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Fig 1. Simplified geological map of Seh Qaleh area. It is based on the satellite photos, collected samples and the
geological map of Sarghanj 1:100 000 (Lotfi, 1995). Abbreviations are: M. Eocene: Middle Eocene, U. Eocene-Olig:

Upper Eocene- Oligocene
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Fig. 2. Field images of pyroclastic and volcanic rocks in the Seh Qaleh area. A: view of Lithic tuff, B: The outcrop of
basalt rocks, and C: Outcrops of andesitic rocks
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Fig. 3. The pictures of Seh Qaleh agates with different colors. A: Red agate, B: Yellow agate with white agate in the
Center, C: Black agate, D: White agate, E and F: Changes in chemical composition in spheroid agate layers of the Seh
Qaleh areainin PPL and XPL, respectively, G and H: A sequence of fibrous chalcedony and quartzine in a white agate
from Seh Qaleh area in polarized light and polarized light with additional ny/A compensator, respectively. Chalcedony
and quartzine have often similar optical properties (for example both are colorless and have weak relief in PPL and gray
birefringence in XPL) and just are different in elongations, in which chalcedony shows negative elongation, while
quartzine presents positive elongation. Thus, A compensator was used during taking Fig. H. Here, chalcedony that has

negative elongation represents yellow birefringence (layers 1 to 6 and 9 on Fig. H), while quartzine with positive
elongation shows blue birefringence (layers 7 and 8).
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Fig. 4. A: XRD analysis presents quartz o and calcite in the Seh Qaleh agates, B and C: The results of the Raman
spectroscopy that indicate moganite (with 501 cm™ cm) and quartzine (464 cm™) in the agates of the study samples. The
moganite abundance in fibrous agates (B) are more than white agate nodule (C).



olatdl b ae

O Sen 5 SbyS JLo, 334

2 2 Sl 5l ladlssl b diw Jlssl &) s b
il (GOtze et al., 2015) w5 5505 55,158 Olezsla
La0 3 31 oS 5l O g 6l 3 gudms Juslis ol (g kL
sglas sl (P> 5 Ti*" Ge* Fe* (Ca* AP Ls ;)
il g3 LT s den SIT bt Sgy o b
LT ol 4 doas e Ol anlbacn aibte Lo lST
5 S e o sNa Ca Al ole 5l o5 Sas o
o S5 Sl padse mldims o oL FE 5 Mg
ol 0Ll o LT glaeSn Sajlen 1, LSBT
OT G m 4 5 2T laie (GOtze et al., 2015) (1 Jsu)
S s g 4k Sl i e SO 555 e o sk

g T oles o Sy alis W el oy
S LT plolaS Sk ole 5 oleS ol sl
S adsl a5 Ly puS prslie 4 o (T Olje K
Gladlow s LT b osb) jzin Sl b Wlods
S0 . a.\_.':a(al;é\ Gl LT 0T cmsa LT a.\.:.a:L}:g_.iJ
DLy L Bl s 1) (e sladiyy canlien ailate e ET
Glaas sl (polad 53 ShaseS 5 das e Ol OlaS olis
Sl Sy S8 s lals s OLSS o) 2 3,90
2T Ol SLaanT Ko 5 LOBT LlaS Sl ule
I s Vv g ol ol aS das o Consay |y 4o
GlaaS s g ottt SLaassT Ol s Kiw 31 g, S
1 gad H3 el Cniias el EEIBEEY= g% é.?\fT
53 anbiaw adbie GLalST ooy, uS 4 S oo sl 5
et Al 2 S sk e 815 DL e S
! 5 3 ok oslizl polie (ol BT 28 tli
Olion SR 53 55 30 Lo SIS 4o pazms i Lol 500
Rollinson, ) (o & 5 50 55 ¢S 5 Jod 5D ConlgT
G NS olie HUT ¢l sl s 4z 81 (2014

ja S a el W ICP-MS

1. Ptoczki Gorne

4S 5150l anliaw aibts GLBT s g,;\f,ﬁc_j,:wjj
oaliiie Olis 5 (6 1Sl 85, a4 (6,08 SsdnlS
Lo GendS s (6 iy Sl s ke (1,15 (L5 oo
o os SBT Glas g 55 0 55 o8 s H0S ik S35
Sl a5 alie mls ] (C 5 B-4 S wys
(Dumanska-Stowik et al., 2018) ol,LCes 5 ¢SS slu
RIS g o SO S NG K o B JUPR GG
Sl Lol s cil ge 5 4 5 sl 0dal sy
S g 5 JSIT I 28 5 (6 s Sladaes 3 T S5
I F SRR .(Heaney and Post, 1992) - _..|
ok sl slams s 4 LOBT 55 ol e i
3 Al il e S il gl Lol 5 Los s ol
L.(Gotze, 2011) wsl 58 55 5 o it 4 56 sladul b
LY 5l sy ool s oddplail JIUT 53 Sl 4 42 5
e 53 Sl 10U bl 8§ o 45 503 &S5 Caliea
slos iyl sladsl b s i e Yol i
el 039y glars Loyl 5

aibte cLASET 53 el Lol an b S8 51 K05 (S
3PSy Sn 2553 45 s ColS gla ) b canlinn
-4 ) c B oLl 550 XRD GIUT 53 opimen
0 5 (CO2 %) by S (5l Il o7 s o i (A
s L s 5T glaeKen 4525 3l oddsl3T ol
o oy T YRP IO RIS P RGN g K S
pd o odaline IS5 ol s aS Ok (A4 o)
OB 03 GaddST L IS e S slad LS gla sk
S5 by Jol o S o le3 S 5 1 a5 65 0
.(Dumatiska-Stowik et al., 2018) .l SET

Ol o SBESiw § BOET ownbig

o.\_.iaJ'JJ\_,SJS-\:Si c.)’i“:"'\" .\.:3\_,3@ g\.:«sjdl‘é\fp\;;



335 e iz e o bt canlian Sl lST Lol o sSss Sl 5 o

(1399 JLo) 3 o less 12 ul>

PSLaS Sy ot g 0dli a5 gn e el 5,15 UTANYI
s 0T esdhe 358 0 J& 5 o UO2SIO(OH)s"
SLSET 55 o Gl 50 s ol o 4 oS S
Ca U sl ole 1 5 Cble of an 4 anlian adbaie
e 28 Yzl IS LS 5 cns e 05 SET 55 (N2
5 i p 3 smn aibte SLiassT glacn SLu Bs s
il glecs OLS 5 K5 5SI02 Jist 5 Jor S o
Cl asle )5 LS 555 .(GOtze et al., 2012) .l
i 1y olie J& 5 Jom 45" CIONO; 5 HCI .CIO
65 o 5 oSes «(Schmincke, 2004) 15"
5 Jem 1o dias &) anlan dilaie LSBT S (ol 5
et ol A THIS Sl LS gl o) 55U 5 Si s
Al Glad 5 50 s g lom | el iias slatyl 3
S rady S st (5SS 5 0k o 550 <SS
Jsdows 510155 oo (2 2 L p sl sl e 03 A2 s
b et SLS 5 0 VL ol adlate s sy blia
Gotze et ) (ULl ! ,~20 Mg G 5,155 1, 0/5 m?/g)
25y Y LoET 55 0T chle 45,500 @l., 2015
Ce K Ba ,obs jl Fus g aibn clLasl8Tas 5o
350 gLET sl Sas g 5580 ok YD 5 Ti Sr
o6 ;S o Ul aliae 45 ol OT Cheas ST 51wy
ol 03 ot ol dom 1 sl i gas 53 el
.(B-5)
e eyl s 8 4 S o iy Sla s g 3
s(La 5Cs L) oS S ol juolis jl adbote SlaizsT
oSN b ol 51y Sas g (K ) 0y 555 Jb 2
Sas e i s 3D Y0 Olis Sds b obe 5 (Y L)
o S5 ST laleSle Las L o5 dins o OLES

oo g)lia o (WilsOn, 2007) ol 231555 bl s

1. Neutron Activation Analysis (NAA)
2. Atomic absorption spectroscopy (AAS)
3. Monomeric silicic acid

31555 Siledl s o 3 BT Jsene sla s,
Foml @3LoSET d bl Gl o i 5 -
Gl LOET (ol il oy Js toml Y0 S
slaasises 3 YD 5 Gd Pr,slas ceusiel ole &5
S asl o (5L )T d 3l 28Ul ey 350
o) 53 (A-D S8) Wiledd 03500 e alas b 1o gas o
A L ol (ST LS sbie pslie JSs
Al a5 Ll adbate 53 3 9 4 @MT‘_;LQ&M
MU 63 5 g5y Soo S S (sla all b (115 45 5mi )
Gl Couls b 0T bls 4 Y|l oyl e
ClaS Sls ole s ol jo anlian agbie SLiaisT
La 311 (ol T (e o €50 0y )T 4 Sl 0l iy
wwa LREE 1 Sus gyl s aas s olslu L
Ol ol O S oy 5 (A-D JSs)
U e «(B-5 JS) adyl as £ ary S 0l ylonigs
303 anlia aibate o 3 LA ST pa 0, JLogT o mitis
o s—as ) LasLET s od i odalin U oV e bile
oL 5 ol ;I s aalbaw aibin (G0 3 Lo T
LT Cdlil 5 oo ¢S 08 J s ool Lokl 3 s o
CLOET U Clile il ol ol o) dmes  diles 3
ot LT 0L s gLt T glacKw 51 i ¢ oy 2 3590

(B-5 JS8) (1 dyus) el
bj@WTéu&M@b;:GL):U &S,
S s Z 5 w5 (Zielinski, 1979) S
ol bl s Sedalie [, U 5 Sipl 5 5 0lejen sl
Syl p g I Gled OLS 5 J& 5 Jom oS 55
Olgeas ST ULt Ol gea) b r oo 0T Slale o jLisi]
Porter and ) 5 5 ;55 (SI(OH)4® 1o 550 ke Al

G52 Ssoa U faie & diles S blazal (Weber, 1971



oladl it as

OhSes 5 G Lo,

336

331y g 35500 Obse slaeKw LE L LSe35 byl e

(Wilson, 2007) us” s dub 21,55 ladig

Sae&aw ol S Sl SlaassT e oyl 55 Ph

el loy 8 4 gy Ly 2T 5 o bl pulie 43 S
o=l Nb s Sus g s (Rollinson, 2014)

ey ol ol T SlaassT b oK 5l dges [l 9 aalBaw dilae GlaBT | wiges g olowiss) 4o s ] Jguar

loads 3,15 PPM ez (88 yolie o (WLT) (559 oy
Table 1. The geochemical analysis of five samples of Seh Qaleh agates and four samples of their host rocks. The major
elements are reported in terms of weight percent (wt.%) and the trace elements in ppm.

sample — paqg7  FA2 EAg13 FA117  FA211  FALI3  FA214  FA215  FA-2-17
number 12
Rock Trach_y Alkali Andesite  Andesite Black White Green Yellow Red agate
types  Andesitt  Basalt agate agate agate agate
sio, 5031 5701 5895  57.78 9868 989 9578  98.33 98.73
TiO, 082 105 0.98 0.95 0.01 0.01 0.01 0.32 0.01
ALO; 173 1688  16.66 16.7 0.01 0.07 0.34 0.07 0.01
Fe,0; 547 591 6.04 6.18 0.01 0.01 107 0.01 0.11
MnO 011 012 0.12 0.12 0.08 0.01 0.01 0.01 0.01
MgO 258 45 36 417 0.01 0.01 0.24 0.01 0.01
cao 5.18 6.8 6.02 6.33 0.08 0.06 0.4 0.06 0.01
NaO 458 434 418 3.85 0.1 0.11 0.14 0.11 0.15
K>0 194 119 143 2.03 0.01 0.01 0.49 0.01 0.01
P,0s 032 028 0.28 0.26 0.01 0.01 0.01 0.01 0.01
Total 9762 9809 9827 9838 9901 9921 98.5 98.95 99.07
Ba 367 196 236 285 163 52 50 7 4
Pb 21 19 15 17 0.75 0.75 2 0.75 0.75
Rb 61 92 108 130 169 0.75 22 0.75 0.75
Sr 4437 2961 2614 3103 001 0.01 0.01 0.01 0.01
zr 183 155 161 158 3.75 3.75 3.75 3.75 3.75
cr 34 120 78 77 2 8 3 8 5
Y 199 184 205 18.4 3.4 3.4 3.8 3.4 3.4
Cs 49.9 5 5.7 5.8 111 0.37 0.7 0.37 0.37
Ta 128 098 0.88 0.77 1.04 0.51 055 059 0.69
Nb 131 101 10.1 9.3 16.6 14 14 15 14
HE 563 442 4.45 479 2.61 0.37 0.37 0.37 0.37
sn 3.1 19 2 2.4 32 0.6 05 0.4 05
Th 1832 655 7.82 9.11 18.8 0.44 051 0.45 0.42
u 49 16 2 25 63 0.1 124 2.8 38.3
v 92 99 101 101 17 17 30 16 18
LREE
La 32 19 22 22 0.75 0.75 0.75 0.75 0.75
Ce 70 43 52 50 0.75 0.75 0.75 0.75 0.75
Pr 775 482 5.7 5.63 7.47 0.03 0.03 0.03 0.03
Nd 301 212 245 23.2 29 15 17 15 14
MREE
Sm 5.81 42 483 459 5.45 0.28 0.34 0.27 0.25
Eu 116 113 121 114 1.26 0.07 0.07 0.07 0.07
Gd 522 406 462 4.36 4.83 0.03 0.03 0.03 0.03
Tb 069 061 0.67 0.62 0.71 0.1 0.11 0.1 0.07
Dy 479 422 457 439 4.69 0.65 0.72 0.65 0.64
HREE
Er 261 228 2561 237 2.61 0.22 0.27 0.23 0.23
Tm 038  0.33 0.38 0.34 0.39 0.07 0.07 0.07 0.07
Yb 2 18 21 18 0.03 0.03 0.03 0.03 0.03
Lu 038 032 0.38 0.33 0.38 0.07 0.07 0.07 0.07
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Fig. 5. A: Chondrite normalized (Boynton, 1984) rare earth element distribution patterns of Seh Qaleh agates and their
volcanic host rocks, which present parallel trends, and B: Studied agates have very much U in compare with their
volcanic host rocks on primitive mantle normalized diagram (Sun and McDonough, 1989).
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Introduction

The Seh Qaleh agates, located at 120 km NW
Birjand, are parts of Central Iranian (Lut block)
(Aghanabati, 2004) with geographic coordinates
of 58° 00’ to 58° 30’ longitudes and 33° 00’ to 34°
00" latitudes. The host rocks of the agates are
Eocene-Oligocene tuff, andesite and basalt. Silica
mineralization in the area has occurred inside the
volcanic units in the form of filling cavity and
fractures. Here, the agates have very attractive
textures such as concentric, flow and dogtooth
textures that are accompanied with jasper,
amethyst, opal, calcite and gypsum.

Although Seh Qaleh agates are attractive and
delightful, with high economical values, there is
no scientific research about them. Therefore, their
petrography, geochemistry and Raman
spectroscopic characteristics are reported in the
present paper for the first time.

Materials and methods

More than 400 samples of agates have been
collected for this research study and five of these
samples were in yellow, white, green, red and
black colors. Moreover, four of these rocks were
selected for major and trace elements analysis by
XRF and ICP-MS. The samples were powdered in
Tehran University by a tungsten carbide mill and
analyzed in the Zarazma Company (Mashhad).
XRD analyses and Raman spectroscopic studies
on the agate of the Seh Qaleh area were done in
Damghan and  Shahrood  University of
Technology, respectively.

Petrography and Raman spectroscopy

The combination of different analytical techniques
such as polarizing microscope, XRD and Raman
spectroscopy provided information about the
distribution of silica phases in the Seh Qaleh
agates. Polarizing microscopy was used here to
distinguish between the chalcedony and quartzine
fibrous varieties. Moganite has similar optical
properties with chalcedony, whose presence in
agate is difficult to reveal. Thus, Raman studies
were used to investigate these structural
disparities. Raman spectroscopic studies showed
that moganite and chalcedony can be
distinguished based on their different spectral
characteristics (Fig. 4, B, C). The use of a focused
laser beam (diameter 1 um) enabled us to analyze
the variations in phase composition in the um-
range.

The measurement of Seh Qaleh agates by Raman
spectroscopy provided an overview of the
guantitative distribution of moganite in the
studied samples, in which the fibrous
chalcedonies contain  more moganite in
comparison with nodule chalcedonies (Fig. 4, B,
C). The presence and spatial distribution of
different silica phases in the Seh Qaleh agates is a
result of the primary crystallization processes
such as temperature and chemistry conditions
(Gotze, 2011). Moreover, the presence of
moganite and calcite in the Seh Qaleh, confirmed
by petrography and XRD studies suggest that the
agates had formed in an arid, alkaline
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environment.

Geochemistry of the agates

Major and trace elements can be incorporated into
the agates by substitution of Si by Al, Fe, Na, and
Ca and as inclusions or fluid inclusions. The
substitution of these elements are limited due to
the small number of ions that have similar ionic
radii and valence and can substitute for Si** in the
crystal structure. The Seh Qaleh agates have 95.78
to 98.9 wt.% SiO, with minor amounts of Al,Os;
(0.01-0.34 wt.%), FeOs (0.01-1.07 wt.%), Na.O
(0.11-0.15 wt.%), and CaO (0.01-0.4 wt.%),
supplied from alteration of the volcanic host
rocks.

The high concentrations of U in some of the
agates of the study area (especially ~ 38 ppm in
the red one) are surprising and propose the
operation of specific processes for maobilization,
transport and deposition. These processes caused
concentrations of U in quartz and chalcedony that
can exceed the concentration of U in the Seh -
Qaleh volcanic rocks (Table 1).

Zielinski (1979) observed a parallel accumulation
of Si and U and investigated the mobility of U
during the alteration of volcanic rocks. Based on
the theory that the transport of chemical
compounds is mainly realized by diffusion
processes in aqueous fluids (e.g. Si as monomeric
silicic acid Si(OH).), Porter and Weber (1971)
inferred for the uranyl ion a complex with
monomeric silica UO.SiO(OH)*. In addition, the
presence of calcite, as associated mineral with
silica polymorphs and the concentration of Na, K
and Ca elements in agates, indicate that volatile

chloride compounds might play a role in the
alteration of volcanic rocks as well as the
mobilization and transport of SiO, and other
chemical compounds (Gotze et al. 2012).
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