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Abstract Al, O, and Ti were usually considered as immobile elements during the process of weathering and alteration. The ratios
between Al, O, and Ti can be used to trace geochemical processes. On the basis of statistically analyzing the average chemical
compositions of 157 igneous rocks from China, we found that there was a good power function relationship between their SiO,
abundances and Al,0,/Ti values as In( Al,0,/Ti) =0. 073 x Si0,-0. 89, units of Al,O;, SiO, and Ti are in % . Combined with the
total-alkali vs. SiO, (TAS) diagram, a new diagram of Al,0; vs. Ti to distinguish rock type had been proposed in this study. This
diagram is able to differentiate four types of igneous rocks including felsic rocks, intermediate-felsic rocks, intermediate rocks, and
intermediate-mafic & mafic rocks. On the new constructed Al,O,-Ti diagram, both the fresh granites and their weathering products from
the Jiaodong weathering profile located in the eastern China were plotted in the area of felsic rocks; both the fresh granodiorite and their
weathering products from the Zhoukoudian weathering profile located in the northern China were plotted in the area of intermediate-felsic
rocks; both the fresh basaltic andesites and their weathering products from the Xiongershan weathering profile located in the central
China were plotted in the area of intermediate-mafic & mafic rocks. As a result, the Al,O;-Ti diagram could be used to trace the
protoliths of weathering rocks. On the new constructed Al,O,-Ti diagram, all samples from the fresh, altered and mineralized biotite
granite in the Jiaojia gold deposit were plotted in the region of felsic rocks; all of the fresh, altered and mineralized basaltic andesites in
the Niutougou gold deposit were plotted in the region of intermediate-mafic & mafic rocks. Therefore, the Al,O;-Ti diagram could be
used to trace their parent rocks on altered samples.

Key words Immobile element; Al,O,-Ti diagram; Igneous rock; Weathering profile; Altered rock; Provenance
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T8 R BB o 78 55 e R Al 27 3 A o — B6 50 3R 3 0K
INHEARIEZTCE, B4 ALO, (Ji et al. , 2000; Pokrovsky et
al. ,2006; Das and Krishnaswami, 2007 ) I Ti ( Nesbitt and
Markovics , 1997 ; Panahi et al. ,2000; Braun et al. ,2009) , X
SETT R TR TR 7R s IR AL~ 1 e b Al T R AT
>4 (Nesbitt and Markovics, 1997 ; Duzgoren-Aydin et al. ,2002;
Gong et al. 2011) . AE TR LA AL, 0,/ Ti 4 Jy—
BRI S8, T T 38 3 XA 7 ) 1 ) ( Duzgoren-Aydin
et al. ,2002; Gong et al. ,2011,2015)

TR 3 KOE 28 B P i A A -fik (TAS) &1 Fl
QAPF [Kfift, TAS Bl 2RI 40 h 488 ( Na, 0 + K, 0) F1—
SAALRE(SI0,) B P23 & 0 2a A1 2R B HEA TR 430 At
fif# 1y Si0, \K, 0 Hl Na, O i =Fh 4 {0 ¥ 72 XU AL FN ik 722 26 1 35K
A A A b AR A A 2 3 8l Y ( Duzgoren-Aydin et
al. ,2002) , Gy b AT # , DAt TAS [ HE 18 O,
XM LA ) S5 B A, Asid 1 32 Uk sl ik AR 4
ARk e (Le Maitre, 1989 ; Rollison et al. ,2000) , QAPF
EIff RS A (B RHR AR P& A A 2
HEATRI 23, 0 5310 e M P SR A Hh T R o I
(Streckeisen, 1974) . SR, TEHER b AE HT 72 i A 1Ak
AL G WA R 22 R AR R B A A, e JRUA 8
ZEREUA B AR B AR P R U T TR K
B ), I R o 52 XL A e 2 52 v B S 4 o )
R s VR 1R %

AL HIR =S HL AL O,/ Ti 5 TAS [, 22t
ST B 00 L A SR P, 2% P A AN L RE A% X
Sy ATEEE A AN B W] A 32 XA e A £ PR e )
A AR

2 ALO,/Ti PElfiiffe ik

2.1 HIEE

ARG HE R U5 1 O A Bk 1k 2 o0 2 3 AR T
WY GRIGHEFER I A, 2007 ) £ — 3 45 CROUE fh2F 4l s 5
TER ) P4 FB 158 (1 Kk BA MFE T80, ZE R BRI 1
iR TR AR i B 2k 157 4

Z: 18 Le Maitre (1989 ) 2 H () Kk 1L 5 4= Bl -fik: ( TAS) &l fi#t
G325 BARIE R 157 {1 JOSCAFE A E TAS & i 4% in &l
1 iR, AnSRAIE IR TAS Bff b Si0, St (% ) (TRJE) kX
A3, KA R 48 6 25 (U 2 IrR ) : a-fR 1 5 (Si0, >
69% ) ,b-rFERPE £ (Si0, = 63% ~69% ) , c-H 42 ( Si0, =
57% ~ 63% , d-H 3 P 4 (Si0, = 52% ~ 57% ), e-3 Pk 4+
(Si0, =45% ~52% ) , f-FB I VL5 (SI0, <45% ), Lk
A R TAS Eff b Z R 1A S5 E AR Sio,
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Fig. 1  The distribution of source samples in the TAS
diagram ( after Le Maitre, 1989; the boundary between
alkali and sub-alkali after Trvine and Baragar, 1971)

a-felsic rock, n = 62; b-intermediate-felsic rock n = 25; c-
intermediate rock, n =26; d-Intermediate-mafic rock, n = 13; e-
mafic rock, n =27 ; f-ultra-mafic rock, n =4. The contents of oxides
were recalculated after excluding the contents of H, O and CO,

WIFHE(SI0, =57% ) KBEATII I3 5 B A MR 1 2 AR
TAS I it ZCE Si0, & 19 /i FHAH (Si0, =69% )
BEATIN Iy o $5IR Bk 6 2 KA RIS R, 15T 1R KO FE
i PR O 4 PR B O 27 1, R O 13
PN 26 18 HIRTES D 25 1F IR 62 11

2.2 ALO,/Ti-Si0, X &F

T HA AT AL O,/ Ti IRFE, Ff 126 1 157
PEIOCERE I AL O;/Ti 5 Si0, FHRICAE(E2), 8 T
G AL, AL Oy, SI0, A1 Ti 5RO R %

HIPE 2 ATLLE Y B JORCEFE b P Si0, SR,
AL Oy/Ti EEZ IR Tl s AL Oy Al Ti i) 35 6
Wb AL Oy/Ti BRIEBOR, PRI BB H P 1) 4 PFAE iy, 8
AR 153 PEIORCERER ) AL Oy/Ti 5 SiO, {7 FEHA 19 bR
RO AR o FATZS P B 0GR, AR S 1 i s
TCARE AR AU 148 R KOBUA BE A Si0, 15 AL O3/Ti ~F-3
HFHRERMER IR, Ty

In( AL, O,/Ti) =0. 073 xSi0,-0. 89(n =148 ,R* =0.91) (1)

2 AL O, (Si0, Hil Ti JLE & ALY N % , 4325 R
R EOR

SIS LS Bk 6 AT A 2 AL (SIo,
(%) =45,52,57,63,80) {5 i OO\l AL AR EL 20531 g 11,2,
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Fig.2 Al,0,/Ti vs. SiO, diagram of source samples

a-felsic rock; b-intermediate-felsic rock; c-intermediate rock; d-
intermediate-mafic rock; e-mafic rock; f-ultra-mafic rock; %
represents the eliminated data when fitting an empirical equation;
fitted line is In( Al,05/Ti) =0.073 x Si0,-0. 89 on 148 dots with
R* =0.91
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[EIM 18.8 ~27. 25 th ML 1 AL O/ Ti (i 8 L [l 27. 2 ~
42. 3 RIRMEE Y AL O,/ Ti (2R {L B F 2 42. 3 ~ 65. 75 IR
EHALOL/Ti B A — R T 65. 70 ATRE PR KOs &
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2.3 AlO,-Ti Elf#

N T =BT AL Oy/Ti SRR SRR BAN 12 T 1
ST PR AR Y AL O; 5 Ti AR AR (1 3a) .

Hi &l 3a 0] DU SRS PR B JORCEBF il 7E AL O5-Ti
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KA (18 2) PR T a P KOBCE 19 AL O3/ Ti FUAE Y 73 FHH
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XA AR ALO; 5 Ti B IR T —#850
P Ko FE LB b KAR PR A A A IR X, i
NI K a KA RLELUT 9 b X5 I 0 PR A /Y
PN, XAE N TIX ( 3b) o Bedh, til 3a AT UL, AR JEPE S
X (d ) MRS X (e X)) B30 AR A BEAR 47 3t X 70 B
PR PIZEE AR A, IR A TROX A~ XA IR0 TV X

25 — k=65.7k=42.3 k=272 k=18.8 25 —
/

20
15
s
S
< 10

5

()
0 1
0 0.4 0.8 12 1.6 0 0.4 0.8 1.2 1.6
Ti (%) Ti (%)

K3 Bk in i AL O5-Ti LR K

P 3a:a-FRTEA DX s b-A RV X 5 o- AP DX 5 - X5 e- M IX 5 SRS x Ol B0LE 2 3 77 2 I 390 Bk B0 R o 5 T8 3b: T-FR P X TT- oo

B P X5 T HR P X5 TV - i R o X

Fig.3 Al O, versus Ti diagram of source samples

In Fig. 3a; a-felsic rock; b-intermediate-felsic rock; c-intermediate rock ; d-intermediate-mafic rock; e-mafic rock; X represents the eliminated data
when fitting a empirical equation. In Fig. 3b: I-felsic rock; Il-intermediate-felsic rock; Ill-intermediate rock; IV-intermediate-mafic rock and mafic

rock
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The distribution of igneous rock samples in the

intermediate-mafic rock ; e-mafic rock ;f-ultra-mafic rock

(FEPEFN PSR X)) B 1 XA D 5 9 101 9 2 R R 3
(B 3b) R IR X T B B s X (e X)) 32y 1T
Ko HEERY ALO;-Ti [ 4n 18 3b Br7R. 1E2E47 55 1A 5
I FRE A AL Oy 5 Ti BRI 35 FE 4 2 AL O5-Ti P& gk U
FPRECHIBTA O RE S A (B TR T S TR A A R A 0
FErP FAT R By TR RS T ALO; R Ti B9 & Bk,
AL O/ Ti BRIEHB LA IR I S BR 1 5 o iy, T
SR VT A A T P P A A O )

AL O;-Ti [EIfigt th A TG B 4153 AL O; il Ti Ky, #lig | I)
R T WA B AR i 7 o AR ST I T IR AR 3 X 3]
T B 3t DML S R X =l DT 8 47 R i L K
e A E TR s 1 28 55 R SR SR A 19 AL O5-Ti 4]
b BT o

3 ALOy/Ti KA anidel

3.1 HiER

T SUERGHE Y AL O -Ti [ 75 IX 732 3K 5 S 1Y)
BLH FATRER T AR 38 B AE 5 4 B b 24 1F (Yang et al.
2012) , st FUE G A AR N ARG 9 7 (Xu et al.
2012 #0154, 2005 ) , 7 R AR HE A 2 B LA FE dh 8 1
(Wang et al. ,2010) . FHATRERR Y TAS [ LI 4. #5181
SO IR TAS [ Si0, 35 4] 7 KA 5 %8, B
VR AR 3t X AE B e i T IR IR, b U] 11 X AE B I
KGR TR g AR Lt XL i 22 1 s s T vp
s
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I-felsic rock; Il-intermediate-felsic rock; Ill-intermediate rock; IV-
intermediate-mafic rock and mafic rock

3.2 ALO,-Ti Bf#

W5 13k 41 PR AT RE R BEA AL O,-Ti [ g eh (11 5) 1T
AL B RE R TETE 1 I (RRVE 20X, 26 I K % 7E 1T X
(RER MRS X)) (HH B E S 1L KRN 1 IX A4 29 4k 4y
i, X 5 HAE TAS KT Si0, =57% &0 —380) , Lk,
FRAIAEE IV K (P A R K ) o RE b A g
AL O,-Ti FEIFRI 4 PESS 52 152 I TAS FEL A 4 434 17 26
— 3o UL ALO,Ti BB 54 o

AE3Z T TAS U B E I, 58 S5 SRR RE v H,0
CO, Fr ik, X Si0, K, 0 Fil Na,O 1 9 lEE4T T B 758 i 7E
FIFIT AL O,-Ti IR 3 Xy eI, LA A ALO, A Ti &
ik, JE R ) B AT EHTHT . BOARIXE T TAS [ i 5
e,

4 ALOy/Ti eI e WAL I B

TEXAE I RE R AL O, 1 Ti P IT 28 0N Je A 1 3l
JLER . PIEIILIE AL Oy/Ti 7E AL AR RLIZARFFA AL, X
=y AL O,/ Ti BYELOR B 3 HeBE P DGR A9 00 4A L
{Eo DAL AL O,-Ti &g BE b aT DU R B3 0 9 a7
Yri i .

4.1 HHERE

AL FENE R — A58 WAL AR R Y B RIS RIS ) T )32
W52 (Ji et al. ,2000,2004; Ma et al. ,2007 ; Gong et al. ,2011,
2013,2015) , Kb SEHE b DTS HRBT £ 25 A B AL A A B3R 2
4, RFEHRERARFRN B . A2 KA
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Fig. 6 Al,0,-Ti diagram of samples from weathering profile

I-felsic rock; Il-intermediate-felsic rock ; Ill-intermediate rock; IV-
intermediate-mafic rock and mafic rock

ARG AR XA AR B 8 XA 70 o 3o %o XU 5 A8 A 5 7T
DR G 1 g KA i B e R A7

RRMRS RO EHMGED 1 3 A KEesE AL EE , 735
AR HBIX Z01 KA E 1T ( Gong et al. ,2013) , {u] g A H- 1113
X DO6 XAk T ( 2= %55, 2015 ) FAL 50 115 X ZKD2
AL ( Gong et al. ,2015)

701 RALHITE A, TIRAR B R e B ILIIX PR, y—
RETERI B ST E F XA, #1027, Sm, A
RIZ TSR 2B = B AE e SR T A
(Gong et al. ,2013) , ZKD2 RAL I TAL I AR R &R, o —
RBAALR NS F XA T, 5T 5 2 Tm, W3R L) 5
JEEBAE B A B IR T 20 {4 A (Gong et al. ,2015)
D06 AALF I F IR PERE H L b X, o —BEA R R T4 1
A RA I, B R 2 T, AR 12 B IR EAE R I A 3
WEET 11 FRER (B =955 ,2015) o

4.2 AlLO,-Ti Bf#RER

WA E R ok 3 AL FITH 1Y 42 PFREARTE AL O5-Ti ]
fift P ABLRANE 6 B o

M 6 0] LAt A FEE TR XA =P 7E AL O5-Ti
Pl fige b o3 0 SRR AE AN IR 1 DX S A6 b o DO B o 21 LAk
HA IR Y A AL O5-Ti (&1 v AR PR X,
AE B DA SR o DA i 5 o ) XA 2 A B KT ) - 3
TE AL O, -Ti [Elfif rp R MK AL P IR YA X, S04 il v 15
P I, B 22 LR i DOB R 21 XA £ 3 XA TE
Yt HEAE AL O;-Ti [ fi X3 A ol - A X

IR, RZ BB A BRI A, AR E A
G0 T ARV BE G A AT (R A ™ -5 LR X6 11
DX —F, PG AL O5-Ti g n] LRI SR IE 31 & 40 XUAE 7™ )
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Fig. 7 TAS diagram of fresh igneous rock samples from the

Niutougou gold deposit and Jiaojia gold deposit
a-felsic rock; b-intermediate-felsic rock; c-intermediate rock; d-

intermediate-mafic rock ;e-mafic rock ; f-ultra-mafic rock

MRk o AR B AL O,-Ti R, il iS¢ KL 4 T LAGE 381 A0
PRI A0S T — >l X RAE I B £ e 36 A1
F 1l AL O5-Ti [, AT LA 53 - 53 KR BT Y B PR, 455
P DX S A A ) (3 I ORI X
XA 7 B A el PR T G IR R A W A — 5 98 3

5 ALO,/Ti A A i s

PG AR S RE R, AL O 1 Ti 3l 3 B SR A 1S 3l
B, B RIS S AN Bl 70 3R R AT ST i P 155 ( Barton et al.
1991; Condie and Sinha, 1996; Das and Krishnaswami, 2007 ;
Gong et al. , 2016) , RIAG7EMAS b AL O,/Ti (1 LUAH
PRAFAXS TR , 1A PR IE S8 AL O,/ Ti 5 HT i 5 41 o
1) AL O,/ Ti fR4F—2, BIIT, AL O, -Ti [&]figé i 24 7T LA A o 41
SR AT B RE S o AR SO IR AR Hb DRI PG b DX A B
AR R AT o

5.1 HuER

JEARAE b B i M AR X, X Y R K 4
W REE #7577 ) ( Deng and Wang, 2016 ; 4% 37,3 %5, 2000, 2006 ;
Yang et al. ,2006; F P25 2012) , E 4R B 4 0 ¥R I it 5 4 [
it 1/3(Deng et al. ,2003,2006,2008 ,2011 ; Yang et al. , 2007 ;
WiSEaR A 2007 ) s o rp U AT il S A 4 AR I i T Y
S0 R, IR ORI &0 BOR = 90% UL F (#3758
G, 2014) o FEREEH REE AR AR B AR s Y
B RIR AL E R B0 IR E RGBS &
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KA R A (CHRIAARSE,2014) o ASCEIUT IARER ST
IR AR F 19 PR A ke, b B A2 B B s A il 3
IR G S R BB L Bib B R a2 S 6
PR BRI 3 R (IRINARSE ,2014)

TR DX TR AN T AR b IX 1) 57 7 4 e ( Deng
et al. ,2006, 2008 ,2011; Yang et al. ,2007,2009,2014) , fig
L AR P X R S R 2 —, Z 3] T H N Z
T TAEZ R E M ( Mao et al. ,2002; Chen et al. ,2009 ; & %
55,2012 Deng et al. ,2014) o A=k 2 AEH- 111 3 X 3T
FEARBEB KRB IR Z — (Wang et al. ,2012; B FRSE,
2013 ; AARINSE 2014) o ASCREL T 4R ki &0 X 9 LR
TR ARG LR A A 3 4 AR A 3 AR 3
PE(FRPANAE,2015) .

TR WIS DI 6 8 S 40 R i i) TAS [ g 4 ]
TR R B B SCHTIR LA B TAS K b Si0, & &)
KALZET5 58 B DB i 5 A A R T IR A 26, A3k 1
WX B S AR R T R a2

5.2 ALO,-Ti EfEHI5I s

WS EN_LR 2 AN 1K 28 P4 FTRE S FE AL O,-Ti A
W RSN 8 BTN o

AL 8 AT LTt , BASHB X 1 55 6 S 72 AL O,-Ti [ fi
A RIRE TN AR XA, ERX ST X 19 45 AR
FITEAE T K (EIRRIE X)) 5 4K X O P 4 kE B 5 1
IV K (RIS RIS ) . B, M FIRAER &5 K
FATRE G, BT REAL R M 17 B i A FE R0 R
27 R TR (o A P, A 45 A R £ v AL O,/ Ti (g
TEARRFE B N AR AL [, 5 HORT e B 7E AL O,-Ti i v
P80 T I K LR, U A7 s
AR T ALO,/Ti (9t LTI, (5754
(92, A3k T8 O PEREG LTS T IV sh 2 ek 1 22,
B e, X 5 HARE A 7E TAS i (& 7) 5% R Y A v
B DI, AL O, -Ti FRURRT L FF K30 50 25 0 9 5

6 &g

(1) KA ATEZICR HAE ALO/Ti & Si0, 5 i A7
TERF IR R EOE R 2T N In(ALO;/Ti) = 0.073 x
Si0,- 0. 89, 3(H AL, 05 ,Si0, il Ti JLR G PLIIIH%

(2) T KJSAH AL O,/ Ti HLfEAS Si0, & B2 5 T7
A TAS &I fige ] LIRS 2 — A~ 09 4001 e 14 [0 i - AL O5-Ti
Pl . FUEERY AL O;-Ti &1 AT LA 47 i X 20 SO R 2R
B A B A £ TS WA DG 1532 TR I TAS & fig
I QAPF LIS PRI T L2 I AL O5-Ti [ fig, 12 €1 figt vl LA
RECHA A et A8 KB i B e i ARz AL O, -
Ti [ F A A PRI, JC s BIBRAE i b H,0 Al CO, 35 4 X 48
e B AT BT B T IR R
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