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ABSTRACT
Metal evolution in a composite granitic pluton was tracked by analyzing melt inclusions

in 11 quartz samples from 7 zones at the Timbarra gold deposit, Australia. We present
the first quantitative microanalyses of gold (Au) in granitic silicate melt inclusions using
laser ablation inductively coupled plasma mass–spectrometry and show how Au and other
metals become enriched during fractional crystallization in a granite intrusion. Au was
enriched during fractionation from a monzogranite to a highly fractionated alkali-feldspar
granite. Similar enrichment behavior for other metals implies that no gold-enriched pre-
cursor melt is required and fractional crystallization can enrich the Au concentration to
economic levels. The low content of accessory oxides and sulfides, the absence of early Cl-
bearing fluids, the volatile content in the melt, and a prolonged crystallization constitute
important factors for extensive metal enrichment during crystal fractionation. These char-
acteristics play a crucial role in felsic, highly fractionated plutons and their associated
deposits such as intrusion-related Au deposits. The gold enrichment during fractionation
also implies that Au is directly sourced from the granites.

Keywords: gold, metal enrichment, LA-ICP-MS, melt inclusions, fractional crystallization,
intrusion-related Au deposit.

Figure 1. Geology of Timbarra pluton. A: Lo-
cation of Timbarra pluton, northern New
South Wales, Australia, and east-west cross
section. B: Simplified east-west geologic
cross section through Timbarra pluton dis-
playing spatial relationships between zones
1–7. Pluton comprises outer K-feldspar
megacryst-bearing hornblende-biotite mon-
zogranite (zones 1–3), intermediate zone of
biotite 6 hornblende syenogranite (zone 4),
and core of biotite syenogranite (zones 5–
7). Timbarra gold deposit (~0.5 3 106 oz of
gold) is hosted within upper 250 m of
coarse-grained syenogranite core (zone 7)
and partly by overlying fine-grained micro-
granite lower carapace (zone 6). Gold min-
eralization forms flat-lying sheet, conform-
ably constrained beneath porphyritic
microgranite upper carapace (zone 5).

INTRODUCTION
The best-known intrusion-related metal de-

posits are porphyry Cu-Au-(Mo) and granitic
Sn-W types, in which a direct connection be-
tween intrusions, magmatic Cl-bearing aque-
ous fluids, and the metal budget of the depos-
its has been recognized (Audétat et al., 1998;
Candela, 1992; Halter et al., 2002; Hedenquist
et al., 1994; Jugo et al., 1999; Ulrich et al.,
1999). The recently defined intrusion-related
gold deposit class is in marked contrast with
low-salinity, carbon dioxide–rich aqueous flu-
ids forming the dominant fluid type (Lang and
Bager, 2001; Lang and Titley, 1998; Thomp-
son et al., 1999). The location of these gold
deposits within lithophile (Sn-W) provinces,
the common association of gold with Bi, and
the low concentrations of Cu, Pb, and Zn
(commonly ,100 ppm) also distinguish them
from typical porphyry deposits (Thompson et
al., 1999). The intrusions are commonly tex-
turally and chemically zoned, and occur at
deeper crustal levels than porphyry systems.
The gold mineralization occurs in, or adjacent
to, the more felsic portions of such composite
intrusions, suggesting that fractionation plays
a role in the genesis of intrusion-related gold
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deposits (i.e., Fort Knox and Timbarra; Bakke,
1995; Mustard, 2001, 2004; Thompson et al.,
1999; Fig. 1). However, this has never been
proven.

GEOLOGY OF THE TIMBARRA
PLUTON AND SAMPLE DESCRIPTION

The Au deposit at Timbarra in the New
England Fold Belt, East Australia, is an ex-
ample of an intrusion-related gold deposit
with disseminated gold mineralization and mi-
nor late-stage vein mineralization in the roof
zone of a composite pluton (Mustard, 2001,
2004). The Timbarra pluton consists of two
major intrusions (Bungulla monzogranite and
Stanthorpe syenogranite) that have several
texturally and chemically different zones (for
details see Mustard, 2001, 2004; see Data Re-
pository1). Seven individual zones of the plu-
ton can be readily distinguished based on tex-
ture, grain size, mineralogy, and field
relationships. Zones 1–3 and 4A–4C are
found in the outer Bungulla monzogranite and
zones 5–7 are in the inner Stanthorpe syeno-
granite (Fig. 1). Zone 3 is the least fraction-

1GSA Data Repository item 2006022, supple-
mentary information, Figure DR1, Tables DR1 and
DR2, and element concentrations of individual melt
inclusions from the gold-bearing zone, is available
online at www.geosociety.org/pubs/ft2006.htm, or
on request from editing@geosociety.org or Docu-
ments Secretary, GSA, P.O. Box 9140, Boulder, CO
80301, USA.

ated coarse-grained hornblende-biotite mon-
zogranite and zones 6 and 7 are the most
fractionated rocks with textures (e.g., miarol-
itic cavities and unidirectional solidification
textures) that are indicative of formation near
the magmatic-hydrothermal transition where
fluids coexisted with late-stage melts (e.g.,
Candela, 1997; Mustard, 2004). Based on pet-
rographic contact relationships and geochem-
ical analyses it is envisaged that zones 1–3,
4A–4C, 6A–6B, 5A–5B, and 7 represent in-
dividual pulses of magma (Mustard, 2004).
The whole-rock geochemistry and trace ele-
ment modeling, however, highlight a cogenet-
ic fractionation series that displays higher Rb/
Sr values with increasing SiO2 (Fig. 2; Table
DR1 [see footnote 1]), and thus indicates a
common stratified source region (Mustard,
2004). The magma pulses are tapped from dif-
ferent zones of the stratified magma chamber
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Figure 2. Rb/Sr vs. SiO2 plot from whole-
rock data of different zones in Timbarra plu-
ton. Data display coherent fractionation
trend of increasing Rb/Sr with increasing
SiO2.

Figure 3. Repre-
sentative silicate-
melt inclusions in
quartz and time-
resolved laser ab-
lation inductively
coupled plasma–
mass spectrometry
(LA-ICP-MS) spec-
tra of unexposed
inclusion. A:
Silicate-melt inclu-
sions define pri-
mary growth zone
within 4-mm-
diameter magmatic
quartz grain zone
6. B: Large primary
silicate-melt inclu-
sion containing 1–
2 mm molybdenite
daughter crystal
(identified using la-
ser Raman spec-
troscopy). Most
common phase as-
semblages within
melt inclusions
comprise crystals
of mica, albite (>50
vol%), quartz, ru-
tile, pyrophyllite,
calcite, vapor bub-
bles, and intersti-
tial liquid. Less common phases include biotite, phenacite (Be2SiO4), apatite, tourmaline,
zircon, senarmontite (Sb2O3), scheelite (CaWO4), wulfenite (PbMoO4), hematite, sassolite/
boric acid (H3BO3), molybdenite, sphalerite, and stibnite. Unidentified opaque with spectrum
peak at 250 is thought to be PbBiTe mineral based on Raman analysis. The majority of vapor
bubbles have relatively constant bubble/inclusion volume ratio of 5 vol%, contain no de-
tectable gases, and are interpreted to represent shrinkage bubbles. Occasionally, larger
bubble/inclusion volume ratios of 20–30 vol% are observed with CO2, >N2, >CH4. C: LA-ICP-
MS spectra for gold-bearing silicate melt inclusion from zone 6. Note that gold peak has
strong spatial association with Bi, Sb, Sn, W, and Mo.

and intruded each other. Upon emplacement
the melts underwent in situ crystal fraction-
ation. The early granitic zones are character-
ized by low contents (,1%) of magnetite, ti-
tanite, and ilmenite, whereas the later zones
contain trace magnetite and ilmenite.

Primary magmatic quartz for silicate melt
inclusion analysis was selected from each of
the seven distinctive zones. The melt inclu-
sions range from 5 mm to ;150 mm and con-
tain numerous solid phases (Fig. 3) that were
distinguished by Raman spectroscopy. The
quartz phenocrysts show no signs of resorp-
tion or recrystallization or different genera-
tions of melt inclusions. Based on this and the
chemical evolution of the Rb/Sr in the melt
inclusions, we are confident that the trapped
melt is representative of the zones in which
the inclusions are found. All inclusions were
analyzed in quartz, which commonly is a late
phase to crystallize, and thus minimizes the
chance of trapping melt from a much earlier
stage in the system.

ANALYTICAL METHODS
Individual melt inclusions were analyzed by

laser ablation inductively coupled plasma–
mass spectrometry (LA-ICP-MS) in quartz
crystals that showed very low trace element
content. To quantify the data we used K as an
internal standard from whole-rock analyses
and microprobe analyses of homogenized and
exposed melt inclusions. A detailed descrip-
tion of the data processing is given in the Data
Repository (see footnote 1).

GOLD CONTENT OF SILICIC MELT
INCLUSIONS

Average melt inclusion concentrations of
the individual zones are shown in Table 1 and
single inclusion analyses from the most frac-
tionated zone 6B are given in Table DR2 (see
footnote 1). The nonhomogenized melt inclu-
sions contained several daughter phases and a
shrinkage bubble. They showed complex LA-
ICP-MS spectra (Fig. 3) from which quanti-

tative information on the daughter phases and
element affinities could be obtained by obser-
vation of consistently overlapping peaks in the
spectra. For example, a strong Au affinity for
(Ca)-Fe-Ti phases and an unidentified Pb-Bi-
Te phase has been deduced from overlapping
peaks in several LA-ICP-MS spectra. This is
consistent with the observation that free gold
occurs in spatial association with Pb-Bi and
Ag-Bi tellurides in the ore zones (Mustard,
2001).

Gold was detected in melt inclusions ana-
lyzed from the most fractionated phase of the
pluton (zone 6B) averaging 0. 12 ppm Au
(range 0.02–0.96 ppm, Table DR2; see foot-
note 1). These Au values are in agreement
with the range of experimentally determined
gold solubilities in rhyolitic melts in the pres-
ence of Fe-oxides (Simon et al., 2003). One
melt inclusion from zone 4C and three from
zone 6B returned very high Au concentrations
(range 1. 2–17.2 ppm, Table DR2; see foot-
note 1) and were excluded from the average.
These inclusions contained large visible
opaque phases (Pb-Bi-Te and Ca-Ti phases as
inferred from the LA-ICP-MS spectrum). The
high values are most likely related to a ‘‘nug-
get effect,’’ in which Au is both attached to

and concentrated in those phases rather than
dissolved in the silicate melt. Very small
opaque phases were also found in some melt
inclusions from the most fractionated zones 6
and 7, indicating that oxides were present
throughout the fractionation.

METAL ENRICHMENT DURING
FRACTIONATION

The results of the melt inclusion analyses
from each increasingly fractionated zone are
shown in Figure 4. To assess the metal behav-
ior during fractionation we compared the Sn,
Mo, W, Bi, As, Sb, Cu, Pb, Zn, and Au con-
centrations in the whole rock (Table DR1; see
footnote 1) and in the melt inclusions for each
zone (Table 1). Although Sn, W, Mo, As, Sb,
and Bi are known to be compatible in minerals
like titanite, ilmenite, and magnetite (Candela
and Bouton, 1990; Tacker and Candela, 1987),
or in a fluid phase, all metals are either en-
riched in the melt inclusions, that is the resid-
ual melt, or are equal to the concentration of
the whole rock (e.g., base metals Pb, Zn). This
indicates a generally incompatible behavior of
the metals during crystal fractionation at
Timbarra.

In order to infer the evolution of those met-



GEOLOGY, February 2006 87

T
A

B
LE

1.
A

V
E

R
A

G
E

O
F

M
E

LT
IN

C
LU

S
IO

N
P

O
P

U
LA

T
IO

N
S

IN
T

H
E

D
IF

F
E

R
E

N
T

G
R

A
N

IT
IC

Z
O

N
E

S

Z
on

e
Z

on
e

1
Z

on
e

2
Z

on
e

3
Z

on
e

4A
Z

on
e

4B
Z

on
e

4C
Z

on
e

5A
Z

on
e

5B
Z

on
e

6A
Z

on
e

6B
Z

on
e

7
av

g
st

dv
av

g
st

dv
av

g
st

dv
av

g
st

dv
av

g
st

dv
av

g
st

dv
av

g
st

dv
av

g
st

dv
av

g
st

dv
av

g
st

dv
av

g
st

dv
n

5
9

11
16

10
18

20
10

16
12

31
13

N
a

24
60

13
30

11
80

88
0

28
60

25
20

17
50

89
5

16
30

52
5

14
20

77
0

14
40

15
0

14
70

32
0

15
30

79
0

31
30

29
40

12
50

65
0

A
l

97
00

0
13

70
0

67
20

0
15

25
0

82
80

0
13

50
0

82
60

0
20

40
0

79
97

5
15

39
0

75
60

0
16

47
0

80
90

0
23

70
77

10
0

32
70

78
60

0
26

90
0

79
00

0
86

60
67

80
0

30
30

0
K

42
80

0
35

90
0

35
50

0
40

80
0

39
50

0
37

69
0

38
55

0
35

89
0

38
00

0
36

00
0

40
40

0
C

a
87

90
54

00
29

60
17

30
70

30
58

50
29

10
22

70
38

80
57

30
27

80
21

90
22

00
15

20
24

20
14

10
16

60
91

0
16

40
43

80
15

50
19

30
T

i
11

00
52

0
88

0
35

0
82

0
45

0
81

0
54

0
78

0
35

0
11

40
13

40
69

0
36

0
98

0
94

0
28

0
18

5
26

0
29

0
32

0
24

0
F

e
41

00
22

00
44

20
14

40
18

40
53

0
42

20
29

95
41

30
17

30
43

60
30

10
71

20
13

90
52

35
10

85
41

20
48

50
35

85
32

15
12

01
5

22
84

0
Z

n
80

45
30

15
20

10
30

15
25

10
40

40
25

10
45

30
40

45
60

45
25

20
C

u
45

60
65

15
0

25
20

10
15

10
15

2
2

5
5

20
35

0.
1

1
15

40
2

3
A

s
55

0
13

50
80

13
0

16
0

22
0

70
80

90
18

0
18

0
18

0
10

10
40

40
92

5
10

45
30

70
32

40
65

75
R

b
89

0
43

0
51

0
15

5
38

0
70

68
0

28
0

83
0

14
0

10
90

26
0

62
5

95
57

0
10

5
11

70
29

0
18

75
59

0
98

0
25

0
S

r
70

55
20

10
10

0
60

10
5

10
10

10
10

10
10

5
5

15
20

5
10

10
15

M
o

10
10

5
5

10
10

2
1

12
20

10
5

5
2

5
3

15
10

60
10

0
5

5
A

g
3

3
N

.A
.*

N
.A

.*
2

3
1

1
0.

1
0.

1
N

.A
.*

N
.A

.*
N

.A
.*

N
.A

.*
N

.A
.*

N
.A

.*
N

.A
.*

N
.A

.*
N

.A
.*

N
.A

.*
0.

1
0.

1
S

n
5

2
5

3
2

2
10

5
15

5
30

45
15

3
15

5
75

75
60

0
19

70
40

85
S

b
18

0
44

0
15

30
65

70
25

35
35

55
50

55
2

2
10

10
31

5
51

0
70

5
79

5
15

30
W

10
5

10
10

20
20

15
20

35
85

35
25

20
10

15
5

40
20

15
0

49
5

30
50

A
u

,
D

.L
.†

,
D

.L
.†

,
D

.L
.†

,
D

.L
.†

,
D

.L
.†

,
D

.L
.†

,
D

.L
.†

,
D

.L
.†

,
D

.L
.†

,
D

.L
.†

3.
5

3.
5

,
D

.L
.†

,
D

.L
.†

,
D

.L
.†

,
D

.L
.†

,
D

.L
.†

,
D

.L
.†

0.
12

0.
18

,
D

.L
.†

,
D

.L
.†

P
b

10
0

80
45

20
40

45
20

10
20

10
80

18
0

20
20

20
10

45
55

10
5

11
5

30
35

B
i

20
35

3
4

5
10

2
2

5
5

7
5

3
2

3
1

5
5

25
40

2
3

R
b/

S
r

24
17

37
28

7
7

83
79

12
1

60
25

9
27

4
23

6
33

6
12

7
68

43
4

58
8

36
38

45
87

39
0

32
4

N
ot

e:
M

ea
su

re
d

us
in

g
a

19
3n

m
A

rF
E

xc
im

er
la

se
r

an
d

A
gi

le
nt

75
00

s
IC

P
-M

S
.

A
ll

co
nc

en
tr

at
io

ns
in

pp
m

.
*N

.A
.

5
no

t
an

al
yz

ed
.

N
um

be
rs

in
ita

lic
s

ar
e

1s
st

an
da

rd
de

vi
at

io
n.

T
he

ap
pa

re
nt

va
ria

tio
n

fo
r

so
m

e
el

em
en

ts
w

ith
in

on
e

zo
ne

ca
n

be
du

e
to

m
in

or
en

tr
ap

m
en

to
fa

flu
id

ph
as

e
or

a
sp

ec
ifi

c
da

ug
ht

er
ph

as
e.

T
he

hi
gh

F
e

va
lu

e
in

zo
ne

7
is

du
e

to
2

in
cl

us
io

ns
th

at
co

nt
ai

ne
d

F
e-

ox
id

es
an

d
th

us
sh

ow
ab

ov
e

av
er

ag
e

F
e

co
nc

en
tr

at
io

ns
.

†
,

D
.L

.
5

be
lo

w
de

te
ct

io
n

lim
it.

Figure 4. Metal behavior during increasing
fractionation. Increasing Rb/Sr indicates in-
creasing fractionation and is shown as ref-
erence in all plots. A: Incompatible element
behavior is reflected by increasing metal
concentrations in residual melt. Gold is be-
low detection limits (open symbols repre-
sent lowest detection limit of population of
melt inclusions) for most zones in granite,
except most fractionated (6B) and where
large opaques are present in melt inclusions
(nugget effect; e.g., zone 4C). B: Compatible
trends are characterized by lower metal con-
centrations with increasing fractionation
due to partitioning of metals into crystalliz-
ing phases such as titanite, ilmenite, mag-
netite, molybdenite, and tellurides. C: Ca
shows generally compatible behavior,
whereas As and Sb show incompatible char-
acteristics in later stages. We speculate that
coexisting fluid phase and/or onset of por-
phyritic crystallization may have temporarily
depleted melt in As and Sb in zone 5A.

als and their enrichment factors in the magma,
we compared the melt inclusion results from
the least (zone 3) with the most fractionated
zone (6B). The whole-rock metal content of
zone 3 is very close to average crustal abun-
dances for most of the metals. This implies
that all the metal enrichment happened during
fractionation and no pre-enriched melt existed.
Mo, W, Bi, As, and Sb become more enriched
(5–20 3) during fractionation compared to the
base metals Zn, Pb, and Cu (1–3 3). Gold
shows a slightly higher enrichment factor (40
3) calculated by assuming an average crustal
concentration of Au of 0.003 ppm for the least
fractionated stage. Note that gold was not de-
tected in the least fractionated stage using LA-
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ICP-MS. Tin shows the highest enrichment
during fractionation (300 3).

We suggest that key factors of enriching the
metals in the melt phase were the low content
(,1%) of accessory phases and the absence
of early crystallizing sulfide phases, which
could sequester chalcophile and siderophile
elements (Candela, 1992; Cygan and Candela,
1995; Halter et al., 2002; Jugo et al., 1999;
Keith et al., 1997; Lynton et al., 1993; Stimac
and Hickmott, 1994; Tacker and Candela,
1987). The decreasing concentrations of Fe,
Ca, and Ti in the whole rock with increasing
fractionation limited the occurrence of titanite
to the earlier phases (zones 1–3). Minor Fe-
oxides exist in all zones (melt inclusions with
Fe-oxides from zones 6 and 7), but their mod-
al abundance is low and they did not signifi-
cantly influence the Au content and overall
metal budget of the magma (Simon et al.,
2003). Additional factors, such as (1) volatiles
in the melt, (2) the lack of exsolution of an
early Cl-bearing aqueous fluid, as well as (3)
an increase in the degree of crystallization to
.99% during fractionation, appear to control
the fractionation behavior of Sn, W, Mo, Bi,
As, Sb, and Au. In contrast, the fairly constant
pressure regime and buffered redox conditions
between hematite-magnetite and nickel-nickel
oxide from ;850 8C to 550 8C (Mustard,
2001, 2004) result in an insignificant effect on
the Sn solubility in the melt (Taylor and Wall,
1992; Thomas et al., 2000); incidentally, the
metal that is most enriched in the residual melt
at Timbarra and other granitic systems.

The volatiles fluorine (inferred from fluorite
in the magmatic-hydrothermal transition stage
6B) and boron (boric acid detected by Raman
spectroscopy) decreased the polymerization in
the peraluminous melt. This increased the sol-
ubility of, e.g., W, Sn (London, 1995), and
H2O. Consequently, the crystallization tem-
perature of the melt decreased and thus exten-
sive crystal fractionation and metal enrich-
ment were prolonged. Fluorine suppresses the
exsolution of Cl-rich fluids, and delays Cl-
bearing fluid exsolution (Holtz et al., 1993;
Thomas et al., 2000). Similarly, the enrich-
ment of nonvolatile (e.g., Mo, W, Sn, Bi) and
volatile elements (B, As, Sb) that normally
would show opposite partitioning in a melt-
fluid system implies the absence of early Cl-
rich fluids (London, 1995). We found evi-
dence for CO2-rich fluid exsolution
(coexisting melt and CO2-rich fluid inclu-
sions) during the early stages of fractionation
(Lowenstern, 2001), but these fluids mitigate
metal partitioning since effective partitioning
and transport of most metals (i.e., Sn, Cu, Pb,
Zn) require Cl-rich fluids (Heinrich, 1990;
Lehmann, 1990). Similarly, the small parti-
tioning coefficients for W, Mo, and Sn be-
tween fluid and melt (Keppler and Wyllie,
1991) and the low Cl-bearing fluid/melt ratios
during the early magmatic stages preclude ef-

fective metal removal by a fluid, resulting in
a metal and volatile-rich silica residue. It was
only at the late magmatic-hydrothermal tran-
sition stage and a high degree of crystalliza-
tion that the presence of larger amounts of flu-
id was apparent. The metal-rich hybrid
melt-fluid phase rose and accumulated in the
apical part of the Stanthorpe intrusion. There
the fluid was not spatially separated from the
melt because the fluid pressure was not suffi-
cient to overcome the lithostatic pressure of
the carapace (zone 5), resulting in the dissem-
inated Au mineralization style at Timbarra
(zones 6 and 7). Magmatic mineralization oc-
curred by cooling of the metal-rich melt and
subsequent molybdenite saturation, followed
by gold but not cassiterite due to its high
solubility.

CONCLUSIONS
We propose that the very consistent enrich-

ment factors for Mo, W, Bi, As, Sb, and Au,
and base metals Cu, Pb, and Zn are due to a
common process such as crystal fractionation
and metal incompatible behavior, respectively.
The much higher enrichment of Sn is possibly
related to its completely incompatible behav-
ior and its high solubility compared to some
of the other metals that precipitated in the hy-
drothermal stage (e.g., molybdenite; Fig. 3).
The similar enrichment factors for Au and,
e.g., Mo, W, and Bi from average crustal val-
ues indicate that no gold-enriched melt is
required.

Fractionation processes alone can account
for the enrichment of metals to economic lev-
els as long as they are not sequestered from
the melt phase by either fluids or minerals.
This may be a stringent case, but likely for
highly fractionated, deep-seated (5–10 km)
systems with Cl-poor fluids and low sulfide
content (#1%) such as intrusion-related gold
systems.
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