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The Deylaman ig ne ous com plex, as a part of the Late Cre ta ceous rock unit that lies be hind the Paleogene Alborz mag matic
arc, in the north ern Alborz zone, is com posed of ba saltic sheet lavas al ter nat ing with the pe lagic cal car e ous sed i ments, ba -
saltic pil low lavas, fel sic lavas and gabbroic-monzodioritic in tru sions. The pe lagic cal car e ous de pos its con tain microfossils
rep re sent ing the Santonian–Maastrichtian ages. Fur ther more, petrographic tex tures such as the hyalomicrolitic tex ture and
swal low-tail plagioclase crys tals in the pil low lavas, and also seg re ga tion ves i cles in the ba saltic sheet lavas, im ply high ex -
ter nal (hy dro static) pres sures as the magma was ex truded in a deep-wa ter en vi ron ment. The rock sam ples show both
compositional bimodality and char ac ter is tic trends in the vari a tion di a grams. Also, some geo chem i cal char ac ter is tics im ply
that the ba saltic lavas orig i nated from the par tial melt ing of an undepleted deep man tle source con tain ing spinel lherzolite:
the en rich ment pat terns of LREE/HREE ra tios of the sam ples [(La/Yb)n = 3.93–4.16 for ba saltic lavas and 10.92 for fel sic
lavas] ly ing be tween those char ac ter is tic of OIBs [(La/Yb)n = 12.92] and EMORBs [(La/Yb)n = 1.91]; sim i lar i ties be tween the
pat terns of multi-el e ment spi der-di a grams; LILE bulges in the ba saltic sam ples com pared with those of OIBs. More over, the
sam ples show in flu ence from two geotectonic en vi ron ments: su pra-subduction zone (SSZ) set tings and plume-type
within-plate mag mas. There fore, be cause of the deep sub ma rine en vi ron ment in ferred for the ef fu sive vol ca nic erup tions in
Santonian–Maastrichtian time, it seems that the Deylaman ig ne ous com plex evolved through two stages: first, a ten sional
re gime in a su pra-subduction zone (far ther from the Me so zoic mag matic arc) and for ma tion of an em bry onic rift-re lated oce -
anic ba sin in the Late Ju ras sic–Early Cre ta ceous; sec ondly, a com pres sive re gime in the Late Cre ta ceous–Early Paleocene
and in land mi gra tion of the mag matic arc. Con se quently, the Cre ta ceous magmatism can be in ter preted as a pre lude to the
Eocene mag matic flare-up in the mag matic arcs of Iran.
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INTRODUCTION

The Cre ta ceous mag matic events in Iran [e.g., the Cre ta -
ceous ophiolitic se quences and also the Cre ta ceous arc vol ca -
nism in the dif fer ent ar eas such as the Sanandaj–Sirjan mag -
matic arc (SSMA), the Urumieh–Dokhtar mag matic arc
(UDMA), the Alborz and Makran zones] are closely re lated to
the tec tonic events of the Tethyan realm, which be gan in the
Early Ju ras sic as a re sult of subduction of the Neotethyan oce -
anic litho sphere be low the south ern mar gin of the Eur asia
supercontinent (Berberian and King, 1981) and con tin ued
through out the Cre ta ceous (Stampfli and Borel, 2004). The
event is re flected by the ophiolite se quences of the Zagros

orog eny and by vol ca nic-plutonic ac tiv i ties in the SSMA. Dur ing 
this time, the oceans around the cen tral Ira nian microcontinents 
were closed and the bor der ing ophiolites and col oured
mélanges (e.g., Esfandagheh, Nain-Baft and Sabzevar) were
emplaced (e.g., Stampfli and Borel, 2004).

At the same time, vol ca nic events oc curred in the in ner
parts of Iran, such as in the Urumieh–Dokhtar mag matic arc
(UDMA) and the Alborz zone (e.g., Taki, 2017; Jafari Sough et
al., 2018; Yadollah-Pour et al., 2019); but they are more spo -
radic and less in tense than in the SSMA and pos si bly were
formed in a dif fer ent en vi ron ment. Be cause of this, many au -
thors (e.g., Agard et al., 2011; Chiu et al., 2013) pro posed mag -
matic qui es cence in the UDMA in the Cre ta ceous. Agard et al.
(2011) sug gest that this vol ca nic ces sa tion is broadly co in ci dent 
with the tem po ral shift of magmatism from the su -
pra-subduction zone (SSZ) to the UDMA and with a slow ing of
con ver gence ve loc i ties. Hassanzadeh and Wernicke (2016)
sug gest a slab flat ten ing event in the Cre ta ceous for the in land
mi gra tion of the mag matic arc.

In the Alborz zone, Cre ta ceous vol ca nic rocks are seen in
two strati graphic sit u a tions: (1) as mas sive ba saltic lava flows
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un der lain by the Early Cre ta ceous Tizkuk For ma tion (Annells et 
al., 1975; Taki, 2017; Jafari Sough et al., 2018); (2) as in ter ca la -
tions within the car bon ate strata of the Cre ta ceous Chalus For -
ma tion (Yadollah-Pour et al., 2019). More over, Lam (2002) re -
ported the 98 Ma Nusha pluton in the cen tral Alborz zone, dated 
by the 40Ar/39Ar method.

The Deylaman ig ne ous com plex (DIC) lo cated be hind the
Eocene Alborz mag matic arc (Fig. 1) is one of the few Cre ta -
ceous ig ne ous out crops in the Alborz zone. The DIC is im por -
tant in the sense that it can be as sumed as a pre lude to the Ce -
no zoic mag matic flare-up. There fore, the de scrip tion and dis -
cus sion of their stra tig ra phy and pe trol ogy can clar ify some am -
bi gu ities; es pe cially: (1) what was the erup tion en vi ron ment and 
tec tonic set ting of the Cre ta ceous magmatism in the area stud -
ied?; (2) what are the re la tions be tween the DIC and other con -
cur rent events in the nearby zones (i.e. those of the SSMA and
UDMA)? (3) is there any re la tion ship be tween Me so zoic and
the Ce no zoic vol ca nism in the area? For this study, we fo cus on 
the Deylaman area.

GEOLOGICAL SETTING

A rel a tively deep sed i men tary ba sin has been pro posed for
the north ern slopes of the Alborz zone as in di cated by the
greater thick ness of the Pa leo zoic and Me so zoic de pos its in the 
north ern Alborz rel a tive to the south ern Alborz (Alavi, 1996).
Ac cord ing to Alavi (1996), the Cre ta ceous rocks in the Alborz
zone con sti tute a se quence of Orbitolina-bear ing lime stones
as so ci ated with intraformational con glom er ate, ba saltic lavas
and diabasic sills. He sug gests that these sed i men tary char ac -
ter is tics re flect tec tonic in sta bil i ties in the ba sin and also trans -
gres sion of a shal low-ma rine, epicontinental/con ti nen tal shelf
en vi ron ment onto Lower Ju ras sic fore land de pos its dur ing Mid -
dle Ju ras sic time. Such a ba sin in the west ern and cen tral
Alborz be gan to be dis rupted in the Late Cre ta ceous, and a dis -
tinc tive mag matic ac tiv ity was ini ti ated that was fol lowed by in -
tense arc-type magmatism, thrust fault ing, fold ing, up lift and
for ma tion of intermontane siliciclastic bas ins. On the other
hand, Berberian and King (1981) sug gested that the Ju ras sic
and Cre ta ceous vol ca nic prod ucts of the Cau ca sus and north -
west ern Iran was the re sult of clos ing of the Sevan–Akera
Ocean dur ing the Late Neocomian–Albian (118–105 Ma) when
NW Iran col lided with the Pontian-Transcaucasus is land arc.

The DIC (Fig. 1), is sit u ated in the north ern Alborz zone and
its Cre ta ceous suc ces sion can be di vided into fol low ing units
(Fig. 2):

Ba saltic lavas. – The ba saltic rocks of the area are
grouped into two types (Fig. 3): (1) sheet lavas al ter nat ing with
pe lagic car bon ates (Fig. 3A). The lat ter de pos its con tain
microfossils rep re sent ing the Santonian–Maastrichtian ages
and an open, deep ma rine en vi ron ment (Hultberg and
Malmgren, 1986; Shahin, 1992; Keller et al., 2002; Luciani,
2002). The thick ness of each lava sheet is ~2–3 m and they are
grey-black in col our; (2) the pil low lavas (Fig. 3B), 0.5–1 m or
more in di am e ter, are cir cu lar and undeformed in shape and
have cracks es pe cially in their mar gins. Al though no clear field
re la tions have been ob served be tween the two types of lava, it
seems that the pil low lavas are stratigraphically over lain by the
sheet lavas.

Fel sic lavas. – The ba saltic sheet lavas in the area are spo -
rad i cally over lain or cut by small len tic u lar and or dyke-like bod -
ies (Fig. 3C) of fel sic rocks (trachyte or al kali rhy o lite in com po -
si tion).

In tru sive bod ies. – In the DIC, the gabbroic (Fig. 3D) and
monzodioritic rocks are seen as grey-black and small (about
1–2 km across) bod ies with the same chem i cal and min er al og i -
cal com po si tion as the ba saltic rocks.

ANALYTICAL METHODS

In or der to de ter mine the petrographic and geo chem i cal
char ac ter is tics of the lithological se quence of the area, the
fresh est sam ples were taken dur ing field sur vey ing (~50 sam -
ples), among which 10 of the fresh est sam ples were se lected
for whole-rock chem i cal anal y sis. The sam ples were analyzed
at the geo chem is try lab o ra tory of the Geo log i cal So ci ety of Iran
(GSI) us ing X-ray flu o res cence (XRF) for ma jor el e ment ox ides
and in duc tively cou pled plasma mass spec trom e try (ICP-MS)
for trace el e ments. Sam ples were crushed and pul ver ized to
60–70 µm. Ma jor el e ments were de ter mined af ter prep a ra tion
as pressed pel lets con tain ing 4 g of each sam ple and 0.8 g
Hoechst Wax-C af ter ho mog e ni za tion in an ag ate mor tar. For
trace and rare earth el e ments, 0.5 g of each sam ple was mixed
with 10 ml of hy dro flu oric acid and 3 ml perchloric acid and fi -
nally was heated to 160°C.

To achieve more com pre hen sive re sults and in ter pre ta -
tions, we have also used pub lished data (Haghnazar and Mala -
kotian, 2009; Haghnazar, 2012; Haghnazar et al., 2015, 2016)
on sim i lar out crops (i.e. the Javaher-Dasht and Spilli dis tricts in
the east ern Guilan prov ince, N Iran) in the sur round ing area.
Rep re sen ta tive re sults of these other sources and the re sults of
this study (shown by a star sym bol) are shown in Ta ble 1.

PETROGRAPHY

Ba saltic lavas. – The pil low lavas are very fine-grained
(0.05–0.15 mm in di am e ter) with hyalo-apha ni tic tex ture and
show plagioclase (60 vol%), ol iv ine (8 vol%), clinopyroxene
(4 vol%) and opaque min er als (3 vol%) set in a hyalomicrolitic
ma trix (Fig. 4A). The sheet lavas are of sim i lar min er al og i cal
com po si tion to the pil low lavas but with coarser-grained tex -
tures (with the 2–3 mm sized microphenocrysts in a
hyalo-microlithic ma trix; Fig. 4B). Euhedral-subhedral pheno -
crysts and oc ca sional rounded to cor roded pheno crysts of
clinopyroxene as well as seg re ga tion ves i cles (Fig. 4C) are the
out stand ing petrographic fea tures of these sam ples.

Fel sic lavas. – The fel sic rocks in clude tra chytes and al kali
rhyolites that are char ac ter ized by pheno crysts of sanidine
(50–70 vol%), plagioclase (5–10 vol%), pyroxene (~ 5 vol%),
quartz (5–30 vol%) and opaque min er als with a hyalo-por phy -
ritic tex ture (Fig. 4D). Also, small amounts of ol iv ine (~ 3 vol%),
ei ther poikilitically in the al kali feld spars or as sep a rate phases,
and also ap a tite (~ 1 vol%) are seen in the tra chytes and al kali
rhyolites. Fur ther more, mi nor poikilitic, si nu soi dal,
glomeroporphyritic and felsitic tex tures are seen.

In tru sive rocks. – Ol iv ine gab bros and monzodiorites com -
prise the in tru sive bod ies in the study area. The ol iv ine gab bros
con tain plagioclase (45 vol%), ol iv ine (20 vol%), clinopyroxene
(18 vol%), ap a tite (2 vol%) and opaque min er als (15 vol%) with
an inter gra nu lar tex ture. The monzodiorites are char ac ter ized
by plagioclase (70 vol%), al kali feld spar (20 vol%),
clinopyroxene (6 vol%), ap a tite (1 vol%) and opaque min er als
(3 vol%) set in a gran u lar tex ture.
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Fig. 1A, B – the location of the Deylaman district in the structural map of Iran; C – geological map of the Deylaman 
igneous complex (DIC) modified after Baharfiruzi et al. (2003)

SSMA – Sanandaj–Sirjan magmatic arc, UDMA – Urumieh–Dokhtar mag matic arc



GEOCHEMISTRY

As shown in Ta ble 1, there is a wide va ri ety of chem i cal
com po si tions among the sam ples; for ex am ple: SiO2 =
45.13–73.7 wt.%; MgO = 0.03–10.81 wt.%; CaO =
0.09–13.59 wt.%; Al2O3 = 11.9–18.29 wt.%. Fig ure 5A shows
the compositional dis tri bu tion of the sam ples on a TAS di a -
gram. Be cause of the ef fects of post-so lid i fi ca tion al ter ation and 
of pro longed weath er ing, es pe cially in the rel a tively an cient
rocks, the sam ples show very vari able amounts of L.O.I., be -
tween 0.45 to 3.86 wt.% (Ta ble 1). There fore, we use the im mo -
bile el e ments for their clas si fi ca tion, such as the di a gram of
Winchester and Floyd (1977) mod i fied by Pearce (1996). In this
di a gram (Fig. 5B), the pil low lavas and in tru sive bod ies fall in the 
al kali ba salt field, while the sheet lavas set within ba saltic
andesites and the fel sic lavas be long to the tra chytes-al kali
rhyolites. The sam ples also show a compositional bimodality in
the plot of Winchester and Floyd (1977) and also in the TAS di a -
gram of Le Maitre et al. (2002; Fig. 5).
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Fig. 2. A strati graphic col umn of the geo log i cal units
 in the Deylamn dis trict, Iran

Fig. 3. Field pho to graphs of ma jor ex po sures of the Deylamn com plex

A – al ter nat ing sheet lavas and the pe lagic lime stone beds; B – pil low struc ture in the ba saltic pil low lava unit; 
C – small al kali rhy o lite bod ies; D – a gab bro body
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Rock type

Ba salt (pil low lavas) Ba salt (sheet lavas)

Sam ple

SP1 SP19 SP2 SP4 SP18 SP16 N2* N3* N7* N9* EB17 EB18 JB16 JB13 JB10 JB3 JB2 JB27

SiO2 47.5 49.8 48.51 46.06 50.2 45.6 51.29 50.05 49.84 48.16 67 67.8 48.29 48.77 48.24 49.02 50.22 48.63

TiO2 2.48 1.93 2.43 2.7 1.97 2.09 1.05 1.06 1.09 1.16 0.44 0.42 1.10 0.97 0.94 1.17 0.95 1.19

Al2O3 14.28 13.37 14.98 13.6 13.07 14.15 15.37 15.23 14.98 14.55 15.1 14.5 15.42 17.69 15.87 16.11 14.16 15.05

Fe2O3 13.48 10.89 13.41 14.78 11.07 13.34 11.29 11.96 12.23 11.73 3.34 3.47 11.92 11.02 11.69 12.15 11.43 13.54

MnO 0.7 0.21 0.2 0.24 0.18 0.27 0.21 0.18 0.2 0.27 0.03 0.06 0.13 0.11 0.12 0.13 0.12 0.15

MgO 5.85 8.08 7.13 6.84 8.46 9.1 4.73 5.17 5.54 4.06 0.48 0.27 4.89 4.61 6.44 3.75 6.57 4.25

CaO 8.24 7.53 8.25 9.05 7.66 9.67 7.65 7.54 6.55 10.48 2 2.86 8.91 9.37 9.51 8.56 9.67 8.72

Na2O 2.12 1.67 2.41 1.94 1.58 1.55 1.84 1.76 2.26 1.5 5.18 4.24 2.25 2.35 2.64 2.33 2.10 2.84

K2O 1.13 2.3 1.04 0.88 2.05 1.56 1.86 1.75 1.82 1.48 3.3 3.4 2.43 1.70 0.82 3.27 2.47 2.16

P2O5 0.34 0.33 0.415 0.42 0.32 0.28 0.36 0.39 0.39 0.38 0.11 0.16 0.35 0.24 0.22 0.36 0.21 0.28

L.O.I. 3.64 3.8 1.06 3.32 3.24 2.26 3.86 4.41 4.63 5.69 2.28 1.34 3.34 2.68 3.05 2.58 1.77 2.87

To tal 99.76 99.91 99.83 99.83 99.8 99.87 99.51 99.49 99.52 99.45 99.26 98.52 99.03 99.51 99.54 99.43 99.67 99.68

Cs 10.2 11.4 12.7 12.6 2.2 1.5 <5 <5 <5 <5 <5 <5

Rb 5.3 26.4 33.3 1.2 47.3 13 120.6 121.7 132.1 130.2 142 103 39.8 51.1 28.9 71.4 50.9 39.3

Ba 164.1 306.3 206 185 331.2 218.4 263.1 237 293.9 216.9 1370 800 357.1 391.7 253.5 375.8 388.4 380.1

Sr 433.2 311.9 359.3 343 321.3 442.5 422.2 425.5 456.8 447.2 440 350 600.2 817.2 715.9 687.9 639.5 612.1

Pb 16.7 14.1 19.4 8.1 15.9 15.7 11.5 8.8 10.4 < 0.5 8.4 8.1 7.8 8.2 7.8 8.6

Th 5.2 8.8 5.5 4.1 5.8 4 7.6 7.4 9 7 14.1 14 2.20 3.90 2.90 <2 <2 <2

U 8.9 6.1 7.8 6.3 6.8 7.2 4.6 5 5.1 5.1 2.32 3.17

Zr 135.7 116.2 132.7 130.6 114.5 108.5 178.9 174 193.7 164 195 241 140.9 153.6 151.8 154.3 137.4 148.1

Hf 5.6 3.1 2.5 6.1 3.6 2.3 3.5 3.7 4.4 3.6 5 6 7.2 4.6 4.4 <4 11.3 5.8

Ta 1.6 1.2 1.5 2.3 1.6 1.2 0.7 0.9 0.7 0.9 1.5 1.3 <5 <5 <5 <5 <5 <5

Y 23.7 29.8 23.1 21.6 28.7 25.8 22.4 22.2 25.6 22.3 26.7 18.1 31.0 29.5 24.7 34.3 30.2 30.3

Nb 33.1 27.1 26.7 25.4 26.3 23.6 25.6 25.4 30.5 25.7 16 18 12.9 10.2 12.5 13.5 6.0 13.3

La 18.9 17.1 16 15.7 17.3 11.6 15.6 14.7 17.3 14.8 63 48.7

Ce 28 23.9 27.1 20.8 22.9 31.2 42.6 43.3 52.1 42.3 91.8 84.2 40.2 37.5 31.9 35.9 39.3 35.0

Pr 6.7 6.2 6.5 6.8 6.1 6.2 5.8 5 5.8 5 10.1 9.33

Nd 84.1 34.8 74.1 72 36 34.8 38.4 37 42.7 36.4 34.2 31.1 37.0 7.3 15.0 31.2 18.2 38.9

Sm 5.4 4.7 4.6 4.2 4.9 4.4 3.7 4.2 4.7 4.2 6.1 5

Eu 1.1 0.7 1.2 0.9 0.8 0.9 1.5 1.6 1.8 1.5 1.55 1.15 <3 <3 <3 <3 <3 <3

Gd 5.6 4.6 5.3 5.1 4.5 4.8 4.4 4.3 5.2 4.3 5.19 3.86

Tb 3.7 1.3 3.3 3.4 1.4 1.5 1.8 1.8 2.3 1.9 0.81 0.56 1.1 1.1 1.1 1.1 1.1 1.2

Dy 7.1 2.6 3 3.5 3 3.4 4 3.6 4 3.9 4.67 3.23

Ho 0.5 0.5 0.5 0.5 0.5 0.5 0.6 0.6 0.6 0.6 0.94 0.66

Er 4.1 5.3 5 4 3.7 5.3 1.3 0.5 1.1 < 0.5 2.67 1.81

Tm 0.2 0.3 0.3 0.3 0.2 0.2 0.4 0.3 0.4 0.3 0.39 0.28

Yb 2.6 2.4 2.2 2.2 2.5 2.6 2.6 2.6 2.9 2.6 2.6 1.8

Lu 0.4 0.3 0.4 0.3 0.3 0.4 0.8 1 1 0.7 0.34 0.22

Sc 21.2 23.3 18.2 19.5 24.9 30.1 31.5 33.8 38.4 32.4 27.5 26.5 29.3 27.6 31.2 26.6

Cr 123.7 99.9 126.2 139.4 81.5 55.8 77 72.5 85.8 64.2 28.8 15/7 41.5 <10 141.0 19.5

Ni 112.6 130.5 56.9 254.4 55.2 239.9 16.1 16.7 17.8 14.9 11 19 <5 <5 <5 <5 35.5 <5

Co 61.9 39.6 48.3 34.7 39.9 36.7 34.8 31.5 39.1 32.9 6.4 4.8 37.7 35.0 38.0 38.9 38.0 43.9

V 200 178.8 171.5 170.6 187.5 227.7 233 236.3 279.5 232.3 42 29 259.2 221.9 203.2 242.1 245.0 268.2

Ga 18 16.2 19 14 17 17 19.9 21.9 20.8 21.1 20.7 19.9

Zn 107.4 73.6 90.5 89.8 73.1 76.7 78.7 74 85.9 75.4 86.1 97.9 80.0 99.1 97.9 114.8

Cu 65.5 60.5 52.7 53.3 63.1 86.3 51.3 49.6 60.3 47.8 18 11 123.4 112.5 47.6 134.8* 141.1* 148.7*

Be 1.6 1.3 1.6 1.3

T a  b l e  1

Rep re sen ta tive ma jor (wt.%) and trace el e ment (ppm) com po si tions of ig ne ous rocks from the Deylaman ig ne ous com plex, 
north ern Iran (sam ples spec i fied with stars are from this study and oth ers are from other stud ies Haghnazar and Malakotian,

2009; Haghnazar, 2012; Haghnazar et al., 2015, 2016)
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Rock type

Rhy o lite Trachyte In tru sions

Sam ple

N6A* N6C* EB24 EB29 N12* N15* EB20 EB31 N6B* N13* J-G5 J-G11 J-G8 J-D30 j-d30a J-G21a

SiO2 72.05 67.03 73.7 69.5 61.98 73.01 59.8 63.5 69.08 47.1 49.03 45.13 45.78 49.73 50.97 47.59

TiO2 0.47 0.9 0.26 0.36 0.53 0.35 0.22 0.67 0.74 3.16 0.94 1.31 1.15 1.007 0.925 1.254

Al2O3 13.29 15.4 11.9 13.9 16.53 12.86 17.6 16.8 14.07 16.13 14.78 17.55 16.5 15.76 18.29 12.7

Fe2O3 3.04 3.89 3.89 3.61 7.11 3.2 5.8 3.04 3.96 13.8 12.15 12.57 11.17 12.73 9.31 12.25

MnO 0.11 0.18 0.06 0.04 0.17 0.13 0.17 0.14 0.17 0.18 0.12 0.22 0.17 0.175 0.124 0.222

MgO 0.47 0.45 0.03 0.26 0.56 0.23 0.2 0.11 0.75 2.77 5.08 8.55 8.23 5.02 4.76 10.81

CaO 1.31 1.46 0.09 0.34 1.06 0.92 1.5 0.69 2.2 7.07 13.42 10.91 13.59 11.4 10.33 12.45

Na2O 3.51 2.96 4.67 4.26 3.7 3.76 5.61 8.47 3.29 3.25 1.78 1.45 1.11 1.74 2.41 1.24

K2O 3.68 6.26 3.3 4.9 4.92 4.01 6.6 4 4.1 1.65 0.95 0.63 1.07 0.81 1.12 0.78

P2O5 0.17 0.42 0.02 0.07 0.2 0.1 0.11 0.16 0.34 0.97 0.23 0.13 0.11 0.133 0.221 0.068

L.O.I. 1 0.55 0.94 1.1 2.73 0.94 1.43 0.45 0.7 3.2 1.24 1.02 1.14 1.26 1.2 0.59

To tal 99.1 99.49 98.86 98.34 99.48 99.51 99.04 98.03 99.41 99.28 99.72 99.47 100.02 99.77 99.66 99.95

Cs 3.9 3.5 0.7 1.1 8.2 1.9 1.6 0.6 3.6 11.4

Rb 98.4 89 150 133 108.3 54.3 69.1 165 110.6 276 27 14 19 29 22 19

Ba 482.3 777.9 80 250 715.2 425.8 430 540 953.3 494.1 179 51 81 88 282 249

Sr 363.6 331.9 90 150 387 198.6 110 240 400 1006.1 460 574 555 522 634 444

Pb 3.3 3.1 8.7 6.7 2.6 2.9 13 14 16 4 6 16

Th 5 6.1 20 18.9 8.1 6.1 14.1 11.6 4.5 11.9 3 4 2 5 2 2

U 1.5 2 2.69 4.44 3.4 0.9 4.61 2.51 1.4 5.1 1 3 1 1 1 1

Zr 258.6 892.3 505 581 1069. 1034.3 1000 427 226.9 428.9 89 83 80 80 97 74

Hf 1.2 2 11 15 2.6 1.7 20 10 1.7 6

Ta < 0.1 0.2 7.7 7 0.5 < 0.1 7.3 4.2 0.1 0.9

Y 42.3 42.7 52.9 44.6 38.2 51 33.8 28.2 39.5 34.7 12 12 15 15 16 14

Nb 18 35.1 118 108 17.8 16.7 112 71 27.3 110.7 14 10 13 11 13 12

La 72.1 63.9 43.6 75 88.6 77 98.4 67 65 36.7

Ce 137.6 132.9 172 145 165 157 167 114 129.1 96.2

Pr 9.8 7.8 7.89 16.7 10.8 9.5 16.9 13.6 8.3 15.9

Nd 45.6 64.8 25 59.6 46.2 50.8 51.2 49.4 55 129

Sm 7.7 7.4 4.8 11.4 6.1 8.8 7.7 9 8.1 7.7

Eu 1.6 2.6 0.42 1.3 1.6 1.2 1.44 2.52 2.7 3.4

Gd 3.6 4.2 5.26 0.39 4.1 4.4 5.55 7.08 3.9 7.3

Tb 1.1 2.3 1.25 1.56 1.2 1.1 0.95 1.11 1.6 8.1

Dy 6.7 7.6 9.2 8.69 5.3 8.3 5.88 6.22 6.4 5.7

Ho 1.2 1.2 2 1.7 1.3 1.5 1.24 1.16 1.3 1.5

Er 1.5 1.6 5.68 4.76 1.4 2 3.66 2.95 1.2 1.4

Tm 0.1 0.2 0.89 0.71 0.2 0.1 0.58 0.44 0.1 0.4

Yb 2.9 3.1 5.6 4.4 3.2 3.5 4 2.8 2.3 3.1

Lu 0.4 0.5 0.73 0.58 0.7 0.4 0.59 0.35 0.4 1.1

Sc 5.4 11.2 3.7 4.4 9.2 24.3

Cr 38.2 48.7 36.3 46.8 45.7 93.2 66 59 54 62 47 115

Ni 21.8 7 10 33 2 3.9 7 17 8 29.7 54 71 59 34 19 45

Co 5.9 < 0.5 0.7 1.6 0.6 < 0.5 1.2 4.1 < 0.5 40.1 78 95 65 45 32 53

V 13.2 27.3 5 6 19.3 7.4 5 21 14.2 293.6 354 383 377 377 354 258

Ga 21.9 22.2 26 27 22.7 23.4 29 26 24.1 25

Zn 92.7 138.6 106.6 145 99.3 126.2 99 121 130 66 56 67

Cu 3.5 3.1 8 9 5.3 3.7 12 35 1 63.5 170 190 220 153 149 41

Be 6.2 4.5 5 5.6 4.4 1.8

Tab. 1 cont.
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Fig. 4. Mi cro pho to graphs of A – intersertal to hyalo-apha ni tic tex ture of the pil low lavas (XPL); B – cor roded cumulophyric pheno -
crysts of clinopyroxene (Cpx) in the sheet lavas (XPL); C – seg re ga tion ves i cles in the ba saltic sheet lavas in which the ves i cles
were lined by a darker col ored melt (m) than the groundmass and then filled by sec ond ary cal cite (c) (PPL); D – the sanidine pheno -
crysts (Sa) with a synneusis junc tion in the al kali trachyte (XPL)

Fig. 5. Chem i cal com po si tions of rock sam ples from the Deylamn dis trict in (A) to tal al kali-sil ica di a gram (Le Maitre et al., 2002)
and (B) Zr/Ti vs. Nb/Y di a gram of Winchester and Floyd (1977) mod i fied by Pearce (1996)

A – an de site; Ab – al kali ba salt; Ar – al kali rhy o lite; B – ba salt; Ba – ba saltic an de site; Bta – ba saltic trachyandesite; D – dacite; 
F – foidite; Pb – picrobasalt; Ph – phonolite; Pt – phonotephrite; R – rhy o lite; T – trachyte; Ta – trachyandesite; Tb – trachybasalt; 

Td – trachydacite; Te/Ba – tephrite/basanite; Tp – tephriphonolite



The Harker (1909) vari a tion di a grams of many ma jor and
trace el e ments (e..g, Al2O3, Fe2O3

t, CaO, Na2O, Ce, Cr, Rb;
Fig. 6) show two prom i nent char ac ter is tics: (1) a clear bi modal
dis tri bu tion of mafic and fel sic sam ples and or the rel a tive rar ity
of in ter me di ate ones (SiO2 = 53.32–59.8 wt.%); (2) evo lu tion ary 
trends in the plots; for ex am ple, as cend ing trends of Na2O, Ce,
Y, Rb; de scend ing trends of Fe2O3t, CaO, Cr; and also an as -
cend ing and then de scend ing trend of Al2O3 (Fig. 6). Thus, it
may be pro posed that such trends were formed by some mag -
matic evo lu tion ary pro cesses such as frac tional crys tal li za tion.

All the sam ples in the REE spi der di a grams nor mal ized to
chondrites (Boynton, 1984) show a neg a tive slope from LREEs
to HREEs (Fig. 7A). How ever, the ba saltic rocks (both pil low
lavas and sheet lavas) have a more flat pat tern [(La/Yb)n
= 3.93–4.16] rel a tive to the fel sic rocks [(La/Yb)n = 10.92]. The
(La/Yb)n ra tio for EMORBs and OIBs is 1.91 and 12.92 re spec -
tively (data from Sun and McDonough, 1989). Al though there
are some anom a lies due to the ef fects of the subduction pro -
cesses (e.g., pos i tive anom a lies for K and Th and neg a tive
ones for Ti, Nb and Ta), there is seen a clear sim i lar ity be tween
the pat terns of the ba saltic sam ples and OIBs as well as a dis -
tinc tive bulge in LILEs (Sr-Ba) in the multi-el e ment spi der di a -
grams (Fig. 7B).

TECTONIC SETTING

The sam ples show (Fig. 8A–C) vari able sit u a tions be tween
within-plate and the vol ca nic arc set tings. More over, the sam -
ples in the Nb(n)/Th(n) di a gram of Saccani (2015; Fig. 8D)
show two im por tant char ac ter is tics: (1) their po si tion in a rift set -
ting that changes into a con ver gent mar gin set ting; (2) there are 
two dis tinct trends in the sam ples: su pra-subduction zone en -
rich ment (SSZ-E) and plume type or ocean is land type en rich -
ment (OIB-CE).

DISCUSSION

Al though most of the Cre ta ceous vol ca nic events in Iran
mainly oc curred in the Me so zoic mag matic arc of the SSMA,
many au thors (e.g., Verdel et al., 2011) pro pose an ep i sode of
mag matic qui es cence in Cre ta ceous be fore the Eocene vol ca -
nic flare-up. The Cre ta ceous mag matic ac tiv i ties in the Alborz
zone are re mark able (e.g., Doroozi et al., 2016) as the fol low ing 
two cases: (1) as ba saltic lavas un der lain by lime stones of the
lower Cre ta ceous Tizkuh For ma tion (Annells et al., 1975; Taki,
2017; Jafari Sough et al., 2018), or interlayered with lime stones
of the Cre ta ceous Chalus For ma tion (Yadollah-Pour et al.,
2019); and (2) the 98 Ma Nusha pluton in the cen tral Alborz
area (Lam, 2002). More over, as shown in Fig ure 1, all the Cre -
ta ceous ig ne ous out crops are seen in the vi cin ity of the Eocene
volcanics.

The Cre ta ceous magmatism in the Alborz zone is en vis -
aged as the prod uct of a ten sional/back-arc ba sin by many re -
search ers (e.g., Alavi, 1996; Allen et al., 2006) or as parts of an
ophiolitic se quence that formed in slow-spread ing mid-oce anic
ridges (Salavati et al., 2013). On the other hand, a within-plate
con ti nen tal rift has been pos tu lated by Haghnazar and
Malakotian (2009), Haghnazar (2012) and Haghnazar et al.
(2015) for the same vol ca nic suc ces sion.

The Deylaman ig ne ous Com plex (DIC), lo cated in the
north ern Alborz zone and be hind the Eocene volcanics of the
Alborz zone (Fig. 1A,B), is one of the few Cre ta ceous vol ca nic
out crops in the area. There fore, con sid er ation of the

tectonomagmatic and pet ro log i cal char ac ter is tics of the DIC is
im por tant in de ter min ing whether the events of the Cre ta ceous
magmatism are as so ci ated with the large-scale Eocene events
in the Alborz zone.

MAGMA GENESIS

As noted above, the DIC shows a compositional bimodality
(Figs. 5 and 6). More over, the sam ples seem to have an af fin ity
to OIBs and they may be pro posed as the par tial melts of deep
sources. The main ev i dence for this sug ges tion is as fol lows:
the neg a tive slope of LREEs/HREEs ra tio es pe cially in the fel -
sic sam ples (Fig. 7A); the rel a tive sim i lar ity be tween the pat -
terns of the ba saltic sam ples and those of OIBs; the dis tinc tive
bulge in LILEs (Sr-Ba) in the multi-el e ment spi der di a grams
(Fig. 7B); and es pe cially the oc cur rence of mafic sam ples be -
tween EMORBs and OIBs (Fig. 7A). Thus, it may be de duced
that the mafic sam ples were likely the par tial melts of EMORB
sources. Ac cord ing to Win ter (2014), EMORBs and OIBs are
dis tinct from NMORBs and ap pear to orig i nate in an en riched
man tle res er voir. The same re sult is ob tained in the multi-el e -
ment spi der di a grams (Fig. 7B); i.e., the close sim i lar ity be -
tween the pat terns of the ba saltic sam ples and OIBs. On the
other hand, Win ter (2014) sug gests that the dis tinc tive bulge in
LILEs (Sr-Ba) is a typ i cal char ac ter is tic of melts gen er ated from
rel a tively undepleted man tle in intraplate set tings (e.g., Win ter,
2014). Thus, they may be pro posed as par tial melts from deep
undepleted man tle sources in a within-plate re gime (Figs. 7 and 
8). Also, Xia et al. (2012) in di cate that the ra tio of Nb/La in is land 
arc bas alts (IABs) is <0.8. While this ra tio for the fel sic rocks is
~0.33 in av er age, the mafic rocks show a con tent of 1.97 in av -
er age. Thus, it may be con cluded that subduction pro cesses
did not likely have a dom i nant role in the petro gen esis of the
mafic rocks.

Fur ther more, the plot ted sam ples in the Sr/Th vs. Th di a -
gram (Fig. 9) show a mean ing ful trend in which the mafic sam -
ples co in cide with fluid en rich ment that em a nated from frac -
tional crys tal li za tion. Ac cord ing to Zou et al. (2008), Ba and Sr
are highly mo bile in flu ids, whereas Th is much less mo bile.
Thus fluid-in duced melt ing would pro duce lavas with high Ba/Th 
and Sr/Th ra tios. How ever, Th, as a crustal com po nent, shows
more en rich ment in the fel sic lavas.

On the other hand, the oc cur rence of the mafic sam ples on
an evolv ing trend from an OIB source (for pil low lavas) to an
EMORB source (for sheet lavas) in Fig ure 10A pro vides a deep
source for pil low lavas com pared to a shal lower source for the
sheet lavas. Also, the pil low lavas show La/Yb (= 4.5–7.3) and
Zr/Nb (= 4–5) ra tios sim i lar to those of OITs (oce anic is land
tholeiites; La/Yb ~4) and OIBs (Zr/Nb >10), re spec tively. The
val ues for the sheet lavas have dif fer ent ranges (La/Yb = 6–27;
Zr/Nb = 7.23) im ply ing evo lu tion ary mag matic pro cesses.

The plot ted sam ples on the Rb vs. Rb/Yb mod el ing di a gram 
of Özdemir et al. (2006; Fig. 10B) show a good lin ear trend that
orig i nated from a pro posed spinel lherzolite source. Thus, it
may be in ferred that the pa ren tal magma orig i nated from rel a -
tively deep sources (prob a bly spinel lherzolite) and then was
evolved by AFC (as sim i la tion-frac tional crys tal li za tion) pro -
cesses.

VOLCANO-SEDIMENTARY ENVIRONMENT

The Cre ta ceous lithological suc ces sion (Fig. 2) in the DIC
con sists of ma jor geo log i cal units of ba saltic pil low and sheet
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Fig. 6. Harker (1909) di a grams (wt.% for ox ides and ppm for el e ments) show ing data for rock sam ples from the study area

Note the bi modal dis tri bu tion and the pos si ble trends of the sam ples; sym bols are the same as in Figure 5
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Fig. 7. Spi der di a grams of the sam ples from the study area (A) REE pat tern nor mal ized to chondrite (Boynton, 1984), 
data of EMORB, NMORB, PM and OIB from Sun and McDonough (1989) and (B) multi-el e ment pat tern nor mal ized to MORB

(Pearce, 1983), OIB line from Win ter (2014)

EMORB – en riched mid-ocean ridge bas alts; NMORB – nor mal mid-ocean ridge bas alts; OIB – ocean is land bas alts; 
PM – prim i tive man tle

Fig. 8. Tectonomagmatic dis crim i na tion di a grams of the rock sam ples of the DIC

A – Ti/Zr di a gram of Condie (1989); B – Ba/Nb di a gram of D’Orazio et al. (2004); C – Cr vs. Y di a gram of Pearce (1982); D – Th(n)/Nb(n) di a -
gram of Saccani (2015); sym bols are the same as in Fig ure 5; ab bre vi a tions: AFC – as sim i la tion-frac tional crys tal li za tion, FC – frac tional
crys tal li za tion, MORB – mid-ocean ridge bas alts, OIB-CE – ocean-is land type en rich ment, PM – prim i tive man tle, SSZ-E – su pra-subduction
zone en rich ment, VAB – vol ca nic arc bas alts, WPB – within-plate bas alts



lavas, pe lagic fos sil-bear ing de pos its and also monzodio rite-
 gab bro bod ies. A sim i lar suc ces sion in the neigh bor ing area
has been called a “South ern Cas pian Sea ophiolite” by Salavati
et al. (2013). How ever, the DIC can not be taken in con sid er -
ation as an ophiolitic com plex, be cause it lacks some of the di -
ag nos tic fea tures such as sheeted dykes and ultra mafic rocks,
or these may be hid den be low the up per units. How ever, based
on the fol low ing three fea tures, it seems that it could have be -
longed to an em bry onic (or rift-re lated) ocean ba sin in which ef -
fu sive erup tions oc curred in ter mit tently: (1) the pil low lava unit is 
a dis tinc tive fea ture in di cat ing deep sub ma rine vol ca nic erup -
tions (e.g., Cas and Wright, 1988); (2) the al ter nat ing pe lagic
de pos its (of an open and deep ma rine en vi ron ment of
Santonian–Maastrichtian age) and the ba saltic sheet lavas

(Fig. 3A) in di cate in ter mit tent, ef fu sive sub ma rine erup tions in a 
rel a tively deep sed i men tary ba sin; (3) the seg re ga tion ves i cles
(Fig. 4B) in the ba saltic sheet lavas and also the swal low-tail
plagioclase crys tals are fea tures that have been pro posed by
some re search ers (e.g., Smith, 1967; Lofgren, 1974; Mevel and 
Velde, 1976; Swanson and Schiffman, 1979; An der son et al.,
1984; Sanders, 1986; Caroff et al., 2000; Vernon, 2004) as in di -
cat ing deep sub ma rine erup tions. Ac cord ing to Lofgren (1974),
Mevel and Velde (1976) and Swanson and Schiffman (1979),
hyalomicrolithic and swal low-tail plagioclase crys tals may be
pro duced by a high rate of undercooling of lava at great depths
of wa ter. Sim i larly, the for ma tion of seg re ga tion ves i cles
(Fig. 4B) has been ex plained as a fea ture of magma en ter ing an 
en vi ron ment with high ex ter nal pres sure (Smith, 1967; An der -
son et al., 1984; Sanders, 1986; Caroff et al., 2000; Vernon,
2004) such as great ocean depth (Smith, 1967).

IMPLICATIONS FOR TECTONIC SETTING

Two lines of ev i dence may help dis cover the pos si ble tec -
tonic set ting of the DIC: firstly, the oc cur rence of an em bry onic
oce anic ba sin dur ing the Cre ta ceous based on ev i dence such as 
the ba saltic pil low lavas, the ba saltic sheet lava flows
interbedded with pe lagic de pos its along with monzodioritic-
 gabbroic and fel sic (pos si ble equiv a lents to plagiogranites) bod -
ies which may be con sid ered as an ophiolitic se quence and so
could im ply a prim i tive or ju ve nile oce anic crust; the other line of
ev i dence is the geo chem i cal char ac ter is tics of the evolv ing mag -
mas due to the ef fects of the ten sional within-plate re gimes (sim i -
lar to OIB-type or plume-type mag mas) and then com pres sive
re gimes (the mag mas of su pra-subduction zones).

Thus, we con sider that the DIC had been formed in a ten -
sional re gime of su pra-subduction zones far from an arc set ting
in which an em bry onic rift-re lated ocean was af fected by
subduction pro cesses. This in ferred model (Fig. 11) can be
sup ported by the oc cur rence of subduction of the Neotethys
ocean be neath the cen tral Iran microcontinent in the Late Cre -
ta ceous, ophiolite em place ment dur ing the Zagros orog eny and 
the for ma tion of the Cre ta ceous vol ca nic rocks in the sim i lar
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Fig. 9. Sr/Th vs. Th di a gram (based on Zou et al., 2008) show ing
the two mag matic trends for the sam ples of DIC: frac tional crys -
tal li za tion for ba sic sam ples and crustal con tam i na tion for fel -
sic sam ples

Sym bols are the same as in Figure 5

Fig. 10. Petro gen etic di a gram of the rock sam ples from the area stud ied

A – Yb-nor mal ized di a gram of TiO2 vs. Nb (Pearce, 2008), note the evolv ing trend of sam ples be tween OIB and MORB sources (or
plume-ridge in ter ac tion); B – plot ted sam ples on the Rb/Yb vs. Rb di a gram of Özdemir et al. (2006), note the AFC trends of the sam ples 

from a spinel lherzolite source; sym bols are the same as in Figure 5; Ab bre vi a tions: Alk– al ka line, Th – Tholeiite, other as on Figures 7 and 8



strati graphic ho ri zon to the UDMA (e.g., Ghazi et al., 2003;
Hassanipak and Ghazi, 2000; Allahyari et al., 2010; Saccani et
al., 2013).

Such a hy poth e sis is con sis tent with the mod els pre sented
by some re search ers such as Verdel et al. (2011) and
Hassanzadeh and Wernicke (2016) who pro pose that the Me -
so zoic mag matic arc of SSZ de vel oped in two stages: with
steeper subduction in the Late Ju ras sic–Early Cre ta ceous fol -
lowed by the flat ter subduction in the Aptian–Albian. In the first
stage (i.e., Marianas-type subduction), a back-arc spread ing
zone was formed and at the sec ond stage (i.e., Chil ean-type
subduction), the arc magmatism mi grated in land. Also, ac cord -
ing to Stampfli and Borel (2004), there was a back-arc ocean
ba sin called the “Izanca ocean” with pas sive mar gins at
180–121 Ma. More over, such ten sional back-arc bas ins have
been re ported by some au thors in dif fer ent lo ca tions of the
Zagros orog eny: the “Nain-Baft” ba sin in the SE (e.g.,
Shahbpour, 2005; Hosseini et al., 2017) and the “Khoy-Zanjan”
ba sin (e.g., Ajirlu et al., 2016) in the NW.

As a re sult, it may be sug gested that the arc magmatism in
the Late Cre ta ceous was a pre lude for the Eocene mag matic
flare-up (Verdel et al., 2011) in the UDMA and the Alborz zone.

CONCLUSION

The tec tonic in sta bil i ties of Cre ta ceous time (Late Cim mer -
ian) in the Alborz zone were ini ti ated af ter the trans gres sion of a 
shal low-ma rine, epicontinental/con ti nen tal shelf en vi ron ment
on the Lower Ju ras sic fore land de pos its dur ing Mid dle Ju ras sic

time (Alavi 1996). One of the most im por tant fea tures of these
ac tiv i ties was the deep sub ma rine magmatism along the north -
ern slopes of the cen tral and west ern Alborz zone which oc -
curred in ter mit tently with fos sil-bear ing pe lagic de pos its and
pro longed un til the Late Cre ta ceous (Santonian– Ma -
astrichtian).

Al though a deep and open oce anic ba sin may be in ferred
from fa cies and micropalaeontology ev i dence, the geo chem i cal 
char ac ter is tics of the mag matic rocks im ply that they are likely
as so ci ated with an em bry onic, rift-re lated oce anic ba sin whose
mag mas come from a deep and en riched man tle source (pos si -
bly spinel lherzolite in com po si tion) in a su pra-subduction zone
mod i fied by deep man tle plume com po nents (OIBs). So, a
two-stage sce nario may be pro posed for the Cre ta ceous
magmatism in the Alborz zone as so ci ated with the SSZ arc
magmatism that is con sis tent with the mod els sug gested by dif -
fer ent re search ers (e.g., Verdel et al., 2011; Hassanzadeh and
Wernicke, 2016; Hosseini et al., 2017): firstly, the subduction of
steeper oce anic litho sphere of the Neotethys in the Late Ju ras -
sic–Early Cre ta ceous and for ma tion of a back-arc ba sin, fol -
lowed by flat ter subduction and so in land mi gra tion of the mag -
matic arc in the Late Cre ta ceous. As a re sult, the youn ger mag -
matic events in the Ce no zoic (mostly Eocene) took place in the
in ner parts of the up per plate and a lit tle far ther away from the
geosuture zone.

Ac knowl edge ments. We would like to thank Dr. A. Dehbo -
zorgi for iden ti fy ing microfossils and also Mr. S. Sedighi for his
fruit ful com ments to im prove the lan guage of this pa per.
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Fig. 11. Sche matic il lus tra tion of the tectono-mag matic evo lu tion of the DIC in two
stages: A – for ma tion of OIBs in a back-arc ba sin in a ten sional re gime due to rel a -
tively high-an gle subduction in the Late Ju ras sic–Early Creraceous and B – in ter -
ac tion of arc- and OIB-re lated mag mas in a com pres sive re gime due to a flat ter
subduction in the Late Cre ta ceous

AL – Alborz; Ar – Ara bia; DIC – Deylaman ig ne ous com plex; SSMA –
Sanandaj–Sirjan mag matic arc
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