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Abstract

In the crystalline phase, the chemical composition of minerals is constant, or shows the
solid solution relationship. Although it is a type of solid solution, minerals also contain
trace elements in addition to elements that can be expressed in chemical formulae. By
obtaining detailed structural information of various elements in minerals, it is possible
to consider about the solid solution state and chemical bonding properties of the
elements. Even in non- and low crystalline phases, it is possible to obtain information
about the chemical state and coordination environment of the elements. In this doctoral
thesis, as a preliminary study to consider the formation mechanism of epithermal gold
and silver deposits, detailed information of elements in various mineral phases was
obtained using optimal and up-to-date analytical methods. As elements related to the
formation of epithermal deposits, Cu, Ag and Au of group 11 (IB), As and Sb of group
15 (VB), Te of group 16 (VIB), and F of group 17 (VI1IB) (halogen) in the periodic table
were studied limitedly. The research subjects are prosopite and petzite in crystalline
phases, and Cretaceous-Tertiary boundary sediments with non- and low crystalline
phases. These mineral phases include the aforementioned elements. In order to clarify
the structure and state of unique atoms and ions and decipher the concentration process
and history (especially in Cretaceous-Tertiary boundary sediments), the precise crystal
structure and local structure of elements in various mineral phases were studied mainly
using single-crystal X-ray diffraction and X-ray absorption fine structure (XAFS)
spectroscopy. As an important factor to consider the origin of various mineral phases,
the purpose of this study is to obtain new information on the detailed behavior of
elements contained in various mineral phases, including the review of previous studies.
Then, the basis for discussing the formation mechanism of gold and silver deposits and
the concentration process of gold minerals is formed.

Prosopite is an alumino-fluoride of calcium mineral. For example, amphibole, mica
and apophyllite include F and OH in the chemical composition. The substitution of F
and (OH)" occurs easily because each ionic radius is almost the same, and it is often
represented as (F,OH) in the chemical formula of minerals. However, there are few
studies that discussed in detail the state of the solid solution and the relation of
order-disorder between F and OH in minerals. The chemical formula of prosopite is
considered CaAly(F,OH)s or CaAl;F4(OH),. Pudovkina et al. (1973) performed
single-crystal structure analysis of prosopite and refined the structure. However, they
did not report the possible position of hydrogen atoms, and therefore, the details of
hydrogen bonding and anionic site preference were not clarified. Prosopite is an
interesting mineral in crystallography, it is necessary to clarify in detail the state of the



solid solution and/or the relation of order-disorder between F and OH in its structure.
Therefore, the chemical compositions of prosopite were determined using scanning
electron microscopy and energy-dispersive X-ray spectroscopy (SEM/EDS) and the
crystal structure of prosopite including the position of hydrogen atoms was analyzed in
detail using single-crystal X-ray diffraction.

From the chemical analysis, prosopite samples including a small amount of Cu and Sr
as the substituents of Al and Ca were observed, respectively. The impurity substitution
reaction, AI** + (OH) — Cu®* + H,O, occurs at the cation sites. The positions of
hydrogen atoms in the structure were determined at the position where residual electron
density peaks appeared using the difference Fourier method. F and O ions in prosopite
are distributed at each F and O site in order. Based on the chemical analysis and
structure refinement, we assumed the model in which (OH)" dissolution into F sites does
not occur (but substitution of F~ in (OH) sites slightly occurs). Therefore, we newly
proposed that the chemical structural formula of prosopite is expressed as
CaAlLF4[(OH)4F] (x = 0.0-1.0).

Minerals in which gold is a major component have been confirmed to date, like
calaverite AuTe,, sylvanite (Ag,Au),Te4, krennerite (Au,Ag)Te, and petzite AgsAuTe,,
besides native gold (Au). Gold and silver form extensive solid solutions in compounds.
Gold minerals often include Sb, Bi, Se and Te and several gold and tellurium/antimony
compounds are known. Gold-tellurium minerals such as calaverite and sylvanite have a
simple chemical formula, but their crystal structures are far from simple and show
incommensurate modulation under ambient conditions. Even the pure unsubstituted
calaverite AuTe, shows a periodic ordered structure only under high-pressure
conditions.

Petzite occurs with tellurides such as coloradoite and hessite in vein-type gold deposits.
Thompson (1948, 1949) indicated that petzite is a compound with a definite
silver-to-gold ratio, which suggests distinct ordered positions for the silver and gold
atoms. This result corresponds to a three-dimensionally periodic non-modulated
structure, unlike calaverite and sylvanite.

In this study, we performed a precise structural analysis of petzite single crystal
samples and clarified the structure details such as the relation of order-disorder between
Au and Ag atoms, the site occupancy on each site and the bonding character. In addition,
XAFS analyses, in particular Au and Te L,;-edge X-ray absorption near edge structure
(XANES) measurements were performed to investigate detailed bonding characteristics
such as electrical properties. We also determined the Debye temperature and tried to
predict the physical properties of petzite.



Our structure refinement essentially confirmed previous reports, but the absolute
structure was actually the opposite with respect to the model. From Au XANES analysis,
the chemical bonding of Au in petzite has a more pronounced metallic character than in
other gold minerals. The Te XANES analysis indicates that the Te bonding in petzite
shows a partially ionic character and the valence state is intermediate between metallic
and anionic. We obtained Debye temperature 6p values for Au, Ag and Te in petzite of
73.3, 101.1 and 108.5 K, respectively. These are significantly lower than the
corresponding values in the pure metals (178, 221 and 152 K, respectively), reflecting
the different binding forces in the telluride with respect to the respective metals.

The boundary between the Cretaceous and Tertiary geological ages at approximately
65.5 million years ago is called the K-T boundary (or recently the K/Pg boundary), and
mass extinction occurred at that time. After unusually high concentrations of Ir in K-T
boundary sediments were found by Alvarez et al. (1980), an asteroid impact was
considered to have caused the K-T mass extinction. These Ir-rich K-T boundary
sediments are found throughout the world (e.g., Stevns Klint in Denmark, Gubbio in
Italy, Caravaca in Spain, and Woodside Creek in New Zealand). In addition to Pt-group
elements such as Ir, the boundary sediments are also enriched with Cr, Co, Ni, Cu, Zn,
As, and Sb. In the boundary sediments, Au and Se are also concentrated. Au-Sh (and
Pt-As) minerals and gold halides have been confirmed as gold compounds. Therefore,
there is a possibility that the bonding characteristics of elements in gold minerals such
as petzite can be confirmed in K-T boundary sediments. Thus, Sb and As were selected
as elements to be studied with respect to the concentration mechanism of gold minerals.
Concerning the origins and concentration processes of elements such as Zn, As, and Sb,
studies related to volcanism, and precipitation from seawater have been reported. In
order to discuss in detail the origin and concentration process of As and Sb which have
many unknown points, it is necessary to clarify the mineral phase containing these
elements, and the structure and state of these elements. In the reddish brown sediment
located in the lower part of the K-T boundary sediments from Stevns Klint in Denmark
in this study area, it is considered that there are about half of non- and low crystalline
phases that are difficult to identify by X-ray powder diffraction analysis. In the reddish
brown sediment, the contents of Sb and As are in ppm units, and mineral phases
containing them may be non- and low crystalline phases. Therefore, in order to obtain
structural information of these elements, effective XAFS analysis for samples that are
not crystalline is suitable. In this study, we determined the local structure around Sb and
As atoms to obtain information about the chemical state and coordination environment
of these atoms in K-T boundary sediments using XAFS analyses.



The Sb and As K-edge XANES patterns and threshold energies of K-T boundary
sediments showed that the oxidation states of Sh and As are estimated to be Sb>* and
As>*, respectively. Sb and As in K-T boundary sediments are coordinated with oxide
ions, and Sb and As exist in the same local structure positions as Sb and As in
ferrihydrite (schwertmannite). The XANES spectra and radial structure function for Sb
atoms also showed that Sb in K-T boundary sediments is stored in a SbOg octahedral
coordination environment. Sb is considered to be coprecipitated with As and Fe ions,
and Sb and As in K-T boundary sediments are incorporated in low crystalline
ferrihydrite (schwertmannite) throughout precipitation and sedimentation. The
environment at K-T boundary sediments resembles that of soil contaminated by Sb and
As in local areas at the present time. However, in an unusual environment, such as
widely distributed K-T boundary sediments in the world, unusually high concentrations
of Sb> and As®* could become an index of the soiling of the global environment with
dust and ashes derived from asteroid impact ejecta falls.

The concentrations of Sb and As in K-T boundary sediments occur in the Earth's
surface and oxidation environment, which are different from the formation process of
hydrothermal deposits. When discussing mineralization of gold minerals, it is necessary
to study complex ions in high-temperature solutions related to mineralization.
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General Introduction
P OCFMKITIZT—ETH LD, HLWIEEERRE ST LORH D (7
e EAH) . E7o. I, AEFEEATR T Z L O TE 2 nEOMITHMEIZ
BEND IR BT D (BEEO—FE), ST D5 FICHE OFEM 72 &G
WMOBFIZLY . TREROEEIRE, L FHAMEENBEETH D, HFwmE -
RS EARIZB N TS, JuR (L PR IEREEIZE T 21 H a2 50 2 &
NTE D,
WEIZ, BOKEEERIZE D59 AIRIZE L T, FICxmENMITESNTIE
FEERE A FIE L T, BUKMED A 5 AdiRIZiZe (8 S EH 3 2 5
(B 2L, 5, 1982) N D, ZAUFEREBUKMEEIR EFUSENHD, A9
APLRIZB T D IR O AMRELTHEFIS, ST OPRE - WA =X LT
BRI 2 Ff > Tie, IREUKMESILRICE W T, I3 TTF 48K (X7 e
BEER) & UTAEL, IRE, £, HSIREE, pH RIFOEWC LY BT 5
WO HENH D (e.g., Seward, 1973; Reed and Spycher, 1984, 1985) ,
Z DGR LTI, EBUKMED S « SRR DR A 1 = X L% B53 2 Py
gt LT, BT 5 uFEOF THEPLTWARIEILHRE., & D WIEHE O
PERBWIEEE ) LEBEICANT, 11 (IB) ET#ED Cu, Ag, Au, 15 (VB)
WEILFE D As, Sb, 16 (VIB) [EIL#E D Te, 17 (VIIB) & (/~xu 7 ) JuRE D F (Fig.
LT 4+ —HA A LT, BRI DT « Rt 7k % -V R840
DILFEDFEMRIEREETND, TNOLDILHR LA LAEREME D prosopite (7K
itz ate 7 b)) . petzite (4 - R - 7VVERY)) & IEME - RS SR E AR Y
AET 5 A Al 26 AR MR 2 9t 4e & LT, EICHRER X BRETE,
XAFS (X RN pSAIREE) 152 W CREREE - RPTEEmT 217-72, £ L
T, FFERR T A A2 OEE « IREEOMEC (FrIC A k-5 kB A HERE Y
IZBWT) REIRRE - BIEOMEGZ B Lz, AR TIL, ZERIEMME O R
RE2ELTLEERFEFR L LT, BITMHEOHHEF b E O T, ZEERIEMMIC
BILAEAETLROFEMRIELENZEAL TH LW EZEL Z L2 HNE LT
Wb, LT, & - SRIROIEK & BIWDIREA T = X LIZOWTiEgm T 5
OO EED,
§%ZB->T, LFIZZENENDFimOsEMz 3 2 LizT 5,



11(1B) | 12(11B) | 13(11IB) | 14(IVB) | 15(VB) | 16(VIB) | 17(VIIB)
5B 6C 7N 8O oF
13Al 14Si 15P 16S 17Cl
29Cu | 30Zn 31Ga 32Ge 33As 34Se 35Br
47Ag | 48Cd 49In 50Sn 51Sb 52Te 531
79AU | 80Hg 81Ti 82Pb 83Bi 84Po 85At

Figure 1.1. e OAIFE (—H)

s em EAH (CHELRS St X AT )
prosopite O fEEbtEEREF L L LT OWE (5F 2 7)

Ca, Al O/KEIEZETe 7 vk TdH 5 prosopite 1E, TEREE. 74 h U EA
HHE. HOHNIE, KILUMERE T, £ LT, FIZELZ 74 B AEERSCEUKIER
2B DG & LT, cryolite (NasAIFe) 5D X D927 V=T L7 vy &
EHIZEHT 5 (e.g., Scheerer, 1857; Palache et al., 1951; Bailey, 1980; Young et al.,
1997), prosopite 1%, & FNDMEEB BB A 4 DT DI FRECSCHRIR IR L
e pEZmd, BRICENDEFHTICIRENT, Al O—HA Cu &, Ca D—h
23 Sr LIEH L TV OB HEGE S e, ERE ARIRASE, (LEEHRIC F & OH
ZETeP), OH A AN FIC L o TEBM SN D APIAENFET S (Table 1.1)
M, F&OHIZA AL EREBIZEF U THH Z ENLER LT, o
K TIIFERREZASICL TWRWFEOH) E LTREEnbs Z 20, LvL,
P72 F & OH R [EERBESC order-disorder DA ICREE L Cigam L 72 g213
72\, prosopite DL, CaAly(FOH)g (e.g., Giacovazzo and Menchetti, 1969;
Young et al., 1997), & 5\ &, CaAl,F4(OH), (e.g., Pudovkina et al., 1973) & & =41
%, prosopite Ok ibA#EiE %, Giacovazzo and Menchetti (1969)(Z L > THJH T X ##
BEIPTEN & DN TR RICHE S W CTIRE S 172, Pudovkina et al. (1973) (%,
prosopite O HLfEELIEIEMAT 21TV, MELREL L T D, L, b,
ARER AR FRIEF A EZREL TELT, Lo T, KERAEDOFEMORA A D
JEERICOWTH LTI 272, 2D X HIZ, prosopite 1X, % DO D



FEMIZR F & OH R D [EE IR HERC order-disorder D PREAICE L Ciam DR MR H 0 |
LR IE W TH D, Lo T, EBETHEEEEMN BT L X —5)
BB X B9y 5658 (SEMIEDS) 1% HV T prosopite DAL 2 R E L, Bk
fl XORRIEITEE 2 O CREMMIC K BRI E & & T prosopite & sl & fEmT 217
W, A AU EICRB T ERT 5 0EBEO T, ZRHICEHLTER L,

Table 1.1. F & OH & Le8L) D

Amphibole group
Fluoro-edenite {Na}{Cas}{Mgs}(AISi;O2)(F,0H),
Potassic-fluoro-hastigsite {K}{Ca,}{Fe?*sFe** }(Al,SisO2)(F, OH),
Fluoro-pargasite {Na}{Ca, H{MgsAl}(Al,Sic0,,)(F,OH),

Mica group
Biotite K(Fe?*/Mg),(Al/Fe**/Mg)([Si/Al]Si»010)(OH/F),
Fluorannite KFe®*5(AlSi;O10)(F,OH),
Fluorophlogopite KMgs(AlSizO10)(F,0H),

Apophyllite group
Fluorapophyllite-(K) KCas(SigO20)(F,0H) - 8H,0
Hydroxyapophyllite-(K) KCas(SigO20)(OH,F) - 8H,0

frnnEAE (AL SIS AENT . XAFS {EIC L 2 /P& fig i)
petzite Dk sutIEfENT & XAFS 7541 (55 3 &)

BIfE, 30 FEER < O& % £y & T 2HMBERIN TN D, BARE (Au)
DAL T3l 21X, calaverite AuTe,, sylvanite (Ag,Au);Tes, krennerite (Au,Ag)Te,
petzite AgsAuTe, & W 7D EHI T 5, TAOITHMTELT 57517 T <,
AWVNZIFE L, oM i o THEHNT 5, A 6eiWICET 205813t
B2 < STV D, 4 & ERITIeFE O EHF T coinage metals (154)&) group
B L., (ke (i) *CHBED IRV EREEKEZES, £ LT, £, =
7RI NERHIN D EEBIERT D, @fIE, LIZLIT Sh, Bi, Se, Te L o
nHEEELTED WO AU & Te dHDWIESh LA LN TVW D,
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ZHH L, calaverite <° sylvanite ® X 9 [ZHMiZ LA TR EIN DN, T ORI,
38 1T H IR F I R Tl incommensurate (FEFE S EEZ R L, HHETH D (Schutte
and Boer, 1988; Pertlik, 1984; Reithmayer et al. 1993; Bindi et al., 2009; Bindi and
Chpuis, 2017) , calaverite AuTe, [ZBEVEIK DRI\ T, BIESM: T o HJH
e, HHMERE & 725 (Reithmayer et al., 1993),

petzite (%, BEARTLAHLE CTT L ALMICEE S, £7=. coloradoite HgTe <° hessite
AgTe &34 L 41 512 intergrowth (EAh) & L CTREHT 5 (Frueh, 1959) , petzite
I%. Thompson (1948)iZ X - THIH THM S 417, Frueh (1959)IZ L » TE OHfE
DPRE S, £ D%, Chamidetal. (1978)I1C X V Bk < #17=, Thompson (1948,
1949)1%., petzite L. XA S N7 HLAIRZ2 (& IZ AR & AuJF 23 EdE S v T
Wb ZEERERT O Ag-AU LR FFOLE TH DL Z AR L TnD, £
AU calaverite X° sylvanite & (X872 0 . 3 RotD A WIME, non-modulated (FEZEFH)
FEEIZ RIS LTV D, hessite (213, KIES BAE) EEiEM (afl) D 2->0%
E23& % (Schneider & Schulz, 1993), Frueh (1959)i%, RAF TH 571 483+ 10K
C petzite DR & /R T BV AT 25 H LT\ 5, Frueh (1959)12 L - THRE S
7ZE'TILTIE, AuBFIE 2 B Te 7 (BEEE : 261 A) & 6 AglR+ (R
B - 3.06 A) IZENL SN TV D, Ag 71X Te JA 112 4 B S 4v, Ag-Te M BHEfE
X, ZOM292A T, 19 TOIE29ATHS, Te LD AuFT (B
261 A), 3D Ag 1 (HEE:2.92A), =L CH o 3{HD Ag R+ (B
2.96 A) IZENL STV D, Au-Te FIEREED Ag-Te RIFREE L 0 5V DL, petzite
FTAUICBNT 2HENESICEHEL T D7D TH D LB LTV A,
ARWFFETIE, petzite O BRSO RSB SRR 217\ MIEOFEM & AT D
Fa DY A MRS 5 FEEIRVE, K G RBOREZH LT 5, & 512, XAFS
B2 TR . R IR - oAt AL - FESOREIE O 1 23 B35 DI s
515 XANES (X BRI E ) AT MIVIRHTIC X > T InR oy
EAMEE BT S, Fi2. Debye IREEZRE L. MEDO TR 2R AT,

FERE - IRAE SR EARE (XAFS B X 2 R P& fig b )
BRI 220 DR ERBREE T C/AERL L 72 HEREY (1 diukd- 28 = ACBE R ) (: HERSR
W DYREEITLFE, FFIZ Sh, As D XAFS fiffr L IREEfEOHEE) (5 4 &)
#6550 JFAERT O FAEMR A FAL & BT AN S A OV AFAREE L, K-T 5i5t
& B UNTIUT Tl KIPg 524 & FEITL, & 2 CIRRAEZE DAY O R EMEIED A
VERBHoT T EBHMBILTW S, Alvarez et al. (1980) (. Stevns Klint in
Denmark & Gubbio in Italy ™ K-T S& A HERE I3 CTHETIZIZ & A EFIE L 72
WIr PERFEREL TWDEELY . WO REMEIRORRIZEAEZERE, Z L
T, ZOH%—EHH OHERBBDOEREZLIC L Db D TH D & FHM R R E %
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Lize D%, 2O Ir DEFEEL TWD KT ERMEYE L., BEEL2 S0
SR (1] 2 1E., Stevns Klint in Denmark, Gubbio in Italy ™1, Caravaca in Spain,
Woodside Creek in New Zealand %) TR I TW5, 7z, K-TEAHEREY+
(ZI%, PEAEZE ORI E IR DL A, T 724 b, A7z a—V%EY
B SN T\ D, Z OBERAEREY T Ir © X 95 72 A&t Oz Cr, Co, Ni,
Cu,Zn, As, Sh L WS mtEHIRE L TWVD Z ERME ST\ 5 (Strong et al.,
1987; Schmitz, 1992), Z OFFEHI7Z2TTH O EREMFEIZ SV T, Cr, Ni [EEITFEA
WYE K, Cu, Zn, As, Sb IXHIERY)E IR D impact ejecta (EFZERFOME HIY) Hk
7EEZLNTWS (Strong et al., 1987; Schmitz, 1992), fLiZ Au, Se 4 & 24 L
TEY ., &OIEMTHOVNTRIXTIE Au-Sb % (. Pt-As %) #i#. £7-. Au
DN ACBIFIET DD T, SER TIE2 0N K-T SR HEREY H C petzite %5
DBHN D ICHE DFES DFFEPER CE L AREMERH L, TNEEE X TED
IREA T = XL BB LT, Sh, As ITERZ Y T, HEAERICEEZA
MREWNWE ED Zn, As, Sb DER, IREMFRIZE L T, KITHENZEAR T 2 0F
7% (Officer and Drake, 1985) <>¥E/K 7226 DILERIZ L 5 & &b Z & (Gilmour and
Anders, 1989; Schmitz, 1992) 235 SN T\ 5, LovL, R0 As, Sb
O, REBFEOFEMREROTZOIZIE, TNOLOILRENE TN DM
ZOFREEZW LT DX ENH S, iz 1L, Denmark @ Stevns Klint @ K-T %
RHEFEE FHC Ir OGHENE—7 Th L IROHEREY S O EERERIIL, X
BRI 44T Tl smectite (montmorillonite), calcite, 7> & quartz, goethite T
&5 (Fig. 1.2), Z OMRBHEREYHIZIX. XRD 4347 CRE KR #E 70 FE i B AR AR
BB DS RREFIE L TS EE X bD, CEHMEIREIZ K 10 7>
5 100 fEFEFE A LTV D728 Sh, As DEAEIT ppm A— & — L METH Y |

Flo. ENOEF0RHMARITIESE - BESEOEERH S, LoT, Th
O DILHROEEIEM AT D 12D, RIEEERF 2 028 8 B, #ifmE TR
<TH I GUEOFIZEIfR L7evy) sEHZXT L CTHZh7e XAFS 15% W 7-fiF
MrdiE L Cun b, Fox OFFFE=ETld, 21 E TIZ XAFS % T Denmark @
Stevns Klint ™ K-T 52 HEFEY 1 D As, Zn, Ca, Cr, Mn, Fe, Ni, Zr, Ti @ Jajpir iz
Hra T, WIRT L 9I12, FuROMEFTRELG T, HHEEREOHE LT
TW5, eirkEEICB LT, Zn 1% willemite 1287 7 L— AU — 7 {35 T Zn0O,
PO AN 22 5, WK D X5 720 pH S CLbE L7 2 & Zr, Ti IZBE AT 221
BIFDH T AEEEZRFFLTCEBY, 2EREEREDOREREZKT Z L, Ca, Cr,
Mn, Fe, Ni IZHERERF O B, Bep/E ., AMIEBOEEZZ T TWLH Z a2 EN
ZRZE., LML TWD (Sakai et al., 2007; Okube et al., 2012; Tobase et al.,
2015, 2019; Miyano et al., 2016) ., [FIERIZ. XAFS #£E% H T Sh, As O &) piTfi & g
PraqTuv, 2005 O PR IECENZ R BE IC B 2 1F & 15 T K-T SRR HEREY)
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JEHIZEIT 5 Sh, As DIERER L WNREEIEMHE, £/-. REEEZEm T o2 &
1. BETEOFEMR N « AT E VD 2 7 a B S0 b TIEd D8, FEA 1
ZElE & F D% OMERBRBEOHECICEE R TFIEDO—DOTH DL EEZD,

Ca
- M: montmorillonite
Ca: calcite
" M G c:aCaGaCf:l
‘(CaQ M Ca Q: quartz
G: goethite
26 (CuKa)

Figure 1.2. JREOHEFEW R D X #kREIHT

B, ZOFAGERXIEL, BRI TOREE AL LTWHA, & 1 & (General
Introduction) & %5 5 ¥ (General Conclusion) DA, LITFOE 2, 3, 4 &, &
BEBED BT FRHZED TV e, elci&fh,. B S Fimmsr (30)
MEERVTA MeHDTWLHED, TRTELTENTWND,

% 2 & Chapter 2 Crystal structure refinement and chemical formula of prosopite
(prosopite O itk # AL & L FHDOPRIE)

%5 3 F Chapter 3 Crystal structure and XANES investigation of petzite, AgzAuTe,
(petzite D& AbAEIEREAT & XAFS 5347)

% 4 B Chapter 4 XAFS study of Sh and As in Cretaceous-Tertiary boundary sediments

[FE A1 2EF DR ARBR BT T CAL AR L2 HER Y (B HiAC- 28 —AcBa RHER ) (@ HE

T OPRMETLFE, FEIZ Sh, As D XAFS AT & JERFEOHEE) ]
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% 2 B Chapter 2
Crystal structure refinement and chemical formula of
prosopite

prosopite D bIEERHL & (LFROWRE
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2.1. INTRODUCTION

Prosopite, CaAl,(F,OH)g, an alumino-fluoride of calcium mineral, commonly occurs in
association with aluminum fluoride minerals such as cryolite, NazAlFs, and
thomsenolite, NaCaAlFg+(H,0), in granitic, alkaline intrusive, or volcanic environments,
and is an alteration product after F-rich greisenization and hydrothermal processes (e.g.,
Scheerer, 1857; Palache et al., 1951; Bailey, 1980; Young et al., 1997). Prosopite usually
appears in a variety of colors such as turquoise or pale red owing to the presence of a
small amount of transition metal ions. The chemical formula of prosopite is considered
CaAly(FOH)s (e.g., Giacovazzo and Menchetti, 1969; Young et al., 1997) or
CaAl;F4(OH),4 (e.g., Pudovkina et al., 1973). The crystal structure of prosopite was
determined based on the results of X-ray diffraction interpretation for the first time by
Giacovazzo and Menchetti (1969). Pudovkina et al. (1973) performed single-crystal
structure analysis of prosopite and refined the structure with distinction of F and (OH)
sites as CaAl,F4(OH),. However, they did not report the possible position of hydrogen
atoms, and therefore, the details of hydrogen bonding and anionic site preference were
not elucidated. In this study, we determined the chemical compositions of prosopite
using scanning electron microscopy and energy-dispersive X-ray spectroscopy
(SEM/EDS) and analyzed the crystal structure of prosopite including the position of
hydrogen atoms in detail using single-crystal X-ray diffraction. We investigated the
relation between the substituted quantity of F for (OH)" in prosopite and the structure of
prosopite in order to clarify the state of the solid solution and/or the relation of order—

disorder between F and (OH)" in prosopite.
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2.2. EXPERIMENTS

2.2.1. Chemical analysis

The prosopite samples used for the measurement were obtained from Zacatecas in
Mexico (sample No. 1), lvigtut in Greenland (Kingdom of Denmark, sample Nos. 2 and
3) and Katugin deposit in Eastern Siberia (Russia, sample No. 4). The chemical
compositions were determined with multiple grains of each sample using JEOL SEM
(JSM-7001F operated by 15 kV, 0.5 nA) equipped with Oxford EDS (INCA SYSTEM).
The number of grains analyzed and analytical points were 3 and 19 (sample No. 1), 5
and 54 (sample No. 2), 5 and 31 (sample No. 3) and, 2 and 29 (sample No. 4),
respectively. The following standard materials were employed: CaF, for F, Al,O; for Al,
CaSiO; for Ca, copper metal for Cu, and SrTiOz for Sr. The chemical formula was
determined considering that the total number of charges (w.r.t. Ca**, Sr**, Al**, and
Cu?") is eight, and the unanalyzed anions are assumed to be (OH)".

The specimens included a small amount of Cu and Sr as the substituents of Al and Ca,
respectively (Table 2.1). The impurity substitution reaction, AP + (OH) « Cu*" + H,0,
occurs at the cation sites. The empirical formulae as the means of chemical
compositions are Ca(Al1.9sCuoo3)F4[(OH)384F016] (Zacatecas sample No. 1),
(Cap.96Sr0.04) Al goF4[(OH)3.72F0 28] (Ivigtut sample No. 2),
(Cap.93Sro.04)Al 02F4[(OH)3.56F0.44] (Ivigtut sample No. 3), and
Cag.98Al2.01F4[(OH)370F0.30] (Katugin sample No. 4). Figure 2.1 shows the histograms of
the measured amount (frequency) of fluorine content as apfu (atoms per formula unit).

Textural and compositional variations such as chemical zoning were not observed in the
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analysis of the multiple analytical points in a grain of each sample. As shown in Figure
2.1, the frequency distribution of fluorine content is not a normal distribution. Thus, the
chemical compositions are obtained from the arithmetic average values and the errors
are not considered (Table 2.1). The ratio of Ca and Al, which are cations in the empirical
formula, as the means of chemical compositions of four samples is almost the same as
that of the ideal chemical formula of prosopite. The fluorine content was between 4 and
5 and the quantity of maximum substitution of F~ for (OH)" in prosopite was estimated

to be 25% (Table 2.1 and Fig. 2.1).

Table 2.1. Mean of chemical compositions as apfu of all prosopite samples (No. 1 to No.

4)

Sample Sample Sample Sample

No. 1 No. 2 No. 3 No. 4

F 4.16 4.28 4.44 4.30
Al 1.98 2.00 2.02 2.01
Ca 1.00 0.96 0.93 0.98
Cu 0.029 — — —
Sr — 0.04 0.04 —
OH" 3.84 3.72 3.56 3.70

" Unanalyzed anion content obtained by subtracting F content from that of eight anions

is assumed to be that of (OH)'.
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Figure 2.1. Histograms of measured amount (frequency) of fluorine content as apfu of
the four prosopite samples. (a) Zacatecas, Mexico. (b) lvigtut, Greenland. (c) lvigtut,

Greenland. (d) Katugin deposit, Eastern Siberia, Russia.

2.2.2. Crystal structure refinement

The crystal structure of prosopite (sample No. 2) was analyzed using single-crystal
X-ray diffraction. The crystalline qualities of the single-crystal specimens were
evaluated using a four-circle diffractometer at the BL-10A beam line of the Photon
Factory, High Energy Accelerator Research Organization, KEK, Japan, using
high-resolution monochromatized synchrotron X-ray radiation. The structure refinement
was performed using reflection intensity data obtained using a Rigaku X-ray

diffractometer (Vari-MAX-RAPID) with an imaging plate (graphite-monochromatized
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MoKa radiation, A = 0.71069 A) and a rotating anode X-ray tube, at Tohoku University.
Focused MoKa radiation was utilized and the conventional oscillation technique was
applied. After Lorentz and polarization corrections, an absorption correction was
performed by using the integration method based on the shape of the specimen (Higashi,
1995). The space group C2/c was adopted based on the systematic absence conditions of
the observed diffraction intensity data. Accordingly, 2944 reflection intensities were
measured. The experimental details and crystallographic data are summarized in Table
2.2.

The crystal structure refinement was carried out using SHELXL97 program (Sheldrick,
1997). The crystal structure of prosopite was refined to the R value of 0.0185 (WR2 =
0.0554) using 791 unique reflections with |F,| > 40(|F,|). Scattering factors for neutral
atoms and anomalous dispersion coefficients were obtained from International Tables
for Crystallography, Volume C (1992). In the structural refinement, the Ca site was
considered to be fully occupied by Ca and Sr. Fluorine atoms and oxygen atoms were
assigned optionally and the minimum R value was selected (at approximately 0.3% of
the differences). After the least-squares refinements without hydrogen atoms, the R
index (= Z||Fq|-|Fc|[/Z]Fo|) was converged at less than 0.03 with anisotropic temperature
factors. The position of hydrogen atoms in the structure was determined at the position
where residual electron density peaks appeared using the difference Fourier method.
Careful examination of the difference Fourier maps indicated two possible hydrogen
positions (H1 and H2) near O1 and O2 sites only (Figs. 2.2 and 2.3). These hydrogen
atoms were involved but their positions were not parameterized in the least-squares
cycles. No significant electron density residue was observed around the fluorine atoms.

This finding prompted us to select a model where each F" and O ion is ordered among
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four anion sites as shown in Table 2.3. Pudovkina et al. (1973) also determined the
values of the structural parameters of prosopite and indicated an ordered distribution of
F and O% ions. The chemical structural formula, Cag.964(2)Sr0.036Al.F4(OH)4, obtained
from the refinement is approximately consistent with the empirical formula,
(Cap.96Sr0.04)Als goF4[(OH)3.72F0.26], obtained from the chemical analysis. The atomic
coordinates and anisotropic atomic displacement parameters for prosopite are listed in

Table 2.3. The selected interatomic distances are presented in Table 2.4.

Table 2.2. Experimental details and crystallographic data of prosopite from Ivigtut,

Greenland (sample No. 2)

Form(uslgmple No. 2: empirical) C.96570.0Al2Fa[(OH)s 720 26]
Formula (refined) Cag 964(2)Sr0.036A1F4(OH),4
Space group C2/c

a(A) 6.7103(3)

b (A) 11.1619(5)

c(A) 7.3741(3)

B(°) 94.919(2)

Radiation used MoKao,

Radiation wavelength (A) 0.71069

Crystal size (mm) 0.043x0.048%0.063

Total reflections 2944

Unique reflections used 791

Final R 0.0185

Final wR2 0.0554

GooF 1.203
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Figure 2.2. Position of H1 in the prosopite structure. (a) Fourier map near the O1 site;
contours are at an interval of 1.0 e/A>. (b) Difference Fourier map near the O1 site;

contours are at an interval of 0.2 e/A3,
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Figure 2.3. Position of H2 in the prosopite structure. (a) Fourier map near the O2 site;
contours are at an interval of 1.0 e/A3. (b) Difference Fourier map near the O2 site;

contours are at an interval of 0.2 e/A3,
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Table 2.3. Atomic coordinates and anisotropic atomic displacement parameters for

prosopite from Ivigtut, Greenland (sample No. 2)

Occ. X y z Uy Uy, Uss Uy Uz U,
Ca 0.964(2) 0 0.46044(3) 1/4 0.00798(17) 0.00816(17) 0.00959(17) 0 0.00281(11) 0
Sr 0.036 0 0.46044(3) 1/4 0.00798(17) 0.00816(17) 0.00959(17) 0 0.00281(11) 0
All 1/4 1/4 0 0.0073(3) 0.0081(3) 0.0071(3) 0.00029(19) 0.0020(2) -0.00004(19)
Al2 0 0.14076(5) 1/4 0.0077(3) 0.0071(3) 0.0086(3) O 0.0025(2) O
F1 0.07624(12) 0.38085(7) 0.96143(11) 0.0125(4) 0.0105(4) 0.0113(4) 0.0015(3) 0.0021(3) 0.0028(3)
F2 0.18263(13) 0.02445(7) 0.28587(12) 0.0122(4) 0.0115(4) 0.0202(4) 0.0042(3) 0.0060(3) 0.0044(3)
o1 0.19954(14) 0.26342(8) 0.24864(12) 0.0074(4) 0.0108(4) 0.0072(4) 0.0003(3) 0.0002(3) -0.0014(3)
02 0.02486(14) 0.15354(8) 0.99625(12) 0.0095(4) 0.0091(4) 0.0088(4) -0.0024(3) 0.0020(3) -0.0015(3)
H1" 0.2999 0.2661 0.3325
H2" 0.0338 0.0890 0.9298

" Hydrogen position is not refined.
The maximum peak position in the differential Fourier synthesis was considered as each

hydrogen position.

Table 2.4. Selected interatomic distances (A)

CaF¢0, dodecahedra Al1F,0, octahedra Al2F,0, octahedra
Ca-F1[x2] 2.4012(8) All-F1[x2] 1.8752(8) Al2-F2[x2] 1.7893(9)
Ca-F1[x2] 2.3863(8) Al1-01[*2] 1.8987(9) Al2-01[*2] 1.9156(10)
Ca-F2[x2] 2.2831(9) Al1-02[x2] 1.8535(9) Al2-02[x2] 1.8982(9)
Ca-01[x2] 2.5751(10)

Ave. 2.4114 1.8758 1.8677
Max. 25751 1.8987 1.9156
Min. 2.2831 1.8535 1.7893
Max.-Min. 0.2920 0.052 0.1263
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2.3. RESULTS AND DISCUSSION

2.3.1. Crystal structure of prosopite

From the chemical analysis, the fluorine content was between 4 and 5 and the quantity
of maximum substitution of F for (OH)™ in prosopite was estimated to be 25%. This
observation may indicate that fluorine content of more than 4 is common in the
prosopite structure. As fluorine and oxygen elements have different proton numbers, the
attraction between protons and an electron is different (the origin of chemical shift). The
ionic radius (1.33 A for V'F and 1.40 A for V'0?%) (Shannon, 1976) and polarizability
differ even when they are converted to ions. The atomic scattering factors and
Coulombic contribution are also different. The (OH)  ion with H* ion and the spherical
F" ion have different anisotropy in chemical bonding. The replacement of F" in the (OH)
sites with large anisotropy is easy. On the contrary, our observation based on both the
chemical analysis and structure refinement shows that the substitution of (OH)" with
large anisotropy for F sites with slight anisotropy hardly occurs. H atoms form hydrogen
bonds that require bonding directionality and form Coulomb interaction with the
surrounding atoms. An appropriate site for hydrogen atom is also required. In our
structural observation, no significant H site near F sites was observed. Therefore, we
assume the model in which (OH)" dissolution into F sites does not occur (but the
substitution of F in OH sites slightly occurs) and propose that the chemical structural
formula of prosopite is CaAl,F4[(OH)4«F«] (x = 0.0-1.0).

The crystal structure of prosopite obtained using the refinement is shown in Figure 2.4.
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The fundamental framework structure is identical to that reported by Pudovkina et al.
(1973), and the present analysis allows us to demonstrate a model where F and 0%
anions preferentially reside at each F and O site together with the hydrogen positions
bonded to O1 and O2. The crystal structure of prosopite consists of two types of
AlF,(OH), octahedra and one kind of CaFs(OH), dodecahedra. The octahedra and
dodecahedra form a block unit and large voids are formed between the block units. The
voids are filled with hydrogen atoms and are arranged parallel to the [101] direction

(Fig. 2.4).

Figure 2.4. Crystal structure of prosopite as a perspective view from the direction close
to [-101]. The crystal structure was drawn using VESTA (Momma and lzumi, 2011).
The tunnels in which hydrogen atoms were located continuously are observed in

parallel to [101].
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2.3.2. Interatomic distances

As (OH) has larger ionic radius than F for the coordination numbers of four (1.35 A for
(OH) and 1.31 A for F) and six (1.37 A for (OH) and 1.33 A for F) (Shannon, 1976),
it can be considered that the interatomic distances of (OH) and cations are longer than
those of F and cations. As shown in Table 2.4, the interatomic distances of Ca-OH
(Ca-O1H1) and Al2-OH (AI2-O1H1 and AlI2-O2H2) are longer than those of Ca-F and
Al2-F in Ca dodecahedra and Al2 octahedra, respectively, and the size difference
between the Fsites and (OH) sites is apparent. However, such features of Al-F and Al-O
distances are not observed in Al1l octahedral sites. The value of 1.8752(8) A for Al1-F1
is larger than the expected value by Shannon’s ionic radii and the Al1-O2 distance is
1.8535(9) A in the All octahedral site. The tendency of these interatomic distances in

this study is similar to that reported by Pudovkina et al. (1973).

2.3.3. Bond valence sum calculation and hydrogen bonding

Pudovkina et al. (1973) reported that prosopite structure is characterized by two weak
hydrogen bonds O1-H1...02 and O2-H2...F2 with O1-O2 distance of 2.89 A and
02-F2 distance of 2.80 A, respectively. They did not determine the hydrogen positions,
but proposed hydrogen bonds from the donor—acceptor anion distances. In order to
investigate the electrostatic compensation in prosopite, we also carried out bond valence

sum calculations using the method of calculations and parameters given by Brown and
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Altermatt (1985). Table 2.5 shows the bond valence sum calculations considering the
hydrogen bonding. The O2 and F2 sites act as acceptors in the hydrogen bonds
01-H1...02 and 02-H2...F2, respectively. The H1...02 distance is 2.059 A and the
01-H1...02 angle is 155.8° (Table 2.6). The H2...F2 distance is 1.977 A and the
02-H2...F2 angle is 152.7° (Table 2.6). We confirmed the same two hydrogen bonds
reported by Pudovkina et al. (1973). They also performed the calculation of the valence
balance in the prosopite structure and reported that the valence sum is similar to the
formal valence of each atom. As shown in Table 2.5, the estimated crystal structure is
appropriate, because the bond valence sum is similar to the ionic valence of each atom.
The calculated bond valence sum of 0.860 for F1 is less than the expected value of 1.0.
This is due to the long Al1-F1 distance. Similar phenomena were observed in legrandite
(Jinnouchi et al., 2016). This phenomenon is caused by the failure to satisfy the local

requirement in order to maintain three-dimensional periodicity.

Table 2.5. Bond valence sum calculations for prosopite

All Al2 Ca X(Al,Ca)v H1 H2 X(Al,Ca,H)v
F1 0.410 0.221 0.860 0.860
F1 0.229
F2 0.516 0.304 0.820 0.110 0.930
o1 0511 0.490 0.193 1.195 0.904 2.099
02 0.579 0.513 1.092 0.115 0.907 2.114
Yav 3.002 3.039 1.893 1.019 1.017
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Table 2.6. Selected interatomic distances (A) and angles (°) including hydrogen

bonding
X-H...A Distance(X-H) (A) Distance(X-A) (A) Distance (H...A) (A) Angle (°)
01-H1...02 0.875 2.878 2.059 155.8
02-H2...F2 0.876 2.784 1.977 152.7
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3.1. INTRODUCTION

Nearly thirty kinds of mineral in which gold is a major component have been
confirmed to date, like calaverite AuTe,, sylvanite (Au,Ag).Tes, krennerite (Au,Ag),Tes,
and petzite AgsAuTe,, besides native gold. They occur both isolated and in association
with other gold minerals. Reports of gold minerals are not infrequent. Gold and silver
belong to the coinage metals group in the period table of the elements; they give
extensive solid solutions in compounds, including minerals, and also form an alloy,
known as electrum. Gold minerals often include heavy pnictogens and chalcogens (Sb,
Bi, Se, Te); in particular, several gold and tellurium/antimony compounds are known,
with a simple chemical formula, like calaverite and sylvanite, but their crystal structures
are far from simple, showing incommensurate modulation under ambient conditions
(Schutte & Boer, 1988; Pertlik, 1984; Reithmayer et al. 1993; Bindi et al., 2009; Bindi
& Chapuis, 2017). Even the pure unsubstituted calaverite AuTe, shows a periodic
ordered structure only under high-pressure conditions (Reithmayer et al. 1993).

Petzite, AgsAuTe,, coexists with coloradoite, HgTe, and hessite, Ag.Te, and occurs
as intergrowth with them (Frueh, 1959). Petzite was first synthesized by Thompson
(1948) and its structure was determined by Frueh (1959) with a Buerger precession
camera from a fragment obtained by fracturing a crystal of hessite in which it occurred
as irregular shaped blobs (Frueh, 1959). The crystal structure was later refined by
Chamid et al. (1978). Thompson (1948, 1949) indicated that petzite is a compound with
a definite silver-to-gold ratio, which suggests distinct ordered positions for the silver
and gold atoms, corresponding to a three-dimensionally periodic, non-modulated
structure, unlike calaverite and sylvanite. Hessite occurs in two polymorphs, the low
temperature B phase (space-group type P2;/c) and the high temperature o phase
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(space-group type Fm3m) (Schneider & Schulz, 1993), whereas no polymorphism has
been confirmed in either coloradoite (space-group type F43m) or petzite (space-group
type 14,32). Frueh (1959) quoted an unpublished thermal analysis showing a transition
in petzite at 483 + 10 K; if confirmed, such a transition would lead to a holohedral
polymorph which would make possible a petzite-hessite solid solution at high
temperature. Frueh (1959) reported, but did not index, a powder diffractogram at 523 K
which differed from that at room temperature; however, microscopic observation
showed only a limited shrinking of the crystal, attributed to diffusion of gold in hessite
following a higher solubility at high temperature. However, no transformation twinning
in heat-treated samples was reported, as one would expect if a phase transition had
taken place.

In this study, we have performed a precise structural analysis of petzite crystal
samples and clarified the structure details, the site occupancy on each site and bonding
character. In addition, Au and Te L,;-edge XANES measurements have been performed

to investigate detailed bonding characteristics such as electrical properties.

3.2. EXPERIMENTAL
3.2.1. Chemical analyses

Single crystals of petzite AgsAuTe, were obtained from Lake View Mine, Golden
Mile,  Kalgoorlie, Australia  (Kumamoto  University, sample  reference
C133-petzite-single-grain-201532). The sample is brittle, of deep steel grey color and
with large single crystals of several millimeters in size. Its chemical composition was
determined with a JEOL scanning electron microscope (SEM, JSM-7001F operated at

15 kV, 0.5 mA) equipped with an Oxford energy-dispersive X-ray spectroscope (EDS,
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INCA SYSTEM) (Hongu et al., 2018). Each pure metal was used as a standard material
and the ZAF (atomic number Z, absorption A and fluorescence F) corrections were
applied. Measurement points where the total clearly deviated from 100% were
excluded. The weight percentages of Au, Ag and Te were 25.25-25.98 wt% Au,
41.55-42.26 wt% Ag and 33.01-34.14 wt% Te. The variation in molar ratio among
numerous analytical points with respect to the stoichiometric values was less than a few
per cent. Only trace amounts of mercury were detected. Impurities such as arsenic and

antimony were below the detection threshold.

3.2.2. Single-crystal X-ray diffraction experiments and structure refinements

We have performed single-crystal X-ray diffraction experiments on petzite with a
Rigaku R-AXIS RAPID diffractometer (Tokuda et al. 2018; Hongu et al., 2018).
Reflection conditions were consistent with space group 14,32. Intensities were measured
using graphite-monochromated MoKa (A = 0.71069 A) radiation. The data were
corrected for Lorentz and polarization factors and for the effect of absorption, which
was determined using the integration method based on the observed shape of the
specimens. Data reduction results in Rj; = 0.0968 which, although rather high, is not
unusual for a sample containing heavy atoms.

Independent reflections were used for refinement with | > 3o(l) by full
matrix-least-squares method. Experimental details are listed in Table 3.1. Refinement
calculations were performed using the program JANA2006 (Petricek et al., 2014). The
refinement converged smoothly to R; = 0.0297. An attempt to refine mixed-occupancy
Ag/Au on the 8b and 24f positions did not give any indication of isomorphic

substitution, confirming the Ag/Au ordering already reported in previous studies. The
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residual peaks (1.74, -1.03 A e™®) are acceptable for a crystal structure containing heavy
atoms, considering the difficulties in the absorption correction.

The space group of petzite belongs to a Sohncke type, which means that the structure
can occur in two enantiomorphic configurations. The Flack parameter (Flack, 1983)
refined to 0.05(3), confirming that the absolute structure is correct. The crystal structure
is shown in Figs. 3.1-3.5. The interatomic distances for petzite and the structure
refinement data, atomic coordinates and anisotropic atomic displacement parameters are

given in Tables 3.2 and 3.3, respectively.
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Table 3.1. Experimental details for petzite AgsAuTe;

Crystal data
Chemical formula
M,

Crystal system, space group

Temperature (K)
a(A)

Vv (A%

Z

Radiation type
Crystal size (mm)

p (mmt)

Data collection

Diffractometer

Absorption correction

Triny Trax

No. of measured,
independent and
observed [1 > 3o(1)]
reflections

Rint

(SN O/W)max (A

Refinement

R[F? > 26(F))], wR(F?), S

No. of reflections
No. of parameters
Aprmaxs Apmin (€ A7)
Absolute structure

Absolute structure parameter

AgsAuTe,

775.8

Cubic, 14,32

297

10.417(8)

1130.3(15)

8

Mo Ka (0.71069 A)
0.030x0.047x0.073
46.076

Rigaku R-AXIS RAPID
Integration (Busing & Levy, 1957)
0.085, 0.251

2866, 225, 176

0.0968
0.648

0.030, 0.052, 1.04

225

12

1.74,-1.03

71 Friedel pairs used in the refinement
Flack, 0.05(3)




Table 3.2. Interatomic bond distances in petzite

Atom 1 Atom 2 Distance (A)
Au Te 2.6273(13)
Au Ag 3.0784(18)x6
Au Au 3.6833(3)

Ag Te 2.9140(18)x3
Ag Te 2.9825(19)x3
Ag Ag 3.0814(16)x2
Ag Ag 3.3053(17)x2
Te Te 3.767(3)

Table 3.3. Atomic coordinates and anisotropic atomic displacement parameters for

petzite

X y z Un Uz Uz Uz Uiz U
Au(8b) 0875 0875 0875 0.0407(4) 0.0407(8)  0.0407(4)  -0.0056(4)  -0.0056(4)  -0.0056(4)
Te(16e) 0.22038(8) 0.22938(8) 0.22938(8) 0.0286(4) 0.0286(4)  00286(4)  -0.0007(4)  -0.0007(4)  -0.0007(4)
Ag (24f) -0.13818(15) 0 0.25 0.0464(10) 0.0389(9)  0.0329(10) O 0 0.0052(7)

3.2.3. X-ray absorption near edge structure (XANES) measurements

The XANES spectra near the Au and Te L,;-edges were measured in fluorescent
mode on beamline BL-9C PF, KEK, Tsukuba, Japan. We also measured several Au and
Te minerals for comparison [aurostibite AuSh, from Krasna Hora, Schoenberg, Czech

Republic; calaverite AuTe, from Lake View Mine, Golden Mile, Kalgoorlie, Australia;

35



sylvanite (Ag,Au)Te, from Emperor Mine, Vatukoula, Viti Levu, Fiji; Kkrennerite
AuzAgTeg from Cripple Creek, Colorado, USA; nagyagite [Pbs(Pb,Sb)sSg](Au,Te)s
from Sacaramb (Nagyag), Transylvania, Romania; and emmonsite Fe**,Te**304°2(H,0)
from San Miguel Mine, Moctezuma, Sonora, Mexico], all property of Kumamoto
University. The synchrotron radiation was monochromated by a Si (111) double-crystal
monochromator. X-ray energy calibration was performed by setting the copper metal
pre-edge absorption peak to 8978.8 eV. Mirrors were used to eliminate higher
harmonics. The measurements were performed using the usual energy resolution to
obtain sufficient X-ray flux and for comparison with published results. The details of
the measurements are given in the literature (Hiratoko et al. 2013; Tobase et al. 2018;

Yoshiasa et al. 2018).

3.3. RESULTS AND DISCUSSION
3.3.1. Description of the structure and bonding distances in petzite

The crystal structure of petzite was refined by Chamid et al. (1978) in the space
group 14,32, which is a Sohncke type of space group where chiral structures can occur
(Nespolo et al., 2018). However, no attempt to was made to determine the absolute
structure and the structural model essentially coincides with that proposed earlier by
Frueh (1959). In this model, the gold atom is coordinated by two tellurium atoms at
2.61 A and six silver atoms at 3.06 A; the silver atoms are tetrahedrally surrounded by
Te atoms, with two of the Te atoms at 2.92 A and two at 2.96 A; the tellurium is
coordinated by one gold atom at 2.61 A, three silver atoms at 2.92 A and three more
silver atoms at 2.96 A. It was explained that the Au-Te distance is shorter than the

Ag-Te distances because there are only two close neighbours for Au in petzite.
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Our results support the fully ordered model of petzite, with distinct ordered positions
for Au and Ag atoms, proposed in the past by Thompson (1948, 1949), Frueh (1959)
and Chamid et al. (1978). However, our model corresponds to the opposite handedness
with respect to the previous reports. Au was refined on the Wyckoff 8a position in the
past, but on the 8b position in our model. These two positions belong to the same
Wyckoff set and are related by the additional generator of the Euclidean normalizer of
14,32, which is precisely the inversion through the origin that exchanges the two
handednesses. Figures 3.1 and 3.2 show the difference between their model and our
model (difference in handedness). At the time of Frueh’s (1959) investigation, it was not
yet possible to determine an absolute structure. The more recent report by Chamid et al.
(1978) did not determine the absolute configuration either. The opposite configuration
reported previously may therefore have simply been the result of an arbitrary
assignment.

The structure of petzite is shown in Figs. 3.3 and 3.4. In the cation-centered
description (Fig. 3.3), the structure is based on clusters of six edge-sharing AgTe,
rhombic disphenoids with a common corner, the AuTe, dumbbell being located in the
cavity surrounded by clusters. In the anion-centered description (Fig. 3.4), Te is almost
at the center of a triangular face of a monocapped flattened trigonal antiprism
Te[AgsAu].

Selected interatomic distances are shown in Table 3.2. The Pauling ionic radii of
Ag(l), Au(l) and Te(-I1) are 1.26, 1.37 and 2.21 A, respectively. The Shannon radii in
sulfides are 0.92 A for “IAg(1), 0.58 A for P)Au(l) and 2.07 A for ©Te(-11) (Shannon,
1981), whereas covalent radii for Ag, Au and Te are 1.45, 1.36 and 1.38 A, respectively

(Cordero et al., 2008).
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The rhombic disphenoid around silver has two Ag-Te distances of 2.9140(18) A and
the other two are 2.9825(19) A:; these are slightly shorter than the sum of the Shannon
radii for sulfides (2.99 A) and much shorter than the sum of the ionic radii (3.47 A) but
longer than the sum of the covalent radii (2.83 A).

The gold atom is coordinated by two tellurium atoms forming a dumbbell with
distances of 2.6273(13) A, which is shorter than the bond distance for either ionic (3.58
A) or covalent (2.74 A) bonds, computed as sum of the respective radii, but close to the
sum of the Shannon radii for sulfides (2.65 A). Frueh (1959) explained the shorter linear
Au-Te distance with respect to the tetrahedral Ag-Te distances precisely in terms of the
lower coordination for gold.

Tellurium is coordinated by one gold atom at 2.6273(13) A and by six silver atoms,
three at 2.9140(18) A and three more at 2.9825(19) A. All the seven atoms coordinating
the tellurium are on the same side of a geometric plane, and two neighbouring tellurium
atoms have their coordinating atoms on opposite sides of this plane, leaving an empty
cavity in between (Fig. 3.5). The Te-Te distance [> 3.767(3) A] is far larger than the
sum of the covalent radii but shorter than the van der Waals bonding distance (van der
Waals radius 1.99 A; Alvarez, 2013), suggesting the presence of a weak Te-Te bond,
which is likely to be responsible for the brittle nature of petzite crystals.

The shortest distances for Ag-Au [3.0784(18) A] and Ag-Ag [3.0814(16) A] are very
close to each other but somewnhat longer than the bond distances in electrum (where Ag
and Au are disordered) or metallic silver (~2.88-2.89 A (Wyckoff, 1963; Venudhar et

al., 1978), which suggests the presence of a metallic bond.
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Figure 3.1. Crystal structure of petzite projected along the [001] direction. Orange, grey
and brown atoms are Au, Ag and Te, respectively. (a) our model; (b) Chamid et al.

(1978) model. The two models are different in their handedness. Only the Au-Te and

Ag-Te bonds are shown.
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(b)

Figure 3.2. Crystal structure of petzite projected along the [110] direction. (a) our
model; (b) Chamid et al. (1978) model. The two models are different in their

handedness. Only the Au-Te and Ag-Te bonds are shown.
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Figure 3.3. The cation-centered description of the crystal structure of petzite. In this
description, the structure is based on clusters of six edge-sharing AgTes; rhombic
disphenoids with a common corner, the AuTe, dumbbell being located in the cavity

surrounded by clusters. Figure drawn with VESTA (Momma & Izumi, 2011).

Figure 3.4. The anion-centered description of the crystal structure of petzite. In this
description, tellurium is almost at the center of a triangular face of a monocapped

flattened trigonal antiprism Te[AgsAu]. Figure drawn with VESTA.
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Figure 3.5. A portion of the crystal structure of petzite, showing the region around two
neighbouring tellurium atoms. The silver and gold atoms coordinated to the same
tellurium atom are all on the same side of a geometric plane, and two neighbouring
tellurium atoms have their coordinating atoms on opposite sides of this plane, leaving
an empty cavity in between, suggesting the presence of a weak Te-Te bond. Figure

drawn with VESTA.

3.3.2. Temperature factor and estimated Debye temperature 0p
The anisotropic atomic displacement parameter for each atom in petzite is shown in
Table 3.3. The temperature factor at each site in the petzite structure increases in the

order of Te, Ag and Au sites. The Au atom in petzite has the largest amplitude of
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thermal vibration, Which results from the covalent Te-Au-Te linear bond. The atomic
displacement parameter relates to the mass of the atom.

Debye temperature, 6p, is one of the indices of a physical quantity by which
comparison is possible. The Debye temperature 0p correlates with physical properties
such as the hardness of crystals. The value 0p for each atom can be estimated using the
dynamic component in the Debye-Waller factor based on the Debye approximation
(Willis & Pryor, 1975; Wood et al., 2002; Christensen et al., 2006; Nakatsuka et al.,
2011; Yoshiasa et al., 2016). We have estimated 0p for each atom using the values of U
(Table 3.3) under the assumption of no static disorder components of atoms. We
obtained 6p values for Au, Ag and Te in petzite of 73.3, 101.1 and 108.5 K, respectively.
These are significantly lower than the corresponding values in the pure metals (178, 221
and 152 K, respectively), reflecting the different binding forces in the telluride with

respect to the respective metals.

3.3.3. Au and Te L;;-edge XANES spectra and bonding character in petzite

Many gold minerals and compounds are represented by simple chemical formulae
and adopt basic structures. Aurostibite, calaverite and sylvanite have structures related
to pyrite- and Cdl,-type structures. Compounds with gold and group V or group VI
elements have semi-metallic properties. In the case of pyrite- and Cdl,- type
compounds, the bonding property among the group V or VI elements affects the main
electrical properties. Petzite, AgsAuTe,, contains more gold and silver than calaverite
and sylvanite, and the metallic character of the bonding between gold and silver is
recognized. On the other hand, Te-Te distances do not support the existence of electron

sharing among the tellurium atoms but only a weak interaction of van der Waals type.

43



On the high-energy side of the absorption edge in Au L;;-edge XANES spectrum, a
strong first peak (white line) appears due to electron transfer from the Au atoms to the
anions. This peak makes it possible to compare electron polarization, ionic and metallic
character for Au atoms. Figure 3.6 shows the Au L;;-edge XANES spectra for petzite
and reference Au minerals. The shape of the XANES spectrum for petzite clearly
resembles that of metallic gold, thus the chemical bonding of gold in petzite has a more
pronounced metallic character than in other gold minerals.

Figures 3.7(a) and 3.7(b) show the Te Ly;-edge XANES spectra and their
first-derivative curves for petzite and reference Te minerals. Emmonsite,
Fe¥*,Te*"30q°2(H,0), is a tellurium salt with a transparent greenish yellow color.
Tellurium in this mineral is a tetravalent cation. The absorption edge of cation-leaving
electrons shifts to the higher energy side than that of the metal. Conversely, the
absorption edge of the anion-obtained electrons shifts to the lower energy side. A
chemical shift of the threshold energy at absorption edge occurs in response to the
change in the valence state, and the threshold energy shifts to the lower energy side due
to the increase in valence of the anion. The Te L,-edge absorption edge for petzite is
located on the lowest energy side among these minerals, and partial electron transfer to
Te atoms is recognized.

The maximum value of the first derivative [Fig. 3.7(b)] represents the position of the
maximum gradient in the XANES spectrum showing the threshold energy of the
absorption edge (Okudera et al. 2012). When comparing peak intensities and positions
in the first derivative of the XANES spectrum [Figure 3.7(b)], the first peak on the
lowest energy side has the same height as the second peak for Te in petzite and the

second peak is nearly the same energy position as the main peaks in calaverite and
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nagyagite, PbsAu(Te,Sh),Ss.g, a rare sulfide mineral which occurs in association with
gold ores. Therefore, it can be concluded that the bonding of Te in petzite has a partial
ionic character and the valence state is intermediate between metallic and anionic. In
particular, the supply of electrons from Au and Ag seems evident. This is consistent
with the Te-Te distance [> 3.767(3) A], which is considerably longer than those in
calaverite [2.871(6) A; Pertlik, 1984] and sylvanite (2.88 A; Tunell, 1941), as should be

expected from the covalent character of the Te-Te bonding in the latter sulfides.

Aurostibite

(%)

Calaverite
Krennerite

Sylvanite

Petzite

Gold foil

Noramalized Absorption (arb.unit)

11.89 11.92 11.95 11.98

Photon Energy (keV)

Figure 3.6. Au Lj-edge XANES spectra for petzite and reference Au minerals. The

arrow indicates the white line at the absorption edges.
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Figure 3.7. (a) Te Lyj-edge XANES spectra of petzite and reference tellurium
compound minerals. (b) First derivatives of the Te L;;;-edge XANES spectra of petzite

and reference tellurium compound minerals.

3.4. CONCLUSIONS

Petzite has an ideal stoichiometric chemical composition. Impurities such as arsenic and
antimony were not detected in our sample. Our structure refinement essentially confirms
previous reports, but the absolute structure is actually the opposite with respect to the
model. The fact that no attempt to determine the absolute structure was reported in the
past casts some doubt on the correctness of the previous reports, unless the opposite
enantiomorph was indeed found. Should that be the case, the question of the possible
relation between the formation environment and the handedness of the structure

naturally arises.
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The chemical bonding of Au in petzite has a more pronounced metallic character
than that in other gold minerals. The Te L,;-edge XANES spectrum in petzite has its
absorption edge at the lowest energy among the gold tellurides and partial electron
transfer to Te atoms is recognized. The Te bonding in petzite shows a partially ionic
character and the valence state is intermediate between metallic and anionic. Interatomic
distances for Ag-Te in petzite can be interpreted as presenting some ionic contribution
to the otherwise covalent nature of the bond. A weak Te-Te bond is suggested both by
the interatomic distance, which is shorter than the van der Waals bonding distance, and
the geometry of the Te-Au/Ag coordination, and it is likely to be responsible for the

brittle nature of petzite crystals.
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XAFS study of Sb and As in Cretaceous-Tertiary
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4.1. INTRODUCTION

After unusually high concentrations of Ir in the Cretaceous-Tertiary (K-T) boundary
sediments were found by Alvarez et al. (1980), an asteroid impact was considered to
have caused the K-T mass extinction. These Ir-rich K-T boundary sediments, recently
named Cretaceous-Paleogene (K-Pg) boundary sediments, are found throughout the
world (e.g., Stevns Klint in Denmark, Gubbio in Italy, Caravaca in Spain, and Woodside
Creek in New Zealand). In addition to Pt-group elements such as Ir, the boundary
sediments are also enriched with lithophile element Cr, siderophile elements such as Co
and Ni, and chalcophile elements such as Cu, Zn, As, and Sb (Strong et al., 1987;
Schmitz, 1992). These boundary sediments also include the markers for asteroid impact,
such as some shocked quartz grains, tektites, and spherules. The high contents of Cr and
Ni in the boundary sediments are considered to be mainly derived from asteroid
material, and the concentrations of Cu, Zn, As, and Sb are considered to be derived from
the impact ejecta from terrestrial sources (Strong et al., 1987; Schmitz, 1992).
Concerning the origins and concentration processes of elements such as Zn, As, and Sb,
studies related to volcanism (Officer and Drake, 1985), and precipitation from seawater
(Gilmour and Anders, 1989; Schmitz, 1992) have been reported.

In particular, concentrations of Sb and As are unusually high. Gilmour and Anders
(1989) reported that bulk K-T boundary sediments had Sb contents of 0.9-9.4 ppm and
As contents of 7.2-256 ppm. The Sh and As contents in K-T boundary sediments are
concentrations of 10-100 times higher than the average contents in the Earth’s crust.
However, the origins, concentration processes, and the geochemical and environmental

behaviors of Sb are not well known. Sakai et al. (2007) and Okube et al. (2012) clarified
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the local structures around As and Zn atoms in K-T boundary sediments from Stevns
Klint using XAFS analyses. They proposed that As occupies the tetrahedral AsO, site in
ferrinydrite and Zn occupies the tetrahedral ZnO, site in a willemite-like framework
structure. Okube et al. (2012) also proposed that precipitation of Zn took place under
high pH conditions, such as in seawater. Furthermore, Miyano et al. (2016) determined
the local structures of Ca, Cr, Mn, Fe, and Ni atoms in K-T boundary sediments and
clarified the effects of weathering, diagenesis, and life activity under the sedimentation.
Tobase et al. (2015) reported that the local structures of Zr in K-T sediments maintain a
glass structure and keep the thermal quenching records by the asteroid impact in the Zr
XAFS study in K-T boundary sediments. The samples and XAFS measurement points
of K-T boundary sediments used in Sakai et al. (2007), Okube et al. (2012), Miyano et
al. (2016), and Tobase et al. (2015) were the same as those used in this study. In this
study, we similarly determined the local structure around Sb atoms to obtain
information about the chemical state and coordination environment of Sb atoms in K-T
boundary sediments by Sb K-edge XAFS spectroscopy. Additionally, we performed As
K-edge XAFS measurements of the same group 15 elements as Sb in the periodic table.
This XAFS study may provide information about asteroid impact and the consequential

soiling of the global environment by falling dust and ashes.

4.2. SAMPLES AND EXPERIMENTAL METHODS

Our sample of K-T boundary sediments was obtained from Stevns Klint in Denmark
(Sakai et al., 2007; Okube et al., 2012). The K-T boundary sediments of Stevns Klint

are well known as marine K-T boundary layers. Here, we analyzed the reddish brown
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sediments located in the lower part of the K-T boundary sediments (Fig. 4.1). The Sb
and As contents in the reddish brown sediment were reported as 14 ppm and 120 ppm,
respectively (Schmitz, 1985). We also confirmed the approximate content of Sb and As
in the sediment sample using XAFS measurements. X-ray diffraction (XRD) and
microscopic observation showed that the crystalline part of the reddish brown sediment
mainly consisted of smectite, spherules, and goethite (e.g., Schmitz, 1985; Drits et al.,
2004). In this study, X-ray powder diffraction analysis was performed to identify the
constituent crystalline minerals in the analyzed sample. The sample contained smectite
(montmorillonite), calcite, and small amounts of quartz and goethite. A glass component
was not observed in the spherules. Ca and Fe were the main constituent elements. The
Ca and Fe crystalline phases in K-T boundary sediments were mainly calcite and
goethite. A quantitative estimation of non- and low crystalline phases in the sample
cannot be performed using XRD. Using XAFS analyses, Miyano et al. (2016) reported
that the Ca local structure shows diopside-like structure and the Fe local structure is
midway between goethite and hematite in the same of K-T boundary sediments from
Stevns Klint. In the iron oxide phases, low crystalline ferrihydrite (schwertmannite) was
also observed by XAFS experiment in the same sample used in this study (Sakai et al.,
2007). Therefore, the main phases of Ca and Fe in K-T boundary sediments sample
obtained by XAFS and XRD methods differ. This strongly suggests that information
about the non- and low crystalline phases may be obtained by the XAFS method. In this
study, the sample used for the XAFS measurements did not contain spherules. To
investigate the local structure around Sb atoms in K-T boundary sediments, we prepared
several references of natural Sb minerals, such as stibnite (Sb,S3), getchellite (AsSbS3),

ullmannite (NiSbS), cylindrite (Pb3SnsFeSh,S14), swedenborgite (NaBe,SbO-), welshite
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[CasMgoeSh304(SigBesAlFe,036)], and romeite [(Ca,Fe,Mn,Na),(Sb,Ti),06(0,0H,F)],
soils containing ferrihydrite (schwertmannite) near Sb and As mines, and Sb compounds,
such as Sh,03; and Sh,0s. Samples for soils containing ferrihydrite (schwertmannite)
were collected from Ichinokawa antimony mine, Ehime, Japan, and Shimonita
(Nishinomaki) arsenic mine, Gunma, Japan. The ferrihydrite (schwertmannite) soil
sample from the drainage of Shimonita (Nishinomaki) As mine adsorbs As(V) as
arsenate ion (Fukushi et al., 2003a). To study the local structure around As atoms in K-T
boundary sediments, we prepared four reference natural As minerals as used in Sakai et
al. (2007) : erythrite [Co3(AsO4),*8H,0], legrandite [Zn,AsO4(OH)*H,0], conichalcite
[CaCuAsO4(OH)], ferrihydrite (schwertmannite) (from Horobetsu mine, Hokkaido,
Japan), and two reference soil samples containing ferrihydrite (schwertmannite) near
Ichinokawa Sb mine (Keyakidani and Noboritate). The ferrihydrite from Horobetsu
mine strongly sorbs As (+5) as the arsenate (AsO4)* (Sakai et al., 2007). Sb and As
K-edge XAFS measurements were performed with a Si (311) double crystal
monochromator at the BL-NWZ10A beamline of the Photon Factory in the High Energy
Accelerator Research Organization (KEK), Tsukuba, Japan. The spectra near the Sb and
As K-edge were collected in transmission and fluorescence modes using a Lytle-type
detector. The XAFS measurements were performed in a non-destructive state without
the treatment of the analyzed samples. Analyses of XAFS data were performed using
XAFS93 and MBF93 programs (Maeda, 1987; Yoshiasa et al., 1999). The radial
structural function (RSF) was obtained by the Fourier transform over the k range of 2.5
< k <9.0 A™ for the K-T boundary sediments sample. In the quantitative analysis for the
K-T boundary sediments sample, stibnite, swedenborgite, welshite, romeite, and

ferrinydrite (schwertmannite) soil samples, Sh,O3; and Sb,Os, we used the Fourier
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filtering technique and a nonlinear least-squares structural parameters fitting method

with an analytical extended X-ray absorption fine structure (EXAFS) formula (Maeda,

1987; Yoshiasa et al., 1999).

Figure 4.1. Photograph of the reddish brown sediment in K-T boundary sediments.

Width of the photograph is 5.0 mm. The analyzed point is outlined by the black border.

4.3. RESULTS

4.3.1. Sb and As K-edge XANES spectra of reference materials and K-T boundary

sediments

The XANES spectra of Sb in K-T boundary sediments, various kinds of reference Sb
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minerals, soils containing ferrihydrite (schwertmannite), and Sb,O3; and Sb,Os are
shown in Figure 4.2. The threshold energies (defined as the maximum of differentiation
of XANES spectrum) are listed in Table 4.1. The threshold energy of K-T boundary
sediments is 30.4489 keV. The threshold energy of K-T boundary sediments is 2.6-8.5
eV higher than those of Sb sulfide minerals, such as stibnite, getchellite, ullmannite and
cylindrite, and Sh,0Os3, and the XANES pattern also differ from those of Sb sulfide
minerals and Sb,03;. The XANES pattern and the threshold energy of K-T boundary
sediments are similar to those of two ferrihydrite (schwertmannite) soil samples. The
threshold and main peak-top energies for K-T boundary sediments are similar to those
for swedenborgite and Sb,0s, and there is no chemical shift in the threshold energies
among K-T boundary sediments, Sb>* oxide complex minerals (such as swedenborgite,
welshite, and romeite), and Sb,0s. As shown in Figure 4.2 and Table 4.1, the oxidation
state of Sb in K-T boundary sediments is estimated to be Sb>*. Sb is coordinated with
oxide ions and exists in the same local structural position as Sb in ferrihydrite
(schwertmannite).

The XANES spectra of As in K-T boundary sediments and reference materials are
shown in Figure 4.3. The threshold energies are listed in Table 4.2. The threshold energy
of K-T boundary sediments is 11.8695 keV. The threshold energy of K-T boundary
sediments is approximately similar to those of As®* minerals, such as erythrite,
legrandite, and conichalcite. The XANES pattern of K-T boundary sediments is similar
to those of three ferrihydrite (schwertmannite) soil samples. The oxidation state of As of
K-T boundary sediments is estimated to be As>* and As is coordinated as arsenate ion in
ferrihydrite (schwertmannite) (Fig. 4.3 and Table 4.2). This result is the same as that

reported previously by Sakai et al. (2007). Sb and As in K-T boundary sediments are
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coordinated with oxide ions, and Sb and As exist in the same local structure positions as

Sb and As in ferrihydrite (schwertmannite).
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Figure 4.2. Sb K-edge XANES spectra of K-T sediments, reference antimony minerals,
ferrihydrite (schwertmannite) soil samples, Sh,O3; and Sh,Os. The threshold energies are

shown by three solid lines.
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Table 4.1. The threshold energies of Sb K-edge XANES spectra

Sample Threshold photon energy (keV)
Ullmannite 30.4424
Stibnite 30.4404
Getchellite 30.4425
Cylindrite 30.4442
Sb,04 30.4463
Swedenborgite 30.4493
Sb,0s 30.4506
Welshite 30.4501
Romeite 30.4501
Schwertmannite Shimonita 30.4489
Schwertmannite Ichinokawa 30.4489
K-T sediments 30.4489

The resolution of photon energy is 0.1 eV.
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Figure 4.3. As K-edge XANES spectra of K-T sediments, reference arsenic minerals

and ferrihydrite (schwertmannite) soil samples.
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Table 4.2. The threshold energies of As K-edge XANES spectra

Sample Threshold photon energy (keV)
Erythrite 11.8677
Legrandite 11.8677
Schwertmannite Horobetsu 11.8689
Ichinokawa Noboritate 11.8695
Ichinokawa Keyakidani 11.8695
K-T sediments 11.8695
Conichalcite 11.8701

The resolution of photon energy is 0.1 eV.

4.3.2. Radial structure function and local structure

The EXAFS k3¢(k) functions were transformed into RSFs for Sb K-edge of eight
reference materials and K-T boundary sediments, as shown in Figure 4.4. To obtain
further information on the structure parameters, we performed the parameter fitting with
analytical EXAFS formulae. The obtained structural parameters are summarized in
Table 4.3. The Sh-O interatomic distance in K-T boundary sediments sample is 1.99(1)
A. The distance is comparable with the octahedral Sb®* (0.60 A) and 0% (1.40 A) ionic
radii by Shannon (1976). The Sb-O interatomic distance in the K-T boundary sediments
sample is similar to those in two ferrihydrite (schwertmannite) samples (1.98(1) A),
welshite (2.01(2) A), swedenborgite (1.98(2) A), and Sb,0s (1.98(1) A). The RSF for
K-T boundary sediments is similar in shape to the compound with Sh>*Og coordination
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sites. Since Sb®" with a large ionic radius occupies a three—fold coordinated site, the
Sb3*-O distance is 1.98(1) A in Sbh,0s. The XANES spectra and RSF for Sb atoms
showed that Sh in K-T boundary sediments has a high oxidation state Sh>* and is stored
in the SbOg octahedral coordination environment. Sb in K-T boundary sediments is
considered to be incorporated in ferrihydrite (schwertmannite) from XANES and

EXAFS analyses.
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Figure 4.4. Fourier transforms of the Sb K-edge EXAFS oscillation function for

reference materials and K-T sediments. No EXAFS phase shift corrections are made.
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Table 4.3. The structure parameters determined by EXAFS and diffraction methods

Sample Sh-O distance by Sb-O distance by Coordination
EXAFS (A) diffraction (A) number
K-T boundary sediments 1.99(1) — 6
Schwertmannite Shimonita 1.98(1) — 6
Schwertmannite Ichinokawa 1.98(1) — 6
Welshite 2.01(2) 1.982-1.991 (Grew et al., 2007) 6
Swedenborgite 1.98(2) 1.97 (Huminicki and Hawthorne, 2001) 6
Romeite 1.97(2) 1.97 (Zedlitz, 1932) 6
Sh,0, 1.98(1) 1.98 3
Sh,0s 1.98(1) 1.99 6
Sample Sh-S distance by Sbh-S distance by Coordination
EXAFS (A) diffraction (A) number
Stibnite (Sb,S5) 2.52(3) 2.53 3

The Sb-O interatomic distances in romeite, swedenborgite and welshite are determined

using X-ray diffraction method by Zedlitz (1932), Huminicki and Hawthorne (2001),

and Grew et al. (2007), respectively.

4.4. DISCUSSION



Antimony is a rare metal element widely distributed in the lithosphere and mainly
associated with arsenic as a sulfide or oxide. Sb sulfide minerals such as stibnite
generally occur in hydrothermal deposits. Swedenborgite and welshite have been found
only in the Langban deposit in Sweden, where they are the constituent of skarns
(Huminicki and Hawthorne, 2001; Grew et al., 2007). In general, the natural abundance
of Sb in soil and freshwater is low (Filella et al., 2002). However, high concentrations of
Sb in both soil and water can be found near Sb mines and in areas contaminated by
human activities. Sb belongs to group 15 in the periodic table below As, and Sb** and
Sb>* are the most frequently observed species in the environment. It is known that Sb**
is stable form in soil and soil water under an equilibrium situation within the Earth’s
surface environment (Mitsunobu et al., 2006). The behavior of Sb is not well known in
comparison with that of As (Wilson et al., 2010), and few studies have clarified the
correlation between Sh and As few studies have clarified the correlation between Sb and
As . For example, Vink (1996) reported that the solubility and complex ion behaviors of
Sb>* with the Sb>*(OH)s oxyanionic form resemble those of HAsO,* and H,AsOy4". The
chemical behavior of Sb°* is presumed to be similar to that of As*, but the relationship
between Sb>* and As® may not always be established. A close correlation of
coprecipitation was observed between As and Fe (Ebihara and Miura, 1996; Sakai et al.,
2007). Sakai et al. (2007) also proposed that As in K-T boundary sediments has a high
oxidation state As®* and As ion coprecipitated with Fe ion as ferrihydrite. We propose
that Sb correlates closely with As ion and also coprecipitated with As and Fe ions.
XAFS analyses (Mitsunobu et al., 2006) have clarified that the host phases of Sb and As

in soil samples of the Sb mine tailing and in laboratory soil-water systems are Fe(lll)
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hydroxide. In the metastable phase, poorly crystalline ferrihydrite is known to transfer
into crystalline goethite and/or hematite with aging in an oxidation environment. Using
Sh EXAFS analyses, Mitsunobu et al. (2010, 2013) reported in detail that Sb™" in the
solid phase is structurally incorporated into crystalline goethite and/or hematite
generated by the ferrihydrite transformation. Experiments have also shown that the
transformation of schwertmannite to goethite may be retarded by the presence of
absorbed As(V) in the structure (Fukushi et al., 2003b). High concentrations of Sb and
As in K-T boundary sediments are considered to not originate from Sb and As mines
and/or human activities. However, considering that Sb and As in K-T boundary
sediments are high oxidation states (Sb>* and As>*) and the existence of ferric
hydroxides in K-T boundary sediments, the environment at K-T boundary sediments
resembles that of soil contaminated by Sb and As in local areas at the present time.
Therefore, Sb and As in K-T boundary sediments are suggested to be incorporated in
low crystalline ferrihydrite (schwertmannite) through precipitation and diagenesis
caused by sedimentation.

Abundant ferric hydroxides [e.qg., ferrihydrite (schwertmannite) and goethite] occur
in the sediment generated by the effect of the asteroid and/or impact ejecta that contain
many Fe ions compared with the surrounding geological materials. Although it was a
short period of time after the asteroid impact, one of the causes of unusually high
concentrations of Sb and As in K-T boundary sediments is considered to be due to the
fall and deposition of large amounts of dust from the impact ejecta to the Earth’s surface,
along with Fe ions contained in the asteroid and/or impact ejecta. The concentration
processes of Sb and As into K-T boundary sediments after the asteroid impact are

schematically shown in Figure 4.5. Unusual concentrations of Sb and As on a global
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scale does not occur under the usual sedimentation environment. It is considered that
the sudden increase of Fe, As, and Sb contents have resulted from the increase in impact
ejecta on a global scale and precipitation by oxidation of these ions causes unusual
concentrations. The existence of abundant Fe leads to concentration by coprecipitation
of Sb and As from the environment. In an unusual environment, such as K-T boundary
sediments, the unusually high concentrations of Sb®* and As>* could become an index
for the degree to which the global environment was soiled with dust and ashes derived

from asteroid material and/or impact ejecta falls.

. - Y
Dust {fine D;:lf‘flcles) ;, Dust, ash (derived from the asteroid material and/or impact ejecta) *, \\
™~
£ £ i L \

. ; ' Sh, As, Fe -

I | !

Dust, ash deposit /«
Lake/Rwer Flow =ea W

Sh. As F&  Fez+ — Fe™* (oxidstion)  Sb As Fe Asteroid

Concentrations of Sb, As and Fe (Fe?* | Fe3* ) Fa3+ — ferrihydrite—.

(AsOa, Sbcls) + co- |:rem itation
+ Sb+

Impact crater

Contents of Sb and As are usual

amounts in the surrounding sediments. |Reddish brown sediments Ferrihydrite — Goethite
(sedimentation, diagenesis)

[ferrihydrite (schwertmannite)]

Figure 4.5. A schematic illustration showing concentration mechanism of Sb and As

into deposits after the asteroid impact.
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General Conclusion

ZOFAGHICTIR, AEAREAM. FEME - AR EA &) O AR IR B
WC, EEUKMED S - RILRDTER A =X L a2 ERT 5 ECHEEOH S 11
JEIEFE D Cu, Ag, Au, 15 FRITHED As, Sh, 16 LR D Te, 17k (N ) T
RO FIZEAZY T, &, HTOOHT - ST H1EZ W TARE LR OFEM 7
AR Lo, £ LT, BT ROFRGOMTCRIBERE L2 T, Eam ot
DTG, ZIUIELTUTICEZ LIk LD D,

H2%
prosopite D fbfEIE kG L & AL FXDOPRTE

Ca, Al DKEEIEZ & e 7 b TH 5 prosopite I, T DEETF ORI F &
OH [ @ [E 4R A& order-disorder M EAFRICES L Cilam D RHD B DI T 5,
Lo T, EEE MBI B 1L X —0 88 X #5858 (SEM/EDS) 5%
T prosopite DALZFARA 2T E L, HifESE X SRETEZ ORI KSR R
T % G de prosopite OFEERE BEEMAT 21TV, ZNDICBE L TEL LT,
prosopite D54 4 L HEIZEB T, Al O—#F73 Cu &, Ca D—HBA% Sr L E#L LT
WA BN HERR STz, RO EHSEE LT, AP+ (OH) < Cu* + H,0 78
EZ B, CuD LX) REBBERIIIEMOECIRKII SR> TnDd, KERFAE
IZOWTIE, Z7 =V EZHWTREE FEEE — 27 DB DEIZIRE L
1= % D B prosopite 1O F & OF 1L ENEHFJE & O FEITHAILAT LT\ 5,
72720 ALFEAT EBIER LD S . (OH)FE~D FOEBIZDO TS Z 223, F
JiE~DOOHY DEFITAE TN EEZ 2 HiLs, Lo T, prosopite DL AT,
CaAlLF4[(OH)4xF] (x=0.0-1.0) & L TR IND Z L &I E LT,

%3 E
petzite DG b HEIEMAT & XAFS 7347

petzite AgsAuTe, I%. coloradoite HgTe <> hessite Ag,Te & AL, 4 6 I,
ELTEMHT S (Frueh, 1959), Thompson (1948, 1949)1%. petzite i, XHI X4
A 7B Ag R & Au P23 ELE STV D 2 & 2R 2 Bk 72
Ag-Au LEEEOILEMTH D Z L 2R L TWD, L calaverite AuTe, <°
sylvanite (Ag,Au),Tes & (X572 0 | 3 RouDJE MM, non-modulated (FEZE )i (=
RS LTS, ARWFZETIE, petzite 0> Au & Ag @ order-disorder ORIt D X 9
IAEE DT & BT RO 2 DY A MRS BRI, /A IREED K &
LMCTHTEN, FRLDLENTH D, BB ORBEBEHEGEMENT 5 A4
FETILFATHISE OINE Z Wil L7 03, Mkt 1 X 5E1THFZE D Chamid et al. (1978)
DIHET VT LT (Bi%BEfR) Th 5, Au Ly-edge XANES A7~ /LfiE
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Brd& v, petzite ® Au DILFHRESIIMMO ST OZN LY LBHEICA X Y v 7 72
B & Rio, £72. Te Ly-edge XANES A7 hLEHT LV | petzite D Te D1k
FREGVLE I ENCA TR A R L, TORFNIA XY v 7 LA F D
T T D, £ LT, petzite D Au, Ag, Te @, Debye-Waller factor % T fi&
t, L7~ Debye IEE 0p 1%, £ F4 73.3,101.1, 1085 K TH D, ZhbHiE, #l
BBV TCHINT A (N Fh 178,221,152 K) L0 H 7R 0k, £h e
NDOEBBIZOWNTOT VAL DRI HFEE 1 KL T\ 5,

4=
FEA 2SI O R ERBR B T CAERL L7 HERRY) (B ARAC- 20 — A e W HERRY) (@ HERR
W OFRETTHE . KT Sb, As D XAFS fifr & 12 REE OHEE)

K-T 5E5t (B Hil-3 =il U AR HERE I Ir D K S B Beikc#
DAtz Cr, Co, Ni, Cu, Zn, As, Sb E WS 72 BB HIRE L TWVDH I ENHEINT
VW% (Strong et al., 1987; Schmitz, 1992) 73, FEFEAEIHICE D L ZANKE L,
KILyE®E) (Officer and Drake, 1985) % & BH#-S1F LTRSS U5 (Zn), As, Sb
OEJ, BEBRICE L CEAH2ENE L, ZNH 0RO, FEmE
DFEMRERM O T2 DI, LR EFENLIEWHERE DILREZ I 50N 5 4
BN d %, BFFEx4 o Denmark @ Stevns Klint @ K-T B HEREE TET Ir O F
BENE—27 ThHIREOHERY T O FERRIIMIL, X B REHT 4T T,
smectite (montmorillonite), calcite, J> & quartz, goethite T 523, i [FE K &
RIEEEARIRRE M E R D REAEL TWnD EEZ LD, Lo T,
XAFS (X BRI ckia) 5% VT, FFIZ Sb, As O JFTHEIEMENT 21T\, %
O DL FRPR BB R B IC BT 216 2 15 T K-T S RHERES g BT £
Sh, As DIE eI L ONREIME, £7o. EEERELER LT,

K-T BE A HERE O Sb K-edge XANES (X BRI fFH#IE) A2 ML D
eI 7 b (threshold energy d Ebig) . & 7=, [AIERIZ As K-edge XANES
AT MNVDTGIR E T I TN T Rinb ., Sh, As & HIT+5 il CER{EM & TR L
TWb, £LT, Witk e b ferrihydrite (schwertmannite) 1 Sb & As & [RIEED
JRTHEE A~ £72. Sb D XANES A7 hL L BRI 6, SbOs N\ I
AN ERBEICE LT D, Shix As & Fe A A v &3k L7zt B2 b, (BER
BRI ZE L TWD) KT BERHEFRED O Sb & As X, TEEAEM & HERE/EH
% LIRS S PE o ferrihydrite (schwertmannite)lCE D AN TV B EE X BN
%o Sb & As O RmpTEE X Zr, Ti DR (Tobase etal., 2015, 2019) @ X 5 I
RE A BT 2SI D E A 72 M 2 78 L TR, K-T SERHEREM O Sh & As D JRiFT
MG & REMFR L, SRMNEFO HEEREEOZN E B TND, LavL, {554
kD> X R TIER L, IREHIZIES 94 LT\ D K-T SERHEREY O X
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D R TIRWEREE T Tl Sb™ & AS™ D B i A 7N B 7 1R 220 HH 4 Fh Sk oD BERS
JKOFETIZ & » TR BER SN HIERRIEOFRIEO —DIZ R 0155724 9,
K-T SR HEREY D Sb & As DIEE L, MRS - IRLAIRIE TR Z » TRV |
BRI LTS R O ROETE & 13572 5, Au-Sb, Pt-As D5 & 13EIH = v 72 )
STz, B OFAVIER Zifim 3 5 £, BRI 2 @iROEK S ORI T,
Z LT, BILERE T ~OZ b OBz T T, @iRBUKF TOEEA 4 DOfF5E
NULETH D,

Z DX OB ORE B EAET, EICIERE - R S E AR D SR T

SR & . BAITRITBERRE G D Z LIk o THERIMANE I, FF
BRIQIRA-. A A2 ORE - IRBOMEICIREIRTE - B OMHI AL LT,
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BHF

Z DR SCAERRIC BT AHFFEICER L C, < 02 O THE, TEIEZTEN
72

REHE Ch L EHHERICIL, RSBV TRIGZ K ZHE, J
BETEW=, £7-. BT X — s 7ei##% (KEK, Photon Factory) T®
XAFS « Biffidh X fREHTER, FoRROEBRGE~ O ORTRE ., BRI
REATOWSE X CTHE, kR ZHEL N TE,

AEA R B SR I ERBR B AL s e O B S Bz 1L, BN ERR (SEM/EDS,
XRD 73#r) Z& T8, Eio. AFEICBWTHRR ZUE ZTEW,

Z LT, REARRZFPH I MERBR BE RN PRl O V8 LS T % . R A=
F7-. BARBIAUZER R RS O R B ERRITIX. AT L TE <
eam L CHE , REAR RIS, THEEZTHEW,

WAL RF- O [UFNEE Sz, WEEBHEAR ., a8 B2t 7e it O 7 15 m i 1
A RF O ERZ WS, BB A A O E AR gt S —E 1,
ACHRE K F OVERESSEE. 7 5 v A, B L— X K0 Massimo Nespolo 2% 1213,
TR, FRSCHEICB W TS R g A TAEVW T,

7. TEERPER WSS 2T, BAFEICBNTEL O )
ZTEVN=,

RS ER SR LD (HPSTAR) O S MR I £ Bb R o mEaiE £, B
FON, HFHIFEED A N —ZiE, FER, T o, #Eao E TRk
T ETEW T,

AEA R 7 P S M BRBR B B 758 P2 D PELERRER 22 1L C O B ER IR, FH T &
D TR & W TH W,

Z LT, MEIZIE, WOLROMIEZIENS ASF-> THE, £, /SR
WCIHEBE 2 A > TTHW T,

LI DTG 2 \ICTRS W2 LR,
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