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| ntroducti on

The present experi ment al study has been r e;
Gemol ogy (DUG), Uel veesetyley, Namdes t he supe
Emmanuel Fritsch, Boris Chauvir® and Stefan
mi neral tugtupite from the three |l ocalities
Canada. The #aimtssi tdenpirkeiseati on criteria a
relation to associatedrmitnesalasid and fteo edetaea
from these different geographic origins.

Tugt ulpageveasapdect s of gemoleo gsptch iars l umi nes
photochromi sm, the | atter being the main rea
interest in gemol oglyTocefhleawsdewi,c dnavbegdpesi ed
i hooking to find a special property that co
Lopuc Lescuyer, I di scoafeerwe dg etrinset canmeasz i) m ga @ Ir @ 1
rever sitohreoungahy € mmo seilteicotnr @ imatgin@p h ecn orme non cé
photochr omihe&ml! Beameebeen pursuing a deeper u
by studying and reading various articles abo

t opwiacen hackmanit e, the photochromic variet.y
Nati onal I nstitute of Gemotl gyl i(tl NlG3t ume Liyem
di ploma, | chose to focus on the photochr omi
di amonds. Tdhyei rnegf o t re@ ruspts i ced) is ¢ aal contitmeati or
understanding of this phenomenon.

Mor egveer fact that photochromism is stildl n ot
to discovery motilvatesedempetco ae¢Xyl onoe iivtat ed b
a gemstone that has receivesorebdnmtively |itt
Thanks to the advanced | aboratory equi pment

i n Nantes, at the French Geantoltolye c@GTIL abab art
Switzaerl ameé, knowl edge provided by the Univer
tall the persons and tuwmgtipwhe coabtl mwihbompts ddud ¢
greater depth and add a s malrilr odddisn gfbaustciionna
mi ner al

Thi s rsetprdeysent s an i mportant step in my jour:
feed my passion for gemol ogy, especially fo
several years.



CHAPTE®Rt dt:e ofiugthwepiatra and it ¢
associated mineral s

Hi story of the discovery

Tugtupi te was first d
coast al cliffs of Tugt
north coast of the Tu
Greenl adadni sby geolproafies
Henning HRirgeunrsee m 1 wa sEREE
described as "B&8&rehbkpoa =
Around t he Rwssagneant ipreet,
Semenov identified a
intrusion of the Kol a
sodal ite butubkbibrysn
was nameéd oé bdeeyrietneodv (&
1960; Povarennykh et a

. . . .
Furth(_ar | rr_\eey$tallgaa:it_|tohna:~:Figu}teHenning SRremde
were i1 dentical, di f fermineralogist aprdof @4

grain si zRus sWhainl es ptencei 9%©0logy, University ol
Photo from Roy Kristia

and found in smaller 9 sgrensen. Photo scann
Greenl and wereandarg@enl|mindat. 8583/56Ha tRD. &b
(SBreaeaseal ., 1971)

SBrenfd@pa)b | iasdhdeidt i on al dat a, demonstrating
Aiberyll osodal igierogrudearremi ner ahctwi ah di stinct
propeeorstoideadd tper.op o s détdu g thaepnintaemé er ence to the d
and this was offCemmildyi accept dedwbMi ndreal s a
t hent ernati onal Miner al og3%cean s eArs septcialt.i,onl Q71N

Geol ogy

Tugtupite is a beryllium silicate mineral t
peral kaline ma@bwragn cen ndtrusli ons1971ThiMa | 3stsag
occurs after the main magma has crystallized
l 1 2maussaq complex i n Greenl athbdvwontthddialil amuto zer
i n Cafniagar ¢


https://www.mindat.org/photo-353565.html

FigamGeographic distribution of-upbnewewsugfupgiatedprimcseahigtdiady a
mi nes andr epdc@npeac)t sGener al map showing the three known oc«
(b) -Cpome Canada: on the | eft-Hi ltaier eP,a ulliacetWetllei &ru aR G MN,, NMbomtt G
Qu®bec; and on the right, tOhoez oG ash o-dlgasd Od SReBRrBM ®@iAibs a ménd N g RO s €
Qu®bec. -upcopniCtmsedsaq complex, Kujalleq, Greenland. From to
Taseq Slope, Tugtup agtak?trfia, and Qa@erotna utshsea qL ol vsd zaenrdo (il
Lovozersky Districtag. Murramanls&«f tObtl asti, glRtu'sskEvesl ogchorr Mt
Umbozero mine, Al luai v Mt Karnasurt Mt , Punkaruai v Mt, a |l
Chapui s, based minnd atf .@laOrmicgal/t. (Mhidmd & r o m2 02 5, c)onsul ted 10/10/ 2072
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| 2 maussaq intrusion, Greenl and
n Greenl and, tugtlugtad led oGawuwdar wi aihli ed t hief t

Greenl and, the 11 2 ffaiugpraega i hayesedei comps$iean

(0]

p
[

o O O

[
1

f nalujjaavrei te, aMar&Baaimgaart)sNsaeu]ia2i®@0e2 i s an
eral kaline 0oakm@w&Knth hogwhC&N@ and MgO cont en
n alkaline igneelusamewnimpMepeatt)dliu@a@ried e 1 s a

oagsa@i ned variety oh naeplealdimd ysgeniatrd veds
ontaining alkali feldspars or microcline an
f i ncompati bl e -eealretnme netl se nseuncths a\(R BrBEaprie,. U2 02 5B ,
ugtupite forms in hydrothermal veins rich i
evel ops via replacemest | Othetséek aslea vnist everae @dr
he consolidation of the main intrusion, fro
esiduailrjctaolpdtaislee enri ched i nAsrsaorcei ad leedmenmitns

ncl udiecalbi sodalite, mi crocline,(Shreggnsdmeet s
9V 1

B 1 [ 2] 3”[ 4 | 5] 8] -'IB]Q-’.-‘#I'!I'.'.'llJlllelHle:llH ]
-Y).

SIMPLIFIED GEOLOGICAL MAP OF Joq

20 ,
—/ 57\ {THE ILIMAUSSAQ INTRUSION{—
o \ l

fer | Ferguson 9

'

= |

o ] ! km

A Agpaitic dykes

E::Z Black Arfvedsonite Lujavrite
Green Acgirine »
E Naujaite

Sodalite Foyaite

Kakortokites

[Imm Pulaskite and Quartz  Svenire

Augite Syenite and
Heterogencous Svenite

[{‘_-:-] Alkali Granite
2] Gardar Supracrustals
[:] Bascment Granee
[?] .\uycnunl deposits

" [z s]a]s]el7]es o [wln]i]w]m][w[w]i7]w] |

sl l=lrlsl=lelsls]

Fi gB8Geol ogi cal map of aheetd | Fengauus slehop, iclo®obr4ds inant e(s of t he m
Tugtup agtak?rfia (8,12); Head of Kangerdluarssuk (12,7

9



The mineral typically appears as pink to red

At Tugtup agtak??rfia, tugtarmdltei m&e cweaisnsg nc wtlt
encl osed by fbilgdcrke Iltuj moermammefdi( pe nk to red ag

veinl ets -ailnbiarea Ircoicnkes , of tfeinglernec A®s 0 miga tcehdk ain
i ncl uvmiecalLbi sodalite, mi crocline, aegirine,
(SBRrensen )et al ., 1971

7—’_17 = —— i =

(= e — = >

= = o T

— L (== "f///’; /,ﬂ-—f_’*‘.’

':95/_’:5/‘ ‘f '//’ 5 ?—i/ =

e = v / _Q{f:.i\f:jév’ /

- Tugtupite = l Anglcime
B se-minerls [ Navjaite :
C Chkalovite 2 Albite
[ZZ7] Analcime Lujovrite [-—:] -
T Albite E Sphalerite :] Naujaite

FigdgEeplicative s-bbaman Fi gus eCl ospe s c hema o f -c htkhael
albitite vein at Tugtup intergrowth atafTtugrt u$BR ragn)sa
40 cmafoeg ESRBren)s.en et

At the head of Kangerdl ugrasonokdalamigt @ pnmnéeen o
smal | amounts of analci me, sodalite, and nat
are rimmed and repl aced by tugmupate,euwhl c
sphal erite,SBarechstemilteltolailtte (1971

I n t he Kvanef | el
found i nrnarmd ad lIclimte
cutting naujaite
forms brirgéed mgatr o]
n the <central p
together with <c¢h
figér.e The veins
pyrochl or e, n-enp t
Tugtupi te from t
i ntense car mine
most strongly colk
t hhel 2 ma8Bsamgsén )et

Tugtupite Syenite
FigwrTleypi cal str uc tbuerae Pyrochlore i57gFr] Deformed syenite
vein and associatedafr
SRrensen )e_t al . , 1971 Albite, analcime, chkalovite

10



On the Taseq Pl ateau, tugtupitel dppearpsegimat

ussi-ngcheveins, and analcime or albite veins
ussingite, or fills cracks in these minerals
arfvedsonite, -mmic@drgecn s enre )etanal .L,i 1971

At Qegertaussaqgqg | sl and, tugtupite occurs in
replaced by albite and anal ci me. Grains of
associated minerals include artfev,edasrodidrpeistas
Across all Greenland sites, tugtupite forms
fluids ariecralikml b@aeyl | i um and chlorine. They
other zeolitic minerals, and then tugtupite

after chkalovite and with anal cipmeo,x iinmmadtieclayt e4
AC) and under hiSgihr ewmosleant jelte apr.e s sludr7els

Lovozero intrusion, Russi a
Il n Russi a, at theglhlofd@aleuvgt uptbe@aooagi( p egmact
and sodalThes s ypengmetsi.t es consi st mainly of &

and ussingite, with chkalovitteéecthcBoemreieamy (&e a
Bykova),. 1T9u6g0t upi te is rare in Lovozero and
typically secondary after chkalovite. |t dev
fluids repl aced «cthek ablyo vti uget upiitthei,n whsislien gu s s i
anal cime, natrolite, and chabazite. Associ at
schizolite, neptunite, steenstrupine, and ep
tottha | |IYarhaowd R k(anpav, 1963; PBrensen et al
Macro units
a b x I Fi gudr(ea) Sir
N %‘i geol ogical
! 25 stratigraph
N — schematic |
N Lovozero
g— Massi f,
[ — Tugtupite o
, [ Shkatul ka
;; |l ocated in
Eg mi ne, Al l ua
8 Lovozersky
v 3 (Mur mansk iG
i ul agpaitic
g = body is sit
3 . — % western par
g —_— R b Mountain. ¢
3 was ident i

i1

mar gi nal Z (
ussingite (
pegmatite i
€

e

Umbozero Lake

= =] Layered complex - ljolite with apatite and titanite f.'_r- Aegirine-(augite) adjacent a
ok .
3.‘ M“ EI Eudialyte complex - Volcano-sedimentary rock (D) |E: Microcline-(perthite) (2A Of f ge)r Mi k h
-
E' RUSSIA - Poikilitic (Sdl)-Nph syenite Gneiss and granite-gneiss (AR) Nepheline

11



Mont -l$iali mitre complex, Canada

At MontiHi Baine, Can 75010 739 Er
about 125 million : ex i s
mainly composed of and
vari ous foidrisyeni
under saturated vV a S
essentially consi s ispar,
fel hop ats, maf i c
hornbl ende, pyr 7
pyroxene/ amphi bol e n
figdSehilling.et al
The formati on of *
document ed but IS i .
occurred during [ al
stage of the per al |[Ljeswosmesin ‘%@7

D Diorites [Pain de Sucre Suite Suite (II)]
Figérsée mplified geologice R,msye""es[Easmmsu"e“"”
Hi laire addmepgl eur(ri e, 1 B0k
2011 Homfels aureole [Mont Santitare] Py
The most evolved rocks, known as agpaitic s
(HFSE) such as Zr, Hf , Nb, Ta, Y, and REE, w
t he eudi &lcyhtid lgm@u.pt( al ., 2011

During the transition from magmatic to hydro
hot vyolkatifleids containing siodn ulm,t hcdd hoirliene

(LI'LE) such as Na, K, Rb, @spubh, fBactBaesTh
in the syenitic rocks, forming veins filled
(Schilling.etl ndlerac20binhi wht waegter habmC®Ourr o

created a higaliyneearcvi venmewt al kavoring the
as tugtupite.

As temperatures dropped below 580d-A€h rrainmdg s
mi nerals crystallized -5taget hsesemal «@gé s neoim
sodal it e, al bite, and anal girma,p aofPinéemaibkyy s o
feldspars were commonly albitized, and soda
anal cime. These replacement and veining proc
peral kaline complexes and amaussmgliSabmpbenribo¢
et al).., T2hOel la b u-rachalrdC& hofphMaes confirms t hat
al kal i ne -rancdh,v oplraotviildei ng t he necessary condit

Therefor e, tugtupite -iydmaet hleatmeal i nevohat imamg
intrusions through the +teaempd-aCkemeht vuicarsdcihk ah
anal-beaei ng veins. Similar mi ner al assembl a
Russi a, amh f&Laamachpar abl e genersiisch alnkwallivhergf

12



temperatures,rapoesentdDOgAEnki ot ehet d ast y Bte

compl ex . sylshtiesmsr el ati vely | owi mpor madndt ® n t €
photochromi sm is deCsotnrsoeygeuce nadtyy get, & HlpdwA&eur e
hydr ot her mal conditions under whikele pittogt upi

photochromic properties.

Chemaaodl mi neral ogi cal properties

Chemical formula and mineral ogical groc
Tugtupite bel ongsdlt @mswihtehitrecttves i fl @elcdhgmat hoi d
canciysiordiasi @ rtuegtr omgpart ofnet gan birp Inwcih et al .,
Bl umentritt I&GMAr20t2sch, 2021;

The first proposed for mul a -adlewsneirn tbne d t & cutgad su
containing sodi un\NaABRe$dor;iCnldIS even st ent saqull dfuel 971
the I nternati onal dMicniedreadndtgoe c & bt b Afscsrbrneu laat e o n
it i's not ponstaodngsrtei dtirueesnut laitraetg eph ewhi cal f or mi
NaBe AIOSE Il MA, ).2025

Tugtupite commonly contains trace |Iimpurities
of OHP(ovarennykbaredi naolr. ,anloumlt s of FE&i nG@a,t , Mg,
2025 AccomDain(ph9 6 &) , K and Mg are substituted
approxi mately 5% of the CI content.

Crystall ographic structure and crystal
The crystal structurlafo f 1)9 Gedntdu pciltoes eihsyt treetl raa
sodal it e. | t -dd omesnissitosnadf fa amleweSeikO &fla@gdl i ght
Befr etrahedr a, connected at their corners th

f or m-neeingbhetr sdhat ngefi ne cages wcohiacietnste all at
c hine(rdl ), at etmr alhrerdohayl diyaud i( N} o(B8ssensen @t. al .,
Compared to sA$Sa@&h)i,t ettu@NaB p A LOSE) exhibits |
symmetry due to the orderietdhidn stme bue¢ti oahedr
fi gY9reStructurally, -Bhepaubsaf otpwatainonmladfntai B
bal anéd® @G®#ABje but sl ight!l vy (fdiigdulroerl toswetrhi en gt etthre:
symmetry of godall 5§ Rmeenh (e m gHetnadle.r,s o0In9 7&) .Tay |l o
Il n particul ar, a Na atom forms an additional
t etr gfhoevdaraenny k Fencal e) .28971; 2016

13



(AJodalite

Fig@mSeaructural repr((eAAandt atu(ghyu paft soadddliittee t hes(adeageks bdrue)co
and 4A1 Oght blue) tetrahedtrat r atheedreaas( ginnkt)ugaruei a cdi tBiedOnal |
| argerspgheres represent sodium dgNa)p haetrems ,c owhielsg otntde t omalixly«
ge contains a central atom of chlorine (Cl) (violet), su
nd betmweketnheéNabrai dgi ng oxygen betwéfeatedSoir da nnda tHHiem rt heot far talNhae [d(.r ,z
16

N T O
oo 9w

FigabRtructur al representation of sodalite andltCumgd uPe®e wi
tetrahedra in tugBlpimec@&FirstebharRP92abserved (

14



Tugtupbteutcraaamsparent, transbluit¢i djsyomnwsdp ague
ma s saigvger e(@iaglelsie Hflor med crystal,onalyewrepaci meh
have dbsem(Vegleiechese cryst ahorar e ptcyod imddlielsys an
pal e meiaskiaf iemvg mi | (Mi mé & €.y sRIOEY ar ggr ofwti emrg foou
wall s of caviti é€R einm ema £4i JeeknFeatmptOEgRint,e 198 2

Figdn@ nk tugtupilbelon2md FigdRkrRale pink to colorl
from Kvanefjeld, 'l 2maus brown crystals of helvit
S a mMNloe 1(6EBN6SSMP 1 6886phay ¢ compl ex, Kuj aFil elgd &fr eei
the collection of the Mi Phat @apthy Tony Rre tnedrasia m
PSL. The background has 670845. B)0.&b

Phagtraeabpyh Cl ai re Chapui s.

Mi ner atlhgi @aat eri sti cs

When pure, at sgpteep ibif € 2@B=H0viidtgyHomweyreci it gr a
may vary between appr dkuenatteliyt £ .a890Ds amnida t2i. &Y
and itsDmpaoagotsed,y 1970; )SBRrensen et al ., 1971

|l ts hardness ranges from 4 to 7 on the Moh
|l itebDabgétedllen&Pat ef s®&h@Ye val ues Wwlhedeamweaen 6
Povarenngka72) mapDun&e a5(sdh08) report.ed a h
Typically, hardnessybstampabowedeon shagpessi
mi nerals within the tugtupite samples may h

|l eading to higher or | ower reported values.
Tugtupite exhibits distifgdi Dahé alyaccafl siar al |
cleavage parallel to {100}, correspoadshegdto
1970; SBrensen et al.,).1971; Jensen & Peters
Optical characteristics

I
Tugtupite is uniaxial ande xoepstngcea | fl ryonp ols.i 49 5 €
with a biref+40n PpebOkc e Daufe @G.o00% s uni axial opti
pl eochroism. The dichroism is maputr pViasidb Ire di
a | ight-eedobrasegsftygd, 1970
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https://www.mindat.org/photo-670845.html
https://www.mindat.org/photo-670845.html

Lumi nescence
The l umi nescence ofestuoubpphperdit e wa e first d
Dragst®ed70), who fappbhcot
Il umi newsrceareved voan gu | (t bt VWMWK god iee %
and a WBadkm@minder -waher tul t
(SWUNvVadi ati on. iR

Povarennyki adtdeaslilcr i bear an
l umi nescence nadieaT h Vpe\E t

measurements revealed tha _)| on is
el even narrow, nd@gglupelse p:
by approxi mitedor re6goanhir | yi cal

vi brationapokpangygnof

AlA)

t

0 T T T
um of tucg 5000 6000 7000 8000

Fi gduBBEumi nescence sp r
v &bp altiy comfa
1

ec
characteristic of t he
19

Povarennykh.et al ., 7

Latleern&BPat efs®®h2) reported that red tugtupite
red [ uminescence umarerd $WUV igedd &yl memaaence
LWUV excitation.

Gaft (e200al). i ddnsitlfunmdth efsiceet egnianngieq n sr:e dy e lgl
bl ue, andowiiopfil etth e Tlhiemi nescence S¥aesnsiemi teitalal
(19,who attributed thepoliymmsds tdBnocep ytin g s wlhfl
vacancies in.tISeabeeygsitnaets Isaitmiilcaermian eurma Inso ss U C

as sodalitsugmaess c amo kibiapkl dap/o lay & oodl weoyseng! @ v e

orange | umovaseemyg&h (Gatt t alet, al97) RO@OOnt IFy,i i
Bl ument r(i2tOt2 0entf itabn@tds i ndeed the cause of or
scapolite, stirngntgh ¢ samehymportthesi $ ugtiumpit e.

Under SWUV, eGaftaed®dnlobserved that the red
characterized by a broad fegnildles i dmilsamdédac emte
attributed to the Sitbbysifetautpirmrcescfs taé¢tsmaloeddre:
al umi nosi | i®¢sautbesst iw huet reeo *elSri ik &b t Bhbaictkénm@Graif tt e

et al War@dep0p9& AndBéemnmsnemtr2012;& Rdididsdclona202Dbl
result from traceysmaurstiestapebidBpebiet wmoalt
of green | uminescence centers withigheow e
respecti v)el ywKiale & Hé)combnde@diupeeseinse td (C
bandbe first near 340 nm amcortkepesadomdepeoal
emi ssfigunBe (1
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UVb Il ue |l umi nescence bands have al so been de
features peaikgurfe and4 863 Wmertm 380t h a seconda

nmfi Qu8e IThese emissions ar e-lliikkell yu ma snsecsccieantce
commonly r & eBasddtonashemi c afl uamianl eyssceesn, c et hcee
in tugtupite?ic®ntTl ofr(GdbItvetPal ., 2009

1 1 1 1 1 1 1 1 1 1 1 1 |

100 ]2 670 _ a 495 _ a0 b 510
- Fe™ 3 - 3
3 L g
s 2 2 Mn’
s £ " E
E Mn
0 —r 1 T *r T °© 1 0 T T T T T T T 1 T T T T
600 650 700 750 800 400 450 500 550 600 400 450 500 550 600
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fiug @ 4lumi nesspact®l Fi gusBvo di f f elruemitn eMnc e;rfa e aly g eiqitd
Féla) under 266 K nm excitakjonnaa BO0¥FaupkmEr dnoidar
in a tugtanpussatnr after Gaf). et al., 2009
(modidfitear Gaf). et

| 1 | | 1 1 1
] 4
407 800 - 30
- s ] 5
3 S 600 - s
> z z
£ 201 D 400 - 3
= c
5 2 I 8
- = A 7 A o -
£ (O8yiis = 200 ("O8Yyi: =
0 T T T T T 0 ¥ T T T T 0 T ¥ T T T ¥
300 400 500 600 300 400 500 600 300 400 500 600
Wavelength (nm} Wavelength (nm) Wavelength (nm)
FigdbBleumi nescence spSetcipe o6 n tmeerrsc Figu]r?eLun;ineséi:ence
mercurg$cegper<(ahduBder 266 nki, e second tyaped abude€«
tugtuplanau Sisretgr meido @ fi ealr Gaf)t. et nm excit&tionaatu
Kol a Pemd disduiltesslr ( (
20D9
1 1 L 1 1 | |
a 390
- 200 - ;120_
3 s Fi gulrgelumi nescence
2 490 %“30— mercury'ceynpers ul
2 1900- 8 excitatiKon nata 7t7u
£ . E 40 Lovozer omont & fi e@o
= {rOsyu al .,).20009
20 400 oS00 600 300 400 500 600
Wavelength (nm) Wavelength (nm)
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Under LWUV excitation, tugt-opanhge temi sal bn
corresponding spectrum is characterized by a
700 nm, wi th a maxi muchiignr e(Tdh) et ye xacriotuantdi o6n0 Os
peaks i-wi dlhet UVegi o i at9rapld)et v3d 2 omn( &i st ruct
clearly ¢ b gga9r e g(bdl en d tendspdmsilbd e ocofangdéde

l umi nescence in tugtupite.
300 1 L 1 L 1 |
606 -
@ n godC 603, ‘\522
3 vlog 3 R
3 i p .
s 200 E 200 4 J‘; god 'w 584‘ \“, ! ! '\ 669
- I \
S 100 2 g 4 ,a Vo
g E 100 £ 1 565 300 K
— - !
04 / -'sa7
o= = : : : - 7530 ,
500 600 700 300 400 500 500 600 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figd®lami nescence and sdpadiydexc3ihtnmnexdi tSati on:

at BOOa), excK t(ah)i omndtc 3MPa KatainHe {L€pecdcinr a anagFERgt
(modidfiteedr Gaf). et al ., 20009

Overall, the |l uminescence behavior of tugt
structural Spodmins -tao&hbigs) and extPflinsic
Mt an@ar ahe ¢ REB¢TNhHiss compl ex combination of
wide spectral di versity of |l umi nescence, ra
excitation.

Phosphorescence

Phosphorescence i n ocagmeipri étéh eh alsi tbeereant urraer.e lly
not visible Twnzihe& nR&kands ery,e J OO HORGDB®TI SSuT
(1983) repor twids iolzlckmist bboinppH 0 seyleor escence, si mi
hackmanite. To further char actGar@& e 2t0h2e3 ) p h o
examineetafacebed odamkunkimawmpsitmeg abhi tSYNTHde

di ampaodeening instrument d4apwpaeld o hofs pheotrestciem
to t hlehsaymsili s pl ayed an intense yellow phospt
excitation, which gradually faded over ti me.
ms, the yellow emission had al most disappear
30smand was bareTqg azméeshHiegb|lceolaotr 4e0v onmhsu.t i on, t h
ARGB( red, gr eecnhanbnleule)ancaollyosri s . It showed t ha:
emi ssioamd byl gowen, with blue playing only

phosphorescence of the e&ugtupite was describ
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| ncl usi ons

Col orl ess carns tialreeggul wairt h fl uid i nclusions,
(Sobol ev et al ., )1.9 7T0h edtea otewd ISwind 20Q1Busi ons,
irregular groups, are considered relics of t

temperatures between 440 AC and 460 AC. Heal
during arlddrzyad i etnemplelreaseurfei ghhcl uddhoadsn s mf t en

fiunl aod iemdg ur e s, h o mag eersi zbee t amte etne B@BOrbaiCe a nelt 2 &
19Yy0

Col or, origin of the color

Tugtupsue@l ip nkitsche e palnmadrearcecdcyuc el asl ess or

(S*¥ ensen e} Verly. , | ilgoh7tl t o | i ght bl ue speci mer
Kvanefjeld Pl ateau, but they are q@ebhé&enare,
PeterspPAd 0982 miSrencendd®,7 1l suggest end gthlhat s
al so pliay eaactrodtoert h e,wimi her alhe i nvolvement of

|l i kewi se beasmoaprgcmd Befdamegkh (407 doposddt t he
Acri msono col or of t Gegcteunptietneb i icde spote sibthd g d
|l umi nescence,| dtaidge rantiscoa Itloy osttheenlcel Sdhsslii mit i @am ¢
to that wvdsmmgtitfied 1 n

Photochromic behavior

Definibhobacbfomi sm
The t earomoftmad,omalssmo known asf @t enéebahsmge ecafd |

color of a chemical species between two forn
Amet astabl eo form. This change occurs throu
typicalullyt riarvitoHet range), which all ows the

by irradliiagbawwalwliy hi n the visible range) or

on the type of phdneewxtatoistiss ns)t,atlhee fnoartne.r i Tah e
when exposed to |riagyds urcihc ha siwthaudhdiugeivli yol fea d e ¢
exposur e, afteavk i migafuemdsasyl st o(e ,Bl12u0ndelOn;t 1 i Pt and 02202

Regarding tudithange 0oftshewiteramppropri at e, as

changes during the photochromic process, but
a color) according tMwuntsted | MCod eolrl, Chmefud ¢ et
when the gemstone is exposed to UV radiation

intense col oration.

Photochromit@®ung tappil t € d

Al |l known colors of tugtupite exhibit revers
been reported with ®Blpenemanent!|)SyPptr aclnbd §¢ o0 12c
body col or changes from |ight to dark reddi s

in the dark to dark reddupreddies h trgpauyl M| aodri adtri
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(SBRrensen et al ., 1971; Jensen &)PewWbesebfri g
exposed to artificial visible |ight or stant
original aclwormiBiuttheesnt(r i tt )&AnKeial soalg, t2021Lpi
6 0-D0 0 AC gipehsottroocyh r o miismam o elsar It e Wayr nairgt & pAneéer s
2012

I n the case of blue tugtupite, only a few sy
stones are exposed under UV radiation, t heir
Jensen & PéterHvewve,vel 982 he exposure must re.
exposure causes the lIight Dbl uesaf it @gdWmigts¢e nt o

& Peter yen, 1982

The f iVrisst spp\dosttruaisys o pupi t e wRev @rrenn ([diedd7 Hry. al
Their Gpgaltschhowed t hat t he pi ke sawd lao rbartoiaodn
absorption band in the visible region betwee
nmf i guQcerr Ye @ahat decreases significantly bet
shorter whe ®tl iemgt hbBe sample to 4t5h0e AG gd arpp It
indicating the ther mal. fddeesrt rlueatiiomg,oft hteh es pce
continuum decreasi g gu@waryde tbhe red region (

Subsequleous awoirradiation of the decolori zet
color and the associated absorption band, al
natur al f isgg2nPpd ccu)r@cev acr enny(kll 7dt) all so noted
irradiation enhances bot h t he col or and
demonstrates that the color centers produced

t |
tf

I

|
0.600+
0.5504
0500+ -
0450+
Fi gwroeSpectr al absc
0.400+ .
tugtupite sampl e 1
¢ Greenl and, b e 50w ererf.
0.350 Naturall ysampl é@jSechp
decol orized by he:
03004 Recol ored samapy e i ;@
' (@after Povarennykh
0.250- b
02004
01504
0100 T T T >Anm

T T T T T
350 400 450 500 550 600 650 700 750
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UWiishdreal ysi s of a tugt upahbteabsBecdcmemetnr iftrto n& G-
(2021) confirmetdndbe@d ¢ ghipsehcbiwnghsgoachebadnd bet w
440 and 600 nm, with a maxi mumPatvaSEkE®hnyhkh eca
(197 1Mi lainsde n(d2a0 1e5t) .all.n addi ti on, @& hstmaclalne rb eb &
observed in both states, with higher intensi
di fference spectr uommproenveenatlss ctowor eGapuosnsdiianng ct o
one peaking near 545 nm, similar to that obs
sodalite), and another near 500 nm, responsi
in tu®Bt wmener(tt )& Fritsch, 2021
Fi gwrilehot ogranhes and
absorption S | UV-Vis Spectra Tugtupite
tugtupite sp ! [ ‘
Greenshawi ng- I //\\ :f::
i nd uccheadn @ ® |vaefrl | "] / \ — Difference (-2) =
from pi nk ( ;] / \ &
e X p o surue, ) c utrov | / ‘\ ’
(after UV rex 8 4 / X
cupnve The d £ / \ [~ 4
spectrum (di,Vgo- // \ r =
black) chigétl i wex -
Gaussian b a " 5T5 ) =
appr ox i5n0a@t ned4s ! ‘
nm, correspec "]
photogenerat et N ~ .
likely respon 400 500 600 100 800 i |
col orafttieorn HI u Wavelengt(Am)
Fritscoh, 2021
Vis-NIR Spectra

Gao & (U2 3) al s :
compatU¥biissspect wa 250 >1 — Red
broad absorption
600 premki ng at 51!
state and 520 r
phot ogenerated st g 520 nm
band more intense 8§ / Lat e
. o
(f i gup e B
Tle mdi hf ewi eBrhcueme & t
Fri(0Rgd)Gamt&( BSWia o
did not report th , , , , R — N N o
th e p h ot o g ener at 400 500 600 700 800 900 1000
corresponding to Wavelength (nm) ar
500 nm and 545 nm Figeré¢i-NIR spectra of a tugt

i (before UV exposure) and, srhe
byl ume&krifeoR1). differences in theama¢R®&Gadpk
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Overall, PhearesnykBTBImaht ri (R0OZX21Fao a& ddhun

(2023) coosgfitchtamnttiwypo di stinct color centers a
observed .Bhumegtupi(t2dd& 1Fr ftus ¢t ermepgrhaama ssamd otf
photochirmmgsmpi te may be similar tdud hao o

significant similarities in their structure
sul fur. 1t could result from an el ectron tra,
(S*and&pr The two Gausisn atnh eb adnidfsf eorbesned ev gadbrseo r p
21bl ack) cmawecorrespond to two distinct | oca

possibly respoconsiobl,ec¢fype ctah d ptgwdupe it wed i n
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CHAPTERNat ssandl Met hods

Materi al s

Si x tseaemmph aevse ubseeedn i n atnhtiosmes tf uw doymk t dheere a ghrraepeh i ¢
origi &Geeenl and, R u sTshi aay, e abnetlehn€€@a n Bt dueggt budpnidt =
gatehdehangenéepbpous donations and | oans from th
Fritsch, ,Br. M. CgrR My BIHIE Nn8esD Mhderres from my per
col | eAddtli am.e sampl es arantdh®eugh cwil tolf st Ta&aing i mayt
to purplish pink.

I t i s | mpotrotoannsti dteor attaikoen itnhat tugtupites fror
rare and di f fMioad wlbtee r p simiah ¢h ss68 g i § Is d&clalifsarg
anai$ ys

‘wHWH’HMlllljJH‘ixm"rTrrr:rr""":‘"""":‘m\\mmm\\\x\\\m\n\\\\\\\\\\\‘\‘\?’\\‘\

. B Y

FigaBs@verview of all the samples from t hel atthhraepeuilso.cal i t i

Samples TUO1 to TUOS5 and TYlpl tsa omlels6 Gasrce r ali
sampl e cporloltedstenitnsge s t et ad .t he&yyl@®ere obtain
secondary sources on the internationdéalypmarKke
stones due to the I ack of information on the
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Tabltleugt upi te samples collected for thi
Identification Shap¢ Masg Di mens Origir .
name @ Locali|lPhot og*r
Name Type (ct ( mm)
owner
Shape Donat Nar sap
TUO1 Thic| 1®6 432(051$51 from Kuj all ;
secti ' R. Mu Greenl | ©
Shape Donat Nar sap
TUO2 Thi c 24 4 135(2137)22 from Kuj all ?
secti ' R. Mu Greenl i v
Shape Donat Nar sap 4
TUO3 Thic| 306 | "2 X7 “trom| kujall (;
secti ' R. Mu Greenl | :
Shape Donat Nar sap ?
TUO4 Thi c 19 8 1%5223(6 from Kuj all J
secti ' R. Mu Greenl i
Shape Donat Nar sap o
TUOS Thic| 200 | 20 %21 “trom| Kkujall a
secti ' R. Mu Greenl i
Aut ho
Shape
TUO6 Thic| 317 | 1®8 X9 persol o oony,
secti x .128 col | e
C. Che
Shape 137 29| Loan f ‘
Tuo7 Roug!l 488 X .341 PrEFrif CGreenl:
Shape
! 182 %0 Loan f ]
TUO8 Thlc_ 149 21 7 Pr . E Greenl i
secti
Shape 4890 YO0l Loan f ‘
TUO9 Rougl 6 28 % 651 Pr . E Greenl i
Loan f g
Shape 192 x3 Unknow
TU10 6, 8 M. T. .
Rouglt x .271 . l ocal i
Har i ¢
Mont Saint
TU11 Slgoaup "l 106 1 13(948337 ! ';0 2 T Hilaire
9 ' y Canada
Mont Saint
TU12 Sé‘:up °l 637 1 43(7072’2 4 LI cat T Hilaire
9 ' y Canada
Mont Saint
TU13 Shape 4409 267 1| Loan f Hilaire
Rouglt Xx I8 . Ly
Canada

24
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Autho Karnasurt
il . B
TU14 Shape| 4,5, | 392 X9 | persol om0 Kola ’
Rouglt x .334 col | e Russia
C. Che
Auing  hau
TU15 Shape 05 4 613 .x0 perso Alluaiv, ‘§<
Rouglt x .040 col | e e o
| Lovozero, Kola
C. Che ;
Russia
Loparskij
Shape 5M x0 43 Loan f pereval Chibiny,
TU16 Rougl %5 2 ® S, liMi @ Kola
Russia

*Phot ogr aphtsakhegnv ehbeant hor .

Met hods
Thcik s exrtda pairsat i on

First, ssevxesnaeopultesof( TUOL1, TUO2, TUO3, TUO04,

prepared to allow | ighsdt muahsafi-saph®&eBnagsndr ¢ @<
possi btlthree fgswrnmr ounding rock. This preparation
aNantUeasversity. The sampl esblwedree sfaiw, s tt hceint puw
t hisections using a | apidary wwivdaely i amgd ga as er
until obtained alb@n3IW mmhi ckness between
Classical Gemol ogy instruments
Standard gemol ogi cal tools were used f
Refractiwemeasegs@edg efractive | iqui daGevma>h an

ECOefracegoumeppeped with a soyntilceadhi @2eymmpcecer c
a removabéelteapdl armandédc¢ glbamaieins t Libdshecnatl i br at e
a refracrtdnade .i3nbde xt wi tlh. 8a Opr e@.i GA daelnofgi ¢ A |

pol ari sanpentve gshoaurecde Iwagshtused t o Meéetsr mifneg h
sampl es. Ob seardieat weaBsp wk@asSseer § iyc npraswirte me nt
weraec quu gieMgt &1 ehytdolosdawi chbal pmeéed.&i oal o fy, +,
lu mi n e swcaesn caesussei snsgeidl wer L-@d.6lm@tt rValv i ¢LIBE tf dramp s
each :baep g mh dwaivakgt r avi ol et r2ebddi) antra o o tlo{nedyWuU V

wave ultraviol el6bl)adnibei sampswWdVi@Erem di st an
frameubiers a dar k emnd a,on eamntdpmafmidbat kgeound.

Laboratory equi pment

|l nfrared Spectroscopy

FousTiraeamsf orm | nf rRTIegRe asspuercetnreonstcso pywe r(e per f or i
Vertex 70 FTIR spectr phmedamrs melgiutitpgpredanwd t & M
Spectra wer e r e4c000r deeadn gien utshhen g7 010000 to 200 s

25



resol utilon of amgeeind sicd,i are premdlé n gT lod 1t erfel e @tmi
was parameter whenspédeutamansmdsesi.on mode was

Raman Spectroscopy

Ra man Sspectra were measur ed digiame f ar nBr B & &
spectrometer, with an NdeYAG oldaes edre taetc t100r6.4 Tnhi
poweazwW, and the spectral r esd.l uSpeocnt rraa nwgeerde br
from 50 tovetODO@mscans.

Mi ccRaaman Spectroscopy
Three di f-Ramanti mstroments were used:

9 Samples TUO1, TUOS5, TUO?7, TU1l1, TU1l2, TU1l:
a Renishaw I nVia confocal Raman microscop
(operating at &i pboead odbjf @dDi%y eanthe spect
diffractidb8@@oatviesdmefctra were-180@bicrmed |
range with a spetltecowdnmcaens oldfa daldSmo md,] at i on
and-s&c®ancdqui si.ti on ti me

9 Samples TU1BUlweUle5 meaansdur ed at the French
(LFG) using a Renishaw I nVia Raman micro
Di ode Pump,wEohi @ 1pGwenrrW,o0 fop e Matee & paetc t T @ rne.
used a diffraction grape ntgr aocfqued @ 0t hger o c
0-1000'regniwint h a resolllydcnooeer oBb to ,A@ddaccur
acquisition times ranging from 1 to 10 se
Photolum({ Pewpsemeasured in samples TU13 an
70D200 acpnpr oxi mat ellyd 2f8rho B3BBG & od BB %r pow
for mMWO with 5 accumul ations and an acgqglt
accumul ati on

9 Samples TUOS8, TULl2, and TU13 wer<&vanalyz
Sspectrometer in backscatteri rexgcc d¢mrafiSiegunr at
fitted with abf@mibgrecsd owpe &ESmpckbcatrwee esneame er e
fr®2m0d400!, cwith 5 to 10 scans, acqui siti
seconds, and 5 accumul ati ons.

Chemi caés Ars&ElMy d T510)
T EDXRF

Ener@yspeX-RaWeaorescencbeMmMEDAdARFRrANnal ysasGeé&be p
Laboratori eussiSwg taz efrhleamo,Fi sher Scientific AF
a Rhr aXbet uf or excitati-bhicakndsia i t06@00 d6&mft

thermoelectrically -stagehmoBealanifg&andf2ide AIC] (, a
total el ement normalizationi m&aadqWi stiitwinbh
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(9 filters), under vacuum for | ight el ements

with optimal geometry (N & 1A) relative to t
the stage (& = 45A), as wel lonas4 widm hP rtohlee ndeek
analyzed in rotation to reduce diffradtion e
mm.

T SEM 1 T510
Sampt epar ati oamaflyrsi SEM

Before pl aci ngsctahnen isnagmpelleesc tirno nt hmeeper regpsacre@epde f (0!
metal |l i zation. Hiprleoats) theasadpivet hoktdbanol a
any remaining mater i aA stnhaatl caomubl odntapfefetcet w ahse
to both the sa&mkplserxtoloijpa vespleayr\wechdt &' had al so b
with ethampWwas Thbherms preasmed e diotodnmhtklee sur e i
positioned parTaol leeslt atbd itshhe esluercftarciecal cont i nt
pl ot , a | aywasobhppll edr parming a conducti Ve
carbon was coated on the s aanplloavliteoagt geaipde a
during SEM i maging.

SEMnal prsd sessus

Sampwempse acaldEOINN JSMcamdmilhg el ectron microsco
1%xv for a beam current in the 1nAacrgawigsei,t ipono
spectra and maps shpyeldewadchbegr amadeED®er e ces
an Ev&€hbantey secondary electron detector or
detector.

UWIi-MI R Absorption

Ul t r aW isa-Nedate I n(fUVa ¢ R ) absor pt inoena sswoseadt g aa we
Magi LABS GemmoSphere spectrometer, equipped
transmitted |ight mode. The spectral range ¢
resolution of 1 nm, and ameawearecage cofrdk@O0 us

MAut oBwoache vamd ed from 330de@enhdied gaenpd reds

Lumi nescence Spectroscopy

Lumi nescence spectra measurements wer-8 perf
spectrofluorometer equipped with a 450 W xer
R13456 photomultiplier tube as t hel rdeedt eicnt otrh
32800 nm rangd,ncuseimegnta la bmnm sl it, and an

Emi ssion spectra were recorded under two exc

T At 254 nm, wiotfFH . 1293%rnm cut
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7 At 365 nm, wiotff & i4G®rnm cut

Excitat iwenr es paeccg uiar5e0d0 innm trhaen g25 Owiftodri & f € 8&n tn |
emi ssion wavelengths depending on tbecoamdpl e
i ntegratioinnd¢i enmenta, laman a slit of 2 nm, exc

9 TUuo0O5 (421 nm), TUO7 (427 nm), and TUO8 (4
T TUO2 (647 nm) and TUO9 (681 nm): 6 nm sl

Phosphorescence Spectroscopy
Phosphorweassc etnec3etU8 8, o i UOU/0O 8a nadnrde cwavd md Hor i b a
Scienti f i3c sHlewadrroolfdguor ometer. The excitatio
t heemi ssi on,waitt h6 80 snimt of 10 nm. MebhG ure m2ot
flashes MOnt mstwbnbeh Ipaesrh, and a detection win

Photography and photomicrography
Photographs were takbelds iMag kan | Ol rapdes aOM i t
mm f-b365I1 R | ens.

Phot ogm swdortea keethnhe Fr ench Gemol ogu € iaah gNu akboonr a t
SMZ2mi cr osve 06 he ma gsmiafnigad anlg.k & @r Ooxm
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CHAPTEREelslull it s

Tugtupi te

Cl assical Gemol ogy

Classical gemotoggwaneat y ssampereess from Greenl
sample from Russiavebmalliocriysthtagilkietpfansa
dcorresponding to tugt @mintad gyrsfetsbens Eaabhthphatd
beperfor med

Examination under crossed polarizing filters
degree of crystalsleieniTiapd @i sl lelmacen ts,a mpdret i(al |
samples (TUO7 and TUO0O8) displayed | ight rees
ani sotropic behavior. I n contrast, polycryst

Il i ght reestabhespmesendeeotointergrown micr
speci mens (TUO 2, TUO3,10TUOANnd iTlWOIBE )alTdJo @, | 1T
transmission. Thesdkchebarirvati omisc walniEshamnd tr
visible in polycrystalline or opaque materi a

Specific gwevetmewmalbued aacgf@. 36 etydl thh 26 br oad

range of values probabl yfr @suwlttuipng ef rwmdam ht hoe

Refraceéxge wihred e determinable (either by dir

surface quality), indicated uniaxial positiyv
ue

the | owest val of 1.480 recorded for TU1G6.
Finally, consistent with the optical propert
several samples (TUO0O2,c T&MNSchtyd diOnboe dda nsd: i TnlEOt 8 )c
from | ight pink to pink in |ighter -piprekciimen s
TUOS5, and from pink to intense pink in TUOS.
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Tabllil€l asgeimod ldgsgcri ption from TUO1l to
Identification Cross Speci| Refra . . Optic Pl eoch
. Birefri I nten
Name Pol ar Gr avi I nde Char a/(
Col or
TUO1 Light 260 1495 Not | =~ Not | ot v
posi t determidet erm
Di chroc
14 9 We a k
TUO02 Opagyu 226 1498 006 U +) Light
Pi nk
Di chroc
14 9 We a k
TUO3 Opagyu 24 6 1498 006 U +) Light
Pi nk
Not Not .
TUO4 Opagyu 24 6 14 9 determidet er m Not wvi
One p
Il ight Di chrc
posit 149 6 We a k
TUO5 and t 235 1500 0004 U +) P nk
ot hesr Pur pdiir
opag.
Not Not .
TUO6 Opagqlu 227 148 determidet er m Not wvi
One p
four
TUO7 dar k 23 4 1496 0004 U +) Not wvi
1500
the o
opagu
One p
Il i ght
g(r)\(S)![L Dichroc
14 9 We a k
TUO8 four 22 8 1498 006 U +) Pink
dark I nt @mn &
t he | ®
part
opag.
1. 49 .
TUO9 Opagu 24 1 1 49 0.0014 U +\ Not wvi
Not Not .
TU10 Opagqlu 24 3 1500 determidet er m Not wvi
Not Not Not .
TU16 OpaqLdeterm 1480 determidet erm Not v

TU1lO0.

*Samples fromamfblhotoi Tdludewemeattimeasabbkl eas they

Ultraviol et Lumi nescence

Luminescence was ,t eesxtceddp lodn aanldl bisaidomlae syt i c al
|l i mMdalsl ehdowd the results of the |l uminescence
sampl e, wmnder U¥Yhdr4wamg WMd( I @&@mgnm) .
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TabllleWl t r alw mioh € $ocbhesnecrev at i on.

Lumi nesce SWU VvV L WUV ldentifica
Par amet e 25@m 365 nm

I ntensit Very Wea

Color Or aeprg d None TUO1
Di stri bu Uneven

I ntensit Very Wea

Color Or anged None TUO2
Di stri bu Unwe n

I ntensit Faint Very Wea

Color Or anged Or ange TUO3
Di stri bu Uneven Uneven

I ntensit Faint Very Wea

Color Or anged Or ange TUO4
Di stri bu Uneven Uneven

I ntensit Very Wea None to Ve

Color Or anged Or ange TUOS
Di stri bu Uneven Uneven

I ntensit Very Wea Medi um

Color Or anged Or ange TUO6
Di stri bu Uneven Uneven

I ntensit Medi um Strong

Color Or angedy Orange TUO7
Di stribu Even Even

I ntensit Faint Medi um

Color Or anged Orange TUO8
Di stribu Even Even

I ntensit Medi um Faint

Color Or angedy Orange TUO9
Di stribu Even Uneven

I ntensit Faint None to Ve

Color Or angedy Orange TU10
Di stribu Umrv e n Uneven

I ntensit Faint Medi um

Color Or anged Orange TU1l1
Di stribu Even Even

I ntensit Faint Medi um

Color Or anged Orange TU1l2
Di stri bu Even Even

I ntensit

Col or None None TU13
Di stri bu

I ntensit

Col or Not visibl Not visibl TU1l4
Di stri bu

I ntensit

Col or Not visibl Not visibl TU15
Di stribu

I ntensit Strong Medi um

Color Or anged Or aen g TUL16
Distribu Even Even

Alanal yampl es

Wi
uv

t h
(365

exXxhebietded uam neszmpapoee (@¥de mmg ho

umi

nescence
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General ly, l umi nescenweaev ewaldV,s terxocnegpetr fuonrd eTr U Os
TU1l1, and TU12, whi ctwadespmagsdossrohgerir nésc
was often uneven in samples cont aiMad nvg- saichclees
eye phosphorescence was observed.

These results are consistent wibhapfitfeFdv at i c
anRlovarenn(@lilet al

TUO1l TUO2 TUOS TUOS TUO9 T UMWO

Fi gada®howatve loamgh vk t r arciaclt etons of TUO1 to TU10. The blue par
|l amps on sampl elsaCtPdapuiogr aphs by C
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Phot oc hbreohna vsino r

Tugtupite is wel/l known Tladbl sutinMaphbéoschihemi
obtained before anwlavae twelrt reaxwioslueWs trttedd nsamoi rfote
mi nutes after ulutgrtauvpiiolee te aenxpd iiedda dan@hni ,loift t he
valfueem | ight pink, pink, or intensn&,piomrk iinn
pur pdiirskh gur.e 25

Tabll S ampAHh®d oc h Proonp elDbitsieersv at i on .

Ti me wu '?‘apdpirnOX'Fading
Il dentii Stab . . uv Met ast . . 9 under
Di stri . Di stri a dar
Name col o exposi col ol . exposuy
(minu ENVITOl b5 |
(week
Light Few . Few
TUO1 . Uneve secon Pi nkl] Uneve > 6 .
Pi n| - mi nut
ami nu
Few
TUO2 Pin|] Uneve secon Da_rk¢ Uneve > 6 Eew
: Pi nk mi nut
ami nu
Light Few . Few
TUO3 . Uneve secon Pi nkl] Uneve > 6 .
Pi n| . mi nut
ami nu
Li gt Few . Few
TUO4 . Uneve secon Pi nkl] Uneve > 6 .
Pi n| . mi nut
ami nu
Few . .
TUO5 In_te Even| secon Pinki Even 6 Eew
Pi n| - Red mi nut
ami nu
Li K Few Few
TUO6 9 Uneve secon Pi nkl] Uneve 5 .
Pi n| . mi nut
ami nu
Few
. Few
TUO7 Pi n| Even| secon| Dar k Even 5 .
. mi nut
ami nu
I nt e Few Il nt et Few
TUO8 . Even| secon| Pur pl Even 6 .
Pi n| - . mi nut
ami nu Pi nk
I nt e Few I nt et Few
TUO9 . Even|secon| Pur pl Even 5 .
Pi n| - . mi nut
ami nu Pi nk
Few Pur | Few
TU10 Pinl Uneve secon rp Uneve 3 .
: Pi nk mi nut
ami nu
Few
TU1l1 Pi n| Even| secon Da_rk¢ Even 5 Eew
: Pi nk mi nut
ami nu
Few . .
TU12 Pi n| Even| secon Pinki Even 5 Eew
) Red mi nut
ami nu
. Few
TU16 P'.nk Even| secon D'ark Even < 1 Eew
Vi ol . Vi ol mi nut
ami nu
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Before SWUV Exposure

During SWUV Exposure

After SWUV Exposure

fgs?f',.f ) B

Ivol o2 7003 Ivo4  TUO0S TU06 o7 /i o9

FigabRhot ochromic process of TUO1l to TUuUwadv eb euflotrrea v idoulretn gr,a
The exposure time was approxiaaea@luy s2 minutes. Phc

After approximately five minedéadsei of mAYi exx Mo &
intensity, correspondi nfgi dwr d¢f HBpuea xc i2t9ed, met
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TUOI (Rough) ~ TUO2 i , T TUO7  TUO8 (Rough)

Figas@l cwspe of a few tugtupite samples aftewaappuodoxirmat ol gt
radi @asont hi,s ntoi nmeuprotihnetr dar keni ngl avialsa pbise.r ved. Phot

Figei7eUl2 before ewq
ul t r arvaidoil @thioda m.mi cr ogt
Chapui s using a Ni k
Field of view: 7.33

Figasleul2 after appro
exposure -wader ull tomav
Phot omi crograph by C
SMZ25 microscope. F

FigaeleUlafter approxi
exposmdieowave ultrayv
After this ti me, no f
Phot omi crograph by ClI
SMZ25 microscope. F




RegardindheTdblvanr i adli eosns warsonounced than in o
the other Canadian specimen, TU12.edNeevaerrlityhel
observable foll ewpon.guB®r ibotaldi BW1Dbnand TU12,
examined undand bbadwhg sbwrtadiati on. However,
obserofatc mnor ewaVetiU¥nexpboute could not be
wave UV | amp was available awetbheobsmeved a
mi croscope during the experimenffalgupro8d8®&dur e

Fi g8bRhot ochr omi cl Ipefoacrees sarmd dafdtmegrv ee xwplotsruar v ltdded mir ardo gt a s
Claire Chapuis using a Nikon B8MZ25 microscope. Fi

As observed fooldiinsmirmwdasadcdmaoaenced by the ass
tugtupite matrilxs Wheh datkRkenedi specad sneh b eigr a
original color when stored in darkness for t
when exposed to stande®dltpat Vr al daylight (D

The photochromic behavior observed in this
descriptionsMilni $dredd ieteralt ure2@l15; Bl umentr
2023 Al l t he hscamemxslpdisa ysetviednigendp éceolv@arifueo m- 1 1 ght

t-omedi-tuont ens e Pii mk , tpurrdpemieskh o rr epdi ckoil sohr

Regartdiiengcadiomgda,r kenaerslsi er studies have repor
from a f 8w umemutrdas t( & Fr it s) ht o 29&vler &la oma&n tS
y eaMisl i(senda) etl malthe2pdi&sent wor k, the samp
within sewvlosatth ewembksseMiviait $ ® md2a0alé5t) .a |
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| ncl usi ons

Mi croscopic ofbesve @ @
reveal ed characteri
document ed i nSotblod eV
1970; Gao TQwu®m, cam®
noindentifiedode@dotl a:
(fi gWBrlel ui d i ncl usi onscs
fracturebsewievmteeds amp| |
(i g Brge and fiTguBrke (

Fi gBlehot omi crograph of
Cl aire ChaNiuk®sn uSNAQ2y5. @miy:
hasi mmeghlidgmele e mspanot bal |y

Fi gudr3ePhot omicroglt daplal eod Fi gur2ePhot omi crogBaphl| od
inclusions by Cl aNirleonCh inclusions by Cl aNirleonCh
mi croscope. mi croscope.

Laboratory Gemol ogy

To obtainaataggreit aatl eadn ctf t he s ampbleeasr ianngd atroe a
sever al anal ytical techni que&spawetriec uulsaerd.y Hohw
Canada addcoRUugisinmt be analyzed with al/l i ns
ad fragility. For -Réhmasre smpanptlredssc omy ywans cper f
pink crystals, which was presumed to be tugt

Fourtireansfor B péamtetaRRed
Fou#tiramsform infrared (FTIR) spectra were ac
Transmi ss{fomg dsweer&t rraecorded for samples TUO1
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TUO8, which were sufficiently crystalTaoane to
the best of the authordos knowl edge,sonpee FTI R
the first published infrared characterizatio

I n these spectra, a wentdDdr beod abletawsont.pi1d 5N
More specificwdrlegt ewvealt @ateakhpproxi mately 187
2130M with tchefeienebdetiteemrds centered cat 1990,
Addi t itonHe®! b ybpaarfdivat e rwakkas® pt ween 310@mMamd 370
al | sampl es, wi t h vari abl e i ntensity refl e
incorporated during crystallization.
35
WaterBand TUOS
N /\
25
f_ézo
3
o
2
<

M~e——

L T
5
0
1850 2100 2350 2600 2850 3100 3350 3600 3850

Wavenumber (cri)

FiggBdlenfrared absorption spectra of few tugtupite samp
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Foruo2, TUOG6, TiUO9whiaaok HFULRBR tr ansmefsise otha nvae
spectra we¢frieg BreecToBredseed spectra di spl aYhysever a
wece®mmonotbeakbhmples; two fi%sthopeadkwedathysd T4
bands at 631Wemdmse 6GOdirent dleigInled peaks at 746
cm followed by weaker <t edtimradd yagt alGenaldnd :
cmwas detected

4,5 1062 1110

474
746 1028

619 659 797 | TU10

4
534 1200

L i

AL LY N e

1210

Reflectance (a.u.)
\,
i
S
\
¢

.

—

‘&
/

400 500 600 700 800 900 1000 1100 1200 1300 1400
Wavenumber (cm)

Figgblenfrared reflectance spectra of few tugtupite sam

UWiishSmrestpopy
RepresenViagsi lvlee U¥pectra of the TUOKIL gaBrce TBUO 3

The spectrum of ToUDBr riens pamdisng btldedtsisedlaiyg ht
a broad absorption band between 440 and 60
photogenerated intense piwak sdtigthda,l yt bseni s a nee
peaking at 509 nm. wambaeédivieidomnal boit hostlaamrd
nmkEor TUOL1, a si mwhaersiabserbéi veemasnad0 and 6

stat e, t hiwsa abd mmad Maemgd i gi bdiet e dvhs th eecar i tt hle
pronounced, peaking atpeadki3ndgn.natpmedard dni th cotnha
sampl es, the intensitwalpifghehre ismmatlHe aexsoirtpa d

stable state.

Analysis of the difi geaB(@ay8ec usrpseaegrieas tsphr cevere nicre
t wo Gaussian components for both TUO1 and TU
reported i Bltumenltirtteanat&urFe it sch, 2021
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10 ——TUO01 after UV exposure
TUO1 before UV exposure
9 TUO3 after UV exposure
TUO3 before UV exposure
Difference (+2)

8
TUOL 511
7 a8
3]
e 6
I
2
2
2 5 Fi g8B6€TUO0O1 before and
s hewatve UV. Photograrcg
4
3 509 \\ \\
. S
375 : \ ’ \
<) " \\
2 507 . . >
1 k3
0

350 400 450 500 550 600 650 700 750 800 Fi g87®U03 before and

Wavelenght (nm) shtevave UV. Photograrg

FigB8BExampl eVioshd pJe/ct ra of TUOUV aemxipdd0Be belf icagftexmpodkr e ur v e)
(darker pandktherdie)feremay. di prd eljerda bhyav2e been shifted
PhotogprHfaphd9l and TUOWBy h@lvaei rbee e®h & ppkkies.

Phot ographs off iTguerdens#l)nRli | TIU0s3 a(ma ¢ ® Ivaafileee or e
(pink) and-ra&fdt) erUV( mixmpwasallreea,r | whiocbhs er vabl e. T
consi stentviwiitbH et kg edM r al PRoobvsaerrevnant(yik&hy se)tr eapl ar
Bl umentri (2O&1Fritsch

Fo u r-T rea n sRfaonramm

Fou#tiramsf orm Raman spectra were acquired fo
TU10. The spectra of TUO1, TUO4, TUOS5, TUOG6,
(semmne)x For t he r emaRanmanng sspaencptlreak |, @ynBgTe 8 Bo wn
comparison with the reference Raman fsipgeucrter um
39, agrspectrum

Sever awebédsdsved bet wengn widh gmd tdxul arly in
554, anmd %0 additi we®pke estenmdna@tpee®ib and 11:
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0.8 —TU10

TUO7
— TUO3
TUO02
0,7 RRUFF R050562 Tugtupite
0,5
£
o 04
)
2
g 03 ,\_,»__f~’\~_/\___/\__4~/\\~,\~/\\___/\_;, J \\ N\
()
=
0,2
0,1
0

150 250 350 450 550 650 750 850 950 1050 1150 1250
Raman shift (crd)

FigB8BRroufTreamsf orm Raman spectra «fomp@Ouegdt uipgdiOt3e aWUDTS5 &2 d( dgi
Raman spectrum fro®@pRRUFERE Hdavebbhdsen shifted for c

Figdafd |l ustr&KRtaenant s@eETrum ofedlULOt hewvhcbhbar &«
features of a typical tugtedg@gut i Rbesfaimmegpdh tpg eeak
bet ween 5@mMandhd2d80i npl atle at &¢mM3,f dl2l49 weacdh dl
anotoleark 159, 1c8%, aandda204irdcat 2684 t26aal at
weodserved at m32a& amg Wi9t3hc ng deduckRl ‘ectmo ani n£ 3 9

peak. Three diesdtti n56048, ,p aoa #,s 6fadPlplecawed by a wea
cm a strongnmpeakdath 106821 daubl et at 1110 a

0,035

462
0,03

0,025
1052

554
0,02

630

Intensity (count)

0,015 508

1129

0,01
967 111

0,005
50 150 250 350 450 550 650 750 850 950 1050 1150 1250
Raman shift (cm)
Fi gdb@l olspe on FoUfToeamsf orm RaPaot csgpreapgh WwoafiC hTalpludi sby C
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Overall, the observed Raman features cl osely
the RRUFF database, confirming the identific

Mi ccRaman

As mentionedRdomdmorepedittirca owere acquired for
anal yzeRlanbayn Fdlue to their small c¢crystal si ze
The spectra of TU1l1l, i eaaedcoUsS4stehowmwi i
confirmed by comparison with the ref(feiregmnrce R
41 agrspectrum

TU1l4
—TU12

Thousands

500
—TUl1
RRUFF R050562 Tugtupite
400
g
=]
o
)
2 300
(%]
c
Q
- M
200
100

0
150 250 350 450 550 650 750 850 950 1050 1150 1250

Raman shift (cm)

Fi gddiMi cRaman spectra of Jdamaartudglllulpoi aned agPblMa tan( gpectrum f
RRUFF daté@paeactra have been shifted for clarif

Il n cont rRaasman Mancarffoy §uU13, TU15, and TU16 indi
not tugtupite, but rather associated miner al

The pink crwasstdaintoffi BUl1&s a member of the eu
RRUFF reference fsipgh2taga s @ © c ¢aunddimamayntged n(geu @i a |
42 blue)speagigresms a cl oser affini htgwowipteha kmsar
obseavetll24caiweémdit3 Tonsi stent with any refer
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(o]
o

TU13 Pink crystal

~
o

—— RRUFF R110212 Manganoeudialyte

Thousands

—— RRUFF R060206 Eudialyte

50

40

Intensity (count)

30

20

10

200 300 400 500 600 700 800 900 1000 1100 1200
Raman shift (cr)

Fi gdeMi cRaman spectrum of TU13 peudkatbtyyetaRP6@RAE6K] grc omp:
manganoeudialyte R110212 (blue) Ranagmapgipecft raUT 3 lopni RKR UdrFy gt
Chapui sNiukkdmgSMZ25 winit ir @as ¢ 6 gésdimm.f view of

Cl osppi cRaomampectrum of TUIi3jdpieskowsyshal char
Raman peaks of eudialyte, along wictth the two

20
568
18

Thousands

16 1067

14 931 g9

12
10 700 813 1124

3 739

Intensity (count)

534

512 604

1137
4 213 3

399
302 339
2 348 &6

200 300 400 500 600 700 800 900 1000 1100 1200
Raman shift (crd)

Fi gdB@l olspe on TU13 pi-Rmzmyspadt Mimr oBackground has been
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The red cryfsit@uWr eorf@ddT UslpSes(t comsi st ent with t

especially with manganoneptunit e, as indica
spectifrigdr@grdispeoct rAuumaddi ti omMmwbhppead&nwaswiDiS8h
not found in theimgedptelbbiatcdk) Meprfeeead waurcne gever a

present

2]
ge)
c
©
1)
3 12000
'_
10000
S 8000
o
o 124
>
B
c
g
£ 6000
4000
2000
0
100

Fi gddMi cRaman
neptunite aRD6O74M RBUFF

removed

TU1l5
grou

P .

150 204 245

200

274

300 400 500 600 700

Raman shift (crd)

spectrum of TU15

dat abase.

——TU15 Red crystal
RRUFF R130094 Manganoneptunite

—— RRUFF R060746 Neptunite

824
832

800 900 1000 1100 1200

bet weginn 300t ande Wed M®nc o bseaoterda i n t

h

or anmoiyg arneoch eqrt yughti dulea R e8d)0 940

formicrma phh yof PROl 8 ai®hda pcuiysNtivdsd mbgs MZ 2 5 winit ir as ¢ o pé¢ d

A

near

correspond to
seehi gdr ethrdalobbteen opsevv

of vi2evih@n f

-upospefcitgr@yrneh {4ghl i g
i

y neglig
featur es

4 4

Spectra have been shifte

hts the characteri sti
bl e broadd bavhd chs map
present i n both the
edsl y.



© 450
c
S 824
é 400 1085
'_
350
=~ 300
c
>
o
& 250
> 146
G 334
S 200 318 354
% 206240272
150
100
50
0
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
Raman shift (crd)
Fi gdb@l olspe on TU15 pi Mikd-Ramarne ds pcercytsrtuan.
The violet cfriygséiraelv idofl e)wals Giedcet mrtuinf i ewhi carso s o d :
Raman spefitgsagaqgsy ct rBiam e d,acnphiot scboloomi ¢ bel
seen aibh e tlh¥Y swarsunretrhaelr attri buted to the pho
called Ahackmanite. 0
£ 400 _
S — TU16 Violet Crystal
§ 350 —— RRUFF R060436 Sodalite
e
'_
465
300
% 250 986
o
"
> 261
2 200 292 _
2 538 10439\ 496 734 10571072
q) S ~———— e ——
£ 150
100
50
0 /‘A—‘/\______
200 300 400 500 600 700 800 900 1000 1100 1200

Fi gdB6Mi c-Raman
from RRUFF

Raman shift (crd)

spectrum of TU16 visoteli teyB0)aORIaBnGainp gsepte)c tcrounm
dat abase. Phot dgarCahpahpuusifsn U & 6 @D gipOu sMca@ ks tldll by
camera fitted with a 42 mm f/5.6 11 R I ens
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EDXSEM

Semuantitative Energy Dispessiuse n§pe hter Baxcy
El ectron (BS¥pande egdMr @mo ¢SoEd@weerpee r f coornmesce | ect e
Gr eemslaampd e & ®(UNWBO l]and TUO8) cthoe nitectmgbrorsM etta adtnh e i

and oxides types tradhd el tVs aardee spprbdcsea vted dy i n
Due to the Il imitations of guantitati&e EDS
i mportant compoanenbtobetuwugtupbtg detected, a
bel ow t he detection [ i mit ( Z
(myscope.training/EDS_Limitations_of _qgquantiteé
Therefore, the analyses were normalized to o
observed between the reference values and th
The rofsumatsauimnayrptezbd e a&Vne compared wiMi mdraef er
(20.25)

TabV:€he miancaally ses of tugtupite sampl es,
%element | o on| TuoL | Tuo2 | Tuos | Tuo4 | Tuos | Tuos | Tuos
mass n-4044.htm|
O 41.047 36.52 432 3823 427 42 444 3491
Uncertainty 0.12 01 0.12 0.2 0.2 0.2 0.12
Difference (%) 11.02% 5.24% 6.86% 4.02% 2.32% 8.16% | 14.95%
Na 19.66 2122 1857 20.72 189 19.9 19.6 2055
Uncertainty 0.07 0.04 0.07 0.1 0.1 0.1 0.08
Difference (%) 7.93% 5.54% 5.39% 3.86% 1.22% 0.3% 4.52%
Al 5.769 6.54 5.98 6.34 5.9 5.9 5.8 6.8
Uncertainty 0.04 0.02 0.04 0.1 0.1 0.1 0.05
Difference (%) 13.36% 3.65% 9.89% 2.27% 2.27% 0.53% | 17.87%
Si 24.018 2707 24.35 26.3 243 243 231 2835
Uncertainty 0.09 0.05 0.09 0.1 0.1 0.1 0.09
Difference (%) 12.70% 1.38% 9.50% 1.17% 1.17% 3.82% | 18.03%
Cl 7.58 8.65 7.86 84 8 8 7.2 9.39
Uncertainty 0.05 0.03 0.05 0.1 0.1 0.1 0.06
Difference (%) 14.11% 3.69% 10.81% | 5.54% 5.54% 5.01% | 23.87%
Be 1.927 non non non non non nor norn
detectable| detectable| detectable| detectablel detectable detectable detectable
Total 100 100 100 100 100 100 100 100
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Tabl ee & htes c haenmaebayasl t h e asaxmpdeessp ar etdh ewid ait a
reporbanlR®O 6) .

TabVieChe mincaaldsy 0 §t uspmp eistye e .

0 Reference
% element | o TUO1 TUO2 TUO3 TUO4 TUO5 TUO06 TUOS

mass 1966)

Na,O 2552 27.22 25,85 27.09 26.16 27.25 27.68 25,88
Uncertainty 0.1 0.06 0.1 0.07 0.07 0.08 0.1
D'ff(eo/rsnce 6.66% | 1.29% | 6.15% | 2.50% | 6.77% | 8.46% | 1.41%

AlL,Os 1115 1147 1173 1145 1154 11.32 117 1161
Uncertainty 0.08 0.05 0.08 0.06 0.05 0.06 0.08
D'ffg/roe)”ce 287% | 520% | 2.69% | 3.49% | 152% | 4.93% | 4.12%

SiO, 5158 534 54.23 5352 5383 53.12 5284 54.22
Uncertainty 0.17 0.11 0.17 0.13 0.13 0.14 0.18
D'ffg/ro‘;r‘ce 352% | 5.13% | 3.76% | 4.36% | 2.98% | 2.44% | 5.11%

cl 7.28 7.91 8.19 7.95 8.34 8.24 7.74 8.3
Uncertainty 0.05 0.03 0.05 0.04 0.04 0.04 0.05
D'ﬁg/rf)’”ce 8.65% | 12.5% | 9.20% | 14.56% | 13.18% | 6.31% | 14.01%

BeO 540 non non non non non non non

: detectable| detectable| detectable| detectable| detectable| detectable] detectable
Total 10093 100 100 100 100 100 100 100

*Wit hoot a8d KIgO for a total of 0, 65.

Il n both types of anal ytsheed . ememit |l mimaes ¢ief te
observed between the reference and the measu
studied sampl es.

Overall, the obheamineal iareet Udidssss tsucckyt owi t h |
tugtamdteonnatrarkr e mp | e s .

Semiuant EhatDgy@errsayweFlIXuorescence
Il n contr &SsEtM, t EDiEDPgr-sawe FIXuorescencesge&EaDXRF

Annex rlelveal the presence of sulfur as wel!/l
i mpurities. Chemical analyses were conducted
size | imitations in CanadBenybhduRuasdaoxygeg
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be reliably detected due ttohtecamhmreaxmdrngabvVehi &
normali zed concentrations (ppm) to show only

The concentrations of the primary constituen
mi nor vatrtatbwihsdoci ated mimadrralxs pSraarspd ret TiUd

greater wvariability, p a 9t0i0c upl pamn | oyo mpna r aeldu nti on
6 B7-8M30 ppm for TUO 2 t o T 61900) , ppsm | ¢ @ mm a rceo
288830860 ppm), and cI8l1®r ipnpem ccoonn e@Bié@B @308 25
ppm) .

Al analyzed sampledulexecrept STIUND®r coemee mt r at

approxi mat 60y Df5@®@ he chlorine contented excerg
about 6.89% of the chlorine content.

Compared to trieeowyysaaflviact6i)o mshiitccehaedin'S i s abou
t he Cl| tcloentealt oehxe a@let arionuegch|l y bBatéptashing ghUC
di fference may be explained by the detectio
beyond the commonly reportped XKEcame@dfismr ¢ m t h
F,gal |l Gy m aimdy n e MguEe flenov & Bykova, 1960; D a
202bndeckdi,t iaonaweirr mpdeiheitnegghdy,anese (Mn), stro
barium (Ba), bromine (Br), iodine (l), cesiu
titanium (Ti), scandium (Sc), rubidium (Rb),

Finch(204B3do reported the presence of scandi
ppm and 6 ppm, r essptewcdy cvawvladtieureoctelde opt gsemnt s
at 3.7 ppm. Twagmiesmnt howe vad rl, sva mifpdl. els pepxT, € |
consi dkekegldaddweasdet ection | imit), with concentr e

Some elemeddnsretatr vely high concentrations.
ppm in TUO1l1 and 2051 ppm in TUO02, whil e r em:
TUOS5 (20.1 ppm), TUO8 (20.31 ppmTUARNA( 2vER

ppm). Similarly, b adrbieutmveeon c3e3n8t raantd oH30 rEmmM
Rough, TUO9, anedd9WO0,pputi nr evdadcHl .s oBrpa misreen t
significant amounts, with concentmathnhombB10f

172.4 ppm in TUOS5, 149.9 ppm in TUO0O8, 93.7 p
in TUO9, whi¢é@dnbyazBppmtain

Finalnl wnusualchproemd amc evacsf det ected excl usi vel
of 12.F6 nkphrh201@) .reported the presence of cl
particularly in sodalite, wttthguonhsenstspbdtal bh
AF-12 )1 to 1@29nlkpsnodal i0t7Ep, skaunpliet AWas ARt det
99703 tugtupite sampl e.

Lumi nescenc

Tugt ulpumienessermndevedrment edhem ommemad hhe .| iAtser at
previously observed inehetulgd apacesal dgemohog
bot h-walher t( SWUV-Wwaaad( LWOyY) ultravi onloetangagi at
red | uminescence urdemi SW8¥Yenod ander abyuV.
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reveal that, fiort emtssthiypnmfiglease i Bestronger u

Based on t hese visual observations, |l umi n
spectrofluori meter. Emi ssi o&00spremtrangver and
excitation wavel en§Whs): anhxd4 36l W \{n m (

Lumi nescence spectra were redomnderedbdtoh axaaip
conditions,edspwvernala amispdiaggn peaks and broad
used tmi detexci.Saltechesdpemisai ons obtained a
then anal yzedstso odixdogitd tf itgdort Bpeavt d sl (

TabVieExcitation wavelengths studied from TUO

Sampl e Excitation Wavelengths Studied
TUO1 440, 625, 676
TUO?2 647, 679, 689
TUOS3 428, 444, 677
TUO4 649, 684
TUOS 421, 673, 686, 693, 720
TUOG 648, 676
TUO7 427, 680
TUOS 425, 648, 674, 685, 695
TUO9 647, 681
TU1lO0 673, 687
Figupeedents several represent atlinvsdehsans tsrsa ,0 n

samples TUO0O4, TUO @ ca rbd oTaW0 8& nma Isls i eoxnh ibbaintd bet v
peaking at 676 nm for TUO6 and sl Agwkelakeshi
broadw&aaldso observed between 400 and 460 nm
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Wavelenght (nm)

Fi gdrEEmi ssion spectra at 254 nm with a 5 nm slit of TUO04,

The excitation spectrum corr esponfdiignugr,et @s3t h e
shown in the 254 fnimngwme sd4&ivemm|l spe wior mai O exci
band centered at 258 nm, att-wabet &¥, tantdhe Do
band peaking arounvaald && rmm.s eA vweeda katp e3arks n m.

w
o

Millions

258

N
(63}

N
o

375 388

Slc/R1lc (CPS / MicroAmps)
= =
o (&)

a1

250 275 300 325 350 375 400 425 450 475 500

Wavelenght (nm)

FigdBexample of TUO8 excitation spectrum for an e
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Under 365 nm excitation, the efnigs9ie oddesdpp eacyt r
sever al bands between 550 and 800 nm, notabl
spaced peaks vciobratipomal Hptot lyegtha wwenr ehny ke et
1971, Ga fogAddi al onal |l y, a br oad waabds ebrevtewde, e 1
peaking around 425 nm in TUO8 and 432 nm in

@ 100
o
S
90
648 674 695
TUO 8
80
0
£
Z 70
o
3)
s 425
n —
a 60
9, \.ﬁ""‘v—
i~
o
S 50 TUO06
—
n
40
432
30
20 TUO4
10
0
400 450 500 550 600 650 700 750 800

Wavelenght (nm)

Fi gdBEMi ssion spectra at 365 nm with a 5 nm slit of TUO04,

Focusing on sample TUO0OS8, the excitation spe
(fi gour,e previously observed fngt9h,e SB@BHGW moma & mi
band bet ween 250 and 350 nm, peal

51



gﬁ
Q2
= 306
% 5
(o
=
3
S 4
S
2 3
e
3
2
g
(%2}
1
0
250 260 270 280 290 300 310 320 330 340 350
Wavelenght (nm)

FigbEexample of TUO8 excitation spectrum for an emiss
Furthermore, for the emission peafkisgwrheadd ¥ ed
648, 674, and 695 nm, t h ef icgu)rreedsi®sdpriivdai ymmoa | eax ¢
bands: one centered around 258 nm,-wavd rUWut e
and a broader band peakishgoatoh3&8 vew. aA Bag8Bk
the 674 nm emission. The similarity of these

(648, 674, and 695 numhi med ge mad ecdmtoenr .t he sa

80

Millions

258
70

60 388

50 695 nm

40
378

30
674 nm

Slc/R1c (CPS / MicroAmps)

20

10
648 nm

250 300 350 400 450 500
Wavelenght (nm)

FigdEexampl e of TUO8 excitation spectra for emissions at 6:
shifted for clarity.
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TablperdsXents all emission wavelengths studi ec
corresponding maxi mum excitation bands. Over
similar excitati onwafveea t(u2r5eds -muanydéeds( @bml)tohudsthroa u |
excitation.

TabVIelResults of the excitation wavelengths s

Emission Wavelertlgs (nm)
Sample Maximum Excitation Bands (nm)
At 254 nm (SWUV) At 365 nm (LWUV)
440 306
TUO1 625 388
676" 676" 388
647 388
TUO2 679 388
689 689" 388
428 306
TUO3 444 306
677 677 388
649 388
TUO4
684 388
421* 421* 306
673 388
TUO5 686 388
693 388
720 388
648 398
TUO6
676* 676 398
427 300
TUO7
680 388
425 306
648 388
TUO8 674 388
685 388
695 388
647 398
TUO09
681 398
673 388
TU10
687 388

*Bolndhmbers are common to both emissions.

From the resultdlsl esutminraee zmdi n nexci tation ba
approxi md06l ywm30@B88 nm, and 398 nm. Under L
characteristic \Wiibsr adliearally svirsuicktlue,e pprfoduci
550 andP8O0@remnykh et .,al09Q 1971; Gaft et al

53



Phosphorescence
Under 254 nm UV excitation, sapmlosphdDu@s.ceh
S pecftirgéul (e

Thousands
o ~ ® ©
o o o o

a1
o

40

Intensity (count)

TUO8

10
TUOS

0 20 40 60 80 100 120

Time (ms)

Fi gbeRRhosphorescence spectra of TUOS5, TUO7 and TUO8 with 2°¢

The emission edhha&ampliy ywidtelcirmashe first few
becomi ngapgprionti mately 30 ms andmbamgeltyheddthe
sampl es, TEBWOG7 diisgphleasyt wh e rTela0ad esidnot @ nwsei atkye, s t .

This behavior i ndicates that the Phoepdhamas
generally not observable to the unai Gad eye,
&Sumn2023) .

Associated Mineral s

This second part of this study focuses on t
These mieaeirad@efsctahree geol ogi cal environmemt in
help understand its for mads @ nd e tTdheeimiah et eonfc ets
bet ween samples from different geographic or

Laboratory Gemol ogy
Mi ccRama n
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Al |l anal yses of the associ at eRda mainn esrpaelcd rwemred

identify imatphbbaselbbserved i n t he
Samples from three geographic | ocalities wer
TUO 7, and TUO08) , the three Canadian sampl es

samples (TU14 and TU15) .

T Greenl and sampl es

For sampfil gufpdBsé¢ he Raman spectra of three mi

with tugtupite, compared with reference spe
mi nerals ara mlakali oei iec{gsion), neptunite (
(trans| ayciesanhti tteo cgry st al aggregate). The corr
anal yzed ar #ag u3ee shown in

é 400 TUOL1 Greyish White Crystal

2 —— RRUFF R050253 Albite

§ ——TUO1 Black Crystal *‘

—— RRUFF R060746 Neptunite
TUO1 Grey Crystal
—— RRUFF R060682 Chkalovite

350

300

250

200

Intensity (count)

150

100

50

A Fi gbrBPhot omi crogr
0 inclusions acquir
200 400 600 800 1000 1200 Using a Nikon SMZ
field of view is

Raman shift (cm) (bottom).

Fi g&6dMi cRoaman spectra of TUO1 associated minerals compared
RRUFF database. Spectra have been modified and
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I n sampfiegguBdd Splt @ Raman spectra of two add
association with tugtupite: aarwlietdes onrn yt £t g Ib)l
matched with RRUFF miner al reference spectr
pr esefitgeud. ei b

2 1600
§ —— TUO5 Black Crystal
>
_§ —— RRUFF R050514 Arfvedsonite
1400 TUO5 Grey Crystal
—— RRUFF R040129 Albite
1200
~ 1000
c
=}
5]
A=)
b W\_A——-&___/\/\/\\
2 800
(O]
=
600
400
200

0 : PR
200 400 600 800 1000 1200 Fi g®BRhotomi crogr
Raman shift (cr) inclusions by ClIz:
Ni kon SMZ25 . Fmieclrc

Vi edw: ..

Fi gbb6Mi cRaman spectra of TUO5 ac
Raman spectra of reference min
have been modified and s

As for safmgpu8esl®@WY ,t he spectra of two additd.i
tugtapgihtkkeal oyi t @ac{gsion) and Odpthnictoreas( it 2al
the minerals previously identiifdiied |idngeidUd In.
57.
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ﬁ 140 ——TUO07 Black Crystal
o —— RRUFF R060628 Neptunite
é 120 TUO7 Grey Crystal
— —— RRUFF R060682 Chkalovite
100
T 80
>
o
L
>
= 60
c
L]
i=
40
20

Fi gbrRhaticgrraaph of TI

0 A /\ by Claire Chapui s

microfscepd Dfhii ew:
100 300 500 700 900 1100
Raman shift (cr)

Fi g6 BMi cRaman spectra of TUOmMpassdciatRamamnepatsra of ref
RRUFF database. Spectra have been modified and

Il n sample TUO0O8, the ass eRaimatne s pneiftngaurgdslic @dpayt e c
gay spectsth@dmstrong correspondence with pyroch
the RRUFF pyrochl orfiegurbgfagy esmp@e t sTphaicst r iuane n(t i
suggests the pregenaoap omf nar aply,r ocdhd asteagal | vy
pegmatitic assé&mbmacgosmspalgext.hi n t he

©
o

TUO8 Light grey crystal
—— RRUFF R060288 Pyrochlore

[e]
o

Thousands

~
o

()]
o

50

40

Intensity (count)

30
20
10
0
200 300 400 500 600 700 800 900 1000 1100 1200

Raman shift (cnd)

Fi g6BMi cRaman usnpecTlW08 associated mineral compared to
database. Spectra have been modified and

n ©
=<
— =
— O
e~
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T Canadian sampl es

For sample TU1l1l, several mi nerals were ident
spectr a. The white cfrgusteal) a pdedsypdr@tsrealo bfsea t
compatible with both wussingite and chesnoko
(fi g wBroe )(.b)

€ 140 B 200
@ (a) TU11 Colorless Crystal 3 (b) TU11 Grey Crystal
§ —— RRUFF R070562 Ussingite § —— RRUFF R060416 Sodalite
- —— RRUFF R070234 Chesnokovite = 180
120
160
100 140
:é\ 120
:E:: 80 3
(8]
(] =
) > 100
z 2
£ 60 z
c - 80
40 60
40
20
20
150 650 1150 150 350 550 750 950 1150
Raman shift (cr) Raman shift (cm)

Fi g6 OMi cRaman spectra of Td&dhpassdciatRadamamnmnepatsra of ref
RRUFF database. Spectra have been modified and

When comparing the TU11l fiignuerlecwiyshat habhobodétm
crystals enclosed in coHiol #iiegslBrpei sai sgmit eaf r b
rel at wambsherpved. | n TUIMa s aonbveaecergviernd aecot pst at
aggregate near(redechugumpCbesgdarnng the geo
the known association bé&bwWeeheuskayngi e Sa meé
SBrensen )et aald. t hle9 fl darc kc lods reovk awiNtice dau)t,,s i2de 5
it is reasonable to attribute the colorl ess
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FigwrldU1l1l tugtups $ @cwds
preswmsd s@idtatnidt eaegi r i

SaiHitl aire,Fi@danadad. Ivdon Mo nt

Photomicrograph tak el
Ni kon SMZ25. microscope

Il n sample TU12, Raman
sodalaytergyggtal ), as
whi t e mi ner al , showi
det e(tit gadIbp(
[
[2]
© ——TU12 Black Crystal 2
8 (a) —— RRUFF R061093 Aegirine o
3 TU12 Grey Crystal <
= —— RRUFF R060435 Sodalite ~ +
200
150 —
= 5
c
3 g
o 2
2 G
2 100 3
e =
=
50

hn

An
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950 1150

Raman shift (cr)

Fi g6RG&@r oup
Poudrette

®r ®gi e,

Phati agrraa p h
Horv@®&thops¢/ / www. mBilmldat. 2hg2n§ /

of

Qu®bec,

colorl ess

by Dougl as

ussi
qulirlrgi r MankiacShdea Inil

Canadze

Mer s

anal ygesembwsdakl|l edyshal
c on fiigruenged)( .&d yT hReR UsFaFmes puencc
ng spectral S i

160 - (b)

140
120
100
80
60
40

20

150

TU12 White Crystal
—— RRUFF R070562 Ussingite
—— RRUFF R070234 Chesnokovite

650

Raman shift (cr)

mi |l ar i

1150

Fi g6BMi cRaman spectra of TUdApassdciatRammnnepatsra of

RRUFF

dat abase.
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https://www.mindat.org/photo-31960.html

hfoil popugraecshd ® c DWWy BrReo n b e
cation as wussingite.

As for TU1l1, t
supports its i

_.-c

.(“ ‘ ~\

Fig6beU12 tugtupite cryst Fig6dRUL12 aegirine cryste
ussingite and sodHil aier ef ussingite and sodHilli aier ef
Photomicrograph by Clair Photomicrograph by Cl air
SMZ25 mi cFrioceslcdo poef vi ew: 6 SMZ25 mi cFriceslcdo poef vi ew: 6
Regarding sample TU13, the previous Raman s

eudi dliyupwi t h no tugtupite detected. However
remai ns rel evant since weudialyte gemdbgugau
enviroSaneinlt] i(ng) .etT heel -s,d ebeG linfoined whi te miner
chesnokogibr eagbspectausdni (fgigtler evieol e)i ns ptelcda r u
RRUFF databasencwea@®gab&e g dsgpct r um

§ 140 TU13 Colorless Crystal
§ —— RRUFF R070562 Ussingite
g 120 —— RRUFF R070234 Chesnokovite
100
S 80
o
S
2 60
(2]
C
[0}
E 40
20
0
100 300 500 900 1100

70
Raman shift (cr%)

Fi g6 6Mi cR@aman spectra of Tdd®passesdciatRamamnepatsra of ref
RRUFF database. Spectra have been modified and
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Addi tional mi ner al sdd¢ dlealtoay ii ey 6§ tna ITU,L 3ae gicH iu
bl ack crystal), and natr olfiitgeBragnwdi6i g tep pcorr yt setda
mi cr op h o tfoiggr udrgenss. G n

TU13 White Crystal 27600
—— RRUFF R040112 Natrolite
120 ——TU13 Black Crystal 2760
—— RRUFF R050074 Aegirine
TU13 Grey Crystal 2z
—— RRUFF R060682 Chkalovite

Thousands

27750

100

27800

22100 22150 22200 22250 22300 22350 22400

Fi gG7Phot omi cr og rreagil
80 surface Phgsoagtaph
A using a Renishaw 1In

Intensity (count)

_/‘MM Figue&Tu1l3 eudial yt
0 chkalovite, natrol i

200 400 600 800 1000 1200 SatkHitl aire, Canada.
Claire ChapuNBkounsi
Raman shift (crd) microfcepd dDInmvi ew:

Fi g6 BMi cRaman spectra of Ttd®passesdciatRamamnepatsra of ref
RRUFF database. Spectra have been modified and

T Russian sampl es

I n sample TU-lerewodennefanéd in hguo}i ati ol
Comparison with RRUFF minéehal presrfaceayoé¢ shd&
crystal) and sphalerite (brown crystal). Th

fi g wrOe
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g 80 ——TU14 Brown Crystal
@
§ —— RRUFF R050005 Sphalerite
= TU14 Grey Crystal
70 —— RRUFF R060682 Chkalovite
60
/V\/\ — A
50
=
>
3
— 40
2
‘D
c
()
£
30
20
10
Figuf@®@Photomicrogr ¢
inclusions by ClINiik
0 SMZ25 miecFrioeslcdo pb f &é&
(bott odm)hiddnadp)

100 300 500 700 900 1100

Raman shift (cm)

Fi gddMi cRaman spectra of TtdrmpassedciatRadammmnepatsra of ref
RRUFF database. Spectra have been modified and

Agai n, for sample TU15, no tugtuepi trevewabed
manganoneptuniteréorctphet amhj nwhpi hwkaiss hied eandtjiafci:
as us,siwlgitlke ccanmnsheealkso asn fadasid mibtnuegrtadipp h ¢ e

associated minfeuwrgal3s | npt esldm®evthais)p racrtde ufhe pt un
(bl ack 3$pesctokntsm st ent with RRUFF database mat
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—— TU15 Black Crystal

—— RRUFF R060746 Neptunite
—— TU15 Brown Crystal

—— RRUFF R050005 Sphalerite
—— TU15 Violetish Pink Crystal

Thousands

600

Fi gderRrhot omi cr ogirmplh
500 —— RRUFF R070562 Ussingite by Claire Chapkion
mi cr o.s choipesl dl 1aif5n8v i e w

Intensity (count)

200 400 600 800 1000 1200
Raman shift (cm)

Fi gidBMi cRoaman spectra of TedlpassesdciatRamamnepatsra of ref
RRUFF database. Spectra have been modified and

Scanning Elec{B6&M) Mi croscope

TheesuBEM ohemiesat amphéysTUOL to TUOG6 are pr
Annelx wWhile additional MAM¥IEW Maese dar kise aft d wel

(BSE) i madehse rperveesaelnce of numerous minerals &
a detailed view of the mineralogical context
Il n TUO1, chemi ciaclal armali s s oif deanstsiofci at ed mi
chkalovite, mi crocline, neptuni tre,c himaaldkeang n e
eudi alyte or a member of t (fieg uptyerl daubslt arag eg rt e
di stribution of thesandimefflae¢dct wihdeaispedief isa
tugtdesct eiDlerde nbsye(nl 9eM@i )satli.nct cr y wteaddl si ezravt & do,n
such as al bite ppdtnagh ecshk atl wg/ti U peo,d eamarnicel @mmnma mile
|l i ke neptunite and microcline.
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—K-beariknc

00mm  High-PC 55.0 [©lx60

FigagMBackscattered electronclRBRSE) onmageocoht ebemirédalksi (
al bite, chkal oaviMbec hbmeiaGe oncgl isrpes,c i aersd p ¥ g g eoset usdr i egel ngbtiedy a royf | it the

occurs with chkalovite. (b) Tugtupite in asswgiwitewnsiwadwihng
al bite and manganoneptwmiuieeweiarfi inkg T WOt .up(id)e @lscodai at ed wi
suggest edpyme imboeeruedoi fg t g t1 p

Backscattered el ectr ding uB®BBvE)d hiemand eass s@rlosisaetnt e
with tugtufppuBe)(d TUEAES ®)(7 TOES E)(7 and TUOG
(fi gus, @)(7

Il n TUO3, di $weerreenitd efnetlidfsipeadr: Apureo alpite,
and anothe#dA2&ocoanarAddigeenonal deme arfii egvaf3meci e
seencl|l osed wilihg mayd resygenaphiitne .t te ne hgidKe pir i @ g
tugtauaempenent, similar ftgu&d)d observed in T

Il n TUO4, t teghtsupvdiern shaevehutrdhseonc i aat edlb avh a rheE e U
bearing species enclThioss edd yiénf adars dIrtoimt el UDat cbh
urani um, suwgogsdmbgUWandhbspecies fSomenhel e ué
Bohse). 186®Wwever, pyrochloretchhamncetal b@emkthuoi
Table ALirkehpana&kedddri ng member of the eudial
AnnelxAygdai n, a |Ipagthareri mgredgtc b pgbe gmiamy ai ndi cat
a Kearing tugtaphser compiomeh®W0l1l and TUO3
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Nbri chande :
~— bearsipnegci -

Unident+ f b
bearing s

Tt p

K-bear i nk

Fi gibRackscattered electron (BSE) of sampl es TUWs0e3c ttioo nT UOf6
tugtupite &beaci ageidpwamietbp it tee3 584d) b iatned 4 A eajntdh iutne d(dretair fi ingd Ba
speci €b) dMW@4tiohi of tugtupi tNebrsohaodEbbBadi by speéecitesasdgge
member pgf otohebwdiegt gt g c) TWOSti 6hiof tugtupite associated wi
tbhisecti oni tod daugdaipated with analci me, sodalite, and aegiri

In TUOS figure 7, (c)), albite veinavereobserved within the tugtupite, enclosing wedifined
aegirinecrystas.

Finally, in TUOG6 {igure 7, (d)), analcime and sodaliteerepresent, with sodalite enclosing
crystals potentially representing aegirine or arfvedsofitether analyses are required to
distinguish these minerals, which frequently form intergrowths or mixed phases during
crystallization (Wormald & Price, 1988

The observed cr
sampl es are con
Bohse, 1975; Sk,

ystallization patterns and t
sistent w3Rrhe npsreenvieotusdly. ,pulb9d 7
hiddnfigr mitna@glt he 2t0Mdi cal sequ
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Summary

Tablsasmmast heeas s ociiadteendi nniienaedri@ kssaenppt, T XN
t,hmedokt-Ramd crr ded SEBNMdanal goepar.i
wit hasegoirnt elditerature.

TUl1B)om

Tabll XSummar vy

of

t he

sampl e

of

he

dent i f i

cat.

on

mi ner al ogi catld Wlh5a r(aecxt ceerpt

TUQY9 Tluh@ 6fUlincluding sample identifi
mi neral s I de fRtaimfaine ds plegn @b c apypilnyseempari son
|l iterature dat a.
Sample Sampl Sampl Associ Associ a
identification | ident i f ocali m ner al Ass ocnm axtedSHEIMs m ner al
Name resul (Mi cRa@ma (frloint e*) a
Al bite
Barylite*
Chkalovit
Nar sap Al bi t K-bearing tu
TUO1 Tugtup Kuj al Chkal o) Manganonept Kvanefje
Greenl Neptun Microclin &
Neptunite
Nbr i c hb,e aCei n Taseq Pl
pyrochl ore ¢ Aegiri
Narsap Al bite Al bite
TUO02 Tugtup Kuj al Microclin Anal cir
Greenl : Arfveds
Al bite Chkal ov
Nar sap ~35% Al bit Limi ¢ a
TUO3 Tugtupg Kuj al ~42% Anorthie* Microcl
Greenl Kbearing tu Neptuni
Unidentified Baspecie$ Pyrochl
Narsap Al bite Ussingi
TUO4 Tugtup Kuj al Nbri ch& ear i
Greenl pyrochl ore ¢
Narsap — Ajpit. Al bite
TUo5 Tugtup Kujal Arfveds Arfvedsoni
Greenl
Greenl a
Anal ci me (Al | oc¢
TUO6 Tugtupg Greenl Aegirine or/ a
Sodalite Aegi ri
Al bite
Anal cirn
Chkal o Arfveds
TUO7 Tugtup Greenl Nept un Chkal ov
Epi st ol
Limi c a
Mi crocl
Neptuni
Pyrochl
Schi zol
TUO8 Tugtup Greenl Pyroch Sodal i
Sphaler
Steenst
Ussingi
Mont Saint Aegirine* Mont Sa
TU11 Tugtup Hilaire Sodal i Hil aire
Canada Ussingie*
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. . Al bite
Mont Saint Aegirine* Anal cir
TU12 Tugtup Hilaire Sodal i Eudial yt
Canada Ussingie* Natr ol
— Sodal i
. Mont Saint Aeglnnt_e*
TU13 Eudialyte Hilaire Chkalovie*
group Canada N atro I
Ussingie*
Karnasurt, Lovozer
Lovozero, Chkal o] I ntrusi
Tul4 Tugtup Kola Sphal e (Al | od
Russia
Aegi ri
Al bite
Anal cir
Mangane Chabazi
neptunite Shkatulka Chkal ov
(reddishpink pegmatite, Epistol
TU15 crystal) Alluaiv, g‘s E ; Iu 2 Mi crocl
& Lovozero, Ussing Natroll
Ussingite Kola Neptuni
(pink phase Russia Schi zol
mineral) Sphaler
Steenst
Ussingi

*Yakov] evskaja

et Semenov,
Mili senda M tndalt., , 220®155 ;

SBrR*mtsielnl ieng adt. ,all.9,7 ]

*Minerals identified in this study but not previously reported in the literature for corresponding locality.

Samples TUO1 to TUO5 originate from the ares
Greenl and. Comparisons show that thewvemiener al
generally consi st(®@bhrtenwietnh kttheaxldagteXr@dur € he
mi nerals from  fakBe wailndir dbaytye | drecbhwepad i mgr ispmc i ¢

For the Canadi an shHinpadierse of(rToRhL IMoomtl yS asiondta | i t €
have been repornScehd lilni ntgh eeHb vael&. e a t2u0clelk al ovi t e
aegi,commonly associated wi twh ratéusgot uopbi steer viend ohte
|l ack of i nformation regarding-Hialsaiorce at e dp Ime
probawbe yt o the | imited |iterature availabl e

Regarding TU14 and TU1l5, <collected from the
mi newerhdss o consi stent with (fakoe|l &@Sstmrinlbed I
196 3; SBrens)enTlke @ilnk mi9rdr al surrounding
which matches both chesnok Raimabatanhdsctes €nce@i

speomvarsdent i fied as ussingite based on its co
as bexiocnlguso v eRus sni a, p & hted waud earrd yi ntrusi on, [
colorl ess, whereas wussingite tygiiodlelty eexhiph

colMredat), 2025
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CHAPTERI BYusBi on

Classical Gemol ogy

Cl assical gemol ogi cal -wmédasrirvat eamgliessn saluidy
consistent with prevbbdbus he ODmamkest elded 1P D r iSd
al ., 1971, Finch et al . ,) T2hOel 6fi u nBkl nuonmennot rli a c a l

samplse attri buted to Gr eenlbaenadr,i ngs atrlkeea <sixzee
(SBRrensen Atl lala.n,al Yy2#®&Hd) s peciepreends |euxnmii nbe st ceedn cae
shewatve UV, with variabl e ientoegrmasigtey amd na swe
| omwgve UV. Il n most cases, | umvaes c &JiVvce Uwa ¥ ¢
di stribution of l umi nescence was frequent|
mi ner al s. No vVvisible phos peiroweatsicoermnsc ea rwea sc adnes
previous studies obraggteg,tr9TUm PRPesararcry K

The photochromic behavior observed in this s
Milisenda et al ., 2015; Blumént Al tt s&mpt essc
r evercshiamlgeso Iwodrlrueengi ng from | i ght or medi um
pur pdiimskh, orredimkamhUV exposure. The fading o
over several weeks, consi stMinlti sve n(dRa0tldbtd ,a la.n a
| onger t han tBhlousnee &dt dFgi af MiRiORdA@ a bayn& w23 ) .

Mi croscopic examination revealed several c ha
tugt Bpibtod ey et al ., N978am@hae BRUGBuNGOMRIORiI3n e
partially corroded colorless crystal. Fluid
in TUO1 and TUOS5, t hat have been captured d
440 AC amsobsb6@vABt(al., 1970

Laboratory Gemol ogy
Tugt Udpeinttel f i Chaa ri @t earnidz at i on

FourireamstihdRembpectroscopy
The FTIR spect Grae eorblt an ch etdu g tou petghet s atmpd else gte

aut horos knowl edge, among the first infrare
crystalline speci mensspeadwsecad etsr arnfs mirovxaidom b
bet ween 186® awidt R22di0stinct peakls atbiead, ba
bet ween 310 mMamd r @dPéndstructur al water i n
cryst alPloivaateinmry k(h et al). ,avaiedrbt e Hsnn dtanti,s 2b0a2n
among sampl es coul d indicate di fferences [
crystallization conditions.

The reflectance spectra of the opaquwen sampl
foll owed by two weakl bAddstdensdlhewalpleadks 9 oc.:
746, 797, 'anfdolllo@Beada mby weakercnf e&t mmeés yat al
bamdhiebserved arlound 1200 cm
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Further research is required to fudl pandent
which is well established.

UMWIi si bl e Spectroscopy

The MWUMbd pectra of samples TUO1 and TUO3 are
(Povarennykh et al ., 19)7.1;A Bdruareedhtahbstar p& iFoan t
and 600 nm, centered near 507 nm in TUO3 and
ur prlecs hcol oration of tugtupite. This band b
hifted 4 mduneetdapshtoatbol e st at e, indicating act
rradiati on. Thi s bpomds atbcs otripe | @lms dramtdi awmo r b
reen region of the spectrum. Consequently,
he stabl e srteadt et oampdu kppilinikksihe he met astabl e st
nNtensityndfthbesbapteasnhdadregdband at 375 ni
he strong UV |l uminescencebdlietsgmappeak ons
75 nm in the TUO0O8 excitati onefisgpuercet rdu8m f or t

ferenti al spectr al anal ysis suggests the
responding to the two typeBl omenbtbttcé&nt
2

p
S
[
g
t
[
t
3
D
c
( 1) . However, the specific peak assignmen

o = —h

|
0
2

Fo ur-TreansRfaooraom anRlanmMBaincrSSpectroscopy
FIRaman specGrreenbtnd heamples match the RRUF
tugtupitejtiglemftiifmicmg i on. Sever al character
15®50mand -12a@®M As with FTIR, further invest:i
the precisef eatiwgriens of t hese

Mi ccRaman spectroscopy all owed the identifica
charact efRiaaznadch . byT URT, TU12, andHeithuggdt uwe rtee choan
on comparison with RRUFF reference spectra.
identified as other mi nerals commonly assoc
probabl e manganoetdime mher (dvn t he Heutdo al yt
manganoneprtiummh tnee ilMnr of neptunite gramupl, ar
These results highlight possible confusion,
tugtupite.

ChemAnoal yEBXEM and EDXRF)

EDXEM chemical anal yses (perfor medhdi mselmot h
guantitati vewEDEREoadakyse@eendlangdi v algy upn t e
to the fragility andFusmahdr mogkt odl emdiretr s s &«

could not be r elbioatbhl syt rqunaenntti afli eldi ndiutea ttioon s .

Regar di ne¢SEtVMh eanEBldey sreesas utr ed el ement al composi
l'iterat DaelRyalloés; ) Mishawi,n@ 0@rbIsyr oomnoef ei & h
da,t atclbatiled domer mal i ztahtei odni fafnedr ence. i n sampl e f
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EDXRF analgd e peesaihce of numer ous i mpuri-t
constituents (i .e., Na, Al , Si, and CIl) . Sol
(K, Ca, Mn, FEeméa,ovM&, Byrkdva) 1960, WwWhinlRe 1
ot hers appeari nt ot hbee. |utntréer paoer uepdbdelsf wro nitmimel at i
concentrations (ranging from 4778 to 9571 pp

Sever al hypot heses may account for this obs:é
incorporated into the <crystal structur e, w h
chemical formula by the I nter nemadd md,als uldiegnwdrr a

as the other numer,may bDmpgirhnhatesfrdentiskioed
within the sample matrix. beeeédgubascsk3datt &
f i gu er e\be al compl ex miiner aru liarscdduabil peagestbausy t U |
ot hers associated minerals as barylite, eud.i
occurring within sma200abmphas ¢alplps oxnmatelegs
sul fur in the photochromic bé¢lklaWwitohg so fe |l teungetnu

Therefwawl,d ite interesting to perform an an
determine whether the presence of numerous |
matrix or whether they are intrinsic to the

Lumi nescence and Phosphorescence Spect
Advanced |l uminescence analyses confirm the ¢
tugtupite, conststgeepthwst mi peeai oasd rel ated

T S pol yanrieosnpso:h otr lb@reen ga mi nescence observed
exciftheiironvi brati onal structur eer GCdhnadr act e
700nPovarennykh et al ),hable%7ls;e rGaefdt ient TauO.4,
and TUO8 spectra.

T Fej subshatatt emsaeaed dminsdsicoelnt er ed at 67
SWUV exc¢ridsapgofoaihteé@d | umiGdetscencel (, 20009;
Ander sen, B2mlaal band$6 7-&EGnm euredie ra aIIWUHIM e e n
observTE@1, nTUO2, TIUO 3i anal sTAJOwr.obably Fej
for the r edcolruneisnpeosncdeinncge t o brweeder 68 Mi an
689 nm, present i n TUOWLO0 TsUOmp, | eTsUi0®al tahnodu
information reportad o0 mnraeidpelyu nitneersacteunrcee, i
under SWuUVgtaoapmplees.

9 Stype cehdreact a&brainzdedd3 ymmdSsW YV and réosponsi l
t he-bUVWe | umiGaéscen)Barload 2200 si on bands b
444 nm were detected i n TUOdL,f fTeldr0e3nm edsihaec T
|l iterature. This center coul d afdeakaitrognt ri
421 nm (TUO0O5) and 425 nm (TUO0O8). St nce t |
maybe the reakbesswhisitihleg eameenagbkei BHY ke
seconunirnyesilcence center.
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Thereher 87bamdnser ved -Virsi bhes dewrea apBt aor

correspond to the same feature detected in |
685 snefreglune 4AAhis shiggedser v bdVi 86i bhe 8pectra
and TUO3 may be |l inked to the UV | uminescenc

Finch(201@&a) .repionteadr ¢t alt umenescence i n mine
commonly attributed t od'swhstaihteuftiianal ytfhooro gAld it
mechani sms can be more complex depending on
sodalite, the |l uminesceldacred®Maryni hugtwuei bae
suggested that the emission may result from
and tetrfPzkeds al Fe

Additionalband aolsseni Vad wietahkatng3 78 ghtm shi tth
excitation spectmrumsca romgssglieogrid)i4€n gt ios 674 nm
was previoudsiupeBmibs ®ir mmeedts p @siefiengnd s t he or ang
l umi nescence( ubnsdiesrmyLiW8IVact eri zed by a severa
and 700 nm, typicalibyoaicrishuwwedutre, thadSt hce
SWUY 254i s mpthlowough a br oandmamtedp gi amblupda6goOoci
Fédtaken together, the preseht® mwmm fexrcid¢mits ino
685 nm and 674 nm suggests that this UV exci
F&anfceearts

Tugt sspimpd es 1 n t heixshe dgenxdt sreemte-ll yv eschyophosphor e:
i mperceptible to thehprakwéd&8wl®202Dd)n.siKBuretnh e rw
are needed to deekementealt her idguirmmt pabmdt hiitss p
relationship to |l uminescent centers.

Assocmianteaddésti ficati on

Across all anal-Raemdannsda MpbDRB s ananicgeos reveal e
mi ner al assembl agdssatiypgcalnvof onmgntup, t prov
insights into their paragenesis and crystal!/l

Mi ccRaman

Across all analyzed samples, sever al recurre
to tugtupite or within its characteristic pa
Gey crystals were mainly identified as chkal
or as sodalite in TU1l1laarmdhiTtlkel 2c.r yAsltbailtse ianp pTel
while white crystals corresponded to pyroch
crystalline phases were attributed to ussin
TU15. Sphalerite rwoawn rcercyogtnalz eidn alsUltdhearbd T U:
gr eemlisck miner al s, neptuni aef vedsomiedde i inn TT
aegirine i n TU1l1, TU1l2, a
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Al toget her, these results show c o@seiesntleamntd, m
Canadi aRussaad samples, astupmpoOe dcingt iao nc obmamowe e
and severakchsediumate phases, such as chkalo
arfvedsonite, and neptunite, together with &
and sphal eri tieonsThiesagi casxoccraystallization
conditions typical of ttehé oemsironments where

EneidDgyper-saiy&cafqni ng El ectbeDoX@ E Méincdr os c

Backsc 8tSHemagle g(
SEM chemiesalreamadltgysand backscattered el ectro

n

u

co
St
ma

t
g

T
k

u
r

h
n

as

S

u

St
Du
Cl

sy

T
a

h
S

mi

Th

a

p
c

- = —g 0o —
> ® 35 I T O

n
u
0]

mer ous minerals associated with tugtupite,
nt ext of ThRackommmpl associ at e emnhandl s afmp
udi ed ar e: al bite, anorthite, anal ci me,
nganoneptunite, aegqgi r i Abee aorri/nagn ds paebcéi aeesd, 8 gpnair
gtupite andhei t/Cededadi iNdgyteeudor a member of
aup

e presence of baryliteéginmfgdgampmltees elnl0ilng,s tpo
owl edge, the first documented occuffhesace o0
sociation, togdtcte r( NbietOr ma NbiGgnddeyeCreNn g p has
ggests the formation of tugtupite-fiirla@anvir
r
r

ength el ement s (HFSE) such as Nb,
ihreg ttr ansi tion from magmatriicc ht of |huyi ddrso tchoenrtn
, F, -ieonnd Iliatrhgoephi | e el ements (LILE, e.g., B
enit e, promoting the <crystsa3¢lhiizlaltiinogh.eotf asle

ese observations suggest-atnidartC ethh emi pnreervail o up:
sociated with t uethupgicthe dmaryarri eegrye sodn te uad i Md
cRaoman anal yses.

e observed crygscal laiszat bonepptateh®es or t u(
d the distribution of associated minerals
b
n

|l i she8Brmrempoaen set( al ., 1971; Steenfle, t &
firming the typical sequence of tugtupite
summary, the miner al associations obser v
evious studies, wiMi mes ameaeggoadibed ief,f earnearl @
kal oviteussodagéiteemmandy found with tugtucg
d Russia, reflecting si nTihleara bpseernaclek aolfi nseo nm
ke barylite, may be due to | ocal geol ogi c
sults confirm thatsadigumipi eavifoomsreaidnks ew o
teractions influence the final mi neral ass
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CONCLUSANIN OUTLOOK ON FUTUR
ANALYSES

This study provides a detailed characteri za
Greenl and, Camdaca, esrmaarRihsdiozused on its id
physical and optical properties, l umi nescen
highlighting both common features and | ocal
Classical gemol ogi cal observaticobneshawo ofri r nae
l umi nescence cowave amwdettomgtthh assh orltet radi at
previouMoseonsdgees. vi sual eXdm0 naapmpdhleashlgyg efsit &
Greenl aamdtr mscopi c examinations revealed 1 nc
inclusions that reflect typical crystallizat

Advanced spectrosco-i s -Rafmalny s eassRd(mnTil)cR,al UVW we
reliable identification of tugtupite and di
mi ner al s such as manganoeudi al yt e, mangan
lumi nescence atnhad yesxeissutleernvcpeh boefd e ntpol y anfimalsy d iF
substituttiyome , c emtde rSs , elxpmian @6 algm 1t eneam dsi svi eor ns
conf iprmadwigous studies

Mi c-Raman and S&IM awl aynyisnéesr al s i n association
al |l | cAAmaall iytsbeesse.ohampl es nomepal eg msmehalas bar
Nbria@md-béasipregi es, confirming its crystalliz
in dHighdength el eneindhs GCadm divs@lna tsialmp | es e x hi
associations, though | ess Riuccsumaeantseadnpil est fte
previously rasporctieed iminner al

Overall, tugtupite exhibits consistent optic
Greenl and, Can®déaf eraemnmdc eRBusisn aassoci ated mi
geol ogi cal conditions .dmeésdorfmatdii mmgs empvionvo
understanding of its formation and paragenes

rther i nvestigatiomec tdo® mp e @ cihreendi wiean saenvad n
i ng GHE& would be particularly valuable for
at emMMamdl VG&6) t bsgualrfduirngcont ent . I n addition,
e photochromic behavior of tugtupite remai
fading time when samples are kept i n the
atabeesrved in the d¢&tTdi&R amd tRaonmdAmwsrisripirerggl,i S ¥
identified, associated mi nebrealrsi nsgu cphh aasse sa,e
Ch,-,UWCandleanr i khgFismeelcliye,zs addi ti onal studies
e needed to better undastsoagerwhyms oms ceamw
ve UV thawawed¥B¥Y. short

S S c T~ 0 cm
Q- TSO>S TTWVC
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Normalized concentration (ppm)
Flement (Na;;gglllua, : Uncertainty (Na:-sl;gzllua, : Uncertainty (Na:-sggsllua, : Uncertainty TuoY : Uncertainty Tuo8 : Uncertainty | 1908 Rough : Uncertainty TUO9 : Uncertainty (As:igigd to : Uncertainty
Kujalleg)** | Kujalleq)** | Kujalleg)** | (Greenland) i (Greenland) i (Greenland) i (Greenland) i Greenland) |

Na 354300 | 1400 | 255500 1600 275100 1600 | 275500 1600 285700 | 1600 249100 | 1500 371600 = 2000 239000 1500
Al 24900 | 120 73070 | 180 71220 | 190 69040 | 180 69210 | 180 68100 | 160 80030 | 240 67370 | 160
Si 450690 | 200 304860 190 292840 190 302480 190 298600 = 190 283680 | 160 287420 230 300030 = 170
K 1063 18 7512 | 45 2786 39 66 21 163 | 19 8673 44 589 21 4503 35
Ca 3911 : 7 9802 : 28 21470 : 40 1957 : 6.4 882 : 65 6801 : 27 7496 : 93 4752 : 19
Mn 404 : 25 o7 3 2053 : 41 519 : 32 5.7 : 31 1477 : 4 0 : 0 584 : 35
Fe 103 : 22 1298 : 2.7 605 : 21 it : 25 687 : 21 7093 : 54 1379 : 3 14624 : 7.4
Sr 1302 15 1433 061 81 | 12 252 13 88 11 212 13 878 | 16 797 | 16
Ba 1910 : 110 338 | 54 [200]* : 120 0 : 0 [40fF | 110 510 130 470 : 120 530 : 140
Ga 114 | 18 4884 | 36 4245 | 32 5004 | 36 3948 | 31 5021 | 33 3134 | 3 4972 | 3.2
Mg 6355 07 2361 93 2810 | 100 2369 99 2870 | 100 2339 | 86 2770 | 120 2467 | 6
s 9571 | 45 5282 33 5485 34 s524 33 5806 35 a8 33 o o0 9495 36

cl 138810 : 420 339630 700 326830 : 710 342970 : 710 336870 : 720 374080 : 660 255660 : 720 368120 : 670
Br 7154 | 081 544 | 029 1724 14 037 11 1499 | 13 2155 15 731 1 1879 14
| [29]* : 16 [213]* : 98 0 : 0 123 : 23 0 : 0 0 : 0 [77* : 20 [39]* : 24
Cs [L24F | 30 23 | 17 o 0 o 0 o 0 o 0 o 0 [L7op | 46

or o o BF 2 o 0 126 19 o 0 o 0 o o ooy | 23
Ni 0 : 0 [2.0]* : 12 9.7 : 11 [2.75]* : 092 2.7]* : 11 [L.7]* : 11 0 : 0 7.6 : 12
\Y 0 : 0 L 22 0 : 0 0 : 0 0 : 0 0 : 0 0 : 0 [7.4]* : 22
Ti 3682 | 62 o1,1 | 42 3489 | 63 26 29 [oip 25 2605 6 492 | 36 1917 49
Sc 0 : 0 [2.08]* : 0.66 0 : 0 [0.15]* : 031 37 054 0 : 0 0 : 0 0 : 0

Rb 1043 | 068 408 | 031 1216 | 083 516 073 o 0 586 079 227 | 059 1173 | 083
cu 11,7 : 12 29,2 : 15 0 : 0 [0.96]* : 0.93 0 : 0 49 : 11 313 : 0.89 148 : 13
Zn 20519 | 57 8484 | 46 201 11 3327 3 2031 | 096 1123 18 533 | 076 312 | 11

Primary constituent

Common impurities listed in the literature

[ ]* Below detection limit
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ANNEX:SIEMAMSSOCI ATED MANAIRER S
RESULTS
TUO1l Associated Minerals
K-bearing Tugtupite
% element mass TUO1
N&aO 26.67
Uncertainty (+) 0.10
Al203 1168
Uncertainty (+) 0.08
SiO, 53.47
Uncertainty (+) 0.18
Cl 7.99
Uncertainty (+) 0.05
K20 0.19
Uncertainty (+) 0.02
Total 100 (+4) 0.43
Albite
% element mass Reference: Mposkos et al., 2012 TUO1
NaO 1177 12.25
Uncertainty (+) 0.06
Difference (%) 4.07%
Al,03 19.33 1957
Uncertainty (+) 0.09
Difference (%) 1.24%
SiO, 68.65 68.17
Uncertainty (+) 0.19
Difference (%) 0.70%
Total 99.75 99.99 (++) 0.34
Chkalovite
Reference: American Mineralogist Recalculate without
% element mass | Crystal Structure Database record, 20 BeO TUO1
- Chkalovite (2)
SiO 58.01 65.99 66.06
Uncertainty (+) 0.2
Difference (%) 0.10%
NaO 29.92 34.01 3394
Uncertainty (+) 0.11
Difference (%) 0.20%
BeO 12.07 0 non-detectable
Total 100 100 100
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Microcline

% element mass | Reference: Rosenholtz & Smith, 1942 (without impuriti§ Recalculate TUO1
Sio, 65.1 66.4 64.26
Uncertainty (+) 0.18
Difference (%) 1.29%
Al>Os3 188 19.18 185
Uncertainty (+) 0.09
Difference (%) 1.59%
K20 14.14 14.42 17.23
Uncertainty (+) 0,09
Difference (%) 19.48%
Total 98.04 100 100 (+4) 0.36

*Impurities listed: FeOs, FeO, MgO, Ca0, N®, TiO,, H,O", H,O for a total of 233.

Barylite
% element mass | Reference: Lapache, 193Barylite (3)| Recalculate without Be TUO1
SiO, 37.14 4393 44.67
Uncertainty (+) 0.17
Difference (%) 1.68%
BaO 47.39 56.07 55.33
Uncertainty (+) 0.24
Difference (%) 1.32%
BeO 1547 0 nondetectable
Total 100 100 100
Manganoneptunite
. Reference: American Mineralogist Crysta
% element mass Reference: Lalrd. et Albee Structure Database record,gzom y TUO1
1972- Neptunite (1) Manganneptunite (3)
SiO, 53.96 5298 5252
Uncertainty (+) 0.17
TiO, 17.74 17.61 16.05
Uncertainty (+) 0.12
Al,O3 <0.10 0 0
FeOs 0 0 15.32
Uncertainty (+) 0.15
FeO 11.71 7.92 0
MnO 1.40 7.82 3.36
Uncertainty (+) 0.07
MgO 1.73 0 0
BaO 0.25 0 0
Li»O bdl 1.65 0
N&a.0 7.38 6.83 7.43
Uncertainty (+) 0.06
K20 4.84 5.19 5.33
Uncertainty (+) 0.05
Total 99.01 100 10001 (++) 0.51
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Neptunite without Mn

% element mass Reference: Flink et Gust, 1898leptunite (1) TUO1
SiO; 5153 54.45
Uncertainty (+) 0.17
Difference (%) 5.66%
TiO2 1813 17.66
Uncertainty (+) 0.13
Difference (%) 2.59%
FeOs 0 14.74
Uncertainty (+) 0.16
FeO 1091 0
MnO 4,97 0
MgO 0.49 0.23
Uncertainty (+) 0.02
Difference (%) 53.06%
NaO 9.26 7.42
Uncertainty (+) 0.06
Difference (%) 19.87%
K20 4.88 5.50
Uncertainty (+) 0.05
Difference (%) 12.70%
Total 10017 100 (+4) 0.59

TUOL - (1) is likely a Nlzrich eudialyte, whereas TUOT (2) is presumed to be a Nbich, F- and
Ce-bearing species, belonging to either the eudialyte or p

rochlore group.

Reference: Reference: Reference: Grice Reference: Yif
Johnsen et | Johnsen etal.,| & Gault, 2006- | etal., 2024
% element mas Grice, 1999 1998- JohnsenitgCe) | Pyrochlore TU01- (1) TU01-(2)
Eudialyte (17)| Kentbrooksite (1) (Pcl1V) *
F 0.71 0.88 0 351 0 3.45

Uncertainty

(+1-) 0.07

Cl 0.88 0.29 0.77 0 0 0

NaO 11.69 1451 1047 5.90 6.39 4,95
Uncertainty

(+1-) 0,06 0.05

K20 0.38 0.43 0.25 0 1.09 0.6
Uncertainty

(+1-) 0.03 0.03

CaO 5.6 5.62 8.98 15.04 4.28 6.52
Uncertainty

(+1-) 0.06 0.07

SrO 171 0.49 1.6 0 0 0

MgO 0.06 0.06 0 0 0 0

BaO 0.17 0 0 bdl 0 0

TiO, 0.83 0.56 0.73 6.51 219 2.33
Uncertainty

(+1-) 0.06 0.06

FeO 3.18 1.58 161 0.19 0 0

FeOs 0 0 0 0 153 0
Uncertainty

(+1-) 0.06

MnO 4.52 8.01 5.43 0.09 0 0

Zn0O 0 0 0 0 1.67 0




Uncertainty
(+1) 0.12
Nb,Os 1.78 2.26 0.82 5811 5559 66.22
Uncertainty
(+1) 0.21 0.22
yA(®)) 11.22 11.08 9.6 bdl 0 0
HfO- 0.18 0.36 0.04 0 0 0
WOs 0 0 5.23 0 0 0
Al203 1.22 0.21 0 0 0 0
SiO, 439 45.34 4316 0 27.26 1.,45
Uncertainty
(+1) 0.13 0.08
CeQ 0 0 0 0 0 5.48
Uncertainty
(+1) 0.11
Ce0s 2.73 244 3.01 3.20 0 0
Lax0s3 1.75 2.23 1.56 0.71 0 0
Nd2Os 0.69 0.69 0.89 0.56 0 0
Yb20s 0.32 0 0 0 0 0
Y203 1.66 1.46 0.7 0.22 0 0
Pr.0s 0 0 1.14 0.39 0 0
SmO3 0 0 0,12 bdl 0 0
Gd03 0.11 0 0.33 0 0 0
Dy203 0 0 0.14 0 0 0
O=Cl -0.2 -0.07 -0.17 0 0 0
O=F -0.3 -0.37 0 0 0 0
CO, 0 0 1.27 0 0 0
H20 0 1.28 0.32 0 0 0
100 100
Total 94.79 99.34 98 9443 (+1-) 0.73 (+1-) 0.69
bdl = below detection | imit.
*Wi thout, PROOadd da a 68t al of 6
Rare Eas{REEEI ement
TUO2 Associated Minerals
Albite
% element mass Reference: Mposkos et al., 2012 (2) TUO2
Na.O 1177 1219
Uncertainty (+) 0.66
Difference (%) 3.56%
Al;Os3 19.33 19.65
Uncertainty (+) 0.09
Difference (%) 1.65%
SiO, 68.65 68.14
Uncertainty (+) 0.19
Difference (%) 0.74%
Total 99.75 99.98 (+£) 0.94
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Microcline

% element mass Reference: Rosenholtz & Smith, 1942 (without impurities*) TUG2
SiO, 65.1 63.95
Uncertainty (+) 0.18
Difference (%) 1.76%
Al203 188 18.56
Uncertainty (+) 0.09
Difference (%) 1.27%
K20 14.14 17.23
Uncertainty (+) 0.09
Difference (%) 21.85%
NaO 1.99 0.26
Uncertainty (+) 0.01
Difference (%) 86.93%
Total 10003 100 (+4) 0.37

*Impurities listed: FeOs, FeO, MgO, CaO, Tig) H,O*, H,O for a total of 034.

TUO3 Associated Minerals
K-bearing Tugtupite
% element mass TUO3
Na,O 28.62
Uncertainty (+) 0.10
Al203 1130
Uncertainty (+) 0.08
SiO, 5258
Uncertainty (+) 0.18
Cl 7.23
Uncertainty (+) 0.05
K20 0.28
Uncertainty (+) 0.02
Total 100 (+4) 0.43

*%

32.55% of the orthoclase pole
25.58% of the albite pole
41.86% of the anorthite pole
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31.78% of the orthoclase pole
35.32% of the albite pole
32.89% of the anorthite pole




~42% Anorthite** and ~35% Albite***

90,1 wt.% (Spencer C) - 5 uie(OBI3a) | Anorthite (OBI3d)
without impurities
NaO 0.9 8.66 0.25 254 3.68
Uncertainty (+) 0.04 0.04
SiO, 64.2 62.69 43.83 629 6375
Uncertainty (+) 0.22 0.21
Al,03 183 238 35.64 22.09 2131
Uncertainty (+) 0.11 0.11
CaO 0.1 5.03 1981 7.59 6.22
Uncertainty (+) 0.08 0.07
K20 15.3 0.15 0.01 4.88 5.04
Uncertainty (+) 0.06 0.06
Total 98.8* 10033 9954 100 (++) 0.51( 100 (++) 0.49

*Impurities listed: SrO and Bar a total of (2.

Albite
% element mass Reference: Mposkos et al., 2012 (2) TUO3
NaO 1177 1212
Uncertainty (+) 0.07
Difference (%) 2.97%
Al203 19.33 19.65
Uncertainty (+) 0.09
Difference (%) 1.65%
SiO, 68.65 68.23
Uncertainty (+) 0.19
Difference (%) 0.61%
Total 99.75 100 (+#) 0.35

Unidentified Ba-bearing species

% element mass TUO3
Na,O 151
Uncertainty (+) 0.02
Al;O; 22.05
Uncertainty (+) 0.06
SiO, 6384
Uncertainty (+) 0.12
K20 4.67
Uncertainty (+) 0.03
CaO 5.54
Uncertainty (+) 0.04
BaO 231
Uncertainty (+) 0.04
Total 99.92 (++) 0.31
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TUO4 Associated Minerals

Albite
% element mass Reference: Mposkos et al., 2012 (2) TUO4
NaO 1177 1164
Uncertainty (+) 0.06
Difference (%) 1.10%
Al,03 19.33 19.65
Uncertainty (+) 0.09
Difference (%) 1.65%
SiO, 68.65 68.71
Uncertainty (+) 0.19
Difference (%) 0.08%
Total 99.75 100(+#) 0.34

Likely a Nb-rich, Ce- and U-bearing member of the eudialyte or pyrochlore group

%% element mass | X G e (17y | 1096- Kentbrookste | - Pyrochiore (Pal)t | TU04
F 0.71 0.88 1.60 0
Cl 0.88 0.29 0 0.55
Uncertainty (+) 0.01
NaO 11.69 1451 3.56 3.05
Uncertainty (+) 0.05
K20 0.38 0.43 0 0.88
Uncertainty (+) 0.02
CaO 5.6 5.62 1474 5.96
Uncertainty (+) 0.05
SrO 171 0.49 0 0
MgO 0.06 0.06 0 0
BaO 0.17 0 bdl 0
TiO2 0.83 0.56 12.82 0
FeO 3.18 1.58 0.34 0
Fe0s 0 0 0 1.18
Uncertainty (+) 0.05
MnO 452 8.01 0.06 0
ZnO 0 0 0 3.79
Uncertainty (+) 0.13
Nb2Os 178 2.26 4154 30.39
Uncertainty (+) 0.14
Zr0O; 11.22 11.08 bdl 0
HfO- 0.18 0.36 0 0
Al203 122 0.21 0 1.89
Uncertainty (+) 0.03
SiO, 439 4534 0 40.17
Uncertainty (+) 0.12
P20s 0 0 0 0
U3Os 0 0 0 9.19
Uncertainty (+) 0.2
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uo; 0 0 15.12 0
CeQ 0 0 0 2.95
Uncertainty (+) 0.08
Ce0s 2.73 244 2.95 0
Lax0Os 175 2.23 0.36 0
Nd>O3 0.69 0.69 0.85 0
Yb203 0.32 0 0 0
Y20s 1.66 1.46 0.19 0
PI’zO3 0 0 0.27 0
SmpOs 0 0 0.21 0
GO 0.11 0 0 0
Dy203 0 0 0 0
O=Cl -0.2 -0.07 0 0
O=F -0.3 -0.37 0 0
H20 0 1.28 0 0
Total 94.79 99.34 94.61* 100 (++) 0.88
bdl = below detection | imit.
*Wit hout o Pba®@f DmOa 40t al of 5
Rare Eas(REEEI ement
TUOS5 Associated Minerals
Aegirine
Reference: Piilonen et Reference: Gwozdz et al., 2001
% element mass Mcdonald, 1998 Aegirine Aegirine lujavrite (6) without TUOS
(SX934) without impurities* impurities**
Na.O 1215 10.72 6.56
Uncertainty (+) 0.04
Al,O3 117 132 0.43
Uncertainty (+) 0.02
SiO; 5154 52.38 48.81
Uncertainty (+) 0.13
K20 0 2.82 4.1
Uncertainty (+) 0.03
TiO, 0.53 0.22 0.51
Uncertainty (+) 0.02
MgO 0.29 0.1 0.29
Uncertainty (+) 0.02
FeOs 31.08 10.9 37.66
Uncertainty (+) 0.19
FeO 0 1.96 0
Total 96.76* 92.3** 98.36 (+F) 0.45

*Impurities listed: ZrQ, MnO, CaO for a total of.87.
*Impurities listed: Zr@Q, MnO, MgO, CaO, FOs, H0*, HO, CO,,

s, CI,
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Albite

Reference: Mposkos et a| Reference: Mposkos et al., 2012
% element mass 2012 (3) recalculate without CaO TUOS
N&.O 10.2 1048 10.7
Uncertainty (+) 0.05
Difference (%) 2.10%
Al,03 20.85 21.43 21.43
Uncertainty (+) 0.08
Difference (%) 0.00%
Sio 66.16 68.09 67.87
Uncertainty (+) 0.15
Difference (%) 0.32%
CaO 2.66 0 0
Total 99.87 100 100 (+#) 0.28
TUOG6 Associated Minerals
Analcime
Reference: American Mineralogist Crystal .
% element mass Structure Database record, 200Analcime (3) Recalculate without ¢D TU06
NaO 14.08 1532 14.69
Uncertainty (+) 0.07
Difference (%) 4.11%
Al 203 2316 25.24 2554
Uncertainty (+) 0.1
Difference (%) 1.18%
SiO, 54.58 59.33 59.77
Uncertainty (+) 0.17
Difference (%) 0.74%
H20 8.18 0 bdl
Total 100 99.89 100 (+4) 0.34
Sodalite
% element mass Reference: Antao et Hassan, 2002odalite without impurities* TUO6
NaO 253 26.46
Uncertainty (+) 0.08
Difference (%) 4.58%
Al;03 31.78 30.85
Uncertainty (+) 0.1
Difference (%) 2.92%
SiO, 36.55 35.74
Uncertainty (+) 0.12
Difference (%) 2.21%
Cl 7.17 7.01
Uncertainty (+) 0.04
Difference (%) 2.23%
Total 100.8* 100 (+4) 0.34

*Impurities listed: CaO, KO, FeOs, MnO, MgO,S,andO=Cl, S
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Aegirine/Arfvedsonite

Reference: Piilonen et

Reference: Gwozdz et a

Reference: Gwozdz et al.,

% element mass| Mcdonald, 1998 Aegirine | 2001- Aegirine lujavrite | 2001- Arfvedsonite lujavrite TUO6
(SX934) without impurities{  without impurities** without impurities**
NaO 1215 10.72 9.25 7.35
Uncertainty (+) 0.05
Al203 1.17 132 12.23 0.75
Uncertainty (+) 0.02
SiO, 5154 52.38 5225 51.74
Uncertainty (+) 0.15
K20 0 2.82 3.23 4,71
Uncertainty (+) 0.04
TiO2 0.53 0.22 0.23 0.54
Uncertainty (+) 0.03
Fe0s 31.08 10.9 6.06 34.97
Uncertainty (+) 0.49
FeO 0 1.96 8.72 0
Total 96.47* 92.2** 91.97** 10006 (++) 0.78
*Impurities listed: ZrQ, MnO, MgO, CaCfor a total of 336.
**|mpurities listed: Zr@, MnO, MgO, CaO, s, H.0*, H,0,CC, S, CIl ,. F, fAotherso
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ANNEX:SWUPPLEMENISERAMRYPHOTOMI CRSOGRARP |
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Fig8B8BUO1l thick section. (a) Secondary electron (SED) i mag¢
as (a), wusing backscattpewvecad welodcthracry | ( BRE)sur(folundleasédy chk

Mc ¢

g84eUO02 thidk)sSetciommdary el ectron (SED) i mage showi
) Same region as (a), in backscattered electron (B

Fig8bpreuUO03 thi¢lkh)sSecioomdary electron (SED) image showing alb
Same regi magadbacksngattered electron (BSE).
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