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Figure 8 Thin section of Pioneer batholith sample 001. Amphibole pictured with
intergrowths of plagioclase. Thin section is under cross-polarized light.
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4.2.2 Granite

Granites of the Pioneer batholith are crystalline and range from coarse to fine grained.
These rocks are alkaline dacites, with a few samples extending into the rhyolite field. Detailed
microscope work on the most evolved Pioneer batholith samples revealed that they are entirely
free of entrained cumulate material and have much smaller proportions of amphibole and
plagioclase.

Petrographically, the granites have abundant potassium feldspar (45%), plagioclase
(20%), and quartz (~15%) with biotite (10%) and amphibole (5 - 10%). Textures range from
medium subhedral and anhedral granular to coarse-grained granular to porphyritic. Porphyritic
granites are shown in Figure 9, large individual grains of plagioclase, amphibole, quartz are

surrounded by a groundmass of quartz and plagioclase.

4.2.3 Relationship between the Monzonite and Granite

The monzonites and the granites have similar patterns of REE even with the minor
enrichment of the later in most trace elements. Despite the contrasting concentrations of major
elements, we can still infer from the REE diagrams that these units share similar parental
magmas (e.g. MgO, SiO2, Fe»03, Ca0, etc.) observed in these units (Figs. 4 & 6).

Plagioclase and amphibole are pervasive in the monzonites and to a lesser extent the
granites which are indicative of a shared origin. The reduction of plagioclase and amphibole
concentrations from the monzonite to granite in thin section along with REE patterns allow us to
recognize a possible fractionating assemblage that can be used to model the magmatic variation

detected in the Pioneer batholith.
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The gap in SiO2 content between the monzonites and granites can be caused with only a
minor amount of fractional crystallization. This occurrence can be explained by the Daly gap

which reflects the dynamics of fractional crystallization and the phases involved.

Figure 9 Thin section of Pioneer batholith sample 001. Large grains of plagioclase with
albite twinning and amphibole are present with some interstitial quartz grains. Thin section is
under cross-polarized light.
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5 DISCUSSION
The goals of this study are to document the nature and source of the Pioneer batholith and
compare it with the Boulder batholith; both are associated with the subduction of the Farallon
plate. Another goal is to propose a magmatic evolution model for the Pioneer and Boulder

batholiths.

5.1 Chemical and mineralogical variation of SW Montana batholiths

The emplacement dates for the Pioneer, Boulder, and Idaho batholith overlap, ranging
from 78-73 Ma. This section presents a discussion of chemical and mineralogical evidence
suggesting that the Pioneer batholith and Boulder batholith were produced from the same parent
material. Fractionation modeling, variation diagrams, thin section analysis, geochemical data,
REE, and Spider diagrams were used and cross-referenced to produce evidence for the similar
sources for the Pioneer and Boulder batholiths.

The spectra observed for the post-intrusive Lowland Creek Volcanics associated with the
Boulder batholith are similar to initial strontium ratios for the Pioneer batholith, which range
from 0.7064-0.7098 (Hammarstrom, 1982). The Sr ratios indicate a crustal components
interaction with the melt produced from the subducting Farallon plate for both the Pioneer and
Boulder batholith. This is one identifying factor suggesting that they are from the same source.

The TAS diagram (Figure 10) shows Boulder batholith samples plotting within the range
of the Boulder batholith samples from du Bray et al., 2012. The silica-rich Pioneer batholith
samples plot within the range of Boulder batholith samples from du Bray et al., 2012 as well.
Pioneer batholith samples all plot within the Idaho batholith sample range suggesting that they
are compositionally homogeneous. The Pioneer batholith samples plot in the basalt, basaltic

andesite, and dacite fields with a noticeable gap of andesite compositions.
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Figure 10. TAS diagram, all samples. Blue diamonds are Pioneer batholith
samples; red triangles are Boulder batholith samples. Yellow blob represents Idaho
batholith sample field from Clarke, 1990 and red blob represents the Boulder batholith
sample field from du Bray et al., 2012.

If a smooth curve is drawn on the Al,O3 diagram, Al.Oz increases until about 57 wt.% SiO>
and then decreases. Comparing this to the CaO variation diagram, CaO decreases continuously
showing possible clinopyroxene fractionation early on, removing Ca and not Al, and later as
plagioclase began to crystallize it removed both Al and Ca. The trends in these diagrams possibly
suggest fractional crystallization of plagioclase, amphibole, and apatite.

Figure 11 presents the Harker variation diagrams for the Pioneer and Boulder batholiths.

When viewed together they show a smooth trend which suggests a comagmatic relationship

between the two batholiths. The Pioneer batholith samples are bimodal, comprised of silicic and



with some overlap of silicic within the silicic samples.
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mafic compositions while the Boulder batholith fills most of the intermediate composition gaps
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Figure 11. Harker variation diagrams. Blue diamonds represent the Pioneer

batholith and orange squares represent the Boulder batholith samples. Boulder batholith

samples follow a smooth trend in line with the Pioneer samples and bridge the gap
between the low and high silica members.
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The Pioneer and Boulder batholith samples both have geochemical signatures similar to
subduction zone magmas, showing enrichment in large ion lithophile elements (LILE) relative to
high field strength elements (HFSE) and light earth elements (LREE). They both have Nb and Ta
troughs which imply a subduction-related source and possibly amphibole fractionation. Figure 12
shows Spider and REE diagrams comparing the Pioneer batholith to the Boulder and Idaho
batholith samples. The high silica Pioneer batholith samples show little variation from the high
silica Boulder batholith trace elements suggesting a similar parent material. Both have elevated
Hf — Zr which could imply extensive liquid evolution or an enriched source material. The source
for both batholiths is believed to be the interaction of the Farallon plate with crustal components
as it subducted beneath the North America Plate in Late Cretaceous.

We have established that the Pioneer and Boulder batholiths are likely derived from the
same parent magma, a statement reinforced by their comparable REE patterns (Figure 12) and
similar mineralogy. This realization permitted us to test for crystal fractionation as the key
process driving magmatic evolution between the two batholiths. Fractionation modeling using a
calculated parent material for the Pioneer batholith shows that plagioclase and amphibole are the
main phases that fractionated from the melt. This can be directly correlated to thin section
analysis, Spider, REE, and variation diagrams (Figures 11, 12, 13, 14, 15).

Diagnostic trace elements from the Pioneer batholith (Dy, Yb, La) are also consistent
with the fractionating assemblage being dominated by plagioclase and amphibole. Amphibole
appears throughout the magmatic differentiation process — as evidenced by thin section
observations and REE diagrams, and thus amphibole fractionation is one key component in our
modeled crystal fractionation schemes. Specifically, we have shown that amphibole fractionation

(~37% of the
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Figure 12. REE and Spider diagrams. Black lines represent Pioneer batholith
samples. Shaded pink fields represent Boulder batholith samples, and shaded green areas
represent Idaho batholith samples from Clarke 1990.
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fractionating assemblage) can be linked to the magmatic evolution of the Pioneer
batholith from basalt to dacite, and thus may represent a liquid line of descent.

The second key factor diving magmatic evolution is plagioclase fractionation. Thin
section analyses and variation diagrams first revealed evidence for fractionation. After testing for
crystal fractionation, it was shown that the plagioclase dominated fractionation (~50% of the
fractionation assemblage) could also be linked the magmatic evolution.

Eu troughs in the Spider and REE diagrams for the silicic Pioneer samples along with the
steady decrease of Eu and Sr as SiO> content increases is a characteristic of plagioclase
fractionation. This is due to isomorphic substitution of Eu and Sr for Ca and Na in plagioclase
resulting in troughs or peaks depending on whether plagioclase fractionation or accumulation is
occurring. The Sr spike on the REE and Spider diagrams for the mafic Pioneer samples correlate
with the abundance of plagioclase in the more mafic thin sections. Whereas the more silicic
samples show slight Eu and Sr troughs, representing fractionation of plagioclase. This can be
correlated with thin section analyses showing an abundance of plagioclase with accumulate
texture in the mafic samples and much less plagioclase in the more silicic samples.

Figure 13, a diagram showing Dy/Yb ratio decreases at ~67 wt% SiO; indicating some
amphibole fractionation (Keshavarzi, Esmaili, Kahkhaei, Mokhtari, & Kordlou, 2014). This is
verified in thin section due to a decrease in amphibole abundance as SiO2 content increases.
Steady decreases seen in trace element variation diagrams, in P2.Os with increasing SiO> content,
can be attributed to apatite fractionation (Keshavarzi et al., 2014). Apatite fractionation is a

minor factor in magma differentiation relative to amphibole and plagioclase fractionation.



36

200

1.90 | .

%

*e

1.10 |

1.00 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L )
47.0 52.0 57.0 62.0 67.0 72.0

Si02

Figure 13 Dy/YB vs SiOz. The decrease of the Dy/Yb ratio as SiO> decreases is indicative
of amphibole fractionation.

The Ba/Sr vs. SiO> diagram (Figure 14) shows that plagioclase and not K-feldspar was the
fractionating component due to increasing Ba/Sr ratio from the mafic to silicic components. This
is also verified in my thin section reports. Figure 15 a CaO/Al>O3 vs. (MgO/(MgO + Fe203)
diagram shows an increase in CaO/Al,O3 as Mg# decreases (more evolved liquids); this is an
indication of the removal of plagioclase which takes CaO and Al.O3 with it as it fractionates
from the melt. The MgO# represents the more mafic melts as SiO; varies little in these liquids,
the CaO/Al>03 vs. SiO> represents the removal of plagioclase across the entire suite of PM

samples.
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Figure 14 Ba/Sr vs SiO2 showing fractionation of plagioclase. Ba/Sr ratios increase as
SiO2 content increases showing plagioclase and not potassium feldspar was the dominant
fractionating phase.

The geochemical data presented shows that Pioneer and Boulder batholith are
comagmatic and that crystal fractionation is the main process leading to their magmatic diversity.
The issue about the relative locations of the Boulder and Pioneer batholiths has not yet been
explained. The involvement of the Sapphire Block leading to the emplacement of the Boulder
batholith could have influenced the location of the Pioneer batholith and possibly its magma
generation as well. The movement of the Sapphire block may have been responsible for the

injection of the Pioneer batholith to the southeast due to depression it caused (Hyndman et al.,

1975).
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Figure 15 CaO/Al;0z3vs. MgO/(MgO + Fe203).The MgO# represents the more mafic
melts as SiOz varies little in these liquids, the CaO/Al>O3 vs. SiO> represents the removal of
plagioclase across the entire suite of PM samples.

6 CONCLUSIONS

The Late Cretaceous Pioneer and Boulder batholiths are a product of the subduction of the
Farallon plate beneath the North American plate. A subduction zone source is evident in
geochemical signatures similar to subduction zone magmas in REE diagrams. Comparable Sr
ratios for Pioneer batholith and Boulder batholith indicate a crustal component interaction with
the melt.

Smooth trends on Harker variation diagrams and little variation between high silica Pioneer
and Boulder batholith trace elements suggest a comagmatic relationship between the two

batholiths. Overlapping emplacement dates for the Pioneer and Boulder batholiths (78-73 Ma)
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agree with a comagmatic relationship. Once a comagmatic relationship was established between
the Pioneer and Boulder batholiths we tested for crystal fractionation as the key process driving
magmatic evolution between the two batholiths. The Pioneer batholith samples are bimodal,
comprised of silicic and mafic compositions while the Boulder batholith fills most of the
intermediate composition gaps with some overlap within the silicic samples. The bimodal nature
of the Pioneer batholith samples implies extensive liquid evolution which was shown by elevated
Hf — Zr.

Modeling revealed that plagioclase and amphibole fractionation where the driving forces of
the extensive liquid evolution seen in the Pioneer batholith. The reduction in proportions of
amphibole and plagioclase, analyzed in thin section, from the mafic to silicic end-member was
also evidence for crystal fractionation. Trace element data were also consistent with these two
phases being the dominant fractionated material leading to the bimodal Pioneer batholith.

Amphibole fractionation may significantly influence the major element concentration in
continental arc lavas and plutons. Amphibole contains significantly less SiO2 and more TiO; than
basalt, and thus during fractionation, the liquid composition would be efficiently driven to higher
SiO2 and lower TiO2. Furthermore, it is within amphibole fractionation zones that water-rich
magmas can become stalled during fractionation, driving the interstitial liquids to more evolved
compositions. Differentiation of magmas in crustal reservoirs in conditions relevant for the for
the emplacement of crustal plutons is critical for understanding the genesis of dacites and
andesites and to completely produce a cortical model for the evolution of the Earth’s continental
crust.

The geochemical data presented shows that Pioneer and Boulder batholith are

comagmatic and that crystal fractionation is the primary process leading to their magmatic
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diversity. The issue about the relative locations of the Boulder and Pioneer batholiths has not yet
been explained and are outside the goals proposed for my research. Nonetheless, the involvement
of the Sapphire Block leading in the emplacement of the Boulder batholith could have influenced
the location of the Pioneer batholith and possibly its magma differentiation processes as well.
Future models that are outside of the scope of this research must consider the evidence proposed
in this document in order to produce an overarching model for the emplacement of the Pioneer

and Boulder batholiths.
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BB-11

64.73
0.64
15.27
5.47
0.09
2.40
4.16
2.82
4.24
0.19
155.60
223.10
443.35

109.81

19.92
23.75
14.62
763.65
42.12
81.49
8.86
31.60
5.42
1.09
4.75
0.67
4.04
0.83
2.45
0.37
2.51
0.38
6.29
1.13
14.99
21.54
4.28
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Sample
Si02
TiO2
Al203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Rb

Zr

Sr
V-ICPMs
Cr-ICPMS
Y

Nb

Ba

La

Ce

Pr

Nd

Sm

Eu

Gd

Th

Dy

Ho

Er

Tm

Yb

Lu

Hf

Ta

Pb

Th

U

BB-10

64.79
0.63
15.49
5.35
0.09
2.30
414
2.84
4.16
0.19
157.84
220.81
460.38
105.86
20.18
22.82
14.38
802.64
44.71
83.74
8.91
31.48
5.38
1.13
4.63
0.65
3.84
0.80
2.31
0.35
2.35
0.37
6.07
1.08
17.28
22.51
4.43

BB-09

65.26
0.60
15.35
5.16
0.09
2.21
3.97
2.86
4.31
0.18
170.35
234.16
441.12
100.83
18.28
23.65
15.00
746.76
40.82
80.58
8.73
31.39
5.39
1.08
4.70
0.67
4.00
0.82
2.40
0.36
241
0.38
6.50
1.09
18.29
24.46
4.52

BB-08

67.64
0.49
15.14
4.22
0.07
1.63
3.24
2.73
4.69
0.15
176.79
188.94
411.36
79.08
11.49
21.81
14.33
854.74
45.50
86.83
9.07
31.42
5.18
1.00
4.40
0.61
3.64
0.76
2.27
0.35
2.31
0.36
5.57
1.07
15.70
30.86
5.69

BB-07X

65.56
0.49
15.79
4.81
0.08
2.01
4.16
3.10
3.81
0.18
127.33
171.93
508.51
89.87
14.96
20.16
10.97
775.02
32.58
62.32
6.86
25.17
4.50
1.07
4.04
0.56
3.46
0.71
2.06
0.32
2.08
0.33
491
0.80
15.46
17.65
3.71

BB-07

65.55
0.49
15.74
4.86
0.08
2.02
4.18
3.07
3.82
0.18
131.50
174.17
520.71
92.55
15.63
20.81
11.38
795.24
33.28
63.00
6.97
25.81
4.74
1.07
4.15
0.59
3.59
0.73
2.12
0.32
2.16
0.35
5.04
0.83
15.74
17.04
3.77

47



Sample
Si02
TiO2
Al203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Rb

Zr

Sr
V-ICPMs
Cr-ICPMS
Y

Nb

Ba

La

Ce

Pr

Nd

Sm

Eu

Gd

Th

Dy

Ho

Er

Tm

Yb

Lu

Hf

Ta

Pb

Th

U

BB-06

58.55
0.79
17.10
7.44
0.14
3.31
5.76
3.88
2.75
0.28
159.29
181.37
509.44
145.39
17.61
21.92
16.76
451.03
38.23
77.14
8.47
30.12
5.22
1.11
4.54
0.62
3.69
0.78
2.26
0.35
2.38
0.39
5.18
1.26
12.46
12.24
4.77

BB-05
67.01
0.36
16.52
3.72
0.09
1.26
4.20
3.96
2.70
0.17
69.35
134.47
810.66
48.86
11.44
14.37
12.98
1137.53
29.04
56.03
5.67
20.11
3.39
0.95
2.90
0.40
2.40
0.49
1.47
0.23
1.58
0.26
3.63
0.71
10.68
7.26
1.43

BB-04X
62.34
0.58
16.66
6.11
0.13
2.22
5.27
3.68
2.78
0.23
67.32
184.48
795.72
99.60
10.31
22.31
13.15
1115.15
30.28
59.31
6.81
25.66
4.87
1.33
4.42
0.63
3.76
0.79
2.31
0.35
2.34
0.36
4.78
0.87
12.62
8.57
1.26

BB-04
62.36
0.58
16.60
6.11
0.13
2.26
5.30
3.67
2.76
0.23
65.94
188.68
799.88
100.33
9.74
22.24
13.43
1149.08
30.19
590.71
6.75
25.70
491
131
4.41
0.62
3.76
0.80
2.29
0.35
2.38
0.38
4.87
0.83
12.22
8.59
1.21

BB-03

61.49
0.55
16.07
6.61
0.13
2.92
5.69
3.45
2.84
0.26
67.11
158.19
767.88
120.04
26.48
20.97
11.29
901.21
29.17
56.87
6.46
24.80
4.64
1.20
4.25
0.60
3.60
0.75
2.15
0.33
2.18
0.35
4.36
0.71
13.95
7.21
1.23
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Sample
Si02
TiO2
Al203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Rb

Zr

Sr
V-ICPMs
Cr-ICPMS
Y

Nb

Ba

La

Ce

Pr

Nd

Sm

Eu

Gd

Th

Dy

Ho

Er

Tm

Yb

Lu

Hf

Ta

Pb

Th

U

BB-02X
65.26
0.54
15.43
5.00
0.10
2.19
4.02
3.37
3.91
0.18
102.02
238.62
583.36
91.12
33.16
19.52
16.39
1013.08
30.58
59.16
6.55
24.25
4.43
1.07
3.97
0.55
3.31
0.69
2.05
0.32
2.16
0.34
6.29
0.96
18.33
10.86
0.96

BB-02
65.25
0.54
15.45
4.97
0.10
2.18
4.02
3.39
3.91
0.18
100.69
236.71
578.56
89.54
31.93
19.37
16.37
1000.84
29.90
57.94
6.41
23.87
4.33
1.07
3.84
0.54
3.25
0.69
2.00
0.31
2.11
0.34
6.29
0.97
18.06
10.86
0.98

BB-01

64.84
0.57
15.41
4.97
0.09
2.26
3.87
3.39
4.43
0.17
126.59
251.88
545.30
97.60
48.79
19.54
19.57
978.07
34.52
65.98
7.14
25.86
4.59
1.04
4.00
0.56
3.32
0.68
1.99
0.31
2.11
0.33
6.70
1.16
18.25
12.96
1.25
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Sample

Si02
TiO2
Al203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Rb

Zr

Sr

V-
ICPMs
Cr-
ICPMS
Y

Nb

Ba

La

Ce

Pr

Nd
Sm
Eu

Gd

Th

Dy
Ho

Er

Tm
Yb

Lu

Hf

Ta

Pb

Th

U

PMO11

70.07
0.36
15.09
3.45
0.07
1.05
3.27
3.30
3.21
0.12
109.20
153.56
389.71

43.57

6.44
18.70
13.33

965.49
27.75
56.09

6.54
24.31

4.50

1.20

4.02

0.58

3.19

0.64

1.75

0.28

1.85

0.28

4.22

1.13
20.81

8.34

2.02

PM-010
redo

67.92
0.45
15.56
4.23
0.08
1.58
3.91
3.38
2.74
0.14
93.36
175.67
387.85

66.33

8.65
21.24
14.39

770.17
38.57
73.73

8.00
28.39

4.97

1.14

4.29

0.62

3.64

0.75

2.17

0.34

2.31

0.37

4.99

1.18
18.07
12.73

3.56

PM010

67.45
0.46
15.73
4.33
0.09
1.60
3.98
3.42
2.79
0.14
97.63
170.56
379.06

68.30

9.35
20.81
14.40

770.34
37.49
73.05

7.80
28.21

4.88

1.14

4.16

0.60

3.54

0.73

2.13

0.33

2.24

0.36

4.79

1.15
17.79
12.46

3.45

PM-009

70.21
0.28
16.36
2.30
0.04
0.50
3.02
4.37
2.82
0.09
80.00
189.45
505.96

20.34

4.90
11.10
13.41

1112.39
29.49
56.18

5.82
19.66

3.18

0.82

2.55

0.35

1.89

0.37

1.02

0.16

1.08

0.17

4.91

0.84
13.01

6.99

1.96

PM-008

68.42
0.37
16.17
3.38
0.08
1.04
3.71
3.62
3.05
0.14
98.16
175.35
477.65

40.41

3.24
18.87
15.32

987.89
30.06
60.17

6.81
25.15

4.48

1.16

3.88

0.55

3.15

0.64

1.82

0.30

1.94

0.31

4.72

1.15
22.13

8.63

2.14

PM-007
repeat

68.66
0.37
15.77
3.74
0.09
1.13
3.51
3.39
3.18
0.14
103.06
178.72
458.15

44.76

4.93
20.66
14.87

1059.95
33.38
65.45

7.27
26.58

4.74

1.19

4.25

0.62

3.63

0.74

2.15

0.33

2.23

0.35

4.87

1.08
21.04

9.48

2.74

PM-007

68.38
0.39
15.82
3.80
0.09
1.16
3.57
3.43
3.21
0.15
106.74
176.90
468.06

46.36

4.58
20.67
15.37

1071.12
32.79
64.32

7.16
25.92

4.75

1.15

4.09

0.58

3.48

0.72

2.08

0.32

2.19

0.35

4.70

1.05
20.79

9.29

2.92
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Sample
Si02
TiO2
Al203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Rb

Zr

Sr

V-ICPMs

Cr-
ICPMS
Y
Nb
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Th
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Pb
Th
U

PM- PM- PM-
006redo2 006redol 005repeat
68.61 68.52 68.46
0.37 0.37 0.38
15.85 15.87 15.89
3.63 3.67 3.64
0.08 0.08 0.09
1.15 1.16 1.15
3.57 3.58 3.71
3.45 3.43 3.44
3.15 3.17 3.10
0.14 0.14 0.15
103.18 105.00 92.62
177.42 187.73 185.95
466.79 486.29 475.72
43.32 44.16 43.09
6.91 6.81 4.31
16.29 17.19 21.30
12.81 13.38 15.00
1029.56 1081.75 1048.13
27.76 29.97 36.77
53.38 57.09 71.88
5.87 6.29 7.80
21.15 22.77 28.19
3.72 3.97 4.84
1.04 1.09 1.22
3.23 3.43 4.16
0.46 0.49 0.61
2.74 2.91 3.50
0.57 0.62 0.72
1.69 1.77 2.07
0.26 0.27 0.34
1.84 1.97 2.19
0.30 0.32 0.36
4.82 5.07 4.97
0.86 0.93 1.10
20.71 21.10 21.58
7.88 8.18 9.44
2.00 2.08 1.80

PM-005

68.47
0.38
15.89
3.61
0.08
1.16
3.71
3.46
3.09
0.15
94.53
182.17
467.78
42.97

4.35
19.76
14.88

1043.47
34.11
66.60

7.40
27.04

4.56

1.20

4.00

0.57

3.32

0.69

2.00

0.32

2.16

0.33

4.92

1.06
21.48

8.98

1.86

PM-004 PM-003

48.57
1.19
18.19
10.82
0.18
6.75
9.94
2.80
1.27
0.29
27.35
100.65
689.28
243.60

187.58
24.01
10.33

543.61
22.71
46.48

5.81
23.91
4.86
1.47
4.69
0.72
4.20
0.88
2.52
0.39
2.47
0.37
2.80
0.56
4.65
2.12
0.45

50.41
1.05
18.68
10.16
0.16
6.12
8.84
2.52
1.83
0.22
46.91
105.88
672.03
209.42

40.36
18.22
11.27
708.61
23.28
45.20
5.22
19.50
3.67
1.20
3.58
0.54
3.22
0.67
1.90
0.29
191
0.30
2.86
0.62
5.19
4.06
0.81

PM-002

47.52
1.21
20.91
11.42
0.17
4.13
10.09
3.41
0.78
0.35
14.69
113.97
866.69
202.80

9.50
30.95
8.97
388.33
24.74
52.70
6.97
30.52
6.52
1.88
6.24
0.93
5.48
1.15
3.20
0.48
3.02
0.45
2.86
0.40
5.68
1.15
0.33
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Sample

Si02
TiO2
Al203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Rb

Zr

Sr

V-
ICPMs
Cr-
ICPMS
Y

Nb

Ba
La

Ce
Pr
Nd
Sm
Eu
Gd

Th

Dy

Ho

Er
Tm
Yb

Lu
Hf

Ta
Pb

Th

U

PM-001

55.73
0.69
21.11
6.44
0.09
2.46
8.30
3.96
0.95
0.26
22.16
148.82
892.69

106.67

19.02
16.46
7.64
437.34
24.39
42.36
4.77
18.81
3.61
1.29
3.54
0.51
3.00
0.61
1.71
0.25
1.59
0.23
3.53
0.47
6.94
5.86
0.84
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