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I RQPA S Hiréh ZICAH RQPA 7344 2R
Ffh o Higsw AR R, R, ) FE e Mg RS R R,, R, )
wg (%) %) %) ) X | we T (%) %) %) (%) F
=
14 20.0 19.1
WiLH 20,0 2.7 AL
SH28 gl %0.0 0.3 9.39  6.76 2.02 ||SHC226 kA 20.0 20.1 11.98  9.30 3.75
= : : A
) R ES 60.0 60. 8
U 60.0 59.3
SUEE 400 40.9 A
SH46 Joyil 60.0 o] 9.82  7.56 2.21 ||SHC622 kAN 20.0 21.2 11.67 8.96 3.57
A ' ' WRERAE 20.0 19.5
o 0.0 .6 SlAbah 10.0 10.7
SH64 Joyi 40'0 40'4 9.76  7.37 2.18 ||SHC172 k4 70.0 70.2 11.92  9.16 3.73
' ' R 20.0 19.1
% 70.0 70.7
SAkHh 80.0 79.5 AfHh
SH82 . 0.0 0.5 9.34  6.97 2.01 ||SHCT12 k4 10.0 9.2 11.66  8.99 3.55
. ' BRIR S 20.0 20. 1
2 SH46 FESY 10 % ROPA 4544
Table 2 RQPA results of SH46 sample analyzed for ten times
- 10 R S5 FEE S bR RSD
- 1 2 3 4 5 6 7 8 9 10 (%) (%) (%)
AL SR (% ) 40.2  41.3  40.4  41.0 39.7 40.6 41.1 40.3 39.5 39.2  40.33 0.702 1.74
AR (%) 59.8  58.7  59.6 59.0 60.3 59.4 58.9 59.7 60.5 60.8  59.67 0.702 1.17
R, (%) 10.13 10.11 9.94 9.56 9.73 9.64 9.51 9.68 10.39 9.48 - - -
R, (%) 7.46  7.59 7.46 6.99 7.29 6.92 6.8 7.12 0.80 6.77 - - -
% 2,36 2,35 2.28 2,12 2,19 215 2.09 2.17 2.50 2.08 - - -

— 376 —



4 3]

MR i , 45 : Rietveld &5 J7 R AE 2R E 1 W)L 53 o0 Mt b BRORS A J3E D1 AR 22 A R

36 %

2.2 RZRIE P

RQPA K5 B = BEH I FAG B RCR G B AR
FH R, R UK S HGHETIEM, R, T R, B fiE
KSR, U ¥ B8 — A S5
BN GBSO BT s BUEOR , S5 RO AT, it
EAEREREWARIY K, R, <15% , k45
W R, <10% KB4 RE L

F 1 AL A AL T A R (E R
9.34% ~9.82% ,Rp{ﬁj(j 6.76% ~7.56% ,Xz{aﬂg
2.01 ~2.21 3 F 1, ULWIKE B I RCRAR SR . K515
FORAL AT LN 1a (L SHA6 SR f]) 7 e, S2l
SRR EE A G, R 22 (E i & E T— 4%
B, BRI BT

# 1l - AAH - RIRES = oA Y
pr{ﬁﬂg 11. 66% ~ 11. 98%,Rp{éijj 8. 96% ~
9.30% , x*{H ] 3.55 ~3.75 , UL WM& HOR5CR BT
M 1b H1 (L SHC226 # 5 ki) BT LA 115K
T 5 S P e I A A, 2 (L PR A i R A 1) B
SER U b AT — AR I B, At A A B

2.5x10*

a X Obs
2.0x10%F — Calc
— Bck
_ 1.5x10°F — Dif
§ Syl
Q 1.0x10%F | Hal

H s ox10f

20 30 40 50 60 70 80 90 100
20(°)

a—SH46 Ff i ; b—SHC226 #f &, Obs—32 il $ #5 ; Cale—i1 3 %5
¥ s Bek— 5l 285 Dif—2% {H il 225 Syl—% AL 815 Hal—S( 1L 445
Cal—BRIRYY .

Pl 1 CWmAHA = c I Rietveld S5HRG 1]

Fig. 1  Rietveld refinement patterns of binary mixture and

ternary mixture

1% GSAS&EXPGUI 41441147 Rietveld 2% 4
R OB RO 2 th 2R R R 5 E
ZHA X BB A4 - ORI BRI ) A7 5 IS
RS R

ORI /IN ) AT 5 o B LAY T ) 52 00, T AT 5
SRS A i MG . Klug 45 5ok DU 41 A [m] J0k:
(A0 JER A AT 10 Yo B, 45 5 s 107 5 0 o
PSR 2 R £18.2% (15 ~20 um), £10. 1%
(5~50 pm), £2. 1% (5 ~ 15 wm), = 1. 2%
(<5 um), Dewolff %> SR FHRERS HEAT IS5 , 15 i
TR ZE e, BIVBURL )N, 177 5 i B2 R Sl ik, 24
WURLRLAR /N TS m N5 5REEEEASHATR] . AU g
H B BOAE S U 200 HARMEST , REBURCRLAS /)N
T 74 pom, BRI BIORE 2 (5 7525 A fid T8 3K AN 3] Bl AL
O3AT AEATA R 0 B R A Sl TR SR SR 18 v ok it
FTREIE , BRAR A ORI L 1 ~5 pom 2

PEOLI ] i E BT s — N EEA R,
BT LT S P A i, SR A0 3 12 i R 125 2
ARy 2Ok s 55 HsZ ) , (HJR AR MEVH R o FROCHER m]
XL 48 XRD & & o s iR 5, 1 ROPA R H]
TR EEEEE , AT AT LRI 1 H A
ROQPA [6] B} 38 W A] Marc — Dollase 7% 5{ Spherical
Harmonic VA AT REOLI A KL IE . AU B 1 40
R B B R (0L 2.3 1), R SR A
Spherical Harmonic % #17/ 1E, Hil & 10 & &
93.3% LAk 43 HrAg 210y O1. 8% 2wy, U] 4%
HEHR ] SN AT IR AFAE , 223 B P AR AL B

AT S 08 5 I DA M 118 0 BE X A b R AR
Wi, SR RQPA i TR 17 5 18133 , AT AT 2214
1G858 TARKE RS Z W AT 3 W L5, (H 2 th T 2%
RAFEMAH HEZMU YA, XKy YA I
BT AR ZEA AR, (575 XRD 75 SR AR B, 737
S22 H R A B I, 9, AR X 43 7% & v Y Bl
RERG AT NI BE A7, PR e AT Y d s i R AR 0. 624
nm, 117 H A% 14 17 S 0 32 32 LA BT TR
TEXMIEOLT , —LERUE IR 2 2 Wt I , TE W) AH %5
B BB R B 00 N 64T i i JC B2 AR R
22 , PRI TE B b 5 5 AR T4

RQPA 3B X 477 55 0 S i 20K v, D G T
M BE PR AR R Al 7R B B =Z i, 7 S
POZLE IS BENE , 20 fn 22 W% A KT 0. 01° Xf F-5%
5% 1 MUY Bragg — Brentano AT 543, N 6 4% 5 BELAY
PesE R G, v — A ARG Hr 2 — e E
it ) S RSk, 7 DA 3P e o e e Ay e

— 377 —



%540 o

a0 Wt

2017 4

http; // www. ykes. ac. cn

2.3 UPPHMMTRES BTG ISR IE

28 RQPA 737, B AP SR A 00 40 B A6 b o A1
Jiff A A 3 = M) R, 5 54y 93. 3%
4.0% M 2.7% . 1B HHREHR, W REAIBCR T
REF AR, DR B A ™ A R e, XS
De la Torre ™56 4157 i 1A 14 B 388 591 1195 04
Rl ARSLER 34 R ] Spherical Harmonic %:#E47 17
PO AR R E A5 R LK 2a, ZZ(EIIZREA oy
— P HNEL, SN R, (E 14 11% , R,
H49.57% , X' {H 4 9. 54, UL RSB L5 5 RUAT

TALTRH A0 B ERAE S 2 ARG A8 DL I 2D, 2% T3
TR, N 12.84% R {H K 8.03% ,x* (M
5.23, GEHIAS B 45 R R 4F . RQPA 70 Ml R o ix
P it 2 PR ER RO A ER R A, A3
91.2% F18.8%

A2 o3 M AT LIRS B0 b 20 BT HE AR OT R 5 i
PG IOk 5 RQPA 23 A 45 R A7 X [E, AH 5L 5
HE T RAE R Y A R
PR VR R VA S AR TR & i, AR TR TR

6x10*
4x10°
g
= 2x10°
=
b
0 i 1 I A
Y I [ Frorm mowrn L L LT o
-2><1()4 1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 100
20(°)
8x10*
b X Obs
4 — Calc
6x10"
— Bck
- — Dif
& 4x10°r Syl
# Hal
® 2x10' |
0 b= L § i ¥y | "
|
_2><104 1 1 1 1

10 20 30 40 50 60 70 80 90 100
20(°)

a—f7 F R b—H1 Eh AR o Obs—32 I $ 45 Cale—i1 3 % 415
Bok— 3 12k s Dif— 2 (2R s Syl—#71h s Hal— 1138 ; Cal— 7 ff# 1
Pl 2 EPAMITORER Rietveld S5K RS EIE]
Fig. 2 Rietveld refinement patterns of geological samples in
field
— 378 —

AVE SR LR B S R B TS I TR
H 7 A B s A R A S U RO R
WE BT as 2R (32 3) B A8 7 A A =Rl
W& R 91. 8% 4. 74% F1 2. 64% o XA
Bl RQPA TH5 (9 41 8 & it H Ak =4 70 B 25 21 v i
1. 5% , R0 3o A i R By T 3P0 IUR] & A8 5
7 R A A SR B AR, TRZEAE 1% LA

BIERAE dh AL Z2 T A5 R (3R 3) SR A1 ER A
RN 8. 67% 1 89.42% , X HLAIAS, AR
A2 0. 13% , #RER S REANZE 0 1. 78% , 1A
RQPA T+ 45 R G Ab 2= o Hr 45 R R R4 1Y
— &k,

23 PR IS R IR P 5
Table 3

The chemical compositions and calculated mineral

contents of samples
Pz Hrah
AEME AR

T A AT T ) i
Y AERER AR

TR ew() ARG | AR AR(%) AR
CaO 32.56 0.13 Vax=s 91.8 -
Na, O 1.40 4.60 Iy fige 4 4.74 -
K,0 0.04 56.50 yaE-N 2.64 8.67
MgO 0.04 0.014 LEHERN - 89.42
S 17.10 - Js8an 99.18 98.09

2.4 RQPA HIAMMGRR AL

B3R I3 B LR N 5E AT R, RQPA 7 2%
S BRI T BA LA B A 00 ek 1 R
W1 800, T Al LR AR e 1 i A A (L] s
A7 ARG I R Py R A

55, RQPA & 55 T FALIUA R . AT H
AT LU B, 4 B AR S e PR
l6] , 11 HLAEZ A 2 ) A7 A BB 9 0 AR
Z W WA D5 i R RSB R
RSO S AAED . R AL S XRD AT Ry
B, KA RO B & R R R SR W 2 W
B o 1 RQPA AT LABEAT Al A2 1E, Ik />
TIXRRZE BRSNS R AR

HOR,RQPA AT 24t . 28 KA S A Y
FRRZ A —BEA WL BB PR i 1T 55 e A2
B30 128 p A A A9 2 L5 B F (RIR {ELR K ) -
UK AL SE R XRD 7 ik A7 o0, s b Z5URIGE AR
JLY KA, s 75 B X AP 9 19 2k (HE 5
FPLALFR YL (19 1 PR H 2 B 2% 0y, A
oRo SON—FEOLE AT I E 2R A



4 3]

MR i , 45 : Rietveld &5 J7 R AE 2R E 1 W)L 53 o0 Mt b BRORS A J3E D1 AR 22 A R

36 %

[F] )R R e KAEAS A TE], SR AN ] 1) KB 5545 3
TN . LA R, AR e K AE
J9:1.70(PDF#21 -0816) F1 1. 83 (PDF#33 - 0311) ,
KA R K AE 5 A 45 R BT 8 oA (W], T
RQPA WA T K AH, LIS IRFE -

55 =, ROPA i T 7807 5 BIG , To s #4743
WERLE, e R T AT 5 IR s A

56253 Hr )5 2ix0 Lt , RQPA B (g HA PR | 1]
B A RIPE S A o A iR R A A, R 3%
o VBRG], A BRI A # S AT,
fB2E5rHr HEe i i Ca TR B &, (HCTE &
WELe Ca SCER B TAET Y, WL Ca LR EE T
T A, T 3 A B G R & A e
s O 4 = T Dl R SR AR = SN A= N
Jr i TSI S ST R IS Al i A ot
THE ATy & W HE 2 4%

RQPA fif 5 75 45 DU FR AWK, 4 5 fife A A6z 0 FR
H0.5% , =41 (CaMgCO, ) K BR A 0. 5% , 525
AR A 5% 1, N 3 BRERRE ST 5 00 AT LA
R 2E o B 45 RS 20 AR R S
35%]98.09% ,/NTF 100% |, i BH i A5 HoAth 19 57 W) 47
TE X 502 40 A7 o 7R I A7 7E 0. 13% [ CaO #il
0.014% f¥) MgO #H—3, i RQPA 3#fr [l 1% 21 1
ABSE e A R g ER WA 4 ( WL 2b) , HoAth (i ™
Yy e T AR R REAS I

3 &g

LA SCHE 5 AT L, RQPA S A 4521 g s — 00
M=J028 S a5 WA & 8 IR 22 ARAR, 233 4E 0. 4%
~0.9% F0.1% ~1.2% i [Hl; Bf MR W 7R KA
Fhdh RQPA J3Afr 45 R 5422 o i 4 R B A AR Y —
ik, W] RQPA 7EZ8 K5 22 ST AR 73 #r o n] LR
RS . s AT ik A L, RQPA BoA
PRI T AR AR DRLBERE RQPA 54622 70 i
PR AR AW 7 IR AP LA S T 0
I EA A IRCR o

1 RQPA Jp#fref, JURL R /N (FEAL ] | AT 55f U
BN IS AE R R A5 R 5 AR R 2 i 2 2
AR A2 S50 o e P OE i A A B A DA i
ST HER AT IR, LARCR 6 BRARRE 18 g
RS NRIE o

Brigh OB L TR S VL AR B X AR SR S R 2
2T IR S AL

4 ZECH

(1] 209 phdtte G 2. Z800n Sl U i R A Y

FKZR ] UUBLFH 2006 ,24(4) :596 - 606.
Li Y, Zhong J] H, Wen Z F, et al. Study on the
relationship  between evaporate and  hydrocarbon
generation [ J]. Acta Sedmentologica Sinica, 2006, 24
(4) :596 -606.

[2] Last W M. Mineralogical Analysis of Lake Sediments
[ M]. Dordrecht ; Springer Netherlands,2001.

[3] Guinebretiere R. X-ray Diffraction by Polycrystalline Mat-
erials[ M |. London,, Newport Beach,CA ;Iste,2007.

[4] Bish D L, Howard S A. Quantitative phase-analysis
using the Rietveld method [ J]. Journal of Applied
Crystallography, 1988 ,21 .86 - 91.

[5] Will G.Powder Diffraction: The Rietveld Method and the
Two-stage Method to Determine and Refine Crystal
Structures from Powder Diffraction Data| M ]. New York :
Springer,2006.

[6] Rietveld H M. The Rietveld method[ J]. Physica Scripta,
2014,89(9) :1 -6.

[7] Dollase W A. Correction of intensities for preferred
orientation in powder diffractometry-application of the
march model [ J ]. Journal of Applied Crystallography,
1986,19:267 —-272.

[8] Munson E O,Chalmers G R L,Bustin R M, et al. Utilizing
smear mounts for X-ray diffraction as a fully quantitative
approach in rapidly characterizing the mineralogy of shale
gas reservoirs [ J]. Journal of Unconventional Oil & Gas
Resources,2016,14 .22 - 31.

[9] Buatier M D, Chauvet A, Kanitpanyacharoen W et al.
Origin and behavior of clay minerals in the Bogd fault
gouge , Mongolia[ J ]. Journal of Structural Geology,2012,
34.77 -90.

[10] Bish D, Blake D, Vaniman D, et al. The first X-ray

diffraction measurements on Mars[ J]. IUCrtJ, 2014 ,1;
514 -522.

[11]  Martin J, Beauparlant M, Lesage J,et al. Development of
a quantification method for quartz in various bulk
materials by X-ray diffraction and the Rietveld method
[J]. Powder Diffraction,2012,27(1) :12 - 19.

[12] Santini T C. Application of the Rietveld refinement
method for quantification of mineral concentrations in
bauxite residues ( alumina refining tailings ) [ J ].
International Journal of Mineral Processing,2015,139.
1 -10.

[13] Prandel L V,Saab S C,Brinatti A M, et al. Mineralogical
analysis of clays in hardsetting soil horizons by X-ray
fluorescence and X-ray diffraction using Rietveld method

— 379 —



HoO

iy

ot

2017 4

http; // www. ykes. ac. cn

[14]

[15]

[16]

[17]

[18]

[19]

(20]

(21]

[22]

[ J]. Radiation Physics and Chemistry, 2014, 95.
65 - 68.

Hestnes K H, Sorensen B E. Evaluation of quanti-tative
X-ray diffraction for possible use in the quality control
of granitic pegmatite in mineral production [ J ].
Minerals Engineering,2012,39 . 239 - 247.
Tammishetti V, Rai B, Ravikumar B, et al. Quan-
titative estimation of mineral phases from chemical
assays and powder X-ray diffraction Rietveld analysis: A
case study on selective flocculation of iron ore slimes
[J]. Transactions of the Indian Institute of Metals,
2016,69(1) :1 -9.

Kemp S J, Smith F W, Wagner D, et al. An improved
approach to characterize potash-bearing evaporite
deposits , evidenced in North Yorkshire, United Kingdom
[J]. Economic Geology,2016,111(3) ;719 —742.
EFRE, KUK, XS0, 2. VIR MIBE B St i A1
A B R FER R 4R LT ). M~ 41, 2015, 89
(1):129 -136.

Wang C L, Liu C L, Liu B K, et al. The discovery of
carnallite in paleocene Jiangling Depression and its
potash searching significance [ J ]. Acta Geologica
Sinica,2015,89(1) :129 - 136.

Toby B H. EXPGUI, a graphical user interface for GSAS
[J]. Journal of Applied Crystallography,2001,34(2) .
210 -213.

Young R A. The Rietveld Method[ M ]. United Kingdom
Oxford University Press,1995.

Toby B H. R factors in Rietveld analysis: How good is
good enough? [ J]. Powder Diffraction, 2006,21 (1) ;
67 -70.

Mccusker L. B, Dreele R B V,Cox D E, et al. Rietveld
refinement guidelines [ J |. Journal of Applied
Crystallography,1999,32(1) :36 - 50.

hALE X LA AT I A B L S5 —Rietveld 42
WAL Py ,1996,16(2) :251 - 271.

Ma L D. The new start of X-ray diffraction—Rietveld

— 380 —

[23]

(24]

(25]

[26]

[27]

(28]

(29]

[30]

[31]

whole pattern fitting[ J |. Progress in Physics, 1996, 16
(2).251 -271.

Bish D, Post J E. Quantitative mineralogical analysis
using the Rietvetd full-pattern fitting method [ J .
American Mineralogist,1993,78(9) :932 -940.

Moore D M, Reynolds R C. X-ray Diffraction and the
Identification and Analysis of Clay Minerals[ M ]. New
York ; Oxford University Press,1989.

Klug H P, Alexander L. E. X-ray Diffraction Procedures
for Polycrystalline and Amorphous Materials ( the 2nd
edition) [ M ]. New York: Wiley,1974.

Dewolff P M, Taylor J] M, Parrish W. Experimental study
of effect of

statistics on  X-ray

of Applied

crystallite  size
diffractometer intensities [ J ]. Journal
Physics,1959,30(1) :63 - 69.

De la Torre A G, Lopez-Olmo M G, Alvarez-Rua C, et
al. Structure and microstructure of gypsum and its
relevance to Rietveld quantitative phase analyses|[ ] ].
Powder Diffraction, 2004 ,19(3) :240 —246.

5K Atdh, FERL AR E. Rietveld 23l & 0158 4 K
A7 BRI B AN 25 b ek i [0 ] [, 2014, 40
(3):53 -56.

Zhang J J, Qi Y Y, Deng L. Rietveld full spectrum
fitting quantitative analysis of calcium carbonate and
crystalline silicon content in limestone [ J ]. China
Measurment & Test,2014,40(3) :53 - 56.

Wang X B, Sanei H,Dai S F,et al. A novel method to
estimate mineral compositions of mudrocks: A case study
for the Canadian unconventional petroleum systems|[ J .
Marine and Petroleum Geology,2016,73.322 —332.
Subramanian S, Tammishetti V, Rai B, et al. Concurrent
reconciliation of chemical and mineral assays for mineral
processing circuits [ J ] . International Journal of Mineral
Processing,2016,146 .1 -9.

Pawloski G A. Quantitative determination of mineral
content of geological samples by X-ray diffraction ; Reply
[J]. American Mineralogist,1987,72(3) ;441 —443.



4 3] MR i , 45 : Rietveld &5 J7 R AE 2R E 1 W)L 53 o0 Mt b BRORS A J3E D1 AR 22 A R %536 &

Assessment of Accuracy and Error Sources of the Rietveld Quantitative
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Highlights
* Rietveld quantitative phase analysis (RQPA) method shows high accuracy in the calculation of mineral contents

of evaporites.

* RQPA method need no standard samples and K values (or RIR values) , and could reduce preferred orientation

and improve the utilization of data.

* Anlaysis error sources are mainly from the nature of samples, sample preparation, measurement conditions, and

data refinement process.

Abstract: The Rietveld phase quantitative analysis ( RQPA)
method has been widely applied in geology. In the analysis of

evaporite, the evaluation and error control of precision are

important factors to improve the quality. The RQPA method

was applied to simulated binary mixtures (halite and sylvite) , ~ [ncidentX-ray

and

( halite,

geological samples (i.e., gypsum and sylvite samples). The

ternary mixtures sylvite, and calcite ),

contents of each mineral calculated by RQPA were compared

with the results of chemical analytical data to evaluate the

26(°)

20k
RQPA’ s accuracy and the main error sources were analyzed. I o Jjos e
b’ se 0 o e 9
. det P cegso
The results show that the absolute errors between theoretical 15k _ , _
) halite calcite sylvite
and calculated values are in the range of 0.4% -0.9% and - L0k
B .
0. 1% - 1. 2% for the binary and ternary mixtures, < . . Caéglot/f
. . . z pr 11.98% Rp 93%  halite sylvite
respectively. The mineral contents of geological samples 2 5k 2()%' 20%
maiched very well with the results of the chemical analysis. = o l l
The standard deviation of binary mixtures is 0. 702 for 10 ! b 'l L
v| W N
calculated results. The relative standard deviation of the same skp T ) ) , . )

samples are 1.74% (KCl) and 1.17% (NaCl) , respectively. 2003004050 6070 8090

The study indicates that the RQPA method is accurate in the

quantitative analysis of mineral contents of evaporite rocks. The error sources arose mainly from the nature of the
samples, sample preparation, measuring conditions, and refinement process. Due to the advantages of reducing the
preferred orientation, not requiring pure samples, and high utilization of data, the RQPA method has a potentially
extensive application in mineral exploration analysis, reserve evaluation, and industries of evaporites, when coupled
with the chemical analysis method.

Key words: evaporite; Rietveld quantitative phase analysis; Rietveld refinement; sylvite
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