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Abstract

Over 50 works on paper from Egypt, Irag, Iran and Central Asia dated from the 13th to 19th centuries were examined
and analyzed at the Straus Center for Conservation and Technical Studies. Forty-six of these were detached folios,
some of which had been removed from the same dispersed manuscript. Paintings and illuminations from five intact
manuscripts were also examined and analyzed, although not all of the individual works were included. The study was
undertaken to better understand the materials and techniques used to create paintings and illuminations from the
Islamic World, with particular attention paid to the diversity of greens, blues and yellows present. The research aimed
to determine the full range of colorants, the extent of pigment mixing and the various preparatory drawing materials.

The issue of binding materials was also addressed, albeit in a preliminary way.
Keywords: Islamic manuscript, Islamic painting, XRF, Raman, FTIR, Imaging, Hyperspectral imaging

Introduction

An ongoing interdisciplinary study at the Harvard Art
Museums is investigating the materials and techniques
used to embellish folios' from Islamic manuscripts and
albums created from the 13th through the 19th centuries.
Despite a number of studies from the 1970s onwards,
technical study of Islamic manuscripts is limited com-
pared to those of European manufacture. Synthesis of
results is complicated by references to data from old and/
or unpublished reports, which often require re-exami-
nation and reassessment. The current project is hence
aimed at clarifying our understanding of the materials
and techniques used in Islamic art works and relating
these to the period and/or place of manufacture. As part
of this, data from a number of unpublished student pro-
jects were incorporated where possible.

The artworks in this study are listed chronologically in
table form (see Table 1) and are referred to by their chart
number in this essay. The works draw from the collec-
tions of the Harvard Art Museums and from the Villa I
Tatti, The Harvard Center for Italian Renaissance Stud-
ies in Florence, Italy. Many of the works included in the

project have been assigned to a particular town or region
and/or are well dated. Examination of folios from a single
manuscript, including those now detached and dispersed
as well as those still bound as a volume, enabled investi-
gation of the variations between related works. Although
the manuscripts and folios studied in the overall project
span the Middle East, in this paper we focus on works
from Egypt, Iraq, Iran and Central Asia. The chrono-
logical range spans the development of early “industrial”
pigments in Europe and hence allows assessment of the
extent to which these replaced or augmented traditional
pigments in the 18th and 19th century. Works from Otto-
man Turkey and Mughal India will be considered sepa-
rately in further publications.

Methodology

The initial phase of the study consisted of thorough visual
examination, including raking and transmitted light exami-
nation, and photography with visible, ultraviolet (UV) and
infrared (IR) radiation, followed by photography of areas of
interest at high magnification, ranging from 8 to 40 times,
through a Nikon camera attached to a stereo microscope
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! The authors are using the term folio to correspond to the cataloguing of
the collections. The term does not adhere to the strictest understanding of
folio as a paper folded in half, which is one folio, two leaves and four pages.

© The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40494-018-0217-y&domain=pdf

Page 2 of 40

Knipe et al. Herit Sci (2018) 6:55

nysiyeq ugl
AQ uemeAey-e

yeuewl ay3
wioly 01|10}
UOI[IULISA uell
SWOS YIM obipul pes| ‘ebelew ‘SQOE |
e/u e/u p|oD umouyun quawidiQ e/u e/u B/U  PalUOIIWISA 070961 S
iplysp-|p
SSDMDUY SY}
uol umouyun wioly oljo}
-|IWISA SUIOS ‘obipul pajessni|i
‘umouyun ‘uswidio ‘Kloywiny
9)ding —udaib 1axjieQg Jesjauly
UOI|IWIDA Juswidio obipul beur ‘Aim
SJurumoiq "UOI|IULIDA ‘Juswidio -uad yig | Aleg
(Joujw) yul pay ul Aydeibijjed e/U —UMoIg-pay  —uaa1b 121ybI e/u e/u e/u UOI|IULLIDA 01°05'200T ¥
iplysp-|p
SSDMDYY Y3
wiolj 01|10}
UOI|IULISA pajessni|l
SUIOS Y1Mm ‘uonsay ued
umouyun Y1 Yum
91ding uepisAyd
UOI|IULISA uaa1b Jaddod paJ pUB IOLIBA
Ul uMolq obipul uaa.b saddod yum Siueblio ‘peg) beu ‘pzz1
Jul pay ul Aydeibijjed p|oD e/u quawidio SUYM pea  aulewelljniauLewelln JeDjealeled  pal UOI|ILLIDA €61°0961 €
(opis wueld) iplysp-|p
UOI|IULISA SSDMDYY Y3
‘lebjeasesed (op1s wued) wolj 0110}
P31 dluebio —umoiqybn lebjeaseleyd paiesnyjl
:pal-a|ding (opis wueld) (opis ‘syuerd
UOI|IULIDA Jebjeaseled jueld pue juswidio WINJSeqUap
Ul umoiq ‘)eway obipul plig) JUSW  pUB UOI|IWISA bei |
YUl pay ul Aydeibijjed e/u ‘pal-umoig quawidiQ e/u supewesn|n  -1cdio ‘uoliuISA ‘UOI[IULIA 8/'5961 14
Iolyso-|p
SSDMDYY SY3
Jebjeasesed wo1 0110}
‘leb|eas ;pai pajeisni|l
-umolq yieqg ‘syued
UOI|[IULLISA pai diuebio apIs adeds souyonns
Ul uMolIq ‘Suewelyn obipul -pue| UO aulewel} N Jebjeal paJ dluebio beu ‘pzz1
YUl pay ul Aydeibijjed e/u ‘pal-umoig uawidiQ e/u ‘apIs yued uo obipu| ‘lebjealeled "UOI|IULIDA 1'S6'L/61 |
qbumespiapun »Pyl10 s|el? umoig usalIn SUYM on|g MOJ|9A yuid/pay s193[qO JaquinN
paipnis sadLdsnuew diwe|s| 3y ul payipuapi buimelpispun pue syuawbid L a|qel



Page 3 of 40

Knipe et al. Herit Sci (2018) 6:55

2Bl
uogued ‘YM
pe3| :Keib
SUYM pes|
‘auiewen|n
‘pai dluebio ISMepJY
‘aunewen|n Aq eweuyeys
‘pal dlueblo piueypyi 1ea16
‘obipul Jpal diuebio 941 Wolj 01|04
‘suewen|n Juswidio ‘pe3| pal pajessni|l
‘P31 DluebIo "UOI|IWIDA DUYM pea| ‘dseyysnb
‘pea| pal ‘aul '911eWaH “UOI|IULIDA Ul 1ay1el siy
-ewesy|n ‘pai pe3| pai dluebiQ sayoeoidal
oiuebio 3ding paJ 'UOI|IULIDA SUYM pes| ‘pes| pay  eAipueysi aoulld
1uawidio ‘uol EINETIEN ‘'usalb 1ad uel
-[IULISA ‘pe3) 19A[IS UOI|IULLIBA -do> ‘obipul SUYM pea| YUM paxiw '711ge1 'SOEE |
Ul 3oe|g pal :2bueI) p|oD ‘ewaH  pueluawidiQ UYM pea7  SDWIISWOS ‘dullewesl|n 113811 BJ|IA 8
Ismepiy Aq
PUIRUYRYS PIU
-eupyji 1eai6 (9)
SO0 pa1edisny||
uel|
‘zuger'sogel
0610961
S1lewsy ‘pes| uswidio ‘8878561
paJ {UOI|IULISA UYM pe3| '€61°/S61
‘pes| pai JoAIS ‘pes| pai Huid ‘T1z9sel
‘Juawidio ‘uol p|ob UOI|IULISA obipul pai dluebio /916561
-luIdA :9BURIO  YdU-IaA|IS ‘pjoD ‘uewsH  pueluawidio AUYM pea] aulewen|n ‘UOI|IUIDA ‘0EL6L6L /
nysiuyeq uq!
32e|q Lo1Inze AQ uemeAey-e
uogJed :Aei "UOI|IWISA yeuew ay1
P31 dluebio ‘lebjeasesed wol 0110}
‘a11uNnze ‘uol| :umoiq 1ybi pajensn
-liwsan :2ding %oe|q UOGED ‘uod|eq
UOI|IULISA ‘paidluebio uel|
‘lebjeaseled yum Ajgeqoid obipul SUOISN|DUI S1Ydejew ‘ebelew ‘spOs|
e/u  :Mmoj|2Kk/abuel p|oD Jebjealeleq quawidio e/u YUM SWOS ‘311Nnzy UOI|IULLIDA S0T'0961 9
qBumespiapun Y10 s|eldW umoug udain aUYM an|g yuid/pay spalqo Jaquiny

(ponunuod) | sjqey



Page 4 of 40

Knipe et al. Herit Sci (2018) 6:55

1ezef-|e Aq
eAisepuey-|e
[eAiu-je ey,
ew y qey
3Y) Wouy o104
pajessni|l
1I21em Bul
UYM -sieJ Joy dwng
pea| ‘auliewelyn :aniq (uol UYM pe3| 1dAba
Juswidio ‘uol 32e|q uoq obipul YOI ‘o1INZe ‘DUl -[IWUSA SUIOS) "UOI|IULIDA BjUld ‘0J1BD 'Y€ |
B/U  -[lWIaA :2bueI) B/U  -JBD 'UOI|IUISA quawidio e/u -euwel}|n ‘aulewen uawidio UOI|IULLIDA 9/'5961 Ll
(0S13A)
leyse-je by,
ebep y Jeiye
-|e siu,nw
3y} woly
ol|oj pareasn|||
uell
‘ueyeystLyEL
SHYM pes) 981°0961
‘uswidio (01231)
"UOI|IULIDA Ul Jeyse-je by,
pes| pal ebep y seiye
obipul YHm paxiw -|e siu,nw
‘uawidio ‘uol obipul 91YM pea| ‘a1unze SOUWIIRUWIOS 31 woly
“[luIaA 21ding UOI|[IULIDA ‘quawidiQ :an|g b1 ‘Pnzy ‘DUYM pe3) ol|0j pa1easn|||
uol| ‘eway obipul suuewesn|n "UOI|| 1WA 3jUld uell
-[IWUISA ‘JUB W :UMOIG-PaY ‘uswidio SUYM pea] SUYM pea| swidio paJ dueblo ‘ueyest ‘1€ |
-1dJo :abuelQ p|oD a1ewsH  ‘udalb uaddod SUYM PeIT  YUM S2WINSUIOS ‘D1INZY uawidip ‘UOI[IULIA 19810961 0l
ISMepiy
AQ eWERUYRYS
3y} wouy 0104
paieisnyjl
‘wni jo
2Inseal) 3y}
ueAlysnu
SI9HO SeIYIN
uol UO|IULLIDA UO|[1ULIA beus ‘pep
-|IWIRA ‘pe3) IENIS ‘uswidio usa16 ‘DUYM pes| Nuld  -ybeq 'spegl D
pal :2buel ploo :uMmolg Jaddod aley SUYM pe] aupewen ‘obipuyl wswidio 1'06'096 1 6
qbumespiapun »Pyl10 s|el umoig uaaIn aUYM an|g MOJ|9A yuid/pay s123[qO JaquinN

(ponunuod) | ajqel



Page 5 of 40

Knipe et al. Herit Sci (2018) 6:55

SHYM pes)
‘sullewelyn
‘pai d1ueblQ
obiput
‘pai djueblQ
UYm Jusw pe3) IpzeA 1.,
pes)| ‘obipul -1d10 ‘pes| pay paJ ‘DUYM ulp-|e jeseys
‘sullewen UOI|[IULISA pes| ‘pai AQ euwleulejez
‘pai d1ueblQ 911PWaH oluebio yuld 9yl WOl 0110}
pes| pal ‘aull pe3| paJ olueblo pa1ensn||l
-ewely|n ‘pal paJ 'UOI|IULISA SUYMm pea| ‘pea| pay 's15onb
ojueblo 3jding ‘1ewaH ‘usaub Jad pes) SSAIRI3L INWI |
Ul pe3| UOI|IULLISA -do> ‘obipul SUYM Pe3| Yim paxiw paJ 'UOI|IUISA  UBIl ‘ZeIIYS ‘9t |
2€|q 4o 3buerIQ pai :abueiQ p|oD ‘ewsH  pueuawidio SUYM pea  S9WIISWOS ‘Suliewelln uswidiQ UOI|IULIDA 11831 B||IA vl
*oe(q
uogJed pue
SUYM pea| :Aai0)
UYm
pes)| ‘obipul
‘pes| pay
UYMm usW paujwexs
pea| ‘auliew -1d1o ‘pea) sbupured /
-eJ3jn ‘pal paJ ‘211ewaH ‘suolreuiwini|i
oueblo :9jding uswi  aduosnuepy
uol|iu -1dio ‘pe3) pes| Jnybuns
-1/ ‘pes| pay paJ 'UOI|IULISA paJ ‘B1yMm -Aeq adund
usW ‘1ewaH UYm pea| pe3| ‘pai 1o} ABojoyiuy
-1d1o ‘pea| pay JEN[IS pes|  ‘spuojyd Jaddod o1uebio ulg uelsiueybye
pe3| pjob  pal uol|iwIaA ‘obipul SUYM Pe3| Yum paxiw pe3| 1esay Ll
YUl pay pai:9buel)  YdU-IA[IS (pjoD) ‘ewsy  pueiuswidip SUYM PeS]  SSWIASWOS ‘Suliewelln swidiQ  pal ‘UoIIUISA 11181 1 BJIA €l
1iezel-|e Aq
eAisepuey-|e
[eA1u-je ey,
ew Yy qely
3y} wouy o104
pajesisn
Iaseaqdnd
S w4
(uol UOJ|IWIDA 1dABs
obipul -|IWUSA BUIOS)  ‘D)YM pes| juld ‘0J1BD 'YGE |
yul abuelip p|oD e/u quawidio e/u obipu| uawidio UOI|IULLIDA 8€1'6161 zl
qbumespiapun »Pyl10 sjel? umoig uaaIn SUYM on|g MOJ|9A yuid/pay s193[qO JaquinN

(panunuod) | ajqel



Page 6 of 40

Knipe et al. Herit Sci (2018) 6:55

*Pe|q
uoged ‘Dym
pea| :Keio
aupewesn
‘pal dlueblo
‘UYm pes
‘paidiueblo
‘aullewenn supew
"UoI|IULISA juswidio -eJ|n ‘S1uapue
:91ding 10/pue a1ym aupiewesn apsed
(ysnuq AVEI] pes| yum  pue ayyoeew Uo|[1ULIA e Uo }nessy
AIp K1aA) Ul yoe|g -1dio ‘pe3) paXxIW saw ‘2)wedely ‘pal d1ueblo uels
|eL1eW P31 {UOI|ILULIDA JaAJIS -9WOS ‘pes)| Sluledely ‘9UYM pe3| Nuld  -lueybye 1elsH
snosdeuoqied  ‘pes| pal ‘pea| pjob  pal uol|iwIaA obipul pe3| 0051-5/%1 D
3oe|q AIQ pai:abuelQ  YdU-I3A[IS (pjoD) ‘1ewaH quawidiQ SUYM pea]  21YMm pes| ‘suliewelin swidiQ  pal 'UoI|IULIRA 6610961 Al
ISMepiy
AQ eweuyeYsS
3y} wouy o104
paielisny| 1a1q
obipul S|y 19A0 Bul
‘quauwidio -doam Jayrow
U316 IaY10 s Jepueys|
peg| usa1b Uell 'Ot L D
pal :2buel ploo Q1ewsH  Jaddod:usain UYM pea supewenn wswidio UOI[IWLISA 679€61 91
1pzeA e,
uIp-|e jeieys
AQ eweulejez
32e|q 3y} wouy o104
uoqJed ‘pes) pajessni|l
ey 1 se paJ ‘luswidio yjap Jo
1dudsnuew awes UYm pea| ‘obipul ‘pes) 1sanbuod
Ul abueio-umoig "UOI|IULIDA paJ ‘luswidio paJ ojueblo Sy sa1e1ga
leusyew  quawidio ‘ol "UOI|IULIDA usaib Jad HUICTIIIVWIETN EERBLIITE
snoaoeuoqied -|IWIRA ‘pe3) IEWIIS ‘pe3| pai -do> ‘obipul UOI[IWIRA  UBII 'ZRIIYS ‘OEh|
soe|q A1g pai :abuein [o][el5) '9UYM pes ‘quswidiQ SUYM pea]  SUYm pes| ‘sulewelin swidio ‘pea| pay 8610961 Sl
qbuimespiapun »PYyl10 s|el umoig uaalIn aUYM an|g MOJ|9A juid/pay s13fqo JaquinN

(penunuod) | 3jqeL



Page 7 of 40

Knipe et al. Herit Sci (2018) 6:55

ISMepiy
AQ eweuyeYs
3y} Wouy 0104

pa1esn||l
pai dluebio 'YapIys uos
‘sullewen siy bunnsuod
UYM obipul ‘Ausw qeAlseny
pe3| :91ding JEN[IS -1dJo ‘@3ym uell ‘ueib
pes| plob peaj 'apuojyd 6 L-E6Y 1
pai:9buelQ  YdU-IA[IS (pjoD e/u Jaddo) SUYM pea] suewes|n uswidiQ UOI|IULISA e TAWAS) [
ISMepiy
AQ eweuyeYs
pai d1ueblQ 91 wouy oljoy
UOI|IULIDA pea| pajelisn
‘Duuewen|n pail ‘a1ym ‘Meisnyy| Aey
‘pal d1ueblIQ pea) ‘pal uospuelb
auu o1uebIo Huld SIY SUMOID
-ewely|n ‘pal peg| SUYM ped| pes| pal ‘pal snaey Aey|
ojueblo :3jding SEIRVICIIVIEYY 'uaalb sad obIpul ‘sullewelyn ojueblo ‘pes| uel
peg| ‘91ewsHy  -dod‘obipul SUYM PeI| YIM paxiul P31 ‘UOI|IULISA ‘ZeJys ‘so8y |
Ul yoe|g pai :abueln p|oD aulewsH  pueluswidiQ SUYM pea]  SaWSWOS ‘duliewelin uawidio "UOI[IULIA 11381 1 BJ|IA (014
uesny uqi
pewuweynw
Aqg eweu
-Ueleneyy
3y} wouy 0104
pajessn||l
pal UOI|IULIDA ‘JeAKes Jiu
o1ueblo Ul ‘eway obipul 01J9113| S lje,
-eweiyn :ading ‘umoiq yieq ‘Juswidio SISNI|Dp J1equeD
UOI|IULLIDA Luliewenn  ‘uaaub Jaddod uell
‘Juswidio ‘Juswidio ‘DUYM pe3) ‘ZRIYS '/ /pL D
:2buelQ p|oD ‘9)1eWaH ‘suneweln SUYM pe] Qupewesn|n uawidio UOI|IULIDA €79561 6l
uiesny uqi
pewuweynw
Aqg eweu
-Ueleneyy
3y} wouy o104
pajessni|l
'Znijejep
pai obipul pue sebbea
Jjuebio ‘aull quawidio P BS JO aNdsay
-ewesn 91ding ‘u2aib Jaddod ueJ|
pes ‘SUYM pes ‘ZRAYS LLYL D
pai :abuein p|oD a1ewsH ‘suliewelyn UYM pea] suuewen|n uawidio UOI|IULIDA S961°/S 8l
qBumespiapun »PYyl10 s|el? umoig usaIn SUYM an|g MOJ|9A yuid/pay s193[qO JaquinN

(panunuod) | ajqel



Page 8 of 40

Knipe et al. Herit Sci (2018) 6:55

zyey
JO UeAIp sy}
wol (z) soljo4
Suewesn|n uell
pes| pal YHm paxiw SUYM PeS| YUM paxiw ‘ZugR1'0ESL D
Joe|q uogued pe3| SOUWIIRUIOS S9WIAWIOS ‘Duliewen|n UOI|IULIDA 7 pue
‘aewsy-Aig pal :abuel ploo e/u ‘uaalb Jaddod SUYM ped] obipu| wswidio ‘pes| pay 1'0S/ 7861 ST
obiput
uawidiQ
21D[ed
‘1ydejew
‘sullewenn ISMepIY
supew ‘21D(ed AQ eweuyeys
-eqn auym ‘S1wedele 3Y1 wouy 0104
pe3| ‘pai ‘1ydejew pajessni|l
ojueblo 3jding ‘210ed CRLIIe[VIE
UYm pea| ‘1ydejew ysnaeAls
uswidio ‘)uwedele SUYM pe3| pue geAISel)Y
‘2Uym pes) ‘1ydejew ‘uol|IuIdA Uol|1uLIdA uel| ‘zuuqgey
‘S)1eWay ‘Uol JEW[IS ‘[)unze quawidio  ‘auym pes| yuld ‘0¥S1-0TS1
-|lwuA 2buRIQ p|oD S11BWSH  ‘913JIUB (UDID SUYM pea] supewes|n quswidiQ UOI|IULIDA £1°05'700¢ T
*Pe(q
uog.ed ‘Dym
pes| :Aa19 ISmepiy Aq
UYm pea| eweuyeysS ay}
‘duewelyn 1uawidio 9UYM ped| ‘d1nze Jo1duosnuew
‘pes| pal ‘pai YUM paXIW obipul ‘supewelyn ;sbupured 21ym parensny||
oiueblo :9jding JENIS SOWIRUIOS “uswidio S1YM pes| ‘sull pes) ‘pai uell ‘zellys
pe3| p|ob ‘pe3| pai ‘2uym pea|’ -ewely|n ayby| ‘surew o1uehIo Huld 'S0E-02S 1
3ulYe|g pai:9buel)  YdU-ISA[IS (pjoD ‘911eWwsH  apuojyd joaddod S1YM pea  -eljjn jlep suoneulwn||| wawidip UOI|IWLIDA 11e1 1 eJIA 4
Al120d yns
4o 1duosnuew
e Wouj 01|04
pajessni|l
pail ‘suep ayl
djuebio ‘auil UYm JO 3|1eg
-ewenn :3ding aseyd obipul ‘qusw pea| ‘,pal uell ‘zellys
pea| JENIIS pes|quaw  -1dio ‘apuoyd SUYM Pe3| Ylm paxiw J1uebIo Huld ‘AINJUDD Y3G |
pai :abuein pjoo  -dio ‘a1newsH Jaddo) SUYM pea7]  SaWIBWOS ‘duliewelin uawidio UOI[IULLIDA 1875961 @
qbumespiapun »PYyl10 s|el? umoig usaIn SUYM on|g MOJ|9A yuid/pay s193[qO JaquinN

(panunuod) | ajqel



Page 9 of 40

Knipe et al. Herit Sci (2018) 6:55

obipul yney Aqg eweu
uawidiQ -Inuwiil ayx
p|ob you UYM aylewaH  Joadudsnuepy
d11eWway -I3N|1S ‘plob |y pea| ‘apLojyd SUUM pe3) uelspagzn
‘quaulidio J9A|IS 1010} 3UO VEIN] J1addod aybi pes) ‘aulewen ayon pal ‘@11ewaH  ‘eleying ‘1§51
:2buelO ul1:soljoyom|  -1dIo ‘s13ewaH  apuojyd Jaddod SUYM ped] Qulewen eg wswidio UOI[IWLISA orl/S61 6C
1p.es
Aq (pieydio)
ueisng ayx
40 1duosnuey
elpul
(1oddod ‘(pa1utedal
MOJ) Ud1b U} sbunured)
-pesj umouyun 0791 D pue
apuojyd Jad MOJ|[9A un uelsiyagzn
-dod>-g| | 01|04 pes| a|qissod (sbunuted)
plob obipul ‘mojjak uelpu orS1L 2 (1xa)
pe9| Y2U-I9A|IS ‘P10 usu uswidio — 6110104 CESL-LESL
pal :2buelQ J9AIIS  -idio ‘suews  spuojyd Jaddod SUYM ped] aulewlen|n wawidip 9)11eWaH 0C6/61 8¢
3oe|q Jebjeaseled
uogied ‘aym "UOI|IWLLIDA paJ dluebio wnqgje
pes| :Aa19 21ym pea| 'DUYM pe3| HUld  UB WOl Ol|o)
UOI|IULIDA ‘quauwidio (duewelyn Syewsy  uswdwedus
uswidio ‘lebjeaseled WS Y1M) quawidio JlpewoN
‘UYM JEN[IS DUYM pes) uaalb uad QWIOS UY3IM ‘UOI|IWLIDA uell
pes| ‘pes) plob ‘pes| pai -do> ‘obipul Jebjealeled 21ym ‘ZUgeY'SOPS L D
Suroe|g pal :2bueIQ  UYDU-I9A|IS [pjoD) uauwidiQ uauwidiQ SUYM ped] aulewe|n quawidiQ  pes) ‘a1ewaH G/'8561 Yad
obipul
quawidio 21D juswidio
-|e> ‘dyee) ‘pe3| pal ‘uol
S2UNIXIW SNO -|IWLUSA [D)YM
DUYM  -LIeA Ul 91lNZe pes) ‘pes| pal wngje ue
pe3| ‘ay1eway ‘2)1ydejew SUYM pe3| ‘quswidio  woly oljoy ‘A
‘Juauwidio ‘9)wedele uswidio ‘UOI|IWIDA e Ul aWwnypbIN
IENIIS D2UYM pes) EUENTL] ‘UOI|IWIDA ‘DUYM pe3) uell
peg| p|ob ‘pe3| pal '9)1inZe awos uswidio ‘pe3| pal NUld  ‘ZIgRY “SO¥SL D
UL YRIg pas:abuel)  YDU-ISAJIS (pjoD) quawidiQ Yum SusjIuY SUYM pea] supewen|n quawidiQ UOI|IWLIDA 9/'8561 (oY4
qButmespiapun 1BY10 s|eld\ umoig uaain AUYM an|g MOJ|SA yuid/pay spafqo Jaquiny

(penunuod) | 3jqeL



Page 10 of 40

Knipe et al. Herit Sci (2018) 6:55

ISMepJY
AQ eweuyeys
941 WOlj 01|04

paiesnyjl
‘Syuepuae
yum uoljined
uapleb e ul
pal pauoIyIud
ojueblIo ‘Ul ysnaeAls
-ewenn :3ding pea| obipul SUYM pea| uell ‘ueyeyst
pes| paJ ‘aeway Juswidio ‘pe3| pal Nuld ‘0591-0091
UL YRRIg pai :2buelQ o][el5) ‘uoliuIs  ‘usalb saddod QuLewEeL|N wswidio UOI|IWLIDA 97°05'2007 c¢
paJ dluebio
"UOI|IWLIDA
‘Juswidio (saydueiq)
‘duewelyn UOI|IWLIDA 1ISMEepIY
DUYM pes| Yoe|q UoQqUed AQ eweuyeys
‘pal dlueblo 'pes| pal 9yl Woy (7)
‘Suewelyn Yoe|q 2Uoq SO1|04 pa1essn|||
DUYM ‘quswidio $10]0D J9Y10 uell ‘zellys
peaj :a(dind '1ym pes| Ym paxiw paid1uebio '0651-5/51
21IYM pes| JaAIS ‘a11ewsH obipul obipu| SOWIIBWOS G¢
MUIOe|G MUl PRy ‘Pes| paiiysald pIoS SileWwsH uawidio sullewlenn uawidio pes|pay  pue £'05¢00C [43
(1228])
winjuei ‘pjob
‘duewelyn 1SMepIY
‘(123€)) 2N|9 AQ eweuyeyYs
uelssnid 93 Wouy oljoy
UYM pea| paiesnijl
‘SLBIpIDA ‘eqepni
UOI|IUIDA U316 yieg pue [ez jo
[eLID1BW SNO3D ‘wnsdAb SUYM oberuew ay|
-BUOQIRD ¥De|] UYM pea| ‘sbipIaA UOI|IWIDA ZRIIYS ‘7961
Aip puejui pay pea| :3|dind pIoS IN ‘usa16 34617 sullewen|n wswidio pes| pay 8C'05C00¢ L€
wnqgje
ue wouj 01|04
9UYM pea| paieisnyjl
32e|q ‘uoljiwian - ‘abed Buiuuni
uogied ‘aym ‘pe3| pai pue uewasIoH
pea| :Aeio UOI| 1WA 2UYym pes) uel| ‘pey
pes| JENIS *2€|q uog SHYM SWIOS Y3IM ‘Pe9paiduld  -ysew ‘09sL D
3Ul pay pai :2bueln p|loD  -IeD‘311PWSH  Pe3d| ‘alwedely sulewe|n wswidio UoI|IUIA 79'8561 0€
qbumespiapun 1RY10 HISEIN umoug VEET ) an|g MO||9A Nuid/pay spafqo Jequiny

(panunuod) | ajqey



Page 11 of 40

Knipe et al. Herit Sci (2018) 6:55

uew
-Ke|ns yeys 1oy
(Aluo spew ‘(bun()
(Aluo uoleuwn obpajmouy
(Ajuo 1X3)) U2alb (Aluo UOI|IWIDA Jownip
1x31) Jebjeas -an|qg Jaddod uoneuwn||l (1x21 73 UoneU -uadwod e
-esed-iebjeay (Kjuo 1xa1) (a1 uawidio  -wny|) pes| pay  jo duosnuew
(1xa179 uon (1x21) JAA|IS usaib Jaddod (xa17g uoneUIWIN||1) 31NZY (X1 (a1 pareasn||uel
-eulwini|) pes) (a1 uon (uoneuiw uopeujwn||l (1xa1 9 uon uoneujwini|y uopeuiwn|l '0491-6991 D
pai:ebueig  -eulwnjyl pjoo IN - -NJJ) euydeRN SHym pes -eullN||l) dULEWELIN  MOJ]9A Uelpul paidiuebio 97861 9¢
MO||9A uelpul
‘'usa1b J2ddod
‘]oued pappy
VEET[9)
12ddod :0SI9A
UOI[IULIDA
*oe(q 'pes) pal
uogied ‘aUym ‘'usa1b J2ddod (]oued 1ybu
pea| :Aeio ‘Quewen|n pappe Yum)
peg| ‘'usa1b J2ddod sobes
paJ ‘a1unze ‘2Uym pes| Jo A|quuasse ay |
‘pai d1uebIo Yam paxiw UYMm elpul
‘|]oued pappy SOUWIIRUIOS pea| ‘pai '/791-5091
pes| paJ ‘aull ‘'usa1b J2ddod o1uebio uld pue
-eulesy|n ‘pal ‘U316 pes) SULIEWRIIN (0SIDA a11eWway ‘pes| uelspagzn
oiueblo :9jding —up-laddod 91NZe ‘duewelyn  MOJ[RAUBIPUl  PaI UOI|IWLLIDA ‘eleyng
pe3| pe3| ‘obipul ‘2UYyMm pes| yam paxiw ‘|]oued pappy  ‘pes| pai‘pe3) ‘AIN1USD Y19 |
Ul YRIg pai :2bueiQ ploD  pai‘d1erwsH ‘quswidiQ SUYM pea  SSWSWOS ‘dulewelin wawidiQ  pal lUoKIUIBA ‘11€1 1 BJIA o
*PEq
uoged ‘Dym
pea| :Keio
SUYm pea|
YUM paxiw
SOUIBWOS 1yseA AQ utys
‘pai diuebio pue peyiej Jo
‘duewelyn Juswidio 1diosnuew
:91ding ‘pes| pal ‘a1 obipul SYM pe3| parensn|||
JusW J9AIIS -BwiaY ‘pea) ‘Juswidio ‘pea| pal ‘pal uell
-1di0 ‘pes) pjob  pal uol|iwIaA ‘2Uym pes) SUYM Pe3| Yum paxiw JIuebIO Nuld  ‘UBYRYSI ‘0091 D
Suloe|g pal:2buel)  UYDU-I9A|IS [pjoD ‘D1ewsy  ‘usaib uaddod SUYM Ped]  SOUIISWIOS ‘Duliewell|n wswidio pes| pay ey 1 e||IA €
qbumespiapun »Pyl10 s|el umoig uaaIn aUYM an|g MOJ|9A yuid/pay s123[qO JaquinN

(panunuod) | ajqel



Page 12 of 40

Knipe et al. Herit Sci (2018) 6:55

wngje
ue woyj 01|10y
‘ploms pue
adidisrem
Yim lieyd
e Ul pa1eas
Eilb]) yinoA sefep
918)|Ns uasaid paJ dlueblo uell ‘A1njuad
pe3| 31wy wnpeq aseyd ouiz ‘1YNSs winl Yig| 91| 01 PIN
[eODIRYD pai :abueiQ un :Aa19 ‘pes|pay  usaib plelowl 'YM pea e/u quawidiQ  -Ieq ‘pes| pay [¥191°0961 w
wnaje ue
WIol4 01|10} ‘S1d
-MOJJ PUB SINN|
paJ dueblo uell
‘pIuN ‘2ym eway obipul '21ey|NS wn| ‘AINUD Y6 |
auydein pe3| :3|dingd [o]el5) ‘quawidiQ quawidio SUYM pea aulewen|n wawidio  -ieq'pes| pay /076561 ¥
wngje
ue woyj
31eJ|Ns winlleq oljoj ‘ukesny
'usa1b plerswg pue uesey
|eLa1eW 31eJ|Ns winlleq YUM (B Lew|
SnoadeUOgIeD pea| ‘obipul paldiueblQ  UBII'S681-1681
¥2e|q A pai :abueiQ p|oD e/u  ‘U224b plelaw3 SUYM pea] Qupewesn|n e/u pea| pay ¥E€T8561 ov
wngje
ue woJj ol|o§
'SD1I9]D Pa1eas
3AY JO 1IeI1IOd
SUYM ped| obipul duliewWeIN pue obipu| uell ‘6681
auydesn “plun :3|ding pIoS IN  pueiuswidio S1IYM pesT  Sym pes| ‘'an|q ueissnid pun pes| pay £1'8561 6€
Lnqje
ue woJj ol|o§
‘yexooy pue
1aMa pue dnd
eIPSW SNO3D SUIM ULIM UINOA
-euogJed yoe(q pe3| MOJ|2K uelpul suewes|n UeIl'sQS/L D
AIp 4o sadei| pal :2buel ploo 1IN pue obipu| SUYM pe] (UYyMm pes|) auunzy MOJ|2K uelpu| pai1d1uebiQ /10961 8¢
Juswidio Wnqe
pai djuebio pue obipul ue wolj 01|04
‘Uym pea| :usa1b 1yb1 I9MOY) Yum
e|paW SNO3D ‘'obipul :91ding MOJ|2A uelpul SUYM pe3| UueWOM BUNOA
-euog.ed yoe(q pe3| pue obipul ‘pas d1uebIO UeIl'spS/ L D
AIp Jo sadei| pal :abuel ploo e/u :uaa.byieg UYM pea suewenn MOJ|2A uelpU| paJ d1uebl 9/°0961 /€
qbumespiapun »Pyl10 s|elv umoig uaaIn aUYM an|g MOJ|9A yuid/pay s123[qO JaquinN

(panunuod) | ajqey



Page 13 of 40

syuranpip ‘sjed Ajensn
1S1| B Ul JI Pa1SI| JURIO|OD ISB| 9Y) 0] $19J9Y “JURIOJ0D 3|qISSOd
paynuapiun piun ‘Quasaid jou “a1) a|qedijdde Jou b/u ‘pa1sal Jou N

SWIN3SN|A MY pJeAeH 2y} 03 BUO|3 SYIOM JDY3O ||y "32USI0[4 Ul SIIPNIS DUBSSIRUDY UeI|e}| 10§ 133USD) AHSISAIUN pJeateH Y] ‘133e] | e|lIA 343 03 Buojaq syiom / :n3e] | ejjiA

Knipe et al. Herit Sci (2018) 6:55

psppe
sainjelulu
AINuad-Yip |
OM] Ylm zyey

JO UBAIp 3}
wioly 01|10}
pajessni|l
‘PaA0IRq By}
Jo Aineaq
s|ezeyn
u9aib soddod pai d1ueblp uel; ‘Ainy
pe3| obipul UoIlLISA  -Uad Yl6| 2187
piun :adind ploo  pal‘aewsH  pueiuawidio SUYM pea] supewen|n awidio pea| pay 0710578561 (%
ukesny
pue uesey
Yim 1, el
uedr ‘Aina
aeway Uo||1ULIdA -U3d Yip| 1€
auydein e/u sselg ‘pea| pay  U2a4b plelawl SUYM pea] aupewesn|n swidio ‘pea| pay /£1°8561 g
usalb pe
BETERSHIN
pes| ‘a1ew
-0IYd pe3)|
‘sulewelyn
2DA33|S U210 yinoA
uaaib pje e JO 1IPI1IO(
BEVIERIEEY(S) uedr ‘Aina
'91eWOIYD SUWIOIYD (WL -I9A Joujw a1ewoIyd -U2d Y L-pInN
auydein pe3| :abueiQ e/U e/u 9001) U33ID SUYM pea] ‘PIUN ‘S)YM peIT  ‘'91BWOIYD PRI PR3] UCIIUISA 6057002 9%
qbumespiapun »Pyl10 s|el umoig uaaIn aUYM an|g MOJ|9A yuid/pay s123[qo JaquinN

(panunuod) | ajqey



Knipe et al. Herit Sci (2018) 6:55

(Leica Wild M10). Areas of interest included, for example,
where pigments were overlapped, where gold was punched,
and losses where underdrawing was visible. The authors
focused on any area that provided clues to manufacture,
order of execution and materials used and this varied from
work to work. Non-destructive X-ray fluorescence (XRF)
and Raman spectroscopy were then undertaken in multiple
areas of each folio using the IR, visible and UV images as a
guide to the different pigment mixtures present. The selec-
tion of sites was customized to each art work to ensure all
colors and mixtures were analyzed non-destructively to
assess the full range of materials used. In rare instances,
selected areas were sampled where possible, following
discussion with the curator, if the material identification
remained ambiguous after non-destructive analysis. This
was particularly relevant where organic pigments or dyes
may have been used. Samples were analyzed by Raman
spectroscopy, Fourier transform infrared (FTIR) spectros-
copy and scanning electron microscopy with energy disper-
sive microanalysis (SEM—-EDX). In many art works sampling
was not possible and not all minor or organic phases were
identified. Hyperspectral imaging was undertaken on select
manuscripts to compare the results with those from the
spectroscopic and other imaging techniques.

The Video Spectral Comparator 8000 from Fos-
ter + Freeman (VSCB8000) provided an array of tech-
niques for imaging of works of art, including infrared (IR)
(from 645 to 925 nm at set intervals), ultraviolet (254,
312, and 365 nm), transmitted UV (365 nm), transmit-
ted and raking light. The use of the VSC allows for a rela-
tively fast examination of features such as underdrawing,
changes to composition and pigment fluorescence. Using
the VSC in concert with the stereo microscope and with
analytical work can provide, for instance, further confir-
mation of pigment ID, such as when a pigment appears
opaque with IR illumination. It is another tool used by the
authors to ensure a thorough examination and a particu-
larly useful feature is the ease with which visible, IR and
UV images can be captured and compared side by side.
Most paintings were only examined on the recto as many
are mounted and some could not safely be placed face-
down. Similarly, it was not possible to undertake exami-
nation with transmitted light on mounted art works.

The XRF system employed is a Bruker Artax XRF
spectrometer with a Silicon Drift Detector (SDD) and
a rhodium anode X-ray tube. The primary X-ray beam
is collimated to give a spot size of 0.65 mm. Spectra
were acquired for 100 s live time at 50 kV and 600 pA.
A helium flux was used to increase the detection effi-
ciency for light elements (atomic number of potassium
and lower). The lowest element detected in any of the
manuscripts analyzed was aluminum in the blue pigment
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ultramarine, which consists of the mineral lazurite
(3Na,0-3A1,04-6510,-2Na,S).

The Raman spectrometer utilized is a Bruker Optics
Senterra dispersive Raman microscope with an Olym-
pus BX51M microscope equipped with 20x and 50x%
long working distance objectives. The Raman spec-
trometer has three laser sources, 532 nm, 633 nm and
785 nm. The optimum laser source depends on the
pigment analyzed but in general, blue and green pig-
ments were predominantly analyzed with the 532 nm
laser at a setting of 2 mW or 5 mW power and other
colors analyzed with the 785 nm laser at a setting of
10mW power. In some instances, the 633 nm laser was
used at a setting of 2mW but did not normally result in
improved spectra and in general the other lasers were
preferred. The power settings chosen were used since
the lowest power settings 0.2 mW and 1 mW failed to
give recognizable spectra from any materials. It should
be noted, however, that these instrument settings may
not be the actual values on the sample, which cannot
be measured with the available equipment. Spectra
were compared with reference libraries, particularly
the RRUFF database, using the Opus software.

FTIR analysis was carried out using a Bruker Vertex
70 infrared bench coupled to a Bruker Hyperion 3000
infrared microscope. The sample was compressed on to a
diamond cell (2 x 2 mm) with a stainless steel roller and
the sample area defined by double shutters contained in
the microscope. An absorbance spectrum was measured
and subtracted against a blank background. The spec-
trum was compared with the Infrared and Raman Users
Group (IRUG) database of artist’s materials.

The SEM system used is a JEOL JSM-6460LV SEM
with an Oxford Instruments x-Max" (80 mm?) silicon
drift detector (SDD) operated by Oxford INCA soft-
ware. The samples were run under standard SEM con-
ditions of 20 kV, ca. 1 nA beam current and operated
in low-vacuum mode with a chamber pressure of 35 Pa.

Hyperspectral imaging was carried out using a
Resonon Pika II pushbroom camera system in which
the object was focused onto an imaging slit and dis-
persed by a grating onto a sensor. The image cube was
built up line by line as the camera was translated across
the object using an automated stage. The wavelength
range of this system is 400-900 nm with a spectral
resolution of 2 nm. The manuscript pages were illumi-
nated using tungsten-halogen lamps placed at 45° to the
object normal. A Lambertian reflector with uniform
response across the spectral range (Epson UltraSmooth
Fine Art paper) was used to record the reflectance
response of the light source and to convert the image
cube into diffuse reflectance via normalization.
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Results

The results of the analytical and technical study are dis-
cussed below and summarized in Table 1, which also
gives the full details for the works studied.

Likely pigment identifications were based on the
chemical composition from XRF analysis and were
then confirmed by Raman spectroscopy. The in situ
XRF analysis was considerably faster and position-
ing was easier than for the in situ Raman analysis and
hence many more points were analyzed by XRF than
by Raman. In general, if all points of a given color had
identical XRF spectra, only one or two points were ana-
lyzed by Raman spectroscopy. The presence of organic
colorants (such as red lake pigments, organic yellow
pigments or indigo) were inferred from a lack of ele-
ments characteristic of the inorganic pigments of the
corresponding color and from the Raman spectra for
indigo. Raman spectra from red, pink or purple areas
colored with an organic red showed a highly flores-
cence background with no identifiable peaks regardless
of operating conditions. The behavior in UV illumi-
nation also provided an indication of the presence of
organic red pigments and in particular for the organic
yellow pigment Indian yellow.

Historical sources

The materials used in Islamic paintings are discussed in
a variety of historical sources, including Islamic treatises
and travelers accounts. Recipes for the manufacture and
use of artists’ materials in Islamic treatises have been
extensively studied [1-9]. The Persian palette was divided
into six primary colors, white, yellow, red, green, blue,
black, and six metal-based pigments, gold, silver, brass,
copper, tin, mica [5-7]. Of these, the inorganic materi-
als can be separated into naturally occurring minerals—
orpiment (arsenic sulfide) for yellow, cinnabar (mercuric
sulfide), realgar (arsenic sulfide), and various ochres (iron
oxides) for red, and lapis lazuli (ultramarine) for blue—
and synthetic compounds—lead white (basic lead car-
bonate) for white, red lead (lead tetroxide) and vermilion/
cinnabar (mercuric sulfide) for red, and verdigris (copper
acetate) for green. Several organic materials were also
used as pigments and include those derived from plants
such as rhubarb and saffron for yellow, safflower and bra-
zil wood for red, and indigo for blue, and those produced
from insects such as kermes, cochineal and lac for red.
Many of the recipes mentioned mixing the pigments with
gums for preparation or use. One 16th century Iranian
paint box contained lead white, red lead, an organic red,
yellow orpiment, organic yellow pigments derived from
rhubarb and saffron, copper-based green, ultramarine,
indigo and red and brown earth pigments [5, 7].
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European visitors to Iran during the reign of the Qajar
dynasty (c.1785-1925) published accounts of the local
industries, but rarely focused on painting. The French
scientist, Olmer, described European watercolors being
mixed with gum tragacanth and used alongside tradi-
tional pigments such as buckthorn (yellow), cochineal
(red), indigo (blue), lamp black and powdered gold, as
well as a discussion of dyes used for textiles [10]. Textile
dying and dyestuffs were also described by a 20th century
German visitor, Wulft, who listed a wide range of dye-
stuffs derived from plants and insects [11].

Pigments collected in Persia in 1935 by Margaret
Forbes Schroeder and by Katherine and Myron Smith,
now part of the collection of the Straus Center for Con-
servation and Technical Studies at the Harvard Art
Museums, provide a further source of information. Anal-
ysis of these indicated yellow ochre, gamboge and orpi-
ment amongst the yellow pigments, various red to brown
ochres, red lead for use as an orange-red, lead white,
ultramarine for blue and emerald green as the only green.
Several samples contained some barium sulfate, presum-
ably added as a filler, and one sample of gum-arabic was
present. Barium sulfate was also found in a 19th century
paint box and 20th century paint palette [5, 7].

Paper

The paper supports used for these works were not a focus
of this study. However, a few general remarks can be
made and a handful of the papers have been studied in
the past. The materials employed in Islamic papers have
been described in detail by other authors [5, 12].

The papers seen in this study were generally tan in color
and burnished. Although many Islamic papers are dyed,
this study did not address the materials used for dying
papers, which are known from historic recipes [8]. The
papers appear to be somewhat thin and finely-made but,
as most are mounted and many are nearly fully painted
over, a complete examination was not possible. In past
studies at the Harvard Art Museums, fibers were taken
from one folio of the two 1575-1590 Shahnama paint-
ings (Table 1, #32), as well as from the 1562 Shahnama
painting (Table 1, #31). Both folios were made from well-
beaten bast fibers, as is typical for Persian papers from
this period. Both papers were light tan in color with a rel-
atively even fiber distribution and exhibited the charac-
teristic sheen indicative of burnishing. Some of the other
works included here were also sampled for an unpub-
lished study available in the Straus Center for Conserva-
tion and Technical Analysis (see Table 2). A paper used in
1540s Tabriz contained linen (Table 1, #27) and one from
a folio produced around 1560 in Mashad (Table 1, #30)
had hemp. As a comparison, in the 23 Persian and Egyp-
tian works in the Vever study, most papers were made
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Table 2 Summary of results from previous unpublished projects on Islamic manuscripts at the Straus Center for Conservation
and Technical Studies—note that a more limited range of colors or paper fibers was sampled in these projects

14th century
1957.193, Bahram Gur Hunts with Azada, Tabriz, 1330-1340, paper-linen, hemp [Alexiou 1989]

1960.186.1&2, Mu'nis al-ahrar fi daqa 'iq al-ash’ar, Isfahan, 1341—lead white, azurite, arsenic yellow (probably orpiment), copper green, dark green (probably orpi-
ment+indigo), vermilion, red lead, lead white and red lake, gold [Ali 1984]

1960.192, Shapur Discovers Mihrak’s Daughter at the Well, Shriaz, 1341, paper—cotton [Alexiou 1989]

1960.195, Rustam and the Iranian Army Besiege the Fortress of Kafur the Cannibal, Iran, 1341—Ilead white, azurite, arsenic yellow (probably orpiment), red lead, red
lake [Ali 1984]

15th century
1952.5, Prince Baysunghur (1399-1433) Slays a Wolf, Herat, c. 1425-1430, paper-linen, hemp [Alexiou 1989]
1939.225, Tahmina comes to Rustam’s chamber, Herat, c. 1434, paper-linen, hemp [Alexiou 1989]
1956.23, Qanbar Delivers "Ali’s Letter to Mir Sayyaf, Iran, c. 1477—Ilead white, arsenic yellow (probably orpiment) [White 1982]
1972.299, Two Seated Men, Herat, c. 1480-1490, paper-hemp [Alexiou 1989]
1960.199, Assault on a Castle, Herat, 1475-1500, paper-hemp [Alexiou 1989]
1965.481, Battle of the clans, Shiraz, 15th century—Ilead white, arsenic yellow (probably orpiment) [White 1982]
16th century

1958.79, Manuscript of the Guy u Chawgan, Herat, 1523—Ilead white, ultramarine, arsenic yellow (probably orpiment) [St Laurent Lockwood 1981]; paper-linen,
hemp [Alexiou 1989]

1964.149, lllustrated Manuscript of a Divan of Hafiz, Tabriz, c. 1530, paper-linen, hemp [Alexiou 1989]
1958.75, Nomadic Encampment, Tabriz, c. 1540, paper-linen [Alexiou 1989]

1958.60, Seated Princess with a spray of flowers, Tabriz, c. 1540—Ilead white, ultramarine, copper green?, arsenic yellow (probably orpiment), vermilion, red lake,
red lead, red lead + lead white, carbon black, gold [St Laurent Lockwood 1981, Khoury 1985]

1922.75, Layla and Majnun at School, Shiraz, c. 1560—Iead white, arsenic yellow (probably orpiment) [White 1982]
1958.62, Horseman and Running Page, Mashhad, c. 1560, paper-hemp [Alexiou 1989]
1965.482, Joseph Entertained by Zulaykha's Maids, Shiraz, c. 1580—lead white, arsenic yellow (probably orpiment) [White 1982]

1936.27, Young Man in a Blue Cloak, Qazvin, c. 1587—Ilead white, ultramarine, red lead, red lake, red lead 4 lead white carbon black, carbon black + ultrama-
rine + red lake, gold [Khoury 1985]

1936.28, Sufis by a Mountain Spring, Isfahan, c. 1590—lead white, arsenic yellow (probably orpiment) [White 1982]
1961.57, A Man and a Lion in a Rocky Landscape, Qazvin, 16th century, paper-linen, unidentified [Alexiou 1989]

1960.201, Woman in a Green Robe, Holding a Spray of Flowers, Iran, 16th century—lead white, ultramarine, copper green, arsenic yellow (probably orpiment) [St
Laurent Lockwood 1981]; paper-linen, hemp [Alexiou 1989]

1955.12, Isfayndirs Third Course: He Slays the Dragon, Iran, 16th century—lead white, ultramarine, arsenic yellow (probably orpiment) [St Laurent Lockwood 1981];
paper-linen, hemp [Alexiou 1989]

1958.69, Three Youths on a Garden Terrace, Bukhara, mid 16th century—Ilead white, ultramarine, arsenic green (probably orpiment +indigo), copper green, arse-
nic yellow (probably orpiment), silver [St Laurent Lockwood 1981, White 1982]; paper-linen, hemp [Alexiou 1989]

1958.74, Two Youths Under a Tree, Bukhara, mid 16th century—Ilead white, arsenic yellow (probably orpiment) [White 1982]
1919.135, Scene in a Palace, Iran, late 16th century—Iead white, arsenic yellow (probably orpiment) [White 1982]
1919.136, Battle Scene, Iran, late 16th century—Ilead white, arsenic yellow (probably orpiment) [White 1982]

17th century

1966.6, The Return from the Flight into Egypt, Isfahan, 1689—lead white, ultramarine, copper green (likely copper chloride), arsenic yellow (probably orpiment),
red lake, red lead, vermilion, red ochre, carbon black (soot), gold [St Laurent Lockwood 1981, Khoury 1985]; paper-hemp [Alexiou 1989]

1941.294, The Return of Zal, Rustam and Gudarz, 1sfahan, 17th century—paper-linen [Alexiou 1989]
18th century
1958.80, Lovers, Iran, c. 1700, paper-linen [Alexiou 1989]
Alexiou, Maria "An analysis of paper in Persian royal court and provincial workshop miniatures, 14th-17th C”Unpublished paper, Center for Conservation and
Technical Studies Certificate, Harvard University Art Museums, 1989

Ali, Zakaria, "A preliminary report on an analysis of 14 colors from three Islamic miniature paintings” Unpublished paper, Center for Conservation and Technical
Studies Certificate, Harvard University Art Museums, 1984

Khoury, Nuha NN, “Technical analysis of pigments in royal Persian miniatures.“Unpublished paper, Center for Conservation and Technical Studies Certificate,
Harvard University Art Museums, 1985

St. Laurent-Lockwood, Beatrice, “Comparative examination of sixteenth century Persian and Indian miniatures: pigment analysis” Unpublished paper, Center for
Conservation and Technical Studies Certificate, Harvard University Art Museums, 1981

White, Susan M., “Technical examination of yellow pigments and adjacent lead-white deterioration as seen on 16th century Persian miniatures” Unpublished
paper, Center for Conservation and Technical Studies Certificate, Harvard University Art Museums, 1982

Pigment analysis was undertaken by polarized light microscopy (PLM) and by scanning electron microscopy with energy dispersive microanalysis (SEM-EDS) and fiber
analysis by PLM. Attribution and titles of the art works are those currently given in the database of the Harvard Art Museums and may differ from those in the reports
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from linen or linen and hemp, with one from Bukhara c.
1600 made from an unidentified grass [13]. Cotton mixed
with linen and hemp was found in two folios from Shi-
raz dated to 1341 [13]. Both raw materials and recycled
textiles were identified, consistent with the literature on
papermaking from these regions [13]. A more recent
study identified 9 examples of 16th to 17th century Ira-
nian paper as mainly made from fibers of flax from rags
with the occasional addition of hemp, cotton and jute
[5]. Another research project found that 15 samples of
18th to 20th century Iranian paper included hemp, flax,
cotton, hardwood and softwood, with the wood fibers
potentially from imported papers [12]. In our study, the
19th century papers tended to be either wove or laid,
where structure was visible, and most were burnished.
In summary, most papers analyzed thus far were made
from bast fibers, using a combination of raw and recycled
materials and they were burnished before being painted.

It was not part of this study to identify paper sizing.
However, one study of the materials used to size Persian
paper showed that historical treatises included recipes
using fish glue and many vegetable-based options includ-
ing rice or wheat starch, gum-arabic, gum-tragacanth,
mucilage from plants and seeds (including cucumber
seeds), fruit juice and sugar syrup [5, 7]. Analysis of 16th
century miniatures and 16th and 17th century illumi-
nated manuscripts found only one instance for starch
sizing but 8 examples of sizing with cucumber seeds (in
one case combined with gum-tragacanth) [5, 7]. Nearly
half of the 228 papers examined for the project on 18th
to 20th century papers were starch-sized [12], but these
papers were not tested for some of the other sizing agents
described above.

Artists techniques: underdrawing

The presence of underdrawing was revealed by both
infrared imaging and examination of areas of missing
pigment under magnification using optical and digital
microscopes. Infrared imaging showed underdrawing
executed in a carbon-based medium where the overly-
ing pigments were transparent to infrared radiation but
could not provide information where infrared opaque
pigments were present and/or the underdrawing was
executed in an infrared transparent medium—in both
these instances underdrawing was sometimes visible in
areas of loss. The presence and type of underdrawing
is summarized in Table 1. In most cases, underdrawing
was executed in either dilute black or red ink, as seen in
Fig. 1a, b respectively, although dry black carbon-based
underdrawing also occurs, albeit infrequently. In some
instances, for example in detached folio from a later 16th
century manuscript, also from Shiraz (Table 1, #32), two
types of underdrawing were present—a brush-applied
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red ink and a dry black carbonaceous drawing material.
Where analyzed, the red ink underdrawing contained
vermilion and was similar to the red vermilion-based
paint and inks used elsewhere. Previous studies also
noted that colored underdrawing was executed with pig-
ments found elsewhere on the art work [14, 15]. By the
19th century, most of the works studied were drawn first
in graphite.

Comparison of the underdrawing with the final image
showed that alteration to original compositions was nor-
mally minor, being restricted to slight changes to cloth-
ing, foliage and/or position of figures. This may reveal
the skill of the artists, who did not need to adjust the
initial drawing to produce the detailed final works. The
fact that changes to the design are infrequent may also
reflect a prescribed workshop practice and a relatively set
vocabulary of images. In some instances, the underdraw-
ing shows the order in which components were executed,
for example placement of a tree over the initial outline
of the hills in a painting from Shiraz dated to the 1480s,
(Table 1, #20), (Fig. 2a, b).

However, in one folio of a manuscript produced in
Isfahan around 1600, (Table 1, #34), infrared imag-
ing revealed more extensive alteration. The lines of the
underdrawing in the painting are darker and thicker than
normal and many areas have multiple rather sketchy
lines suggesting the position and size of features such as
the weapons and horses’ legs were altered several times,
perhaps due to production by a less skilled or more
experimental artist than what is usually encountered
(Fig. 3a—c). In contrast, the other two paintings in this
manuscript have only minor alteration with fine, light
underdrawing, as is more typical (for example in Fig. 4a,
b). Differences in the pigments used further support the
possibility that one of the paintings may have been exe-
cuted by a different artist (see below).

Artists techniques: layering and mixing

Examination with high magnification optical and digital
microscopy provided information on layering or mix-
ing of pigments. Mixing of pigments seems to be more
common and the mixtures used more complicated in the
16th to 17th century Safavid art works than in earlier or
later examples. The complexity of mixtures used in 16th
to 17th century Iran has been commented on by other
authors [16, 17]. At all periods, a wide range of shades
was created with a relatively limited palette, as is evident
from Table 1. In some works, the artists clearly layered
pigments to create different hues or produce highlights
on broader areas of color. The background color or sky
was normally painted first, with areas to contain the other
elements left blank. However, in the case of light colored
backgrounds the whole area was sometimes filled in and
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Fig. 1 aBlack ink underdrawing in face from an early 14th century manuscript from Tabriz (Table 1, #8). b Red ink underdrawing visible in a loss in a

painting from 16th century Shiraz (Table 1, #32)

e : NG

(Table 1, #20)

Fig. 2 a, b Comparison of visible (a) and infrared (b) images shows the outline of the hills below the tree in a painting from 15th century Shiraz
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figures or other details painted over this. White details in
thick lead white were normally the last to be executed.
Details were applied to faces using red or orange-red
ink and/or a carbon-based black ink at a late stage of
production. Purple was often created with a mix of blue
and red pigments, normally ultramarine and organic red
with lead white used to lighten the shade as desired, as
observed in other studies [17, 18]. Mixtures of ultrama-
rine and vermilion could also be used for purple [16].

In some instances, the different pigments were simply
mixed together as seen in Fig. 5a (Table 1, #13), whilst in
others a layer of organic red was covered with a mixture
of ultramarine with organic red, as seen in Fig. 5b (from
another painting in Table 1, #13). A transparent organic
red pigment was often used as a highlight on top of other
colors, particularly for details of flowers, leaves or robes,
as shown in Fig. 6 (Table 1, #14). Opaque copper greens
(sometimes mixed with or on lead white) were often used
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Fig. 3 a, b Comparison of visible (a) and infrared (b, €) images shows the unusual extent of alteration of the initial design, for example in the
weapons and horse’s legs (shown in detail in €), in a painting from an early 17th century manuscript made in Isfahan (Table 1, #34)

from the same manuscript (Table 1, #34)

Fig.4 a, b Comparison of visible (a) and infrared (b, c) images shows the more normal minimal alteration of the initial design in another painting

as highlights on more transparent duller green colors.
Dark blue indigo was also used as a highlight color,
applied in thin lines over other colors, often over mix-
tures of indigo with another color. The painting sequence
is clearly shown by the flower in Fig. 7, with indigo lines
over the orpiment—indigo green, granular ultramarine
over the red lead and lead white, and translucent organic

red on top of the other colors. One author noted that
ultramarine is difficult to paint over and hence most art-
ists painted this around details [19]. In some areas, a thin
layer of wax was used over lead white—ultramarine mix-
ture before gold details were applied to increase adhesion
and prevent loss [19].
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Fig. 5 a, b: Differences in the production of purple can be seen in paintings in a manuscript from Herat, (Table 1, #13) with organic red and blue
simply mixed together (a) versus a layer of organic red covered with a mixture of organic red and ultramarine (b)

o

One commonly suggested workshop model of pro-
duction for the art works involves specific artists being
in charge of distinct assigned elements, which would
be undertaken in stages before other elements were
executed. Hence, for example, all horses might be done
together, followed by people, or architecture, or cloth-
ing. In some instances, parts of these were left unfinished,
showing that a particular element was executed towards
the end of the commission—for example unfinished rocks
in folios from a late 16th century manuscript from Shiraz
(Table 1, #32), seen in Fig. 8. However, a different produc-
tion mode can be found on an unfinished painting attrib-
uted to the renowned artist Bihzad working in Herat from
1475 to 1500, (Table 1, #17). The work is executed with

=N

Fig. 6 Organic red pigment applied as transparent highlight over great p}‘e}cision and shows careful selection of pigments
other colors on flowers in a painting from 15th century Shiraz and mixing of these. However, several elements, includ-
(Table 1, #14) ing the faces of horses and men, shields, and articles of

clothing, are unfinished in some areas but finished with
exquisite detail in others (Fig. 9a—c). In some instances,
the unfinished element is completely blank, in others a
first basic wash of color has been applied but no features
or details have yet been added. The reason for this appar-
ently unique style is unclear as this does not seem to be
characteristic of other works attributed to Bihzad.

Artists’ palette

Differences in the infrared behavior of areas of similar
color allowed the use of different pigments to be assessed
via infrared imaging. This was invaluable for informing
the choice of sites for non-destructive analysis. In many
folios, a contrast was seen between green foliage (infra-
Fig. 7 Detail of flower showing indigo lines over the orpiment-indigo red tra9sp{1rent) and green robes (infr:«?red opaq‘ue),. as
green, granular ultramarine over the red lead and lead white, and shown in Flg' 10a, b (Table 1, #15). Detailed examination
translucent organic red on top of the other colors and analysis revealed that in most instances the infrared
transparent foliage was a mixture of yellow orpiment
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Fig. 8 Detail of unfinished rock showing the positioning gridlines in
a painting from a late 16th century manuscript from Shiraz (Table 1,
#32)

and blue indigo, whilst copper greens were used for the
infrared opaque clothing. For the blues, infrared imaging
revealed the rare occurrences of infrared opaque azurite
in contrast to infrared transparent (and more frequently
used) ultramarine and indigo. Similarly, a differentiation
was made within the reds between infrared transparent
vermilion and red lead versus infrared opaque hematite.
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Infrared imaging also enabled rapid identification of
areas of silver (infrared opaque) from surrounding infra-
red transparent or reflective pigments where darkening
of the original silver had obscured the boundary between
the metal and the surrounding details in visible light, for
example Table 1, #35 (Fig. 11a, b). Ultraviolet imaging
distinguished areas with distinct florescence due to dam-
age or the use of organic materials. In most works, lim-
ited florescence was seen despite the presence of organic
red pigment layers, which often show some florescence.
Ultraviolet imaging was most useful in revealing the
presence of Indian yellow in some art works, particularly
those with Mughal influence (for example the yellow flo-
rescence in Fig. 11c), and of retouching with modern pig-
ments such as zinc white, which allowed these areas to be
avoided during analysis.

The materials used showed considerable variation
for the blue, yellow and green pigments, with less range
amongst the red, orange and brown. The pigments found
are documented in Table 1 and discussed below. In addi-
tion, art works studied in previous student projects at the
Straus Center for Conservation and Technical Studies are
summarized in Table 2. A more limited range of colors
were analyzed in these early studies. Discussion of the

| - s

Fig. 9 a-c Contrasting finished and unfinished elements in a work by Bihzad, Herat, circa 1475-1500, (Table 1, #17)
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(Table 1, #31)

Fig. 10 a, b Visible (a) and infrared (b) images showing contrast between green foliage (infrared transparent) and green robes (infrared opaque)

(Table 1,
#35). The effect of darkening can be seen in the top left where the river is clear in the infrared image but obscured in the visible image. The yellow
florescence in ultraviolet light is characteristic of Indian yellow

results and comparison with those from published stud-
ies [5, 7, 14—25] is presented later in this paper.

Inks

Most text was executed in black carbon-based (infrared
opaque) ink, sometimes with red vermilion-based ink
text and accents. However, a brown ink was employed

for the text on all the folios examined from a manu-
script produced in Iraq in 1224 (Table 1, #1-4). This ink
was transparent in infrared and lacked distinctive ele-
ments, suggesting used of a natural organic compound.
XRF analysis did show slightly more iron in the inked
areas but not enough to confirm iron-gall ink. As the ink
lacks the characteristic haloing or cellulose degradation
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Fig. 12 a, b Mixtures of azurite and malachite in (a) the pigment on a painting from Maraga (Table 1, #6) and (b) a natural mineral sample

associated with iron-gall ink, it may be another type of
brown organic ink. Historical recipes for the manufac-
ture of Persian inks show that these consisted of multi-
component mixtures, many of which contained soot and/
or iron gall [26, 27]. Distinction between inks produced
with different recipes relied on the use of false color
infra-red imaging [26], which was not undertaken in this
project. Colored inks were rare, although multiple colors
of ink were identified in a manuscript currently attributed
to late 17th century Iran, Table 1, #36, and are discussed
below. Other studies have found colored inks on Islamic
manuscripts from the 15th to 17th centuries to contain
malachite, iron gall, red lead, vermilion, ultramarine and
a range of yellow and red arsenic sulfides [24, 25].

White: lead white

In all art works examined in the current project, the only
white used was lead white—both alone and mixed with
other colors to adjust the shade. Zinc white was occa-
sionally found in areas of restoration, for example on one
early 15th century work from Shiraz (Table 1, #15) and is
clearly revealed by ultraviolet examination.

Black: carbon black

All black pigment was carbon-based but the form (char-
coal versus lamp black) was not investigated in detail.
However, visual examination and other publications sug-
gest use of lamp black is most likely.

Blue: ultramarine, indigo, azurite, Prussian blue

The dominant blue identified on folios from all periods
was ultramarine (lazurite or lapis lazuli). Although the
plant-based dye stuff indigo was also used extensively,

this rarely occurred as a blue pigment. Instead, indigo
was used chiefly in mixtures—with yellow orpiment
to create a dull or yellow green or with ultramarine to
modify the shade of blue—or for highlights over other
colors—particularly indigo lines on clothing and foliage.
However, there were some examples of indigo and ultra-
marine being used alone, for example indigo was mixed
with lead white in the sky while ultramarine was used
for dark blue areas in Safavid folios from Shiraz (Table 1,
#32). Unusually, indigo is the only blue used on one folio
from Cairo, 1354, (Table 1, #12) despite the use of ultra-
marine in a companion folio from the same manuscript,
(Table 1, #11), indicating deliberate artistic choice rather
than lack of availability of the more commonly used
ultramarine.

The copper-based blue pigment azurite was rare,
occurring only in 5 of about 50 art works analyzed. Two
of these are from 14th century Iran (Table 1, #6 and 10).
In the first of these (Table 1, #6), from Maraga and dated
to the 1300s, a significant percentage of malachite is pre-
sent amongst the coarse azurite, as shown in Fig. 12a,
suggesting use of a natural mixed ore, similar to that
shown in Fig. 12b. The companion folio from the same
manuscript, (Table 1, #5), lacks blue areas but both folios
contain indigo mixed with orpiment in the darkish green.
The other contemporaneous folio, (Table 1, #10) was pro-
duced in Isfahan in 1341. The use of azurite rather than
ultramarine was probably a local choice specific to the
artist or workshop since ultramarine was readily available
in 14th century Iran. All folios produced in Tabriz in the
1330s to 1340s as part of the Great llkhanid Shahnama,
a lavish royal commission, contain abundant ultrama-
rine with no azurite found on the examples studied here
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18th century Iranian folio (Table 1, #38)
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Fig. 13 a, b Comparison of visible (a) and infrared (b) images shows the use of infrared opaque azurite and infrared transparent ultramarine on an

(Table 1, #7-8). Azurite may be present in other folios
from the Great Ilkhanid Shanama but is sometimes asso-
ciated with retouching [14, 18].

Two other works in which azurite was identified have
been altered later in their history and the azurite may be
associated with this alteration rather than with the origi-
nal execution. Both date to the 16th century, a manu-
script from Shiraz produced in the 1520-1530s (Table 1,
#23), and a folio produced in Bukhara and altered in the
early 17th century in Agra, India (Table 1, #35). The man-
uscript from Shiraz (Table 1, #23) contains a number of
paintings whose placement in the text suggest these may
be later insertions. Comparison of pigments in the origi-
nal illuminations and in the paintings shows the former
contain only ultramarine, whilst the latter have a mix-
ture of ultramarine and azurite. This may reflect either
a chronological variation or different palette preferences
amongst the illuminators and illustrators.

Significant alteration has occurred in the folio from
16th century Bukhara (Table 1, #35). This has a later
insert of paper along the right side and some of the pig-
ments cross over this junction. In one figure with a dis-
tinct purple robe, the part on the original folio contains
ultramarine whilst the portion on the insertion to the
right contains azurite. This difference is clearly revealed
by microscope examination, infrared imaging and analy-
sis. Whilst all analyzed blue areas on the unaltered verso

contain only ultramarine, a number of areas on the paint-
ing, particularly towards the right side and the right side
border, contain both azurite and ultramarine. Other blue
areas, such as clothing and the borders on the unaltered
left, also have ultramarine alone. The azurite in the fig-
ures, architecture and right border is hence likely to date
from the extension of the folio.

Both azurite and ultramarine were used on an 18th
century Iranian folio, (Table 1, #38), but in different
areas—ultramarine for the decoration on a blue and
white ceramic vessel, azurite for flowers in a glass ves-
sel and the cord attached to this. This is clearly seen in
the infrared image which shows the contrast between
the infrared opaque azurite and infrared transparent
ultramarine in Fig. 13a, b. Representative Raman spectra
from the blue animal on the ceramic vessel and the blue
braid attached to the glass vessel are shown in Fig. 14.
This deliberate pigment choice by the artist may reflect
the difference in hue between the darker ultramarine and
lighter azurite.

In the 19th century, the synthetic pigment Prussian
blue, developed in Berlin in 1704, entered the available
palette. Prussian blue was not found on the two 18th
century works examined here (Table 1, #37-38) but was
identified on one Iranian painting dated to 1859, (Table 1,
#39). In this, Prussian blue was used with lead white for
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Fig. 14 Raman spectra of blue used for the blue braid of the glass vessel (a) and the blue animal on the ceramic vessel (c) on an 18th century
Iranian folio (Table 1, #38), compared to the reference spectra for azurite (b) and ultramarine (d). All reference spectra from RRUFF database http://
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the sky, whilst ultramarine and indigo were used in other
areas.

Green: orpiment + indigo, copper green (unknown), copper
carbonate (malachite), copper chloride (atacamite), copper
sulfate (anterlite, brochantite), copper-tin-lead green, Indian
yellow + indigo, emerald green, viridian

The greatest range of materials occurs within the green
pigments. From the 13th to the 14th century, most
green areas were painted with a mixture of orpiment
and indigo, producing a dull or yellow green. This mixed
green continued to be widely used from the 14th century
onwards, particularly for foliage or backgrounds, but is
joined by copper greens in the later works. Initially, use
of bright copper green was fairly rare and often restricted
to details, for example on costly robes or architectural
features (Table 1, #3, #7-8, #10). Bright copper greens
became more abundant in art works from the 15th cen-
tury onwards, although orpiment—indigo mixtures
remained important. Thus, in two folios from a manu-
script produced in Shiraz, 1436, (Table 1, #14—15), cop-
per green is used for the entire robe of the ruler and for
solid features such as sleeves and boots with orpiment-
indigo used for foliage (as seen previously in Fig. 10a,
b). XRF analyses of the 14th and 15th century copper
greens indicate the presence of high levels of copper,
often with lead from lead white mixed with or possibly
underlying the copper green. In-situ Raman spectroscopy
of these areas produced only broad florescence with no

distinct peaks or a small peak for lead white. FTIR of a
small number of samples was inconclusive in identifying
the specific copper compound as samples showed some
similarity to a variety of copper pigments including cop-
per chloride (atacamite) but did not match any reference
spectra closely.

Copper greens are widely used in the later 15th and
16th century, and greatly improved analytical data was
obtained from these, partly due the use of purer pig-
ments without admixtures of lead white and other
materials. Thus, a variety of copper compounds were
identified, including malachite Cu,CO5(OH),, atacamite
Cu,Cl(OH);, antlerite Cuy;SO,(OH), and brochantite
Cu,SO,(OH),. Figure 15 shows representative Raman
spectra for antlerite, malachite and atacamite from vari-
ous folios. In some folios different copper greens were
used to create subtle variations in shade, for example in
the unfinished 15th century folio from Herat and in two
folios from 16th century Tabriz. In the former, (Table 1,
#17), a variety of mixtures of copper greens were used to
produce robes with subtle variations in color, including
atacamite alone, mixtures of atacamite, malachite and
ultramarine, and mixtures of antlerite and ultramarine. In
the 16th century folios from Tabriz, probably from royal
workshops, different mixtures were used for specific
features. Thus, in a folio dated to 1520-1530, (Table 1,
#24) the main image contains mixtures of antlerite with
azurite, the illumination contains a mixture of malachite
and coarse calcite and the border contains a mixture of
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Fig. 15 Raman spectra for green areas from a variety of folios showing the some of the different copper greens identified—a: green from folio

Table 1, #24 matched to b: reference spectrum of antlerite; c: green from folio Table 1, #17 matched to d: reference spectrum of atacamite; green

from folio Table 1, #26 matched to reference spectrum of malachite. All reference spectra from RRUFF database http://rruffinfo/

atacamite and malachite. In contrast, in a detached folio
dated to 1540, (Table 1, #26), the copper greens are domi-
nated by antlerite with intermingled azurite, but various
mixtures of antlerite, atacamite and/or malachite, and of
malachite plus coarse calcite are also found. The mala-
chite mixture is used mainly for floor tiles and architec-
tural features, whilst the antlerite and antlerite mixtures
are used for clothing. As with earlier examples, orpiment
and indigo mixtures are used for the background as well
as for some robes. The specific nature of the green (the
chemistry) was likely unimportant to the artists and these
different greens were probably selected for specific color
properties and are either natural mixtures resulting from
use of different ores or the different batches of artificially
produced copper corrosion products which varied in
the specific phases formed. This rich use of diverse cop-
per greens contrasts with slightly later works from Shi-
raz of somewhat lesser status than these examples from
Tabriz. For example, one folio dated to 1562 (Table 1,
#31) contains only green verdigris, whilst others from a
less important manuscript dated to 1575-1590 (Table 1,
#32) lack copper green and only have mixtures of orpi-
ment and indigo.

A mixed green containing Indian yellow and indigo
occurs on the 16th century folio altered at the Mughal
court, (Table 1, #35)—where it is used on the insert—and
in two 18th century Iranian works (Table 1, #37-38). In
all three of these, Indian yellow also occurs as the pure
yellow pigment and this use of Indian yellow can be
attributed to links with Mughal India (see below). In
one of the 18th century works, (Table 1, #37), the Indian
yellow and indigo combination was used for dark green
details whilst a mixture of orpiment and indigo was used
for light green details on the same robe.

The 16th century folio (Table 1, #35) is also unusual in
having a green robe which XRF revealed to contain sig-
nificant copper, lead and tin. A similar green with lead,
tin and some copper occurs in another painting produced
in Bukhara in 1531-1532 and altered in Mughal India
(Table 1, #28). It is possible that this is a synthetic copper
green pigment is derived from corrosion of bronze (the
copper tin alloy, which can also contain lead) but this has
yet to be determined. No peaks were seen in the Raman
spectra obtained from these areas. This painting also
contains a yellow with high levels of lead and tin, which
has yet to be conclusively identified. Two other paintings
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in this manuscript (Table 1, #28) contain copper chloride
and orpiment—indigo green.

Emerald green—copper acetoarsenite, Cu(C,H;0,)2.3C
u(AsO,),—was found in several 19th century works, (for
example Table 1, #40, 42, 43 and 44). This synthetic pig-
ment was first manufactured commercially in Germany
in 1814 and marketed rapidly following this. Despite the
popularity of the new green, the traditional mixture of
orpiment and indigo was still used for green in some 19th
century Iranian works (for example Table 1, #41).

Green areas on one folio from 19th century Iran,
(Table 1, #43), had high levels of chromium. In the main
robe and sleeves, this occurs with high levels of lead, and
there appears to be a mixture of ultramarine, lead chro-
mate, lead white, and possibly emerald green. In contrast,
the green decoration on trim to the red robe has high lev-
els of chromium without lead, suggesting the use of vir-
idian—chromium oxide dehydrate—patented in Paris in
1859, again with possible emerald green. The use of virid-
ian, like that of emerald green, confirms an active import
market for European pigments in the 19th century.

Yellow: orpiment, pararealgar, Indian yellow, chrome yellow
By far the most common yellow pigment identified on
works from all locations and time periods was orpiment
(arsenic trisulfide, As,S;). This was employed both as a
pure yellow, often mixed with small amounts of vermil-
ion to adjust the shade, and mixed with indigo to produce
green. In most art works, the orpiment used alone had
a much finer crystal size than that mixed with indigo,
which often contains fairly large rectangular crystals as
seen in Fig. 16 (Table 1, #8). Orpiment was also the most
common yellow identified in the unpublished studies
from the Straus Center for Conservation (Table 2).
Yellow pararealgar (arsenic sulfide, AsS) was found
in a number of disparate works - three early folios from
Iraq dated to 1224 (Table 1, #1-3), one from Maraga
dated to the early 1300s (Table 1, #6), a folio attributed
to Tabriz around 1540 (Table 1, #27) and in some yellow
text of a 17th century manuscript. Since yellow parareal-
gar is formed by the light-induced alteration of red real-
gar (arsenic disulfide, As,S,), it is debatable whether the
original pigment used was yellow, red or orange (with
both phases present originally). Some historical Persian
artists’ treatises refer to realgar as “red orpiment” show-
ing this was available as an original pigment [6, 7]. Since
the preparation methods include drying in the sun, it is
likely that some alteration to pararegalgar would occur.
In some instances, the yellow pararealgar is seen to be
intermixed with red realgar, for example a yellow robe
with distinct patches of red realgar on a folio from Tabriz
(Table 1, #27). Similarly, unusual colored manuscript text
(Table 1, #36) ranges in color from yellow to orange and
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Fig. 16 Large yellow crystals of orpiment are visible in the mixture
of indigo and orpiment used for the majority of the green in this
manuscript from 14th century Tabriz (Table 1, #8)

contains varying proportions of the two phases. Raman
spectroscopy shows a greater proportion of the red real-
gar is present in orange-red patches, and a higher propor-
tion of yellow pararelagar is present in more yellow areas.
Pararelagar was often used with other yellows, for exam-
ple in the manuscript some visually similar yellow text
is written with an organic yellow and the illuminations
only contain orpiment and Indian yellow, without any
pararealgar. In one 13th century folio (Table 1, #2) parar-
ealgar occurs in yellow areas on one side, with orpiment
on the other, as seen in the Raman shown in Fig. 17. The
pararealgar is finer grained than the coarser, more clearly
crystalline orpiment, and is currently a lighter, almost tan
color. In the miniatures, pararealgar is used as the yellow
and in mixtures (for example to create a tan color) whilst
orpiment occurs with indigo in the dull green.

It is worth noting that the distinction between the dif-
ferent arsenic sulfides (orpiment, pararelagar and realgar)
requires spectroscopic analysis (in this case Raman spec-
troscopy) or polarized light microscopy (PLM) in addi-
tion to elemental analysis (XRF). Since PLM was used in
previous projects at the Straus Center for Conservation,
it is likely that the identification of orpiment in these is
accurate (see Table 2). However, Raman spectroscopy
would be required to confirm this for certain.

Indian yellow, a magnesium euxanthate salt, is another
yellow pigment that was looked for within these art
works. Indian yellow contains light elements that cannot
be detected by XRF and often gives a poor Raman spec-
trum, so identification is normally based on the char-
acteristic bright yellow florescence in ultraviolet light.
Samples, if available, can be identified by PLM or FTIR
analysis. Indian yellow occurs in Indian works from the
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Fig. 17 Raman spectra for yellow within a 13th century manuscript from Iraq (Table 1, #2) showing the use of orpiment with vermilion on one side

and of pararealgar the other side—a: red particle in yellow on bird side, b: reference spectrum for vermilion, c: yellow from bird side, d: reference

spectrum for orpiment, e: yellow from plant side, f: reference spectrum for pararealgar. All reference spectra from RRUFF database http://rruffinfo/

16th through 19th century and has not previously been
found on works firmly ascribed to Iran [5, 14, 18, 28,
29]. The presence of Indian yellow on a small number of
definitively Iranian works in the current study marks the
first known identification in Persian rather than Indian
art works, see Table 1. The most important of these is
a high quality manuscript believed to have been pro-
duced at the end of the 17th century, probably in Isfahan
(Table 1, #36). This manuscript contains several illumina-
tions in which Indian yellow is used in addition to orpi-
ment. The Indian yellow was used mainly for solid fields
of yellow with orpiment used for fine flowers, as shown in
Fig. 18a, b. Identification of Indian yellow is based on the
characteristic florescence in UV and by FTIR of a small
sample, as shown in Fig. 19. Indian yellow was identified
from its characteristic florescence in the only two works
examined in detail from 18th century Iran, (Table 1, #37—
38). In these, Indian yellow occurs alone in the bright yel-
low clothing of the figures (Fig. 20a, b, Table 1, #37), and
mixed with indigo in the green vegetation.

Indian yellow also occurs in at least two paintings
believed to have been produced in Bukhara in the 16th
century but later altered in Mughal India (Table 1, #28,

#35). In the latter, (Table 1, #35), Indian yellow occurs as
a wash over the floor area, on orange and yellow cloth-
ing and in an insert on the right hand side, seen previ-
ously in the yellow florescence of Fig. 11c. Details painted
in an orpiment—indigo mixture on the original, left hand
side, are mimicked in an Indian yellow-indigo mixture in
the later insert, for example the leaves in Fig. 21a com-
pared to the leaves in Fig. 21b. The Indian yellow is thus
demonstrably late in this illustration and likely applied
at the Mughal court in the 17th century—its application
over the floor probably aimed to blend in the alterations.
In the other example, (Table 1, #28) Indian yellow occurs
in most yellow to orange robes as well as in patchy altera-
tion to the floor in one page and in touched-up areas of
foliage on another page.

An unidentified yellow pigment was found in a single
yellow robe on one painting in the manuscript produced
in Bukhara but altered in India, Table 1, #28. XRF analy-
sis showed this yellow contains high levels of lead and tin.
FTIR analysis of a small sample did not produce a match
for any yellow pigment, including the historic pigment
lead—tin yellow. Despite widespread use in European
painting from the 15th to 17th centuries [30], lead—tin
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Fig. 19 Comparison of FTIR spectra from a: sample of yellow from a 17th century manuscript from Iran (Table 1, #36) and b: reference spectrum of
Indian yellow from IRRUG database
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Fig. 21 a, b Comparison of original leaves (a) and leaves on the insert (b) in a 16th century folio altered in India in the 17th century (Table 1, #35)

yellow has not been reported in any Indian or Islamic
work. An alternative possibility might be use of a yellow
lead compound such as litharge or massicot mixed with
a tin white. Further work is required to identify this yel-
low pigment and determine whether this was a Mughal
alteration.

The traditional yellow palette was expanded in the
19th century with the addition of the synthetic pigment,
chrome yellow (lead chromate), which was marketed in
Europe from the early 1800s. This occurs as the main yel-
low in a mid-19th century Iranian folio (Table 1, #43).
Chrome yellow was also found (often with zinc white) in
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areas of restoration, for example on a folio from 15th cen-
tury Shiraz (Table 1, #15).

Red: vermilion, hematite, red lead, organic red

The red palette appears to have been the most traditional
with vermilion, hematite and red lead widespread and
present in most works examined from all periods and
locations. These materials were frequently mixed with
each other or other colors to adjust the tone. Organic
reds were probably present in many works but can nor-
mally only be inferred from the lack of detectable ele-
ments such as lead, iron or mercury by XRF analysis and
from careful visual and, sometimes, ultraviolet examina-
tion. Visually, organic reds tended to be added on top of
other colors and they appear more transparent and glass-
ier. Higher percentages of red lead give a more orange
color, vermilion and organic reds give a darker or pinker
red, and hematite gives a browner tint. Other pigments
such as lead white, orpiment or pararealgar were mixed
in with the reds to give a range of orange or pink hues,
particularly in the 15th and 16th centuries, (for example
Table 1, #17 and #26).

It has not yet been possible to identify the specific
organic red used, although these generally show mini-
mal UV florescence, possibly suggesting insect-based
reds such as kermes or cochineal rather than plant-based
reds such as madder. Sampling is required for firm iden-
tification of the organic reds and even FTIR analysis has
proved poor at differentiating the possibilities.

Metallic pigments: gold, silver, tin

Silver was frequently used for arms and armor, water
features, such as rivers and fountains, and architectural
features, such as doorways or windows, at all periods.
The silver was powdered, mixed with binder and used as
a paint. The silver is now darkened due to reaction with
atmospheric gases resulting in black silver chloride and/
or silver sulfide on the surface, making it hard to dis-
cern original details drawn on the surface with dark inks
or pigments. One of the most impressive and extensive
examples of the use of silver is the now darkened silver
cavalry on a folio from the Great Ilkhanid Shahnama
(Table 1, #7) shown in Fig. 22.

Although most rivers were executed in silver, occa-
sional examples occur where other materials were
employed for these such as tin (Table 1, #29, Bukhara,
1551), gold (Table 1, #34, Isfahan, 1600) and a grey
mixture of lead white and carbon black (Table 1, #35,
Bukhara c.1600). In the latter case, the dark river can only
be clearly distinguished from the surrounding darkened
vegetation in the infrared image. Although two of these
exceptions come from 16th century Bukhara, other 16th
century paintings from Bukhara show the more normal
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Fig. 22 Darkened silver cavalry and two compositions of
gold, silver-rich and pure gold, on a folio from the Great llkhanid
Shahnama (Table 1, #7)

use of silver for water (Table 1, #28). Tin was also found
on a 19th century drawing from an artists’ album, where
it was used depict a grey seat/throne (Table 1, #42).

Gold was used extensively on the manuscripts, both
for the background or sky, and for details such as ves-
sels, arms and armor, and some architectural features. In
most cases, the gold is of high purity but in some paint-
ings bright high purity gold was deliberately alternated
with lighter silver—rich gold to create color differences,
for example in armor on a folio from the Great Ilkhanid
Shahnama (Table 1, #7) shown in Fig. 22 and in detail in
Fig. 23. In some cases, the gold or silver was decorated
with fine punchwork to create texture. In all art works
studied, microscopic and transmitted light examination
shows use of shell gold—finely powdered gold mixed
with a binder—rather than gold leaf. Historical treatises
propose the use of glue as a binder for gold and either
glue or (preferred) gum-arabic as a binder for silver [6].

Imaging
Hyperspectral imaging was used to produce distribu-
tion maps of different pigments within selected folios.
Although hyperspectral imaging is being increasingly
applied to the imaging of western manuscripts [31, 32],
it has not previously been applied to pigments on Islamic
works but has instead been used for examination of
Islamic papers [33].

The folios studied here include three 15th century
Iranian works (Table 1, #13-14, #20). The pigment
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Fig. 23 Detail of alternating pale, silver-rich gold and dark, purer
gold in the armor of cavalry in the folio from the Great Ilkhanid

Shahnama shown in Fig. 21 (Table 1, #7)

distributions from these are illustrated in Figs. 24, 25, 26
and show good agreement with the data from the other
techniques used (IR imaging, XRF and Raman spectros-
copy). For each manuscript eight pigments were selected
for the preparation of the maps, based on the palette
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identified by other analysis. Organic red could not be
included as there was no reference available for animal-
based dyes. Comparison of the maps for red lead and
vermilion from one painting (Table 1, #13) clearly shows
the inpainting on the right hand side of the building (see
Fig. 24).

Hyperspectral imaging was particularly useful in
identifying mixtures of ultramarine and indigo, which
were hard to detect with other methods. For example,
in Table 1 #13 p26 hyperspectral imaging confirms that
ultramarine is the principal blue used for the clothes and
the decorative borders around the window and the door.
Indigo occurs in the decorative strip above the windows
and the terrace and a mixture of the two blue pigments
seems to have been used in the darker blue areas of the
decorative border of the window and the terrace (Fig. 24).
Similarly, in another example (Table 1, #14) ultramarine
was used alone in the king’s robe, the blue hats and the
background, and was mixed with indigo and an organic
red to create purple in the tent and on the dress of the
figure in the left (Fig. 25). Indigo was used mostly in mix-
tures with orpiment in green areas and with ultramarine
in darker blue or purple areas. Use of indigo alone can

Fig. 24 a RGB image reconstructed from bands 118, 75, and 35 from the hyperspectral cube for a painting in a manuscript from Herat, 1427,

(Table 1, #13 p26). Linear least squares un-mixing of the datacube using references from the Forbes collection provide the following images of
pigment distribution: b ultramarine (Nag—10Al;Sic0,,5,_4), ¢ vermillion (HgS), d red lead (Pb;0,), e orpiment (As,S,), f lead white (PbCO3), g indigo, h
hematite (Fe,O;) i copper green, j orpiment (As,S;) and indigo
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Fig. 25 a RGB image reconstructed from bands 118, 75, and 35 from the hyperspectral cube for a folio from Shiraz 1436 (Table 1, #14). Linear least
squares un-mixing of the datacube using references from the Forbes collection provide the following images of pigment distribution: b ultramarine
(Nag—10AlsSis04,S,_4), € vermillion (HgS), d red lead (Pb;0,), e orpiment (As,S5), f lead white (PbCO;), g indigo, h hematite (Fe,Os) i copper green, j
orpiment (As,S;) and indigo

be clearly seen in the outline of the hill and the creases
of the dress of the royal figure in the center (Fig. 25). Fig-
ure 26, (from Table 1, #20), shows a somewhat different
distribution of the two blues—ultramarine is mixed with
lead white for the light blue area sky and mixed with
indigo for dark blue robes.

Binders

The nature of the binder used with the pigments remains
somewhat elusive. In part, this reflects the need to
remove a small sample for FTIR analysis, and to follow
this with additional analytical techniques such as gas
chromatography with mass spectroscopy (GCMS) or
matrix assisted laser desorbtion ionization (MALDI) for
definitive identification. FTIR analysis of a small number
of samples from works spanning the 14th to 17th cen-
tury (from Table 1, #4, 10, 15, 19, 27, 31, 32, 33) indicated
gum-based binder in all samples, with only the occasional
presence of minor proteinaceous material. All identifica-
tion is currently based on FTIR analysis alone but work is
on-going to improve characterization of the binders from

a wider range of folios. Although it has been proposed
that use of gum-arabic only began at the end of the 16th
century [2, 14, 18], 13th to 19th century recipes indicate
mixing of pigment with gum-arabic for preparation and
use, with only rare mention of egg or glue [6]. The excep-
tion is for metallic pigments for which glue was recom-
mended [6]. This dominance of gum-arabic is consistent
with the presence of gum in all samples analyzed to date.
However, other studies have found lipidic binders in 16th
century Persian manuscripts [17, 19].

Case studies

The project is fortunate in being able to include a num-
ber of manuscripts containing multiple paintings, as well
as detached folios from the same dispersed manuscripts.
This has enabled comparison of closely related works,
although it is worth noting that the association of works
in a single manuscript does not necessarily mean they
were all produced within a single workshop or region.
Examples of related works include three from a manu-
script produced in Iraq in 1224 (Table 1, #1-3), seven
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indigo, i copper green

Fig. 26 a RGB image reconstructed from bands 118, 75, and 35 from the hyperspectral cube from a folio from Shiraz, 1480s, (Table 1, #20). Linear
least squares un-mixing of the datacube using references from the Forbes collection provide the following images of pigment distribution: b
ultramarine (Nag—10AlsSigO0,,S,_4), € vermillion (HgS), d orpiment (As,S;) and indigo, e red lead (Pb;0,), f hematite (Fe,05), g lead white (PbCO5), h

from Tabriz dated to the 1330s (Table 1, #7—8), and two
from Shiraz dated to 1436 (Table 1, #14—15). Associated
folios generally have very similar pigments and artistic
techniques, with variations in palette reflecting different
requirements of the scene—for example an abundance
of silver and two compositions of gold in Iskandar’s Iron
Cavalry Battles King Fur of Hind but not in Bahram Gur
Hunts with Azada from the Great Ilkhanid Shdahnama
(Table 1, #7).

However, in two folios attributed to Tabriz around
1540 and thought to have belonged together, the pig-
ments used differ significantly (Table 1, #26-27). In one
of these Nighttime in the City, (Table 1, #26), a range of

copper greens—atacamite, antlerite, and malachite—
were used in different areas, and orpiment was used for
yellow. In the other folio Nomadic Encampment, (Table 1,
#27), analysis indicated an unknown copper green that
does not give an identifiable Raman spectrum and mix-
tures of orpiment and indigo. The yellow and orange-
yellow areas contain pararealgar although orpiment was
obviously available. Although both folios were formerly
attributed to Mir Sayyid ‘Ali, only Nighttime in the City,
(Table 1, #26), remains confidently attributed to this art-
ist. The difference in palette is consistent with production
by a different artist and possibly within a different work-
shop and/or area.
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Fig. 27 a, b Differences in the treatment of rocks and leaves in paintings from a single manuscript, painted in Isfahan around 1600, (Table 1, #34),

suggest a different artist may have worked on the pages

Perhaps the clearest variation occurs within one manu-
script from Isfahan, 1600, (Table 1, #34). Two of the three
paintings are very similar in style and pigments but differ
significantly from the third paintings. Several key differ-
ences are apparent in comparison of the infrared images
(previously shown in Figs. 3b and 4b). For example,
all three paintings contain rocks throughout the back-
ground. However, the rocks in one painting are entirely
transparent in infrared due to the use of a pale pink,
probably organic, pigment throughout (Fig. 27a). In con-
trast, rocks in the other two paintings are more colorful
and employ mixtures of copper green, orange, pink, blue
and brown, resulting in opaque areas in infrared, due to
the copper green and iron-based browns (Fig. 27b). The
yellow to yellow green leaves in the river on one paint-
ing have thin outlines drawn in a carbon-based medium
applied after the pigment, seen in Fig. 27a. The yel-
low leaves in the other two are not outlined in this way
(Fig. 27b) and are indistinct in infrared. The execution
of the clouds also differs—in two paintings the banded
white—grey-bluish clouds were produced using a mixture
of carbon-based pigments, indigo and lead white applied
in bands that merge into each other. In the other paint-
ing, the clouds are more simply produced in a basic light
grey color overlain by white lead and firm thin outlines
and details in carbon-based pigment are clearly seen in
the infrared image.

The two paintings also have a wider range of pigments,
with two greens present— a mixture of orpiment and
indigo for the foliage and a brighter copper green for the
saddle cloths, robes and details on the rocks. In contrast,
only the mixed orpiment—green was present on the other
painting. It is noticeable that the tufts of grass decorat-
ing the background in this painting are much fainter than
those on the others and are also a different shape, being

taller and narrower. Another clear difference is the use
of gold mixed with orpiment and lead pigments for the
river on two paintings, with no silver found anywhere.
Highlights of lead white were used to give the appear-
ance of waves on the now dulled gold river, as seen in
Fig. 28a. The use of gold as a pigment for a river is unique
amongst the Persian manuscripts studied here and is not
mentioned in other studies (for example [14, 18]). In con-
trast, the river on the other painting was depicted with
the expected silver, with waves suggested by dark lines
within this, shown in Fig. 28b. Overall, these differences
suggest a higher quality and more confident work for two
of the paintings, with no adjustment of the initial sketch
required, and a more varied and complex range and use
of pigments.

Discussion

Consideration of the results from the art works studied
here and those presented in published studies [5, 7, 14—
25], allows some general conclusions to be drawn for the
Islamic artists’ palette. These will be discussed in terms
of the main colors identified from historical recipes [6].
It should be noted that chronological trends may be dis-
torted due to the fact that there is a higher proportion of
Safvaid, and to a lesser extent Timurid works, analyzed
than those from either earlier or later periods. Similarly,
the majority of works studied are attributed to Iran, and
the specific place of manufacture is rarely discussed in
the analytical publications. Hence, more data is required
before commenting in detail on geographical variations.

White

Lead white was the primary white phase identified in this
and other studies and is the main white mentioned in his-
toric sources, which give recipes for its production [5-7,
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Fig. 28 a, b The use of gold and lead white (a) to depict a river in one painting and of silver and black ink (b) for a river in another painting from
an Isfahan manuscript, (Table 1, #34), reinforces the idea that a different artist may have worked on the pages

9]. Although different historical recipes result in a range
of associated materials [9], none of these have yet been
identified in analyses of Persian pigments. Interestingly,
in one study chalk rather than lead white was found on
a 19th century paint box and 20th century paint palette
and tin white rather than lead white occurred on a 19th
century paint palette [7]. Although there are historical
Persian recipes for production of tin white [6], this has
not otherwise been found in Persian art works.

Blue

Ultramarine was the dominant blue identified on folios
from all periods and locations in this and the other pub-
lished studies and is the main blue discussed in the his-
torical treatises [6, 7]. Ultramarine was sourced from
quarries in Badakhshan, present day Afghanistan. The
ubiquitous use of ultramarine indicates active trade
routes from the source quarries across the Islamic world
throughout the entire period studied. Azurite is not men-
tioned by historical treatises [6, 7] and was found only
rarely in our study or other publications (see for exam-
ple [14, 18]). The use of azurite appears to be somewhat
scattered chronologically and geographically and may
be opportunistic, perhaps used when azurite was avail-
able due to an association with other, more deliberately
sourced or manufactured copper pigments, such as
natural mixed deposits of malachite and azurite. Use of
azurite may also reflect a desire for a particular hue—for
example on an 18th century Iranian folio (Table 1, 38)
the artist appears to have deliberately used both darker
ultramarine and lighter azurite for different features.
Similarly, different shades of blue of blue in both the
illumination and text on a late 17th century manuscript
(Table 1, 36) correspond to use of azurite for lighter blues
and ultramarine for brighter, darker blues. Azurite also

occurs with ultramarine in paintings in a 16th century
Shahnama (Table 1, 23) whereas only ultramarine occurs
in the illuminations. A similar feature was observed in
a 16th century a manuscript from Shiraz [14]. This may
reflect a chronological difference between the illumina-
tions and paintings or use of a different palette by illumi-
nators versus painters. Further comparison of the palette
used for illuminations versus paintings would hence be
interesting. The blue pigment indigo, the highest quality
of which had been exported from India since antiquity, is
used alone as a blue occasionally but is more commonly
mixed with other colors [5, 7, 14, 18]. Historical texts
describe production of artificial ultramarine by mixing
indigo with lead white [5-7]. Finally, the identification
of Prussian blue in 19th century works is consistent with
its presence in 18th century Iranian book covers [24] and
a 19th century paint palette [7], indicating import from
Europe in the 19th century.

Green

Extensive use of orpiment-indigo mixtures to pro-
duce green was noted in this and other published stud-
ies, particularly for vegetation (for example [16, 17, 22]).
An interesting related mixture, indigo and a yellow lead
oxide phase (possibly litharge or massicot) was identi-
fied on a 16th century Persian manuscript [19] but was
not found here. The use of copper-based greens, par-
ticularly for clothing, appears to increase from the late
14th century. In our study, copper-based green pigments
from the 13th to 15th century proved the most dif-
ficult to firmly identify and are likely to be the product
of varied sources, both natural and synthetic. In many
publications, the exact copper species present is not defi-
nitely identified and the term “verdigris” is often used
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generically for green to blue copper corrosion products
rather than referring strictly to the various copper ace-
tates that comprise true verdigris [18]. Verdigris is the
only green pigment described in the historical treatises
and one of two main techniques to produce synthetic
copper pigments involved use of vinegar, which would
favor formation of various copper actetates [6, 7]. Alter-
native recipes involved use of sour sheep-milk, milk from
sheep-yoghurt or water mixed with sheep’s blood [6, 7].
Published studies have identified malachite [5, 7, 14, 16,
18, 20, 24, 25], brochantite [14] and atacamite [14, 19,
24], in addition to verdigris [3-5, 7, 14, 17, 18]. Verdi-
gris was proposed but not confirmed for copper green in
folios from an early astronomical and cartographic trea-
tise dated to about 1200, which also had orpiment—indigo
mixtures [22]. The identification of copper greens other
than verdigris, for example malachite, indicates use of
other recipes or, perhaps more likely, natural sources in
addition to the known recipes that would produce ver-
digris. Copper chlorides, normally atacamite, are used
extensively in the 15th and 16th century and malachite
appears to be more common in the 16th to early 17th
century. Use of a natural rather than synthetic source of
atacamite, possibly from deposits near Isfahan, has been
proposed based on the uniformity of copper to chloride
ratios in a 16th century manuscript [19] and the greater
overall use of copper chloride in this period may reflect
discovery and exploitation of such a natural source. The
presence of other copper-based phases mixed with or
used instead of atacamite may be due to deliberate artists’
selection of different natural or synthetic mixtures based
on hue.

Verdigris was known to be corrosive to papers from
historical times and historical treatises recommend add-
ing saffron to buffer the verdigris and prevent damage [3—
5]. The authors found 3 instances of verdigris mixed with
saffron in 16th century Iranian art works without damage
to the paper, whilst visible deterioration had occurred in
2 instances where verdigris was used [3]. Identification
of saffron mixed with verdigris requires sampling and
this mixture has not been identified in any of the manu-
scripts studied here. However, very few of papers show
any signs of damage from the copper compounds and it
is hence possible that some of the unidentified copper
greens may be mixtures of verdigris and saffron. The lack
of clear Raman spectra from these phases may be due to
both poor crystallinity of the synthetic corrosion prod-
ucts produced and increased florescence due to the pres-
ence of saffron as well as an organic binder. No chlorine
was detected in these with XRE, consistent with organic
copper salts such as acetates rather than copper chloride,
but the presence of high levels of lead and proximity of
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the lead M and chlorine K peaks increases the detection
limit.

The presence of Emerald green in 19th century works
is consistent with the identification of this pigment in
Qajar lacquer art works from at least 1852—1853 onwards
[34] and in the early 20th century pigments brought back
from Iran and now part of the SCC pigment collection.
This shows that European pigments such as Emerald
green were imported to Iran from the mid-19th century
onwards. The likely use of viridian in some 19th century
paintings also reflects import of new, fashionable Euro-
pean pigments.

Yellow

Orpiment was the dominant yellow identified in Islamic
paintings and manuscripts produced outside of Mughal
India from all periods in all studies [5, 7, 14—24]. This
indicates a ready supply of natural orpiment, which is
not surprising given the presence of several deposits
within Persia and nearby countries (including Iraq and
Armenia).

Realgar often occurs with orpiment and is described as
red orpiment in some Persian treatises [6]. One treatise
mentions drying red orpiment in the sun after mixing it
with gum-arabic [6]—since realgar alters to pararealgar
with exposure to light, it is likely that the original pig-
ment used contained a mixture of realgar and parareal-
gar. This suggests that the original color used may have
been closer to red than yellow. Realgar and pararealgar
are rarely identified in published studies on Islamic pig-
ments (for example they are absent in [14, 17-19, 21]).
In this study, these phases occur in in a set of folios from
1224, Iraq, in two Iranian folios, one from around 1300
and one from the early 16th century, and in an Iranian
manuscript from the late 17th century. This somewhat
sporadic use is interesting and suggests this was not a
major contributor to the general palette—although a lack
of published data may partially reflect the need for spec-
troscopic techniques to identify these phases. Realgar
with pararealgar or another alteration product was found
in four published 16th century manuscripts [16, 24, 35],
only one of which is attributed to Iran [16]. Of the others,
one is a Turkish work [35], one is attributed to an area
outside Iran, such as Central Asia or a provincial Otto-
man center [24], and one to the Ottoman empire [24]. In
this last Ottoman example, the realgar—pararealgar mix-
ture occurs in colored inks [24] similar to those seen in
the 17th century manuscript analyzed here [Table 1, #36].
A mixture of realgar/pararealgar was also identified as
the yellow of two 16th century Ottoman paintings at the
Harvard Art Museums (not included in Table 1). Hence,
Ottoman rather than Persian influence may be responsi-
ble for the 16th to 17th century use of realgar.
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Yellow ochre was not conclusively identified in this
study but may have been used in addition to red/red-
brown hematite-rich ochres as this phase can be difficult
to identify without sampling. However, other authors
also noted a near absence of yellow ochre—finding it only
in one folio from Iraq, 1224 and two early 15th to 16th
century Iranian works [14, 18], whilst historical trea-
tises mention only red and brown earths [6]. Similarly,
sampling would be required to identify organic yellows,
such as saffron or rhubarb which are described in historic
treatises [6]. Rhubarb and saffron have been identified as
yellow colorants in 16th century Iranian miniatures and
19th century paint boxes and palettes [7].

The identification of Indian yellow in some of the art
works studied contrasts with published studies to date.
The manufacture of Indian yellow has been the subject of
a number of recent papers [28, 36]. Indian yellow occurs
in Indian works from the 16th through 19th century [18,
28, 29] and was likely produced in India from the urine
of cows fed exclusively on mango leaves [28]. Although
there is one reference to Indian yellow being introduced
to India from Persia in the 15th century [37], Indian
yellow has not previously been found on works firmly
ascribed to Iran [5, 7, 14, 18]. It is hence often considered
diagnostic of Indian works—a view that must now be
reconsidered in light of its identification in works of clear
Persian rather than Indian production. However, use of
Indian yellow within Persia does appear to be fairly rare
and restricted to the late 17th to 18th century. This may
reflect the culture of the time as well as the production
site. The manuscript containing Indian yellow (Table 1,
#36) is believed to have been made in late 17th century
Isfahan, known for its cosmopolitan nature and exten-
sive trade networks. The figures depicted in the two folios
(Table 1, #37-38) have Afsharid clothes, named for the
dynasty founded by Nader Shah Afshar in about 1736.
Nader Shah Afshar invaded India in 1739 and although
he did not remain long in India, the works were thus pro-
duced in a society that had recent close links to Mughal
India with exchange of materials or local patronage of the
arts likely. Work is on-going to assess the extent to which
Indian yellow occurs within the Persian manuscript and
painting tradition.

Chrome yellow is another pigment not traditionally
considered part of the Islamic artists’ palette but seen
here occasionally in 19th century examples due to import
from Europe, confirming the active trade routes.

Reds

The red palette identified in this and other studies shows
little variation with place or date, consisting of red lead,
vermilion/cinnabar, red to brown ochres and organic
reds [7, 18, 20]. The production of red lead by heating
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lead white was known since antiquity and described by
some Islamic authors [6, 9]. Natural cinnabar could be
sourced from Soviet Turkestan or the synthetic form,
vermilion, produced from several known recipes [6]. It is
not possible to distinguish between these options with-
out PLM of samples and this was not undertaken here.
Ochres from natural clay deposits were widely available
in the Islamic world, most famously brown Hormuz clay
from the island in the Persian Gulf, mentioned in a 16th
century recipe [6]. A further red may have been provided
by realgar, which has now altered to give a more yellow to
orange shade in all instances so far identified.

The most difficult pigments to identify were the
organic reds, which was also noted by other studies and
most authors merely report the presence of organic reds
(for example in [14, 18]). A range of red dyes are men-
tioned by the historical sources [6, 11], and have been
proposed as likely options [14, 18]. These include the
plant-based dyes safflower red, madder and Brazil wood,
and the insect-based dyes lac, kermes or cochineal. Lit-
tle florescence occurred under UV examination, with the
exception of pink page borders on a manuscript from
17th century Isfahan (Table 1, #36) where the orange
florescence suggests use of madder. The few firm pub-
lished identifications of organic reds include carmine
as the organic red on a late 17th century Persian manu-
script [16], a red insect-derived anthraquinone dye on a
16th century Persian manuscript [17] and lac as a bright
burgundy red and safflower as a peach color in another
16th century manuscript [19]. Cochineal imported from
America via Europe was available only after the 16th
century. However, cochineal may have been produced
locally in Armenia and northern Persia and used ear-
lier than this [11]. Cochineal is the organic red present
in Iranian lacquer from the 17th to 19th centuries [34].
Organic reds within pink and purple colors, often mixed
with ultramarine in the latter case, were observed in this
and other studies [16—18]. Historical recipes mention the
use of lac dye for pink and purple (with ultramarine and
cinnabar) [7].

Metallic pigments

Gold and silver were the main metallic pigments identi-
fied here, with two compositions of gold. These are con-
sistent with those found in other studies and show little
variation with place or time of manufacture. Historical
recipes also record preparation of brass and copper pig-
ments and ternary copper alloys chosen to mimic gold
have been found in some Qajar manuscripts [38]. His-
torical treatises mention white tin, which has not been
noted in any Islamic manuscript, but metallic tin instead
of silver was found in a few instances in this study.
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It is worth noting here that the most unusual and
diverse results were obtained from works produced in
Bukhara in the 16th century—two manuscripts with
multiple illustrations (Table 1, #28-29) and a single folio
(Table 1, #35). Since two of these (Table 1, #28 and #35)
were unquestionably altered at the Mughal court subse-
quent to production, some of this may reflect the later
history of the works. However, the use of lead white and
carbon-based black for the river in one folio (Table 1,
#35), of tin for the river in a double page frontispiece
(Table 1, #29) and of silver for the rivers and water fea-
tures (Table 1, #28) or armor (Table 1, #29) in other
images are believed to represent original differences.
In another study, a figural study from Bukhara dated to
around 1600 had a fairly standard range of pigments and
was most notable for the rare definitive identification of
malachite [18]. Of three works from Bukhara published
elsewhere [14]—one dated to 1615 is somewhat unusual
in containing both ultramarine and azurite and three
copper greens, verdigris, possible malachite and bro-
chantite, whilst one dated to 1525-1550 contains both
verdigris and atacamite. Silver is noted only for the folio
from 1615 but the folio from 1525 to 1550 has a distinct
grey river which does not appear to have been analyzed
and would benefit from this. Analysis of additional works
could help determine whether folios from Bukhara are as
varied as would seem from the current data.

Conclusions

Careful study and analysis of Islamic manuscripts and
folios at the Harvard Art Museums is revealing a wealth
of detail about the production of these works and the
range of materials used. It is hoped that this study can
join others to deepen an understanding of Islamic works
on paper collections worldwide. Some colors, such as red
and brown, show little variation in the pigments used
over the full chronological period studied. Other pig-
ments, in particular the greens and yellows, vary consid-
erably. Indian yellow was found in a few Islamic works,
representing the first known such identification. Fur-
ther study is required to understand the rare use of this
vibrant yellow pigment outside of India. Introduction of
“industrial” pigments occurs in some 19th century works
but in others traditional pigments similar to those used in
the preceding centuries were employed. The occasional
and sporadic use of pigments such as azurite and realgar—
pararealgar has been demonstrated but requires further
exploration to more fully understand the variations seen.
Continued study of art works from Bukhara is planned
due to the limited number of such art works examined
to date and the diversity of materials found in these. Fur-
ther work is required for the identification of the organic
components, such as organic reds and binders. Such
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identification may, however, be limited by the need for
micro-sampling, which is only possible where existing
damage is present and often does not allow for sampling
of all, or even the most desired, areas and hence colors.
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