacies

Lithofacies recognized in the distal 79 AD PDC deposits are
described, and their emplacement mechanisms are discussed
in Table 1. Facies description indicates that the depositional
system shows spatial and temporal variability in many
parameters (e.g., concentration and components). Massive
facies are generally overlain by accretionary lapilli-bearing
tuff, indicating an increasing involvement of external water
in the eruptive dynamics. Large-scale lateral facies variation,
from proximal to distal locations, shows a substantial
decrease in grain size and lithic content and few types of
facies in distal areas. These sedimentological variations
generally reflect a depletive competence and nonuniform
behavior of all post-Plinian AD 79 PDCs.

4 Conclusions

Most of the 79 AD PDC units recognized in medial locations
above the pumice lapilli Plinian deposit are recognized on
the elevated areas bordering the Campanian plain, inter-
stratified with lithic-rich lapilli fall layers. The presence of
PDC units at 300 m asl in distal locations suggests the

Fig. 1 Stratigraphic column showing the AD 79 distal deposits. On the right is a field photograph of AD 79 PDC layers. Inset shows the location
of the PDCs facies on the Mts. Lattari
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turbulent behavior of the parental pyroclastic currents and
the limited shielding effect of the mountains on the spread of
the PDCs.
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Table 1 Summary description
and interpretation of AD 79 PDC
lithofacies

Lithofacies Description Unit Interpretation

Massive tuff
or massive
lapilli tuff
(mLT)

Massive, coarse ash
matrix-supported, and very poorly
sorted deposits containing rounded
pumice lapilli, white and gray (up to
20 mm in diameter) with subordinate
sub-centimeter lithic fragments
(mainly lava and rare limestone) and
rare accretionary lapilli set into the
matrix. The basal contact is strongly
erosive
Sorting: 2.96 < ru < 3.43;
Thickness: 6 to 124 cm

E,
G2,
N

Aggradation from highly
concentrated, fluid-escape
dominated flow-boundary zone
without directional grain fabric

Accretionary
lapilli-bearing
tuff (accT)

Poorly-sorted coarse ash beds are rich
in accretionary lapilli (between 4 and
30%) with concentric layers or an
armored structure around a lithic or
pumice clast. Accretionary lapilli are
up to 10 mm in diameter and are
randomly distributed in the deposits
or arranged in layers
Sorting: 2.49 < ru < 3.02;
Thickness: 4–21 cm

F,
H,
L

Explosive phase involving external
water consistent with a
phreatomagmatic origin

Lithic-rich
massive tuff
(lmT)

Massive, poorly-sorted, fine ash
matrix-supported deposit with
abundant rounded mm-sized lithic
clasts predominantly composed of
lava fragments. Very rare limestone
and tuff clasts are found
Sorting: 2.31; Thickness: 2 cm

X1 Lithic-rich deposits are related to the
segregation of heavy components

Stratified tuff
(sT)

Stratified deposits with sub-parallel
millimeter to centimeter scale
stratifications are defined by sharp
changes in matrix grain size, from
fine to coarse ash. Most individual
layers are laterally impersistent, and
low-angle erosional truncations are
observed. Locally, massive and
clast-supported lenses composed of
very fine lithic fragments occur
between the layers
Sorting: 2.24 < ru < 2.76;
Thickness: 25–37.5 cm

O Low-concentrated,
traction-dominated flow-boundary
zone in a highly unsteady current
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Fallout Events During the Post-plinian Phase
of the AD 79 Vesuvius Eruption

Giulia Chiominto, Claudio Scarpati, Annamaria Perrotta,
Lorenzo Fedele, and Ileana Santangelo

Abstract

The AD 79 Vesuvius eruption is characterized by two
main phases: a sustained column phase, which deposited
a thick white–gray pumice lapilli deposit, followed by a
column collapse phase, which emplaced several pyro-
clastic density currents. Here, we present stratigraphic and
volcanological evidence for five lithic-rich lapilli fall
layers (D, G1, G3, I, and X2, from base to top)
interstratified with pyroclastic density current deposits,
which have been emplaced after the collapse of the AD
79 Plinian column. These are distributed south of the
Vesuvius, at distances between 5 and 20 km from the
vent. All sections were sampled to quantify lateral and
vertical changes in grain size, and sedimentological
parameters were determined. Clasts were separated into
three main categories: juvenile, lithic, and crystals. The
coarser layers, D and G1, have median diameters similar
to those of the finer part of the Plinian deposit at the same
locations, indicating a significant plume height during
these later sustained column pulses. Our study suggests
that the resumption of a sustained column was repeatedly
established during the post-Plinian phase of the AD 79
eruption, similar to the ignimbrite phase of the Novarupta
and Bishop Tuff Plinian eruptions. The lithic-rich nature
of all these late fall phases suggests changes in eruption
style (with respect to the magmatic Plinian phase),
possibly associated with instabilities in the conduit-vent
system.

Keywords

Vesuvius � AD 79 eruption � Lithic-rich fall layers

1 Introduction

High, sustained plumes characterize plinian eruptions, often
collapsing and generating pyroclastic density currents
(PDC). This ‘classical’ behavior is well represented by the
AD 79 Vesuvius eruption that produced two main eruptive
phases: a sustained column phase, which deposited a thick
white to gray pumice lapilli deposit, followed by a column
collapse phase, which emplaced several PDCs (Cioni et al.,
1992; Sigurdsson et al., 1985). In addition, single or multiple
grain-supported lapilli fall layers, interstratified with PDC
ash deposits, were described at the Pompeii archeological
site (Cioni et al., 1992; Luongo et al., 2003). This paper
reports the stratigraphy and distribution of the lithic-rich fall
deposits accumulated during late resumption of the eruptive
column. These results have been obtained from detailed
descriptions and measurements of AD 79 sequences found
within a wide area south of Mt. Vesuvius.

2 Methods

Several stratigraphic sections, located 5 and 20 km from
Mt Vesuvius, have been studied in detail and extensively
sampled. Samples were collected in the unconsolidated
layers to characterize them from a sedimentological point
of view. Samples were dry-sieved down to 4u (0.063 mm)
at 1u intervals. Clasts were separated into three main cat-
egories: (1) juvenile: gray phono‐tephritic pumice clasts;
(2) lithic: fragments of lavas, subordinate limestones, and
rare syenitic subvolcanic rocks and marbles; (3) crystals:
predominantly clinopyroxene and minor amounts of sani-
dine and biotite.
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3 Results

3.1 Stratigraphy and Lithology

Thin, lithic-rich horizons, named layers D, G1, G3, I, and X2
from base to top, were found interstratified with the PDC units
accumulated after the collapse of the AD 79 Vesuvius Plinian
eruptive column (Fig. 1). The maximum thicknesses are
7 cm, 7 cm, 4 cm, 1.5 cm, and 1.5 cm, respectively, and were
measured 6–15 km south of Mt. Vesuvius. Many of these
layers gradually thin and become coarser toward the proximal
sections, where they may be absent. These lithic-rich layers
exhibit massive mantling structures and are generally well
sorted (r/ = 1.05–1.55). Successive layers at a given outcrop
show a decreasing trend in size. Grain size and component
data of a selected location on Mt. Lattari, 15 km from the
source, are reported in Table 1. Md/ ranges from 2 mm (unit
D) to almost 0.5 mm (unit G3). High lithic contents charac-
terize all these layers. Layer D has 61 wt% of lithics and 23 wt
% of juvenile clasts. The upper layers show 70–83 wt% of
lithics and less than 1.5 wt% of juvenile material.

3.2 Distribution

A sufficient number of outcrops were identified to reconstruct
the distribution for the thicker units D and G1 (Fig. 2). Both

distributions show a SE trend even if the azimuth of the dis-
persal axis of layer G1 seems to be rotated by 10°–20° relative
to that of D1. Lithic-rich layers dispersion is similar to those of
the basal lapilli Plinian deposit (see Sigurdsson et al., 1985 for
comparison), including rotation of the dispersal axis.

4 Discussion

Some of the layers described here (D, G1, G3, and I) were
previously identified in some archeological sites (e.g.,
Pompeii, Oplontis) (Cioni et al., 1992; Luongo et al., 2003;
Scarpati et al., 2020), and their emplacement mechanisms
attributed to sedimentation from a turbulent surge (Cioni
et al., 1990; Sigurdsson et al., 1982) or fall from a sustained
column (Cioni et al., 1992; Luongo et al., 2003; Scarpati
et al., 2020). All five recognized lithic-rich layers show a
wide dispersal and mantle bedding and are interpreted to be
fall deposits that repeated resumptions of a sustained erup-
tion column have produced. This occurred during the
post-Plinian phase of the AD 79 eruption, comparable to the
ignimbrite phase of the Novarupta and Bishop Tuff Plinian
eruptions (Fierstein & Hildreth, 1992; Wilson & Hildreth,
1997). The main difference with the basal pumice lapilli
deposit is the strong enrichment in lithic clasts, possibly
associated with instabilities in the conduit-vent system. The
coarser layers, D and G1, have median diameters similar to
those of the finer part of the Plinian deposit at the same

Fig. 1 Stratigraphic column
showing the AD 79 deposits
20 km south of Vesuvius. On the
right field are photographs of the
lithic-rich layers

Table 1 Grain size data and
componentry at different
stratigraphic heights in the AD 79
deposit 15 km from the Vesuvius,
Mt. Lattari. J: juvenile clasts; L:
lithic clasts; C: crystals

Layers Md/ r/ J (wt%) L (wt%) C (wt%)

X2 −0.2 1.4 0.00 75.41 10.41

I 0.5 1.6 0.00 70.71 10.01

G3 0.5 1.05 0.02 79.39 16.48

G1 −1.0 1.25 1.49 83.02 11.25

D −1.3 1.55 23.41 61.22 15.58
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locations, indicating a significant plume height during these
later sustained column pulses.

5 Conclusions

Five lithic-rich fall layers have been recognized in the PDC
post-Plinian sequences of the Vesuvius AD 79 eruption
cropping out at various locations from the Vesuvius slopes
to the edge of the Campanian Plain, 20 km from the source.
They record pulses of a sustained column during a pre-
dominantly collapsing phase and could help better to con-
strain the timing of late AD 79 PDC events.
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The Composition of Fly Ash and Bottom Ash
(FABA) from Indonesian Coal Power Plant:
A Case Study from Batam

Iqbal Iqbal, Ferian Anggara, and Himawan Tri Bayu Murti Petrus

Abstract

Fly ash and bottom ash (FABA) are inorganic and organic
components from coal combustion residue. Samples of
FABA were collected from the combustion of the power
plant in Ecogreen Oleochemical, Batam. This study aims
to examine the composition of FABA in the study area.
The organic and inorganic components of FABA are
determined by petrographic analysis. The mineralogy
composition of FABA was determined by XRD analysis.
In addition, ICP-AES and ICP-MS analyses were also
conducted to determine the geochemistry components.
The results show that the inorganic components of FABA
consist of amorphic materials and minerals. The amorphic
materials of FABA in the form of glass were classified by
their morphological properties: cenospheres and pleio-
spheres. The other inorganic FABA components in the
form of minerals consist of glass, quartz, Fe-spinel,
Mg-spinel, hematite, magnetite, mullite, feldspar, and
kaolinite. The most abundant inorganic component in
FABA is quartz and iron oxide minerals. Organic
components of FABA consist of unburned coal, which
is unburned inertinite maceral. The geochemistry com-
position of major oxide compounds mainly found on
FABA consists of SiO2, Al2O3, and Fe2O3. SiO2

compounds are distributed in the components of glass,
quartz, mullite, and k-feldspar. Al2O3 compounds are

distributed to mullite, Mg-Fe spinel, and k-feldspar.
Fe2O3 compounds are distributed to hematite, magnetite,
and Fe-spinel.
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1 Introduction

1.1 Background

Sources of fossil fuels, coal, and renewable energy generally
supply energy needs in Indonesia. One form of national
energy needs is electrical energy. To prepare for national
energy demand, the government has issued Presidential
Regulation of the Republic of Indonesia Number 22 of 2017,
which regulates the General National Energy Plan to be
implemented in 2017–2025. Based on this, the government
plans to generate 135.5 GW of electricity, of which 30% of
the energy will be produced from burning coal. The use of
coal as a fuel for power plants at PLN from 2000–2010 was
49.1% (Cahyadi, 2011), and the total fly ash and bottom ash
(FABA) produced was even greater in the coming year.
Electrical energy in PLTU is formed through burning coal to
produce hot steam, which drives turbines in power genera-
tors. However, the use of excessive production could have
an impact on the environment. One of them is the ash pro-
duced from coal combustion at PLTU, which requires
management to avoid environmental problems such as air
pollution or a decrease in ecosystem quality. This study aims
to determine the components of FABA produced from coal
combustion in PLTU Batam. The benefits of this research
can be used to determine the processing of FABA based on
their constituent elements to increase the value of coal
combustion waste products.
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1.2 Research Area

Research locations of FABA where the samples were taken
is PLTU Ecogreen Oleochemicals, Batam, located in Batam
Special Industrial Zone, Riau Islands. The PLTU unit is
located in the eastern part of Batam Island (Fig. 1).

2 Method

The samples taken were fly ash and bottom ash. The sample
was taken at the PLTU Ecogreen Oleochemicals unit,
Batam. The total number of samples was 12, consisting of 10
samples of fly ash (FA) and two samples of bottom ash
(BA). All samples were then analyzed in the laboratory
according to the research objectives. The analysis carried out
in this study includes petrographic analysis, XRD analysis,
and geochemical analysis. Sample recapitulation, and the
type of analysis performed on each sample, can be seen in
Table 1.

2.1 Petrographic Analysis

Petrographic analysis on FABA polished incisions was
carried out to identify the type and abundance of organic and
inorganic components. FABA polish incisions were made
using the SpeciFix-20 Kit and the Struers Labo System.

The FABA polished incisions were analyzed using the point
counting method with 550 points under a reflecting micro-
scope with 40 times magnification. Identifying inorganic and
organic components that makeup FA and BA is based on
Hower’s (2012) classification.

2.2 XRD Analysis

XRD analysis was performed to determine the mineralogical
composition of FABA samples that could not be observed
microscopically, such as altered minerals produced from the
coal combustion process. The sample used for XRD analysis
was only 5 g of the finely grounded sample of FABA.
Eight FA samples were analyzed using XRD test with bulk
analysis method referring to the United States Geological
Survey (USGS) standard.

2.3 Geochemical Analysis

The geochemical analysis carried out in this study is the
ICP-AES analysis. ICP-AES tested FABA samples to
determine the type and concentration of the major oxide
compounds. The preparation of the two types of samples
was carried out by finely grinding the samples. This analysis
uses borate fusion and diluted acid at the ALS Geochemistry
Laboratory, Kamloops, Canada.

Fig. 1 Map of the study area
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3 Results and Discussion

FABA components of coal burning in PLTU not only pro-
duce steam but also produce coal ashes. Coal ashes can be
divided into two groups based on the size of their constituent
particles, namely FA and BA. According to Wardani (2008),
FA or fly ash is a particle resulting from coal combustion
which is fine and light in size, so exhaust gases easily carry it
away. Meanwhile, BA is ash from coal combustion, which is
coarser in size than FA. The composition of maceral and
mineral matter in the original coal generally influences
variations in the constituent components of FA and BA.
Hower (2012) showed that, in general, FA is composed of
inorganic and organic components from coal combustion
residues and new materials formed in boilers and flue gas
streams. The mineral matter contained in coal can change
either totally or partially during combustion to produce new
types of minerals that are different from the minerals in the
original coal. The constituent components of FA obtained
based on XRD in the samples studied were dominated by
inorganic components in quartz with an abundance of
34.44%. Other inorganic components that makeup FA are
Fe-spinel (2.79%), mullite (13.56%), Mg-spinel (5.48%),
hematite (28.82%), magnetite (8.09%), feldspar (5.93%),
and kaolinite (0.87%) were found in small amounts. The
organic component found in FA based on petrographic
analysis was unburned coal (UC), with an abundance of
12.8%. In contrast, the constituent components of BA
obtained based on petrographic analysis in the sample
studied were also dominated by inorganic components, with
quartz, an abundance of 45.1%. Other inorganic components
that makeup BA are glass (4.9%) and iron oxide minerals
(9.95%). Meanwhile, the organic elements found in BA
based on petrographic analysis was UC, with an abundance
of 40.4%. The principal oxides in FA and BA are SiO2,

Al2O3, and Fe2O3. SiO2 compounds are distributed in glass,
quartz, mullite, and k-feldspar. Al2O3 compounds are dis-
tributed to mullite, Mg–Fe spinel, and k-feldspar. Fe2O3

compounds were distributed to hematite, magnetite, and
Fe-spinel.

3.1 Inorganic Components

The results of petrographic analysis on polished incision
samples showed that FABA was composed of inorganic
components such as glass, quartz, Fe-oxide minerals, mul-
lite, and spinel. Variations of inorganic components that
make up FABA based on XRD analysis are quartz,
Mg-spinel, Fe-spinel, mullite, hematite, magnetite, feldspar,
and kaolinite minerals. Differences in the variation of inor-
ganic components make up FABA based on data from pet-
rographic and XRD analysis. The mullite mineral was
identified by petrographic observation only in fly ash sam-
ples (FA-02, FA-04, FA-05, FA-06, FA-08, and FA-10) with
minor amounts. The type of iron oxide minerals (Fe-oxide
minerals) in FABA could not be identified in detail on pet-
rographic analysis. In contrast, on XRD analysis, it was
known that iron oxide minerals in FABA samples were
hematite and magnetite. Hematite and magnetite minerals
are almost found in all FABA samples. In addition, from the
XRD analysis, it is also known that there are two types of
spinel in the FA studied, namely Fe-spinel and Mg-spinel.
The two kinds of spinels cannot be distinguished when
conducting petrographic observations using a reflecting
microscope because they have very similar optical charac-
teristics and textures. Mg-spinel and Fe-spinel were found in
all FABA samples studied, but the abundance in bottom ash
samples ranged from 1.48 to 13.6% for Mg-spinel, while
there was only 0.57–0.88% in the bottom ash sample.
Mg-spinel in fly ash samples ranged from 4.98 to 6.94%,

Table 1 Table of samples No. Sample code Proksimat XRD Petrografi ICP-MS and ICP-AES

1 FA-01 – v v v

2 FA-02 – v v v

3 FA-03 – v v v

4 FA-04 – v v v

5 FA-05 – v v v

6 BA-01 – v v v

7 BA-02 – v v v

8 FA-06 – v v v

9 FA-07 – v v v

10 FA-08 – v v v

11 FA-09 – v v v

12 FA-10 – v v v
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while Fe-spinel in fly ash samples ranged from 0.06 to
6.29%. The following is a detailed explanation of the inor-
ganic components that make up FABA:

• Quartz (SiO2)

Quartz minerals in FABA generally come from quartz
minerals in the original coal (Dai et al., 2010). Quartz in
crystalline form can be found in the inorganic component of
FABA because quartz does not melt when the coal com-
bustion temperature does not exceed 1400–1500 °C (Hower,
2012). Quartz is one of the most common inorganic com-
ponents found in abundance in FABA. The abundance of
quartz on FA in petrographic observations ranged from 25.7
to 35.6%, and XRD ranged from 31.95 to 37.12%, while in
BA in petrographic observations, it ranged from 40.9 to
49.3% and XRD ranged from 55.49 to 63.25%. A colorless–
white color characterizes quartz on petrographic observa-
tions with an angular–subrounded shape.

• Mullite (Al6O13Si2)

Mullite in FABA is generally derived from kaolinite in the
original coal (Dai et al., 2010). The abundance of mullite in
FABA positively correlates with the abundance of clay
minerals in the original coal. The petrographic analysis
showed the characteristic of mullite, which was black with a
needle shape. The needle form of mullite results from the
initial melting of kaolinite when coal combustion takes place
at high temperatures (Dai et al., 2010). The abundance of
mullite was only identified in FA samples (FA-02, FA-04,
FA-05, FA-06, FA 08, and FA-10) ranging from 0.3 to 0.6%
and not specified in BA. Based on XRD analysis, the
abundance of mullite in FA ranged from 10.93 to 18.14%,
and in BA, it ranged between 6.8 and 8.98%. The abundance
of mullite was identified as more dominant in FA because of
its finer particle size than BA.

• Glass (amorphous SiO2)

Glass is a constituent component of FABA composed of
SiO2 compounds and amorphous. The abundance of glass in
FA samples ranged from 1.30 to 11.70%, and in BA, it
ranged from 4.3 to 5.5%. The petrographic analysis of
FABA samples showed that the glass could be distinguished
based on its morphology, namely in the cenosphere and
pleiosphere. The cenosphere is characterized by the glass
with a perfectly spherical appearance resembling a sphere.
On the other hand, a pleiosphere is a glass with a mor-
phology that is not perfectly round. Glass is interpreted to be

formed when clay minerals composed of aluminasilic com-
pounds are burned at high temperatures, resulting in some of
the SiO2 compounds being released and developing amor-
phous SiO2 materials.

• Spinel

Spinel is formed from coal-rich in Fe and is sometimes
found with magnetite (Hower, 2012). The results of the
petrographic analysis show that the spinel characteristics
found in FA and BA are bright mineral appearances and
generally are spheres composed of white crystals with a
dendritic texture which can be seen in Fig. 6.4. The spinel
found in FABA is Fe-spinel (FeAl204) and Mg-spinel
(MgAl2O4). The two types of spinels cannot be distin-
guished under a microscope because the optical character-
istics and texture of the minerals observed are very similar.
Mg-spinel and Fe-spinel were found in all FABA samples.
The abundance of Mg-spinel in FA ranged from 4.59 to
6.94%, while in BA samples, it ranged from 1.48 to 13.6%.
The abundance of Fe-spinel in FA ranged from 0.06 to
6.29%, while Fe-spinel in BA ranged from 0.57 to 0.88%.
The main oxide compounds affect the inorganic or mineral
components formed in FABA. SiO2 compounds are dis-
tributed in glass, quartz, mullite, and feldspar. Al2O3 com-
pounds were distributed in Mg-spinel, Fe-spinel, and
mullite. Fe2O3 compounds are distributed in Fe-spinel, and
iron oxide minerals include hematite and magnetite. MgO
compounds are distributed in Mg-spinel minerals, while
K2O compounds are distributed in feldspars. Feldspar min-
erals were found in all FABA samples. The abundance of
feldspar in FA ranges from 2.22 to 9.90%, while in BA, it
ranges from 4.36 to 6.86%.

• Iron oxide minerals

The petrographic analysis shows the characteristics of the
iron oxide minerals (Fe-oxide minerals) in FABA which are
red with a relatively angular-subrounded shape. Iron oxide
minerals are produced from burning coal rich in Fe (Dai et al.,
2010). The element Fe in the coal samples studied was pre-
sent as the mineral pyrite. Pyrite minerals undergo oxidation
when coal is burned and produce iron oxide minerals. The
types of iron oxide minerals found in FABA samples based
on XRD analysis were hematite (Fe2O3) and magnetite
(Fe3O4). Based on XRD analysis, the abundance of hematite
in the FA sample ranged from 21.72 to 32.57%. It ranged
from 5.87 to 10.78% for BA samples, while the abundance of
86 magnetite in the FA sample ranged from 2.62 to 12.79%,
and the BA sample ranged from 10.20 to 10.82%.
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3.2 Organic Components

The results of the petrographic analysis on the polished
incision showed that the FABA sample was also composed
of organic components in the form of unburned coal (UC) or
inertinite maceral groups that did not burn out. The maceral
composition of coal can significantly influence the propor-
tion of UC produced in FABA. In various coal grades, the
inertinite maceral group is more difficult to burn when
compared to the vitrinite and liptinite maceral groups. Thus,
it tends to be present in FABA with relatively the same
conditions as the original coal or in the form of unburned
carbon or unburned coal (Nandi et al., 1977; Shibaoka,
1985; Vleeskens et al., 1993 in Hower, 2012). The abun-
dance of inertinite maceral groups in the coal samples ranged
from 44 to 45% (Table 5.4). The appearance of UC in FABA
samples can be seen in (Fig. 6.5). The abundance of UC
based on FA samples ranged from 11.15 to 13.65%, and on
BA, it ranged from 40.1 to 40.7%.

4 Conclusion

The components that makeup fly ash (FA) in the samples
studied are dominated by inorganic components in the form of
iron oxide minerals, with 47.48%. The other inorganic com-
ponents of FA are quartz (30.99%), spinel (2.25%), and glass
(6.21%), while bottom ash (BA) is dominated by inorganic
components in the form of quartz, with a percentage of

45.1%. Other inorganic components that makeup BA are
glass (4.9%) and iron oxide minerals (9.95%).

Based on XRD analysis, the mineralogical components of
FA were dominated by quartz with a percentage of 34.44%,
with other components in the form of feldspar (5.93%),
mullite (13.56%), Fe-spinel (2.79%), Mg-spinel ( 5.48%),
hematite (28.82%), magnetite (8.09%), and kaolinite
(0.87%), and for the components that make up BA are also
dominated by quartz with a percentage of 59.37% with other
components in the form of feldspar (5.61%), mullite
(7.89%), Fe-spinel (0.72%), Mg-spinel (7.54%), hematite
(8.32%), magnetite (10.51%), and kaolinite (0.02%). The
organic components found in FA and BA are unburned coal,
with an abundance of 12.8% and 40.4%.
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Forensic Fingerprinting of Biomarkers
for the Geochemical Characterization of Oil
Spills and Soil Contamination in the Coastal
Area of Bizerte, Tunisia

Cyrine Belhadj, Anis Belhaj Mohamed, and Noamen Rebai

Abstract

This research deals with oil contamination of the surface
sediments of the various sites in the southwest of the
Mediterranean Sea distributed over the coastal region of
Bizerte (depth: 0–20 m), northern Tunisia. This work was
carried out according to a geochemical approach combining
the sedigraph method, gravimetric analyzes, rock–eval
pyrolysis, and chromatographic techniques based on molec-
ular biomarkers (n-alkanes, steranes, terpanes, and hopanes).
This approach made it possible to highlight the substantial
contamination by petroleum hydrocarbons and, in particular,
by polycyclic aromatic hydrocarbons (PAHs) of the surface
sediments (0–25 cm) of the Bay of Bizerte (

P
PAHs:

1539.24 ng/g. dry sed). In addition, it also indicates an
anthropogenic crude origin and a state of biodegradation for
all the oils, the bases of organic materials (terrestrial, lake,
and marine origin), and different responsible sources (mar-
itime traffic for the contamination of northeastern Tunisia).

Keywords

Oil contamination � Surface sediments � Mediterranean
Sea � Molecular biomarkers � PAHs

1 Introduction

The marine environment represents a considerable stake in
terms of socio-economic development. In recent decades,
ocean pollution has become a subject of international sci-
entific concern.

The Mediterranean Sea is considered a representative
model of the world ocean. The region includes a vast array
of marine and coastal ecosystems that provide essential
benefits to all coastal dwellers. Nevertheless, it also registers
various signals of strong enthronization and pressure from
neighboring countries and industrialized countries in
Northern Europe (Zaghden et al., 2005) . A large part of
these anthropogenic or natural micropollutants are absorbed
by suspended particles and then accumulated in the sedi-
ments (Soclo et al., 2000). Sedimentary matrices constitute
genuine filters and reservoirs for organic contaminants such
as petroleum hydrocarbons.

In this context, a large number of actors in the marine
environment are interested in the development of new
approaches and new tools in geochemistry. The use of
molecular biomarkers is an essential tool in examining the
contamination levels of surface marine sediments by petro-
leum hydrocarbons (n-alkanes, polycyclic aromatic hydro-
carbons PAHs) and taking into account the environmental
risk associated with the petroleum contamination (Burgess
et al., 2003). Despite the ban on using some of these pol-
lutants in Europe and Tunisia since the 1980s, they continue
to pose problems due to their toxicity following their
intentional or accidental release into the environment. Let us
cite the example of the fuel oil leak accident of October 4,
2018, by the Tunisian Company of Refining Industries
(Zarzouna, Bizerte), which resulted in solid contamination
by petroleum hydrocarbons in the coastal region of Bizerte,
deeply affecting its matrices sedimentary (Bejaoui et al.,
2018).

2 Materials and Methods

The Bay of Bizerte is at the northeastern end of Tunisia
(37° 17′38″ N, 9° 56′20″ E). Different geological forma-
tions characterize the stratigraphic context of the study area
from the Eocene to the Quaternary. The Oligocene occurs
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locally in the Bay of Bizerte from the quarries near
Zarzouna with variable thickness in the form of alternating
marl and sandstone locally rich in glauconite (Bejaoui
et al., 2018). The sea trips and the sampling companions
were carried out in two sites of the bay, distributed along
the north and north-east coast of the Tunisian coasts
Zarzouna and Cape Zebib located between the parallels
35° 15′29″ and 37° 17′15″ North and meridians 9° 42′55″
and 10° 04′05″ East.

Ten surface sediment samples were taken at a layer depth
of 25 cm, using underwater dives (depth: 0–20 m), a manual
corer, a hammer, and a spatula at two stations in the Bay of
Bizerte. At each sampling station, three cores were driven
and enclosed with a cork stopper, and a preliminary reduc-
tion of sediment aggregates (to <2 mm fragments) was
performed to separate coarse elements.

2.1 In Situ Conservation and Sample
Preparation

For in situ conservation, the soil samples were transported to
the speaking laboratory in a refrigerated cooler at 4 °C,
wrapped with aluminum foil, and stored in the freezer at
−20 °C until analysis. The samples were manually homog-
enized and lyophilized.

2.2 Textural Characterization of Sediments

The textural characterization of the sediments collected from
the Bay of Bizerte was carried out by sedigraphic analysis.
All samples were analyzed by liquid (in solution) using a
Malvern 2000 laser particle size analyzer. Data processing
software represented the percentage of particle size popula-
tions. The results of the laser particle sizer were repre-
sented as cumulative curves in a semi-logarithmic diagram.
The determination of different types of sedimentary facies
was carried out according to the shape of the curves and to
Folk’s (1957) diagram (Folk, 1957), allowing the classifi-
cation of the sediments according to the percentages of the
three particle size fractions (clay, lemon, and sand).

2.3 Geochemical Approach

2.3.1 Pyrolytic Analysis: Determination of TOC
The determination of the petroleum hydrocarbon
(TPH) content and the calculation of the TOC and HI con-
tent were carried out using the rock–eval 6 pyrolysis method
and applying the following formula [7]:

%TOC (Total Organic Carbon) ¼ PC (% )þRC (% )

With PC: Particular carbon, RC: Residual carbon.

2.3.2 Extraction and Fractionation
of Hydrocarbon Compounds

The extraction of the hydrocarbon compounds in 1 g
dry-weight sediment was carried out using the Randall
extraction method with 100 ml of dichloromethane. After
evaporation by the rotary steamer, the extract was frac-
tionated into aliphatic (SH) and aromatic hydrocarbons
(AH) using solid-phase extraction (SPE). The extract
constituted the mobile phase of SPE. To extract these
compounds, the polar SPE supports (virgin silicas and
Florisil) and the hexane/dichloromethane mixture were
selected.

2.3.3 Identification and Detection
of Hydrocarbons

The analytical procedure based on HPLC chromatographic
analysis coupled with ultraviolet (UV) detection was used to
assess qualitatively and quantitatively the polycyclic aro-
matic hydrocarbons (PAHs) contained in the surface sedi-
ment samples collected from the bay of Bizerte. The
standards, injected into the HPLC, had concentrations of
25 ng/ml, and the columns were tested in 30 min with an
acetonitrile/water solution in proportions varying between
(50/50 to 70/30, v/v) in the initial state and (100/00, v/v) in
the final form.

2.3.4 Molecular Biomarkers
After purification and fractionation of the hydrocarbons, the
saturated compounds were analyzed by gas chromatography
coupled with mass spectrophotometry (GC/MS) to identify
the origins, evaluate the temporal evolution, and characterize
the contaminations in Bizerte bay using molecular
biomarkers (n-alkanes: from n-C12 to n-C40, isoprenoids:
pristane (Pr) and phytane (Ph), aditerpenoids, cyclic ter-
penoids, steranes, hopanes, and aromatics.

2.4 Statistical Analysis

A principal Component analysis (PCA) was applied to the
matrix of correlations obtained from the ratios of biomarkers
measured at the ten stations in the Bay of Bizerte during the
sampling periods. To classify the samples based on the
similarities and differences between the properties of the
biomarkers, the psych, FactoMineR, and factoextra packages
of the R software were used.
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3 Results and Discussions

3.1 Sedimentological Study

Analysis by laser sedigraph of the fraction less than 63 µm
and the texture of the surface sediments made it possible to
record a heterogeneous particle size distribution from the
shape of the cumulative curves from one sampling station to
another. Moreover, percentages of sand varying between 0
and 99.34%, clay between 0 and 72.3%, and silt between 0
and 49.44% were noted for the samples collected from the
Bay of Bizerte. In addition, the collected soil samples’
granulometric classification of Folk (1957) allowed under-
lining the following sedimentary texture (Fig. 1): A coarse
sand-clay facies dominating the stations of Cape Zebib
(S7, S8, S9), a fine facies with a sandy-silty texture covering
the western part of the discharge zone, particularly at point
S5, a silt–clay-sand type facies at point S0 (Bizerte channel),
and a sandy facies characterizing the discharge zone (SR),
the eastern part and the other stations of the Bay of Bizerte
(S1, S2, S3, S4).

3.2 Geochemical Characterization of Soils
Contaminated by Hydrocarbons

3.2.1 Result of the Pyrolytic Analysis
The examination of the results of the rock–eval 6 pyrolysis
(reservoir mode) of surface sediment samples relating to the
coastal region of Bizerte revealed a variation in the contents
(low to very high) of total organic carbon (TOC) oscillating
between 0.04 and 52.19% sediment. Moreover, a maximum
of TOC was recorded in the sediments of Cape Zebib
(52.19%), representing the top of the series. Our results also

bear witness to the heavy soil contamination by petroleum
hydrocarbons.

3.2.2 Solid-Phase Extraction (SPE) Result
The gravimetric results of the SPE made it possible to note
that:

• The sediments collected from the Zarzouna and Cape
Zebib stations are very rich in hydrocarbons, respectively,
with averages of 262 and 5090 µg g−1 dry residues,
compared to the Tunisian standard (Decree n° 2018-315),
which sets a limit for TPHs at ten µg g−1 dry sediment.

• The most contaminated stations in the Zarzouna region
(S0, SR, S1) are located near the discharge zone and have
total hydrocarbon concentrations varying between 194
and 1760 µg g−1 dry sediments.

• The most contaminated stations in the Cape Zebib region
are those, which coincide with the extent of the con-
tamination (S7 and S8), showing total hydrocarbon con-
centrations varying between 4900 and 8260 µg g−1 dry
sediment.

• The most potent hydrocarbon contamination in the Bay of
Bizerte is recorded at the stations where the clay fraction
forms the sedimentary facies. This result testifies that the
latter represents the sedimentary texture most likely to
trap the hydrocarbons compared to the other sedimentary
fractions.

3.2.3 HPLC–UV Signaling of Pollutants
The results of the chromatographic analysis by HPLC–UV
of the various samples of sediments located in the Bay of
Bizerte showed concentrations of total PAHs higher than the
reference values set by Decree 2018-315. The highest total
P

PAHs concentrations were recorded in site S7 with values
between 10.19 and 225.66 ng/g dry weight. The S3, S4, and
S5 sites exhibited the lowest concentrations of total PAHs,
with values ranging from 3.12 to 7.25 ng/g dry weight. Our
results showed the predominance of high molecular weight
PAHs of 4–6 cycles (ranging from pyrene to benzo [g, h, i]
perylene) over low molecular weight PAHs of 2–3 cycles
(ranging from naphthalene fluoranthene) for all samples
analyzed.

3.2.4 Forensic Fingerprinting of Biomarkers
in Identifying the Origin of Contamination

The chromatograms (m/z) corresponding to the stations in
the Bay of Bizerte (Fig. 2) demonstrated the natural origin of
the oils. Moreover, signs of a developed unresolved complex
mixture (UCM) were also identified in all chromatograms
(m/z = 85), generally indicative of crude contamination.
In addition, a regular distribution with a predominance of
odd n-alkanes (n-C13-n-C35) was noted, indicatingFig. 1 Ternary diagram by Folk (1957) showing the sedimentary

classes of samples from the Bay of Bizerte (Folk, 1957)
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contamination by oil inputs or the presence of complex
mixtures of biodegraded hydrocarbons.

Projection of Oil Indices and Biomarker Reports
The gas chromatography results coupled with mass spec-
trometry (GC/MS) and the projection of indices calculated
from the ratios in Pr/n-C17 and Ph/n-C18 showed a variation
in the nature of organic matter as well as in the evolution of
the states of biodegradation of oils contaminating the sedi-
ments of the Bay of Bizerte.

A marine origin of the contamination of the Cape Zebib
station (S7) was recorded, which differs from most of the
oils collected from the other stations in the Bay of Bizerte.
The contamination of the Bizerte canal (S0) showed a less
critical state of biodegradation than that of Cape Zebib and a
type of organic matter of terrestrial origin. Furthermore, the
approximate age of fuel oil spills is proportional to their
biodegradation conditions. These trends led to the conclu-
sion that this contamination is more recent than the Cape
Zebib extent and cannot be a reliable source of oil pollution.
In addition, lake and terrestrial origins were noted, respec-
tively, for the oils in the sediments collected from the fishing
port (S5) and El Rimel station (S1), and less advanced
biodegradation states were recorded. All these results have
shown that these cannot be the origins of the contamination
of the Cape Zebib site.

3.3 Statistical Analysis

Correlations between oil indices allowed samples to be
classified based on similarities and differences between the
properties of biomarkers: N-alkanes (n-C17/Pr, n-C18/Ph),
tricyclic terpanes (T24/T25), hopanes (Tm/Ts, H29/H30,
H31/H32), homohopanes (H31R/H31S, H32R/H23S), and
steranes (C27abR/C27abS, C28abR/C28abS, C29abR/
C29abS).

The result of the stadiagram based on biomarkers ratios
showed negative correlations between the studied oil indi-
ces. Moreover, a negative correlation between the contami-
nations of Cape Zebib and the STIR oil release zone was
noted. This trend made it possible to conclude that the oils
are dissimilar and do not have the same origin, to confirm
the hypothesis related to the source of the contamination of
Cape Zebib from maritime traffic, and to deny the idea
linking it to the oil leakage accident by the STIR, which
dates from October 4, 2018. The results of the PCA revealed
two class groups for the Bay of Bizerte. The first group
corresponds to the SR (STIR oil release zone) and S7 (Cape
Zebib contamination extent) stations. This trend proves that
these stations are very close to the age of contamination by
hydrocarbons and have pretty similar physicochemical
characteristics. The second group corresponds to the stations
relating to S0, S1, S2, S3, S4, and S5.

S0   Crude oil SR

 S1
S5    S7

UCM 
UCM 

UCM 

UCM 

m/z = 85 (n- Alkanes)

Fig. 2 Chromatograms obtained by GC/MS of the aliphatic fraction of the Bay of Bizerte stations
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4 Conclusion

Our geochemical study based on the forensic fingerprints of
biomarkers carried out on the surface sediments in the
coastal region of Bizerte made it possible to identify con-
tamination of the surface sediments by the crude associated
mainly with the loads’ anthropogenic inputs vastly exceed-
ing the Tunisian standards Decree No. 2018-315 and Decree
of December 5, 2008, related to sediment management. The
sedimentary texture study (0–25 cm) highlighted the domi-
nance of the sandy soil in our study area, with the highest
hydrocarbon contamination found in soil with a clay frac-
tion. The correlations of the relationships between the
biomarkers demonstrated the origin of the maritime traffic of
the contamination and not of the oil spill accident by the
Tunisian Company of Refining Industries (STIR). A state of
biodegradation was also noted for all the oils contaminating
the coastal zone of Bizerte.
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New Geochemical and Age Data
on the Bajgan Complex (Makran
Accretionary Prism, SE Iran): Implications
for the Redefinition of Its Tectonic Setting
of Formation from a Paleozoic Continental
Basement to a Cretaceous Oceanic Domain

Edoardo Barbero, Morteza Delavari, Asghar Dolati, Antonio Langone,
Luca Pandolfi, Michele Marroni, and Emilio Saccani

Abstract

The Bajgan Complex (BC) in the North Makran Domain
(Makran Accretionary Prism, SE Iran) has been consid-
ered a remnant of a Paleozoic metamorphic continental
basement detached from the southernmost edge of the Lut
Block. We present here new geochronological and
petrological data on metamorphic rocks from this Com-
plex, intending to assess the age and tectonic–magmatic
setting of the formation of their magmatic protoliths.
The BC consists of meta-ophiolitic tectonic slices,
including meta-peridotites, meta-gabbros, meta-
plagiogranites, and meta-basaltic lavas. Whole rock
geochemical data show that their magmatic protoliths
include: (1) magmatic rocks showing both normal (N-)
and enriched (E-) MORB affinities, as those formed at
mid-ocean ridge settings; (2) basalts showing alkaline
ocean island (OIB) chemistry similar to those formed in
seamounts. Zircon U-Pb dating indicates magmatic ages
of the protoliths from 161–114 Ma (Late Jurassic–Early
Cretaceous). Our new data suggest that the interpretation
of the BC as a Paleozoic continental ribbon should be
abandoned. Instead, it represents a long-lived (at least
*50 My) Cretaceous oceanic lithosphere whose com-
posite chemistry and petrogenesis indicate that it was
characterized by mantle plume activity and plume–ridge
interaction processes. Similar rock associations and

procedures have been documented in many other Creta-
ceous ophiolites of the North Makran, suggesting that the
magmatic protoliths of the Bajgan meta-ophiolites were
most likely formed in the same oceanic basin.

Keywords
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1 Introduction

The North Makran Domain (NMD) in the Makran Accre-
tionary Prism (SE Iran) consists of a stack of primarily
ophiolitic tectonic units, which record the Cretaceous tec-
tonic evolution of the Neotethys Ocean—Eurasia realm
(Fig. 1). According to the existing interpretations, the
Cretaceous tectonic shift of the NMD implies the subduction
of the Neotethyan lithosphere beneath the Lut Block and the
opening of an Early Cretaceous marginal basin (North
Makran Ocean) that led to the separation of a continental
ribbon (the Bajgan–Durkan microplate) from the southern-
most edge of the Lut Block. In this view, the Bajgan
Complex has been considered as remnants of a Paleozoic
metamorphic continental basement (Burg, 2018; McCall &
Kidd, 1982; Saccani et al., 2018). However, our field
observations have revealed that the Bajgan Complex pri-
marily consists of meta-ophiolitic tectonic slices, including
meta-peridotites, meta-gabbros, meta-plagiogranites, and
meta-basaltic lavas. Therefore, this study aims to present
new petrological and geochronological data on the Bajgan
meta-ophiolites to define the age and tectonic–magmatic
setting of formation of their magmatic protoliths to compare
them with other ophiolitic units in the NMD.
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2 Materials and Methods

Geochemical investigations were focused on mafic rocks
(meta-gabbros and meta-basalts). They were performed by
X-ray fluorescence spectrometry (XRF) and inductively
coupled plasma-mass spectrometry (ICP-MS) at Ferrara
University. In addition, geochronological studies for deter-
mining the magmatic age of the protoliths were carried out
on meta-gabbros and meta-plagiogranites by 238U-206Pb
geochronology on zircons using a laser-ablation ICP-MS at
the CNR of Pavia.

3 Results

Based on geochemical data, three main groups of mafic
protoliths can be identified (Fig. 2): (1) rocks showing
normal (N-) MORB affinity with low contents of Nb (1.3–
3.3 ppm) and Th (0.10–0.24 ppm), Nb/Yb ratios, and LREE
depletion compared to Yb (LaN/YbN = 0.5–0.7); (2) rocks
showing enriched (E-) MORB affinity with moderate
enrichment in Nb (9.7–11.4 ppm), Th (1.04–1.07 ppm), and
Nb/Yb ratios, coupled with LREE enrichment compared to
Yb (LaN/YbN = 2–3); (3) rocks showing an apparent alka-
line affinity with high contents of Nb (19–65 ppm), Th (2.9–
9.6 ppm), and TiO2 (1.8–2.3 wt%), high Nb/Yb ratios, and
significant enrichment in LREE compared to Yb (LaN/

YbN = 8–20). Geochronological analyses gave ages of for-
mation of magmatic protoliths of 156 ± 6 and 136 ± 3 Ma
for a plagiogranite and a gabbro associated with E-MORB
rocks and an age of 112 ± 4 Ma or a gabbro associated with
N-MORB rocks.

4 Discussion

Figure 2a shows that the magmatic protoliths of the Bajgan
meta-ophiolites were formed in a subduction-unrelated
oceanic setting. They show compositions (Fig. 2a, b) and
ages that are very similar to those of many other NMD
ophiolitic units (Barbero et al., 2020, 2021; Saccani et al.,
2018). Figure 2b shows that OIB protoliths were generated
by deep partial melting of an enriched, “plume-type” mantle
source. A comparison with similar NMD ophiolites (Barbero
et al., 2021) points out eruption in a seamount setting.
N-MORB and E-MORB compositions are compatible with
shallow partial melting of a sub-oceanic mantle in a
mid-ocean ridge setting (Fig. 2b). Petrogenetic models (not
shown) and regional-scale evidence (Barbero et al., 2020;
Saccani et al., 2018) suggest that N-MORBs derived from a
depleted MORB-type mantle source, whereas E-MORBs
derived from a depleted MORB-type mantle metasomatized
by OIB-type components because of plume–ridge interaction
processes. Similar petrogenetic mechanisms and plume–
ridge interaction processes have been documented in the

Fig. 1 a Simplified tectonic sketch map of the Makran Accretionary Prism and surrounding areas; b simplified geological map of the North
Makran Domain. Both figures are modified from Burg (2018), Allahyari et al. (2014), Barbero et al. (2020)
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Band-e-Zeyarat and colored Mélange units (Barbero et al.,
2020).

5 Conclusions

Our new data indicate that the interpretation of the Bajgan
Complex as a Paleozoic continental ribbon should be
abandoned. Instead, this Complex represents a long-lived
(>50 My) oceanic lithosphere. The chemically composite
nature of the Bajgan meta-ophiolites with N-MORBs,
E-MORBs, and OIBs suggests that they represent an oceanic
lithosphere characterized by mantle plume activity and
plume–ridge interaction processes. Similar rock associations
and procedures have been documented in many other Cre-
taceous ophiolites of the NMD, suggesting that the mag-
matic protoliths of the Bajgan meta-ophiolites were most
likely formed in the same oceanic basin in which other NMD
ophiolites were generated.
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Tectonic-Diagenesis Interaction
from Carbonate Veins Studies in Guelma
Basin (Eastern Constantine Unit-Algeria)

Amira Ouddah, Abdelkader Khiari, and Badreddine Saadali

Abstract

In studying sedimentary basins, deciphering tectonics and
related diagenesis features leads to a better understanding
of involved processes in their geological history. This
work investigated the impact of tectonic reactivation
cycles and synchronous fluid flow events on the sedi-
mentary evolution of the Late Jurassic to Cretaceous
carbonates bedrock sequence in the Guelma basin (Con-
stantine Unit- NE Algeria). Based on their petrographic
and geochemical characteristics, two major stages of
fractures and associated filling types of cement were
identified: 1) Tectonic veins (F1), entirely affecting
Constantine neritic-carbonate bedrock sequence, display-
ing several generations of thin (10 µm to 5 cm) bedding
parallel and perpendicular sets of veins, dominantly
infilled by sparite calcite crystals and; 2) fault-related
hydraulic breccia, with saddle dolomite, calcite, pyrite,
Fe-oxides, and Quartz. Furthermore, trace elements and
REE patterns indicate precipitation of calcite cement from
deeply circulating meteoric water. In contrast, dolomite
cement has precipitated from mixed shallower meteoric
and deeper basinal fluids in epithermal conditions.

Keywords

Veins � Breccia � Fluid flow � REE � Guelma basin �
Algeria

1 Introduction

The study of fracture development and sealing mechanisms
can provide insightful information that significantly
improves the understanding of diagenetic evolution in sed-
imentary basins (Bons et al., 2012; Laubach et al., 2010).
However, in the Guelma region, no previous detailed dia-
genetic work has been carried out on the neritic carbonates
belonging to the Constantine unit. For this reason, we have
examined these carbonates using petrographic and structural
analysis, major, trace, and rare earth element (REE) geo-
chemistry. This was made to identify their diagenetic
parasequence and associated circulating fluids characteristics
and examine tectonic deformations possible role in their
evolution.

Guelma basin is located in the eastern part of the Algeria
Alpine system. This basin is oriented roughly N10˚E and
started to develop as a pull-apart type during Miocene. The
basin is defined to the north by Debbagh major Strike-slip
fault and normal active faults by the east and west (Vila,
1980; Yelles-Chaouche et al., 2006). The neritic carbonates
of the Constantine unit, as exposed in the Guelma basin,
contain thick-bedded Late Jurassic to Cenomanian limestone
and dolostone sequences (Dareste de la Chavanne, 1910;
Vila, 1980), with a rich fauna of benthic foraminifera and
molluscs (Dareste de la Chavanne, 1910).

2 Materials and Methods

Structures were examined first in the field, allowing the
detection of fractures in different scales. Samples were
available from outcrops and drill cores provided by the
Algerian geological and mining research office (ORGM).

Fifty (50) thin sections were used to describe the
microstructures and diagenesis features via conventional and
cathodoluminescence (CL) petrography.
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CL images were taken using a technosyn 8200MK II
Luminoscop fitted with a Polaroid (DMC-1) camera under
an accelerating voltage of 10–18 kV and a gun current of
500–800 mA.

Chemical analysis for major and trace elements was
carried out using Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES) Varian 720ES at the
Division of Geology of the Catholic University of Leuven
(KUL)–Belgium.

3 Results

3.1 Petrographic and Structural Features

Neritic carbonates that regionally belong to the Constantine
unit of the Guelma region show a complicated style of
structure-related diagenesis, including compaction and
pressure solution, multiple crack-seal-like fracture genera-
tions, and fault-related hydraulic breccia development.

Two stages of fractures likely controlled by tectonic
pulses are distinguished:

1. a set of veins affecting the whole stratigraphic section
with multiple cross-cutting fracture generations cemented
by coarse crystalline calcite;

2. a fault-related breccia measuring approximately 4 m
wide, with polygenic clasts cemented by blocky white
calcite crystals at the marginal part and saddle dolomite
at the center.

Both normal and lateral slip components characterize
fault-controlling breccia development.

Cathodoluminescence images revealed bright orange and
yellow sector zonation within sparry calcite cement, whereas
breccia cement shows dull luminescence red and purple
colors of non-zoned saddle-shaped dolomite crystals.

3.2 Geochemical Features

Rare earth element (REE) patterns of basin carbonates
bedrock and fractures filling material revealed variations of
the geochemical nature of circulating fluids during basin
structuration stages. For example, PAAS-normalized REE
profiles are similar to host rocks in calcite veins with flat to
slightly uniform LREE-depleted patterns. However, in
breccia dolomite cement, patterns show LREE enrichment
with a marked positive Eu anomaly.

4 Discussion

The combination of petrographic observations and geo-
chemical data indicates that over the history of carbonates
evolution in the Guelma basin, tectonic fractures and fluid
flow were the major controls on diagenesis evolution.

REE behavior in calcite cement indicates a low fluid-rock
interaction and their precipitation from dominantly shallower
meteoric fluids. In contrast, breccia cement reveals the
involvement of hotter fluid, as evidenced by sulfides and
silica cement precipitation, commonly occurring under
epithermal conditions in sedimentary environments (Davies
& Smith, 2006; Tostevin, et al., 2016).

Dissolution and recrystallization features along breccia
wells are observed, with the replacement of saddle dolomite
by calcite crystals and micritization of breccia clasts, as a
result of the circulation of infiltrating shallower water.

5 Conclusions

Petrographic study and chemical data of veins and hydraulic
breccia from Guelma basin formations show that different
minerals have precipitated during fluid circulations.

The fractures development and fillings show at least two
fracturing stages in the neritic carbonates of the Guelma
basin.

Multi-stage fluid circulations are evidenced by the nature
of fillings, especially in the breccia, where the saddle dolo-
mite crystals were deposited as a result of the circulation of a
relatively hot fluid followed by cooler fluid depositing cal-
cite cement.
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Possible Causes of the Late Cenozoic Global
Activation of the Earth’s Tectonomagmatic
Processes

Evgenii Sharkov

Abstract

The Late Cenozoic global activation of the Earth’s
tectonomagmatic processes, which continues to this day,
occurred unexpectedly at * 30 Ma. It covered almost the
entire globe, leading to new orogens and numerous areas
of intraplate magmatism associated with the ascension of
mantle plumes. However, its nature and mechanism of
implementation remain a mystery. According to modern
concepts, the origin of mantle plumes occurs at the
boundary of the liquid outer core and the mantle due to
the penetration of fluids from the core into its bottoms
(Maruyama in J Geol Soc Jpn 100(1):24–49, 1994;
Dobretsov et al., Deep geodynamics. GEO Publ, 2001;
French and Romanowicz Nature 525:95–99, 2015, etc.).
Accordingly, the number of mantle plumes—the main
drivers of tectonomagmatic processes—directly depends
on the fluids coming from the irreversibly solidifying
core. We believe that the reason for the considered global
tectonomagmatic activation of the Earth was a sharp
increase in the content of core’s fluids in the cooling
high-Fe liquid of the outer core due to a decrease in their
solubility at one of the bifurcation points. The mechanism
for implementing this activation was most likely a
massive ascent of mantle plumes.

Keywords

Global activation � Liquid outer and solid inner cores �
Fluids � Mantle plumes � Bifurcation point

1 Introduction

One of the most critical events in the recent history of the
Earth is the Late global Cenozoic (Neogene-Quaternary)
activation of tectonomagmatic processes, which unexpect-
edly began * 30 Ma in the middle Miocene and continues
nowadays (Stille, 1924; Dineley, 2000; Potter & Szatmari,
2009, etc.). This activation resulted in a sharp intensification
of tectonomagmatic processes and covered almost the globe.
However, despite numerous studies, the causes and mecha-
nism of this activation remain a mystery. It is only clear that
this activation is global and continues to exist today,
although there seem to be no obvious external or internal
reasons for this.

In our opinion, a sharp increase in magmatism’s intraplate
(mantle plume related) intensity is particularly interesting.
Many areas of this magmatism have appeared all over the
Earth: on continents and in oceans, from the Arctic to the
Antarctic, most of which are still active (Sharkov & Boga-
tikov, 1987).

The considered tectonic–magmatic activation of the Earth
occurred almost simultaneously on the entire planet. This
implies the existence of a single homogeneous global source
of energy and matter and some event that triggered the
process. From our point of view, only the outer liquid core of
the Earth, the composition of which is constantly maintained
uniformly by convection, can serve as such a source.
Therefore, it seems appropriate to consider the structure of
the Earth’s core in general.

2 The Earth’s Core

The Earth’s core is located at depths from * 2900 km to the
center of the Earth (* 6400 km). Therefore, there are no
direct data on the composition of the Earth’s core. Never-
theless, the shock compression data of metals and their
compounds make it possible to assume with a high degree of
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probability that the Earth’s core is 90% formed by iron
(Al’tshuler et al., 1968). In that case, the outer (liquid) core
cannot consist of just pure Fe or, even more, of its mixture
with Ni since the density of iron and nickel–iron of the
meteorite composition at pressures prevailing in the Earth’s
core is approximately 10–15% higher than the density of
matter the outer core of the Earth, which requires lighter
additions. According to (McDonough, 2014), the most
probable candidates are elements such as S and O, wide-
spread on the Earth, and Si, Mn, Cr, Co, Ni, C, and P. In
addition, we believe that Ti, K, and Na, as well as H2O and
CO2, which are part of the fluid components of the modern
mantle thermochemical plumes (see below), can also play a
particular role in the composition of the present-day outer
core of the Earth.

In this regard, the unusual properties of a natural high-Fe
liquid revealed in the study of crystallization products of
moderate alkaline Fe-Ti picrobasalts of plume origin are
noteworthy. This refers to the coronite structures in the
ferrogabbroids of Ti-bearing intrusions, particularly the
Elet’ozero syenite-gabbro complex in North Karelia (Shar-
kov & Chistyakov, 2017a, 2017b). These corones formed
mainly by amphibole (kaersutite), biotite, and olivine,
appeared around solidifying drops of high-Fe liquid
released during the crystallization of the initial picrobasaltic
melt. Judging by the composition of the coronite structures,
the total content of impurity components dissolved in this
liquid (Si, Ti, Al, Mg, Ca, Na, and K, as well as water, Cl,
and F) could reach 10–15% weight. Moreover, this intru-
sion formed at a pressure of * 0.55 Gpa. Suppose high-Fe
liquids retain their properties even under conditions of
ultra-high core pressures. In that case, there is a high
probability that the Earth’s liquid outer core may contain
such components and be a source of fluids feeding mantle
plumes.

The upper margin of the solid inner core (* 5% mass
and * 4% volume of the entire core) is located at a depth of
5080 km. It is assumed that the solid core consists of a Fe–
Ni alloy close in composition to the iron meteorites identi-
fied in the study of crystallization products, possibly with
additions of stishovite and diamond. Moreover, the structure
of the inner core is not uniform. Special studies in the inner
core have established the presence of compositional strati-
fication (Labrosse, 2014), which makes the inner core sim-
ilar to solidification products of large volumes of silicate
melts, such as layered intrusions.

In addition, an important recent achievement was the
discovery of the center of the modern solid core of the
remains of an ancient solid core with an independent
structure, which is its oldest part (Wang et al., 2015). In
our opinion, these are relics of the primary iron core of the
Earth, one the evidence of the secondary origin of the
modern core (Sharkov et al., 2020), but this problem is not

discussed in this work. According to (Labrosse et al.,
2001), the solid inner core appeared no earlier than 2.5 Ga
and no later than 1.0 Ga, most likely, between 2.0 and
1.7 Ga.

3 Cooling and Solidification of the Earth’s
Core

Mantle plumes constantly carry away heat and fluids from
the core, which should inevitably lead to its cooling and
solidification. As it was shown by (Jeffries, 1959), two
independent factors control the solidification of molten
planets (the liquid core in the case under consideration):
(a) the adiabatic gradient (the minimum temperature differ-
ence for the beginning of convection) and (b) the melting
point gradient (the slope of the liquidus line in P–T coor-
dinates) (Fig. 1). Since the adiabatic gradient is significantly
lower than the melting temperature gradient, the main vol-
ume of the melt remains superheated relative to the liquidus
temperature, and the solidification of the molten planets (and
their cores) should occur gradually from the bottom up, i.e.,
from the center to the surface.

The crystallization zone mainly consists of the highest
temperature (liquidus) crystalline phases. As the intrusive
chamber cools down, this zone moves steadily from bottom
to top, burying the previously precipitated crystalline phases
and leaving behind a solidified part of the intrusion. Thus, its
highest temperature components are constantly withdrawn
from the original melt, and the remaining melt is enriched
with low-temperature components. As a result, the melt
following the cotectics of the corresponding physicochemi-
cal systems enters the bifurcation points where the mineral
phases released at the solidification front are changed by
lower-temperature ones, which leads to the appearance of
primary magmatic layering (Sharkov, 2006). Thus, the for-
mation of such layering (stratification) results from the

Fig. 1 Relationship between the adiabatic gradient and the melting
point temperature gradient determining the directional solidification of
large volumes of silicate magma
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natural course of events during the directional solidification
of large volumes of the melt and does not carry any other
information.

3.1 The Earth’s Core Solidification

Let us consider the situation with the Earth’s core from such
a position. Obviously, in the case of a spherical liquid core,
solidification should begin in its center with the appearance
and growth of a solid inner core, an already solidified part of
the entire core. It follows from this that the structure of the
modern core is the result of the continuing process of
solidification of the initially liquid core of the Earth from its
center to the periphery, and is in good agreement with the
layered (stratified) structure of the solid inner core (Lab-
rosse, 2014), which resembles the structure of the
above-mentioned layered intrusions. Such a structure of the
core presupposes the presence between the inner and outer
parts of a low-power crystallization zone constantly moving
upward, forming at the temporary bottom of the core’s liquid
(outer) part. There, like cumulates in layered intrusions,
crystalline solid phases of iron should precipitate at the front
of the beginning of solidification, gradually growing the
solid inner core.

3.2 Mantle Plumes

As shown by the study of the evolution of the LIPs in the
history of the Earth, the composition of intraplate magmas
has remained practically unchanged over the past 2.3 Ga
(Sharkov et al., 2020). This means that the composition of
the fluid components that provided the rise of mantle plumes
did not change. Such a situation could arise only when the
fluids play the role of the residual melt during the solidifi-
cation of a high-Fe liquid. Then, the excess of these com-
ponents, which appeared in the process of core solidification,
passed in transit through the still-saturated liquid part of the
core and left it together with newly formed mantle plumes.
Accordingly, the number of mantle plumes, the main movers
of tectonomagmatic processes, directly depends on the fluids
coming from the core.

What do we know about the material of modern mantle
plumes? Important information about this is contained in
mantle xenoliths in Neogene-Quaternary intraplate basalts of
plume origin. Two independent groups represent these
xenoliths: (1) spinel ultramafic rocks of the green series,
which represent the mantle matrix of the plume, and
(2) veins of kaersutite- and phlogopite-bearing rocks of the
“black series”. The “black series” of mantle xenoliths
developed due to the fluid-dependent melting of mantle
plume heads. Geochemical data indicate that incompatible

elements are contained mainly in fluids that participated in
the decompression melting of mantle plume heads (Ma et al.,
2015). We believe that these fluids are the “contribution” of
the Earth’s core to the formation of these plumes.

4 Discussion and Conclusions

What could have caused such an unpredictable increase in
the scale of mantle plumes’ development originating at the
boundary between the liquid core and the mantle?

This indicates a sharp increase in the volume of mantle
fluids necessary for forming mantle plumes. As already
mentioned, the mantle plays a passive role here, and the
required heat and fluids arrival from the core.

From our view, the reason for the global Neogene-
Quaternary tectonomagmatic activation of the Earth was
most likely a noticeable decrease in the solubility of fluid
components in the high-Fe liquid of its outer core during
cooling, and the mechanism of this activation was the
massive rise of thermochemical mantle plumes. The “energy
heart” of the modern Earth is its outer core, which produces
mantle plumes—generators of tectonomagmatic processes in
its upper geospheres.
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New Tectonic and Topometric Evidence
of Modern Transtensional Tectonics
in the Low Nekor Basin (NE Morocco)

Morad Taher, Taoufik Mourabit, Ali Errahmouni,
and Abdelhak Bourjila

Abstract

The Nekor basin is located in the northeastern part of the
RIF at the heart of the border between the African and
Eurasian plates. It is characterized by tectonic and seismic
activities. This area was affected by powerful seismic
events, such as the Mw 6.0 earthquake of May 26, 1994,
the Mw 6.4 earthquake of February 24, 2004, and the Mw
6.4 earthquake of January 25, 2016. We propose, in our
work, the tectonic and topometric studies to confirm the
transtensional tectonic regime of the low Nekor basin.
The topometric measurements in the study area indicate a
horizontal movement of 5.33 ± 2 mm per year through
the Trougout fault in the NE-SW direction. This suggests
a sinistral movement calculated at 3.76 mm/year and an
E-W distension of the same value. In addition, the
Ajdir-Imzouren fault field study shows a dextral activity.
These movements confirm the transtensional tectonic
regime of the lower Nekor basin.

Keywords

Ajdir-Imzouren fault � Nekor basin � Transtensional �
Topometric � Trougout spot

1 Introduction

The geological history of the western Mediterranean is
made up of several geodynamic events that have shaped the
border area between the African plate and the Eurasian
plate. The Rif chain, where our study area is located, which

results from the N-S convergence of the two plates, is made
up of three main areas, from North to South: internal zones,
flysch layers, and external zones (Flinch, 1993). Our study
area, the lower basin of Oued Nekor (Fig. 1), is located on
the southern shore of the Alboran Sea. It is bounded to the
south by the Kétama unit, to the east by the Temsamane
massif and the Neogene volcanic massif of Ras Tarf, and to
the west by the Bokoya massif and the flysch zones.
Morphologically, it is a triangular graben basin constituting
the alluvial plain of Oued Nekor open to the bay of Al
Hoceima (Tahayt, 2008). The lower Nekor basin corre-
sponds to an N-S collapse ditch, the result of E-W extension
associated with N-S compression (Hatzfeld et al., 1993). It
is delimited by two active conjugate normal faults:
Imzouren-Ajdir (NNW-SSE) to the west and Trougout
(N-S) to the east (Medina, 1995; Poujol et al., 2014; Tahayt,
2008).

2 Materials and Methods

The study of active tectonics in the lower Nekor basin is the
goal of this paper. We looked for geomorphological features
that suggest an apparent shift in landforms or geological
formations over the study area that extends between the
Ajdir region to the west of the Nekor basin and the
Trougout region to the east of the bay. We used different
sources of information (satellite optical images, aerial
photos, and geological and topographic maps) and field
work to study the faults that limit the lower Nekor basin.
The topometric technique (Fig. 2) is used to monitor the
horizontal movement of the Trougout fault. The active
Trougout fault is morphologically clearly visible (Poujol
et al., 2014; Tahayt, 2008) and is even considered to be the
boundary between the two plates in the western Mediter-
ranean (Fig. 3).
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3 Results

The results (Table 1) show that the Trougout fault's hori-
zontal activity is 5.33 ± 2 mm/year in the NE-SW direction.
This indicates the existence of a sinistral component calcu-
lated at 3.76 mm/year and an E-W distension (Fig. 4) of the
same value.

The Ajdir-Imzouren fault in the northern part presents a
fault mirror (N164, 56 E) poorly preserved. The height of
this escarpment (Fig. 5) plan varies between 1 and 2 m, and
its length exceeds 50 m. Two zones that have undergone
further erosions are visible on the Ajdir-Imzouren fault plane
(Fig. 6). The upper part of the fault plane (black coloration)
is the most altered. In contrast, the lower part of this planar
surface (brown coloration) is less qualified or presents a
recent alteration. This means that the top of the escarpment
is older than its lower part. The linear structures on this fault
mirror have been affected by the alteration of the limestone
formation that gates them. Still, fortunately, we have found
streaks and tectonic clues, such as tearing niches, useful to
measure and interpret them. Furthermore, the measurements
of the striations on the fault plane (N100, 40SE) indicate a
normal transtensive dextral movement of the fault. From
these field observations, we can say that the Ajdir-Imzouren
fault is normal-dextral (Fig. 7).

4 Conclusion

The total station confirmed the conjugate movement of the
Trougout normal fault and an E-W distension movement. In
addition, the fieldwork in the north of Ajdir-Imzouren's
normal fault confirmed the existence of conjugate move-
ment. The activities thus determined to agree with the results
of previous work and ensure the transtensional character of
the tectonic regime of the lower Nekor basin.

N 

Fig. 1 Study area in 3D showing the position of TF (Trougout fault)
and AIM (Ajdir-Imzouren fault)

Fig. 2 Total station device used
in our study-Leica TS02
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Trougout fault 

Fig. 3 Trougout fault is part of
the boundary between the
Eurasian and African plates
(Palano et al., 2015)

Table 1 Result of the
measurement

Measurement of variation in mm

Fault 08/2017 08/2018 08/2019 08/2020

Trougout 00 10 ± 2 01 ± 2 05 ± 2

Fig. 4 Image Google Earth
shows the result obtained by total
station
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Fault plan 

Fig. 5 The escarpment of Ajdir fault

NNW SSE

Fig. 6 Two different zones at the level of the fault plane

Fig. 7 Google Earth image
modified to show the
phenomenon that controls the
study area. Orange arrows
indicate the results of topometric
and field studies. T.F. (Trougout
fault), A.I.F. (Ajdir-Imzouren
fault). The black point shows the
position of the total station
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The Mila 2020 Seismic Sequence
in North-East Algeria: Seismotectonic
Context and Geohazard Consequences

Yahia Mohammedi, Abdelkarim Yelles-Chaouche,
and Seifeddine Adjiri

Abstract

The Mila region in northeastern Algeria was shaken
recently by a moderate (Mw � 5) seismic sequence
between July and August 2020. The second mainshock
(Mw 4.9) was followed by a massive landslide (�
2 � 1 km), leading to dramatic destruction in the El
Kherba locality in the western part of Mila city. The
landslide occurred a few hours after the mainshock. This
is the first time a critical landslide has occurred after a
moderate seismic event. Although this sequence follows
the general trend of seismicity in northern Algeria, it
caused a vital panic among the population and the
authorities that it occurred near the essential water
reservoir in Algeria (i.e., Beni Haroun dam). This paper
aims to investigate the seismotectonic context of this
earthquake, focusing on mapping potential active faults
and discussing the triggered associated landslide. To this
end, we accomplished a geologic field investigation,
where the observations covered an area of 15 km around
the epicenter. Remotely sensed data helped to identify
potential lineaments in this area and oriented the field
investigation and analysis. The results show that the El
Kherba landslide (situated 15 km south-west of the
epicenter) was triggered by many factors, including
topography, soft-rock lithology, underwater, loading due
to the building, and finally, the successive seismic events,
which were a secondary factor. From a seismotectonic
point of view, the sequence occurred on the northwestern
border of the Miocene Constantine basin, underlined by a
heavy network of faults. The most important is the
Mcid-Aïcha Debbagh EW strike-slip fault and many
transverse segments. The source faults are discussed
based on the geomorphic, geologic, and seismologic
aspects.

Keywords

Mila earthquake � Landslide � Active faults � Miocene
basin � Neotectonics

1 Introduction

The eastern part of the Tell Atlas belt (Northern Algeria) has
recently experienced several small to moderate seismic
events located mainly on the northern edge of the
Constantine-Mila Miocene basin (Bendjama et al., 2021).
The most recent sequence (with two mainshocks) has affected
the Mila region between July and August 2020. A massive
landslide followed the second mainshock of 17 August 2020
at the western part of Mila city, significantly damaging
houses and infrastructures. In addition, the Algerian Digital
Seismic Network has recorded several aftershocks.

This paper gives an overview of the geologic and seis-
motectonic setting of the zone shaken by this sequence and
investigates the potential causative faults using geologic,
seismic, and remotely sensed data. The paper also briefly
describes the triggered landslide, focusing on its geometry
and structure and analyzing the factors leading to its
activation.

2 Setting

The study area is part of the Miocene Constantine-Mila basin
formed mainly by upper Miocene Lacustrine, continental
and evaporitic deposits. The actual shortening of the
Nubia-African plate is expressed by strikes-slip faulting,
which is the actual regime in northeastern Algeria (Bougrine
et al., 2019). Many earthquakes in the Constantine-Mila
zone occurred along strike-slip faults that border the basin.
Recently, many minor to moderate seismicity occurred along
the EW Mcid Aïcha Debbagh fault zone (MAD) between
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Guelma and Sidi Driss (Bendjama et al., 2021). This fault is
at least 80 km EW strike-slip shear zone with a long
deformation history, including Miocene normal faulting,
Upper Miocene thrusting and folding, and Pleistocene
transpression.

In the epicentral area of the 2020 Mila sequence, the
MAD fault zone (Fault 3 in Fig. 1) cuts along the Mcid
Aïcha Debbagh mountain (1482 m) and probably continues
to the west toward the Babor chain (Boulahia et al., 2021).
Many neotectonic deformations have been observed and
mapped at the southern foot of the Mcid Aïcha mountain
(the epicentral area), including thrusting and folding events
(Coiffait, 1992). Besides its active tectonic character, this
zone is known for its slope instability, making the geohazard
greater (Merghadi et al., 2018).

3 Results

3.1 Potential Causative Faults

The seismic sequence occurred South of Mcid Aïcha
mountain, East of the Beni Haroun Dam. The focal mech-
anisms and the distribution of the aftershocks exclude the
implication of the EW MAD fault zone. However, we could
select two potential active faults using remotely sensed data,
including high-resolution Google Earth imagery and EO-Ali
multispectral images combined with field observations and
analysis. The first one corresponds to a NE-SW fault zone
(Fault 1 in Fig. 1) composed of many segments that affect
the upper Miocene folded formations north of Grarem
Gouga municipality. Many observations show displaced

Fig.1 Seismotectonic context of the Mila zone. a General tectonic map
of the Algerian Tell Atlas. b The local tectonic map of the epicentral
area of the 2020 Mila sequence shows the main geologic and
seismotectonic features. Red stars and dots correspond to the

Mainshock-Aftershock sequence of the Mila 2020 earthquake (from
ADSN-CRAAG). Orange circles show the Sidi Driss 2017 sequence
(Bendjama et al., 2021)
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strata along these faults (Fig. 1b). The second mapped fault
has a NW–SE orientation and cuts through the Dam of Beni
Haroun (Fault 2 in Fig. 1). Observations show that this fault
has a critical breccia zone with multiple slickensides that are
different in orientation and slip direction, the most recent
slickenside is in agreement with the actual stress regime.

3.2 The Triggered Landslide

Two hours after the second mainshock of 08 August 2020
(Mw = 5), a massive landslide affected El Kherba City at the
western part of Mila (15 km southeast of the epicenter,
Fig. 1). It led to significant damage to the infrastructure.
Fortunately, no human losses were reported. Field

observations and pre- and post-landslide analyses using
high-resolution Google Earth imagery led to the map of
Fig. 2a, where the principal features of this landslide have
been reported. The observations show that this complex
mass movement combines slumping at the upslope and
earthflow at the downward slope (Slump-Earth flow move-
ment). The length of the displaced mass reached 2 km, and
its width could reach 1.3 km. The upper part of the slide is
characterized by curved ruptures with exposed vertical
scarps (Fig. 2b). At the left flank, these ruptures could reach
6 m of height and are characterized by well-preserved
oblique slickensides (Fig. 2c). Many less important sec-
ondary scarps are observed as we go down toward the center
of the slide. The downslope, however, is formed by a
transverse ridge, especially in the eastern part, and by an

Fig. 2 Map showing the El
Kherba 2020 Landslide with its
principal features. For
explanations of the associated
photos, see the text
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important earthflow in the western part (Fig. 2d, e). The top
of this earthflow coincides with a slope break at 550 m,
where many secondary scarps and slumping occurred.

By analyzing pre- and post-Google imagery from
07/2020 to 03/2021, we were able to map the different
horizontal slip vector within the displaced mass (black
arrows in Fig. 2a). The main mass has a displacement vector
to NNW in the upper part then it spreads out in all directions
in the down position. The movement at the upslope is about
4 m, and at the downslope increases significantly to reach
30–40 m within the earthflow mass.

4 Discussion

The 2020 seismic sequence of Mila proves again that the
Algerian Tell and particularly the post-thrust sheet basins are
active areas even though there are no historical records. The
causative faults hadn't been mapped before, and they likely
were inactive for the spending of the historic period.
Although the mainshock focal mechanism and the after-
shock distribution exclude the direct implication of the MAD
fault, it seems that some transverse faults are causative. This
sequence is similar to the 2017 Sidi Driss sequence
[(Bendjama et al., 2021) 12 km East of the actual sequence,
Fig. 1b]. Both sequences have occurred at the northwestern
border of the basin and have a similar distribution similarity.
Therefore, the tow sequences should belong to the same fault
network that affects the basement of the basin (Fault 1 and
Fault 4 in Fig. 1).

The triggered landslide is 15 km away from the epicentral
zone. This distance/magnitude ratio is beyond the upper
limit of Keefer (1984), indicating that the slope had almost
reached its threshold stability before the earthquake. Many
factors are at the origin of this landslide, including topog-
raphy, clay-bearing lithology with bedding parallel to the
slope, water content and groundwater flow, and human
excavation/loading at the downslope and upslope, respec-
tively. Among these factors, the role of water is likely to be
primordial, especially at the downslope where the earthflow
behaved as a viscous fluid. The rupture planes are found to

be very wet, which agrees with water percolation along the
rupture surface. In addition, seismic shaking seemed to
trigger the earth flow at the downslope, which led to slope
instability and slumping at the upslope.

5 Conclusions

The present study provides evidence of two new potential
active faults affecting the NW border of the
Constantine-Mila basin. The first belongs to a NE-SW net-
work that cuts through the western part of Mcid Aïcha
mountain, and the second with NW–SE direction cuts near
the Beni Haroun dam.

The landslide hazard is one of the direct consequences of
seismic hazards in the Mila zone, and any attempt to assess
this hazard should consider the area's seismotectonic con-
text. Here we show that the triggered landslide is a complex
slumping-earthflow movement. Many factors are combined
to accelerate the movement, water, and human activities
which are the principal factors.
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Overcoming the Crude Oil Emulsion Problem
Through the Utilization of Organic Additive
De-emulsifier from Olea Europaea: Effect
of Additive Volume, Temperature,
and Composition

Novrianti Novrianti, Idham Khalid, Sri Setia Ningsih,
and Adi Novriansyah

Abstract

The existence of crude oil emulsion (COE) leads to some
portion of the crude-containing brine, which aggravates
the crude oil quality. To overcome this problem, the
addition of a de-emulsifier will be effective. However,
commercial de-emulsifiers are mostly harmful to the
environment. Through this study, the de-emulsifier pro-
duct is synthesized from the oil product of Olea europaea
(Olive oil), which is categorized as an organic and
environmentally safe product. This study consists of two
procedures, additive production by saponification process
and bottle test, to observe the effectiveness of olive oil
de-emulsifier (OOD) in vanishing the COE under 50, 70,
and 80 °C temperatures. This study utilizes two kinds of
OOD with different component compositions: the OODA
and the OODB component. This study will also inves-
tigate the effect of de-emulsifier composition and volume.
The bottle test results indicate that OOD positively
impacts the separating oil and brine from the emulsion
phase. On the other hand, oil–water easily separates from
the emulsion phase at a higher volume of OOD and
higher temperature but consumes more time. Comparing
two kinds of OOD at 5 ml volume and 80 °C yields a
slight difference in separation volume, whereby samples
containing OODA separate the emulsion more than
OODB. However, the sample with OODB consumes less
time to achieve maximum separation volume. OODB,
derived from olive oil using more potassium oxide
(KOH), water, and less glycerin, tends to disappear
COE at a lower time and higher separation volume.

Keywords

Crude oil emulsion � Olive oil � De-emulsifier �
Separation time � Separation volume

1 Introduction

It is widely known for its de-emulsifier role in the oil and
gas industry, especially for overcoming crude oil–water
emulsion issues (1). Rapid encouragement of eco-friendly
materials in oil and gas operations triggers us to look for
alternative ingredients commonly used in daily activities as
raw materials for replacing or even complimenting oil and
gas additives. We introduce an optional de-emulsifier
through this experimental work derived from the Olea
europaea, which is known as olive oil. Global utilization
of olive oil products is doubtless from the supply and
demand sector (2). However, its contribution to oil and
gas, i.e., storage and pipe transportation, is still vague and
requires room for further development. We hope that
through the findings of this study, we may find another
approach to valorize the olive oil product as a
de-emulsifier product in the oil and gas sector. Further-
more, this kind of utilization may increase the economic
value of this product. This study investigates the effect of
additive content, temperature, and composition on the
breaking emulsion ability.

2 Settings Up Experiments

This study utilizes virgin olive oil from the Bertolli com-
pany. Moreover, glycerin (C3H8O3) and potassium oxide
(KOH) are purchased as ingredients to prepare de-emulsifier
products. The first step is adding 50 ml olive oil into the 100
ml beaker glass and heating it until reaching 70 °C tem-
perature for 30 min. Next, pour KOH and de-ionized
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(DI) water slowly and stir with 800 rpm velocity with
magnetic stirrer apparatus. As a result, there are two samples
of de-emulsifier products (OODA) and (OODB) which are
prepared, where one sample is more enriched by KOH but
more minor in C3H8O3, compared to another (Table 1).
Finally, put glycerin into the solution and continuously stir
until forming homogeneous solutions.

The next step is the bottle test experiment, which utilized
50 ml crude–brine emulsion and olive oil de-emulsifier sample
A (OODA). The crude–brine emulsion contains medium
gravity crude (21° API) and DI water with the same propor-
tion, i.e., one to one ratio. Accomplish the mixing process
inside the 100 ml bottle. Locate 1 ml of OODA into the bottle,
and put the bottle into the water bath apparatus. Maintain the
water bath temperature at 50 °C, and observe and record the
oil–water separation volume every 30 min until 2.5 h elapsed.
Perform the same procedure as OODB. To investigate the
effect of additive volume, perform a similar process for 3-
and 5-ml OODA and OODB de-emulsifier. Furthermore,
examine both samples for 70 and 80 °C temperatures.

3 Results

Figure 1 depicts the effect of additive volume (Fig. 1a),
temperature (Fig. 1b), and composition (Fig. 1c) on the
separated water volume for 3 h of observation time.
Figure 1a indicates that increasing the volume of the
de-emulsifier in the crude–water emulsion yields a larger
volume of separated water. The highest amount of separated
water occurs for a 5 ml OODA additive sample at 50 °C
water bath temperature. The sample with 5 ml de-emulsifier
shows effective results; we compare it for each water bath
temperature. Figure 1b yields that the temperature parameter
positively impacts the water–crude separation process where
higher temperature separates more water from the emulsion.
To investigate the effect of the component in the
de-emulsifier, we compare the capability of OODA and
OODB in breaking the crude–water emulsion. Figure 1c
reveals that the OODA de-emulsifier can separate more
water after 3 h than OODB. However, OODB requires less
time to yield a peak-separated water volume than OODA.
Conclusively, OODA can break the emulsion more but
consumes more time than OODB.

4 Discussion

The bottle test results show how effectively olive oil is used
as a de-emulsifier product due to its high fatty acid content
(3). KOH triggers surfactant generation, which affects the
stability of the oil, water, and interfacial film. Surfactants’
primary function as agents for reducing surface tension
disrupts emulsion stability and accelerates the water–oil
separation process. Higher emulsifier volume increases the

Table 1 De-emulsifier composition

Composition (unit) OODA OODB

Olive oil (ml) 50 50

DI water (ml) 12.5 19.6

KOH (ml) 25 50

C3H8O3 (ml) 4 2

Fig. 1 Effect of a de-emulsifier volume; b water bath temperature;
c de-emulsifier type to separated water volume under 3 h observation
time
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surfactant component in the oil–water emulsion, inducing a
higher volume of separated water. Elevating the temperature
also contributes positively to breaking the oil–water emul-
sion. Higher temperature gives thermal energy to water
droplets and affects the stability of the interfacial film layer.
OODB, which contains more KOH than OODA, has a
higher possibility of generating surfactants through the
saponification process. The existence of more surfactants
may potentially break the crude–water emulsion.

5 Conclusions

This study proves the alternative utilization of olive oil as a
raw material for an emulsion breaker additive. We determine
the capability of the OODA and OODB products under

various additive volumes, temperatures, and the composition
of the de-emulsifier parameters. The result from the bottle
test indicates that applying a high volume of de-emulsifier at
elevated temperatures may break the emulsion more. The
appearance of KOH at higher concentrations in OODB may
rapidly break the water–crude emulsion, inducing low
requirement time. Meanwhile, OODA successfully separates
more aqueous phases from the emulsion but needs longer to
achieve that. There is still room to develop an economical
product from olive oil use.
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A Practical Recipe to Reconstruct Fluid
Composition from Limited Sample or Data

Abhijit Dandekar

Abstract

Reservoir fluid composition is essential in simulation
studies, evaluating reserves, enhanced oil recovery
(EOR) processes, production, and flow assurance. How-
ever, engineers are often faced with the challenge of
incomplete information on fluid composition, which is
quite frequently due to limited sample size, age, data,
HSE, and economic considerations. This was precisely the
case when an Alaskan oilfield (Umiat), potentially
containing large recoverable reserves, was being consid-
ered for development. Unfortunately, the only physical
sample was a weatherized dead oil (* 50 cm3) collected
in the 1940s. Using this limited physical sample and other
available data, a systematic and practical novel method-
ology was developed to successfully reconstruct the fluid
composition by replenishing the lost components. PVT
laboratory tests, fluid property measurements, and Equa-
tions of State (EOS) modeling were successfully carried
out using the reconstructed fluid sample. The data was
used in reservoir simulation studies to screen different
EOR methods. The robustness and versatility of this
methodology are further demonstrated by successfully
recreating a stock tank condensate from Norway and oil
from Saudi Arabia from severely weatherized samples and
minimal data. The key takeaway from this paper—the
novel methodology successfully demonstrated—has a
universal appeal in that it can be applied to reconstruct
any fluid composition in sample or data-constrained cases.

Keywords

Fluid composition � PVT � Fluid characterization �
Equations of state � Live oil

1 Introduction

Fluid composition, normally expressed in mole fraction or
mole%, is the signature/identity or DNA of a given reservoir
fluid. It is the backbone of Equations of State (EOS) mod-
eling, which is used in multiple applications such as reser-
voir simulation, material balance, enhanced oil recovery
processes, and flow assurance. The most reliable method of
obtaining fluid composition and the PVT data is laboratory
analysis of bottom hole or reconstituted fluid samples.
However, that is not always the case due to various reasons
such as limited sample or data, its age, Health Safety
Environment (HSE), and most importantly, economic con-
siderations. In addition, although some numerical approa-
ches to estimate fluid composition or relate them to other
properties exist (Ovalle et al., 2007; Paredes et al., 2014;
Spivey & McCain, 2013), they tend to be data intensive.
Moreover, given the unique nature of every reservoir fluid
and composition (especially gas condensates and volatile
oils), empirical correlations and others may have a limited
range of applicability. Finally, proper definition or charac-
terization of the plus fraction is also a prerequisite.

The above conundrum means incomplete information on
fluid composition, which thus constitutes a major challenge
faced by petroleum engineers that need it for the purposes
mentioned above. This was precisely the case when a unique
oilfield (broadly known as Umiat) in Alaska was considered
for development circa 2008–2009, following interest and
funding (DE-FC26-08NT0005641) by the US Department of
Energy and Industry (Renaissance Alaska LLC). Unfortu-
nately, notwithstanding the initial exploration conducted by
the US Department of Navy, and despite drilling 11 wells,
the field was never developed during that period due to its
techno-economic challenges. One of the significant obstacles
in the development plan was the insufficient information,
including the lack of bottom hole or recombined fluid
samples, that was needed in fluid studies. What was avail-
able at the time was: (1) * 50cm3 of severely weatherized
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physical Umiat oil sample stored in a plastic container (at
Alaska Geological Materials Center, GMC) and (2) sparse,
dated physical property data. So, the challenge at the time
was to put the puzzle pieces together and construct the
physical and numerical Umiat fluid sample. Motivated by
this case study, we devised a creative approach and a prac-
tical recipe (see next section) to address this challenge. First,
we recreated the physical fluid sample and the composition
from limited data and samples. The developed methodol-
ogy's robustness was also tested on two other liquid cases.

2 Methodology

A self-explanatory Fig. 1 outlines the workflow and the
analytical instruments used in accomplishing the methodol-
ogy. Specific details can be found elsewhere (Shukla, 2011).
The Pedersen characterization method for limited data
(Danesh, 1998) is applied. Umiat dead (stock tank) oil is
assumed as represented by C7+. Using available distillation
data from 1958 (Baptist, 1960) and generalized specific
gravity (c) and molecular weight (MW) of SCNs, cC7+ and
MWC7+ are calculated, and the method (Danesh, 1998) is
applied to characterize the supposedly original Umiat (dead)
oil from C7 through C25+ (adequate given the oil is light),

XC25þ

C7

ZCnMCn ¼
XC25þ

C7

EXP(AþBMCn)MCn
¼ ZC7þMC7þ ð1Þ

A ¼ LN ZC7þ
� �� LN

XC25þ

C7

eBMCn

 !

and
XC25þ

C7

MCn �MC7þ
� �

eBMCn ¼ 0

ð2Þ

Finally, based on the methodology, the “lost compo-
nents” due to weatherization were replenished by using
n-alkanes first to recreate the physical and numerical
“pseudo-representative” dead oil sample and, subsequently,
the live oil sample (also see next section on Results).

A similar methodology was applied for the other two
external gas condensate and light oil cases.

3 Results

A comparison of cAPI, viscosity, and MW of the limited
Umiat oil sample with other data confirmed weatherization,
e.g., 29.7o API (this work) versus 36.6o API (Baptist, 1960).
Additionally, lost components-based weatherization is evi-
dent in Fig. 2.

After adding n-alkanes (right bar graph, Fig. 2), the
matched Umiat dead oil composition was achieved. The
methodology was also tested on a gas condensate (Sørheim
& Andreassen, 2011) and a light oil (Wang et al., 2003);
both represent the severest form of weatherization. There-
fore, experimental data are taken from these sources. In both
cases, the fluid composition is reconstructed entirely based
on only the un-weatherized stock tank liquid gravity (even
more limited data than Umiat), using additional correlations
developed by this author's unpublished work. Figure 3
shows the recreated stock tank liquid compositions for
Umiat, the gas condensate, and the light oil.

4 Discussion

To obtain additional verification that the practical recipe
works, the density (API), viscosity, and molecular weight
also were compared, which resulted in a perfect match with
the limited old data (Collins, 1958). This is yet another
demonstration of successfully recreating a representative
Umiat dead oil sample. The recreated dead oil sample was
recombined with the Umiat gas using the 70.6 scf/stb GOR
to produce the Umiat live oil sample. Obviously, no physical
sample of Umiat solution gas existed; hence, it was blended
by a commercial gas company based on values reported
elsewhere (Masterson, 2001). The CCE conducted on the
recreated live oil sample resulted in bubble points at the
range of Umiat reservoir temperatures that matched very

Fig. 1 Workflow and analytical
instruments used for constructing
Umiat fluid sample from limited
sample and data
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well with well-known empirical correlations and the
PR EOS model (Robinson & Peng, 1978).

As mentioned in the results, the two external cases rep-
resented almost an acid test of the practical recipe, given the
extreme case of weatherization. In addition to the molar
composition distribution achieved, shown in Fig. 3, the c
values of the stock tank liquids were compared, for which
the differences were within 2%.

Finally, a small caveat that is in order here is that the
creative approach is perhaps the best way to solve the
problem of missing sample and data information; however, it
should not be construed as a substitute for nature
(geochemistry).

5 Conclusions

The following main conclusions or takeaways are based on
this work:

• This work shows the application of well-established
experimental and modeling techniques to a real practical
problem to fill in the gaps in the reservoir data.

• The adopted approach has a universal appeal in that it can
be easily applied to recreate any fluid composition in
sample and data-constrained cases.

• Finally, the demonstrated technique is simple, practical,
and can be used by any petroleum engineer.
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Numerical Investigation of Wettability
Alteration and Well Configuration Effects
on Oil Recovery in Waterflooding Operations

Palang Moronke Guful and Serhat Canbolat

Abstract

This work studied the effects of wettability alteration and
well configuration on waterflooding recovery. This was
assessed by creating nine models on a commercial black
oil simulator with the properties of the Bonga oilfield in
Nigeria. These models had three different wettability
(water-wet, oil-wet, and mixed-wet) and three different
well configurations [vertical injectors and vertical pro-
ducers (VIVP), vertical injectors and horizontal producers
(VIHP), and horizontal injectors and horizontal producers
(HIHP)], which gave a total of nine models. The results
showed that water-wet cases generally performed the best
in oil recovery in waterflooding operations (63.6–53.6%)
with the same amount of injected water in each scenario.
Mixed-wet cases gave the second-best performance
(43.1–33%), and the oil-wet cases yielded a minor
recovery (34.2–32.1%). For the well configurations, the
VIHP cases (63.6–34.2%) gave the best results and were
closely followed by the HIHP cases (63.2–33.9%), while
the VIVP yielded the least recovery of the three (53.6–
32.1%). Moreover, analysis of the injected water to
produced oil ratio showed wettability variation as the
primary determinant. The water-wet cases were seen to
have the best results (3–4), the mixed-wet issues to have
the following best ratio (4–6), and the oil-wet case yielded
the least (5–7) among the different wettability types. In
the Bonga oilfield of Nigeria, it is strongly recommended
to implement the VIHP well scenario to improve oil
recovery while simultaneously reducing water injection
(and resultant water production).

Keywords

Waterflooding � Bonga field � Numerical simulation �
Wettability � Well configuration

1 Introduction

While in most studies, water-wet systems have been seen to
give better waterflood performance than either oil-wet or
mixed-wet systems (Anderson, 1987), some studies have
shown that mixed-wet performed better than water-wet and
oil-wet systems (Xiao et al., 2017). Similarly, well config-
uration has also been seen to significantly affect the perfor-
mance of waterflooding operations. For example, in some
cases, pairing vertical wells with horizontal wells have been
seen to give better recovery values than both horizontal
injectors and producers (Lee, 2012).

In this study, the good orientation and wettabilities are
changed to check their effect on water injection, while the
amount of water injected was kept at a minimum. The
properties of a field in Nigeria—Bonga oilfield—were used
for this investigation, and the best-case scenario for this field
was proposed.

2 Methodology

The reservoir model was a block centered, uniform grid size,
a homogeneous, non-fractured, and three-dimensional model
with grid dimensions of 20 by 20 by 4. The model was
simulated with the properties of the Bonga oilfield, which
are given in Table 1. However, to capture the difference in
the performance of the waterflood, it was simulated with two
injection wells and two production wells in all cases to
represent a simple basic form of the waterflood (Fig. 1). The
injection wells were constrained to a maximum surface
water rate of 300 MSTB/D to keep the amount of injected
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water to economic levels and to a maximum bottom hole
pressure (BHP) of 6000 psi to prevent accidental fracturing
of the formation. The optimal well length was decided by
changing the length of the laterals to see which gave the best
results.

Three different wettability models were used—water-wet,
oil-wet, and mixed-wet and three different well configura-
tions were used—vertical injector and vertical producers
(VIVP), vertical injector, and horizontal producers (VIHP),
and horizontal injectors and horizontal producers (HIHP).
These made a total of 9 case studies: VIVP water-wet model,
VIHP water-wet model, HIHP water-wet model, VIVP
oil-wet model, VIHP oil-wet model, HIHP oil-wet model,
VIVP mixed-wet model, VIHP mixed-wet model, and HIHP
mixed-wet model (Fig. 1).

3 Results and Discussion

3.1 Effect of Wettability Alteration

Water-wet systems cause water to preferentially adhere to
the formation body, which causes oil to flow more quickly
through the pores. This led to low ratios of cumulative water
injected to cumulative oil produced, making the water-wet
systems the most economically feasible of all three. The

oil-wet systems are the direct opposite of the water-wet
systems. From the definition of oil-wet systems, the lack of
favorability of this system to oil production is obvious. The
mixed-wet systems have recovery results that are in between
the water-wet and the oil-wet values. This is because, for
mixed-wet systems, the smaller pores are water-wet, and the
larger pores are oil-wet. This mixed behavior of mixed-wet
reservoirs made some parts of the reservoir act as water-wet
systems and others act as oil-wet systems (Table 2; Fig. 2).

3.2 Effect of Well Configuration

Horizontal wells generally are expected to produce more oil
than vertical wells (Table 2; Fig. 2). This was the case in the
simulations performed. Regardless of wettability, horizontal
producers performed better than vertical producers. This is
because horizontal wells open larger areas of the formation
to flow than vertical wells, which means more oil production
can be realized. However, the injectors' results depended on
the type of producer used. For example, in the VIHP sce-
nario, better results were realized than in the HIHP scenario,
while the VIVP scenario performed the least. Other studies
have seen this behavior and can be attributed to sweeping
efficiency (Claridge & Qui, 1991).

Table 1 Reservoir model characteristics

Parameter (unit) Value

Area (acres) 14,826

Thickness (ft) 90

Horizontal permeability (md) 2500

Vertical permeability (md) 250

Porosity (decimal) 0.32

Initial temperature (F) ˚F

Initial Pressure (psi) 4550

Oil gravity (lbm/ft3) 47.45

Depth to top of the reservoir (ft) 6000

Irreducible water saturation (decimal) 0.3

Fig. 1 Well configurations used
in the reservoir model for all
wettability systems a VIVP,
b VIHP, c HIHP

Table 2 Recovery results of wettability systems and well
configurations

Parameter (unit) Cumulative oil recovery
(bbl) (MM)

Recovery
factors (%)

VIVP (water-wet) 768 53.9

VIHP (water-wet) 912 63.6

HIHP (water-wet) 906 63.2

VIVP (oil-wet) 419 35.0

VIHP (oil-wet) 447 34.2

HIHP (oil-wet) 443 33.9

VIVP (mixed-wet) 391 32.5

VIHP (mixed-wet) 517 43.1

HIHP (mixed-wet) 510 42.4
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4 Conclusions

This study showed that horizontal producers led to more oil
recovery than vertical producers. However, pairing vertical
injectors with horizontal producers could give better results
than pairing horizontal injectors with horizontal producers.
Also, wettability was seen to have a more significant effect
on recovery than well configuration. In terms of the impact
of wettability on oil recovery, water-wet systems gave better
results than all the other wettability systems, followed clo-
sely by the mixed-wet systems and then the oil-wet systems.

It is strongly recommended that the VIHP well scenario
be implemented in the Bonga oilfield to improve oil recov-
ery while simultaneously reducing water injection (and
resultant water production).
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Well Deliverability Assessment of Libyan
Near-Critical Gas Condensate Field

Raghd Gadrbouh and Mohsen Khazam

Abstract

Optimizing gas condensate reservoirs requires an ade-
quate understanding of the flow behavior changes under
various depletion cases and accurate estimates of reser-
voir properties of zones bearing condensate gas systems.
The main objective of this study is to assess the well
deliverability of a Libyan near-critical gas condensate
field by simulating the actual pressure transient test and
investigating the impact of various production scenarios
on future well performance. Well, test data were evalu-
ated using conventional interpretation techniques to
estimate the average reservoir permeability, composite
skin, and absolute open flow potential. A Cartesian
compositional single well model was constructed to
simulate the well A3 pressure transient test and design the
field's relative permeability curves with a detailed
description of the geological features near the wellbore
and the rock and fluid properties. The well was then
projected to different production scenarios, including
various completion schemes, natural depletion, and gas
cycling, to identify the optimum development option.
Interpretation results indicated a considerable skin value
mainly due to formation damage and reservoir hetero-
geneity rather than a condensate blockage. Formation
damage was found to duplicate the effect of other skin
components. The simulated vertical natural depletion case
cannot sustain a plateau rate of 15 MMscf/d due to the
damage around the well. However, this target plateau rate
can be maintained for 11 years by stimulating the well
primary production. Condensate recovery can be signif-
icantly enhanced to 58% by performing gas cycling at the
initial pressure for ten years. This recovery can reach 64%
using makeup gas.

Keywords

Near-critical fluid�Gas condensate�History matching�
Well deliverability � Gas cycling

1 Introduction

The condensate blockage is the crucial factor in influencing
the productivity of gas condensate reservoirs as it decreases
relative gas permeability and well deliverability.

Much research has been conducted over the years to
understand the effect of condensate buildup around the
wellbore on well productivity. For example, Hinchman and
Barree (1985) showed in their study that the well produc-
tivity is mainly affected by condensate accumulation around
the wellbore; this accumulation depends on relative perme-
ability and liquid viscosity and is defined as condensate
banking blockage.

Usually, simulation models are used to understand the
behavior of condensate accumulation near the. However,
dynamic validation before deliverability prediction is pre-
ferred to determine the proper parameters for future inves-
tigations. Various scenarios can be conducted to mitigate the
effect of condensate blockage on well deliverability and
increase the well productivity. While Miller et al. (2010)
suggested that horizontal wells can improve well deliver-
ability, Zaitsev et al. (1996) showed that gas injection helped
to remove the condensate “plug” and improved well
performance.

In this study, we assess the well deliverability of a Libyan
near-critical gas condensate field by simulating the actual
pressure transient test and then investigate the impact of
various production scenarios on future well performance.
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2 Methodology

Well A3–located in the field’s crest—was chosen to be the
target well in this study. Since well A3 fluid composition
varies with depth from a near-critical gas condensate fluid to
volatile oil in the deeper sections, the p-approximation
method was preferred for interpreting the well test as it treats
the gas as a pseudo-liquid.

A Cartesian single well compositional model was con-
structed. The model consists of a reservoir fluid model
simulated by the tuned PR-EOS and a fluid rock petro-
physical model describing the nine geological layers iden-
tified from the log data and the routine core analyses
conducted on the well. The model was used to regenerate the
actual well test conducted on well A3. To capture the con-
densate behavior around the wellbore, the grids were dis-
tributed exponentially, and the parameters used to generate
the preliminary relative permeability curves were then varied
to investigate the effect of gas relative permeability endpoint
(krgmax) and critical condensate saturation (Scc) on the his-
tory matching to select the most appropriate curve to impose
in the prediction cases.

To reduce the complexity of the accurate model and
obtain a better understanding of various parameters’ impact
on the flow behavior, the geological features near the well-
bore and assessing the skin parameters to achieve a match,
the initial runs were conducted with a simple averaged
model of one layer and single relative permeability curve.
A sophisticated model with the actual rock petrophysical
data (of the nine layers) was then used to describe the
reservoir adequately.

3 Results

The interpretation of the pressure buildup indicates an infinite
acting system (i.e., open system) with probably good pres-
sure support. The main results are summarized in Table 1.

The assessed average simple model relative permeability
endpoints of 0.72 from the gas relative permeability and 0.6
for the condensate relative permeability was again used in
the sophisticated model and achieved the most suitable
match (Fig. 1).

An additional pressure drop during the drawdown period
is observed. To understand this, the critical condensate sat-
uration is assumed to be zero to reduce the effect of con-
densate blockage skin (Sb * 0). Both the average and the
sophisticated models were compared. The comparison

results indicated an additional pressure drop due to reservoir
heterogeneity and are proportional to the gas rate during the
drawdown periods. As the response was correlated to per-
meability variation, the composite skin equation is recom-
mended to incorporate additional skin due to permeability
heterogeneity (Sh).

Two scenarios of natural depletion versus gas cycling
were compared. First, the natural depletion case was simu-
lated with a target production rate of 15 MMscf/d for
30 years. The production scenario was conducted for both
with and without damage cases. Considering the mechanical
skin effect, the well showed almost no plateau period at the
target flow rate of 15 MMscf/d. The well was then assumed
to undergo a cleaning process, and no damage was
encountered; a relatively reasonable plateau period of
11 years was projected. Therefore, the well life is predicted
to be 18 years. However, condensate accumulates immedi-
ately as the reservoir pressure falls below the saturation
pressure creating a blockage area near the wellbore,
restricting the flow and choking the reservoir from producing
the desired amount of gas and condensate. Hence, conden-
sate production declines sharply, and its recovery does not
exceed 30%, with an ultimate gas recovery (EUR) estimated
to be around 73%.

During gas cycling processes, dry gas is injected from
four injectors—a five-spot pattern—into the reservoir. The
results show that increasing the cycling duration from 5 to
10 years enhances condensate production and recovery from
47 to 58%.

4 Discussion

The critical condensate saturation seems to have no signifi-
cant effect on the simulated derivative curve, but assuming
no critical condensate saturation (Scc = 0%) will tend to
increase the drawdown pressure profile. This shows that the
test duration is not long enough for a condensate blockage to
affect the flow behavior significantly.

A sharp decline in the reservoir pressure associated with
the high skin due to damage was observed, and the target
plateau rate could not be sustained. However, this period can
be extended by lowering the gas production rate and stim-
ulating the well before production. Furthermore, gas cycling
maintains the reservoir pressure and enhances condensate
production.

The shortage in displacement ratio (VRR < 1.0) is
believed to prevent achieving high condensate recovery.

Table 1 Well, test interpretation
results

Slope (mSL), psi/cycle Qg, MMscf/d Permeability, mD

46.06 13.33 13.35
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However, makeup gas can bring this ratio to unity and sig-
nificantly improve condensate recovery by 6%.

5 Conclusions

Analysis of well A3 DST indicated a considerable skin value
(*46) and a relatively low effective permeability (*13
mD). Furthermore, the single well compositional simulation
model confirmed that the sizeable composite skin is mainly
contributed by the well damage/perforation skin and reser-
voir heterogeneity skin, and the formation damage skin is
found to have a compounding effect on other skin factors.

A history match of well A3 test data was used to generate
the pseudo gas condensate relative permeability that rea-
sonably represents the average dynamic flow of gas and
condensate around well A3 area.

The simulated natural depletion case of well A3 cannot
sustain a plateau rate of 15 MMscd/d due to the extensive
damage around the well. However, if the well undergoes a

stimulation process before the production scheme, this target
rate is expected to be sustained for 11 years. Condensate
recovery can be significantly enhanced by performing gas
recycling up to 58% for ten years of cycling duration. In
addition, using makeup gas can enhance this recovery
(64%).
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Experimental and Visual Assessments
of Artificially/Naturally Fractured Cores
During Improved Oil Recovery

Serhat Canbolat

Abstract

Artificially and naturally fractured cores were utilized in
this study. Experimental and visual assessments were
performed to understand the physical properties of the
cores properly. Computer tomography (CT) scanner
images were used to determine matrix porosity. A poly-
mer gel treatment was applied to reduce the impact of
fracturing and boost oil recovery. The permeability
values were assessed before and after the polymer gel
injection. Furthermore, estimated CT porosity was used
to evaluate each core’s CT permeability. Microscope
measurements of fracture apertures were compared to
cubic law-based analytical calculations. In oil-saturated
and water-saturated core studies, homogeneous core
recovery surpassed heterogeneous core recovery due to
natural fracture. Using experimental measurements, the
relative error percent and absolute error distributions
were acceptable for CT porosity and CT permeability
estimates. However, for the equivalent fracture apertures
(EFA) calculated by cubic law (CL) and visual measure-
ments done with the microscope, the relative errors
ranged from 13.44 to 31.93%. The homogeneous cores
#5 and #8 have higher relative errors, indicating no
fracture in the cores. The estimated relative error percent
distributions for the apertures in fractured cores were
15.84%. The high relative errors were caused by the
fractures being assumed to be smooth plates, ignoring the
roughness and tortuosity visible during microscope
views.

Keywords

Natural fracture � Artificial fracture � Equivalent fracture
aperture � Polymer gel � Computer tomography �
Microscope

1 Introduction

CT scanning images were used to determine matrix porosity
(Canbolat & Parlaktuna, 2019a). A polymer gel treatment is
used to reduce the fracture’s impact and increase oil recov-
ery. The matrix and fracture permeability were assessed
before and after the polymer gel injection. Microscope
measurements of fracture apertures were compared to cubic
law-based analytical computations (Canbolat & Parlaktuna,
2019b). Furthermore, estimated CT porosity was used to
evaluate each core’s CT permeability.

2 Methodology

All cores’ porosity and permeability values used in this work
are shown in Table 1. The porosity of the cores was assessed
by saturating the dry cores in de-ionized water and mea-
suring the permeability with a helium permeameter. Core #2
has a higher permeability than the other cores as a result of a
natural fracture observed in it (Fig. 1). Cores #3, #6, and #7
were artificially fractured (AF) during the study by cutting
them in half longitudinally (Fig. 2). After the cutting pro-
cedure, the porosity and permeability of those cores were
determined again. The findings are presented in Table 1.
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3 Results and Discussion

3.1 CT Porosity of Cores

The porosity of each thin section was determined using CT
numbers (Table 2). Next, the average porosity of all
non-fractured, naturally fractured (NF), and artificially
fractured cores was calculated using appropriate equations
(Canbolat & Parlaktuna, 2019a).

3.2 Analysis of Polymer Gel Injection

Before the fracturing operation, the permeability of core #7
was measured as 115.86 md by de-ionized water injection.
The permeability was eventually confirmed to be 292.63 md
when an artificial fracture was created on core #7. Finally,
the polymer gel-treated core permeability was determined to
be 21.33 md. The injection of polymer gel for fracture
plugging resulted in a considerable reduction in permeability
(Table 3).

Table 1 Experimentally measured porosity and permeability of cores

Core #2 #3 #5 #6 #7 #8 AF#3 AF#6 AF#7

Permeability (md) 207 81 41 87 116 74 285 301 293

Porosity (%) 34 34 31 32 31 32 34 34 34

Fig. 1 CT thin section view of natural fracture in Core #2 a 19 mm, b 14 mm, c 9 mm, d mm from the outlet, respectively

Fig. 2 CT thin section view of artificial fracture in Core#3 a 2 mm, b 5 mm from the inlet, c 5 mm, and d 2 mm from the outlet

Table 2 CT porosity
calculations

Core #3 #5 #6 #7 #8 NF#2 AF#3 AF#6 AF#7

U CT (%) 34 30.4 32 32 32.5 33.3 34.3 34 32
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3.3 CT Permeability of Cores

The Navier–Stokes equation solution, as reported by Nar-
silio et al. (2009), was used to calculate the system perme-
abilities and for CT permeability calculations and listed in
Table 4. Equation 1 is as follows:

kðN�SÞ ¼ ðð�;CT=AÞ � Lz �
Z

A

v:dAÞ= DP=gð Þ ð1Þ

where kN−S, permeability (md); ∅CT, sample’s CT porosity;
A, fluid flow area; η, fluid’s dynamic viscosity; v, velocity,
and ΔP, pressure difference through the inlet/outlet of the
sample in the flow direction. Lz is the length of the core in
the z direction (Narsilio et al., 2009). As reported in Table 4,
the results were compatible with permeability
measurements.

The absolute error was also evaluated. For error calcu-
lation, it was assumed that the experimentally measured
permeability (Table 1) was the true value of the core per-
meability. The steady-state solution to the Navier–Stokes
equations for laminar viscous flow between two smooth
parallel plates is commonly used in fractured reservoirs to
describe the effect of aperture on flow. This is known as the
cubic law (CL). The authors mostly agree upon the estima-
tions of the apertures with CL (Canbolat & Parlaktuna,
2019b; Narsilio et al., 2009). If the measured quantities (flow
rate: Q, inlet and outlet pressures: ΔP, viscosity of flowing
fluids: l, the length of the fracture: L) are inserted in Eq. (2)
and the EFA, b can be estimated (Canbolat & Parlaktuna,
2019a).

Q ¼ b3=12l DP=Lð Þ ð2Þ

Table 3 Average permeability
measurements of treated and
untreated cores

Core #5 AF#3 AF#7

k (md) 41.13 81.26 115.86

k AF (md) – 284.55 292.63

k Polymer Gel Treated (md) 7.79 15.32 21.33

Table 4 Error calculations of CT
calculated and the experimentally
measured average porosity and
permeability of the cores

Core #3 #5 #6 #7 #8 NF#2 AF#3 AF#6 AF#7

kCT (md) 80.5 39.9 85 118 77 196 290 298 291

U CT (%) 34 30.4 32 32 32.5 33.3 34.3 34 32

Δk (%) 0.62 2.68 2.30 1.72 4.05 5.31 1.75 1.00 0.68

ΔU (%) 0.00 1.94 0.00 3.23 1.56 2.06 0.88 0.00 0.00

Table 5 Error calculations of
numerical and visual EFA by CL
and microscope

Core #5 #8 NF#2 AF#3 AF#7

EFA numerical, (mm) 0.143 0.191 0.186 0.250 0.235

EFA visual, (mm) 0.103 0.130 0.161 0.202 0.200

ΔEFA error, (%) 27.97 31.93 13.44 19.20 14.89

Fig. 3 Fracture aperture
measurement of artificial fracture
in Core#7 by microscope
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Table 5 illustrates the differences between NF core #2,
AF cores #3, and #7, based on calculated EFA using cubic
law (CL) and observed apertures from different points across
the fracture by microscope (Fig. 3). CL calculated the EFA
and visual measurements and the relative errors ranged from
13.44 to 31.93%. The estimated relative error distributions
for the apertures in fractured cores were 15.84%.

4 Conclusions

The permeability of the rock caused the high absolute error
in the instance of NF in core #2. The homogeneous cores’
EFA calculations showed higher relative errors, indicating
no fracture in the cores. EFA calculations using CL showed

high relative errors because the fractures were assumed to be
a smooth plate, ignoring the roughness and tortuosity. Thus,
the CL formula requires a correction factor (constant).
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Optimization of Multi-stage Fracturing
Cluster Space and Perforation Parameters
of Deep Shale Horizontal Well

Jinbo Li, Suling Wang, and Kangxing Dong

Abstract

Deep shale needs multi-stage fracturing of horizontal
wells to achieve efficient development, and cluster space
is the core parameter of fracturing design. Currently, the
optimization of cluster spacing is studied to fix the flow
rate, and the pressure drop of the perforating hole is not
considered. Therefore, there exists a difference between
the results and the actual situation on interference
between the fractures. Based on the fluid–solid coupling
basic equations and damage mechanics principles, a
three-dimensional model of multi-stage fracturing in
horizontal wells was established using the finite element
method to realize the dynamic distribution of the injection
flow of each fracture through subroutine programming.
The perforation friction force is calculated by embedding
the perforation element, and the pressure flow friction
force curve is used to verify its rationality. According to
the shale geological conditions of the Lucaogou forma-
tion in Jimusaer, the local optimal cluster spacing design
and the variation of different geological and construction
parameters on the spacing optimization were studied. The
results showed that the fracture morphology significantly
differs due to flow distribution and friction effects. Large
drainage volume is beneficial to open natural fractures
and increase crack volume. But large inject volume and
high brittle geology need to increase the spacing to avoid
sand plugging. Deep shale reservoirs generally have large
in situ stress differences. Small spacing should utilize
beneficial inter-fracture interference to activate natural
fractures. At the same time, adjusting the perforation
parameters based on the flow-limiting method of fractur-
ing can effectively control the uniform propagation of
multiple clusters of fractures and make full use of the
reservoir to achieve safe and efficient development.

Keywords

Deep shale � Multi-stage fracturing of horizontal wells �
Dynamic flow distribution � Cluster spacing optimization� Flow limiting fracturing � Perforation parameters

1 Introduction

As the development of oil and gas resources fully advances
to deep oil and gas reservoirs, it has become essential for
realizing production succession. The Ministry of Natural
Resources defines shale oil and gas reservoirs with a buried
depth of more than 3500 m as deep shale oil and gas
resources. 39% of the remaining oil and 57% of my coun-
try’s remaining natural gas resources are buried deep, and
the development prospects are broad. The deep shale storage
environment has the “three highs” geological characteristics
of high temperature, high confining pressure, and high pore
pressure; horizontal wells and hydraulic fracturing technol-
ogy are the key technologies for development. In order to
achieve efficient reservoir development, it is necessary to use
horizontal well-staged fracturing to generate multiple
cross-cut fractures to expand the discharge area. Still,
production logging data shows that 30% or more perforation
clusters do not contribute to production. Therefore, it is
necessary to strengthen the understanding of the influence of
cluster spacing on the crack propagation law.

2 Numerical Calculation Model of Staged
Fracturing for Deep Shale Horizontal Wells

The shale oil of the Lucaogou Formation in the Jimsar Sag
has become a large-scale developed terrigenous clastic sed-
imentary shale oil reservoir. Based on the above theory and
modeling technology, this paper uses the cohesive element
to establish a multi-cluster synchronous fracturing
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three-dimensional numerical model, such as Fig. 1. The
model's material parameters are based on data from the
burial depth of 3500–3800 m from the Lucaogou Formation
in Jimsar. The elastic modulus and Poisson’s ratio are about
15 GPa and 0.26, and the permeability and porosity are
0.1md and 6.1%, respectively. The tensile strength is about
6 MPa. The filter loss coefficient is 1e−14 m/Pas, the fracture
energy is 4000 m∙Pa, and the horizontal maximum, mini-
mum ground, and vertical stress are 85 MPa, 70 MPa, and
78 MPa. Moreover, the reservoir pore pressure is 40 MPa,
based on hydrostatic pressure. The system calculates that the
three-dimensional stress of the reservoir is applied as the
effective stress, the displacement boundary around the model

is fixed, the ground stress is balanced before fracturing to
simulate the initial occurrence state, and then the fracturing
fluid whose dynamic viscosity of 1.01 mpa.S is injected at a
displacement of 9m3/min (Fig. 2).

3 Results

3.1 Optimal Cluster Spacing Selection

Based on the selected well section formation parameters, the
optimal cluster spacing design is comprehensively selected
through multi-fracture shape and fracture volume. As a

Fig. 1 Finite element model of
multi-stage fracturing in
horizontal wells

Fig. 2 Pressure flow friction
curve
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result, the cluster spacing is 10 m (A), 20 m (B), 30 m (C),
40 m (D), and 50 m (E).

When multiple cracks are spread in close spacing due to
the inter-fracture interference stress, the middle crack is
restrained in the length and height direction under the

influence of the cracks on both sides. As the cluster spacing
increases, the interference between fractures weakens, the
high-pressure stress area at the front end of the middle
fracture and the extrusion stress area on the outer side
gradually disappears, and multiple fractures show a uniform

Fig. 3 Comparison of fracturing effect in different cluster spacing
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expansion pattern. As a result, the fracture shape of 40 and
50 m is the same. At the same time, based on the principle of
reservoir utilization, the fracturing effect of 50 m cluster
spacing is not ideal. In summary, 40 m should be selected as
the optimal cluster spacing under this well section’s
formation conditions and construction parameters.

3.2 Analysis of Influencing Factors

Based on the benchmark example, the controlled variable
method was used to study the influence of the horizontal
stress difference coefficient, elastic modulus, and displace-
ment on the optimal cluster spacing and the fracture height
difference, fracture width difference, and fracture length of
the inner and outer cracks were extracted. The difference can
visually compare the cracks’ uniform expansion degree and
shape difference (Fig. 3).

4 Conclusions

During the staged fracturing of deep shale horizontal wells,
the outer cracks expand rapidly in the length and height
directions. The combined effect leads to differences in the
crack propagation morphology.

Aiming at the geological conditions of a well section
within the buried depth of 3600–3800 m in the Lucaogou
Formation in Jimsar, the optimal cluster spacing is selected
as 40 m.

Large spacing needs to be designed. In formations with
high-stress differences, the cluster spacing can be appropri-
ately reduced, and the beneficial inter-fracture interference
can be fully utilized to open natural fractures. By increasing
the number of perforations in the middle cluster, the flow
distribution can be balanced to achieve uniform liquid inflow
and increase the crack volume.
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Fracture Initiation Mechanism Study
of Circulating Pump Injection Hydraulic
Fracturing

Kangxing Dong, Annan Zhao, Suling Wang, Jinbo Li, and Wei Liu

Abstract

To explore the fracture initiation mechanism of pulse
hydraulic fracturing in a tight reservoir, based on the
theory of rock mechanics and fluid–solid coupling, a
fracture initiation calculation model of pulse hydraulic
fracturing in a tight reservoir is established, and the
fracture initiation is simulated by the plastic damage finite
element method. The results show that as the number of
pulses increases, the perforation surface's damage value
increases gradually. The larger the pulse amplitude, the
fewer the number of pulse cycles needed to reach the
condition of fracture initiation. At the same injection
pressure, the sine pulse needs the least number of cycles,
followed by a triangle and rectangle pulse. Compared
with hydrostatic fracturing, the maximum fracture initi-
ation pressure of pulse fracturing can be reduced by 27%.
Therefore, compared with conventional fracturing, pulse
hydraulic fracturing can effectively reduce the fracturing
pressure and the cost of fracturing.

Keywords

Tight reservoir � Pulse fracturing � Damage
accumulation � Numerical simulation � Initiation
pressure

1 Introduction

Due to the low porosity, low permeability, and burial depth
of tight reservoirs, hydraulic fracturing is required for
commercial development. At present, the fracturing of tight
reservoirs mainly draws on the volumetric fracturing

technology of shale reservoirs. Still, compared with shale
reservoirs, the natural fractures in tight reservoirs are
underdeveloped, and the volumetric fracturing effect is not
good (Wu et al., 2011, 2012; Yonggang & Jianqiu, 2010;
Yunsheng et al., 2017). Pulsating hydraulic fracturing is to
pump the fracturing fluid into the reservoir with a particular
frequency of dynamic load so that the rock mass can
undergo multiple dynamic load damage effects, such as
impact failure, fatigue failure, and so on, to continuously
produce micro-fractures, which gradually penetrate through
to form macro fractures and eventually form an extensive
range of volume fracture network. Pulsating hydraulic
fracturing has been applied in coalbed methane mining.
Field practice shows that pulsating hydraulic fracturing can
effectively reduce fracture initiation pressure and produce a
wide range of volumetric fracture networks near the well-
bore more easily than static fracturing (Jiang-zhan et al.,
2017; Pingya, 2013).

When Li Xianzhong studied the anti-reflection mecha-
nism of high-pressure pulsating hydraulic fracturing, he
concluded that there might be reflection, superposition, and
reciprocation of pulsating pressure waves in the propagation
process pulsating pressure, and the pulsating pressure causes
pressure fluctuation in the gap. Applying sinusoidal pulsat-
ing wave fracturing in coal seam gas drainage has achieved
good results (Xianzhuong, 2013). Youping et al. (2011),
Quangui et al. (2013), and other scholars studied the
anti-reflection mechanism of coal seam pulsation hydraulic
fracturing and the action characteristics of briquette pulsa-
tion parameters and clarified the advantages of pulsation
hydraulic fracturing in industrial applications compared with
static fracturing. Pulsation hydraulic fracturing can destroy
coal rock under small water injection pressure, and the lower
the frequency, the smaller the peak pressure. Xie (2014);
(Wenqing & Haitao, 2014); Wenchao et al. (2015) proved in
field tests that the post-pressure flow of pulsating hydraulic
fracturing significantly increased compared with conven-
tional hydraulic fracturing. Frash et al. (n.d.) conducted a
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feasibility study on implementing secondary pulsating
hydraulic fracturing after conventional fracturing with
granite as the laboratory object. They found that: After the
second pulsating hydraulic fracturing, the permeability of
granite is significantly improved, the secondary fractures
develop, and the main fractures further extend and intersect
and form through fractures. The anti-reflection effect is better
than that of conventional repeated fracturing.

This paper discusses the effects of pulse fracturing
parameters on fracture initiation and propagation of tight
reservoirs through laboratory experiments and numerical
simulation.

2 Experiment

2.1 Experimental Method

The experiment uses a 300 � 300 � 300 mm cubic cement
block as the hydraulic fracturing specimen. The cement
specimen is made by mixing 50 mesh quartz sand and 425
cement at a weight ratio of 1:1 and pouring them into a
300 � 300 � 300 mm mold. After curing for 15 days, the
casted specimens are formed, and the resulting specimens
are shown in Fig. 1.

In this test, true triaxial hydraulic fracturing equipment
was used to simulate the influence of cyclic load on the
initiation pressure, and acoustic emission technology was
used to monitor the crack propagation law. The test equip-
ment is shown in Fig. 2, and the specific structure of the
fracturing test machine system is shown in Fig. 3.

2.2 Experimental Results

The specimen after fracturing is shown in Fig. 4. The
pressure curves of conventional fracturing and circulating
pump injection are shown in Fig. 5.

Comparing the pressure curves of conventional hydraulic
fracturing and circulating pump hydraulic fracturing, it can
be seen that the maximum initiation pressure of circulating
pump hydraulic fracturing is 20 Mpa. In contrast, the initi-
ation pressure of conventional hydraulic fracturing is close
to 28 Mpa. Therefore, it is possible to use a circulating pump
injection for hydraulic fracturing to reduce the initiation
pressure of the specimen by about 28%.

3 Mathematical Model of Pulse Hydraulic
Fracturing

3.1 Constitutive Model with Damage

This paper uses the strain equivalence hypothesis to calcu-
late the elastic model with damage (Xinpu & Shengji, 2014).
If E is the elastic model of the material in the initial
no-damage state, Hooke’s law can be expressed in the uni-
directional tension and compression state.

rt ¼ 1� dtð ÞE et � eplt
� � ð1Þ

rc ¼ 1� dcð ÞE ec � eplc
� � ð2Þ

where rt is stress; As the strain; e Is equivalent strain; d Is
the damage value; Subscript t represents the mechanical
quantity related to tensile; Subscripts c represent mechanical

Fig. 1 Test specimens

Fig. 2 Triaxial hydraulic fracturing equipment
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Fig. 3 Schematic diagram of the test device composition system

Fig. 4 a Specimen after compression b acoustic emission event

（a）Conventional hydraulic fracturing （b）Circulating pump injection hydraulic fracturing

Fig. 5 Injection pressure curve
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quantities related to compression; The superscript pl indi-
cates shaping.

The elastic modulus after material damage is expressed as

E0 ¼ 1� dð ÞE ð3Þ

3.2 Seepage Model

According to previous studies (Frash et al., n.d.), the seepage
equation of fracturing fluid in tight rock can be expressed as

a
@ev
@t

þ /
b1

þ 1� /
Ks

� �
@p

@t
¼ r k

l
rp

� �
ð4Þ

where ev is the volumetric strain; / Is porosity; b1 Is the
volume modulus of fluid, Pa; Ks Is the effective volume
modulus of solid particles, Pa; k Is permeability; l Is the
hydrodynamic viscosity coefficient, N s m−2.

3.3 Rock Damage Accumulation Model

Tight rock has a damage accumulation effect under cyclic
impact. Based on the cyclic impact test of rock (Jin et al.,
2014), the rock damage accumulation evolution model is

d ¼ a� b ln
j
n
� g

� �
ð5Þ

where a, b, and g are the cumulative rate factor at different
loading stages, which is measured experimentally; j Is the
axial load, N; n Is the number of cyclic impacts.

4 Numerical Calculation Model

To simplify the model, the stress state at the perforation can
be simplified for complex formations as a two-dimensional
plane strain problem. Take the cross section of the perfo-
ration as a model to analyze the rock damage. According to
the assumptions and working conditions used in the damage
plastic model, a two-dimensional shell element simulation is
adopted to establish the model, as shown in Fig. 6.

Displacement constraints in the X and Y directions are,
respectively, applied around the model. The initial porosity
is 0.2, and the pore pressure is 0 MPa; the principal stress in
the Y direction is the largest.

After repeated trial calculation, when the injection pres-
sure is greater than 64.5 MPa, the perforating surface
appears damaged, and the greater the pressure, the greater
the damage. To analyze the influence of different frequencies
on damage, the influence rule of pulse number on damage
value is calculated when the pressure is 65 MPa, 70 MPa,
75 MPa, 80 MPa, and 85mpa, respectively.

4.1 Triangle Pulse Pressure Influence Law

Figure 7 shows the triangular pulse pressure loading curve,
and Fig. 8 shows the variation rule of damage value in the
loading process.

As can be seen from Figs. 7 and 8, when the pulse
pressure changes in a triangular form, the damage value of
the perforating surface gradually accumulates and increases

Fig. 6 Finite element model

Fig. 7 Triangle pulse pressure loading curve

Fig. 8 Damage change value during loading

212 K. Dong et al.



with the application of the pulse pressure until the damage
value reaches 1. When the pulse pressure varies from 0 to
85 MPa, and the pulse cycle number is 2.62 times, the
maximum damage value of perforating surface reaches 1.
This leads to the fact that rock fracture produces macro-
scopic fractures. When the pulse pressure varies from 0 to
65 MPa, and the pulse frequency is 13.7 times, the maxi-
mum damage value of perforating surface reaches 1. The
larger the pulse pressure amplitude, the fewer pulse times are
needed for fracture initiation.

4.2 Influence Law of Sinusoidal Pulse Pressure

Figure 9 shows the sinusoidal pulse pressure loading curve,
and Fig. 10 shows the variation rule of damage value in the
loading process.

As can be seen from Figs. 9 and 10, when the pulse
pressure changes in a sinusoidal form, the damage value of
the perforating surface gradually accumulates and increases
with the application of the pulse pressure until the damage
value reaches 1. When the pulse pressure varies from 0 to
85 MPa, and the pulse cycle number is 2.22 times, the
maximum damage value of perforating surface reaches 1;
rock fracture produces macroscopic fractures. When the
pulse pressure varies from 0 to 65 MPa, and the pulse
number is 13.13 times, the maximum damage value of
perforating surface reaches 1. The larger the pulse pressure
amplitude, the fewer pulse times are needed for fracture
initiation.

4.3 Rectangular Pulse Pressure Affects the Law

Figure 11 shows the rectangular pulse pressure loading
curve, and Fig. 12 shows the variation rule of damage value
in the loading process.

As can be seen from Figs. 11 and 12, when the pulse
pressure changes in a sinusoidal form, the damage value of
the perforating surface gradually accumulates and increases
with the application of the pulse pressure until the damage
value reaches 1. When the pulse pressure varies from 0 to
85 MPa, and the pulse cycle number is 2.99, the maximum
damage value of perforating surface reaches 1; rock fracture
produces macroscopic fractures. When the pulse pressure
varies from 0 to 65 MPa, and the pulse number is 15.51, the
maximum damage value of perforating surface reaches 1.
The larger the pulse pressure amplitude, the fewer pulse
times are needed for fracture initiation.

Fig. 9 Sine pulse pressure
loading curve
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4.4 Different Pulse Forms Affect the Law

Figure 13 shows the comparison curves of pulse times under
different injection pressures under triangular, sinusoidal, and
rectangular pulse forms.

As seen from Fig. 13, with the increase of injection
pressure on the perforating surface, the number of pulses
required when the damage value reaches one gradually
decreases. As a result, the sinusoidal pulse needs the least
number of cycles at the same injection pressure for the three
different pulse forms, followed by a triangular pulse and a
rectangular pulse.

For the three pulse forms, when the number of pulse
cycles is increased and the maximum injection pressure is
68.25mpa, the damage value of perforating surface can reach
1; that is, the condition of crack initiation is reached.
Therefore, the fracture initiation pressure of the tight reser-
voir decreases from 93.5 Mpa during injection fracturing to
68.25 Mpa, a decrease of 30.48%.

5 Conclusions

(1) As the number of pulses increases, the damage value of
the perforation surface gradually increases. The larger
the pulse amplitude, the fewer pulse cycles are required
to reach the crack initiation condition. At the same
injection pressure, the sinusoidal pulse requires the least
number of cycles, followed by triangular and rectan-
gular pulses.

(2) With the pulse number increase, the damage value of
perforating surface increases gradually. The larger the
pulse amplitude is, the less cycle number is needed to
reach the initiation condition. When the injection
pressure is the same, the cycle number of sinusoidal
pulses is the least, followed by triangular and rectan-
gular pulses.
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(3) Compared to conventional hydraulic fracturing, pulse
hydraulic fracturing reduced initiation by 30.48% under
the same conditions.
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Pseudopotential Method of Hydrocarbon
Contacts Resolution in Reservoirs with Poor
and Insufficient Pressure Data. Case Study
of Feji Offshore Field, Eastern Niger Delta
Basin (Nigeria)

Godwin Oboh, Eliseus Akpunonu , Solomon Okeke, Onochie Okafor,
and Daniel Okolo

Abstract

Hydrocarbon contact resolution in reservoirs with poor
and insufficient pressure data was determined with a
pseudopotential method using the Feji offshore field,
Eastern Niger Delta, as a case test. The work aims to
solve the difficulty encountered while determining fluid
contacts in reservoirs that have fluid phase mix and are
characterized by dearth of good and adequate (pressure)
data, especially in old fields. The study was designed to
bridge the gap associated with other methods of hydro-
carbon contact determination. The study area is located
offshore Eastern Niger Delta Basin and lies within one of
Nigeria's offshore Oil Mining Lease (OML). The Feji
field comprises six isolated compartments (A-F) and
thirteen isolated levels with several separate fluid con-
tacts. With a manometer, the notion is that wells in the
same compartment have the same head/ height or the
same magnitude of pressure at the same stratigraphic level
and are thus located in a shared pressure compartment.
However, direct pressure measurements are scanty,
poorly available in the wells, and grossly inadequate in
some instances (wells 1/ − 2/ − 3). The pseudopotential
plots were used to define fluid gradients, fluid contacts,
pressure communications, possible large-scale pressure
differences, and reservoir compartmentalization. Twenty-
one (21) hydrocarbon contacts (GOC, OWC and ODT)
were established. Eleven (11) were pseudopotential
derived for OWC, and ten (10) were derived from PVT
studies for GOCs. All the contacts (GOC, OWC, ODT,
and FWL) were defined and determined using the
pseudopotential method and authenticated/ corroborated
by the PVT studies’ results. From the study, the formation
pressure is no longer hydrostatic below 2315 mSL,
implying an overpressure condition. This method will

help in the subsequent well-planned field management
and production life for geological and economic gains
because hydrocarbon contacts and volumes will be
accurately determined.

Keywords

Pseudopotential � Hydrocarbon contacts �
Compartmentalization � Fluid gradients � Pressure
communication

1 Introduction

Feji field is located offshore Eastern Niger Delta Basin and
lies within one of Nigeria's offshore Oil Mining Lease
(OML). It comprises six isolated compartments (A-F) and
thirteen isolated levels with several separate fluid contacts.
Niger Delta Basin situates in the Gulf of Guinea and extends
through the Niger Delta Province (Klett et al., 1997). The
Niger Delta Province contains one major petroleum system
(Kulke, 1995; Ekweozor and Daukoru, 1994). This system is
called the Tertiary Niger Delta (Akata–Agbada Petroleum
System). The total extent of the petroleum system is defined
by the areal extent of fields and contains known resources of
34.5 billion barrels of oil (BBO) and 93.8 trillion cubic feet
of gas (TCFG) (Petroconsultants, 1996).

The evolution of the Niger Delta Basin has been con-
trolled by pre- and syn-sedimentary tectonics Ejedawe,
(1981), Evamy et al., (1978), Knox and Omatsola (1989). As
a result, the stratigraphy of the Niger Delta is made up of
three lithostratigraphic units, namely: Akata Formation
(Paleocene), Agbada Formation (Eocene), and Benin For-
mation (Post-Miocene to recent) (Short and Stauble (1967).

Defining the depths of the fluid contacts, gas/water con-
tact (GWC), oil/water contact (OWC), and gas/oil contact
(GOC), or defining both of the latter in some reservoir sit-
uations is essential for volumetric calculations and important
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for detailed petrophysical calculations. This is achievable
with enough pressure data and no fluid-phase mix. Pressure
versus depth plots and dated pressure plots demonstrate clear
vertical pressure barriers (Reynolds, 2005). “Traditionally,”
the pressure versus depth plot is used to determine fluid
contacts and fluid formation gradients, which is further
translated and interpreted based on the range either in
specific gravity (sg) or in pounds per square inch (psi/ft):

This work attempts to define a “new and more robust
method” in using formation pressures to determine fluid
formation contacts in the well bore. This research aims to
use the pseudopotential method to resolve hydrocarbon
contacts in reservoirs with poor and insufficient pressure data
using Feji field as a case study. Using the pseudopotential
method, difficult and closed fluids can be separated and
determined.

2 Materials and Methods

2.1 Materials

The data for the study comprised RFT data from the wells,
logs, master-logs, PVT samples, fluid modeling data, and
reports. In addition, validated and quality-checked (QC) data
obtained from main results and report(s), geological reports,
and final composite logs of the wells were also used
(Table 1).

2.2 Methods

2.2.1 Derivation of Pseudopotential Equation
The method of study involves deriving the pseudopotential
formulas from Eq. 1 of Feynman (2011) and modified from
Hubbert, Willis (1982).

PE Uð Þ ¼ mgh ð1Þ

where PE = Potential energy (Ф), m = mass of the
object/substance in kilograms, g = Acceleration due to
gravity (9.8 m/s2 at the surface of the earth), and h = height
of the object/substance in meters.

Since PE Uð Þ ¼ mgh

Pbar ¼ .w � g� h
ð2Þ

where Pbar = Pressure measured in bars, .w = Density of
water in g/cc, g = Acceleration due to gravity
(0.09806 bar/m), z = Vertical height of the fluid (TVDss),
H = Water head (Pseudopotential above or below mean sea
level-mSL), h = (z + H) is the fluid height above mean sea
level (z) (see Fig. 1).

Pbar ¼ .w � g� ðzþHÞ ð3Þ
Equation 3 is expressed as same below:

.w � g� ðzþHÞPbar
ðzþHÞ ¼ Pbar=ð.w � gÞ
H ¼ ðPbar=ð.w � gÞ � z

H ¼ ½Pbar=ð.w � gÞ� � z

ð4Þ

Since g = 0.09806; therefore,
= [Pbar/(.w � 0.09806)] − Z
= [10.197162 � Pbar/(.w)] − Z
Hence,

Pseudo� Pot Hð Þ ¼ PaðBarÞ�1
� �

=0:0981� � TVDss mð Þ
ð5Þ

Or

Pseudo� Pot Hð Þ ¼ 0:197162 PaðBarÞ�1
� �� TVDss mð Þ

ð6Þ
Following the above explanations and the various unit

conversions and expressions, and introducing Eq. 6, which
is the original equations of and Willis (1982), we thus
re-expressed the equation for use in this project as:

Table 1 Number of pressure data acquired per well

Well Nº of attempts Excellent to VG Good Low Perm Tight Seal Failure Total acceptable Sampling
 (> 300mD/cp*) (10-300mD/cp) (0.1-10mD/cp) <0.1 mD/cp

111-IJEF 1 1 sample
222-IJEF 2 2 samples R7
333-IJEF 3 3 samples

FEJI-4 57 14 32 2 4 5 46 7samples/2 PVT R6 to R14
FEJI-5 41 20 10 1 5 5 30 3 samples : R5/R8 
FEJI-6 55 12 18 8 11 6 30 6 samples / 2PVT
FEJI-7 NIL - - - - - - -

RFT / MDT Data Acquired
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h ¼ ðp� 1=gÞþ z ð7Þ
Expressing Eq. 7 in functional form gives:

Pseudo� Pot Hð Þ ¼ 10:197162 Pa Barð Þ�1:013
� �

� TVDss mð Þ ð8Þ

where, H = Pseudopotential (pseudopotentiometric head in
meters), Z = Elevation of point of interest (below MSL,
hence −ve)…TVDSS, p = Pressure (Bar) less atmospheric
pressure (1Atm = 1.013 Bar), . = Density of water (1gm/cc,
already expressed in Eq. 7 and taken out), g = Inverse of
Acceleration due to gravity (1/g = 1/0.0981 = 10.197).

2.2.2 Pseudopotential Plots
Setting up the p-pot plots goes through three main steps: data
syntheses, the plots, interpretations, and determinations.
First, the calculated pseudopotential “h” values were plotted
against depth (TVSSS).

3 Results

All the wells penetrated all the levels, and the pseudopo-
tential “h” was determined for all: R5 to R21 (Fig. 2).

A comparison of fluid gradients from pseudopotential
plot versus PVT (laboratory) derived values is presented in
Fig. 2 and Table 2, while a summary of fluid contacts
derived from pseudo-pot plots and PVT (laboratory) is given
in Table 3.

4 Discussion

A composite pressure plot (Fig. 2) of all the available data
shows a general pressure regime within the Feji field struc-
ture to be above hydrostatic except for the shallower

reservoirs of R5 and R6, which are hydrostatic. A formation
pressure convergence was noted at 2315 mSL on both plots
to increase formation pressure above hydrostatic in the field.
Below this depth, formation pressure is no longer hydro-
static, implying an overpressure condition. The potential,
hence the height (h) calculated from the pseudopotential
formula, indicates a close to zero value up to a depth of 2315
mSL. The reservoirs below this depth return value greater
than zero, thus showing higher than hydrostatic or normal
pressures.

FEJI-2, FEJI-4, and FEJI-6 encountered water in R5.
However, R5 is found oil bearing in FEJI-1, FEJI-3, and
FEJI-5. From log and pseudopotential plot interpretations,
FEJI-1 and FEJI-3 are in the same oil pool. R5 OWC for
FEJI-1 and ODT for FEJI-3 are the same at 1814mSL,
respectively, supporting the pseudopotential method's higher
accuracy and validity over the normal depth vs pressure plot.
The normal plot (method) clearly shows no fluid gradient
intersection and hence cannot be used to decide hydrocarbon
fluid contact for any of the layers in R5.

Fluid gradient definition is quite difficult using the data
acquired in the R8 level from FEJI-4, which encountered
R8.01 in compartments B and E as subdivided by the faults
F2—F3. The PVT report indicates that a GOC is anticipated
in the fluid column of level 8.1—compartment A (FEJI-4)
around 2403.5 m/MSL. Therefore, it is difficult to determine
the fluid gradient using the normal pressure plot in R8. Fluid
contacts were, however, determined using the pseudopo-
tential plots. However, an ODT exists for this level at
2411mSL with two (2) GOC possibilities: PVT estimated
GOC at 2403.5 and GOC at 2406.5mSL and derived from
the pseudopotential plot.

In compartment F, where FEJI-5 encountered R8.1, a
clear oil gradient of 0.65 g/cm3 was established with a
corresponding PVT fluid gradient of 0.648 g/cm3 from the
sample at 2517mRT/ 2298mSL. No contact could be found

Fig. 1 Relationship between
water head and pressure to
demonstrate the potential
considering the height at which
water will rise in an open-topped
manometer whose base terminates
at the point at which the potential
is measured (modified after
Willis, 1982)
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from RFT data/ plot as the sands are seen to be filled with
hydrocarbon, and only an ODT is established at 2311mSL
from logs. In R8.1, compartment F penetrated by FEJI-5 is
different and independent of compartment B/ E (F2-F3)
penetrated by FEJI-4, as evidenced by the different fluid
gradients derived from the wells FEJI-4 and FEJI-5. Based
on the available PVT report syntheses for compartment F, a
GOC is reported at 2297.9mSL in the FEJI-5 well.

The normal pressure versus depth plot cannot effectively
determine fluid gradient or contact for R8.1. The pseu-
dopotential plot, however, clearly creates the possibility for
the fluid gradient to be determined, hence fluid contact. The
fluid gradient determined for R8.1 is 0.65 g/cm3, and a
PVT-measured fluid gradient of 0.648 g/cm3.

Three wells encountered R11.1: FEJI-4, FEJI-5, and
FEJI-6. R11 in FEJI-6 are completely water wet, as seen in
logs and further proved by the formation pressure gradient of
0.96 g/cm3. An ODT (oil down to) exists at 2951mSL. R11
in FEJI-4 and FEJI-5 are on different pressure regimes, as
proven by the fluid gradients, so there is no fluid commu-
nication between both.

A comparison of fluid gradients from the pseudopotential
plots versus PVT (laboratory) derived values is displayed in
Table 2 and Fig. 2. It shows clearly that the pseudopotential
method, in addition to determining contacts under chal-
lenging conditions, can also be used as a suitable replace-
ment for the PVT laboratory-derived results and values for
fluid gradient and hence hydrocarbon fluid types. The
comparison of the results shows clearly that the pseudopo-
tential method gives values that can be the same or very
comparable to PVT laboratory-determined results and can be
an adequate replacement.

A summary of fluid contacts as determined using the
pseudopotential method is given in Table 3. It also captures
the GOCs as determined by PVT laboratory analyses.
The contacts were determined mainly from wells FEJI-1, -3,
-4, -5, and -6. Twenty (21) hydrocarbon contacts (GOC,
OWC, and ODT) were established. Eleven (11) were p-pot
derived for OWC and ODT, and ten (10) were derived from
PVT studies for GOC. The GOCs were PVT-derived
because the pressure data sampling was carried out mainly
in the reservoirs’ oil leg. Hence, there was no data or very

Fig. 2 Feji field general pressure regime (Formation pressure versus depth plot and pseudopotential)
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scanty recorded data for the upper parts of the reservoirs
(gas) sections which were not enough to be used for the
GOC determination. The contacts and the compartments
within the highly compartmentalized structure of the field in

which the contacts are located are also indicated (Table 3).
Compartment A has eleven (11) contacts. R5, R6, and R7
have hydrocarbons in wells FEJI-1, -3, -4, and -5. Com-
partment E has no hydrocarbon shows. Hence, no contact

Table 2 Comparison of fluid gradients from pseudo-pot plots versus PVT (laboratory) derived values

RFT PVT
(This
Study)

(Report/ 
Study)

FEJI-1-3-5 5 5.01-5.04 0.91 0.88 PVT report 
6.02 0.68 0.65 PVT report 
6.05 0.64 No PVT

6.08-6.09 0.63 0.62 PVT report 
7.01-7.02 0.62 0.625 PVT report 

7.03 0.61 No PVT 
7.04 0.6 No PVT 
8.01 0.42 0.525 PVT report 
8.01 0.65 0.648 PVT report 
11.1 0.49 0.475 PVT report 
11.1 0.44 0.439 PVT report 

FEJI-4 13 13 No 
sample No PVT

FEJI-4 14 14 No 
sample No PVT 

FEJI-6 21 21 No data No PVT report

FEJI-6 23 23 No data ( ?) Gas PVT report

6

7

8

11

FEJI -4

FEJI -4

FEJI-4

FEJI-4 & 6

skrameR/stnemmoCsleveLbuSlleW Levels

Table 3 Summary of fluid contacts derived from pseudo-pot plots and PVT (laboratory)

ODT COGCOGCOGCOGCWGCOGCOG

5.02 - 5.04 1814 1817 5,3,1-IJEF4771

6.2

6.4 2060 2054 FEJI-4

6.5 2129 2118 FEJI-4

6.06

6.8-6.9 2239 2213 2119.5 FEJI-4

7.01-7.03 2302 2278 FEJI-4

7.04 2344 2266 FEJI-4

8.1 2411 2403.5 2311 2298 FEJI-4, 5

11.1 - 11.6 2768 2706 2951 2915 FEJI-4, 6

FEJI-4

LEVEL
OWC OWC OWC OWC OWC

WELL

FEJI WELLS CONTACT SUMMARY 
COMPT- A COMPT- B COMPT- C COMPT- D COMPT- E COMPT- F

OWC
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was seen in any of the wells. Further exploration may unlock
hydrocarbons in this compartment since it has the potential.

5 Conclusion

Although the Feji wells have some levels that have clear
fluid contacts (OWC) that could have been derived from the
“normal” depth versus pressure method, the pseudopotential
method was used in this study to determine all the hydro-
carbon fluid contacts, including the identified difficult fluid
contacts.

The superiority of the pseudopotential method as derived
and applied to the reservoirs of the Feji field has been
demonstrated. The consequence of not using the pseudopo-
tential method may increase the cost of determining hydro-
carbon fluid contacts using other methods and tools. Since
the industry and the economy are generally profit-driven, the
pseudopotential method comes quickly in handy to help
drive capital expenditure (CAPEX) down, thus increasing
profitability and revenue.
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Thermodynamic and Kinetic
Characterization of the Formation Process
for Improving the CO2 Capture Efficiency
into Hydrates

Alberto Maria Gambelli and Federico Rossi

Abstract

This article deals with carbon dioxide hydrate production
in the presence of freshwater and silica-based sand from
the Mediterranean seafloor. Three tests were carried out
and described both thermodynamically and kinetically.
Hydrate equilibrium was defined by observing pressure
trends over temperature and was then compared with
equilibrium values already present in the literature.
Results proved that sand acted as an inhibitor for the
process. The kinetic process was described via the hydrate
formation rate, which allowed us to distinguish hydrate
nucleation from the massive growth phase. Finally,
differences in pressure between tests and equilibrium
values were used to evaluate the CO2 capture efficiency,
which was found to increase with temperature, thus
proving that the inhibiting action provided by sand
became more intense in the presence of more severe
thermodynamic conditions.

Keywords

Gas hydrates � CO2 capture � Equilibrium � Hydrate
formation rate

1 Introduction

Natural gas hydrates (NGH) are ice-like crystalline com-
pounds consisting of a hydrogen-bonded three-dimensional
network of water molecules, which includes gas molecules
to remain stable. Gas hydrate formation mainly depends on
the availability of gas and water molecules and the presence
of relatively high pressures and low temperatures; in

addition, the presence of impurities may significantly affect
the process (Gambelli et al., 2021).

Concerning porous media, it was previously defined that
particle size strongly affects gas hydrate formation and plays
a role similar to chemical additives (Daryayehsalameh et al.,
2021; Gambelli & Rossi, 2021). Kamath and co-workers
(1984) deepened the heat transfer characteristics of the dis-
sociation interface for propane hydrates and, thanks to it,
they found similarities between hydrates dissociation and
nucleate boiling of liquids; thus, they defined it as a heat
transfer limited process. Several studies were focused on
detecting the inhibiting action of chemical additives to
counteract issues as hydrates formation in pipelines (Hos-
seini & Vaferi, 2021). During hydrates dissociation, free
water molecules are produced, forming an adhesive layer
over the existing hydrate structures. Such a layer hinders
heat transfer and reduces the hydrate dissociation rate
(Kamath & Holder, 1987).

In the present work, CO2 hydrates were formed and
dissociated in the presence of natural silica-based sand
picked up from the Mediterranean seafloor. Equilibrium for
CO2 hydrates in the presence of such a medium was first
defined and then compared with data present elsewhere in
the literature. Thermodynamic and kinetic parameters were
used to determine the CO2 capture efficiency, via hydrate
formation, in the presence of that specific porous medium
and, in particular, its correlation with temperature.

2 Materials and Methods

Carbon dioxide hydrates were formed in a small-scale
experimental apparatus, appositely designed to simulate
offshore hydrate reservoirs. A detailed description of the
reactor is available elsewhere in the literature (Gambelli,
2012; Gambelli & Rossi, 2020; Gambelli et al., 2020). It
consists of a small-scale 316SS apparatus, with an internal
cylindrical volume equal to 949 cm3, inserted in a thermo-
static bath and used to control temperature.
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Ultra-high-purity (� 99.99%) CO2 was used for experi-
ments, together with pure demineralized water (0.236 l was
inserted inside the reactor). Besides them, natural sand from
Tunisian coasts was used (0.744 l were inserted). Table 1
describes the sand composition and dimensions of its grains.

Hydrates were formed according to previous works
(Gambelli & Rossi, 2020). The internal temperature was
firstly lowered till reaching 1–3 °C; contemporarily, a weak
gas stream was provided to remove air (if present). Then, the
ejection valve was closed, and the rector was filled with
carbon dioxide. When the target pressure value was reached,
the injection valve was closed, and the reactor was left free
to operate in batch conditions. Hydrate formation is an
exothermic reaction that produces heat, especially during the
initial nucleation phase. As soon as pressure stopped
decreasing and stabilized around a constant value, the pro-
cess ended. Besides pressure and temperature, which were
directly measured, the hydrate formation rate was calculated
to provide a complete description of the process, according
to Eq. 1 (Gambelli et al., 2021):

dCO2g

dt
¼ �CO2g0ke

�kt ð1Þ

where “k” is the rate constant and CO2g0 is the initial
quantity of gas injected inside the reactor.

3 Results

Three experiments were carried out, and the results will be
shown in the following pages. Figure 1 describes thermo-
dynamically the hydrate formation trend observed in all
tests. Conversely, the same process was described kinetically
in Fig. 2, which shows the hydrate formation rate over time.

All experiments led to similar trends, proving high
accuracy of results. The equilibrium diagram was drawn by
considering results produced in the last decades and already
present in the literature (Rossi & Gambelli, 2021). Sand
used during experiments acted as an inhibitor for the pro-
cess (Fig. 1 proved it). However, the difference between

actual and ideal values seemed to decrease with tempera-
ture. In correspondence with the lowest temperature values
achieved during experiments, such difference is over 1.5
MPa, while it completely disappeared at temperatures
higher than eight °C.

The present parameter may be used to distinguish hydrate
nucleation from the massive growth phase: the formation of
the first nuclei produced a sudden peak; conversely, the fol-
lowing enormous growth required more time and was uni-
form. Equilibrium values produced during experiments were
then compared with the ideal ones, used to represent the
equilibrium curve in Fig. 2. Finally, those values were used
to define the CO2 capture efficiency, which was calculated
according to the following Eq. 2 (Gambelli et al., 2021):

Table 1 Chemical composition
and grain size of the natural
silica-based sand were used to
perform experiments

Compound Concentration [%] Grain size [mm] Concentration [%]

SiO2 99.1 > 1 Negligible

Al2O3 0.25 1–0.8 1

Fe2O3 0.045 0.8–0.6 7

TiO2 0.03 0.6–0.4 22

CaO 0.06 0.4–0.3 22

MgO 0.05 0.3–0.2 22

K2O 0.11 0.2–0.1 22

Na2O 0.05 < 0.1 4
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Fig. 1 Pressure–temperature trend observed during experiments and
comparison with equilibrium data for CO2 hydrates

0

0.02

0.04

0.06

0 10 20 30

H
yd

ra
te

 fo
rm

at
io

n 
ra

te
 

[m
ol

/m
in

]

Time [h]

Test 1 Test 2

Fig. 2 Hydrate formation rate calculated during hydrate formation

224 A. M. Gambelli and F. Rossi



gCO2cap ¼ 1� Pexp � Peq

Pexp

� �� �
� 100 ð2Þ

The values obtained are given in Table 2.
Values obtained for ηCO2cap were plotted in Fig. 3.
This last diagram proved how the CO2 capture efficiency

increased with temperature. Temperatures up to 9 °C led to
efficiency higher than 90%, while in the presence of the
lowest temperature values, the efficiency remained below
45%. The experimental analysis carried out in this work
allowed us to affirm that environmental elements, like sand,
water, and others, may strongly affect hydrate formation
(Gambelli et al., 2019). In this case, sand acted as an inhi-
bitor for the process, and its effect varied in function of
thermodynamic conditions.

4 Conclusions

Carbon dioxide hydrates were formed in a small-scale
experimental apparatus, and the presence of natural quartz
came from the Mediterranean seafloor. Equilibrium values
were compared with how to present in literature, and dif-
ferences between observed and ideal values were used to
evaluate the CO2 capture efficiency, which was found to
increase with temperature, thus proving that environmental
elements can modify the process and their effect depends on
thermodynamic conditions.
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Numerical Assessment of CO2-Circulated
Geothermal Production from a Closed
Reservoir System

Mingjie Chen, Mohammad Mahdi Rajabi, Ali Al-Maktoumi,
and Azizallah Izady

Abstract

Renewable energy is becoming more attractive to meet
energy demands due to increasing concerns about carbon
dioxide (CO2) emission, environmental pollution, and
exhaustion of oil/gas reserves. In addition to oil and solar
energy sources, Oman also has abundant low-enthalpy
geothermal energy resources in the northern mountain
region to be explored and utilized. In the past decade,
CO2 has been proposed and studied as the working fluid
mining low-enthalpy geothermal energy owing to its
favorable thermodynamic properties. The purpose of this
study is to numerically evaluate the technical feasibility of
CO2-circulated geothermal production from depleted oil
reservoirs in North Oman, which are usually thin-layered,
relatively homogeneous and low-permeable, inclined,
compartmentalized, and sealed by faults. A numerical
reservoir model is developed to simulate CO2 circulation
and heat transfer in a geothermal prospect in North Oman.
The reservoir is assumed to have experienced CO2-
enhanced oil recovery and was initially flooded by CO2

and residual brine. A triplet horizontal well placement,
one central injection well, and two parallel production
wells are horizontally placed in the thin-layered reservoir
to circulate CO2. Produced thermal energy capacity is
quantitatively assessed based on the model simulation.
The findings could provide useful guidance for construct-
ing similar closed geothermal reservoir systems in North
Oman and worldwide.

Keywords

Geothermal energy � Carbon dioxide � Low enthalpy �
Closed reservoir

1 Introduction

The ready availability of oil and gas reserves in Oman seems
to reduce the necessity for exploring and utilizing renewable
energy, such as solar, wind, wave, and geothermal energy.
Fossil energy is non-renewable and will eventually be
depleted. Oman’s crude oil production has dropped since
2007 due to the depletion of the oil fields. Although the
production decline has been arrested successfully by
applying enhanced oil recovery (EOR) techniques in the past
years, improved recovery enabled by EOR practice accel-
erates the exhaustion rate of the limited oil reserve. More-
over, extensive utilization of fossil energy can cause severe
environmental pollution and climate change. Exploring
potential renewable energy resources, therefore, is strategi-
cally significant to Oman’s economy, in addition to the
demonstrated environmental benefits over fossil fuels.
Compared with solar and wind systems, geothermal energy
has many advantages, including being impervious to weather
changes, providing stable base load power, and high thermal
efficiency (Axelsson, 2012). In Oman, low-enthalpy (< 100 °
C) geothermal resources are abundant but have received
little attention. The potential geothermal prospect is north of
the PDO concession toward the Oman Mountains, and the
maximum temperature is reached in the vicinity of the Oman
Mountains due to the tectonic movements (Al-Lamki &
Terken, 1996).

CO2 has been used as a working fluid to extract oil from
petroleum reservoirs (e.g., EOR) and heat from low-
permeable hot, dry rock (Pruess, 2008). Recently, CO2-cir-
culated geothermal production has been considered an effec-
tive approach to harvesting low-enthalpy geothermal energy
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from saline aquifers due to CO2’s favorable hydrothermal
dynamics (Adams et al., 2014). This study aims to numerically
assess CO2-circulated geothermal production from a
fault-sealed oil reservoir which is oil-depleted after CO2-EOR
in North Oman.

2 CO2 Circulation Model

Figure 1 shows the numerical model domain simplified from
reservoir Block B of the Daleel oil field in North Oman
(Zhang et al., 2007). The xyz dimension of the 5°-inclined
reservoir is 2500, 3000, and 20 m, respectively, discretized
into 25 � 100 � 2 m3 cells. The important hydro-
geothermal reservoir properties are given in Table 1. The
left top is at 1500 m, and the initial pressure is distributed
according to hydrostatic equilibrium. Initial temperatures are
calculated according to 30 °C of surface temperature and
39.7 °C/km of the vertical thermal gradient. The domain is a
fully closed system without fluid or heat crossing the
boundaries, except that a constant 75 mW/m2 geothermal
heat source is applied to the bottom boundary. The reservoir
pores are initially saturated by 70% CO2 in volume and 30%
180 ppt (parts per thousand) brine. A 1.2-km horizontal
injection well is placed in the middle top of the domain, and
two parallel production wells are placed 750 m away on
both sides. A 5 MPa overpressure is specified at the injection
well (linearly increased to 5 MPa in first year and remained
thereafter), and pressures are fixed as initial at both

production wells. The numerical model is developed using
NUFT software (Nitao, 1998) and simulated for 50 years.

3 Results and Discussion

Overpressure on the injection well increased to 5 MPa in the
first year and remained thereafter. Under the pressure gra-
dient between the injection and production wells, CO2 is
extracted at 20 to 17 kg/s from PW1 and 15 kg/s from PW2
(Fig. 2a). After the first five years, the injected CO2 is sta-
bilized and slightly decreases from 38 to 33 kg/s, a little (1–
2 kg/s) more than the total produced CO2. This supplemental
CO2 injected is necessary to compensate for the freed vol-
ume caused by produced brine with CO2 to support the fixed

Fig. 1 Reservoir model domain,
grid, well placement, and initial
pressure distribution. A horizontal
injection well (blue line) is placed
in the center, and two parallel
production wells (red lines) are
placed 750 m away on both sides.
The exaggerated scale of Z is 6.25

Table 1 Important hydro-geothermal properties of the reservoir

Parameter Values

Porosity (−) 0.25

Permeability (m2) 8.95 � 10–15

Residual brine saturation (−) 0.3

Residual CO2 saturation (−) 0.05

van Genuchten a (1/Pa) 5.1 � 10–5

van Genuchten m (−) 0.455

Specific heat (J/kg-°C) 1000

Thermal conductivity (W/m-oC) 2.1
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5 MPa overpressure at the injection well. The initial tem-
perature of PW1 is about 10 °C lower than that of PW2 due
to their vertical space in the inclined reservoir. However, the
produced energy from PW1 is still higher than that from
PW2 because of the larger mass flux of PW1. As shown in
Fig. 2b, the total produced thermal energy capacity is
increased to a maximal 11.5 MW after four years. It
decreases gradually to 10 MW in the 30th year, the typical
lifespan of a geothermal reservoir. After 30 years of circu-
lation, the temperature is higher than 85 and 90 °C at PW1
and PW2, respectively, sufficient to operate CO2 gas turbine.

Figure 3 presents pressure and temperature distribution
on the top layer in 30 years. It should be noted that the
spatial pressure pattern is relatively stable since pressures at
the three wells are fixed after the first year. Still, the
low-temperature area is expanding to the production wells
with the continuous cold CO2 injection.

4 Conclusions

A numerical reservoir model is developed to simulate CO2-
circulated geothermal production from a thin, low-enthalpy,
and fault-sealed reservoir block. Simulated results show that
produced thermal energy capacity is above 10 MW in a
typical 30-year lifespan. The findings suggest that the pro-
posed triplet horizontal well placement is technically feasible
to harvest low-enthalpy geothermal energy from similar
oil-depleted reservoirs in the North Oman region, consider-
ing existing infrastructure and rich field hydrogeological
knowledge gained during decades of oil recovery.

Acknowledgements BP Oman supported this research with project
#BP-DVC-WRC-18-01. Authors extend their appreciation to SQU
research Group DR/RG/17.

Fig. 2 Simulated a CO2 injection (blue line) and extraction rates (red lines) from two wells and b produced thermal energy flux (red lines) and
temperature (black lines) at two production wells during 50 years of CO2 circulation

Fig. 3 Simulated a pressure and
b temperature distribution after
30 years of CO2 circulation
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Efficiency Analysis of the European Oil
Pipeline Systems Between 2007 and 2017

Corrado lo Storto

Abstract

This paper presents the results of a benchmarking study
that compared the efficiency and productivity of 25 oil
pipelines in Europe. The Global Malmquist Productivity
Index using Slack-Based Measure-Data Envelopment
Analysis was calculated to measure productivity changes
between 2007 and 2017. Findings may help governments
and utility operators to improve the performance of the
national energy infrastructure.

Keywords

Oil pipeline industry � Europe � Efficiency �
Data envelopment analysis � Global Malmquist
productivity index

1 Introduction

The availability of modern energy infrastructure is a crucial
resource to effectively integrate the energy markets, guarantee
the security of the energy supply, andmeet sustainability targets.
Hence, one of the main goals of the national authorities is to
develop this infrastructure and keep it fully effective to grasp the
greatest possible value from its usage. An important infrastruc-
ture component is the systems to transport oil and gas.

Since time, pipelines have been a safe and efficient means
for transporting crude oil for short and long distances. Fur-
thermore, pipelines have environmental advantages compared
to trucks and ships as they have lower polluting emissions and
allow transporting of large quantities of oil. Therefore,
benchmarking and efficiency studies may help governments
and utility operators better understand the real value generated

by using oil pipelines to develop the energy infrastructure.
This paper presents the results of a benchmarking study aimed
at measuring the efficiency and productivity changes in the
European oil pipeline industry from 2007 to 2017. The Global
Malmquist Productivity Index (GMPI) was calculated to
measure productivity changes using Slack-Based Measure
(SBM)-Data Envelopment Analysis (DEA).

2 Method

The MPI under the DEA framework was calculated following
the approach suggested by Färe et al. (1992). In addition, to
avoid the problems of infeasibility and lack of circularity, the
method to calculate the Global Malmquist Productivity Index
(GMPI) proposed by Pastor and Knox Lovell (2005) was
implemented. In the GMPI calculation, the output distance is
measured against a global benchmarking frontier rather than a
frontier relative to a single period. For the Decision-Making
Unit (DMU) k, the GMPI is defined as follows:

MG
k xtþ 1; ytþ 1; xt; yt
� � ¼ DG

k xtþ 1; ytþ 1ð Þ
DG

k xt; ytð Þ ð1Þ

The GMPI can be decomposed into two components,
measuring the efficiency change (EC) and technology
change (TC), respectively, as follows:

MG
k xtþ 1; ytþ 1; xt; yt
� � ¼ Dtþ 1

k xtþ 1; ytþ 1ð Þ
Dt

k xt; ytð Þ

� DG
k xtþ 1; ytþ 1ð Þ

Dtþ 1
k xtþ 1; ytþ 1ð Þ �

Dt
k xt; ytð Þ

DG
k xt; ytð Þ

� � ð2Þ

where

EC ¼ Dtþ 1
k xtþ 1; ytþ 1ð Þ
Dt

k xt; ytð Þ ;

TC ¼ DG
k xtþ 1; ytþ 1ð Þ

Dtþ 1
k xtþ 1; ytþ 1ð Þ �

Dt
k xt; ytð Þ

DG
k xt; ytð Þ

ð3Þ
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In this study, the distance functions Dt
k;D

tþ 1
k ;DG

k have
been calculated by employing the Slack-Based Measure
(SBM) DEA suggested by Tone (2001), assuming an output
orientation to maximize the output level keeping constant the
input quantities as these cannot be easily changed. Further-
more, the GMPI was computed considering two scenarios,
constant returns to scale (crs) and variable returns to scale
(vrs).

For DMU k, the distance measurement can be calculated
by solving a linear program. Let us suppose that there are
n DMUs having the input and output matrices X = (xij) 2
Rm�n and Y = (yrj) 2 Rp�n. The values s− 2 Rm indicate the
input surplus, whereas the values s+ 2 Rp indicate output
shortage. The solution of the following linear program pro-
vides the DMU k distance measurement:

min q =
1

1þ 1
p

Pp
r¼1

sþr
yrk

st xk � Xk� s� ¼ 0 and Yk� yk � sþ ¼ 0

i ¼ 1; 2; :::;m r ¼ 1; 2; :::; p j ¼ 1; 2; :::; k; :::n kj; s
�
i ; s

þ
r � 0

ð4Þ

3 Sample and Variables

The sample includes 25 pipelines that transport oil in
countries belonging to the European Union (EU) and the
EFTA area and current EU candidates: AT, BE, BG, HR,
CZ, DK, FR, DE, EL, HU, IT, LV, LT, NL, MK, NO, PL,
PT, RO, RS, SK, ES, CH, TR, UK.

The pipeline was conceptualized as a production function
consuming two inputs and generating one output. As in other
studies measuring efficiency in the energy industry, the
number of employees and oil pipeline network length was
included in the DEA model specification as inputs (Ertürk &
Türüt-Aşık, 2011; Goncharuk & lo Storto, 2017; lo Storto,
2018; Zorić et al., 2009), while the oil transport within the
national territory was used as the unique output of the model

(Goncharuk & lo Storto, 2017; Yardımcı et al., 2015).
Table 1 presents major variable statistics. For the sake of
brevity, only data relative to the year 2017 are shown.

4 Results

Figure 1 displays the graphs of pipeline mean efficiencies
from 2007 to 2017 estimated under the crs and vrs
assumptions. The efficiency graphs differ over time to a large
extent, although both indexes have a decreasing trend.

Over the period, mean efficiencies scores are 0.298 and
0.486, respectively, under the crs and vrs assumptions. This
indicates that oil pipelines were generally inefficient, and
scale economies were an important factor determining such
an efficiency drop. The mean vrs-efficiency is 64.15% higher
than crs-efficiency. In 2014, the difference between the two
efficiency scores was very large.

Figure 2 presents the productivity analysis results. For the
sake of brevity, only results relative to the vrs assumption
are reported. The GMPI behavior emphasizes the produc-
tivity fluctuations between 2007 and 2017. The GMPI score
slightly greater than one indicates some minor productivity
improvements in 2007–08, 2011–12, 2013–14, and 2016–
17. However, there was a relevant productivity increase in
2012–13 and a more moderate one in 2009–10. An incred-
ible positive change in pipeline efficiency determined such a
remarkable productivity improvement.

Table 1 Input and output description and statistics (the year 2017)

Variable Type Measurement
unit

Mean Max. Min.

Employees Input Number
of units

1191.86 6094 27

Pipeline
network
length

Input km 1643.46 7142 53

Oil transport Output Mio tkm 6788.56 52,095.25 13
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Fig. 1 Pipelines mean efficiency
scores from 2007 to 2017
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5 Conclusions

Results from the benchmarking analysis showed that
between 2007 and 2017, the oil pipeline industry in Europe
had a low average operational efficiency. Scale diseconomies
are an important key determinant of scarce efficiency. From
2007 to 2017, operational efficiency improvements largely
affected productivity gains.
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Assessment of Geological Risks in the Search
for Oil and Gas Fields in the Eastern Arctic

Rustam Mamedov, Yulia Scherbina, and Maria Frolova

Abstract

The paper assesses geological risks and the probability of
discovering oil and gas fields in the Eastern Arctic water
zones using the methodology widely used by oil compa-
nies. Three promising sedimentary complexes are pre-
dicted in the water zones of the Eastern Arctic:
Aptian-Upper Cretaceous, Paleogene, and Neogene. As
a result, the probability of geological success in the
Aptian-Upper Cretaceous deposits is associated with high
risks. On the other hand, the likelihood of discovering
hydrocarbon (HC) in the Paleogene and Neogene com-
plexes is higher and corresponds to a moderate risk. The
results helped identify the most promising areas for
further geological exploration.

Keywords

Eastern Arctic � Geological risk � Probability of
discovery � Resources � Traps � Hydrocarbons �
Geochronology � Reservoirs

1 Introduction

Geological risk is the probability of a negative result when
searching for a deposit in the license area. The value of geo-
logical risk is defined by estimating the likelihood of success
ratio (POS). The creation of reliable models of hydrocarbon
systems, consisting of four elements: a hydrocarbon trap, a
reservoir rock, conditions for the formation and migration of
hydrocarbons, and sealing horizons, contributes to the
reduction of geological risks during geological prospecting
works for oil and gas. Geological risks are assessed as the

product of the probabilities of the following four independent
factors: the likelihood of an oil source rock (Psource), the
possibility of a reservoir availability (Preservoir), the proba-
bility of a trap availability (Ptrap), and the probabilities of the
favorable time factorPdinamics. The likelihood of detecting HC
accumulation is estimated on a scale from 0.01 to 0.99.

2 Method

Assessment of geological risks and the probability of field
discovery was performed using a method widely used by oil
companies. The methodology comprehensively analyzes
geological information about oil and gas source rocks, reser-
voirs, and seals (Guliyev et al., 2017). Based on empirical data,
geological risks are divided into the following categories:

(1) shallow risk (0.5 � 0.99)—all factors of the object are
assessed as “favorable”;

(2) low risk (0.25 � 0.5)—all factors are assessed as “re-
assuring” and “favorable”;

(3) moderate risk (0.125 � 0.25)—two or three factors are
from “reassuring” to “favorable”, one or two are from
“reassuring” to “neutral”;

(4) high risk (0.063 � 0.125)—one or two factors are
“reassuring”, two or three “neutral”, or from “neutral”
to “reassuring”;

(5) very high risk (0.01 � 0.063) from two to three factors
not more elevated than “neutral” with one or
two—“doubtful” or “neutral”.

3 Results

In the water zones of the Eastern Arctic, three promising
sedimentary complexes are predicted: Aptian-Upper Creta-
ceous, Paleogene (Paleocene-Eocene), and Neogene
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(Oligocene–Miocene). The results of assessing the proba-
bility of geological success of the studied generation-
accumulation HC systems (GAHS) of the East Arctic
water zones are shown in Fig. 1.

The modeling results performed using the variable-based
approach showed that regardless of the type of kerogen, at
average Corg values in sediments, potential oil and gas
source strata (OGSS) are capable of saturating HCs of bright
objects. Therefore, the factor “Assessment of OGSS” was
assessed as “reassuring” (0.7). However, the seal quality
rating cannot be higher than 0.5 (“neutral”). Accordingly,
the overall risk for the “Trap Assessment” factor was
assessed by the minimum criterion—0.5.

The unfavorable ratio of the time of the critical moment
and the formation of traps for the Aptian GAHS led to high
risks in terms of the conservation of deposits. Therefore, the
factor “Geochronology” was assessed as “unfavorable” with
a value of 0.3 for all HC systems of the Aptian-Upper
Cretaceous complex (Gordadze et al., 2017; Guliev et al.,
2018). On the other hand, for the GAHS of the Cenozoic
part of the section, depending on the relationship between
the critical moment and the established folding stages in
sedimentary basins, the “Geochronology” factor is assessed
as “favorable” with values of 0.6 � 0.7 (Fig. 5.13 � 5.21).

Thus, the probability of geological success for Cretaceous
deposits is associated with high risks (Pg = 0.063). On the
other hand, the likelihood of discovering HC in the Cenozoic
part of the section is higher (from 0.126 to 0.147), which
corresponds to a moderate risk (Kerimov & Rachinsky,
2016).

4 Discussion

HC systems of the Cretaceous age passed the critical
moment long before the end of tectonic activity in the
region. This negatively affected the filling of traps formed at
the later stages of tectonic movements and the destruction of
previously created HC accumulations. The high maturity of
the organic matter of the oil and gas source rocks of the
studied GAHS and the widespread development of sec-
ondary cracking processes led to a high proportion of gas-
eous HCs in the composition of the predicted deposits
(Kerimov et al., 2019a; Lapidus et al., 2018). This is espe-
cially typical for the Laptevomorsk GAHS. However, the
initial type of kerogen is the main factor determining the
phase composition of the predicted HC accumulations
(Kerimov et al., 2018a). Therefore, the most significant

Fig. 1 Geological risk diagrams:
a Laptevomorsk
Paleocene-Eocene GAHS; b East
Siberian Paleocene-Eocene
GAHS; c North Chukotka
Paleocene-Eocene GAHS;
d Laptevomorsk Oligocene–
Miocene GAHS
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initial geological HC resources are expected (in descending
order) in the East Siberian, North Chukotka, and Laptevo-
morsk Aptian-Upper Cretaceous HC systems. At the same
time, the North Chukotka, East Siberian, and Dremkhed-
skaya GAHS are in the lead regarding HC-specific densities
(land perspectivity).

The HC systems of the Paleogene sedimentary complex
are characterized by high maturity. In this case, the maximum
coefficients are noted for the North Chukotka and East
Siberian GAHS—the minimum for the Laptevomorsk one.
However, despite these unfavorable factors, the maximum
initial geological resources of HCs are predicted in the traps
of the Laptevomorsk GAHS (Mustaev et al., 2016). The
second largest resource potential is the North Chukotka HC
system. The presence of marine-type organic matter in the oil
and gas source rocks determines the predominance of liquid
HCs. By the volume of the initial geological resources of
HCs, the systems are ranked in the following order (in
descending order): Laptevomorsk, North Chukotka, and East
Siberian, according to the perspectivity of lands, respectively:
North Chukotka, East Siberian, and Laptevomorsk GAHS.

The mature organic matter at the base of the Neogene
(Oligocene/Miocene) sedimentary complex is predicted
within the Laptevomorsk and the North Chukotka trough
(Kerimov et al., 2019b). More favorable conditions for the
formation of the necessary elements of HC systems exist
within the Laptevomorsk water zone: a higher maturity of
the OGSS, rapid subsidence, and a tectonic condition
favorable for the formation of anticlinal traps (Kerimov
et al., 2018b; Zaicev et al., 2017). Traps of the non-anticlinal
type were formed here under the needs of the gradual pro-
gression of the sedimentary wedge, predominantly in the
northern direction. The hydrocarbon potential of this part of
the section requires further study.

5 Conclusions

Based on the results obtained, the most promising areas
recommended for licensing were identified, and recom-
mendations were given for further exploration in these areas
to clarify their HC potential and reduce geological risks.
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Geochemical Evidence of Deep Source
Rocks—Adamantanes in Oils
from the Absheron Archipelago,
South Caspian Basin, Azerbaijan

Arzu Javadova and Galina Martinova

Abstract

Oil samples taken from various depths and stratigraphic
formations of the fields in the Absheron archipelago were
analyzed to evaluate the composition of adamantane
hydrocarbons, its derivatives, and other biomarkers using
gas-chromatography and gas-chromatography-mass-
spectrometry. Reservoirs in the study area are Middle
Pliocene age stacked fluvial-deltaic sandstone units that
contain hydrocarbons generated by organic-rich shales of
deep-water Oligocene–Miocene and Diatom formations. s
organic matter matures, the total amount of the biomark-
ers in the hydrocarbons decreases. It happens due to the
thermodynamic equilibrium that builds between certain
types of biomarkers, suggesting that in the case of highly
mature oils, it is more beneficial and diagnostic to apply
thermally highly resistant structures, such as adaman-
tanes. Adamantanes and their homologs have been
identified in the oil samples analyzed. The number of
adamantanes and their methyl substitution compounds are
present in the sequence of increasing their thermody-
namic resistances. This indicates the formation of the
adamantine as a result of thermal transformations of
normal alkanes. It is known that the amount of adaman-
tane hydrocarbons in oils depends on the oil's chemical
nature. Data clearly show a direct relationship between
the number of naphthenic hydrocarbons and adamantanes
in oils. It indicates that the degree of transformation of the
polycyclic hydrocarbons into adamantanes and their
isomers is much higher in the naphthenic type of oils.
Unique geological setting–rapid sedimentation and low to

moderate geothermal gradients suggest the presence of
deeper source rock that can support geochemical features,
which we observe in the oil samples analyzed, including a
high abundance of adamantanes hydrocarbons.

Keywords

South Caspian Basin � Hydrocarbons � Biomarkers �
Adamantanes � Source rock

1 Introduction

South Caspian Basin is one of the wealthiest hydrocarbon
provinces in the world, with more than 100 years of oil and
gas production history. It contains more than 20 km of
Mesozoic and Tertiary sediments deposited on oceanic or
thinned continental crust. The primary production in the
basin is from the Pliocene productive series of fluvial-
lacustrine, deltaic sandstones deposited after the Miocene
base level fall that caused the isolation from the global
ocean. Principal source rocks for the oil and gas fields are
organic-rich Oligocene–Miocene Maykop and Diatoma-
ceous shales deposited in deep water environments. Raw
data on source rocks predominantly come from the onshore
well penetrations and natural outcrops. This work aims to
share preliminary results from the geochemical work done
on the oil samples collected from the various oil fields in the
Absheron archipelago. The focus was on the composition
and distribution of adamatanes, their homologs, and other
biomarkers, as well as evaluating the role of adamantanes in
hydrocarbon formation. Adamantane is the chemical name
for “diamond-type hydrocarbons.” It is a bridged hydrocar-
bon of the C10H16 composition, consisting of three cyclo-
hexane rings in the “armchair” conformation. An essential
feature of adamantane hydrocarbons is their thermodynamic
stability, which helps a lot in the case of studying highly
mature or biodegraded oils.
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Oil samples from various depths and stratigraphic for-
mations of the fields in the Absheron archipelago, such as
Darvin-kupesi, Pirallahi, Palchig Pilpilesi, Neft Dashlari,
Guneshli, Chilov, and Sangachal-Deniz fields are the sub-
jects of the current study (Fig. 1).

2 Materials and Methods

Gas-chromatography-mass-spectrometry (Perkin-Elmer Clarus
680) was used to analyze the oil samples selected: carrier gas
—helium, 60 m capillary column/0.25 mm diameter. Tem-
perature programming steps 2 °C/min from 80 to 300 °C,
and source temperature is 250 °C. Chromatograms of
hydrocarbons were obtained by total ion current (TIC) and
specific ion fragments (SIR). The individual hydrocarbons
were identified through a computer search of the National
Institute of Standards NIST-08 library (more than 130,000
mass-spectrums of organic compounds), according to pub-
lished data and based on the reconstruction of ion fragments
that have been identified. Adamantane hydrocarbons were
detected by scanning fragmented ions m/z 136, 135, 149,
and 163.

3 Results

More than 250 individual hydrocarbons have been identified
in the oil samples analyzed. The important ones are the
biomarkers—terpenes, steranes, hopanes, and adamantanes
(Peters & Moldowan, 1993). In addition to adamantanes,
their homologs with C11–C15 composition have also been
identified in the oil samples. It should be noted that the
samples analyzed represent oils of different stratigraphic

ages. The distribution of adamantanes in the oil samples
from the Guneshli field is given as an example in Table 1.

The distribution of adamantanes C10–C13 in oils from the
Guneshli and Neft Dashlari fields shows that the highest
amount of alkyl-adamantanes corresponds to its dimethyl-
transitioned homologs. In contrast, the concentration of the
adamantanes that have not been transformed is the lowest.
We also observe high content of 2-monomethyl-
adamantanes (2-MAd) in C12. Generally, there is the fol-
lowing trend in the distribution of adamantane hydrocarbons
in oils analyzed: 2-MAd ˃ 1-MAd ˃ 3-MAd ˃ Ad., i.e., we
see a higher concentration of thermodynamically stable
adamantanes.

4 Discussion

It is known that the amount of adamantanes in oils directly
depends on their chemical composition. The highest content
of adamantane is typical for the naphthenic type of oils. Our
data clearly show a direct relationship between the concen-
tration of the naphthenic hydrocarbons and adamantanes in
oils, i.e., naphthenic oils have a higher amount of adaman-
tanes. It indicates that the degree of transformation of the
polycyclic hydrocarbons into adamantanes and their isomers
is much higher in a naphthenic type of oil. A high concen-
tration of adamantanes in some of the samples could be due
to intensive transformations due to thermal destructions or
biodegradation. The correlation of the distributions of
adamantane hydrocarbons and their isomers from various oil
samples shows a good relationship between individual iso-
mers that could suggest common mechanisms for forming
adamantanes in the study area. As per the formation of
adamantanes, there could be different mechanisms to

Fig. 1 Study area location map
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consider here, including thermal cracking of n-alkanes, sat-
urated hydrocarbons, and polar components (Chen et al.,
1996; Giruts & Gordadze, 2007; Giruts et al., 2014; Good-
win et al., 2020). This will require high temperatures and
thus deep-buried source rocks in the cold South Caspian
Basin case. The formation of adamantanes could occur
during the migration of hydrocarbon fluids from the deeper
strata due to chemical transformations and isomerization
processes. The presence of acid catalysts (clays) is an
important criterion here. This subject requires further ana-
lytical work and modeling.

5 Conclusions

• Adamantanes and their homologs have been identified in
soil samples from various depths, stratigraphic ages, and
locations in the Absheron archipelago and South Caspian
Basin fields.

• Chromato-mass spectrometry data show the following
distribution of the adamantane and its methyl substitu-
tions: 2–MAd > 1-MAd > 3-MAd > Ad. The such dis-
tribution suggests the formation of adamantanes due to
thermal transformations of normal alkanes.

• A high amount of adamantanes, low geothermal gradi-
ents, and potential formation mechanisms of adamantanes

described above suggest the presence of deeper buried
source rocks (deeper than 8 km in the case of the cold
South Caspian Basin) to support temperatures enough to
form mature source rocks that generate hydrocarbon
fluids accumulated in the study area.
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Table 1 Biomarkers in oils—
guneshli field, absheron
archipelago

Well # Adamantanes,
% C10:C11:C12:C13

C11/C10 C12/C11 C13/C12 C11/C13 C12/C13

135 10:35:40:25 3.6 1.14 0.63 1.4 1.6

250 7:31:36:27 4.43 1.16 0.75 1.15 1.33

136 5:27:40:27 5.4 1.48 0.67 1 1.48

293 23:29:30:17 1.26 1.03 0.56 1.7 1.76

244 5:37:25:33 7.4 0.68 1.32 1.12 0.76

212 3:19:37:37 6.3 1.94 1 0.51 1
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Geological Resources and Prospects
of Oil- and Gas-Bearing Capacity
of Low-Permeability Shale Strata
of the Tersko-Caspian Basin

Vagif Kerimov, Rustam Mustaev, and Uliana Serikova

Abstract

An assessment of the initial geological resources of
hydrocarbons of the Khadum and Batalpashinsk
low-permeability shale strata of the Tersko-Caspian basin
is presented. Due to the difficulty of expulsion from
predominantly argillaceous deposits, the Khadum and
Batalpashinsk oil source rocks are also oil bearing. The
degree of hydrocarbon saturation of sediments is deter-
mined by the value of the initial generation potential and
the degree of its implementation, i.e., by the importance
of the pyrolytic parameter S1, which characterizes the
number of free hydrocarbons in the parent stratum at the
current stage of catagenetic transformation. The volumet-
ric method can calculate the oil and gas deposits and
prospective structures. On the territory of the
Tersko-Caspian oil and gas basin, according to the degree
of prospects of the Maikop deposits, highly promising,
medium-promising, low-promising, and unpromising
zones are distinguished.

Keywords

Oil � Gas � Resources and reserves � Oil- and
gas-bearing capacity � Generation � Migration �
Tersko-Caspian oil � Gas-bearing basin

1 Introduction

The Maikop deposits in most of the Tersko-Caspian oil- and
gas-bearing basin, covering the Prikumskiy arch, the East
Stavropol basin, the Nogai step, and the Tersko-Caspian
trough, are characterized by the most remarkable strati-
graphic completeness, significant depths of cover (up to

5–6 km), and thicknesses (up to 2 km and more). Natural
reservoirs in the Maikop strata (primarily in the Khadum and
Batalpashinsk deposits) are represented by horizons of
decompacted thinly laminated thin-slabby clays and car-
bonate rocks (thin interlayers of marls, dolomites, and
limestones), interspersed with layers of dense impermeable
clays and marls, which serve as hydrodynamic screens.

2 Research Method

To assess the geological resources and oil- and gas-bearing
capacity potential of the low-permeability shale strata of the
Tersko-Caspian basin, a methodology for modeling hydro-
carbon systems was used (Guliev et al., 2018).

3 Results

In the Tersko-Caspian oil- and gas-bearing basin, the Mai-
kop generation-accumulation hydrocarbon system (GAHS)
was identified, and the elements of this system were studied.
According to laboratory and hydrodynamic studies, the oil
reservoirs in the Maikop deposits are thinly laminated
claystone-like clays, mudstones of the Batalpashinsk suite,
and thin-slabby to thinly laminated mudstones of the
Morozkina gully horizon, a characteristic feature of which is
decompaction. In the interval of the greatest decompaction
of rocks (the boundary of the Batalpashinsk and Khadum
suits), fracture porosity ranges from 0.1 to 4.1%, open
porosity—up to 22.6% (Gordadze et al., 2017; Kerimov &
Rachinsky, 2016).

The Khadum and Batalpashinsk deposits in the geo-
chemical plan are characterized by a more “precious,”
mainly sapropelic organic matter composition. The share of
the sapropelic component in organic matter in the eastern
regions of Eastern Ciscaucasia reaches up to 90%. In terms
of Corg content in the predominant part of this territory, the
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studied deposits can be classified as “rich” and “very rich”
(more than 3%) oil source rocks (Kerimov et al., 2019a).
According to the degree of catagenetic transformation, the
Khadum deposits are located here within the “main zone of
oil formation.”

For potentially oil-bearing lands, a ranking was per-
formed according to the degree of prospectivity, emphasiz-
ing highly promising, medium-promising, low-promising,
and unpromising zones (Fig. 1).

Zones and areas of maximum correspondence (combi-
nation) of the most favorable values (characteristics) of
parameters (criteria) that determine the conditions for the
generation, accumulation, and preservation of hydrocarbon
accumulations are allocated to the rank of highly promising
lands (Lapidus et al., 2018). As the degree of compliance
decreased and the characteristics of the parameters deterio-
rated, the rest of the territory was ranked with the allocation
of medium-promising, low-promising, and unpromising
lands.

The central part of Eastern Ciscaucasia, covering most of
the Prikumskiy zone of uplifts and the Nogai step, is clas-
sified as highly promising for oil. The up-and-coming area
includes the discovered oil fields Ozek-Suat, Ozek-Suat
Yuzhnoye, Kraevoe, Yuzhnoye, Lesnoye, and Achikulak-
skoye (Kerimov et al., 2018a). In this part of the territory of
the Eastern Ciscaucasia, Khadum deposits are represented
by carbonate-argillaceous rocks and contain humic-
sapropelic organic matter with TOC concentrations � 3%
(“very rich”), converted to MK1 and higher grades (“main
oil formation zone”); the values of the total generation
potential reach 6 mg HC/g of rock and more (“oil source
rocks with high generation potential”).

The medium-promising territory for oil covers almost the
entire rest of the platform part of Eastern Ciscaucasia andmost
of the Tersko-Caspian forethought. It surrounds the highly
promising zone (Mustaev et al., 2016). The western boundary
of the distribution of medium-promising lands is the line of
demarcation of the sapropelic-humic and humic-sapropelic

Fig. 1 Map of the perspectivity for oil- and gas-bearing capacity of the Khadum deposits
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subtypes of organicmatter of theKhadumdeposits. To the east
of this line, the content of sapropelic components (more than
50%) prevails in the particulate organic matter of the stud-
ied sediments, and to the west, humic components. In the
north, medium-promising lands’ territory covers the
Manych troughs’ zone. It is limited by the structural contour
Tmax = 422 °C, corresponding to the PK3/MK1 catagenetic
boundary, i.e., the beginning of the “main zone of oil forma-
tion” in the considered deposits (Kerimov et al., 2019b). In the
eastern direction, it opens into the water zone of the Middle
Caspian. The medium-promising area includes the discovered
deposits Zhuravskoye, Vorobyevskoye, Pasholkinskoye,
Yuzhno-Spasskoye, Iskrinskoye, Kumskoye, Prasko-
veyskoye,Mozdokskoye, Shamkhal-Bulak, Benoyskoye, and
Karabulak-Achalukskoye.

The volumetric method can calculate deposits’ and
prospective structures’ oil and gas reserves. Moreover, when
calculating gas reserves, it is advisable to use a modified
version of the volumetric method, which considers the
amount of free and adsorbed gas (Kerimov et al., 2018b;
Zaicev et al., 2017). Thus, the initial geological resources of
hydrocarbons in the Khadum and Batalpashinsk oil source
suits within the studied region are 22.8 billion tons,
including the Khadum suit—18.4 billion tons, the Batal-
pashinsk suite—4.4 billion tons (Fig. 2).

4 Conclusions

On the territory of the Tersko-Caspian oil- and gas-bearing
basin, according to the degree of prospectivity of the
Maikop deposits, highly promising, medium-promising,

low-promising, and unpromising zones are distinguished.
The initial total geological resources of hydrocarbons of
low-permeability shale strata of the Maikop series—the
Khadum and Batalpashinsk oil source suits within the
study region—are 22.8 billion tons, including the Khadum
suit—8.4 billion tons, the Batalpashinsk suite—4.4 billion
tons.
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Results of Modeling the Hydrocarbon
Systems of the Bering Sea

Elena Lavrenova, Sanan Guryanov, Vadim Kosyanov,
and Vagif Kerimov

Abstract

Based on the results of modeling hydrocarbon systems,
regional features of generation, migration, and accumu-
lation of hydrocarbons within the marine part of the Gulf
of Anadyr of the Bering Sea have been determined. Based
on the obtained modeling and basin analysis results,
hydrocarbon generation-accumulation system (HGAS)
maps were created for all studied sedimentary complexes
using Schlumberger’s PetroMod and QGIS software
systems. The studied hydrocarbon systems differ in the
area and size of the generation center and hence in the
volumes of produced hydrocarbons. Therefore, the max-
imum specific volumes of generated hydrocarbons are
predicted in the Mainitsko-Sobolkovskaya HGAS of the
East Anadyr basin.

Keywords

Modeling � Hydrocarbon system � Bering Sea � Oil �
Gas � Generation � Accumulation

1 Introduction

Within the framework of this project, HGAS, located in the
water zones of the Anadyr Trough, is considered. In the
sediments of the Paleogene-Lower Miocene, the following
HGAS are found: Mainitsko-Sobolkovskaya HGAS of the
East Anadyr basin, Nikolaev Mainitsko-Sobolkovskaya
HGAS, Mainitsko-Sobolkovskaya HGAS of the Lagunny
Trough, Solomatin Mainitsko-Sobolkovskaya HGAS, Uelkal

Mainitsko-Sobolkovskaya HGAS, Kurimskaya Mainitsko-
Sobolkovskaya HGAS, Enmelen Mainitsko-Sobolkovskaya
HGAS (Guliev et al., 2018; Guliyev et al., 2017).

All systems are characterized by synchronous oil-and-gas
source strata of the Mainitskaya strata, reservoirs of the
Sobolkovskaya suite, and impermeable seals of the Lower
Miocene following the given model conditions, as well as
the same period of trap formation, which is determined by
the peculiarities of the development of the Anadyr Trough
and phases of tectonic activation in the region.

2 Research Method

Based on the obtained modeling and basin analysis results,
HGAS maps were created for all studied sedimentary com-
plexes using Schlumberger PetroMod and QGIS software
systems (Gordadze et al., 2017).

3 Results

The studied hydrocarbon systems differ in the area and size of
the generation center and hence in the volumes of produced
hydrocarbons (Zaitsev et al., 2017). The maximum specific
(per unit area of HGAS) volumes of generated hydrocarbons
are predicted in the Mainitsko-Sobolkovskaya HGAS of the
East Anadyr basin, Nikolaev Mainitsko-Sobolkovskaya
HGAS, and Mainitsko-Sobolkovskaya HGAS of the
Lagunny Trough. However, even in the most promising
areas, good lands are at the level of category V due to the low
quality of kerogen and a low accumulation coefficient.

4 Discussion

In the majority of HGAS, the maturity of the organic matter
of the oil and gas source strata does not exceed the level of
the “oil window” (Fig. 1). In the most submerged parts of
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the generation centers of the systems of the Mainitsko-
Sobolkovskaya of the East Anadyr basin and the Nikolaev
Mainitsko-Sobolkovskaya, oil and gas source strata are in
the area of predominant generation of gaseous hydrocarbons.

Accordingly, the degree of organic matter depletion of the
parent rocks also differs. The shortage of the HGAS kerogen
of the Krest Trough does not exceed 40%. In the hydro-
carbon systems of the Nikolaev Mainitsko-Sobolkovskaya
HGAS, the Mainitsko-Sobolkovskaya HGAS of the
Lagunny Trough, and the Solomatin Mainitsko-
Sobolkovskaya HGAS, the degree of the generation poten-
tial of kerogen approaches to 60%. In the central part of the
Mainitsko-Sobolkovskaya HGAS of the East Anadyr basin,
the potential is almost entirely implemented (Kerimov et al.,
2018a).

The different degree of implementation of the generation
potential of hydrocarbon systems determines the differences
in the period of critical moment occurrence, which varies
from 8 million years (Mainitsko-Sobolkovskaya HGAS of
the East Anadyr basin) to 3 million years (Solomatinskaya

Mainitsko-Sobolkovskaya HGAS) (Kerimov & Rachinsky,
2016). In general, the temporal relationship between the
periods of formation of traps and the occurrence of the
critical moment is favorable for all hydrocarbon systems in
the water zone of the Anadyr Trough.

In most of the HGAS, the maturity of the organic matter
of the oil and gas source strata does not exceed the level of
early oil generation. Only the parent rocks of the Koryak-
skaya Gagarinsko-Avtatkulskaya system and the
Gagarinsko-Avtatkulskaya HGAS of the Lagunny Trough
reached the oil window level.

All Neogene HGAS are characterized by a meager degree
of implementation of the generation potential of their oil and
gas source strata—not exceeding mainly 10%, which is due
to the low maturity of the organic matter of the rocks
(Kerimov et al., 2018b). Only in the Gagarinsko-
Avtatkulskaya HGAS of the Lagunny Trough, the genera-
tion potential of the parent rock is realized at 20–30%, and in
the Koryakskaya Gagarinsko-Avtatkulskaya one—about
40%.

Fig. 1 Hydrocarbon generation and accumulation systems (HGAS)
of the Anadyr oil and gas field according to the modeling results
(generalized): A—Eocene-lower Miocene, Mainitsko-Sobolkovskaya
deposits, B—lower-middle Miocene, Gagarinsko-Avtatkulskaya
deposits. 1—the area of development of HGAS, 2—the area of
predominant generation of oil in the center, 3—the area of
predominant generation of gas, 4—the area of development

of overmature rocks, 5—the index of HGAS, and 6—coastline.
Numbers in circles (HGAS): 1—East Anadyr, 2—North Nikolaev, 3
—South Nikolaev, 4—West Nikolaev, 5—Lagunny Trough, 6—
Solomatinskaya, 7—Oleninskaya, 8—Mainitskiy Trough, 9—Veliko-
rechenskaya, 10—Uelkal, 11—Kurimskaya, 12—Enmelen, 13—
Koryakskaya, 14—South Chukotka, 15—North Chukotka, and 16—
Protochnyi Trough
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The low degree of implementation of the generation
potential of the considered oil and gas source strata deter-
mines the low value of the generation and expulsion
potential—about 70 billion tons of hydrocarbons in total for
all HGAS (Mustaev et al., 2016).

5 Conclusions

The hydrocarbon systems of the Paleocene-Lower Miocene
part of the sedimentary section differ in the area and size of
the generation center and, accordingly, in the volumes of
hydrocarbons produced. The most promising is the Nikolaev
Mainitsko-Sobolkovskaya HGAS. On the other hand, all the
Lower–Upper Miocene hydrocarbon systems of the Gulf of
Anadyr are characterized by a shallow degree of imple-
mentation of the generation potential of their oil and gas
source strata, which is due to the low maturity of the organic
matter of the rocks. This fact determined the shallow
hydrocarbon potential of the Miocene part of the sedimen-
tary section.
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Integrated Technique on Static and Dynamic
Properties Estimation: An Application
of Probabilistic Neural Network and Seismic
Inversion

Chukwuemeka Abbey, Chukwudi Meludu, Adetola Sunday Oniku,
Abraham Sebastian, and Mohammed Aminu

Abstract

This research work used well logs and 3D seismic volume
to extract the dynamic and static properties. First, the
analyzed reservoir was identified from the well log using
the gamma-ray log and resistivity at the low gamma
interval corresponding to a high resistivity value. Next, a
synthetic seismogram was generated, which was used in
tying the wells to the seismic data to identify events (the
mapped reservoir) from the seismic volume. This was
done by convolving the generated reflectivity series,
derived from approximated Zeoppritz reflectivity with a
zero-phase wavelet generated from the seismic volume.
Finally, a nonlinear statistical relationship, the probabilis-
tic neural network (PNN), was used to define the weight
factor to estimate the artificial log from the seismic traces
in connection with the seismic attribute. This process
makes it easy for the system to recognize the systematic
training pattern for the prediction and transforms the
seismic attribute into well log data in areas where there
are no dill wells. This process is then transformed with
the seismic volume and well logs into static and dynamic
properties initial-based model used for the seismic
inversion. The properties estimated from the seismic
volume correspond to the petrophysical analysis per-
formed from the well log at the interval penetrated by the
log. These properties include porosity, water saturation,
the volume of shale, permeability, pressure, and facies
classification. A correlation analysis performed on these
properties shows the process’s great predictive and
estimation ability. This gives a clear insight into the
heterogeneity within the formation as it concerns

petrophysical properties, fluid flow, and a secondary
recovery plan.

Keywords

Seismic inversion � Reservoir � Well logs �
Petrophysical properties � Probabilistic neural network

1 Introduction

A reservoir’s static and dynamic properties characterize the
productivity and producibility of the reservoir, and they are
determinant factors in field optimization and recovery
planning. These properties comprise the porosity, volume of
shale and water saturation, permeability, formation pressure,
and, most times, the facies composition of the reservoir.
While the porosity and volume of shale give more details on
the static properties, pressure and permeability provide
insight into its dynamic attributes.

The approach involved in reservoir characterization has a
direct implication in its quantification. Over time, the
reservoir’s productivity and producibility are either under-
estimated or overestimated due to the adopted approach in
properties characterization. This process evolves with time,
from the population of reservoir properties estimated from
the well log into the mapped seismic volume to seismic
inversion, where the acoustic impedance is constrained with
a multi-linear transform to characterize reservoirs. This
approaches mentioned its shortcomings, with the latter
having a bit estimation advantage over the former. Further-
more, the formation heterogeneity makes it impossible to
establish a linear relationship between the seismic inversion
attributes and reservoir properties.

This calls for a nonlinear approach in estimating these
properties from the formation. A probabilistic neural net-
work (PNN) is a nonlinear approach used to estimate arti-
ficial logs from seismic traces. The process defines a weight
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factor with the seismic attributes in a nonlinear approach to
recognize the systematic training pattern used for the pre-
diction (Hampson et al., 2001; Haris et al., 2016). This
approach will determine the properties of the seismic vol-
ume. And as expected, it will give a clear insight into the
heterogeneity within the formation as it concerns petro-
physical properties and fluid flow.

2 Materials and Methods

The study area is the Ataga oil field of the Niger Delta. The
delta comprises one petroleum system called the
Agbada-Akata petroleum system. Petroleum in the Niger
Delta is produced from sandstones and unconsolidated sands
predominantly in the Agbada Formation (Okpogo et al.,
2018), which is from Eocene to Pliocene geologic age. From
this field, 3D post-stack seismic data and four wells were
provided for the research through the Department of Petro-
leum Resources (DPR). The data were Qc and loaded into
the HR software.

The petrophysical properties were calculated in the wells,
with permeability and pore pressure carried out using the
Coates empirical formula (Coates & Dumanoir, 1973) and

Eatons (Eaton, 1972) depth-dependent formula. A synthetic
seismogram was generated, which was used to tie the wells
to the seismic data to identify events (the mapped Horizons)
from the seismic volume, the analysis interval. This was
done by convolving the generated reflectivity series, derived
from approximated Zeoppritz reflectivity with a zero-phase
wavelet generated from the seismic volume. The acoustic
impedance was derived using the model-based seismic
inversion approach. PNN was employed in training the
multi-attributes and the inverted seismic volume with non-
linear transforms (natural log, exponential, square, inverse,
and square root) to establish a training pattern for the pro-
cess. The desired networks were derived and validated by
correlating natural logs and the inverted derived logs from
the volume. This transforms the acoustic impedance and the
derived reservoir properties in seismic volume within the
interval of horizons 1 and 2.

3 Results

The figures below show the predicted properties and the
inserted well verifications from the seismic section.
Figure 1a is the model of acoustic impedance from the

Fig. 1 a Acoustic impedance section overlaid with well ten acoustic
impedance. b Estimated permeability from the section of inline overlaid
with the well permeability. c Derived formation pressure with the

inserted log calculated. d correlation of the PNN modeled log derived
from the seismic and the original log from the well

252 C. Abbey et al.



section with an overlay of acoustic impedance from the well.
Figure 1b–d are the permeability, formation pore pressure,
and the correlation result of the PNN acoustic impedance
and the formation pore pressure. Figure 2a–d are the seismic
section of water saturation, porosity, faces, and volume of
shale, respectively, overlaid by their corresponding logs
from the well. The correlation coefficient from the modeled
and original logs in the water saturation and V-shale are 0.81
and 0.79, respectively. The porosity is 0.83, and perme-
ability is 0.6. The correlation of the acoustic impedance and
formation pore pressure are 0.84 and 0.82, respectively, as
shown in Fig. 1d. As shown in Fig. 2c, facies were cali-
brated using the Vp/Vs ratio with the knowledge of Niger
Delta lithology of sand and shale with the Agbada formation
to sand, shaly-sand, and shale.

4 Discussion

The results obtained from this integration give a clear insight
into the petrophysical properties of the field. The acoustic
impedance (AI) volume in Fig. 1a shows an increase in
impedance with an increase in burial depth, corresponding
with the well-computed impedance. As the depth of burial

increases, the density and p-velocity, which are the product
of AI of the formation, increase due to compaction in normal
compacted sediment. The studied interval, which is then
mapped horizons, is believed to be in the region of the
Agbada formation of the Niger Delta. This formation mainly
consolidated sandstones with intercalation of shales.

The mapped interval comprises reservoirs and non-
reservoir sands, and shales. There is a potential reservoir
within 2950–3050 ms penetrated by well 10. This interval
reveals a low shale volume (0.12–026 v/v), moderate to
good porosity (0.1–0.28 v/v), Sw of 0.26–0.63 v/v, and
permeability of 197–713 md. The facies within this range are
sand and shaly-sand. This interval corresponds to a high
resistivity from the well log, making it a hydrocarbon zone
of interest. Also, at an interval of 3150–3250 ms, there is a
potential hydrocarbon reservoir with Sw range from 0.14 to
0.32 v/v, V-shale, 0.27 to 0.6 v/v, porosity 0.13 to 0.18 v/v,
and permeability 236–1486 md. This interval also corre-
sponds to a high resistivity value from the log. From the
results estimated at these intervals, the variations in values
result from sand and intercalation of sand and shale within
these analyzed units. The lateral variation in reservoir
properties is conspicuous, and fluid flow can be worked out.
More so, the interval of the high volume of shales (2800–

Fig. 2 a Estimated Sw in the inline section and the overlaid log Sw from the well, b derived porosity in section, c the determined facies in the
section overlaid with the gamma-ray log, d estimated V-shale from the seismic section overlaid with V-shale log from the well
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2850 ms) corresponds to high water saturation and indicates
shale, as seen in the facie section, also having a high acoustic
impedance.

The variations observed in the figures inform the
heterogeneity of the formation, which is a characteristic of
deposition. The formation pressure shows that pressure
increases with depth, with a normal trend of increased
pressure through the Agbada to Akata formations. And the
formation pressure at these intervals mentioned is suitable
for hydrocarbon drive and recovery.

5 Conclusions

The application of PNN in transforming the multi-attributes
and the acoustic impedance volume derived from seismic
inversion as an external constraint in multi-attribute analysis
has proven to be a good approach. This approach extracts the
nonlinear relationship between natural logs, seismic inver-
sion, and other multi-attributes in estimating reservoir
properties from the seismic volume, as shown in this work.
The result obtained from the correlation of the natural logs

and modeled logs confirms that PNN is a reliable tool in
reservoir properties estimation from the seismic volume.
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Assessment of Geological Risks
and the Probability of Discovering Oil
and Gas Fields in the Bering Sea

Sanan Guryanov, Vagif Kerimov, and Vadim Kosyanov

Abstract

Increasing the efficiency of geological exploration at
different stages is associated with improving accounting
methods and minimizing geological risks. This requires
an analysis of hydrocarbon systems and their elements
(oil source strata, container rocks, impermeable seals, and
traps) and dynamic processes (generation, migration, and
accumulation of hydrocarbons). The presence of an active
hydrocarbon generation-accumulation system (GAHS).
The Anadyr trough is confirmed by numerous oil and gas
shows and fields identified in its land part. The Anadyr
trough is located in the Bering Sea. Geochemical studies
of sedimentary rocks and fluids have shown that deposits
of the Upper Cretaceous, Paleogene, and Neogene can be
the source of these hydrocarbons. The results of
seismic-geological correlation and the performed paleo-
geographical reconstructions showed that the area of
development of probable source rock would spread to the
area of the water zone, where an improvement in their
generation properties is predicted. An assessment of
geological risks was performed in the search and
exploration of hydrocarbon deposits. The paper has tested
a methodology for assessing geological risks for geolog-
ical exploration in the Bering Sea.

Keywords

Oil � Gas � Resources and reserves � Risks �
Generation � Migration � Bering Sea

1 Introduction

The presence of an active generation-accumulation system
(GAHS) within the Anadyr trough is confirmed by numerous
oil and gas shows and fields identified in its land part. Geo-
chemical studies of sedimentary rocks and fluids have shown
that deposits of the Upper Cretaceous, Paleogene, and
Neogene can be the source of these hydrocarbons. The
deposits of the gagarinskaya suit of the Miocene have the
highest generation potential, for which relatively increased
values of the hydrogen index and organic carbon are noted
(Guliev et al., 2018). The results of seismic-geological cor-
relation and the performed paleogeographical reconstruc-
tions showed that the area of development of probable oil
and gas source strata (OGSS) would spread to the area of the
water zone, where an improvement in their generation
properties is predicted.

2 Research Method

The methodology comprehensively analyzes geological
information about oil and gas source rocks, reservoirs, and
seals. It includes four main factors: the presence and prop-
erties of oil source strata, the presence, and properties of a
pool, the presence of a trap, the ratio of the time of formation
of traps, and the process of generation and migration of
hydrocarbon accumulation.

3 Results

The results of the performed modeling of hydrocarbon sys-
tems showed that, given the present generation properties of
potential OGSS, the conditions of their occurrence and the
thermal history of the basin, and the peculiarities of its
development, the OGSS could provide the traps identified
by hydrocarbons (Gordadze et al., 2017; Kerimov &
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Rachinsky, 2016). However, as noted earlier, hydrocarbon
generation centers’ generation and expulsion potential varies
significantly from system to system. Therefore, manito-
Sobolkovskie GAHS is characterized by better performance
than the Gagarin-Avtakul one. Accordingly, the risks for the
factor “Assessment of oil and gas source strata” are assessed
from “neutral” to “favorable,” taking into account the cal-
culated characteristics of the expulsion potential (Fig. 1). As
can be seen from the figures, the highest risks for this factor
are characteristic of the GAHS of the Neogene complex
(Kerimov et al., 2018a, 2019a; Lapidus et al., 2018; Mustaev
et al., 2016).

In the Neogene reservoirs of land deposits, open porosity
reaches 30% or more. Therefore, considering those men-
tioned above, the factor “reservoir assessment” is assessed as
“reassuring” − 0.6 for all studied GAHS.

According to the results of seismic studies, it has been
established that structural traps are most common in the
sedimentary cover of the Anadyr basin—arch-like and tec-
tonically screened (Kerimov et al., 2018b, 2019b; Zaicev
et al., 2017). The presence of numerous local erosion and
pinch-out zones in combination with structural elements also

presupposes the vast development of complex combined
traps—structural-stratigraphic and structural-lithological.
The areas of structural (anticlinal) traps in Neogene deposits
vary from 250 km2 (Tsentralnaya structure) to 30 km2

(Vostochno-Vasilievskaya-2, Shakhtyorskaya-2 structures).
Closed structural contours of promising objects are located
at a level from − 2.4 km (Tsentralnaya structure) to − 1.5
km (Ploskaya structure) from the sea bottom surface. Large
areas are typical for pinch-out traps—up to 930 km2.

4 Conclusions

At the current level of knowledge of the Anadyr trough, the
main geological risks are associated with the ability of
OGSS to saturate bright objects and the quality of the
trap—the presence and quality of the fluid-resistant matter.
As a result, the probability of hydrocarbon field discovery
in the water zone of the Anadyr trough varies from 0.162 to
0.189 in the lower prospective complex and from 0.135 to
0.162 in the upper one. This corresponds to moderate
geological risk.

Fig. 1 GAHS maps of the
Aptian-Upper Cretaceous
complex
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Influence of Trap Magmatism on the Oil
and Gas Potential of Sedimentary Deposits

Andrei Shilovskii

Abstract

The depletion of hydrocarbon reserves in the known
traditional structural traps leads to an increase in the share
of so-called hard-to-recover or substandard resources,
which, consequently, leads to an increase in the cost of
production. Consequently, there is always a demand for
highly profitable oil and gas reserves. Furthermore, the
well-known facts of the association of hydrocarbon
manifestations and regions with traces of plutonic activity
make it necessary to study the possibility of the formation
of oil and gas traps under these conditions. It turns out
that trap magmatism can be a source of a hydrocarbon
formation and, in addition, forms the conditions for the
formation of oil and gas traps.

Keywords

Trap magmatism � Oil and gas potential � Sedimentary
deposits � Normal sedimentation � Carbon dioxide �
Hydrogen � Carbonates

1 Introduction

The issues of prospecting and exploration of hydrocarbon
raw materials against the background of, as it is declared, the
depletion of known readily available reserves remain the
most critical tasks facing oil and gas science. The notorious
energy transition, even if partially completed, can be realized
only on the basis and at the expense of the resources of the
existing hydrocarbon fuel and energy complex. In any case,
the fuel and energy complex, primarily the oil and gas

industry, will remain the driving force of the economy for
many decades.

2 Settings or Methods or Materials
and Methods or … Etc.

Analysis of the mechanisms of formation of oil and gas traps
consisting in the association of reservoir rocks sealed by
rocks–seals. The well-known facts of accompanying mag-
matic formations with hydrocarbon manifestations (Jam-
khindikar & Mukesh Jain, 2013; Ren et al., 2020; Schutter,
2003; Liu et al., 2012; KamNIIKIGS, 1996; Shilovsky,
2013). In total suggest the need to study the possibility of the
formation of oil and gas traps due to the influence of plutonic
processes.

The first thing that immediately catches the eye is that
rock formations of acidic magmatism, due to the high vis-
cosity of the magma, when solidified, form relatively local
bodies: dikes, stocks during an intrusive eruption, or cones,
domes of a diatreme during effusions. From the point of
view of the possibility of creating traps for hydrocarbons,
they are hard of interest. Quite different conditions are cre-
ated during the basic trap magmatism.

Such a grandiose event as trap magmatism at different
times affected all tectonic units of our planet. In terms of
area, trap magmatism covers platform areas of hundreds and
thousands of square kilometers. The scale of this phe-
nomenon can be estimated by the map in Fig. 1. Moreover,
the map shows only surface manifestations of trap magma-
tism. When a chamber of trap magmatism is activated,
magmatic matter (mainly basalts), with sufficient eruption
power, penetrates the entire sedimentary stratum, involving
the enclosing sedimentary rocks; therefore, not only basalts
but also various types of diabases are poured on the surface,
i.e.,, rocks of trap formations are formed. Due to the low
viscosity of the magmatic melt, it spreads over vast territo-
ries, filling all the unevenness of the relief. Then, the trap
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fields are covered with new sediments either until the next
cycle of magmatic activation, and there are up to several tens
of them in a row, or normal sedimentation occurs when trap
magmatism decays. That is, the ancient platforms have all
the conditions for the presence of buried trap covers.

3 Results

As it rises through the sedimentary strata, the molten mag-
matic mass, due to the thermal effect, on the one hand,
destroys the existing accumulations of hydrocarbons, on the
other, increases the oil and gas potential of the enclosing
sedimentary deposits by stimulating the catagenesis of dis-
persed organic matter of plant or animal origin (Jam-
khindikar & Mukesh Jain, 2013).

If carbonates represent sedimentary deposits, then under
conditions of thermal action, direct transformation of car-
bonates into hydrocarbons is possible. The process can be
schematically represented as follows: under thermal action,
the decomposition of carbonates occurs with the release of
carbon dioxide, which is converted into methane and heavier
hydrocarbons due to the influx of hydrogen formed during
the decay of groundwater on the energy-active layer in the

pore space (Ryzhenko et al., 2015). For example, in the
presence of pyrite:

3FeS2 þ 6CaCO3 þ 12H2O ! Fe3O4 þ 6CaSO4 þ 5CH4

þCO2 þ 2H2

Additionally, in inorganic carbonates, porosity is formed
due to thermochemical action in the form of cavities.

The same plutonic process creates conditions for the
formation of traps for the hydrocarbons. With a real distri-
bution, molten magmatic matter, accompanied by liquid and
gas emanations, forms in the underlying sedimentary rocks
the so-called hornfels layer up to 20 m thick, characterized
by increased density. The latter is significant from the point
of view of creating the oil and gas potential of the underlying
sedimentary rocks since a regional seal is created under the
crystalline rocks of trap formations (hard but very fragile),
that is, in terms of petroleum geology, a regional seal. An
example of an industrial oil field within the Deccan trap
province can be cited (Jamkhindikar & Mukesh Jain, 2013).
In addition, it should be noted that the multistage activation
of the trap magmatism process creates conditions for the
creation of hydrocarbon traps inside the trap formations due
to the intermediate accumulation of sedimentary deposits.

Fig. 1 Only a few of the largest igneous provinces appear (colored dark purple) on this geological map, which depicts crustal geologic provinces
as seen in seismic refraction data (https://commons.wikimedia.org/w/index.php?curid=15990676)
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Moreover, the thickness of these intervals reaches several
tens of meters (KamNIIKIGS, 1996).

4 Discussion

Trap magmatism plays a vital role on ancient platforms
affected by early stages of tectogenesis, which leads to the
burial of rocks of trap formations by later sediments at sig-
nificant depths. In this situation, an additional possibility
arises of the formation of deposits of redeposited oils and
bitumen in the overlying sediments in the presence of traps
(in this situation, it is evident that light fractions will be lost)
due to the seepage of hydrocarbons from the subtrap space
along cracks formed as a result of tectonic impact (Jam-
khindikar & Mukesh Jain, 2013; Liu, 2012).

The practical value of the described mechanism lies in the
fact that, for example, a new history of tectonic development
has been formulated for the territory of the Moscow sedi-
mentary basin (the Moscow and Mezen syneclises and the
Volga-Ural anteclise within the East European Platform).
Trap magmatism in this area occurred during the Caledonian
phase of tectogenesis, and the rocks of the trap formation are
located in the middle of the section in the Lower Devonian
sediments. Within the framework of the formulated tectonic
structure of a territory with an area of more than 1 million
km2, completely new prospects for the oil and gas potential
of the region appear, exceeding, according to the most
conservative volume estimates, 20 billion tons of fuel
equivalent, even though this territory is still considered
unpromising. In addition, the features of the tectonic struc-
ture make it possible to substantiate the search criteria for oil
and gas traps in the sedimentary strata screened by rocks of
trap formations (Shilovsky, 2013).

The analysis of geological and geophysical data and the
results of deep drilling made it possible to revise the tectonic
structure of the intermediate level of the sedimentary com-
plex of the West Siberian basin with the identification of
rocks of trap formations of the Permian–Triassic age,
thereby substantiating the direction of strategic development
of Russia’s largest oil and gas region (Shilovsky, 2016).

5 Conclusions

The above allows us to conclude that trap magmatism plays
an active role in increasing the oil and gas potential of
sedimentary deposits. This is manifested in the stimulation
of the catagenesis of the available organic matter and the
direct production of hydrocarbons in the presence of car-
bonate deposits. In addition, trap magmatism creates con-
ditions for the formation of regional seals.

The buried trap formations create the most favorable
conditions for the formation of oil and gas deposits in the
sedimentary strata of ancient platforms due to additional
screening by overlying sedimentary complexes.
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