


































































































































 
 

 

 

 

carbonatite during field work for the present study was not successful. However, in this 

search near the reported carbonatite location, an outcrop of highly mafic igneous rock 

was encountered (Fig. 20), which could fit with a carbonatite-forming environment 

(Yaxley et al., 2022). Calcite occurring as fracture fillings and surface coatings on this 

mafic rock were dated as part of the U-Pb geochronology effort described above. 

Figure 20: Photograph of outcrop of mafic igneous rock with calcite fracture fillings in the southwestern 

part of the Lemhi Pass district, near the location of the carbonatite dike reported by Staatz (1979). 

Figure 21 compares the elemental compositions (as atomic ratios relative to Na) 

of fluid inclusions in Lemhi Pass quartz and fluorite with those in fluid inclusions hosted 

by quartz from the Karasug carbonatite, by fluorite from the Ulatay carbonatite, both 

from the Tuva region of Russia, (Prokopyev et al., 2012), by fluorite from the Amba 

57 



 
 

 

Dongar carbonatite in western India (Singh et al., 2022), and from the most likely 

contributing fluids from Yardley (2005) discussed in Figure 19. The major element, base 

metal, and U atomic ratios with respect to Na of Lemhi Pass fluid inclusions on the whole 

correspond well with those of fluid inclusions from the three carbonatites considered. 

The correspondence for REE/Na and Th/Na ratios is less clear, in part because of the 

incompleteness of the Karasug and Ulatay data sets. For the three REE's for which 

concentration data are provided by Prokopyev et al (2012), Lemhi Pass fluid inclusions 

have La/Na and Ce/Na ratios that resemble those ofKarasug fluid inclusions but are 

much lower than those ofUlatay fluid inclusions. In addition, Lemhi Pass fluid 

inclusions have REE/Na ratios much lower than those of Amba Dongar fluid inclusions, 

though interestingly, the trends of REE/Na ratios with respect to atomic number resemble 

one another. This similarity in trends may point to a possible similar geochemical origin 

for the two fluids where the displacement for any given atomic REE/Na ratio in the two 

sets of fluid inclusions may point to the effects of dilution by a Na-poor fluid, which 

would shift the REE/Na ratios upward. Indeed, Singh et al. (2022) report the Amba 

Donger fluid inclusions to have very low salinities of only 0.4 to 2.2 equiv. wt.% NaCl, 

which they attributed to dilution by meteoric water. Lemhi Pass fluid inclusions have 

Th/Na ratios between those of the Karasug and Ulatay fluid inclusions. Singh et al. 

(2022) did not report fluid inclusion Th concentrations for the Amba Dongar carbonatite. 

Thus, although the fluid inclusion composition comparison in Figure 21 is not definitive, 

it provides permissive evidence that the Lemhi Pass mineralizing fluids could have been 

derived from a carbonatite. 
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Figure 21: Comparison of atomic ratios of various elements relative to Na in fluid inclusions in Lemhi 

Pass quartz and fluorite with those in hydrothermal quartz and fluorite from the Karasug and Ulatay 

carbonatites in the Tuva region, Russia (Prokopyev et al., 2012), and the Amba Dongar carbonatite in 
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western India (Singh et al., 2022). (A) Compares major elements, rubidium, base metals, and uranium, and 

(B) compares the REE's and Th. 

A curious characteristic of the Lemhi Pass district is the dearth of base metal 

sulfide mineralization, despite the relatively high base metal concentrations found in fluid 

inclusions. The exception is the Copper Queen deposit, though it appears to predate the 

Th-REE mineralization and to be genetically unrelated to it (Statz, 1979). This absence 

of base metal sulfide mineralization in the district may be explained by the relatively 

acidic pH of the fluids, of2.3 to 2.6, which would have inhibited base metal sulfide 

mineral precipitation. Alternatively or in addition, base metal sulfide mineral 

precipitation could have been inhibited by low concentrations of sulfide in the 

mineralizing fluids, either because the total sulfur concentration in the fluids was low or 

because the fluids were oxidizing enough to cause sulfur to be predominantly in the form 

of sulfate rather than sulfide. The sulfur content of fluid inclusions was not measured in 

the present study as it is difficult to quantify using LA-ICP-MS. Possible evidence for 

the oxidizing nature of the mineralizing fluids may lie in the prevalence of hematite and 

barite in the district, with the prevalence ofbarite suggesting that the mineralizing fluids 

were not sulfur-poor. 

The Lemhi Pass mineralizing fluids do not appear to have been exceptionally Th­

or REE-rich. Most of the fluid inclusions analyzed in this study did not contain 

detectable concentrations of Th or REEs. In those that did, Th concentrations ranged 

from about 1 to 12 ppm and REE concentrations mainly ranged from tenths to 10s of 

ppm, with a few larger outliers of 100s of ppm to a maximum of 1400 ppm (La). This 

suggests that anomalously high Th and REE concentrations in the mineralizing fluids 
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were not a driving factor in the formation of the Lemhi Pass deposits, despite the high 

potential solubility of Th and REEs in the fluids due to their high Cl and F 

concentrations, which are effective complexing agents for Th and REE's 
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CONCLUSIONS 

The present study has identified some fundamental characteristics of the Lemhi 

Pass mineralizing fluids. Fluid inclusion microthermometry analyses showed the 

mineralizing fluids to have been overall saline but also to range widely in salinity, partly 

as a function of mineral host and location. In quartz-hosted fluid inclusions, salinities 

ranged from 12 to 31.1 equiv. wt. % NaCl and in :fluorite-hosted fluid inclusions, 

salinities ranged from14 to 25.2 equiv. wt.% NaCl. Quartz-hosted fluid inclusions in the 

Lucky Horseshoe deposit tended to be the most saline with salinities ranging from 17 to 

31.1 equiv. wt.% NaCl compared to about 12 to 25 equiv. wt.% NaCl for the Last 

Chance, Apex Vein, and Agency Claim deposits. Homogenization temperatures indicate 

fluids to have been relatively hot overall, but to vary widely in temperature and 

systematically with respect to mineral host and location. Fluorite-hosted fluid inclusions 

tended to have lower Th values from 76° C to 174° C. Quartz-hosted fluid inclusions 

from the Last Chance, Apex Vein, and Agency Claim deposits had somewhat higher Th 

values from about 100 to 230° C. This quartz was mainly associated with chlorite, which 

is paragenetically earlier than :fluorite, suggesting that the mineralizing fluids may have 

cooled over time. Quartz-hosted fluid inclusions from the Lucky Horseshoe deposit had 

the highest Th values, ranging from 176° C to 392° C. The higher overall salinities and 

Th values of Lucky Horseshoe fluid inclusions compared to the other deposits studied 

suggest that a different fluid or process may have been operating at Lucky Horseshoe 

than at the other deposits, possibly also at a different time. However, the salinities and Th 

values in all of the deposits studied are high enough to indicate that the mineralizing 
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fluids were deeply circulating (hypogene) brines rather than dilute meteoric fluids in a 

supergene environment. 

The fluid inclusion homogenization temperatures provide only minimum 

estimates of the Th-REE mineralization temperatures. Combining the fluid inclusion 

microthermometry results with Zr-in-rutile geothermometry for samples from the Last 

Chance mine suggest that the mineralization there likely formed at temperatures between 

468 and 538° C and pressures between 4.9 and 9.8 kbars, corresponding to depths 

between about 18 and 33 km. The presence of both brittle and ductile deformation 

features in the district and the absence of high-grade metamorphic minerals in the district 

suggests the lower end of the 4.9 to 9.8 kbar pressure range to be more likely. 

The pressure and temperature data generated in this study suggest that the Lemhi 

Pass fluids originated in a metamorphic or magmatic environment. However, the Lemhi 

Pass fluid inclusion compositions obtained from LA-ICP-MS analysis do not well match 

the typical metamorphic or magmatic fluid compositions compiled by Yardley (2005). 

The Lemhi Pass fluid inclusion compositions more closely match those in carbonatites 

from the Tuva region in Russia and Amba Dongar, India, offering permissive evidence 

that the Lemhi Pass mineralizing fluids were derived from carbonatite. The Lemhi Pass 

fluids also match reasonably well the range of aqueous fluid compositions considered that 

were derived from silicic magmas. 

The Lemhi Pass mineralizing fluids do not appear to have been particularly Th­

or REE-rich. Most of the fluid inclusions did not contain detectable concentrations of Th 

or REEs. Those that did had REE concentrations mostly in the range of tenths to 1 Os of 

ppm and Th concentrations from about 1 to 12 ppm. Thus, the richness of the Th-REE 
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mineralization at Lemhi Pass does not seem to be a result of the action of fertile fluids, 

despite the high Th and REE solubility in the mineralizing fluids, based on their high Cl 

and F concentrations. The richness of the mineralization may instead be the result of 

highly efficient Th and REE precipitation mechanisms, focused solute flux, or a long 

duration of mineralization. 

Based on the fluid inclusion LA-ICP-MS analyses, the Lemhi Pass mineralizing 

fluids were likely relatively rich in base metals, with Zn and Pb concentrations up to 

1 000s of ppm and Cu concentrations up to 1 00s of ppm. Despite these high fluid metal 

concentrations, Lemhi Pass contains little base metal sulfide mineralization. Base metal 

sulfide mineral precipitation may have been inhibited by the low pH of the mineralizing 

fluids, which may have been between 2.3 and 2.6 at the Lucky Horseshoe deposit. The 

prevalence of hematite and barite in the Lemhi Pass district suggests that the mineralizing 

fluids were oxidizing, which could further have inhibited base metal sulfide mineral 

precipitation in that most of the dissolved sulfur in the mineralizing fluids would have 

been in the form of sulfate rather than sulfide. 
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Sample 

ID 
Chip  

ID 
FIA 
ID 

Mg/Na K/Na Ca/Na Ti/Na Fe/Na Cu/Na Zn/Na Rb/Na Sr/Na La/Na Ce/Na Pr/Na 

1 LPLH2 1 1 
 Mean   2.9E-01 8.2E-01 2.9E+00 1.5E-02 - 1.3E-01 4.6E-01 1.9E-03 3.0E-03 3.8E-04 3.5E-04 1.9E-04 
 RSD (%)   9.1E+01 1.5E+02 5.2E+01 1.1E+02 - 8.1E+01 1.7E+02 3.0E+01 6.7E+01 6.9E+01 5.4E+01 4.1E+01 
 n   7 7 5 2 0 7 6 4 4 3 2 2 

 
2 LPLH2 1 2 
 Mean   1.1E-01 1.4E+01 1.5E+01 3.8E-03 7.9E+01 9.4E-02 2.0E+00 4.4E-02 3.3E+01 - 3.4E-01 8.1E-01 
 RSD (%)   8.7E+01 2.2E+02 8.2E+01 6.3E+01 1.1E+02 - 9.8E+01 1.2E+02 - - - - 
 n   6 6 4 2 2 5 6 2 1 0 1 1 

 
3 LPLH2 1 3 
 Mean   4.1E-02 3.8E+00 4.3E+00 - - - 3.7E+00 - - - - - 
 RSD (%)   - - - - - - - - - - - - 
 n   1 1 1 0 0 0 1 0 0 0 0 0 

 
4 LPLH2 3 4 
 Mean   8.1E-01 5.9E-01 5.8E+00 3.6E-03 - - 3.4E+00 - - - - - 
 RSD (%)   1.1E+02 7.4E+01 3.0E+00 4.2E+00 - - 1.3E+02 - - - - - 
 n   2 2 2 2 0 0 2 0 0 0 0 0 

 
5 LPLH2 3 5 
 Mean   1.3E-02 2.5E+01 7.0E+00 1.9E-03 - - - 1.3E+00 - - - - 
 RSD (%)   - - - - - - - - - - - - 
 n   1 1 1 1 0 0 0 1 0 0 0 0 

-..J -

APPENDIXA 

LA-ICP-MS data for quartz-hosted liquid-vapor fluid inclusions from Lemhi Pass analyzed at the 
University of Windsor 
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Sample Chip FIA 
ID ID ID 

1 LPLH2 1 1 
Mean 

RSD(%) 

n 
I I 

2 LPLH2 1 2 
Mean 

RSD(%) 
n 
I I 

3 LPLH2 1 3 
Mean 

RSD(%) 
n 

I I 
4 LPLH2 3 4 

Mean 
RSD(%) 

n 

I I 
5 LPLH2 3 5 

Mean 
RSD(%) 

n 

RSD (%) = relative standard deviation 
FIA= fluid inclusion assemblage 
n = number of fluid inclusions measured 
-- no data 

Eu/Na Gd/Na Tb/Na Dy/Na 

1.3E-03 1.8E-04 - -
- - - -
1 1 0 0 

- 1.0E+00 1.5E-01 3.lE+00 
- - 1.0E+Ol -
0 1 2 1 

- - - -
- - - -
0 0 0 0 

1.9E-01 - - -
- - - -
1 0 0 0 

- - - -
- - - -
0 0 0 0 

Ho/Na Er/Na Yb/Na Pb/Na Th/Na U/Na 

1.7E-04 2.4E-04 - 2.5E-03 3.8E-04 2.0E-04 
7.7E+Ol 3.0E+Ol - 6.8E+Ol 7.3E+Ol 8.6E+Ol 

3 4 0 6 2 2 

3.9E-01 7.5E-01 5.lE+00 3.7E+00 6.5E+00 4.7E-01 
- - - - - -
1 1 1 1 1 1 

- - - - - -
- - - - - -
0 0 0 0 0 0 

- - - - - -
- - - - - -
0 0 0 0 0 0 

- - - - - -
- - - - - -
0 0 0 0 0 0 



 
 

 

Sample ID Chip 
ID 

FIA 
ID K/Na Cu/Na Zn/Na Rb/Na Pb/Na U/Na 

LPAX12 A 1  
Mean   1.27E-01 3.08E-02 9.36E-02 - 3.35E-04 7.78E-06 
RSD (%)   54.79 74.24 51.20 - 92.83 99.38 
n   5 5 5 0 4 2 
 
LPAX12 A 2  
Mean   1.66E-01 5.06E-02 7.51E-02 1.87E-04 5.02E-04 1.44E-05 
RSD (%)   79.54 96.61 111.71 - 141.51 90.55 
n   6 6 6 1 6 4 
 
LPAX12 A 3  
Mean   1.33E-01 2.17E-02 5.93E-02 - 2.66E-04 2.06E-05 
RSD (%)   67.77 67.12 92.64 - 83.71 - 
n   4 4 4 0 4 1 
 
LPAX12 B 1  
Mean   1.64E-01 4.37E-02 7.08E-02 - 6.83E-04 1.96E-05 
RSD (%)   38.26 44.27 83.96 - 73.18 102.96 
n   8 8 8 0 8 7 
 
LPAX12 B 2  
Mean   1.14E-01 1.94E-02 7.42E-02 - 5.63E-04 4.22E-06 
RSD (%)   37.00 51.35 80.02 - 48.94 6.01 
n   5 5 5 0 4 3 
 
LPAX12 C 1  
Mean   1.97E-01 2.61E-02 4.84E-02 3.94E-04 4.78E-04 6.83E-06 
RSD (%)   30.90 49.32 79.98 14.59 22.95 - 
n   4 3 4 3 4 1 
 
LPAX12 C 2  
Mean   2.02E-01 5.37E-02 4.61E-02 4.76E-04 6.23E-04 8.65E-05 
RSD (%)   64.79 39.61 105.30 77.01 75.53 103.14 
n   4 4 4 4 4 3 
 
LPAX12 D 1  
Mean   1.94E-01 5.79E-02 8.22E-02 3.35E-04 4.80E-04 4.94E-05 
RSD (%)   111.77 96.12 30.63 - 84.82 32.08 
n   6 6 5 1 6 2 

APPENDIXB 

LA-ICP-MS data for fluorite-hosted liquid-vapor fluid inclusions from 
Lemhi Pass analyzed at the University of Windsor 
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Sample ID Chip
ID 

FIA
ID K/Na Cu/Na Zn/Na Rb/Na Pb/Na U/Na 

 
LPAX12 D 2  
Mean   2.25E-01 1.99E-01 9.57E-02 9.53E-04 5.44E-04 2.03E-05 
RSD (%)   92.46 126.18 86.32 4.96 110.23 - 
n   5 3 5 2 5 1 
 
LPAX12 D 3  
Mean   2.49E-01 6.96E-02 1.76E-01 - 7.71E-04 1.60E-05 
RSD (%)   33.28 60.44 105.05 - 37.84 19.57 
n   4 4 4 0 4 3 
 
LPAX16 A 1  
Mean   3.24E-01 7.35E-02 1.35E-01 5.50E-04 9.09E-04 3.49E-05 
RSD (%)   56.76 145.03 90.01 - 149.98 58.30 
n   6 3 5 1 5 3 
 
LPAX16 A 2  
Mean   2.72E-01 1.68E-02 1.74E-02 4.09E-04 4.06E-04 1.66E-05 
RSD (%)   28.29 111.05 90.53 63.33 38.94 161.63 
n   4 3 4 3 4 3 
 
LPAX16 A 3  
Mean   1.53E-01 4.49E-02 1.21E-01 6.76E-04 9.54E-04 3.81E-06 
RSD (%)   60.19 74.01 81.00 32.68 125.30 105.17 
n   5 5 5 3 4 3 
 
LPAX16 B 1  
Mean   1.70E-01 2.52E-02 6.31E-02 4.50E-04 4.28E-04 1.75E-05 
RSD (%)   52.26 53.33 59.95 34.44 77.41 108.98 
n   6 6 6 5 6 5 
 
LPAX16 B 2  
Mean   1.74E-01 2.81E-02 3.84E-02 3.80E-04 3.30E-04 9.34E-06 
RSD (%)   51.90 54.53 62.48 49.34 50.40 88.31 
n   8 7 8 8 8 6 
 
LPAX16 C 1  
Mean   7.57E-02 2.91E-02 7.39E-02 2.11E-04 1.71E-04 2.32E-05 
RSD (%)   46.15 35.24 67.31 63.45 46.30 148.25 
n   4 4 4 4 4 4 

 
 

 

RSD (%) = relative standard deviation 
FIA= fluid inclusion assemblage 
n = number of fluid inclusions measured 
-- no data 
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APPENDIXC 

Microthermometry and LA-ICP-MS data for quartz-hosted liquid-vapor fluid inclusions from Lemhi 
Pass analyzed at the US Geological Survey. All elements including rare earth elements, thorium, and 

uranium are reported in ppm. 

Chip FIA Th 
Salinity 

Na Mg K Ca Ti Fe Cu Zn Rb Pb 
Sample ID ID ID (OC) Eq.wt.% (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) NaCl 

1 LPLH-2 4 1 
Mean 188 23.3 48,000 240 4,600 30,000 -- 2,400 51 560 45 300 

RSD(%) 7.1 4.3 27 161 38 42 - 67 112 80 84 41 
n 3 3 10 10 10 8 0 6 5 8 10 10 

2 LPLH-2 4 2 
Mean 181 29.8 33,000 340 5,000 38,000 33 7,000 4 580 83 280 

RSD(%) 2.5 4.7 34 81 53 28 - 11 - 70 124 21 
n 4 4 4 4 4 4 1 3 1 4 4 4 

3 LPLH-2 4 3 
Mean 195 26.7 43,000 410 6,900 33,000 120 9,600 32 700 74 320 

RSD(%) 7.6 8.7 29 96 54 23 - 88 - 113 51 36 
n 5 5 4 4 4 4 1 3 1 3 4 4 

4 LPLH-2 4 4 
Mean 197 26.0 24,000 1,900 9,300 43,000 200 5,800 330 1,000 47 270 

RSD(%) 6.3 7.5 55 142 61 27 -- 51 130 97 43 61 
n 7 7 8 8 7 6 1 6 2 6 6 8 

5 LPLH-2 6 1 
Mean 245 24.2 31,000 200 8,200 42,000 - - - 960 23 610 

RSD(%) 30.5 3.2 32 46 96 11 - - - - 33 161 
n 7 7 6 5 6 3 0 0 0 1 3 6 

6 LPLH-2 6 2 
Mean 245 27.2 50,000 1,500 22,000 - - - - - - 460 

RSD(%) 2.1 3.2 - - - - - - - - - -
n 3 3 1 1 1 0 0 0 0 0 1 

7 LPAGY23-1 A 1 
Mean 149 18.5 57,000 25 9,000 2,400 - - - 1,100 57 420 

RSD(%) 21.1 10.6 8 56 27 - - - - 52 22 61 



 
 

 

 
 

 
 

 
  

 

 

 
 

 
 

 
   

 
 

 
 

 
   

                
  
     
                
                

               
  
     
                
                
                
  
     
                
                
                
  
     
                
                
                
  
                
                
                
                
  
     
                
                
                
  
     
                
                
                
  
     
                
                
                
  

-..J 
O'I 

8 

9 

10 

11 

12 

13 

14 

15 

Chip 
Sample ID 

ID 

n 

LPAGY23-1 A 
Mean 

RSD(%) 

LPAGY23-1 A 
Mean 

RSD(%) 
n 

LPAGY23-1 C 
Mean 

RSD(%) 
n 

LPAGY23-1 C 
Mean 

RSD(%) 
n 

LPAGY23-1 C 
Mean 

RSD(%) 
n 

LPAX23 A 
Mean 

RSD(%) 
n 

LPAX23 A 
Mean 

RSD(%) 
n 

LPAX23 A 
Mean 

RSD(%) 
n 

FIA Th 
ID (OC) 

5 

2 
163 

4 

4 
165 
12.9 
4.0 

1 
175 
9.1 
5.0 

2 
165 
3.7 
3.0 

3 
164 
14.0 
3.0 

1 
167 
15.4 
8.0 

2 
159 
18.5 
3.0 

3 
164 
4.2 
5.0 

Salinity 
Na Mg 

Eq.wt.% 
NaCl 

(ppm) (ppm) 

5 3 3 

18.2 46,000 400 
18.6 25 98 

4 3 3 

17.8 59,000 350 
13.1 13 141 
4.0 4 3 

23.8 64,000 260 
4.8 8 132 
5.0 5 3 

23.3 48,000 40 
5.3 7 -
3.0 3 1 

18.3 45,000 460 
13.8 61 -
3.0 4 1 

22.4 56,000 260 
6.2 26 81 
8.0 9 7 

20.7 55,000 550 
4.8 20 33 
3.0 4 2 

20.4 65,000 370 
6.0 29 11 
5.0 4 2 

K Ca Ti Fe Cu Zn Rb Pb 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

3 1 0 0 0 2 3 3 

5,500 25,000 1,100 - 490 1,200 40 200 
70 - 122 - - 69 25 76 
3 1 2 0 1 2 2 3 

16,000 - - 6,100 - 1,500 130 420 
57 - - - - 54 10 63 
4 0 0 1 0 4 3 4 

7,500 - 700 - 54 - 62 20 
67 - - - 108 - 85 47 

5 0 1 0 2 0 4 4 

10,000 - - - - - 120 87 
19 - - - - - 54 52 
3 0 0 0 0 0 2 3 

9,300 - - - 86 - 190 90 
71 - - - - - - 106 
4 0 0 0 1 0 1 4 

13,000 - 2,900 - 330 - 74 1,700 
84 - - - 67 - 100 66 
8 0 1 0 2 0 2 8 

15,000 - - - 570 1,000 33 2,200 
57 - - - - - - 73 
4 0 0 0 1 1 1 4 

12,000 - - - 480 - 74 2,500 
54 - - - - - - 94 
4 0 0 0 1 0 1 4 



 
 

 

 
 

 
 

 
  

 

 

 
 

 
 

 
   

 
 

 
 

 
   

     
                
                
                
  
     
                
                
                
  
     
                
                
                
  
     
                
                
                
  
     
                
                
                

 
  

Chip FIA Th 
Salinity 

Na Mg K Ca Ti Fe Cu Zn Rb Pb 
Sample ID Eq.wt.% 

ID ID (OC) 
NaCl 

(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

16 LPAX23 C 1 
Mean 204 23.6 57,000 200 14,000 - 1,400 - 20 2,000 140 1,400 

RSD(%) 13.7 6.3 31 76 43 - - - 19 4 117 68 
n 2 2 9 6 9 0 1 0 3 2 5 9 

17 LPLC22 C 1 
Mean 187 21.4 33,132 188 8,059 - - - 51 4,802 12 720 

RSD(%) 19.3 5.4 43 4 69 - - - - 1 - 86 
n 6 6 6 2 2 0 0 0 1 2 1 4 

18 LPLC22 C 2 
Mean 194 19.6 21,000 10,000 4,400 11,000 4,200 22,000 - 900 9 230 

RSD(%) 12.1 10.5 23 - 5 - - - - 90 3 131 
n 3 3 4 1 3 1 1 1 0 2 2 2 

19 LPLC22 D 1 
Mean 110 18.6 35,000 810 29,000 - - - - - 72 48 

RSD(%) 10.0 10.7 - - - - - - - - - -
n 4 4 1 1 1 0 0 0 0 0 1 1 

20 LPLC22 D 2 
Mean 171 20.2 26,000 230 4,200 - - - - - 110 150 

-..J RSD(%) 10.0 7.0 - - - - - - - - - -
-..J n 3 3 1 1 1 0 0 0 0 0 1 1 



 
 

 

 
 

 
 

 
 

                

     
                    
                    
                    
  
     
                    
  

                  
                    
  
     
                    
                    
                    
  
     
                    
                    
                    
  
     
                    
  

                  
                    
  
     
                    
                    
                    
  
 

    
                    
                    
                    
  
 

    
                    
                    

-..J 
00 

1 

2 

3 

4 

5 

6 

7 

8 

Sample ID Chip 
ID 

LPLH-2 4 
Mean 

RSD(%) 
n 

LPLH-2 4 
Mean 

RSD(%) 

n 

LPLH-2 4 
Mean 

RSD(%) 
n 

LPLH-2 4 
Mean 

RSD(%) 
n 

LPLH-2 6 
Mean 

RSD(%) 

n 

LPLH-2 6 
Mean 

RSD(%) 
n 

LPAGY23 
-1 A 

Mean 
RSD(%) 

n 

LPAGY23 
-1 A 

Mean 
RSD(%) 

FIA 
La 

ID 

1 
1.2 

-
1 

2 
7.8 

137 
2 

3 
-
-
0 

4 
1,400 

188 
4 

1 
-

-
0 

2 
-
-
0 

1 
-
-
0 

2 
770 
141 

Ce Pr Nd Sm 

1.7 0.2 - 2.7 
71 - - 32 
2 1 0 2 

19 4.1 6.2 -
140 - 85 -

2 1 2 0 

- 0.2 1.1 -
- - 141 -
0 1 2 0 

27 4.5 13 35 
80 115 - -
3 2 1 1 

- - - 20 
42.9 

- - - 2 
0 0 0 2 

- - - -
- - - -
0 0 0 0 

- - - -
- - - -
0 0 0 0 

- - - 18 

- - - -

Eu Gd Tb Dy Ho Er Tm Yb Lu Th u 

- 2.0 - - 1.3 - - - - 1.0 0.3 

- - - - - - - - - - -
0 1 0 0 1 1 0 0 0 1 1 

1.9 - 0.2 1.0 0.3 1.1 - - 0.5 1.8 1.5 
51.3 

- - - - - 9 - - - - -
1 0 1 1 1 2 - 0 0 1 1 

- - - - - - - - - - -
- - - - - - - - - - -
0 0 0 0 0 0 0 0 0 0 0 

2.3 2.4 - - - - - - - 5.4 0.6 
134 283 - - - - - - - 131 119 

3 1 0 0 0 0 0 0 0 3 2 

1.7 - 1.4 - - - - - - - -
223. 223. 

61 - 61 - - - - - - - -
1 0 1 0 0 0 0 0 0 0 0 

- - - - - - - - - - -
- - - - - - - - - - -
0 0 0 0 0 0 0 0 0 0 0 

- - 1.6 - - - - - 2 - -
- - - - - - - - - - -
0 0 1 0 0 0 0 0 1 0 0 

5.4 - - - - - - - - - -
- - - - - - - - - - -



 
 

 

 
 

 
 

 
 

                

                    
                    
 

                   
                    
                    
                    

                   
 

    
 

              
                    
                    
                    
                    
 

    
 

              
                    
                    
                    
                    
 

    
 

              
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    

-..J 
I.O 

9 

10 

11 

12 

13 

14 

15 

16 

Sample ID 

n 

LPAGY23 
-1 

Mean 
RSD(%) 

n 

LPAGY23 
-1 

Mean 
RSD(%) 

n 

LPAGY23 
-1 

Mean 
RSD(%) 

n 

LPAGY23 
-1 

Mean 
RSD(%) 

n 

LPAX23 
Mean 

RSD(%) 
n 

LPAX23 
Mean 

RSD(%) 
n 

LPAX23 
Mean 

RSD(%) 
n 

LPAX23 

Chip FIA 
La 

ID ID 

2 

A 4 
-
-
0 

C 1 
-
-
0 

C 2 
-
-
0 

C 3 
-
-
0 

A 1 
-
-
0 

A 2 
-
-
0 

A 3 
-
-
0 

C 1 

Ce Pr Nd Sm Eu 

0 0 0 1 1 

- 2.5 - - -
- - - - -
0 1 0 0 0 

- - - - -
- - - - -
0 0 0 0 0 

- - 23 - -
- - - - -
0 0 1 0 0 

- - - - -
- - - - -
0 0 0 0 0 

- - - - -
- - - - -
0 0 0 0 0 

- - 63 - -
- - - - -
0 0 1 0 0 

- - - - -
- - - - -
0 0 0 0 0 

Gd Tb Dy Ho Er Tm Yb Lu Th u 

0 0 0 0 0 0 0 0 0 0 

- - - - - - 7.4 2.4 1.0 -
- - - - - - - - - -
0 0 0 0 0 0 1 1 1 0 

- - - - - 4.3 - - 1.2 1.0 
- - - - - - - - - -
0 0 0 0 0 1 0 0 1 1 

- - - - - - - - - -
- - - - - - - - - -
0 0 0 0 0 0 0 0 0 0 

- 7.0 - - - - - - - -
- 53 - - - - - - - -
0 2 0 0 0 0 0 0 0 0 

- - - - - - 5.0 - - -
- - - - - - - - - -
0 0 0 0 0 0 1 0 0 0 

- - - - - - - - 12 -
- - - - - - - - - -
0 0 0 0 0 0 0 0 1 0 

- - - - - - - - - -
- - - - - - - - - -
0 0 0 0 0 0 0 0 0 0 



 
 

 

 
 

 
 

 
 

                

                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    

 
 

 
 

 
 

00 
0 

Sample ID 
Chip FIA 
ID ID 

Mean 
RSD(%) 

n 

17 LPLC22 C 1 
Mean 

RSD(%) 
n 

18 LPLC22 C 2 
Mean 

RSD(%) 
n 

19 LPLC22 D 1 
Mean 

RSD(%) 
n 

20 LPLC22 D 2 
Mean 

RSD(%) 
n 

RSD = relative standard deviation 
FIA = fluid inclusion assemblage 

La 

-
-
0 

-
-
0 

6.6 

-
1 

-
-
0 

-
-
0 

n = number of fluid inclusions measured 
-- no data 

Ce Pr Nd Sm 

14 - - 39 
- - - -
1 0 0 1 

- 14 - 56 
- - - -
0 1 0 1 

58 2.2 - -
- - - -
1 1 0 0 

- - - -
- - - -
0 0 0 0 

- - - -
- - - -
0 0 0 0 

Eu Gd Tb Dy Ho Er Tm Yb Lu Th u 

- - - - - - - - - 3.7 -
- - - - - - - - - - -
0 0 0 0 0 0 0 0 0 1 0 

- - - - - - - - 5.6 - -
- - - - - - - - - - -
0 0 0 0 0 0 0 0 1 0 0 

- 41 - - - 19 - - - 1.4 2.0 

- - - - - - - - - - -
0 1 0 0 0 1 0 0 0 1 1 

- - - - - - - - - - -
- - - - - - - - - - -
0 0 0 0 0 0 0 0 0 0 0 

- - - - - - - - - - -
- - - - - - - - - - -
0 0 0 0 0 0 0 0 0 0 0 



 
 

 

 

 

 
 

              

    
                
                
                

  
    
                
                
                

  
    
                
                
                

  
    
                
                
                

  
                
                
                
                

  
    
                
                
                

  
    
                
                
                
                
                
                

00 -

1 

2 

3 

4 

5 

6 

7 

8 

Sample ID 

LPAX12 
Mean 

RSD(%) 
n 

LPAX12 
Mean 

RSD(%) 
n 

LPAX12 
Mean 

RSD(%) 
n 

LPAX12 
Mean 

RSD(%) 
n 

LPAX16 
Mean 

RSD(%) 
n 

LPAX16 
Mean 

RSD(%) 
n 

LPAX16 
Mean 

RSD(%) 
n 

LPLC22 
Mean 

Chip 
ID 

A 

B 

C 

D 

A 

B 

C 

A 

APPENDIXD 

. LA-ICP-MS data of fluorite matrix samples from Lemhi Pas 

Mg Ca Ti Fe Sr La Ce Pr Nd Sm 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

47 500,000 950 260 8,023 3.0 17 5.6 55 18 
5.7 0.4 6.5 33.4 28.7 140.6 139.4 134.4 123.3 56.5 
15 15 15 15 15 15 15 15 15 15 

46 500,000 930 200 6,500 0.1 0.6 0.3 5.8 7.1 
3.3 0.1 9.6 6.3 6.7 104.2 78.5 34.6 13.0 29.1 

13 13 13 13 13 13 13 13 13 13 

45 500,000 1,000 180 6,100 0.1 0.6 0.3 5.9 7.6 
3.6 0.1 3.6 2.2 12.0 57.8 36.3 28.7 42.3 52.0 

8 8 8 8 8 8 8 8 8 8 

45 500,000 950 170 5,900 0.1 0.4 0.3 5.4 7.3 

3.8 0.1 9.1 7.0 6.3 53.0 36.8 24.6 33.0 43.4 
15 15 15 15 15 15 15 15 15 15 

44 500,000 970 210 7,100 1.2 7.1 2.4 23 13 
3.0 0.2 6.0 15.0 15.7 200.7 195.7 176.6 140.7 37.6 
15 15 15 15 15 15 15 15 15 15 

47 500,000 940 170 6,700 0.1 0.9 0.5 12 15 
4.3 0.1 10.4 15.9 7.8 39.4 29.2 20.4 13.7 8.5 
14 14 14 14 14 14 14 14 14 14 

49 500,000 1,000 40 6,400 0.4 2.1 0.8 9.0 5.3 
3.6 0.0 3.3 2.3 4.2 54.0 50.1 45.6 32.0 12.7 

4 4 4 4 4 4 4 4 4 4 

11 510,000 20 n.a. n.a. 0.3 0.5 0.3 5.1 5.0 

Eu Gd Tb 
(ppm) (ppm) (ppm) 

7.0 35 4.5 
25.5 18.4 10.9 

15 15 15 

3.6 17 2.7 
29.9 25.8 24.2 

13 13 13 

4.3 23 3.6 
49.4 45.4 41.3 

8 8 8 

3.7 18 2.7 
46.3 49.9 47.2 

15 15 15 

6.5 32 5.1 
14.0 6.3 6.5 

15 15 15 

7.4 40 5.3 
7.1 7.3 8.9 
14 14 14 

2.4 14 2.0 
20.8 26.5 27.2 

4 4 4 

1.8 7.4 1.2 



 
 

 

 
 

              

                
                

 

 
 

 
       

    
          
          
          

  
    
          
          
          

  
    
          
          
          

  
    
          
          
          

  
    
          
          
          

  
    
          
          
          

  
    
          
          
          

00 
N 

1 

2 

3 

4 

5 

6 

7 

Sample ID Chip 
ID 

RSD(%) 
n 

Sample ID 

LPAX12 
Mean 

RSD(%) 
n 

LPAX12 
Mean 

RSD(%) 
n 

LPAX12 
Mean 

RSD(%) 
n 

LPAX12 
Mean 

RSD(%) 
n 

LPAX16 
Mean 

RSD(%) 

n 

LPAX16 
Mean 

RSD(%) 

n 

LPAX16 
Mean 

RSD(%) 
n 

Mg Ca 
(ppm) (ppm) 

33.7 0.0 
11 11 

Chip 
Dy(ppm) ID 

A 
47 

11.6 
15 

B 
29 

23.7 
13 

C 
40 

34.6 
8 

D 
29 

43.3 
15 

A 
48 
7.1 
15 

B 
58 
5.2 
14 

C 
26 

30.4 
4 

Ti Fe Sr La 
(ppm) (ppm) (ppm) (ppm) 

130.2 -- -- 81.8 
4 -- -- 3 

Ho(ppm) Er(ppm) 

10 48 
13.7 14.1 

15 15 

6.9 33 
24.8 24.4 

13 13 

10 48 
30.8 28.8 

8 8 

6.8 32 
41.7 37.4 

15 15 

13 52 
8.5 9.2 
15 15 

13 61 
7.4 4.0 
14 14 

6.1 33 
26.0 28.4 

4 4 

Ce Pr Nd Sm Eu Gd Tb 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

41.0 21.7 38.2 33.2 39.9 40.2 44.7 
11 11 11 10 11 11 11 

Tm (ppm) Yb(ppm) Lu(ppm) Th(ppm) 

5.9 55 6.3 4.8 
11.7 9.7 12.3 137.7 

15 15 15 15 

4.2 37 4.6 0.7 
21.2 20.5 17.8 269.1 

13 13 13 13 

5.8 50 6.1 0.2 
29.7 29.1 29.6 33.0 

8 8 8 8 

4.0 36 4.1 0.1 
37.1 33.9 34.3 77.3 

15 15 15 15 

7.1 54 7.7 2.2 
8.5 6.6 8.1 193.8 
15 15 15 15 

6.9 62 6.7 0.4 
8.5 5.1 11.8 41.4 
14 14 14 14 

3.6 35 3.7 0.3 
21.2 23.6 18.2 31.9 

4 4 4 4 



 
 

 

 
 

 
       

  
          
          
          
          

 
 

 

00 
uJ 

Sample ID Chip Dy(ppm) ID 

8 LPLC22 A 

Mean 
RSD(%) 

n 

RSD = relative standard deviation 
n = number of fluid inclusions measured 
n.a. = not analyzed 
-- no data 

9.3 

37.6 

11 

Ho(ppm) 

2.6 

40.2 

11 

Er(ppm) Tm (ppm) Yb(ppm) Lu(ppm) Th(ppm) 

8.9 1.5 13 1.9 4.6 

39.3 40.4 43.5 40.2 154.1 

11 11 11 11 11 




