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Abstract: Minerals serve as recorders of planetary evolution. A series of significant geological events in the evolution process of
the earth were confirmed based on researches of relevant information recorded in minerals. Arsenic is one of the most toxic elements
to life, functioning as a sensitive indicator of evolutionary processes of the geochemical environment. Over 760 distinct arsenic
minerals have been identified up to date. Based on concepts of "mineral evolution” and "mineral ecology,” in this study, we have
investigated the diversity and deep-time evolutionary process of arsenic minerals. The results reveal that the diversity of arsenic
minerals has expanded episodically with the evolution of geological history. Notably, the growth stage of arsenic minerals is
corresponded with stages of supercontinent collisions and the great oxygenation events (GOE). This phenomenon is mainly
attributed to the migration and transformation of arsenic facilitated by the enhancement of active hydrothermal and weathering
processes during the supercontinent collision periods and the transformation of arsenic from reduced state to oxidized state with
relatively strong capabilities of mineralization and migration during the GOE period. Furthermore, by utilizing data of the locations
and distributions of arsenic minerals, based on the Poisson Lognormal distribution LNRE (Large number of Rare Events) model, it
is predicted that there are at least 1958 kinds of arsenic minerals within the Earth’s crust. Among these, the probability of occurrence
for 263 kinds of arsenic minerals is over 95%, indicating that their formations were mainly controlled by deterministic factors.

Conversely, the probability of occurrence for most of arsenic minerals is relatively low, especially, that of 184 kinds of arsenic
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minerals is even lower than 0.1%, suggesting that their formations were mainly controlled by contingent factors.

Key words: arsenic; arsenic mineral; mineral evolution; mineral ecology; mineral diversity
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A7 B I HE A R 3 T 2 5 1 2 13 8AC AR T AR Iy B 1Y
IR A AT B B R AT R A TE TS B AR
b, HeZ FE V] e A7 B2 ) AL 2% e A 9 78 72 (Hazen
et al.,2008). JUGFHIAC 2N E] H wir g 2] 1w
Ph 2 Z A6k 5 1 5T Ty 52 AN S AR [R] B B 5112008
iFHazen% (2008) A 42 1“8 Wy Ak X —HE &, b
fiTgs i, HAT 3k b REAE WS BN 01 S H 2 A1 02
TE 3K IE 1 S e Ak iy s s vh — RGN B A2 DL
EYERZ 5T RWOE U, JF 23 Bl G Bk PR 58 1 2L
A LA . YL AR E R (AN R T
R NE R ZRHE S IE AR DL S
BRI S ) Sy ATTWE AT B A AL B At 1 H B
5 BRI By 0P RRAE B2 22 R M ek DA I ] 1
HEZR B FEA R T RIA A 148 TT 1Bk )5 2= H e R AR
{E7° WA (Hazen et al.,2011;Hazen and Morrison,
2020 ;Prabhu et al.,2021),

TR FAE G 1 2 F0 3R Ak 2 LUBE 2 1] 531 9K
SIS, B W 18 A BT 50 R I R 3R sh T 5 v
X, HEREG HUCA W B, & E T
T AR B R 500 T[] S A LA St sk 40 0 B 5 T R
PEHAR T B, AT FEAR B OCHR 04 87 9 5 08 vh 42 4 1 ok
FAR Y HEE L AR (Hazen,2014) o WX
T LA R UROT F Bk (Re) IO & 1 DL R B I 35
15 BRI RIS W) b T R & = TR
Ji il B3 B AR T A 7 A ) B T B S T S S B
[B] 1 72 IR B2 25 VI A 5% (Golden et al., 2013 ; Hummer
et al.,2022);Liu (2017) 84 007 T 0] 48 )% F
e IR AT ) 08 43 A DL B A 3R KO U TT R B i i 84k
FRAE, 487 T % 31 JE 0 K o ok 4 1) ) 3 35 Bl R
fiE o HI AT DL 6 e Ak B 0 5 AORSE T 4 T AT R D
Yo cHE e . B ET AT DUR B ) 8Os
1 OHE PR Y #2420 Y EE 2 (IMA - Database of
Mineral Properties;https://rruff.info/ima) ,f & T i A
2 H bR P U ST 9 P 258 ; @Mindat B4
JE (https://zh.mindat.org) , it 5 T AL3E TH 45 Hh L K&
He T BRABA 130750917 # AL 10077 5K ™
YR i (Prabhu et al.,2021); @RRUFFEHE % (http://
rruff.info) , 433 1 & K0 WY iR S5 1 A2 oy L
SOtk  XSFLATHEE S (Hazen et al.,2019b) ;@Web

mineral 5{3& /% (https://webmineral.com) , f4& T 47144~
W TEA IR AN SR R (20124E5 H 9 H R 45 1R
) o BHENEAEREA AL dik o8 s R PS5 )
{HEALEHE 2EMED (Mineral Evolution Database ; https://
rruff.info/Evolution) ™ 4V Jit £ 4 AEMPD ( The Miner-
al properties Database;https://odr.io/MPD) B ¥k
A BHEIEESMD (Evolutionary System of Mineral-
ogy Database;https://odr.io/esmd) FIfT 24 ¥fb -4
PE % PSB(Planetary Systems Biochemistry ; https://odr.
io/psb) o

TERZ T PGB, 0 Y B ZHE0E 5 50 Rk
ST B b O A 3 AR DA S bR AR 2 SR A A T T8 A
(Hazen et al.,2011) . @0, 5f AR K Bt S5 Y £
FEME K o3 A R Ak Bl I 18] A2 A R GE T, SOt
Py 0 AR L 305 K it il 48 = 7 A P 25 B A AR A DG
£ (Hazen et al.,2012, 2013, 2014;Grew and Hazen,
2014;Grew et al.,2019), BRILLISS, Hazen%5(2015a)
P — 2L R TR Y 2R R I R [F] I E i
IR T8 W A R R R PR R S AR R R X
W) Z2 REVE 52 0, 73200 7 vp ] 31 0 R 8 57 DL
{4 (LNRE,Large Number of Rare Events)4iii2f 7l
MR AR T 0 ) AR R AR OGS i 9 5
JE o AU AE AT W AR IE BT
23 [8] 43 A #% J=) (Hazen et al.,2015a;Hystad et al.,
2019b) , R 19y 22 R F0 ( RIS 404> 1 R 9 A BRAT
W (%) TN ) S5 R O [R) BRI 58T SR T BT ML (Hazen
et al.,2016,2017). LAk, & ¥ A1k 00T AL AETE
R B IR AL {5 B 2K (Golden et al.,2013;
Liu et al.,2017 ;Hummer et al.,2022), K& ¥ LEE
PERFAE B Ao PR A 90 2 ™ A i A e i 2 5 i
AR . 4], Hazen(2019) 02 TAEIMAT )
Sy BB b HESh R T Wy 3 AR B E I R 4R R
RN T %, B B GE X EW a2k R BN
Rl AL AR A “ H 9K B (nature kinds) , B 7EI /07328
b A N AR B T T DR B 5 22 R A e 3K RS
AR RN YE R . BNSZ, &8I LR HT Y
I (5 B DAL 2 48 7R ek )y 2= H e 4T 2 i e s
LA T YA A o

B T R A B B A B R
T AL ) E BN, B AT E AR TP X YR
Ko Ho= B 56 R #EATHFSE . Hystad%:(2015b) %
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T20 14419 W) /3 s BCHE (135 4150 7 b 4831
FIE ) , 381 X HEAS [ B LN R EAS Y | %% 3306 e Hr-1H
¥A43Af (inverse Gauss-Poisson distribution, GIGP)
LNRE A 517 4 i 45 58 53 A 4006 B2 ey, A3 b
FE B/ AELE6394F 5 ) . Hystad% (2019a) #E— 20
SIAT DU 2k A v 6 b 5 v B g A S0 T
W IEAE X Al F 5] AT T Z LNRE PR
AH BT e R H AR A AR LA e 2 SR 3 TR N
T T 1AL (Hystad et al.,2015b) , X e AI AT
LLS 09 0 e A i e AT B0 G o I ZR A R 2 R
LNREAAY J5 A BLIAFA - X BOE 45 73 AT LNR A A 55 3
A A5 3653 A3 0L AR B s, AR e T A7 7
W R R S BB IE S 9308F (Hystad et al.,
2019b) . BEAh , LNREA A 4 0 & o0 R0 9 &
HA AL BRI Y) T E, anLiu%s (2018 )R FfZM
(finite Zipf-Mandelbrot) LNREFE RIS LA 4 b Ho 1
£E (B3R 43 A5 43 0 0 T E AT i R 4 R 2
Hazen%$(2016,2017) WK T GIGP LNREA A Xk |
B A TR IR ) A B T R o

fifl (As)J&—Fh il TR, 7 17 b i 5 B B
(<1.8x107°) (Bhattacharya et al.,2002), 4R %E
20234E7 A B &4 # k76 0Fh B 5 1) 8% & B (https://
rruff.info/ima) , X Ff fz 22 FEAR RARE L&t FRp e~
A XF Hb 5t PR AR AU AT 35 R B IR Y (Majzlan et al.,
2014) . [AIW, AsA sRZUALE B, A 20142 Lt
AEAR LA, Hi T 7K DA B - S v (s e — B 4 Bk
HORIEMEE A PR b SRR AR5 e () A o2 i
W & A AR R 25 R e R R BE A TR A )
PR R ARV A, B ) R T80 LA B R A ™3 () T i ( Smeed -
ley et al.,2002), [ IHFFT 5L PR P 2 £ 17
A K A3 A RIS 4 4 Bk A 5 Y ) 0 P4 BFF 5t L
H—EE L, AT Y 2T, L TMEDEL
T Sk B 40 B 22 R e R ot Y A R A B L) 24 [ R
HEAT T WAL 20T 5 [ ISP AR AR e ™ 4 o 2 ORI 1 7™
SR F 43 HT , KI5 AT BE & BB BT 1) b 5 L B H R
b5 AT BEAEAE R BT ) R S B A T T | 2 43 BT
T AR R 2R 5 e P DR R AE R A o e v e 3
BIVEHT, I DA s o W e A U sl i v A7 7 09 [ i
X LA W & JE O Il ifEAT T 025

1 FRF*

AR SCHT 8 e B B B 40 B0 AT 0 B i S A R
TEMEDSE 4 T 28I, S B3k 7 3 A0 A 1 5 A 4
B S N T 8 W5, e A5 2] 690 R il ) 1) 4F
5 AR .

SN SREE WAL S AR IR

TR 1) 11%) 22 R P TR I e 722 i 4 32 B2 DL3 AP RDE 2
I (Grew and Hazen,2014;Grew et al.,2019) & 1ak
i Py ) 2 e 2RI 2R AR T 4 H i
SR P B KT 550 7 B 0T 4 ) 1 SRR R S A 4 il
S WY AE R N b BT A AR A Y BRI AN KT 1
JEBES0 Ma PN RE NS T Bl Al 4 40 b S 0 T e
TR BETHRT P AC SR Y B R AR RS | B/ ME R KR IX —
Pt T B P H R %) A0 38 B i T 1l TR L e Jié s 1 AR L 1Y)
Hi o 5 s X TR] P 50 Math BAHT T ) Fh 280

Hb5¢ v A BT ) b IS ERR S 3= 2 A HILNRE
BARY, LNREE R i) 8 W 318 0 — A< 43 vhaa) YA
RO TFIE I 5E (Baayen, 2001 ;Evert and Baroni,
2007) o FE—AA il A LA SRR AR
AR (Gna” F“the™ ), {H K 2 B o i) A0 1 A AUAL
i —W R TR, X MEOLT  LNREA
RURT DA BB 22 50 TR A BR AR AR 25 [a) Al T F B R
T AN T 2SR (R ABE 23 43 A R AIE | [ B A DR L B R
A 8] )5 F AR AR ZE R B8 (Evert and  Baroni,
2007) o K W RNZEZE L IR RY 0 7 R
(U= M B AN A LB W) Rl B2 7 M B 2 B B )
FRASE+.. ) L REAS B TR B RO AR 25 (] AT DL R B
P A A6 53 A RRAE 518 5 A T iR A 3 40 A R AR 2
o, B Ey™ e e v 5 s 32 S ey AR )
1Z . Pimindat.orgZUHE AT, A 1002 FhT ¥ H
7 AR L 1000, A, RZE00 A AR A,
A B D BULIR 3 > BB - ) o 28 7 i o
I 5™, 34% 0 WA RAL H I 19K (Hystad et al.,
2015a;Hazen et al.,2016). S hHb5eFRia i) Fh
FH, N AR ) S MR, ARy 1 7 s b s 4
mA X ST P AT 932V, (N )R TEN T H BB m
BB MR EE, DB AVIN ), Va(N)........ B R & 1y i 08 )
S . HystadZ8(2015b) UERH T 0 4 00 0 45 45 &
LNREREHY, B3 m 358 0V, (N )2 W72 20T % ; Hystad
45 (2019a) 76 DU g 27 0 SE Ak L i — 20 0E W] 170
RN E TR 3 o VRS S B VNSD G I G s s FE K 05 3
Fro I, A SCfli I Hystad %8 (2019a) 42 LAY 05 vk 78
DU gt A i A X fE A S s A . 54
WgE 125 0 s SEE AR R e AR, gt
ST UE TR BB A HAE S A TR AL TR R R T
BTG R TAY . AR R AR - X BOE & A
(UEZRBEHO(u,0) ], FIREMEHS S 0 BAR 5L
it b A W] AL L S O IR J5 S 43 A, 8 FH ) 2R AT i
SERERIE 0 7 AU 56 2 A pR AT R i, DA
T EHARAR XTS5 oAk 1 FIHfE KT (Hystad et al.,2019a) .
ST Y AE H e b R IR AT R
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(a) B (0 AR M RSB TH R, BT A AR LR S Sk R W T REAPTE KBk S it i BT Py, (PAL) RIS
AR BKTE S5HA RS E S BT (PAL) Y L (Lyons et al.,2014) ; (b) 3 T BUA T W) AE 1L B 7= HiRCHEA5 31 194550 Malbi i) 5t BR8] 2
AR RS, b A RS AR AN T N S 5 () BESO Malll [E)3ET H BLA TR MR B ST (il 2 TR TR

Wy (As/Fefd ) BERT 1] 178 b #4944 (Chi Fur et al.,2015) ; 3R 20K F7 00 07 5488 K i A R A% HY) (Hazen , 2014 )
E1 iy Py Fp B TR AR

Fig.1 Variations of arsenic mineral diversities in the past 4 billion years

TR B o) = L o)y WS 5 4040 ) 1

1
m%*@%iﬂ!ﬁ%ﬁ@%&ﬁ@):j g )dr 10 RS
P

LR K T4 Fp i w P Fi 4k (Baayen,2001) . H
AR R B ARG () =k15 8 p  k=1,2..., S

1 ]
S 8 o, = jng(n)dnank =I a—
P, Pk
ek SRS S KA iR B E R R k=1,
2...,8(Hystad et al.,2017) , #Emi A 4345 118 H
XL Y AENAFEALT 9 - b o5 rp 20 H B0 1 YR A A
o, HAp A WA FER P S RS, BEAE Y
PG T 2% Hystad %5 (2019a) B 777

2 R 5w

2.1 TEHIEWL
HR A 47 B 22 A 1 R o) i A28 il 2% (161 1) FllHazen

Z5(2008) T4 43 1) H BR T 40 A6 14 101> B B LA B A
(A M ER P24 AT A, 0 60 ™ 0 1) Ak 32 2 R LR UL
ABir B .

(1)293800 Ma, b3k i A6 7107 (B2t st ) | il
T2 B WA o DLz 09 LR R JR i b XY
WRIEIR RGBT, XA T im0 7 A 5 0 8 4 PR 1
it DA P PP T S 4R, 5 B I R 2 1 TT R LB
TEFE NI & £ (Oremland et al.,2009) . 454 Hh Bk F 18]
by PEAEIRBE , TN 30 b ER A7 AR /0 13 J S A I
A, R A R L A R (As) B
(FeAsS) M5 (AsySs) FUMETE (AsS) IS & Bk AR
4 )m BT R RE Y SRR . XY TR
I AR AR AR A R A L AL A B 2% S R
JE % (Hazen,2013) .

(2)#13800~3000 Ma, f I b AL fi B, 2 A1 —
T T LS 5 AR I A M R B RS M IV 4
WY ERENE . W= RO A AN, TR BB B R
U M BRERBE o | 3 ok 5 3 SR ) T 3 A A A )
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Hiy BRI T R BE I A2 A8 JR) 8 X B A Ak A i
¥, WAs(V)HW ¥)Segnitite[ PbFe;AsO,4(AsO;0H)
(OH)¢ ], 45 [ PbCuAsO,4(OH) |, #5424 4 7
[Pb,Cu(CrO4) (AsO,) (OH) JFITH4L 5 [ Pbs(AsOy4)s
Cl R B AR 1 3200 Ma (https:/rruff.info/ima) .
Ty— 7T, A AT LB AR R A e ) T 2% A ek
A T AR T T I G A AR ) e A S ot
52 BAR R R A AL N IR, O H A B4R R =
EREAREN R A, N R A T As(V ) /As
(1) Z I8 A9 AH B %4k (Croal et al., 2004 ; Amend et al.,
2014) , s M Y)W E B ; FEANZH T Desulfotomacu-
lum auripigmentumv] LA [R5 JH As (V) FHIS(VI) K As
(L) FIS (—11) , AT 75 3 HE 25 (As,S3) IIIE L (New-
man et al.,1997) ; ¥F £ 8k 008 B e B T 5 iR 40
THREMEE S A A1 (FeAsO,4-2H,0) H9IE i (Ehrlich et
al.,2021).

(3)#43000~2500 Ma , W Htiz 2 Jei 3y, fift (1) b3k £k
PRI DRGSR SRR K AT AR A )
HYIERS A A TR YRR A 4R | W] e 5
M oCZE “HHIE " IE AT R BL S IR A A R 2 i
R CET) o BRI, 4 22 A PG R PR B 40
55 1 J5T [y 5 TS A G K i T A A R 1) B AR W)
(WL 22 KK . 2800~2500 Ma s BFE L TF 8 K fili
1900~1700 Ma; %'t J& WA K fifi : 1200~1000 Ma; 3%
T V6 78 KRl 600~500 Ma; 12 Kl : 430~250 Ma)
(Hazen et al.,2014), BRI AR A % 00 28 6k A4
B TG Z A AT ) 1) 22 A0 P i s ] %) i £ A 5 A, S i 3
LA ML (Hazen et al., 2012, 2014, 2019a;Golden
et al., 2013 ;Grew and Hazen,2014;Grew,2017; Grew
etal.,2019; Hummer et al.,2022) . X2 K A TEHE Kk
BTG WG A v TG B KB 2%z B I PRI LA S AR
IS SRS T SN 200 5 K A0 ) - IR R PR i
VIS ETH Y 2R 133 (Hummer et al.,2022),
(EB=3 S 3o N g i<y N 1 o I DA & N R 0
BH ) 2 FEE RS KO R 2 (Bl 1a) . —J2
% 31 J& S 76 K i A G (%) il 48 5 T T LA 65 1Ly R AR T
5 ZU I KA AT S BT A, S 350OH: B AR 52 LA K v &R
ST HB BT 0 SR B BAR ST B DR AF T 2K (Goldfarb et al.,
2001) . SR % e 0 8 A i il 4 300 1% 26 K i A
Heih 2 % B0 55 (Liu et al.,2017) , [A]AF s 11132 5
VP45 1k (Tang et al.,2021) , KI5 7 607 4535
T RAETR EES RO EET . J4RiH RIE K
HH(2490~2100 Ma) 5 s 7K 8 (850~580 Ma ) g AHITT AR
Py i 5 i AR ARAE (18T 1), SR BTl st 3R AL 27 108
T F-15: 11 (Chi Fru et al.,2015) . X FIEAT Nt L

SN SREE WAL S AR IR

P B R Y

(4)#12500~500 Ma, REMMFMFZ )G, A TEE
BB IRR K b A T R A M BR b 2R R AR M L T
I VA —Fh el Z e i S S I e R A0 Y, &
By AR R K (Hazen et al.,2008;Sver-
jensky and Lee,2010). QIEI1Fs B 2wk 4
TP R B s ] 5 A R YR R A A S A XoF 0L (g Gl
J&) o BRI Ry . O A 0 R Ay Py n 20
(FeAsS) R 70" (FeAs, ) 55 % g 18 AL PR g5 v
B, o A AR o i, BRI A A PR AR DO AR A AR
RV AR ER[ As(I) 18 fRER [ As (V) I ERE T
A, HEATKAR Il 23 W2 B 0 40 2% 1 SO B e vk A=
Y X SERAE M) B —LER Y & AR,
fF5Fe-As(V)-H,0 .Ca(K,Ba,Na)-Fe(Ill)-As(V)-H,
O .Fe(111)-As-S(VI)-H,0 .Ca,Mg-As(V)-H,O .Pb
+Fe(111)-As(V)+£S(VI)-H,0  As( I )-O% I iy fif
"4 (Drahota and Filippi,2009). QR T it FA4:1E
FHIE RLAN i) & R0 W Rl i 25 K o ¢ 5 78
YEHIEEIE Mo W 28 40 S A A ) e R i Ak ) 5[]
HATE B 0 B 5L 0T S5 B IR SR W AE AR R U 1 46 -
BRI R T AR 91 B SR E T, As (V) B AT DLk
ATEFRER ) (Vergasova et al.,2004) ; &4 TR
R PR AN 35 B8 == e AR Re A L LR B -1 =5 48 =2
DX 7 AR AT R, A 72 T 0 003 e e 28 B I A ) T i
T AR RS S AR AP PR R AP IR LA S SR As
(T (V)# ¥ (Jonsson and Broman,2002;Majzlan et
al.,2014) ; & i & S A 3 1 R0t Bl 25 Ak ik A
D i S22 R e A5 el Rt AN T Z A A e ) 1 AR
YA R (Majzlan et al.,2014), FEXELHITE
AR Y h eI ER T Y B o B ] A T Y Y
60%LA I, SV At i £k L K Al 1 167 S AU A (A's,05) 5524
8% (Majzlan et al.,2014; Chi Fru et al.,2019) , f#fig
Y Z I LLRESE B R ) Fh SIS A PR Y 322 DTk
&, SRR AR AR Y R AL R A BRI OC R . B
FRARAE KA LAH3 AsO, \HoAsO4 \HASOZ 3 AsO; )
X AEAE (Smedley and Kinniburgh,2002), (AsO4)*"
P AR DL S A R FHE 7 P (1) %2 4 @ FH
BT LUKOH™ Cl' B FHL A, X Fh 2 o0 i i
A i ) T AR TR R A5, ATz BB L FE
BT S A WER L EOK TR AM B (O Day,
2006) , N HIE B 1 FP2E %2 R IRER 1)

(5)#1500 Ma, fFEEH FER LA G KRR A, W) 2
FEM 2N, A AR R R G | SR W i A R
G PA =W %5 5 A A B e A A AR D (R g
TR, AR BT ARAT B 33 B ek A8 3 M BRI | 3t ™ ) el
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H R MR o T I [ IRh s e A= 3 4 7 T R
(SIEPIALNE PR N =R =X L o 1311 br ¢S b e i
BT b g sk A )RR e K ) — OB R 1 7 A
(K 1;Hazen and Morrison,2022) . HiL75 (1) 4 38 k€ 21
BRI AR ) A 55 Arsenogorceixite [BaAl;
(AsO4)(AsO3;0H)(OH)4] . .Arsenogoyazit [SrAl;
(AsO4) (AsO30H) (OH) ] &R AHATELH [BaFe3"
(AsOy4) (AsO30H) (OH )¢ ] 45 ; AT il i 2 W) LA At
2 (AR A FE LAY H) 4 Ambrinoite {[ K, (NHy) ]
»(As,Sb)(Sb,As),S3°H,0} .Borisenkoite {Cus[ (V,
As)O4 )oY LLAREAT4N [ Na,y (Sb, As)sS,3-2H,0 5%
(Hazen and Morrison,2022),

SRR b 5T S N A A 2 B 2 R R R B
HEAT RSO RN, S e M A . (HA EA R 3
b S5 A A B T S B DR A O 22 72— R S
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Fig.2 (a) New arsenic minerals that reported per decade in the last 100 years; (b)The frequency distribution of arsenic minerals
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