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Abstract

During the '60s and '80s, three valuable Elamite collections of Atjan, Kalmakarch, and Jobji were
accidentally discovered in the west and southwest region of Iran. The quantity and value of their
metal objects indicate the glory of the Elam era in Iran. This paper examines the data obtained
from the geochemical study of silver alloys from the mentioned collections. In this paper, 23 silver
samples from the collections have been analyzed by portable XRIFF method to test the alloy and to
answer the two major research questions. Investigation of the data revealed that the presence of the
Platinum group elements (PGE) Platinum-Group Elements can be classified as a geochemical
model of these objects. Also, the presence of the element iridium could be determined as their
chemical fingerprint. Based on these findings, it can be said that the primary ore of the objects of
these three collections was supplied from a single geographical area.

Keywords: Metal objects based on silver, geochemical, Kalmakareh, Jobji, Arjan, Elamite period

Introduction

The Elamite period has been considered as a political and cultural unit after the period of the
Assyrian attacks. Evidence of this claim is the discoveries related to this period in Jobji, Arjan, and
Kalmakareh. Jobji and Arjan objects have been discovered by the Cultural Heritage Organization
but Kalmakareh objects were found and confiscated by smugglers [1].

This has put the authenticity of the objects in this collection under a shadow of professional
speculations to this day. The proposed approach for examining these three sets is the authentication
method based on the assessment of alloys, metalworking technology, and fabrication and
microstructures. This paper achieves one of the aims of this approach in presenting the data
obtained from the geochemical study of the composition of silver objects of the Elamite period
derived from the information obtained from the objects of these three regions. Based on this
approach, this paper examines the alloy and answers two basic questions related to this area:First of
all, will the combination of alloy and of these three regions make it possible to present a
geochemical model of Elamite silver from these regions?Secondly, can finding a geochemical model
of silver objects discovered from the Elamite period help to classify the data and identify the
chemical fingerprints of these objects?
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Material and method

Case study

The Elamite tomb of Arjan was discovered 250 km Southeast of Shush. According to reports, there
are only two silver objects, a silver straw, and a vase, in the Arjan collection. Kalmakareh Cave is
located 13 km Northwest of Poldakhtar city of Lorestan [27] Findings of pottery and other cultural
materials on the surface of cave halls confirm the existence of the New Elamite period in the 6th
century BC [29-30]. Nazaratizadeh has studied all the objects of the Kalmakareh treasure located in
the Fala-Ol-Aflak castle, and a number of objects of this treasure in the National Museum.
According to her studies, the objects of this treasure can be classified into the categories of bowls,
animal rhytons, trays, vases, and jewelry [34]. Elamite, Achaemenid, and Parthian pottery have been
observed on the surface of the Jobii site discovered in 2007. Of the hundreds of objects discovered
in this valuable treasure, 29 were silver objects (Fig 3). From these three collections, a total of 23
objects were provided for analysis by this project, which is presented in Table 1 of the information
of these objects.

Method

Analytical approaches with the aim of quantifying chemical elements are the first and probably
most practical applications of XRF analysis in the study of metal artifacts [30] [37] [40]. Because the
objects were mostly intact and it was impossible to sample the objects, it was decided to use the
portable XREF method for analysis. Since portable XRF provides spot-based elemental analysis, and
the chemical composition of ancient and historical artifacts is heterogeneous, this type of analysis
must be taken from several spots and then obtain an average from the results. In this study, the
analysis was performed at three points of each sample and the presented results are the final
average. Samples were tested in this method in a completely non-destructive manner without
carbon or gold coating. The conditions for performing XRF fluorescence spectroscopy test are
manual X-ray of Niton XL3tGOLDD + 950 model from Thermo Scientific Company and the
results are semi-quantitative-semi-qualitative.

Results

Out of 23 analyzed objects, 13 objects belong to the Jobji collection, 9 objects belong to
Kalmakareh and 1 object belongs to the Arjan collection. The analysis results of each group of
samples are presented in Tables 2, 3, and 4.

Discussion

Of the 13 objects analyzed from Jobiji all, except for one sample with a value of 88.72%, contain
from 93.04% to 97.3% silver. The amount of gold in these samples ranges from 0.334% to
1.75%. It seems that the gold in the samples has originated from ore. And we also suspect that the
three samples with the gold make up of 1.16%, 1.45%, and 1.75% suggest the possibility of added
gold to the alloy, or that silver has been extracted from cerussite [19-54-59].
In these samples, the amount of copper varies from 0.35% to 8.71%. It could be possible that the
addition of copper was intentional and was used to make an alloy. Lead (Pb) is visible in all samples
with a frequency of 0.036% to 1.59%. Iridium (It) was observed in 12 samples with a frequency of
0.09% to 0.793%. Palladium (Pd) was also present in 9 of the studied samples from 0.011% to
0.023%.

From the analysis of 9 objects of Kalmakareh, except for one sample, there is silver from 93.18% to
97.66%. The amount of gold in these samples is from 0.373% to 0.573%. The amount of copper
varies from 1.37% to 9.66%. Lead (Pb) is visible in all samples with a frequency of 0.197% to
0.281%. Among the 9 samples studied, all 9 samples contained iridium (Ir) with a frequency of
0.011% to 0.183%. Palladium (Pd) was also present in 2 of the studied samples from 0.014% to
0.024%.

In the analysis of the Arjan vase, there is 96.64% silver and 0.378% gold. The amount of copper in
this object is 1.51% and it suggests that it was not as much copper used for the production of alloy
and is actually one of the impurities of the original metal. In this object, some elements of the
platinum group such as Pd with 0.03%, Rh with 0.011%, and Ir with 0.34% are visible. In this
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work, the traces of platinum group elements can be seen in its geochemical model.

This amount of lead, in the studied samples, is the remains of the molding process. Indium and
cadmium usually come from lead ore deposits and can be a clue to the connection of objects in this
collection with other objects in this period.

Conclusion

Examining the results of object analysis of these three regions leads us to examine and focus on the
amount of platinum group elements in these collections. Metals of platinum group elements include
6 metallic elements (Pt), (Pd), (Ru), (Rh), (Ir), and (Os) and they are all intermediate metals.
Considering the above data will be helpful in reaching the answers to the two questions raised in
this article. In response to the first question: Based on the obtained data, it seems that the presence
of Platinum group trace elements as a geochemical model can be expectable for silver objects of the
Neo-Elamite period in these three collections of Iran.In fact, the presence of the rare elements in
all three categories of objects studied confirms the fact, that the origin and geographical area of the
ore of the three groups of objects can be the same.

In answer to the second question, it can be said that since the element iridium is a rare element that
is not normally dispersed in all mineral samples and is present in all 23 objects analyzed from all
collections, the presence of this element in silver samples from The Elamite period in these three
collections can be introduced as the chemical fingerprint of these objects.
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Table 1: analyzed samples from all three collections

XRF Collection name sample
#* Kalmakreh - Lorestan 36
#* Kalmakareh - Lorestan 39
#* Kalmakareh - Lorestan 50
i Kalmakareh - National Museum C
i Kalmakareh - National Museum D
i Kalmakareh - National Museum &
i Kalmakareh - National Museum M
i Kalmakareh - National Museum N
i Kalmakareh - National Museum O
# Jobji 2960
# Jobji 2911
# Jobji 2918
# Jobji 2919
# Jobji 2920
# Jobji 2921
# Jobji 2922
# Jobji 2923
s Jobji 2924
# Jobji 2925
# Jobji 2926
% Jobijt 2936
% Jobijt 2899
® Atjan 2982

HUT SO lp SusS op oo bl cigis
=) O yiene &S aasuio jl (oolas by ol
55001 05 WUT salss o a5 glosle Connls oo
Sladigai dlasi 5 5l d)g0 €8 Hlade Dgrge diged
T S ket p]Y gl & e g d9290
Sp 09258 3T ey e sty N o 35
pLool 3JUT 4yl 5 8 b lacu gyl (ol ges

1o |

100 yliwoli g ylgs «Jgl o losis (e Jlw

o9y &=

—aUiges a5 4 sl il g 20 gy el
ol sSmn 30T Glanl (s bl Slgo 51 (sl
039 —el [YV] sl U1 at)yd dlojo o e
oazuie Sly (PBd LSS I (g Al
9 .[38] did o yiawd jd dlge (gadiwd g 43,5



ollae 59 jI 043 duly Jo (58 Luibl (alosings § Jo 3l 1 g g2 wu@b

wl—wS3l Niton  XL3tGOLDD+950

Ao Oygo 4 gull 9 cuwl Thermo Scientific

o 085 ) oS Aoy oS

Laigos U s £-Y

S AS B bwgy el liwl slos (glo,ds sl
§ 085 455 iy o Ay Jouis (pbS) S
2 Gl lads o g0 018 S§ ()18 B 5,k
by oo bl cod o Kiusls gl Al
4SS 355 Jobs el b dgus o igd YU &yl ys
Lol 00 uJ.> o szy 9 L>| Dg>g0 5).53 PL«
i byl g 2390 oy 2y o) lsya ool o
Sl 58 oyl oo (B o)l 5 o 1
9 U‘W] KCJW ‘(—iu.u})‘ 4‘55) I8 o cb).s.; c)’ﬁo
S 2Bl gt S5 pgd Al ol pg2 5l
S 515 () ) o I3 3 4 S en
[41] el o] 5l am (3939 ©ygo 1) Mo g 08
U Yoo ob 355 45 gl )l 55 b pallsl jriy
PRI PRSTIR UL P S IS AEUINIIWIRY B
U cod o 035k ialjdl (sl (B crSaee
Ol €8S (e S (63 o (g5 S Sle
ol Ban (ol 95,5 o0 o ]) 08 pled g
L»)).QJ ul.a_.wb ul_:y 593 )I O [y Dy Sldos
95 ol J g cudlii dgzg (6318 o sl (Sloslinl
P s ®dpe polaie & oy 0djl LD &S Gl
(NS LB (gim Al yo ploxil (gl g B e
4 e e0agdn U Gy Cdy o Cawd jl s
a lad as 0s s Job luebl B dgd 0 00l
Aalgs phy a1y e 16 s g oel > wlo s
SYL Cgd dai blia wuld ol bl csll
Dgyeo YL Ve s C b p3¥ &)l s (C45-C) 0,8
L 65)ld L 09 o0 00T (2 5 y5b 4 o poo
[42] ey S

[40] el Sliwl (638 5Ll & 555 (gl Jgome
oSl deil il yald ¢ J L oloxiy 3 i (gly
oS Col 2SS (5 38se 5l S (XRE)
oalawl u_i..m)_e .)‘9.4: S ypais J...l?u P ‘5]).3
3390 e 45 3 o Sy SO XRF © e
) Ol b Jlo i b5 e 8
BLS 35l an a S s, S ool ol (glp o
5 3555 5o )8 s pSeiul 31 55 5 dies So 58
slaca s [37] dig 03)9] ali.i%l.o)'] @ lg o
i35 5 o) 09— 2 Obgy ol Bies
& oo bolyen ol I (rowg b (lojon
29k & Kged (piz 65 0jl Heben 5 435
30y by o3l slil & bl el lojen
5 5392 ol 18T (g g ol 0 SLolS de gozro
)9.;» oalawl Lm)JLT Pl?o' LS')’ JJL\)J XRFU»Q)
0jg—0 O O;L.o-lf Ao o ;Lu.u‘ ul.uo PRIV Y
5 Sl slil MY SIS dald 5 liwly o)
5 ol ymasged LSl &S il dgng (Sluil 035
lim bl 25 o e |y o gy ples 4y 5JUT plox
A diges VY olaw ol )l TR oslatwl J.vb).’
= S ladisel (olond oS 5 alulid pslaie
4 Joby XRE a8 olssl 5las 36T 6,8 L
FlS g Gl Clegiae plard oS5
5ol Ul Eo- o=l cplpls s Sen s
ool 5l ieSlse s g 295 485 oro (22
SiLin a1t 43 Rl 5 4B oy i
4 o9y ol g Ladsges ol dlads aw ol U]
Lo g 0o Gidsy g 9 555 e HelS 50
oilesl plogl Ll 8 S8 lojl 50 Mo
Jde gwwd Sl g5y il yold  swwwcal XRF

1Eoo Gl g jlgs (Jgl ojloiis qpias Juw | 10K



am . .
o) CJM!Q gLl 6 g f swliduad g

P AS (SByy Sy (2 OOl Ll
zliiwl 9 Ced U e S 1 0l 0350w Ay
2 oy i SO cdlw adgl odlo lgis 4y 318
P U odd o cogo unl 0l o (b ylisl lyed
o=l 4 o ylide o5 polie (ol pate IS
Ol 300 55U Lol 09yl 36 35 Jguao
P OlSingh A eSS (podine o S5 4
2B B dne S jlodd (b yune 839y (olidjl
o0 4SS Cul e opl S 0 S&S Su b
L SLedbl Slgiee Sliwly sloyi sbidl (g pais
3y9— 038 Ay (gl 45T (Same S 3590
LS 518 ¢ ine St g ciih S 1,5 o0lit
45 S 9 ne S gzl cap Sl
[48] aads Lo & el i b sLsl opl A (slp
3= Pt Fe &b Au As Pb Bi sl s,0lis
i Sy lye 4 b aBL g 4 Wl e
J49,50] Wg 48,5 5 3 4yl pine S SIS
3 ol 4]y ol szl e w28 90 55 1525
Ul as 31 [51,52,53,14] aiS s Lol s
sl S 5 53 polie ol jl (oS jlade o739, o0
L Lagl oy e lol aigd olwlid (Sl gl
By dwg sl odlitl 3)90 (pdne St e S
Ab y S assls b 8 eolatwl 5yse 5 (g3l8
~olej 53 oS polie 5o sila Sb g pt yuolic
gl 5l plgiiee 5 6098 SiSi B 508 gl
rne S gt ol (gl Sl 5 e

[54,55,56] 5,8 oalizl
e g s a5l 2o M b yolic oy
dd g 4 5 (NS B Jsbo )3 0,8 4 s ]
b g ol s J8 S Au S s 5 5]
e (o g sed Bl GaredheS b g Al 3
gl sl ¢l <t B lgie 4 ol ) Glgie &
5 oy 551 [14,57,58] 3,5 ooliil (yine Siw
010le Ly At aie aial o 4zl Causg
ABl 318 > (Sig oy VB g ¢ fY Cwl e
S 58 asio 0,85 55 Mb e [19,54,59]

166 | 1Eoo Yliwl g les «Jgl & loss pias Jlu

NS B 12,06 &) Ao yo 5 Sl g fgast]
JS=5 5,6 ol ol Ngd e s g oapus]
5 5 S ot i ol S 485
L8 Gl 8 s 5 (Sl 4 e 031
JSie Ggomunn (g5luolis i oo oaST (6,135
oot 3 ol S o s W6 i 5
a1y Ggomn lei oo [43] Wl (Bb conds aslu
oo S (2llid > (S yolis I (S i
polie sobo & oy [4414] 0 S S5 o Lol
b ol 658 lgome a8 (1) 4358 0o 0S|
A dlan 005 lauBl by a5 o Lb jd e o el
ol (ySemn Aty 01 (5,138 B 1> as b aSn)
o=l il eslawl bl Gy doyd pas ol
il Lo ) 0y 0] Candas ¢l S5
2 0y dguaS IS jeb 4 .l 09y iRl Lo
Odre S [RVeS 08 (g9l Suse dlgo b dwulds
ol Jiiss 4o 2o o (535 JB dasgi 5 ooy
[45,46] 28 sl 0lhg> 53 o) (Jool @it
Sl 008 w08 A5 )3 by 5l eolit]
bl s 4y o 30 51 VL ogls L gl
3 52 U oS palis (ool Ygano 0,5 (0 22
S5 S e g o 9 ©p e b
Sl S5 5 (59 epg—glt oSt ¢lg—aut]
Slogize 5 @y e Mo IS 5l 4, [47,45]
G rais Gy (Gis Mo Ko ) e
odpy (bl 4 1 )3 o g e (e el 03
Lo dBageg promen g Cuwl iVl b oS
cdos W amd o LS 559 do s oV 5 5YL
o) CheS polie (pl [45,47] Cusl 0uds Cuwyd
15 55N slmog, S St (slaial, (Lo el

Dy daled olesdss Oldlas
Olxe L ;8 50 0,35 pdles 3l Jlascil yog, )
o=l el aily by g i ls ciglay (595l
Sl e S > (6550 b il g )
Ol Wb oo S 5 ST L g aile e
Lo 40 U a8 S8 Lo dy aiilgs o polis



PUoe 89 1 0,8 8aly g0 618 bl losivgs § U0 83151 g wu@b

~ 9290 dlb g 59y AIBL i Cun Sl
Ll Joxe 2390 53 1) (s leMbl 155
yolie opl a8 as Siie b ks e oy 5UT
Joole e 4 ailgn 4 i Ul wiilon
Wlg o Jg 2l bl (candind (glp (slduasuio
L sl s S S 3590 2l 13 (6565 oend
B ogadd p5 L 29 (gaudated S0 <Ll
alio duolio 3y90 Ll b e b (oMb jlade o

[6,48] sl e sl

ol 4y HLS a0, Ay (gl &S Conl Same
Odme S S 5l 0,5 4y Cod Moyl s
@Lroie S ) Gl ool 1 S Sl &
bl G lies bLs 5l Lol alie 48 el
- s 534S e 2L Ties ddigan |y o it
-l e 4 Wil e Stuly ol ) oS
a cdlS g pal igd o3l 0,85 50 e sl
e 4 [6,48] diwd 04Ty 058 )3 ()5%eal y5b
5 e 0y SN Aag g 0y ol pe Sy
Oz LS ymaie anjos | ol @l i

3920y cue p 0 Sl sladiged olend oS 5 @S Y Jod>

Table 2: Chemical composition of Kalmakareh samples in W%

Au Ag Pd Rh Ru Ir Cd Ni Fe Zn In | Sn Cu TI Pb

Sample

39
0.41 89.24 - - - 0.14 - 0 0.11 0.01 - 0 9.66 0 0.26

36

0.16
0.39 93.18 - - - 0.10 - 0.05 | 0.06 | 0.09 - - 5.72 0.21
6

50
0.53 96.11 - - - 0.18 - - - - - - 2.70 - 0.43
C 0.42 96.01 0.06 0 0 0.05 0 0 0.95 0 0 0 3.33 0 0.06
D 0.37 97.43 0.16 0 0 0.09 0 0 0.25 0 0 0 1.45 | 021 | 0.16
F 0.48 96.94 0.19 0 0 0.16 0 0 0.08 0 0 0 212 0 0.19
M 0.44 97.66 0.21 0 0 0.12 0 0 0.18 0 0 0 1.37 0 0.21
N 0.45 96.98 0.24 0 0 0.09 0 0 0.21 0 0 0 2.02 0 0.24
(@] 0.45 93.18 0.28 0 0 0.11 0 0 0.21 0 572 | 022 | 0.28
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Table 2: Chemical composition of jobji samples in W%

Au Ag Pd Rh Ru Ir Cd Ni Fe Zn In Sn Cu TI Pb
Sample
2926 1.16 96.57 0 0 0 0.44 0 0 0.19 | 0.038 0 0 0.788 | 0.257 0.562
2918 0.698 95.09 0 0 0 0.093 0 0 0.112 | 0.093 0 0 3.34 0.507 0.036
2936 0.334 97.87 | 0.029 | 0.018 | 0.003 | 0.253 | 0.036 0 0.058 | 0.031 | 0.032 0 0.371 | 0.426 0.206
2919 0.899 96.29 | 0.029 | 0.011 | 0.003 | 0.567 | 0.025 0 0.196 | 0.096 0 0 0.951 0.49 0.387
2924 0.565 94.05 | 0.025 | 0.015 0 0.086 0 0 0.353 | 0.231 | 0.026 0 3.89 0.679 0.045
2920 0.788 97.3 0.032 | 0.013 | 0.004 | 0.372 | 0.027 0 0.059 | 0.077 | 0.026 0 0.35 0.615 0.328
2925 0.491 88.72 | 0.047 | 0.023 | 0.023 0.09 | 0.037 0 0.518 | 0.156 | 0.044 | 0.657 | 8.71 0.423 0.043
2923 1.75 96.39 0 0 0 0.305 0 0 0.115 | 0.048 0 0 0.627 | 0.491 0.23
2922 0.919 96.05 0.028 | 0.011 | 0.003 | 0.672 | 0.028 0 0.076 | 0.069 | 0.024 0 0.451 0.84 0.572
2921 0.918 97.07 0 0 0 0.209 0 0 0.015 0 0 0 1.33 0 0.138
2899 0.138 98.33 | 0.045 | 0.014 | 0.004 0 0.031 0 0.159 | 0.027 | 0.034 | 0.511 7.21 0.371 0.071
2911 1.45 93.04 0.019 0 0 0.793 0.02 0 0.185 | 0.074 0 0 1.93 0.875 1.59
2960 0.552 97.06 0 0 0 0.089 0 0 0.517 0 0 0 1.5 0/193 0.08
39 Moy sy ol )l diged oliend oS 5 @l F i
Table 2: Chemical composition of Argan sample in W%
Au Ag Pd Rh Ru Ir Cd | Ni Fe Za | In Sn Cu TI Pb
Sample
2982
0.378 96.64 | 0.03 0.011 0 0.34 0 0 0.09 0 0 0.527 1.51 0.302 0
10V 100 yliwoli g ylgs «Jgl o losis (e Jlw
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Fig. 4: Frequency distribution diagram of trace elements in Jobji samples
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Fig. 5: Frequency distribution diagram of trace elements in Kahmakareh samples
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