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Abstract. This research focuses on the microfacies, sequence stratigraphy and genesis of the upper Devonian

phosphate-rich deposits in the Kerman province, SE Iran. These deposits are investigated in the Sarashk and Hutk
sections, which are the most complete upper Devonian strata in the studied area. This region was located on the
northern coast of the Gondwanaland during the Devonian. Detailed sampling and sedimentological analyses indicate
that the studied successions consist of limestone, shale and sandstone lithofacies. The limestone lithofacies includes
12 microfacies and the shale and sandstone lithofacies include two microfacies. Based on the microfacies analysis,
five sedimentary sequences are distinguished in each section. The microfacies analyses suggest a mixed carbonate-
siliciclastic ramp sedimentary environment. Based on the sequence stratigraphic settings, the phosphorite layers are
divided into three types, the first involves lumachella strata and was deposited in transgressive system tract settings; the
second was deposited in the high stand system tract and maximum flooding surface settings and the third includes the
basal parts of the falling stage system tract setting, The first phosphorite type seems to be a direct result of upwelling
currents and blooms in continental shelf deviling creatures, especially brachiopods and fishes. The second, and the
most commercially qualified, type formed as an indirect result of upwelling currents and subsequent toxic waters,
high mortality and rise of Oxygen Minimum Zone. The third type was a result of post deposition burial digenesis
and cementation processes.

INTRODUCTION

Phosphorus (°P) is a vital nutrient for living
creatures; this element plays a fundamental rule
in the DNA structure and ATP molecules (Pasek
2008; Goldhammer et al. 2011). As well as DNA
and ATP, phosphorus is a critical component for
many other biochemicals in plants and animals
(Follmi 1996; Pufahl & Groat 2016). Phosphorus
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is also used in fertilizers, feed additives, water and
metal treatments, detergents, medicines, metallic
products processing, food and drink processing,
batteries and electronic devices and many other in-
dustrial processes and products (Pufahl & Groat
2010).

The world resources of phosphorus are esti-
mated by the U.S. Geological Survey at ca. 300,000
Mt (Pufahl & Groat 2016), with 95% sedimen-
tary and 5% igneous (Jasinski 2016). In general,
sedimentary units with more than 18% P,O, are
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called phosphorite, a marine biochemical sedimen-
tary rock (Nelson et al. 2010), and could be use
as phosphate resource. Although some deposits
with 15% P O, and low contamination have been
used for agricultural phosphatic fertilizers. The av-
erage of 0.071-0.372 ppm phosphorous content
of seawater (Simandl et al. 2011) is inadequate
for phosphogenesis directly. Although phosphate
rich sedimentary layers may deposited everywhere,
phosphorites are commonly deposited on passive
margins with effective connection to the ocean in
moderately temperate and near equatorial zones
(between 40° N - 40° S), (Cook & McElhinny 1979;
Simandl et al. 2011). The mechanism of deposition
of phosphorites is uncertain in geological history
(Follmi 1996; Trappe 1998; Schulz & Schulz 2005;
Dornbos 2010; Bailey et al. 2013). In some cases,
igneous activities, such as volcanism and hydrother-
mal fluids, are assigned as the main source of phos-
phate enrichment (Berner 1973; Froelich et al. 1982;
Wheat et al. 1996; Petsch & Berner 1998). Some
researchers emphasize the role of microbial activi-
ties as a direct or indirect cause of phosphogenesis
in sedimentary basins (Reimers et al. 1990; Schulz
& Schulz 2005; Bailey et al. 2007; Barale et al. 2013;
Lepland et al. 2013; Salama et al. 2015). In this case,
the Sulphur-Oxidizing bacteria are the most impot-
tant operatives and take part in phosphogenesis in
some areas (Kazakov 1937; Burnett 1977; Reimers
et al. 1990; Schulz & Schulz 2005; Bailey et al. 2007,
Bailey et al. 2013; Lepland et al. 2013).

However, among phosphogenesis mecha-
nisms, upwelling currents considered as the main
mechanism for deposition of phosphate rich sed-
iments in ancient and modern phosphorite facto-
ries worldwide (Burnett 1977; Baturin 1982; Gold-
hammer et al. 2010; Lass et al. 2010; Nelson et al.
2010; Goldhammer et al. 2011; Alsenz et al. 2015;
Brandano et al. 2016; Lomnitz 2017). Upwelling
currents carry oxygen and nutrient-rich waters up
to the shallow and photic zone which leads to high
productivity and blooms of various organisms, in-
cluding plants and animals. The high productivity
can be followed by toxic and anoxic waters and
accumulation of organic matter in the continental
margin sediments. One of the organic components
concentrated is phosphorous, as bones and shells
or minerals. The most common P mineral in the
phosphorites is Francolite, an authigenic carbonate
rich fluorapatite:

(Ca,,, NaMg (PO), (COY. (COB)_ (SO)F).
This mineral contains 32% P,O,, 52%, Ca0, and
4% F, and includes 1.2 £ 0.2% Na, 0.25 £ 0.02
% Sr, 0.36 * 0.03 % Mg, 6.3 £ 0.3% CO2, and
2.7 £ 0.3% SiO, (Jarvis et al. 1994). Weathering
and diagenesis may alter the francolite to Fe-rich
(Strengite) or Al-rich (Crandallite, Millisite, Wav-
ellite) phosphate minerals. However, the concen-
tration of P O, in phosphorite layers could result
from in situ mineralization of Francolite or re-
worked pellets, oolites, nodules or fragments of
bones or shells. These deposits concentrated in
transgressive-regressive cycles and the most valua-
ble phosphorite layers were deposited in the Cam-
brian, Permian, Jurassic, Cretaceous, Eocene and
Miocene (Simandl et al. 2011). Nevertheless, some
phosphorite layers have deposited on the northern
margin of Gondwanaland during the late Devoni-
an and crop out on the Iranian plateau. The phos-
phorite layers in the Alborz Structural Zone are
involved in the Geirud Formation (Salama et al.
2018) and are explored and exploited in the Gei-
rud mine; but in the Central Iran Structural Zone
(CISZ) the favorable layers are not explored yet.
The major Devonian - Lower Carboniferous strata
of southern Iran have been studied and reported
by Wendt et al. (2002) and phosphate rich units in
the upper Devonian strata are reported by them.
Earlier, Dimitrijevic (1973) reported “phosphate
Unit” in his studies in Kerman, but he did not
study the geochemical and sedimentological char-
acteristics of those units. The phosphorites of the
some area were reported by Dastanpour (1996,
1999), but their origin and sedimentary environ-
ment were not investigated. This study deals with
the sedimentology, sequence stratigraphy and ge-
ochemistry of phosphorite deposits in the north
of Kerman in two localities, the Hutk and Sarashk
areas, and presents their detailed sedimentological
and geochemical characteristics.

GEOLOGICAL SETTING

The studied area, as a part of the CISZ (Ber-
berian & King 1981), is located at the noth of Ker-
man Province, south-southeastern Iran (Fig. 1a). The
upper Devonian strata at the north of Kerman out-
crop mainly in two complicated mountainous areas.
The Hutk Section is located close to Hutk Village
at 56°56’42.34”E - 30°34’16.84”N, 32 Km north of
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Fig. 1 - a) The location of the studied
area in the south of Iran, af-
ter Berberian & King (1981);
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b) access map of the studied
sections; c) satellite image of
the studied area (from Goo-
gle Earth).

Horjond

Kerman, and the Sarashk Section is located 75 km
north of Kerman at 57° 1’34.23”E - 30°50°16.74”N
(Fig. 1b). Both sections have been measured in dark
folded layers of the Middle — Late Paleozoic at the
north of Kerman (Fig. 1c). The studied area was lo-
cated on the northern margin of Gondwanaland in
a tropical zone during the Middle Paleozoic (Wendt
et al. 2002).

The main lithology of studied strata includes
limestone and shale and minor sandstone, sandy
limestone and dolomitic limestone intercalations.
As well as limestone and shale, there are some ree-
fal strata with various thicknesses in many localities.
These deposits are classified by Wendt et al. (2002),
in the Zone A (Fig. 2) as marine Devonian- Carbon-
iferous deposits. Based on the field observations,
the base and the top of studied strata are character-
ized by sharp lithological changes.

The biostratigraphy of the Devonian strata
in Kerman Area has studied by some authors (Ah-
madi et al. 2006; Gholamalian 2006; Gholamalian
& Kebriaei 2008; Khosravi et al. 2010; Ahmadi et
al. 2011; Bahrami et al. 2011; Gholamalian et al.
2013; Bahrami et al. 2014; Gholamalian et al. 2014;

Gholamalian et al. 2015; Ahmadi et al. 2016) main-
ly based on conodonts. Gholamalian (2006) estab-
lished a Middle to late Frasnian age based on the
presence of Pobhgnathus zinaidae and Icriodus vitabilis
for the basal parts of the Hutk section. He also es-
tablished the Early Famenian for the upper part of
the Hutk section based on the presence of Polygna-
thus semicostatus, leriodus cornutus, Icriodus iowaensis io-
waensis and Pelekysgnathus Inclinatus. The final layers
of the Hutk section belongs to the Early Carbonif-
erous (Tournasian), also based on conodonts (Ah-
madi et al. 2016). The recovered conodont fauna of
the Sarashk section by some authors (Ahmadi et al.
2011; Bahrami et al. 2014) indicates that the whole
of the section belongs to the Late Devonian (Late
Frasnian-Famennian).

MATERIALS AND METHODS

The Hutk section comprises 449 meters of sandstones, li-
mestones, reefal limestones and shales and 103 samples were col-
lected from the whole section. The Sarashk section consists of 365
meters of sandstones, dolomitized limestones, limestone, reefal li-
mestones and shale-limestone intercalations and 105 samples were
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collected from all strata. Both sections unconformably overlay older
lower — middle Devonian strata of the Padeha Formation. The up-
per contact is unconformable and covered with the dolomitic strata
of the Permian Jamal Formation. For microfacies studies, 162 thin
sections were prepared from hard rock samples and studied using
an Olympus polarizing microscope. The standard microfacies and
sedimentary environment interpretations are based on common re-
ferences ( Wilson 1975; Fligel 2010; Fliigel 2012). All loose and hard
samples (except sandstones) were checked for P,O, content by am-
monium molybdate - nitric acid solution (Luternauer & Pilkey 1967;
Swanson 1981; Adorno et al. 2016). Finally, 118 samples, which were
marked as phosphate-bearing by the ammonium molybdate - nitric
acid solution check, were analyzed for P,O, concentration using LAB
CENTER XRF-1800XRF instrument with 0.01% precision (Tab. 1
in Supplementary file).

RESULTS AND DISCUSSION

Sedimentology and sequence stratigraphy

The lithofacies and microfacies analyses of
Hutk and Sarashk sections resulted in identification
of a limestone lithofacies with 12 microfacies, a
shale lithofacies with 2 microfacies and a sandstone
lithofacies with 2 microfacies (Table 2). The struc-
ture, composition and grain size analyses of the
identified facies were based on the classification of
Flugle (2010, 2012) and Wilson (1975). Field obset-
vations showed a lack of oncoids, lack of extend-



Tab. 2 -

Identified lithofacies and
microfacies and their cha-
racteristics, SMF and Facies
belts.

Fig. 3 - Conceptual block diagram of

the suggested sedimentary
model for the studied strata.
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ed barrier reefs, and an absence of turbidities and
lateral changes in sedimentary layers. These suggest
a mixed carbonate-siliciclastic ramp sedimentary
environment. This sedimentary environment is em-
phasized in the Hutk section (Hashmie et al. 2016)
and in the whole area (Wendt et al. 2002). This sed-
imentary environment consists of supratidal and
near-shore facies belt, inner ramp, middle ramp and
outer ramp facies zones (Fig. 3).

Despite of different thickness, the major fa-
cies and lithology changes are similar in both sec-
tions. Based on the lithology and facies changes,
five sedimentary sequences have distinguished in
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studied sections. The first sequence is more remark-
able in the Sarashk Section (Fig. 4) and mainly in-
cludes shallow clastic facies at the base and marine
carbonate and shale strata in the middle and up-
per parts. In both sections, this sequence starts by
shallow marine and near shore clastic deposits that
point to the low stand system tract (LST), (Fig. 5a,
b). This is followed by deepening upward deposits;
including major limestone layers and minor shale in-
tercalations. At the base of the first sequence, clastic
and carbonate deposits of near shore and supratidal
environments gradually changed into middle - outer
ramp, which indicate the transgressive system tract
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Fig. 5 - a) The lower part of the first
sequence in the Sarashk Sec-
tion; b) the whole exposure
of the first sequence in the
Hutk Section; c) the outcrop
of the reef limestone in the
Sarashk section; d) a closer
view of the reef limestone
in the Sarashk Section; e)
fine shale/limestone succes-
sion in the HST succession
of the first sequence; f) the
erosional surface at the top
of the first sequence in the
Hutk Section; g) the coastal
ripple marks at the top of
the first sequence in the Sa-
rashk Section.

(TST). In both sections, the deepest part of this se-
quence is in the shale and dark limestone strata that
were deposited after a remarkable coral reef facies
(Figs. 5¢, d). In both sections, fine limestone — dark

shale intercalations (Fig. 5e) were deposited after
the TST that indicate the high stand system tract
(HST). In the Sarashk Section, an organic rich phos-
phate bearing black shale (facies Sh1) indicates the
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Fig. 6 - a) The lower part of the
second sequence in the Sa-
rashk Section; b) the upper
part of the second sequen-
ce in the Sarashk Section; c)
the Skolithos/Glossifungites
trace facies at the top of the
second sequence in the Sa-
rashk Section; d) the coastal
ripple marks at the base of
the third sequence in the Sa-
rashk section.

maximum flooding surface (MES), but in the Hutk
section, the microfacies .12 (table 2) is dominant
and points to MFS. The upper half of the sequence
comprises shallowing upward deposits, from out-

er ramp to near shore deposits, and indicates the
falling stage system tract (FSST). The top of the
first sequence in both sections is characterized by
an erosional surface (i.e. a Sequence boundary, SB1)
and a minor paleosol horizon, especially in the Hutk
Section (Fig. 5f). As well as an erosional surface,
some coastal ripple marks are recorded on the top
of the first sequence in the Sarashk section (Fig. 5g).

The second sequence, like the first one, starts
by shallow clastic deposits of the supratidal zone
that correspond to the LST, and most of the low-
er half of this sequence consists of transgressive
marine strata (TST), (Fig. 6a). In both sections, a
relatively thick black organic rich shale reflects the

maximum sea level rise and points to the MFS/
HST. The upper part of this sequence shows a
short interval of FSST, which is terminated by a
shallow marine environment (Fig. 6b). The upper
boundary of this sequence in the Sarashk Section is
marked by a horizon that includes burrowing trac-
es of Skolithos/Glossifungites trace facies (Fig. 6c¢)
indicating a long period of low stand (SB1). In the
Hutk Section, this sequence ends with the basal su-
pratidal clastic deposits of the next sequence (SB1)
(Fig. 6d).

The third sequence is ~ 70m thick in the
Hutk Section and is lithologically similar to the sec-
ond one (Fig. 7a); but it is condensed to ~ 15 m
thick in the Sarashk Section (Fig. 7b). A short peri-
od of sea level rise led to the deposition of an onlap
transgressive succession (TST), which is topped by
a dark organic rich shale as MFS/HST. This peri-
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Fig. 7 - a) The exposure of the third
sequence in the Hutk Sec-
tion; b) the exposure of the
third sequence in the Sa-
rashk section.

od of transgression and flooding was followed by
rapid regression and facies change from deep outer
ramp to the shallow inner ramp (FSST). However,
in both sections, this sequence starts with shallow
supratidal and intertidal deposits and is followed by
deepening upward facies, a short HST is recorded
as shale and limestone intercalations, the MES /HST
is marked by a black shale layer, which follows by a
shallowing upward succession to near shore clastic
deposits. The basal and top boundaries of the third
sequence in the Hutk Section is marked as a type 1
sequence boundary (SB1) but in the Sarashk Section
it is marked by transgressive surfaces as a type 2 se-
quence boundary (SB2).

The fourth and fifth sequences in both sec-
tions are similar to the third one in each section and
more remarkable in the Hutk Section.

Geochemistry

The geochemical analyses show that the phos-
phate bearing layers in the studied sections contain
10-23% P,0, and include three types. The first type
involves fossiliferous limestone strata (Fig. 8 a-c).
The most common fauna in these layers are Bra-
chiopods and teeth and rare skeletal plates of fishes
(Fig. 8 d-f). The fossil fishes of the studied section

mainly include Chondrichthyes (protacrodontids,
phoebodontids, cladodontids) (Ahmadi et al. 2000).
The average of 12 % and a maximum of 18% P,O,
is recorded for these layers. The sequence strati-
graphic setting of this type is the TST. In the Hutk
section, this type is recorded in the first, fourth
and fifth sequences as thick lumachella layers with
non-fossiliferous limestone and shale intercalations.
In the Sarashk section, this type of phosphate-bear-
ing layer is recorded in the first and fourth sequenc-
es with the same lithology as the Hutk Section. The
common microfacies of this type include 1.3, 1.4 &
L5 (Fig. 8 g-i).

The second type of phosphate bearing layer
involves the facies of the HST and MFS settings
and mainly includes black organic rich shale and
limestone strata (Fig. 9 a-d). This type of phos-
phate-bearing layer is recorded in the second,
fourth and fifth sequences in the Hutk Section and
in the first, second, fourth and fifth sequence in the
Sarashk Section. The phosphate content of these
phosphate bearing layers is 10-23% P,O, (average is
18% P,0,). In these layers, phosphate occurs as pe-
loids and in shell debris of inarticulate Brachiopoda
and Crinoidea (.11 microfacies), (Fig 9 e-g).

The third type of phosphorites occurs just af-
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Fig. 8 - a-c) Fossiliferous phosphate
bearing limestone strata in
the studied sections, a & b,
Sarashk Section; ¢, Hotk sec-
tion; d, Dipnoi tooth plate in
the first type of phosphate
bearing layers in the Sarashk
Section; e, a cast of an ar-
mor plaque in the first type
of phosphate bearing layers
in the Sarashk Section; f; a
cast of an armor plaque in
the first type of phosphate

bearing layers in the Hutk
Section; g, the microphoto-
graph of the I.3 microfacies;
h, the microphotograph of
the L4 microfacies; i, the
microphotograph of the L5
microfacies.

ter the MES at the beginning of sea level fall in the
FSST. This type of phosphorite is recorded in the
Second and fifth sequences in the Sarashk Section
and second, fourth and fifth sequences in the Hutk
Section. In this type, the P,O, has mainly reserved
in a dark mixture of iron oxide-phosphate cement
(Fig. 10 a-d). The phosphatic matrix occurs mainly
in L6, L7 & L8 microfacies (Fig, 10 e-g) with inter-
calations of the Sh2 facies. A maximum of 20% and
the average of 15% PO, is recorded in these layers.

As outlined above (see introduction), up-
welling currents are known as the main mechanism
for phosphate accumulation in continental margin
sediments (McKelvey 1967; Burnett 1977; Lucas &
Prevot-Lucas 1977; Baturin 1982; Goldhammer et

al. 2010; Grunert et al. 2010; Lass et al. 2010; Gold-
hammer et al. 2011; Alsenz et al. 2015; Salama et al.
2015; Brandano et al. 2016; Lomnitz 2017; Salama
et al. 2018). The amount of P which can be trans-
ferred from deep oceans to the surface by upwelling
currents is 95% more than found in normal surface
waters (Follmi 1996). The subsequent high produc-
tivity, which occurs during upwelling current activi-
ty, is followed by toxic waters, anoxia and high mot-
tality in the continental margin’s benthic and pelagic
communities. In a general context, the production
of organic matter and lack of oxygen results in the
accumulation of organic matter in continental mar-
gin’s deposits in upwelling settings (Hu 1984; Pang
& Hu 2002). The concentrated organic mass may
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Fig. 9 - a) The exposure of the pho-
sphate bearing datk shale in
the Sarashk section; b-d) the
filed view of the L11 micro-
facies, b, Hutk section, ¢ &
d, Sarashk section; e-g) mi-
crophotographs of the L11
microfacies were prepared
from b-d respectively.

be severely affected by post depositional events, es-  ma et al. 2018). However, upwelling currents are
pecially diagenesis and erosion by sea level changes,  mostly active in the open oceans and affect the con-
and the density of the materials may increase (Sala-  tinental margins along them. The paleogeographic

Fig. 10 - a-d) The exposure of the
third type of phosphorites,
a-b, in the Sarashk Section,
c-d in the Hutk Section; e)
the microphotograph of the
phosphatic cement in the L6
microfacies; f) the micro-
photograph of the phospha-
tic cement in the L.7 microfa-
cies; g) the microphotograph
of the phosphatic cement in
the L8 microfacies.
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Fig. 11 - Paleogeographic setting of the studied area along the northern margin of the Gondwanaland during the Early Silurian to Carbonife-

rous — Permian Boundary. Modified after Scotese (2014).

position of the studied area, along the northern
margin of the Gondwanaland and southern coast
of the Paleo-Tethys (Fig, 11), was a favorable setting
for upwelling currents at least from the early Siluri-
an to Permo-Carboniferous boundary.

In the case of the studied area, the first phos-
phorite type is hosted in fossiliferous limestone stra-
ta. In some layers, more than 85% of layer volume
consists of brachiopoda and other fossils, this con-
centration mainly resulted in favorable trophic lev-
els which have been resulted by the upwelling cur-
rent along the continental margin (Fig. 12A). This is
a common phenomenon not only during Devonian
time (Humphreys & Smith 1989; Giles et al. 2002;
Manda & Fryda 2010; Schoepfer et al. 2012; Zam-
bito et al. 2012; Schoepfer et al. 2013; Konigshof
et al. 2017), but also during the Mesozoic, Cenozo-
ic (Berger et al. 1989; Follmi et al. 1992; Dornbos
2010; Diedrich 2012; Eoff 2012; Abed 2013), pres-
ent (Michel et al. 2011) and earlier in the Protero-
zoic (Khan et al. 2012; Lepland et al. 2013; Hiatt
et al. 2015) in the upwelling affected area. Tapho-
nomically, the preservation of this huge amount of
shells also points to high productivity and biodiver-
sity formed by upwelling currents (Dornbos 2010;
Hendy 2011). The sequence stratigraphic setting of
these phosphorites is TST, which mainly points to
the sea level rise and increases in the accommoda-
tion and accumulation synchronously that led to the

accumulation of huge mass of sediments (F6llmi et
al. 1992; Abed et al. 2007).

The lithology and sequence stratigraphic
setting (HST & MFS) of the second type of phos-
phorite suggests a moderately deep-water deposi-
tional environment. This type of organic rich de-
posit accumulated on the continental rise and deep
open marine basins, near the upwelling affected
continental margins (Fig. 12B) (Glenn 1990; Féllmi
et al. 1992; Giles et al. 2002). This type of organ-
ic rich deposit accumulated on the continental rise
and deep open marine basins, near the upwelling
affected continental margins (Fig. 12B) (Glenn
1990; Follmi et al. 1992; Giles et al. 2002). This type
of phosphorite contains phosphatic peloids as the
main phosphate component. Similar phosphorite
deposits have been reported from the Mediterra-
nean region (Abed 2013) and South Africa (Birch
1979). The phosphatic peloids may have different
sizes and origins, the main mechanisms of their
formation are growth around foreign grains (as
coated grains), phospho-micritization of bone and
shell fragments, fragmentation and abrasion of in-
traclasts, pelletization of aggregates and phosphati-
zation and fragmentation of faecal pellets (Emigh
1956; Soudry & Nathan 1980; Salama et al. 2015).
On the other hand, geochemical analyses indicate
that these phosphorites are the most economically
viable and recoverable in the studied sections. As
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Fig. 12 - Conceptual model for
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a brief context, almost all dark shale strata in the
studied sections are phosphate-bearing and many
of them could be used as phosphate resources and
commercially valuable. The dark color of these de-
posits and lack of benthic creatures are the results
of the rise of oxygen minimum zone (Brasier 1980;
Loughman & Hallam 1982; Petsch & Berner 1998;
Schenau et al. 2000) which commonly occurs in
deep waters in upwelling settings (Goldhammer et
al. 2011; Lomnitz 2017). In this phosphorite type,
higher manganese concentration is recorded too,
which emphasizes the near upwelling setting (Cox
& Singer 1980), and the presence of the MnO en-
hanced the dark and black color of these strata.
The third and the most complicated phos-
phorite type, which occurs in the falling stage sys-

tem tract as a mixture of FeO and P,O, cement,
may have resulted from post-depositional events.
The cementation during digenesis is a result of a
complicated series of events. The migration of pore
water, Eh and pH changes, temperature fluctuations
and static water table rise and fall may resulted to the
crystallization or dissolution of cement (Mackenzie
2005). Therefore, the third phosphorite type may be
completely diagenetic and deposited after sedimen-
tation during the burial history of the successions.
This type is similar to the phosphorite deposits in
northern Iran described by Salama et al. (2018). In
fact, the deposits of the second phosphorite type
in the studied strata were the phosphorous source
for the third type. In this scenario, during the burial
stage, the porous texture of the L6, L7 & L8 mi-
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crofacies was a favorable setting for the discharged
pore waters from the underlying phosphate-bearing
shales. This pore water migration carries P, Fe, Mn
and Mg from fine-grained HST and MFS facies to
the deposits of the FEST and phosphate rich ce-
ments are deposited (Fig. 12C). In this case, just
immediately adjacent upper strata of the second
phosphorite type (basal layers of the FFST setting)
are affected.

The same phosphorite factories in the Phan-
erozoic are common (Dornbos 2010) and have
been reported from Antarctica (Cathcart & Schmidt
1977), China (Kametaka et al. 2005), British Colum-
bia and terrane accretion to western North Amer-
ica (Poulton & Aitken 1989), Jordan (Pufahl et al.
2003), India (Rao et al. 1993), Panthalassa Ocean
at the Permian—Triassic Boundary (Schoepfer et al.
2012), Turkey (Sheldon 1964), West Africa (Slansky
et al. 1980), Morocco (Trappe 1992), Poland (Trela
2003), Sierra Nevada Range (Varga 1982), and Tur-
key (Varol 1989).

Furthermore, the compilation of the data of
1600 phosphate mines, deposits and anomalies also
shows that the continental margins of Gondwanal-
and have been the sites of phosphate accumulation
(Chernoff & Orris 2002). These deposits know are
known in western US (Hein et al. 2004) and world-
wide (Orris & Chernoff 2004).

CONCLUSIONS

To consider the Devonian phosphate rich de-
posits in the north of Kerman for industrial uses,
reported by several authors (Dimitrijevic 1973; Das-
tanpour 1996, 1999; Wendt et al. 2002), detailed mi-
crofacies and geochemical analyzes were done. The
microfacies analyses of the Hutk and Sarashk sec-
tions indicate that the bulk succession consists of
limestones, shales and sandstones. The limestone
lithofacies is classified into 12 microfacies (L1-L12),
the shale lithofacies includes 2 facies (Sh1 and Sh2)
and the sandstone lithofacies consists of 2 micro-
facies (Ss1 and Ss2). The lateral changes and rela-
tions of these lithofacies and microfacies suggest a
mixed carbonate siliciclastic ramp as the deposition-
al model for the studied strata.

Based on the sea level changes and microfa-
cies analysis, five sedimentary sequences could be
distinguished in both sections. The first and second

ones are most remarkable in the Sarashk Section
and the third, fourth and fifth ones are more re-
markable in the Hutk section.

The identified sequences in the Hutk Sec-
tion are normal; these sequences start by shallow
deposits of the supratidal and near-shore deposits,
followed by transgressive (TST) deposits up to the
HST and MFS settings and terminated by shallow-
ing upward deposits (FSST setting), the boundary
of all sequences in this section is sharply recorded
as SB1. In the Sarashk Section, the first and second
sequences are similar to the Hutk section but the
third, fourth and fifth sequences are distinguished
by detailed microfacies analyses and the sequence
boundaries are recorded as transgressive surfaces
(SB2). The phosphorite layers in the studied section
include three types; the first type involves TST de-
posits and is a direct result of upwelling currents
and high productivity and accumulation of brachi-
opoda shells and fish teeth and plaque. The second
and the most economically viable type is found in
HST and MFES settings and seems to be the result
of the rise of oxygen minimum zone and accumu-
lation of organic mass at the sea bottom. The third
type is found in FSST settings and is a result of
diagenesis and cementation processes.
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