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Compressibility Study of Pyromorphite at High Pressure
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2o AN F= Toll EHote FAH(Pbass(Pron04)sCligs)oll TR 2-21% A A& A
Ak tA Y tololz= ALYV E o] &3t 334 GPaZtA| UEE SVHAZIEA 24 XA
AU PAG-S o] 83t 3 A HolElE HE3IH o, AR Vel dEe FH] FFae| A
WtE st ATk B AGA P A A oo | HollA ddols #EEA Fgke
o, ol A AMABHE(K)S A = 1322 Wl 80(7) GPaZ ﬁ]APH ALk B AFolM AAH
A2 5AA Y AHBAE NIEE AEgY 9 A7E-eEdd 248 st Bkt
FQ0| : Z44, A, AABAE, Asdd, Fs-Euy

ABSTRACT : Pyromorphite(Pba ss(P1.0204)3Cl 04) Which belongs to the apatite group was compressed up
to 33.4 GPa for its equation of state at ambient temperature. High pressure experiment was performed
with symmetrical diamond anvil cell employing the angle dispersive X-ray diffraction method. Pressure
was determined by ruby fluorescence calibration method. No phase transition were observed and bulk
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modulus was determined to be 80(7) GPa when A’ =

13(2). Employing the normalized pressure-

normalized strain analysis, reliability check of the compressible behavior was conducted.
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Fig. 1. Crystal structure of pyromorphite viewed
along c-axis.

(Markl et al., 2014).

As(BO,);CollA A-AF2]€] Pbi= Pb-O(1), Pb-O(2),
Pb-O(3)7F A48 =g Rk tiAlE o|F1
JoH, Wyge ZgF: EYS] thaAl PbOs
A Eend) F NE -FE THOE IHS
StHA SUAA U ES A(network)= F438HaL
th(Beevers and Mclntyre, 1946). B-A2]9] PO,
AFEAE 2AEedge)’t O(1)S AX A HA
A-O Z¥(column)ol] FZAH JoH, =& w
g} 1 (ring) 725 =l A tiAE o
23 9rhFig. 1).

FAN IF &= BE,
AAME AT AAE =
o} FHMAE 3hs FAAA, FEE
A71= A Hagent) o2 o] &= UthMa et al.,
1993; Ruby er al., 1994). ©|Z-& o] 1&o] 43}
© FEY T2 BEA4S o83 FoR F49
o)t oh g} Fo] &2 E(anionic complex)S
AA 2%A7]7] wZo|th(Pan and Fleet, 2002).

B AFo AL AJeoi tEsle] A& =
Ao tist AHEFES 73 o, oln IEH
A} vlwate] B gtk SAMo) ik 4=
A AT Lol 149 GPaZkA Aldg A3
T7F QOom(Wei et al., 2013), B A= 9t
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4 X-A1 3™ (angular dispersive X-ray diffraction,
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Table 1. XRD data of pyromorphite at ambient

conditions
Iy dobs (A) dear (A) (h k1)
5 8.645 8.641 (1 0 0)
5 5.591 5.593 (101)
10 4.995 4.989 110
25 4324 4321 (2 0 0)
35 4.128 4.126 (111
5 3.725 3.723 201
10 3.668 3.668 002
25 3.377 3.377 (102
35 3.265 3.266 120
95 2.985 2.984 azmn
100 2.954 2.955 112
60 2.880 2.880 300
5 2.797 2.796 2 02)
5 2.683 2.681 G0l
5 2.494 2.495 @2 2 0)
5 2.397 2.397 (310
5 2283 2.278 G11
10 2.266 2.265 302
20 2.196 2.196 113)
10 2.161 2.160 400
5 2.130 2.128 203
40 2.063 2.063 222
20 2.006 2.006 132
15 1.982 1.982 3 2 0)
25 1.958 1.958 2 13)
20 1914 1.914 G210
20 1.885 1.886 140
35 1.861 1.864 303
10 1.835 1.834 004
5 1.722 1.721 (11 4)

Relative intensities were determined visually. Lattice
parameters were calculated on the basis of the present
experimental data; a = 9.978(2) A, ¢ = 7.336(2) A, V =
632.6(3) A

3k &8-S FUSFth(Hwang and Kim, 2013).

&3
4 4L AEo] ¢ 20 um A=Y F Y
FH) AA S o] g3t =, 380] 475 nm<!

AH4e U AT

Table 2. Chemistry of pyromorphite by EPMA

ok

KOPRI" GNU
Elements JXA-8530F JXA-8100
(Wt%, Avg. 1~8) (Wt%, Avg. 1~3)
PbO 77.506 81.608
CaO 0.286 -
FeO 0.181 -
Zn0O 0.029 -
CuO 0.010 -
BaO 0.015 -
P,05 15.846 16.885
As;05 0.118 -
V1,03 0.013 -
cl 2,702 1.394
Total 96.706 99.887

" KOPRI; Korea Polar Research Institute
™ GNU; Gyeongsang National University

o|AR o2 FH|E FANirradiation)dtH S | LAY
3= 3339 R1 (694.3 nm) 33| YX S #337)
(Acton spectrapro 300i with CCD detector)® =
A3 v HEE A%sktE FRIE 3 (ruby
fluorescence method)S &S 718HA] HW 4]
o) FHpgo] wolAE d] old Z7)e B 3
A Al ANE olEdtel YHES ANT & Aot
(Bell et al., 1986; Chijoike et al., 2005). & A3
o dHzke ARFE 6 08T AL T
2tk P(GPa) = 1904/7.665[(1+(AMA))***-1](Mao
et al., 1986).

21 % E9
NE

AN BIARe] dig g XA F4
HolEHE 5~90°20014 AALE o|FA 53 ~
HEH O ZHE (110), (200), (111), (002), (102),
(120), (121), (112), (300), (302), (113), (400),
(222), (132), (320), (213), (321), (140), (303),
004)2} ZA=7F e 107) 5 =25 30709 A
v 577} #ZE K Table 1). #2H 34 13 5
oA 7 7% AL (112)81H), (112) &9 =9
HUWAEE 100%= AAT o YHA 349z
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Fig. 2. A series of high pressure XRD patterns of
pyromorphite.

9 AR EE ARSI XA 34 HolHER
B 42 d-spacing (d-#h)@ ZHE A3 Ue

AFE olgste At ZAMe AxpPde= o
L3 2tk a = 997822) A, ¢ = 7.336(2) A, V =
632.6(3) A’ ICDD PDF (#01-084-2045)2] ZAAM
T =99764 A, c=73511 A, V=633.62 A°)
o} Wei et al. (2013)9] H°JE(a = 9.9951(2) A,
c = 73501(3) A, V = 635.92(3) AH%} 24
2po] & HolA|uk thA|Z I35k Utk

AN i AAAwEA A3, PbO7} 77.5
wt%=S kA5 P,0s 15.8 wt%, Cl 2.7 wt% <
©]tiTable 2). CaO, FeO, ZnO, CuO, BaO,
A$,0s, V203 5& EAsh= ol ulg- Ao, 33}
A& AAske FAHdA = A &sdth o)<}
2 mEdAs F Ca, Fe, Zn, Cu 2 Ba 52 Pb
7} AA &= A-AE o] PbE A ¥k Ao I
"oy =8 B-AEdl HAste Hd49 pE A%
S Aol IA Fddo] HE Aset AdFo] 5
= V7F A8 9lo] B Al o] 839 AEe
Akd wgA A AT =X ThAdRo] opd
S 4 F ok A Y4 EAHolE Y A
=A4 9] 38HaS AL Pbygs(P).0204)3Cl104°]
o} A e g ATl £43 EPMA
| 12 Table 2 7]A kA

Horz=A

A =
EIPQTQ SHEHTOo

rx
ol

249H0.0001 GPa) . ZHE] 334 GPaZbA| B%F

18919 7IIAES A X-A F-iEs Ao
), 28t stolA g53t 3 ~HER 4715 A°
sted dde sjElo® YepthFig. 2). ol
Z7Feel wet AR ETE B Has ARl A
o& Hol7|&= AR fold vigk L ofyH,
71E4] 73t gAY e AlEE 3daa
o] E¥= FEEA Ak}

a3} stellA] % 24 X-A 3 HolHE
FE d- 35 AN o, 7 939 2YATE
o] g3te] At ZAM ] Aol gk 4
53117} Table 3] UERt Atk ¢Fo] F71gtell
w2} a%2 9.978(2) AollA 9.337(15) AR cF&
7.336(2) AollA 7.06023) ACE ZHAsta ok
H1PE 334 GPaollA ¢EHE A HHZ 34
S A thg A2 a- FL 9.962(5) A, c- &
2 7.327(7) Aolt). ol W dHolA I A
AP grell Blsl ofth A2 ghoE it wet
AL gHo] AHs] Alzol FF3L s
UeRY £t} Table 390 7141 A= el 5
7holl W Az ast co] 4= €0l Fig, 39
el otk el e AzPdre] dE54S A
2HE AR a-F HEUFATE -5 AFU=
AdEs 22 B =193 x 10° GPal, B = 1.13 x
10° GPa'o|t}. a-%3} %9 45 IS B c-

%9 t5E0] a-Fo Hg] ¢F 1.71W] A= M #
ThFig. 3). ol2dt A= Wei et al. (2013)9] 2
3, & c-=0] a-ZFo vl 1.28¥] =A Yept A
3 ztolE Holed oleldt Ade YA H
Q1 st AoloA 7IRIgE ASo® E & Qltt
Wei et al. (2013)> B-A2]ol] #|A|8h= A4 A
710l we} -] AFASATTE S e A
O 2 H9koU Wei ef al. (2013)2] AFoA o] &
St Al5ol| tigh At s}stEAo] Al A o2
Zog Hol olgldt Aol ATt o4 A

olz Hx Zlo] st

BHIE

A

1%

Table 39 7IA= e 4] F7lo e
F3)o] WslE Fig. 40 YERNRITE 33.4 GPa &
7oA Bals oF 15.8% =451 Tt A
AoA dEE A7) AASI APGEZ 3
AN thg A& Hu) gk 29 Ao Rajghs
oF 0.5% AZ zolE Kol Qed oA 7%t
of W2 AT el o) X-Alo] FHE=
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Table 3. Lattice parameters and volume with its ratio at each pressure

P (GPa) a (A) a/ay ¢ (A) cleo VvV (A% VIV
0.0 9.979(1) 1.000 7.338(2) 1.000 632.8(2) 1.000
1.8 9.874(3) 0.989 7.281(4) 0.992 614.7(4) 0.971
5.0 9.791(3) 0.981 7.235(5) 0.986 600.6(4) 0.949
6.5 9.751(5) 0.977 7.211(8) 0.982 593.8(9) 0.938
8.2 9.723(4) 0.974 7.203(6) 0.981 589.7(5) 0.932
9.4 9.695(3) 0.972 7.188(4) 0.979 585.2(4) 0.925
10.6 9.666(3) 0.969 7.182(4) 0.978 581.0(3) 0.918
11.8 9.643(3) 0.966 7.169(5) 0.977 577.3(5) 0.912
13.3 9.623(4) 0.964 7.166(7) 0.976 574.7(5) 0.908
142 9.609(3) 0.963 7.160(5) 0.975 572.6(4) 0.905
15.5 9.599(3) 0.962 7.146(8) 0.974 570.3(4) 0.901
17.0 9.593(4) 0.961 7.145(5) 0.973 569.4(4) 0.899
19.3 9.547(3) 0.957 7.125(5) 0.971 562.4(4) 0.889
223 9.513(3) 0.953 7.114(5) 0.969 557.5(4) 0.881
24.8 9.476(3) 0.950 7.101(5) 0.967 552.2(4) 0.873
26.6 9.452(5) 0.947 7.093(7) 0.966 548.8(5) 0.867
28.0 9.424(6) 0.944 7.093(8) 0.966 545.6(7) 0.862
31.5 9.366(8) 0.939 7.078(10) 0.965 537.7(9) 0.850
33.4 9.337(8) 0.936 7.060(12) 0.962 533.0(10) 0.842
0.0" 9.953(3) 7.332(4) 629.1(4) 0.995

* Unloaded to atmospheric pressure

A 7O FALY AoloA] 7]RIgitt metA R w
£ 228 M9E R Zlo] Bttt Table 30
oAt H94 GFAY] 9 AFEHEK,)
& MR- 478 2)(Birch-Murnaghan equation
of state)e ©o]&3ste] AAEIITHE P = 1.5K,
(x7-x)[1-0.75(4-Ko)(x2-1)] &1714, x = (VIVo)'?,
Ko> = (dK/dP);°|tHAngel et al., 2014). 541<]
AAGHEL Ko< 42 M9 o, 130(3)
GPaZ AAEATE o] & Wei er al. (2013)<]
78(4) GPaoll HI3| wl§- &2 e YR h
Ko< 42 7Pg38kA] esks 49, 5 Ko = 1503)
A u] Wei er al. (2013)2 44(6) GPaol™, ¥ 2l
ol AL Ky = 13(2)°14 80(7) GPao|th.
wEhA B AgtelA Ak Ao tigk A4
BEd tig AI=E HIFE Wei et al
(2013)2] Aol M2 Blwsh A= Hrhk=
gSrlolg ol sl f-3-8-2 M P =4 (finite strain
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Fig. 3. Axial compressions of pyromorphite with
pressures.

analysis)= %|-&(Jeanloz R., 1981)3}c] AJed3}H
on, AMAALS o33 Atk Fee A3 o
%k (normalized pressure)©]™, T3} 2Tk Fi =
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Table 4. Bulk moduli of pyromorphite and its polymorphs. Estimated standard deviations are given in

parentheses
Sample Formula Ko (GPa) Ko’ Reference
vanadinite Pbs(VO4)3Cl 41(5) 12.5(2.5) Gatta et al., (2009)
mimetite Pbs(AsO4);Cl 46(8) 15(4) Wei et al., (2013)
mimetite Pbs(AsO4);Cl 83(5) 4.0(fixed) Wei et al., (2013)
pyromorphite Pbs(PO4);Cl1 44(6) 15(3) Wei et al., (2013)
pyromorphite Pbs(PO4);Cl1 78(4) 4.0(fixed) Wei et al., (2013)
pyromorphite (Pb4457(P0'9604)3C1]41 1 80(7) 13(2) this study
pyromorphite (Pb4457(P0'9604)3C1]41 1 130(3) 40(ﬁX€d) this Stl.ldy
1.02 160
1.00
140 | PEE N B R
0.98 -| ol :
g 120 4 I
0.96 I 1 %l *
084 o 190 I J
> 0.92 % I J
> 090 E ) I J J
0.88 60
0.86 J
40
0.84
20 T T T T T T

0.82 T T T T T T T T
5 0 5 10 15 20 25 30 35

Pressure(GPa)
Fig. 4. Compression of the unit cell volume of
pyromorphite with pressure.

P/[3fa(1+2fp)>°]. fre WP, T 2ol
FEANDE fi = 0.5[V/Vo)?*-1]. Fe-fp HoJEIS H
HEEHE Aol Ast=E A FH v
3 2tk Fg = a + bfy + cf? + . 714 A
a, b, c& O3 o] FEHUT a = [(d-1)2]a
Ko[l+41-d)], b = d'Kep[1+25(1-d)], ¢ = 2%a
Ko, 971A, a= (V01/V02)1/3, &= 0.75(4-K'px)°ITF.
Kt K'p= 45 a, b 2 ¢S 3713 4 2d 1
B(fitting)5ko] A8 Th(Jeanloz and Hazen 1991;
Ming et al., 1995).

Table 39 U= 4o @& Fujo] W3l o]
HE Atk shEghFe)H Ashe s9Hd 3t
(fp) o2 A3 sjelo] Fig. 59 Ueht Aok I
Hol Ao AZ o] B 4 ok 155
GPa7}A|9] 7|&7]= <] Wakold, AHAE wi$-
oAl Wekstal k. ©]F 17.0 GPaFH HAR=
A2 ko] Weko|Aut AAlEE FAsH Wol
AA Ak, o] A5 B K9] rol 4.08T 2 g

Fig. 5. Relationship between normalized strain (fg)
and normalized stress (Fg) for pyromorphite up to
33.4 GPa.

< 21 e AE Vel F2 gtk 7 it
He A¥A3= Wei er al, (2013)°]th Wei et
al. (2013)%] 2-9td3olA Ha 9L 149
GPao|T} & Adol E42439] Fig. 5904 f7}
0.03 (£ 15.6 GPa)ZFAIe} 1 o9 11944l 334
GPaZHA & WrolA s BH, x| 75
ALkd AHEAHEL 53 GPaolth 714 y-3(F)
o] Hyo] AHeAHECITH. o] S Wei et al.
(2013)2] 44 GPaoll ARG o2 & 4= QITH(Fig.
4(b), Wei et al., 2013; Table 4). L&} 2 A3
2 Wei et al. (2013)9] AR} tgo] =& &
o2 B sl d=dlolHE g5tk wet
A Fig. 59014 FE721e EelskA] & A 3t
Ax BA4E& 3 80 GPaZ AAT 4= 9tk
3] FEHYHH As(BO,):Cloll 3 F&
2 B-AE Al o) FES FEdth 74 3E
o] B-AgellE HhE(V), HlA(As) 2 Q1(P) AA

ol
|al
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7} x| 8ghol| wheh iﬂ%—% o], BAtE] YAt
o] o]2ukg& 747} 0.59 A, 0.46 A 2 0.35 A°]
o gAH R FHoVE olFe FETAA T
ALAre] whgo] aH ?J%*és A Jerdt &
AHEHES =2 S HolA "ok wehA A%
HHESY Zrle 94, 394, ZdE o8
=S Aow it et 71EAT(Gatta et
al., 2009; Wei et al., 2013)°l 25} 23] 41
GPa, $<40] 46 GPa, 514 0] 44 GPaE UE}
P, HA4o] AN vlg) e ghe Holu
Atk o] FETS o|F= A7t FEAA oAzt
2| gRolo] gk Bae glon, Aol H“ﬁ o]
ZA7MA], Bt S ot o] WejolA b5l of

i

& Q7 AR oleid BA 28 e,
2 7lgEd. B oo 2700 e 6=g 3

< o 549 AFREEC] FAMRTG =4

Bt AAS O ool & ¢ Stk
olgA| Fig. 59} 2ol, Fpot o] AA} Wals}
AR WEFx ¢4 H&she AsL a-F
I -5 k9] Aol &, oFAE 7M1 HIHT
o]

rlr

l_‘

T AAHA T Y WAUSS FAH =
Hoh wEbd 7P 2R A7 2 ¢ A
XRD &9 tﬂfﬂrE o] 4HFL, = 14.

19.3 GPaOﬂk] d5< ;%U]ol_}” “ﬂ_}—‘-"]—ﬂﬁ}ﬁg
u, olel o3k A2 AATxY STOE =
+ Qe Hun=E WA + At = Ao
T PRpolE U diskon

jin

2
Aol E s & 4 vk 4Ee H8s9e
o) 23}k o) 7} @Mo} 746& F3]e] a7t
BASA gom, Wb A2 Aol Ak
ARTFZE HolahA] FETh olHd Ae, dEFS
A = QRS 8-S dlr] Y8l A UR
o] &% h5E 9 WA T Hspt b
El}7] wl&o]tiLiu and Bassett, 1986). ]2} 2+
2 S Kim et al. (2015)] ¢k (KF)oA %

BEH A,

AR B 25 & FAATE 247 7Y
I AUga FEAFEAGH FES WAL ol
Ao gt A A st} w)E)
AFATFA(PLS-IN A 9] Ade w
)&t w(POSTECH) 2] A&
10C-020). =& 2390 AAld A& 3 Heo] HAA
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