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The Mid dle Eocene Akhoreh For ma tion is su perbly ex posed in the west ern cor ner of the Cen tral-East Ira nian Microcontinent
(CEIM). This for ma tion cov ered the north east ern flank of the Cre ta ceous Nain Ophiolite Mélange (NOM) and is ad ja cent to
the Paleogene Urmieh–Dokhtar Mag matic Arc (UDMA) formed in the south west of the CEIM. This terrigenous suc ces sion is
com posed of a thin basal con glom er ate fol lowed by mostly pink to pur ple sand stones al ter nat ing with shales. The clast com -
po si tion and clast imbrication of the con glom er ates show lo cal source ar eas to wards the north-north-east. Modal com po -
nents of lower Akhoreh For ma tion sand stones re veals im ma ture lithic ar kose (Q8F48L44) and feldspathic litharenite (Q8F44L48) 
sand stones that are rich in mafic and ultra mafic ig ne ous and vol ca nic rock frag ments. Mafic to ultra mafic source rocks are
also in di cated by geo chem i cal data (en rich ment of Mg, Cr and Ni and Cr/V) in the sand stone and shale sam ples an a lyzed.
How ever, geo chem i cal data sug gests an in ter me di ate ig ne ous rock or i gin for the shale sam ples stud ied, most likely from the
nearby con ti nen tal arc. Based on petrographic data, these sand stones have char ac ter is tics of a tran si tional to undissected
arc tec tonic set ting. Geo chem i cal dis crim i na tion di a grams us ing ma jor and trace el e ments in di cate an oce anic is land arc
tec tonic set ting for the lower Akhoreh For ma tion sand stones and shales, prob a bly due to a pre dom i nance of ophiolitic source 
rocks. Fur ther more, the chem i cal in dex of al ter ation and modal anal y sis in di cate a weak to mod er ate de gree of chem i cal
weath er ing with arid cli ma tic con di tions in the source area. The ex humed NOM, to gether with the UDMA in the south west,
were dom i nant sources of sed i ment to the lower Akhoreh For ma tion, that lay to the north-east in a lo cal retroarc ba sin of the
Cen tral Ira nian Microplate, dur ing the Mid dle Eocene.
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INTRODUCTION

The Cen tral-East Ira nian Microcontinent (CEIM) struc tur ally 
con sists of three units (the Lut, Tabas and Yazd blocks from
east to west, re spec tively) with sev eral sur round ing ophiolitic
su ture zones, rem nants of the Palaeo- and Neo-Tethys oceans
(Shafaii Moghadam et al., 2009; Torabi et al., 2011). The study
area lies in the west ern cor ner of the CEIM where an im por tant
ophiolitic su tures zone, the Nain Ophiolite Mélange (NOM), rep -
re sent ing the larg est and most com plete Me so zoic mélange of
a Neo-Tethys oce anic branch emplaced onto the con ti nen tal
base ment, crops out (Fig. 1). This is over lain by re mark ably
thick early Ce no zoic (Mid dle Eocene–ear li est Oligocene)
terrigenous “flysch-type de pos its” which sug gest marked ex ten -
sion. The NOM has been widely stud ied as re gards its pe trol -
ogy, geo chem is try, geo chron ol ogy and radiolarian biostra -

tigraphy (Davoudzadeh, 1969, 1972; Shafaii Moghadam et al.,
2009; Torabi et al., 2011; Pirnia et al., 2013, 2020;
Shirdashtzadeh et al., 2014, 2015; Shirdashtzadeh and Torabi,
2020). The Ce no zoic suc ces sion, in clud ing the Mid dle
Eocene–ear li est Oligocene Akhoreh For ma tion, su perbly ex -
posed and over ly ing the east ern flank of the NOM, pre serves
im por tant ev i dence of the palaeogeographic and geodynamic
evo lu tion of the CEIM. Prov e nance study of the siliciclastic de -
pos its, via com bined petrographic and geo chem i cal anal y sis,
can pro vide in for ma tion to help re con struct the tec tonic set ting,
cli mate, weath er ing and par ent-rock lithologies of the source
area (e.g., Dickinson et al., 1983; Armstrong-Altrin et al., 2015;
Garzanti and Resentini, 2016; Taheri et al., 2018; Critelli, 2018;
Armstrong-Altrin, 2020; Armstrong-Altrin et al., 2021; Jafar -
zadeh et al., 2022). Be side the ma jor el e ment/ox ide com po si -
tion of the clastic rocks which re veal prov e nance, trace el e -
ments can be used to dif fer en ti ate fel sic and mafic par ent rocks
as well as in di cate palaeoweathering con di tions in the source
area (e.g., Basu et al., 2016; Armstrong-Altrin, 2020).

More over, pet ro graph i cal and min er al og i cal stud ies of sed i -
men tary rocks de rived from ophiolitic se quences can pro vide
es sen tial in for ma tion about the evo lu tion of su ture belts
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(Garzanti et al., 2000, 2002; Meinhold et al., 2009;
Gholami-Zadeh et al., 2017). The Akhoreh For ma tion, the sed i -
men tary cover of an im por tant obducted oce anic crustal unit,
has re ceived lit tle at ten tion so far (Pirnia et al., 2013). This suc -
ces sion has yet not been stud ied in de tail as re gards sand stone 
pe trog ra phy or the ma jor, trace and rare earth el e ment geo -
chem is try of the sand stones and shales. These sand stones
and shales are very dif fer ent in their char ac ter is tics, in clud ing of 
grain size and depositional en vi ron ment, but their chem i cal
com po si tion can help as sess prov e nance his tory in a sin gle ba -
sin (e.g., Cullers, 2000; Salehi et al., 2014; Pourdivanbeigi
Moghaddam et al., 2020).

This prov e nance study of the lower Akhoreh For ma tion,
mainly re cord ing the ero sion of obducted oce anic crust, gives
valu able in for ma tion on the tec tonic set ting, weath er ing and
par ent rock lithologies of the source area, and help re con struct
the palaeo ge ogra phy and geodynamic his tory of Cen tral Iran
dur ing the Mid dle Eocene.

GEOLOGICAL SETTING

In the Late Cre ta ceous, there was oblique subduction of the
north ern part of the Neo-Tethys Ocean be neath the Ira nian
Plate as well as coun ter clock wise ver ti cal-axis ro ta tion within
the dif fer ent blocks of the CEIM; as a re sult, sev eral small fring -
ing oce anic back-arc bas ins, such as the Nain–Baft, Sabzevar
and Sistan bas ins, were de vel oped (Shafaii Moghadam et al.,
2009; Kazemi et al., 2019). Ara bian–Eur asian con ver gence led
to the clo sure of these nar row oce anic bas ins dur ing the lat est
Cre ta ceous–Paleogene. This re sulted in the obduction of
ophiolites along the Nain–Baft, Sabzevar and Sistan su tures
onto the con ti nen tal base ment (Agard et al., 2011;
Hassanzadeh and Wernicke, 2016). The NOM is strongly
tectonized and con sists of a mix ture of ig ne ous, meta mor phic
and sed i men tary rocks. The Up per Cre ta ceous–Paleogene
subduction-re lated mag matic arc termed the UDMA formed
along the ac tive mar gin of the south ern Iran Plate, in clud ing
south west of the CEIM (Berberian and King, 1981; Chiu et al.,

2013; Hassanzadeh and Wernicke, 2016). Thin neritic lime -
stones of Mid dle Paleocene to Early Eocene age, con tain ing
diabase sills, rest un con form ably on the pe lagic lime stones of
the NOM. Above these, a thick (~3200 m) terrigenous suc ces -
sion (Akhoreh For ma tion) ac cu mu lated, of Mid dle Eocene
(Lutetian)–ear li est Oligocene age, con sist ing of an al ter na tion
of pink and green-grey marls, cal car e ous marls, marly shales,
feldspathic sand stones and fine-grained con glom er ates with a
“flysch-like” ap pear ance. These over lie the east ern part of the
ophiolite mélange, while Ce no zoic vol ca nic rocks as so ci ated
with small co eval dioritic in tru sions of the UDMA crop out in the
west (Davoudzadeh, 1972).

De po si tion of this thick terrigenous suc ces sion took place in
a trough-shaped ba sin ac com pa nied by nor mal fault ing
(Davoudzadeh, 1972; Davoudzadeh et al., 1997), in ferred to be 
the re sult of long-lived synsedimentary sub si dence with rapid
de po si tion in a rel a tively shal low extensional con ti nen tal
back-arc ba sin (Davoudzadeh, 1972; Verdel et al., 2011; Bar -
rier et al., 2018). Sim i larly, an extensional ba sin formed in the
south ern Alborz where the thick vol cano-sed i men tary Karaj
For ma tion was de pos ited (Malekzadeh et al., 2020). This ex -
ten sion, as so ci ated with a mag matic flare-up of the UDMA, is
con sid ered to re flect southwestwards re treat of the subduction
zone or slab roll back (Verdel et al., 2011; Mouthereau et al.,
2012). A palaeogeographic re con struc tion shows that the study 
area lay at a sub trop i cal palaeolatitude of ~30° north, with an
arid palaeoclimate (Bar rier et al., 2018). In this re con struc tion,
the south west ern mar gin of cen tral Iran and the CEIM was
placed in an extensional con ti nen tal back-arc ba sin with a nar -
row NW–SE ba sin stretched par al lel to the Sanandaj–Sirjan
Zone (Fig. 2). The obducted NOM, as well as the UDMA, were
placed at the west ern mar gin of the ba sin (Fig. 2). Lower
Oligocene– Lower Mio cene con ti nen tal to shal low ma rine de -
pos its (Lower Red, Qom and Up per Red for ma tions) over lie the
Mid dle Eocene–low er most Oligocene suc ces sion. A Late Neo -
gene tec tonic event re flect ing col li sion be tween Ara bia and the
Iran Plate re sulted in wide spread up per-plate de for ma tion and
short en ing (Allen et al., 2004; Tadayon et al., 2017, 2019).
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Fig. 1A – geo graph ical and struc tural frame work of Iran in clud ing the main struc tural units, su tures and geo graphic lo ca tions
(sub di vi sion bound aries mod i fied from Wilmsen et al., 2009); B – CEIM and its main three struc tural units (the Lut, Tabas and

Yazd blocks) and block bound ing faults (re drawn af ter Ramezani and Tucker, 2003)

As ter isks in di cate the ap prox i mate po si tion of the study area; DF – Doruneh Fault; N–DhF – Nain–Dehshir Fault
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MATERIAL AND METHODS

Field work in cluded mea sur ing the strati graphic suc ces sion
se lected, re cord ing and de scrib ing the main char ac ter is tics of
the rock units (i.e. li thol ogy, sed i men tary struc tures, ge om e -

tries, peb ble com po si tion etc.; Ta ble 1). A to tal of 24 sam ples
(19 sand stone and 5 shale) as hand spec i mens were col lected
from the low er most Akhoreh For ma tion. Ten palaeocurrent in -
di ca tors were mea sured at three lo ca tions to con strain dis -
persal pat terns. Mea sure ment in cluded uni di rec tional in di ca -
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Fig. 2. A palaeogeographic and plate tec tonic frame work of the Mid dle East in the Eocene (Lutetian; mod i fied af ter Bar rier et al., 2018)

Note the study area dur ing Mid dle Eocene with ma jor po ten tial source ar eas and sed i ment trans port di rec tions for the lower Akhoreh
For ma tion in the west ern cor ner of CEIM; as ter isks in di cate the ap prox i mate po si tion of the study area

Unit

no.

Lithostratigraphic

Thick ness 
Field de scrip tion

1 45 Well-de vel oped, mostly mas sive, ma trix-sup ported con glom er ate with a pink ish sandy ma trix and an gu lar to 
sub-an gu lar clasts

2 103 Peb bly sand stones; pink to red, me dium- to thick-bed ded sand stones-siltstones and shale in ter ca la tions

3 18 Red shale and thin siltstone in ter ca la tions

4 58 Grey siltstones and red shales at base; pink and grey coarse-grained sand stones with pedogenic fab ric;
green shales to ward the top

5 54 Pink and grey, coarse-grained sand stones with thin green and pur ple shale in ter ca la tions

6 48 Pink and grey trough cross-bed ded, coarse-grained sand stones with pur ple shale in ter ca la tions

7 56 Interbedded green shales with pink hor i zon tal lam i nated sand stones

8 56 Mas sive ma trix-sup ported con glom er ates at base; grey sand stone and pink to green shale in ter ca la tions
with a fin ing-up wards pat tern

9 36 Grey sand stone and siltstone in ter ca la tions and sub or di nate green shale interlayers

10 31 Thick light green shales 

To tal mea sured thick ness = 505

T a  b l e  1

Lithostratigraphic unit thick ness and de scrip tion of the lower Akhoreh For ma tion in the Shurab sec tion to the north of Nain,
Cen tral Iran



tors giv ing palaeocurrent di rec tions, mainly from pla nar
cross-bed ding and imbrication. The mea sure ments then were
ro tated with re spect to the cor re spond ing bed ding plane to re -
move the ef fects of tec tonic tilt ing. The sand stone hand spec i -
mens were cut and thin sec tions were pre pared us ing stan dard
tech niques, to 30 µm thick ness (Hutch in son, 1974). Thin sec -
tions of 15 sand stone sam ples were point-counted (n = 300) fol -
low ing the Gazzi-Dickinson method (Ingersoll et al., 1984).
Point-count ing pa ram e ters are listed in Ta ble 2 and the data of
re cal cu lated point count ing sam ples are shown in Ta ble 3. The
sand stones were clas si fied based on the pro ce dure pro posed
by Folk (1980). Fif teen sand stone and five shale sam ples were
se lected for ma jor ox ides geo chem i cal anal y sis. All sam ples
se lected were pow dered and ho mog e nized to en sure rep re sen -
ta tive subsampling. An X-ray flu o res cence (XRF) spec trom e ter
S4 PIONEER model was used for the de ter mi na tion of the ma -
jor ox ides at the An a lyt i cal Cen ter, Uni ver sity of Isfahan, Iran.
The in ci dent X-ray beam was pro duced from a Rh with volt age
of 60kV, and a beam cur rent of 150 mA. The level of el e men tal
pre ci sion was 0.01%. Loss on ig ni tion (LOI) was de ter mined
from the weight loss af ter roast ing the sam ple at 1000°C for 2
hours. Se lected trace el e ments on six sand stone and four shale 
sam ples were an a lyzed by in duc tively cou pled plasma mass
spec trom e try (ICP-MS: Agilent se ries 4500 model at the lab o ra -
to ries of the Zarazma Co., Teh ran, Iran). The pow dered sam -
ples were di gested us ing the multi-acid method at 220°C for

four hours and then an a lyzed. Each anal y sis was done in du pli -
cate with a reproducibility found to be<±2%. Anal y ses of stan -
dard ma te ri als in di cate that the re sults are gen er ally ac cu rate to 
within ±10%.

RESULTS

STRATIGRAPHY

In this study, the low er most part of the Akhoreh For ma tion
was mea sured and logged in the Shurab sec tion, ~20 km north
of Nain, east Isfahan (Shurab sec tion: N33°01’47", E53°07’39")
the area of the type sec tion for this for ma tion (Davoudzadeh,
1972; Fig. 3). The Mid dle Eocene to low er most Oligocene
Akhoreh For ma tion over lies the NOM with a faulted con tact and 
un der lain con form ably by the Lower Red For ma tion
(Davoudzadeh, 1972; Fig. 3). In the study area, the low er most
part of the Akhoreh For ma tion is ~500 m thick (Fig. 4). The main 
lithostratigraphic fea tures seen in the Shurab sec tion are as fol -
lows:

The low er most lithostratigraphic unit (45 m thick) is com -
posed of a well-de vel oped, mostly mas sive, ma trix-sup ported
con glom er ate with an gu lar to sub-an gu lar clasts within a pink -
ish sandy ma trix (Ta ble 1 and Fig. 5A, B). The clasts are mainly
peb ble-sized, of pre dom i nantly mafic to ultra mafic ig ne ous
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Sam ple Qm non Qm un Qp 2-3 Qp >3 K P Lv Ls Lp Lm Cht M Po ros ity Cem Acc To tal

M1 22 4 0 5 45 66 60 10 10 5 10 35 0 22 15 309

M2 10 5 0 0 36 55 88 5 5 0 5 47 0 35 10 301

M4 12 3 0 0 45 61 75 10 0 0 10 45 0 45 15 321

M6 17 0 0 6 48 66 90 9 0 0 12 38 0 43 12 341

M7 15 2 0 4 43 66 72 12 0 6 17 32 0 50 8 327

M8 12 2 0 5 35 55 92 9 5 0 10 35 0 47 9 316

M9 21 6 0 0 37 65 70 15 0 0 15 45 0 40 11 325

M11 15 0 0 0 30 57 96 6 0 0 11 40 0 35 10 300

M13 11 1 0 0 32 67 78 10 0 3 15 39 0 44 8 308

M14 13 0 0 0 27 51 95 5 0 0 17 41 0 45 9 303

M16 8 0 0 0 38 68 71 12 0 0 12 36 0 56 12 313

M17 14 3 0 0 41 70 86 6 6 0 10 30 5 50 8 329

M18 16 6 0 5 40 62 76 10 0 0 16 28 0 39 12 310

M19 12 5 0 0 50 65 67 10 5 0 12 32 0 56 9 323

M21 9 3 0 0 34 46 98 5 0 0 9 29 0 58 10 301

M22 10 2 0 0 36 56 69 16 4 0 9 33 6 52 8 301

M23 15 4 0 0 36 67 85 12 2 0 8 28 0 39 12 308

M24 16 5 0 6 40 76 61 10 4 6 11 25 0 48 10 318

Mean 14 3 0 2 39 62 79 10 2 1 12 35 1 45 10 314

Qm non – non-undulose monocrystalline quartz; Qm un – undulose monocrystalline quartz; Qp 2-3 – polycrystalline quartzose 2-3 crys tal
units per grain; Qp >3 – polycrystalline quartzose more than 3 crys tal units per grain; K – potassium feld spar; P – plagioclase feld spar; Lv –
vol ca nic rock frag ments; Ls – sed i men tary rock frag ments; Lp – plutonic rock frag ments; Lm – meta mor phic rock frag ments; Cht – chert; M –
ma trix; Cem – ce ment; Acc – ac ces sory min er als

T a  b l e  2

De tri tal grains mode of the lower Akhoreh sand stones based on Gazzi-Dickinson method at the Shurab sec tion in the north of
Nain, Central Iran

https://doi.org/10.1306/212F83B9-2B24-11D7-8648000102C1865D
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Sam ple
QmFLt (%) QtFL(%) QFR(%)

Qm F Lt Qt F L Q F R

M1 11 49 40 18 49 33 14 49 37

M2 7 45 48 10 45 46 7 45 48

M4 7 49 44 12 49 39 7 49 44

M6 7 46 47 14 46 40 9 46 45

M7 7 46 47 16 46 38 9 46 45

M8 6 41 53 13 41 46 9 41 50

M9 12 45 44 18 45 37 12 45 44

M11 7 40 53 12 40 47 7 40 53

M13 6 46 49 12 46 42 6 46 49

M14 6 38 56 14 38 48 6 38 56

M16 4 51 45 10 51 40 4 51 45

M17 7 48 44 12 48 40 7 48 44

M18 10 44 46 19 44 37 12 44 44

M19 8 52 40 13 52 35 8 52 40

M21 6 39 55 10 39 50 6 39 55

M22 6 46 47 11 46 43 6 46 47

M23 8 45 46 12 45 43 8 45 46

M24 9 50 41 16 50 33 12 50 38

Mean 7 45 48 13 45 42 8 45 47

Qm – monocrystalline quartz; F – feld spar; L – un sta ble lithic frag ments (Lv + Ls + Lm); Lt – total lithic frag ments
(L + Qp); R – rock frag ments

T a  b l e  3

QFL per cent age of the lower Akhoreh sand stones at the Shurab sec tion in the north of Nain, Cen tral Iran

Fig. 3. Geo log i cal map of the study area re pro duced from a geo log i cal map of Nain at the scale of 1:100,000 
(mod i fied af ter Davoudzadeh, 1972)

Lo ca tions of the mea sured strati graphic sec tions of the lower Akhoreh For ma tion are shown (A–B – shurab sec tion)
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Fig. 4. Lithostratigraphic col umn of the lower Akhoreh For ma tion, Shurab sec tion to the north of Nain, Cen tral Iran



Mohammad Ali Salehi et al. / Geo log i cal Quar terly, 67: 14 7

Fig. 5. Over view of sat el lite im age and field pho to graphs of the lower Akhoreh For ma tion to the north of Nain, Cen tral Iran

 A – satellite im age of the study area (Shurab sec tion) with the fault bound ary be tween the Nain Ophiolite and the Akhoreh For ma tion. The
tra verse line (white) shows the mea sure ment route of the strati graphic logs. The po si tion of the field pho tos is shown by rect an gles; B – an
over view of the lower Akhoreh For ma tion that rests on the NOM with fault con tact. View to the north-west; C – basal ma trix-sup ported con -
glom er ate with cob ble-sized mafic and ultra mafic clasts; D – red to pink, fine-grained con glom er ate, sand stone (sst) and shale in ter ca la tions
with a gen eral fin ing-up wards pat tern (strati graphic top is to the right); E – thick light green shales



rocks, and rarely are lo cally-de rived boul ders up to 50 cm
across. This unit fines up wards, chang ing to a fine-grained con -
glom er ate of av er age 5 cm clast size (Fig. 5C). The clast com -
po si tions in clude dark green ultrabasic and ba sic rocks (gab -
bro, peridotite [harzburgite], serpentinites, ba salt and rare white 
gran ite) as well as red radiolarian cherts and si li ceous lime -
stones. These peb bles and cob bles lo cally show imbrication in -
di cat ing palaeocurrents to wards the north-north-east. The
basal con glom er ate is over lain by ~103 m (Unit 2) of sharp-
 based len tic u lar peb bly sand stones that grade into pink to red,
me dium- to thick-bed ded sand stones with mud cracks on bed -
ding sur faces as well as pink siltstone and shale in ter ca la tions.
Mud cracks and the red dish col our of the suc ces sion in di cate at 
least subaerial ex po sure in a con ti nen tal en vi ron ment. The suc -
ceed ing lithostratigraphic unit (Unit 3) con sists of red shale and
thin siltstone in ter ca la tions. Unit 4 is com posed of grey
siltstones and red shales at the base pass ing up into pink and
grey coarse-grained sand stones with pedogenic fab rics. This
unit grades up into green shales. Units 5 and 6 con sist of
interbedded green shales with pink and grey coarse-grained
sand stone show ing trough cross-bed ding. Unit 7 con sists of
interbedded green shales with pink hor i zon tally-lam i nated
sand stones. Unit 8 starts with mas sive ma trix-sup ported con -
glom er ates with a coarse-grained sandy ma trix (Fig. 5D). The
clasts are peb ble-sized and mostly vol ca nic in com po si tion,
from andesitic to ba saltic, sug gest ing a mag matic arc-re lated
prov e nance. The rest of this unit con sists of grey sand stone
and pink to green shale in ter ca la tions with a gen eral fin ing-up -
wards pat tern. Unit 9 con sists of grey sand stone and siltstone
in ter ca la tions and sub or di nate interlayers of green shale. The
up per most part of the mea sured sec tion in the lower Akhoreh
For ma tion is dom i nated by rel a tively thick light green shales
(30 m), which are con sid ered as an in dex unit at the top that is
mea sured in this study from the lower part of the Akhoreh For -
ma tion at the type sec tion (Fig. 5E).

PETROGRAPHY

The sand stones of the lower Akhoreh For ma tion are mostly
poorly sorted, im ma ture, me dium- to fine-grained. They com -
prise frame work grains such as quartz, feld spar (plagioclase
and K-feld spar) and rock frag ments (vol ca nic, sed i men tary and
meta mor phic) to gether with ma trix, ce ment and ac ces sory min -
er als (Ta ble 2). Among the quartz grains, monocrystalline
quartz is most com mon (com pris ing 3–7%) show ing mostly a
euhedral shape with straight ex tinc tion (Fig. 6A and Ta ble 3).
The quartz grains are mostly an gu lar to sub-an gu lar, some -
times dis play ing embayment char ac ter is tic of vol ca nic or i gin.
The feld spar con sti tutes 30–35% of the frame work grains, rel a -
tively unweathered plagioclase dom i nat ing over K-feld spar
(Fig. 6B). The sam ples also are rich in in ter me di ate to ultra -
mafic, rarely plutonic, more fre quently vol ca nic, rock frag ments
(avg. 25%). The ig ne ous rock frag ments in clude microlithic and
lath work andesitic to ba saltic vol ca nic lithics; plutonic rock frag -
ments (avg. 1%) range in com po si tion from diorite, gab bro to
peridotite (Fig. 6C, D). Other rock frag ments in clude ser pen tin -
ite (Fig. 6E), microcrystalline chert (avg. 4%; Fig. 6F),
radiolarian chert and car bon ate (Fig. 6G). Meta mor phic rock
frag ments are rare (<2%). The sand stones con tain at least 5%
of pseudo- and epi-ma trix. These sand stones are gen er ally rich 
in iron ore (he ma tite) min er als (2–4%). The com mon ac ces sory 
min er als are py rox enes and red to brown chromian spi nels
(Fig. 6H, I).

Car bon ate (cal cite and do lo mite) ce ment com monly lithified
the sand stones, likely in the early stages of diagenesis due to
the low com pac tion of the con stit u ent grains.

Modal data plot within the lithic ar kose (Q8F48L44) and
feldspathic litharenite (vol ca nic arenite) (Q8F44L48) fields of the
QFL ter nary di a gram (Folk, 1980; Fig. 7). These com po si tions
in di cate an arc-re lated prov e nance for the lower Akhoreh For -
ma tion.

GEOCHEMISTRY

The bulk geo chem i cal com po si tion of se lected sand stone
and shale sam ples of the lower Akhoreh For ma tion are listed in
ta bles 4–6. The ma jor, trace and rare earth el e ment (REE)
com po si tions of the sam ples are eval u ated be low.

MAJOR ELEMENTS

The SiO2 con tent of the lower Akhoreh sand stones var ies
be tween 36.5 and 46.5% (avg. 40.8%), and for shale sam ples it
ranges be tween 43.0 and 48.3% (avg. 46.7%). The Al2O3 con -
tent of the sand stones var ies be tween 8.9 and 11% (avg.
10.4%), for shale sam ples vary ing be tween 10.7 and 13.3%
(avg. 11.8%). Fe2O3, MgO and CaO con cen tra tions of the sand -
stones (avg. 7.1, 10.2, 15.2%, re spec tively) and shales (avg.
8.6, 9.8, 9.6%, re spec tively) are high, while the re main ing ma jor 
ox ides (K2O, Na2O, TiO2 and MnO) have low con cen tra tions
(avg. <3%; Ta ble 4).

The Low SiO2/Al2O3 con tent of the sand stone sam ples in di -
cates im ma ture sand stones with high clay and de tri tal Al-sil i -
cate con tents. The lower Akhoreh sand stones, in the ma jor ox -
ide-based di a gram for chem i cal clas si fi ca tion of sand stones
(Pettijohn et al., 1972), plot in the greywacke field, very close to
the lithic arenite field (Fig. 8). The TiO2 con cen tra tion of the
sam ples is sim i lar to the mean com po si tion of the Up per Con ti -
nen tal Crust (UCC). Fe2O3 and MnO are slightly en riched com -
pared to UCC, while MgO and CaO are strongly en riched in the
sand stone sam ples (Fig. 9A). The P2O5, Na2O, Al2O3 and SiO2

con cen tra tions in the sand stones are slightly de pleted com -
pared to UCC, while K2O is strongly de pleted. The shale sam -
ples show sim i lar con cen tra tions of P2O5, Al2O3 and TiO2 rel a -
tive to UCC (Fig. 9B). These sam ples also show en rich ment in
MgO, CaO, MnO and Fe2O3 con tents and slight de ple tion in
Na2O, K2O and SiO2 (Fig. 9B).

TRACE AND RARE EARTH ELEMENTS

Some trace el e ments, such as V, Sc, Co, Ni, Cr, show en -
rich ment in the sand stone and shale sam ples com pared to
UCC (Fig. 9C, D), while, Rb, Ba, Zr, Hf, Th, U and Y are de -
pleted rel a tive to UCC. Sr and Rb are sim i lar to UCC val ues. El -
e ments such as V, Ni, Cr, Sr and Ba (avg. 166.5, 457.7, 837,
383., 176.8 ppm, re spec tively) have val ues above 100 ppm,
while other el e ments such as Sc, Co, Rb, Zr, Hf, Th, U, Y and
Nb have con cen tra tions of <100 ppm (Ta ble 5). REE con cen -
tra tions of the sam ples stud ied are shown in Ta ble 6. The REE
con tents of the sand stones stud ied vary from 46.4 to 83.8 ppm
(avg. 63.9 ppm), while those of shale sam ples vary be tween
80.0 to 112.0 (avg. 94.4 ppm). Con cen tra tions of light REE
(~37.57–71.02 and ~65.96–95.51 ppm in sand stones and
shales, re spec tively) are higher than those of the heavy REEs
(~8.86–12.74 ppm in sand stones and ~13.32–16.51 ppm in
shales). Chondrite-nor mal ized REE pat terns of the Akhoreh
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Fig. 6. Rep re sen ta tive mi cro pho to graphs of frame work and ac ces sory grains of the lower Akhoreh For ma tion sand stones of the 
Shurab sec tion to the north of Nain, Cen tral Iran

A –  monocrystalline non-undulose quartz (Non Un Qtz) with euhedral shape and straight ex tinc tion; B – plagioclase (Plg) with Carlsbad twin -
ing and semi-al tered K-feld spar (Kf) in a lithic ar kose; C – vol ca nic rock frag ment (VRF) with lath work fab ric; D – vol ca nic rock frag ment with
microlithic fab ric, plutonic rock frag ment and al tered K-feld spar (Kf) in a feldspathic litharenite; E – ser pen tin ite rock frag ment (RF) that in di -
cates ophiolite prov e nance; F – chert frag ment; G – car bon ate rock frag ment; H – pyroxene heavy min eral; I – Cr-spinel of red to brown col -
our; A–H – crossed po lar ized light; I – plane po lar ized light

Fig. 7. Clas si fi ca tion of the lower Akhoreh sand stones in the
ter nary plot of Folk (1980)

Q – quartz, F – feld spar, RF – rock frag ment



sand stones and shales are shown in Fig ure 9E, F. The
chondrite-nor mal ized REE pat terns of the Akhoreh For ma tion
sam ples in di cate that all sam ples show LREE-en riched and flat
HREE pat terns (Fig. 9E, F). The mean value of Eu/Eu* is 0.98
in sand stone and 0.86 in shale sam ples of the lower Akhoreh
For ma tion.

DISCUSSION

PETROGRAPHY

Sand stone petrographic stud ies show that plagioclase feld -
spar and Ig ne ous rock frag ments, along with less fre quent
quartz, con stit u ent the main frame work of the sand stones.
Modal anal y sis led to the iden ti fi ca tion of two tex tur ally and min -
er al og i cally im ma ture petrofacies, in clud ing feldspathic lithare -
nite and lithic ar kose.

The pres ence of plagioclase, mafic and ultra mafic lithic
frag ments (i.e., ser pen tin ite), lath work vol ca nic lithics, and
radiolarite, as well as heavy min er als such as Cr-spinel and
clinopyroxene in the lower Akhoreh sand stones, are ev i dence
for dom i nant mafic-ultra mafic source rocks of ophiolitic
mélange prov e nance mixed with con ti nen tal prov e nance.

SOURCE AREA WEATHERING

The cli ma tic con di tions and palaeoweathering of cen tral
Iran dur ing the Mid dle Eocene was eval u ated through modal
data of the lower Akhoreh sand stones us ing dis crim i na tion di a -
grams. Plot ting data on a Qp/F+RF ver sus Q/F+RF bivariate di -
a gram (Suttner and Dutta, 1986) in di cate arid to semi-arid cli -
ma tic con di tions (Fig. 10A). Suttner and Dutta (1986) pro posed
a bivariate di a gram of SiO2 ver sus Al2O3+K2O+Na2O to de ter -
mine cli ma tic con di tions of the source area. This plot re vealed a 
high prob a bil ity of an arid cli mate for the Akhoreh For ma tion
sand stones (Fig. 10B).
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Sam ple SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI SUM

M-ss1 39.56 0.51 8.95 8.3 0.14 16.93 13.53 1.12 0.76 0.045 9.47 99.81

M-ss4 40.55 0.53 9.95 6.47 0.14 10.7 16.06 2.44 0.51 0.08 12.07 99.80

M-ss6 40.68 0.60 10.2 6.42 0.15 8.83 17.39 2.64 0.75 0.076 11.76 99.80

M-ss7 43.67 0.53 11.2 5.84 0.12 12.76 11.68 3 0.45 0.068 10.12 99.77

M-ss8 40.63 0.55 10.4 6.83 0.15 11.1 14.84 2.93 0.48 0.068 11.5 99.78

M-ss9 46.49 0.86 10.7 7.51 0.15 8.18 13.29 2.62 1.22 0.097 8.3 99.66

M-ss14 36.49 0.78 10.2 7.78 0.18 13.99 15.01 2.37 0.66 0.069 11.77 99.65

M-ss15 40.81 0.75 10.5 7.79 0.15 9.12 15.5 2.63 0.88 0.081 11.17 99.70

M-ss16 37.84 0.71 10.1 7.03 0.14 8.99 17.61 2.85 0.73 0.07 13.2 99.52

M-ss17 39.89 0.50 11 5.4 0.14 9.89 15.82 3.46 0.90 0.07 12.33 99.15

M-ss18 42.36 0.51 10.9 6.19 0.14 8.9 15.41 2.74 0.99 0.08 11.34 99.65

M-ss19 41.73 0.73 11.5 6.87 0.13 10 13.74 2.96 1.12 0.079 10.53 99.61

M-ss21 38.57 0.70 10.1 8.61 0.13 8.73 15.94 2.95 0.78 0.069 12.55 99.68

M-ss22 41.82 0.58 10.4 7.82 0.16 7.97 16.02 2.54 0.96 0.077 11.05 99.74

M-ss23 41.66 0.60 10.6 7.31 0.15 7.68 16.05 2.8 0.95 0.081 11.51 99.73

Mean 40.85 0.63 10.45 7.08 0.14 10.25 15.19 2.67 0.81 0.07 11.24 99.67

STDV* 2.32 0.11 0.58 0.88 0.01 2.46 1.53 0.49 0.22 0.01 1.20

M-sh3 47.9 0.65 11 8.93 0.17 10.1 9.93 1.49 2.07 0.14 7.08 99.70

M-sh5 46.87 0.67 11.3 8.55 0.17 8.94 11.74 1.38 2.15 0.15 7.7 99.81

M-sh10 48.33 0.67 12.6 7.87 0.14 8.33 9.43 1.39 2.92 0.014 7.74 99.76

M-sh12 47.57 0.67 13.3 8.37 0.12 9.1 7.55 1.47 2.66 0.15 8.59 99.50

M-sh20 43.03 0.58 10.7 9.33 0.17 12.79 9.23 0.868 1.32 0.13 11.4 99.71

Mean 46.74 0.65 11.78 8.61 0.15 9.85 9.58 1.32 2.22 0.12 8.50 99.70

STDV* 1.92 0.03 1.00 0.50 0.02 1.58 1.35 0.23 0.55 0.05 1.53

* – standard de vi a tion; ss – sand stones, sh – shales

T a  b l e  4

Ma jor el e ment con cen tra tions (wt.%) for the sand stone and shale sam ples from the lower Akhoreh For ma tion at the Shurab 
sec tion in the north of Nain, Cen tral Iran

Fig. 8. Chem i cal clas si fi ca tion of the lower Akhoreh
sand stones in the di a gram of Pettijohn et al. (1972)

https://doi.org/10.1306/212F8909-2B24-11D7-8648000102C1865D
https://doi.org/10.1306/212F8909-2B24-11D7-8648000102C1865D
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Fig. 9A, B – UCC-nor mal ized ma jor ox ides of the lower Akhoreh sand stones (right) and shales (left); C, D – UCC-nor mal ized
trace el e ments of the lower Akhoreh sand stones (right) and shales (left); E, F – chondrite-nor mal ized REE of the lower Akhoreh

sand stones (right) and shales (left); UCC and chondrite nor mal iza tion fac tors are from Rudnick and Gao (2003)

Sam ple V Sc Co Ni Cr Sr Rb Ba Zr Hf Th U Y Nb

DL 1 0.5 1 1 1 1 1 1 5 0.5 0.1 0.1 0.5 1

M-ss1 149 20 37 510 493 202.7 24 130 33 1.45 0.6 0.5 10.1 6

M-ss7 133 15.6 27.8 612 907 429.9 18 103 59 2.58 1.29 0.8 12.2 8

M-ss9 179 15 24.7 326 608 363.7 37 271 63 2.54 3.01 1.1 14.6 10.9

M-ss14 211 22.2 33.5 426 1096 405.8 21 171 57 2.27 0.91 0.8 14 8.9

M-ss19 160 15.4 25.9 372 653 395.1 32 215 63 2.44 1.33 0.81 13.3 9.5

M-ss21 167 14.6 27.4 500 1265 501.4 25 171 51 1.95 0.62 0.6 11.9 7.8

Mean 166.5 17.1 29.4 457.7 837.0 383.1 26.2 176.8 54.3 2.2 1.3 0.8 12.7 8.5

STDV* 24.52 2.89 4.39 94.89 276.83 91.07 6.47 54.83 10.37 0.40 0.82 0.19 1.49 1.52

M-sh3 128 16.4 36.4 319 175 193.5 65 212 88 2.65 3.13 1.1 17.1 9.7

M-sh10 121 15.6 29.1 276 164 210.8 93 288 89 3.28 4.61 1.3 18.5 12.8

M-sh12 123 16.1 29.3 256 127 209.7 87 238 98 3.64 5.42 1.5 18.9 10.7

M-sh20 118 17.7 33.2 510 205 189.2 51 144 77 3.05 3.12 0.9 15.5 8.7

Mean 122.5 16.5 32.0 340.3 167.8 200.8 74.0 220.5 88.0 3.2 4.1 1.2 17.5 10.5

STDV* 3.64 0.78 3.02 100.61 27.90 9.58 16.88 51.93 7.45 0.36 0.99 0.22 1.33 1.52

DL – de tec tion limit; * – stan dard de vi a tion

T a  b l e  5

Trace el e ment com po si tions (in ppm) of the lower Akhoreh sand stone and shale sam ples at the Shurab sec tion in the north of
Nain, Cen tral Iran

https://doi.org/10.1016/B0-08-043751-6/03016-4


The Chem i cal In dex of Al ter ation (CIA), in tro duced by
Nesbitt and Young (1982), has been widely used to con strain
the de gree of weath er ing in the source area (e.g., Garzanti and
Resentini, 2016; Ramos-Vázquez et al., 2022). Higher CIA val -
ues (80–100) re flect the re moval of la bile cat ions (Na+, K+,
Ca2+) rel a tive to re sid ual cat ions (Al+3) and in di cate in tense
weath er ing in the source ter rains, whereas lower val ues (< 60)
rep re sent weaker weath er ing (Fedo et al., 1995). The CIA is
mea sured via an equa tion: CIA = [Al2O3/( Al2O3+CaO*+
Na2O+K2O)]*100. All the ox ides are in mo lec u lar pro por tion and 
CaO* rep re sents Ca in sil i cate min er als. Quan ti fi ca tion of the
CaO con tent (CaO*) of the sil i cate frac tion in volves sub trac tion
of the mo lar pro por tion of P2O5 from the mo lar pro por tion of to -
tal CaO. Af ter sub trac tion, if the “re main ing num ber of moles” is

found to be less than the mo lar pro por tion of Na2O, then the “re -
main ing num ber of moles” is con sid ered as the mo lar pro por -
tion of CaO of the sil i cate frac tion. If the “re main ing num ber of
moles” is greater than the mo lar pro por tion of Na2O, then the
mo lar pro por tion of Na2O is con sid ered as the mo lar pro por tion
of CaO of the sil i cate frac tion (CaO*).

The CIA value of the lower Akhoreh sam ples range from 60
to 74 (avg. 63) for the sand stones, in di cat ing weak weath er ing
prob a bly of first cy cle sed i ments and/or short dis tance trans port
as well as rapid de po si tion. The CIA value for the shale sam ples
reaches a higher av er age (71) point ing to mod er ate weath er ing.

Our modal and geo chem is try data in di cate an arid to semi-arid 
cli mate and short-dis tance trans port, and a weak to mod er ate
weath er ing con di tion for the lower Akhoreh terrigenous de pos its.
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Fig. 10A – cli ma tic con di tion bivariate dis crim i na tion di a gram of Qp/F+RF ver sus Q/F+RF for the lower Akhoreh sand stones
(af ter Suttner and Dutta, 1986); B – SiO2 (wt.%) ver sus (Al2O3+K2O+Na2O) bivariate di a gram for the sand stones of the lower

Akhoreh sand stones (af ter Suttner and Dutta, 1986)

Sam ple La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

DL 1 0.5 0.05 1 0.02 0.1 0.05 0.1 0.02 0.05 0.05 0.1 0.05 0.1

M-ss1 8 17 1.71 9.2 1.06 0.6 2.43 0.44 2.22 0.58 1.34 0.24 1.4 0.21

M-ss7 11 21 2.44 13.2 1.87 0.73 2.65 0.45 2.6 0.62 1.47 0.25 1.6 0.25

M-ss9 16 31 4.01 15.8 3.14 1.07 3.62 0.62 3.55 0.76 1.76 0.32 1.8 0.31

M-ss14 11 22 2.59 13.7 1.87 0.92 3.19 0.54 3.34 0.72 1.69 0.32 1.9 0.27

M-ss19 12 25 3.23 14.2 2.15 0.97 3.3 0.51 3.24 0.68 1.66 0.25 1.7 0.24

M-ss21 11 21 2.49 12.50 1.89 0.80 2.78 0.47 2.65 0.62 1.41 0.24 1.60 0.23

Mean 11.50 22.83 2.75 13.10 2.00 0.85 3.00 0.51 2.93 0.66 1.56 0.27 1.67 0.25

STDV* 2.36 4.34 0.72 2.02 0.61 0.16 0.41 0.06 0.47 0.06 0.16 0.04 0.16 0.03

M-sh3 13 31 3.34 18.1 2.64 0.82 3.59 0.58 3.68 0.80 2 0.3 2 0.37

M-sh10 18 41 4.89 20 3.4 1.12 4.1 0.66 4.11 0.85 2.46 0.38 2.1 0.35

M-sh12 19 43 5.27 23.1 3.97 1.17 4.64 0.8 4.69 0.91 2.56 0.4 2.1 0.41

M-sh20 12 30 3.83 16.9 2.35 0.88 4.12 0.64 3.91 0.87 2.09 0.32 1.8 0.31

Mean 15.50 36.25 4.33 19.53 3.09 1.00 4.11 0.67 4.10 0.86 2.28 0.35 2.00 0.36

STDV* 3.04 5.80 0.78 2.34 0.64 0.15 0.37 0.08 0.37 0.04 0.24 0.04 0.12 0.04

DL – de tec tion limit; * – stan dard de vi a tion

T a  b l e  6

REE con cen tra tion (in ppm) of the lower Akhoreh sand stone and shale sam ples at the Shurab sec tion in the north of Nain,
Central Iran

https://doi.org/10.1130/0091-7613(1995)023<0921:UTEOPM>2.3.CO;2
https://doi.org/10.1016/j.sedgeo.2015.06.013
https://doi.org/10.1016/j.sedgeo.2015.06.013
https://doi.org/10.1038/299715a0
https://doi.org/10.1007/978-981-19-4782-7_7
https://doi.org/10.1306/212F8909-2B24-11D7-8648000102C1865D
https://doi.org/10.1306/212F8909-2B24-11D7-8648000102C1865D


SOURCE ROCK COMPOSITION

The con stit u ents of sand stones can in di cate the type of li -
thol ogy of their par ent rock (Critelli et al., 1997; Marsaglia et al.,
2016; Affolter and Ingersoll, 2019). The vol ca nic or i gin of the
sam ples stud ied is shown by the pres ence of small amounts of
monocrystalline quartz grains that have prop er ties such as
crys tal line shape, embayments and straight ex tinc tion
(Ulmer-Scholle et al., 2015), and the val ues ob tained for the
plagioclase to to tal feld spar ra tio (Dickinson, 1970). Given the
large con tent of microlithic and lath work vol ca nic rock frag -
ments, in ter me di ate to ba sic vol ca nic par ent rocks, are the
main sources for these sand stones. How ever, the scarce ser -
pen tin ite rock frag ments and the pres ence of Cr-spinel in the
sam ples stud ied are ev i dence of an ophiolite source (Fig. 6E, I). 
The low amount of both sed i men tary and meta mor phic rock
frag ments in the sand stones stud ied sug gests a mi nor sed i -
men tary and meta mor phic source ter rain.

Along with the modal anal y sis, the geo chem is try of
siliciclastic rocks is widely used to de ter mine the source rock
com po si tion (McLennan et al., 1993; Armstrong-Altrin et al.,

2015; Taheri et al., 2018; Ramos-Vázquez and Armstrong-
Altrin, 2019; Pourdivanbeigi Moghaddam et al., 2020; Arm -
strong-Altrin et al., 2022).

The lower Akhoreh sam ples in a ma jor ox ide (TiO2) ver sus
trace el e ment (Zr) bivariate di a gram (Hayashi et al., 1997)
shows sand stones plot ting in mafic ig ne ous and shales in in ter -
me di ate ig ne ous rock prov e nances (Fig. 11A). The plot ted
sam ples on a Th/Sc ver sus Zr/Sc di a gram (McLennan et al.,
1983) dis play the same prov e nances for the sand stones and
shales and showed very low en rich ment in Zr, prob a bly due to
low sed i ment re cy cling (Fig. 11B). The sam ples plot ted on a
Co/Th ver sus La/Sc di a gram (Gu et al., 2002) show that the
sand stones and shales plot near the ba salt and an de site av er -
age com po si tions, re spec tively (Fig. 11C). The Cr/V ver sus
Y/Ni bivariate di a gram was also used to dis crim i nate prov e -
nance (McLennan et al., 1993; Fig. 11D). The sam ples show Cr 
en rich ment and plot near ultra mafic sources.

Ra tios such as Eu/Eu*, (La/Lu)cn, La/Sc, La/Co, Th/Sc,
Th/Co, and Cr/Th are com monly used to de ter mine the prov e -
nance com po si tion of a source re gion be cause REE, Th and La
abun dances are higher in fel sic rocks than in mafic rocks,
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Fig. 11. Source rock com po si tion dis crim i na tion di a grams of the lower Akhoreh sand stone and shale sam ples

A – bivariate di a gram of TiO2 ver sus Zr (af ter Hayashi et al., 1997); B – Th/Sc ver sus Zr/Sc di a gram (McLennan et al., 1983); C – Co/Th ver sus
La/Sc di a gram (Gu et al., 2002); D – bivariate di a gram of Cr/V ver sus Y/Ni (af ter McLennan et al., 1993); solid cir cles are sand stone and empty
cir cles are shale sam ples; FEL – fel sic, AND – andesit, BAS – ba salt, PAAS  – post-Archaean Aus tra lian shale, UCC  – up per con ti nen tal crust
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whereas the Co, Sc and Cr con tents are higher in mafic rocks
than in fel sic rocks (Cullers, 2000; Armstrong-Altrin et al., 2009).
Ta ble 7 shows the val ues of these ra tios in the sam ples stud ied
com pared with those of sed i ments de rived from mafic and fel sic
rocks. Based on this ta ble, the Eu/Eu*, (La/Lu)cn, La/Sc, La/Co,
Th/Sc, Th/Co, and Cr/Th ra tios of the sand stone and shale sam -
ples of the lower Akhoreh For ma tion fall within the range of sed i -
ments de rived from mafic source rocks. The Eu/Eu* ra tios of the
sam ples are also within the range of peri dot ites of the NOM
(0.77–1.07) re ported by Shirdashtzadeh et al. (2014).

TECTONIC SETTING

The tec tonic set ting of source ter rains is one of the im por -
tant fac tors which con trol the de tri tal and geo chem i cal com po -
si tion of siliciclastic rocks and sed i ments (Dickinson et al.,
1983; Dickinson, 1985; Roser and Korsch, 1986;
Armstrong-Altrin et al., 2015). To in ves ti gate the re la tion ship
be tween the modal com po si tion of the sand stones stud ied and
the tec tonic set ting of the source area, the sand stones of the
lower Akhoreh For ma tion plot in undissected and tran si tional

mag matic arc fields of the Qm-F-Lt and Qt-F-L ter nary dis crim i -
na tion di a gram of Dickinson (1985; Fig. 12). The arc-re lated
prov e nance char ac ter of the lower Akhoreh sam ples is ev i dent
by vol ca nic rock frag ments and plagioclase-rich sand stones
and less fre quent plutonic quartz and K-feld spar grains that
form the feldspathic and vol ca nic lithic arenites. Such sand -
stone petrofacies, pre dom i nantly the vol ca nic lithic arenite,
could have been de rived from the undissected mag matic arc
and then de pos ited within fore-, back- and intra arc bas ins
(Boggs, 2009). More over, the sand stones are poorly sorted and 
ma trix-rich which sug gest a nearby source. The UDMA and
NOM in the west ern cor ner of the CEIM are the main pos si ble
source area for the lower Akhoreh For ma tion.

Re cently, bulk rock geo chem is try of the sand stone and
shale sam ples has been widely used in dif fer ent dis crim i na tion
di a grams for tec tonic set ting eval u a tion (Purevjav and Roser,
2013; Zaid, 2015; Ghaznavi et al., 2018; Hashemi Azizi et al.,
2018). The geo chem i cal data of the low-sil ica sam ples of the
lower Akhoreh For ma tion, plot ted on a ma jor ox ide-based
multi-di men sional tec tonic dis crim i na tion di a gram (Verma and
Armstrong-Altrin, 2013), in di cat ing an arc set ting for the sand -
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Fig. 12. Prov e nance dis crim i na tion di a grams of the lower Akhoreh sand stones in the ter nary plot 
(A – Qm-F-Lt; B – Qt-F-L;  Dickinson, 1985)

El e men tal ra tio Sand stones (this study) Shales (this study) Range of sed i ments from fel sic 
sources*

Range of sed i ments from
mafic sources*

Eu/Eu* 0.97–1.15 0.81–0.92 0.40–0.94 0.71–0.95

(La/Lu) cn
3.95–5.36 3.65–5.34 3.00–27.0 1.10–7.00

La/Sc 0.40–1.07 0.68–1.18 2.50–16.3 0.43–0.86

La/Co 0.22–0.65 0.36–0.65 1.80–13.8 0.14–0.38

Th/Sc 0.03–0.20 0.18–0.34 0.84–20.5 0.05–0.22

Th/Co 0.02–0.12 0.09–0.18 0.67–19.4 0.04–1.40

Cr/Th 201–2040 23.4–65.7 4.00–15.0 25–500

* Cullers (2000); Cullers and Podkovyrov (2000)

T a  b l e  7

Range of el e men tal ra tios of sand stone and shale in this study com pared to the ra tios in sed i ments de rived from fel sic and
mafic rocks
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stone sam ples and a collisional set ting for the shale sam ples
(Fig. 13A). The scat ter of the data in this di a gram may be re -
lated the en rich ment of MgO and Fe2O3 due to for ma tion of a
diagenetic phase such as do lo mite ce ment and the pres ence of
iron-rich heavy min er als in the sam ples.

Some trace el e ment-based dis crim i na tion di a grams that dif -
fer en ti ate the type of is land arc set ting have been used. Trace
el e ment geo chem i cal data, on ter nary di a grams of La-Th-Sc,
plot within the oce anic is land arc field (Bhatia and Crook, 1986;
Fig. 13B).

REE dis tri bu tion in clastic sed i ments can also be used to
de ter mine tec tonic en vi ron ments (Bhatia, 1985; McLennan et
al., 1993). In the pres ent study, low to tal REE abun dance, slight 
en rich ment of LREE over HREE, and the ab sence of a neg a tive 
Eu anom aly on chondrite-nor mal ized plots may sug gest an
oce anic is land arc set ting (Ta ble 8).

PALAEOGEOGRAPHIC IMPLICATIONS

Ophiolite mélange, in clud ing the NOM, within con fin ing
faults of the CEIM dur ing the Late Cre ta ceous, and a mag -
matic flare-up of the UDMA in the south west ern mar gin of the
Iran Plate dur ing the Paleogene (Verdel et al., 2011;
Mouthereau et al., 2012), played an im por tant role in the Mid -
dle Eocene sed i men tary prov e nance of the west ern cor ner of
CEIM. The ob tained re sults from field, petrographic and geo -
chem i cal stud ies of the lower Akhoreh For ma tion in di cate
such po ten tial source ar eas. The lower Akhoreh For ma tion,
that cur rently lies close to the Nain–Baft transcurrent ba sin
bound ary fault, was mostly de pos ited in non-ma rine al lu vial to
flu vial en vi ron ments (Mallah et al., 2022). The basal con glom -
er ates of the Akhoreh For ma tion rep re sent an gu lar to sub-an -
gu lar peb bles and rarely boul ders of pre dom i nantly ultra mafic
to mafic ig ne ous rocks such as peri dot ites, bas alts and ser -
pen tin ite, as well as radiolarian cherts, that were de pos ited in
an al lu vial sys tem, where up land streams eroded ad ja cent
high lands of the NOM. The up lift mech a nism for the source
area may have been trig gered by coun ter clock wise ro ta tion of
the CEIM along the Nain–Baft Fault zone af ter the Late Cre ta -
ceous to Mid dle Eocene (Pirnia et al., 2013; Mattei et al.,
2015; Tadayon et al., 2017, 2019). The ma trix-rich and poorly
sorted tex tur ally and min er al og i cally im ma ture sand stones
(litharenites) also in di cate the rapid de po si tion in con tin u ously
sub sid ing ba sin. More over, the imbrication of clasts in the
basal con glom er ates as well as other di rec tional sed i men tary
struc tures in the sand stones sug gest uni di rec tional
palaeocurrents from south west to the north east, con sis tent
with the lo ca tion of the po ten tial source ar eas.

Based on modal anal y sis of the sand stones, an arc-re lated
prov e nance (undissected to tran si tional arc) is ev i dent in the
low er most Akhoreh For ma tion from the pres ence of abun dant
plagioclase and lithic vol ca nic frag ments (Fig. 12). The geo -
chem is try of the lower Akhoreh sam ples also sug gests an oce -
anic mag matic arc set ting. Al though, this tec tonic set ting gen er -
ally in di cates ba sic ig ne ous source rocks, the dis crim i na tion di -
a grams of source rock com po si tion show der i va tion from ultra -
mafic to mafic rocks for the sand stones and mostly in ter me di -
ate rocks for the shale sam ples. Based on these dif fer ent
source rock com po si tions, the fine-grained clastic rocks of the
lower Akhoreh For ma tion most prob a bly have been mainly
sourced from in ter me di ate source rocks such as a con ti nen tal
arc like the UDMA. This sug gests con tri bu tion from the UDMA
with calc-al ka line geo chem i cal af fin ity in ad di tion to the Late
Cre ta ceous NOM (~99 Ma) and rel a tively more dis tant pre-Mid -
dle Eocene UDMA (40 Ma) in the source re gion (Shafaii
Moghadam et al., 2009; Chiu et al., 2013).

The Lutetian re con struc tion of the Iran Plate placed this
area at a sub trop i cal palaeolatitude of ~30° north with an arid
palaeoclimate (Bar rier et al., 2018; Fig. 2). From field stud ies,
and modal and geo chem i cal anal y sis, the source area had a
semi-arid to arid cli mate. Field ev i dence such as the red dish
sandy ma trix of con glom er ates, red to pink ish col our of over ly -
ing sand stones and shales with some des ic ca tion cracks on
bed ding sur faces, as well as an ab sence of plant de bris, are in -
di ca tions for an arid palaeoclimate in the west ern cor ner of the
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Fig. 13. Tec tonic dis crim i na tion di a grams of the lower
Akhoreh sand stone and shale sam ples

A – ma jor el e ment-based mul ti di men sional tec tonic dis crim i na tion
func tion di a gram for low-sil ica sam ples (Verma and Armstrong-
Altrin, 2013); the discriminant func tion equa tions are:
DF1(Arc-Rift-Col)m1 = (-0.263 × In(TiO2/SiO2)adj) + (0.604 ×
In(Al2O3/SiO2)adj) + (-1.725 × In(Fe2O3t/SiO2)adj) + (0.660 ×
In(MnO/SiO2)adj) + (2.191 × In(MgO/SiO2)adj) + (0.144 ×
In(CaO/SiO2)adj) + (-1.304 × In(Na2O/SiO2)adj) + (0.054 ×
In(K2O/SiO2)adj) + (-0.330 × In (P2O5/SiO2)adj) + 1 0.588
DF2(Arc-Rift-Col)m1 = (-1.196 × In(TiO2/SiO2)adj) + (1.604 ×
In(Al2O3/SiO2)adj) + (0.303 × In(Fe2O3t/SiO2)adj) + (0.436 ×
In(MnO/SiO2)adj) + (0.838 × In(MgO/SiO2)adj) + (-0.407 ×
In(CaO/SiO2)adj) + (1.021 × In(Na2O/SiO2)adj) + (-1.706 ×
In(K2O/SiO2)adj) + (-0.126 × In(P2O5/SiO2)adj) - 1.068;  B – ter nary di -
a gram of La-Th-Sc (Bhatia and Crook, 1986); PM – pas sive mar gin,
ACM – ac tive con ti nen tal mar gin, Col – col li sion, A – oce anic is land
arc, B – con ti nen tal is land arc, C – ac tive con ti nen tal mar gin, D –
pas sive mar gin
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CEIM dur ing the Mid dle Eocene. An arc-re lated prov e nance,
though, shows lit tle cli ma tic ef fect due to rapid ero sion and a
nearby source (Boggs, 2009). The pres ence of un al tered feld -
spars and vol ca nic rock frag ments, as well as car bon ate rock
lithics within the sand stones of the lower Akhoreh For ma tion,
also point to an arid cli mate. Fur ther more, the in ten sity of the
weath er ing in the source area was low for sand stones to me -
dium for shales by cal cu lat ing the chem i cal in dex of al ter ation.

Thus, in ves ti ga tion of the palaeo ge ogra phy of cen tral Iran,
as well as field, petrographic and geo chem i cal stud ies, point
out that the NOM, along with the UDMA, hav ing con trib uted
much sed i ment to the lower Akhoreh For ma tion, in a lo cal
retroarc ba sin of the CIM and CEIM, by NE-wards flow ing rivers
in an arid cli mate, dur ing the Mid dle Eocene.

CONCLUSIONS

The Mid dle Eocene lower Akhoreh For ma tion in its type
area in the west ern cor ner of the CEIM con sists of well-de vel -
oped con glom er ates at the base over lain by an al ter na tion of
mostly red to pink ish sand stones and shales.

Ac cord ing to the sand stone petrographic stud ies, plagio -
clase feld spars and rock frag ments, along with less fre quent
quartz, con stit u ent the main frame work of the sand stones. Ig -
ne ous rock frag ments are more fre quent and are pre dom i nantly 
of mafic volcanics. Modal anal y sis led to the iden ti fi ca tion of two 
tex tur ally and min er al og i cally im ma ture petrofacies, in clud ing
feldspathic litharenite and lithic ar kose.

The nor mal ized geo chem i cal com po si tion of the sam ples
stud ied com pared to the UCC and chondrite in di cates a high

con tent of MgO, Ni and Cr and Cr/V, in di cat ing an ultra mafic to
mafic source rock com po si tion such as ophiolite sources.

Based on the model anal y sis, the high pro por tion of
plagioclase and rock frag ments in di cate an arc-re lated prov e -
nance within a tran si tional to undissected arc tec tonic set ting.
Geo chem i cal anal y sis (ma jor and trace el e ments) shows der i -
va tion from ultra mafic to mafic ig ne ous rocks for the sand -
stones and mostly in ter me di ate ig ne ous rocks for the shales in
an oce anic mag matic arc tec tonic set ting.

Ac cord ing to the re sults of modal and geo chem i cal anal y sis, 
the source area had an arid cli mate. More over, the CIA av er age 
val ues for sand stones (63) and shales (71) in di cate that the in -
ten sity of weath er ing in the source area was low and me dium,
re spec tively.

Gen er ally, field, petrographic and geo chem i cal stud ies in di -
cate that the NOM, along with the UDMA in the west, has con -
trib uted ma jor sed i ment to the lower Akhoreh For ma tion in a lo -
cal retroarc ba sin of the west ern cor ner of the CEIM, via rivers
flow ing from south west to north east in an arid cli mate dur ing the 
Mid dle Eocene.
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