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Appendix 1. Compilation of X-ray Diffraction (Task 1.2) and Oxygen Isotope Data (Task 
1.3) 
 
Task 1.2. X-ray Diffraction Analyses 
 


Whole-rock and clay X-ray diffraction (XRD) analyses were performed on each sample 
in the XRD laboratory at the Energy & Geoscience Institute at the University of Utah, using a 
Bruker D8 Advance X-ray diffactometer. Phase quantification using the Rietveld method was 
performed using TOPAS software, developed by Bruker AXS. The Rietveld method fits the peak 
intensities calculated from a model of the crystalline structure to the observed X-ray powder 
pattern by a least squares refinement. This is done by varying the parameters of the crystal 
structures to minimize the difference between the observed and calculated powder patterns. 
Because the whole powder pattern is taken into consideration, problems of peak overlap are 
minimized and accurate quantitative analyses can be obtained. 
 


The following operating parameters were used when analyzing the powdered samples: 
Cu-K-α radiation at 40 kV and 40 mA, 0.02o2θ step size, and 0.4 and 0.6 seconds per step, for 
clay and bulk samples respectively. Clay samples were examined from 2 to 45o2θ, and the bulk 
samples from 4 to 65o2θ. The instrument is equipped with a Lynx Eye detector, which collects 
data over 2.6 mm, rather than at a point, greatly increasing X-ray counts collected and decreasing 
acquisition time; a rotating sample stage, which increases the mineral grain orientations 
encountered by the incident electron beam; and an automated sample exchanger capable of 
holding up to 90 samples. 
 


At a minimum, three analyses were conducted on each sample, two or more on the clay-
sized fraction and one on the bulk sample. 
 
The clay-sized fraction is prepared as follows: 


 Samples are first ground in an electric mortar and pestle. 
 The resulting powder is mixed with deionized water and further ground in a micronizing 


mill until fine enough to pass through a 325 mesh screen (particle size < 44 micrometers). 
 The less than 5 micrometer size fraction is then separated using Stokes Law by placing 


the resulting slurry in a beaker (with a small amount of dispersant) and vigorously 
stirring. After allowing it to settle for 37 minutes, an aliquot (~100 ml) is pipetted out of 
the top ½ inch. 


 The particles are removed from the water column by centrifuging for 15 min at 1500 rpm. 
 The bulk of the clean water is decanted, and the sample is thoroughly mixed using an 


ultra-sonic homogenizer. 
 The slurry is then applied to a glass slide using a pipette. 
 Once the sample has dried, an ‘air dried’ XRD pattern is obtained. 
 The sample is then allowed to interact with ethylene glycol vapors for at least 12 hours at 


65oC to induce swelling of susceptible clays, after which a ‘glycolated’ XRD pattern is 
obtained. 


 Additional heat treatments and scans that involve heating for 1 hour at 375 and/or 550oC 
may be required to confirm the presence of some clay species. 
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The fraction used for the bulk analysis is prepared as follows: 
 Samples are first ground in an electric mortar and pestle. 
 The resulting powder is mixed with deionized water and further ground in a micronizing 


mill until fine enough to pass through a 325 mesh screen (particle size < 44 micrometers). 
 The sample is then rolled approximately 50 times to randomly orient the mineral grains. 
 The powder is placed in a sample holder which has concentric ridges on the bottom to 


help decrease the effects of preferred orientation. 
 The surface is smoothed with a razor blade to eliminate surface roughness. 
 An XRD pattern of the bulk sample is obtained. 


 
The air-dried, glycolated and heated scans of the clay-sized fraction are compared with each 
other to identify the clay minerals present in the sample, using methods described by Moore and 
Reynolds (1997). The mineralogy of the clay fraction is then used in the Rietveld refinement of 
the bulk sample to quantify the abundances of all crystalline phases that are present. 
 
 
The results of the X-ray diffraction analyses are presented in Table 1.2.1 for Coso Hot Springs, 
in Table 1.2.2 for Lightning Dock, in Table 1.2.3 for Thermo Hot Springs, and Table 1.2.4 for 
Raft River. The results for the oxygen isotope analyses are presented in Tables 1.3.1, 1.3.2 and  
1.3.3 for Coso Hot Springs, Lightning Dock and Thermo Hot Springs, respectively. 
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1.2.1. Coso Hot Springs 
 
Table 1.2.1a. Rietveld refinement values for samples from 33A-7. Values are reported in weight 
percent of the sample, and reported in meters above or below mean sea level.. Tr = trace amount. 
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1251 4.8 0.3   4.5 25.5 3.6 13.4   3.8  35.0  1.2 
1175 15.4 0.3 tr  4.5 22.5 3.6 13.4   3.8 0.3 34.9  1.2 
1022 5.4 5.3   8.1 15.5 37.2 23.3   2.5 2.1 0.7   
870 2.7 8.0   tr 31.0 37.1 25.7   1.5 0.5 1.4   
718  0.3  2.9 tr 24.8 3.5 30.3   3.7 0.3 33.9   
639 10.2 2.3 3.9   53.3 11.9 6.5 1.0  0.8 0.1 10.0   
261 8.3 6.9 tr   35.5 30.0 10.5 3.0 1.5 2.4 0.3 2.1   
185 15.1 6.4    34.3 23.5 9.4 3.7 1.1 4.4 0.4 1.3 0.5  
-41 10.3 3.8 5.9   38.7 12.3 6.4 10.3 0.7 1.9 0.4 8.7 0.7  
-283 11.0 4.7    32.1 18.0 5.6 16.1 3.2 2.1 0.7 5.0 0.6 1.0 
-360 15.9 8.3 tr  0.2 39.1 8.0 5.5 4.2 1.0 5.9 0.6 11.1 tr  
-585 13.0 4.5 tr  tr 42.6 11.3 9.3 2.7 1.8 4.1 0.8 5.7   
-689 8.3 4.1 tr  tr 35.6 13.1 13.8 20.0 1.0 1.5 0.4 2.1   
-833 8.6 4.0   0.3 46.8 14.3 10.6 2.9  4.4 0.2 6.7  1.2 
-904 7.4 14.3 tr  tr 46.1 1.0 10.0 1.6  7.4 0.7 11.5   


-1005 14.6 4.2 tr  tr 42.4 3.4 3.7 1.6  4.9 0.7 9.2   
-1031 12.3 5.0 tr  tr 49.1 4.3 10.1 1.5  4.2 0.8 9.8 tr 2.7 
-1059 4.2 4.0    42.7 23.5 18.7   2.7 0.3 2.0 0.2 1.8 
-1170 8.6 3.0    41.7 17.2 15.5   3.1 0.2 10.2  0.5 
-1159 6.8 4.6 tr  0.4 53.1 5.2 6.6 0.5  6.6 0.6 15.2 tr  
-1195 5.3 1.9 tr   52.5 17.5 8.6 0.3  4.8 2.4 6.5 tr  
-1198 2.7 5.8 tr   60.8 5.7 7.3   3.1 0.2 12.8 0.3  
-1284 6.8 4.6 tr   53.0 5.3 6.6   6.6 0.6 15.2   
-1314 8.1 4.6 tr   53.0 5.2 6.6 0.5  6.6 0.6 15.2   
-1343 6.3 3.4    47.4 20.2 16.9 0.6  2.3 0.7 2.1 tr  
-1402 8.1 4.6 tr  0.4 52.9 5.2 6.6 0.5 0.3 6.6 0.6 15.2 tr  
-1487 4.2 5.6 tr   49.1 16.1 13.2 0.5 0.6 2.7 0.3 4.7 tr 2.8 
-1603 7.0 6.5    52.3 3.3 4.4 1.3  1.5 0.9 22.4 0.4  
-1632 17.0 10.2    41.4 3.5 4.4 1.2  0.3 0.9 21.1   
-1690 14.1 3.6    42.9 2.5 6.2 1.0  1.6 0.7 17.3  10.1 
-1721 8.1 3.0    43.7 6.3 4.9 0.3 0.6 1.3 1.0 21.1 0.3 9.3 
-1751 10.8 2.1    42.1 11.2 9.3 1.9  1.5 0.4 16.7 tr 3.7 
-1782 7.1 2.9    49.9 5.9 7.2 2.3  2.1 0.7 21.6 0.3  
-1812 14.2 2.8    35.9 4.4 5.7 2.8  3.8 0.5 29.6 0.4  
-1873 11.5 1.3    36.1 13.9 11.2 2.0  4.1 0.6 17.0 tr 2.0 
-1934 12.6 11.7 tr   32.3 13.1 10.3 1.3  5.1 2.5 10.8 0.3  


 
  


Appendix 1: DE-EE0005521


3







Table 1.2.1b. Rietveld refinement values for samples from 68-6. Values are reported in weight 
percent of the sample, and reported in meters above or below mean sea level. Tr = trace amount. 
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1025 4.9 5.3  8.3 35.5 22.2 8.2 8.2  1.6 0.6 4.8 0.4  
1004 2.8 4.3  2.8 53.2 24.0 4.5 2.5  1.6 0.8 3.1 0.4  
745 15.8 15.8   37.4 17.5 5.1 7.0   0.4  0.9  
668 3.0 5.1   20.5 39.9 18.8 8.9  0.4 1.0 1.1 0.5 tr 
556 0.9 1.0   29.9 36.1 18.5 10.2  0.6 0.9 1.5 0.4  
94 1.9 4.2   38.2 28.4 20.5 2.3  1.0 0.6 1.9 tr 1.0 
-60 7.5 7.0   37.9 21.7 11.4 6.1  1.9 2.2 2.7 1.5  
-165 6.6 6.4   35.6 20.1  3.5  1.5 3.0 1.7   
-381 7.1 8.8   35.5 26.0 13.0 2.5  1.7  2.2 tr 3.1 
-706 3.2    53.6 17.8 7.6 0.9  2.4 2.3 5.9   
-911 3.8    47.2 16.6 10.0 0.9 tr 3.7     
-1020 5.1 4.6   49.0 13.1 7.9 3.1 1.0 3.4 2.8 8.2 tr  
-1090 9.9 6.0   43.9 15.7 5.1 6.5 2.5 3.5 2.2 3.8  tr 
-1407 1.3 5.3   38.7 31.5 15.6 1.4 tr 1.7 0.3 3.8   
-1463 8.6 4.5   38.5 10.1 7.7 0.5 1.1 7.1 0.9 19.6 tr 1.3 
-1551 2.9 2.3   66.3 11.6 10.6 2.0 tr 3.4 1.3 2.5 tr  
-1593 8.3 3.1   42.0 6.7 4.3 0.8 1.0 7.9 1.2 24.6   
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Table 1.2.1c. Rietveld refinement values for samples from 73-19. Values are reported in weight 
percent of the sample, and reported in meters above or below mean sea level. Tr = trace amount. 
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876 2.0 1.3   tr 55.4 11.6 0.9 0.4 0.4 7.8 6.6 8.4 0.6 4.7 
734 1.1 1.1   0.1 38.0 30.6 23.0 0.5 TR 1.4 0.9 0.5 0.2 1.6 
722 7.2 4.5   0.1 42.4 7.8 1.6 7.9 1.4 1.9 0.4 0.4 tr 2.1 
490 1.0 1.7     34.5 36.4 20.4 0.8   3.8 0.9 1.8   3.3 
469 1.4 2.4   0.1 54.2 16.3 1.8 2.8 1.1 6.7 9.6 3.3 0.3   
207 2.0 2.6     34.7 35.7 21.0 0.7 0.7 1.5 0.5 0.5 0.2   
195 1.4 2.2     18.3 34.6 17.5 0.7 1.0 2.3 0.4 0.2 tr 2.5 
42 2.6 2.6 tr tr 46.1 18.2 2.9 1.5 1.5 11.0 5.4 4.3 0.7 3.1 
-49 3.7 1.7   tr 59.0 21.2 1.6 0.9 0.5 2.9 4.5 2.7 0.5   
-79 2.7 4.9  tr 36.7 35.2 15.0 1.0   1.4 0.2 0.3   2.7 
-143 12.0 11.0 2.4 0.3 16.1 26.5 4.8 20.0   3.4 0.7 2.7     
-313 3.8 5.4     48.6 9.0 6.5 0.8   3.1 0.9 10.3 0.4 11.2
-440 2.8 6.5     52.1 21.0 5.3 0.8   3.6 1.2 5.8 0.9   
-544 3.3 7.5     27.6 46.5 10.7 1.7   0.5 0.3 1.5 0.4   
-586 3.8 2.4     30.1 34.4 9.7 4.4   1.0 0.4 0.7 0.1   
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Table 1.2.2. Lightning Dock 
Table 1.2.2a. Rietveld refinement values for samples from 45-7. Values are reported in weight 
percent of the sample, and reported in meters above or below mean sea level. Tr = trace amount. 
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150 - 160 3     11 1 32 25 25 Tr 1 
330 - 340 1     11   43 26 18 Tr Tr 


390 - 400 Tr 21 
80-


>90%   2 29 24 10 13 Tr 
520 - 530 Tr 10 >90%   2 30 30 21 6 1 
550 - 560 Tr     7 2 35 30 25 Tr Tr 
600 - 610   Tr n.d. 8 2 23 35 31 Tr 1 
630 - 640 Tr 9 >90%   2 34 30 24 Tr 1 
720 - 730 Tr     11 4 30 29 24 1 1 
800 - 810 Tr 11 >90%   3 29 27 30 Tr Tr 
930 - 940 Tr 10 >90%   3 30 29 24 3 1 
1100 - 
1110 Tr     8 3 28 26 33 1 1 
1300 - 
1310 Tr 9 >90%   2 27 32 28 1 1 
1450 - 
1460 Tr Tr 80-90% 9 3 29 30 27 3 1 
1590 - 
1600 Tr Tr n.d. 9 2 26 36 21 4 2 
1640 - 
1650 Tr     7 2 34 35 20 1 2 
1700 - 
1710 Tr Tr 80-90% 7 3 30 36 18 3 2 
1810 - 
1820   8 


80-
>90%   3 23 42 17 3 2 


1900 - 
1910   9 


80-
>90%   3 26 38 19 3 2 


2000 - 
2010   7 


80-
>90%   3 25 43 15 4 2 


2060 - 
2070   7 


80-
>90%   2 23 47 14 3 2 


2110 - 
2120 Tr Tr >90% 5 2 28 44 18 1 2 
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Table 1.2.2.b. Rietveld refinement values for samples from 47-07. Values are reported in weight 
percent of the sample, and reported in meters above or below mean sea level. Tr = trace amount. 
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305 1     14 5 Tr 15 45 15         3   


395 Tr Tr >90%   1   24 2           73   


485       Tr 2   8 9 5         76   


600   2 50-70% 11 Tr   32 27 25         2   


700 3 12 >90%   2   29 21 26         5   


800 1 12 >90%   1   33 23 26         2   


900   9 >90%   1   34 27 27         1   


1000   Tr 50-70% 10 1   33 25 29         1   


1100 Tr 11 >90%   3   34 24 26         1   


1200 6     9 2   26 16 18 5   Tr Tr 15   


1300 Tr 2 80-90% 9 Tr 4 54   3         28   


1400 Tr 5 >90%    9   17 43 14     2   9   


1500   Tr 80-90% 8 5   26 31 18     1   10   


1600         4   18 41 18   2 1   1   


1700         4   17 42 16   3 2   3   


1800         3   17 55 19     2   2   


1900       Tr 1   6 2         2 90   


2000             2 Tr         3 95   


2100   3 80-90% 13 Tr 1 39   2       10 32   


2200   1 80-90% 10 Tr 1 48 1 2       17 20   


2300     2 80-90% 10 2   48 1 2       8 26   


2400     2 80-90% 12 3 Tr 44 1 2       7 29   


2500     3 80-90% 14 2 Tr 44 Tr 2       7 29   


2600     4 80-90% 19 2   33 0 2       6 35   


2700     2 80-90% 6 Tr   10           1 81   


2800     3 80-90% 10 Tr   26   1       7 53   


2900     10 
80-


>90%   Tr   13   1       4 72   


3000         2     9   Tr       8 81   


3100     3 >90% 9 Tr Tr 14   1       7 66   


3200     4 80-90% 9   3 20   2       9 52 2 
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3300     1 80-90% 4 Tr Tr 47   1       15 31 Tr 


3400     4 80-90% 12 Tr   27   Tr       9 46 1 


3500         4 Tr   18           7 70 Tr 


3600         5     23   Tr       3 68 Tr 
  


Appendix 1: DE-EE0005521


8







 
Table 1.2.2.c. Rietveld refinement values for samples from 53-07. Values are reported in weight 
percent of the sample, and reported in meters above or below mean sea level. Tr = trace amount. 
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100 2     11   28 30 24    1 3     


200 1     9   36 27 26    1       


300 1     10   35 24 29    1       


400       13   29 21 22   12 1   2   


500       12 1  30 25 28   4 1       


600       12 1  33 27 25   1 1       


700       9 1  31 29 27   1 1       


800       11 1  32 28 25   1 2       


900       10 1  31 32 25   1 1       


1000       11 2  31 30 24   1 2       


1100       12 1  30 26 27   2 2       


1200       11 Tr  29 29 27   3 1       


1300       11 Tr  32 27 27   1 2       


1400       10 1  31 29 26   1 2       


1500       11 1  29 27 28   2 2       


1600       10 Tr  26 27 34   1 2       


1700       9 1  26 24 38   1 2       


1800       11 1  26 25 34   2 2       


1900       11 1  23 26 36   2 2       


2000   Tr ? 11 1  29 25 32   1 2       


2100       11 1  26 29 30   2 2       


2200       10 1  31 33 22   1 2       


2300       11 1  31 36 18   1 2       


2340       11 3  29 33 13   9 2       


2370   4 >50% 17 3  35 21 14   5 2       


2400   3 >50% 10 5 Tr 44 17 12   7 2       


2430       10 2  41 10 6   31 2       


2500       7 1  31 11 9   40 1       
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2600   4 90% 15 3 Tr 29 6 5  4 33 1         
2670   3 90% 11 2 4 39 Tr 2 1 4 33 1         
2700   2 90% 12  2 28 1 2  2 49 1         
2740   2 90% 13 3 6 28 15 12  2 18 1       


2770   7 90% 21 2 4 40 3 5  1 14 2       


2800   2 90% 9 Tr 3 53 3 3  Tr 24 Tr       


2830   2 90% 5 Tr Tr 20 Tr Tr  1 70 Tr       


2870         Tr  4     96         


2900       2 Tr 1 15     81         


3000       Tr 4 Tr 23 43 24   3       Tr 2


3100       2 Tr  12 2 1  36 48         


3200   2 90% 6 2  21 41 21   5       1  


3300   2 90% 9 2  16 49 17   3       2  


3400         Tr  24 2    73         


3500         1  8 10 6   76         


3600   3 90% 12 2 7 27 6 6  4 31 1       


3700   3 90% 10 2 5 40 Tr 2 Tr 4 33         


3800   3 90% 10 1 3 28 Tr 2  2 50         


3900   2 90% 12 3 5 29 11 16  2 18 1     Tr  


4000   6 90% 22 2 8 38 3 5  1 13 2     Tr  


4040   2 90% 9  6 54 3 4   23           


4100   Tr 90% 5  2 20    1 72         


4180          1 4     95         


4200       2  2 15     81         


4260       Tr 2  18 55 19   4       2  


4300       Tr Tr  12 2 2  36 48         


4400   3 90% 6 2  22 42 19  Tr 5       1   
 
 
  


Appendix 1: DE-EE0005521


10







 
Table 1.2.2.d. Rietveld refinement values for samples from 53-07 ST-1. Values are reported in 
weight percent of the sample, and reported in meters above or below mean sea level. Tr = trace 
amount. 
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1690   Tr 
80-


>90% 6   Tr   25 25 37   4 2     


1790 Tr 8 >90%     1   27 27 34   2 2     


1850   Tr 80-90% 7   Tr   28 24 35   2 2     


1880   3 80-90% 7   1   7 30 48   2 2     


1980   9 
80-


>90%     Tr   27 24 34   3 2     


2070   9 
80-


>90%     1   28 27 32   2 2     


2130   8 >90%     Tr   28 29 30   2 2     


2220 Tr 6 >90%     2   27 38 24   2 2     


2260 4 13 >90%     2   23 32 20   2 2 2   


2340 13 8 
80-


>90%   3     22 34 11   6 4     


2400 7 10 >90%     2   24 37 7   8 2 2 Tr 


2460 13 10 >90%     Tr 2 21 32 16   5 2     


2490 4     5   Tr Tr 17 7 4   62 Tr     


2550 3 Tr 80-90% 5   Tr 2 25 6 7   51 Tr     


2580 3 Tr 80-90% 7   1 1 31 10 12   34 Tr     


2610 2 1 80-90% 6     2 35 4 5 3 42 Tr     
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Table 1.2.2.e. Rietveld refinement values for samples from 55-07. Values are reported in weight percent of the sample, and reported 
in meters above or below mean sea level. Tr = trace amount. 
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100 12     13     29 19 24   4       1         Tr                 Tr     


260 6 9 >90%     55 9 18           Tr   3                       Tr     


300 3 5 >90%     77 4 9           Tr   2                       Tr     


450   12 80->90%   2   28 23 28   6       1                                 


580       10 1   31 25 30   1       2                                 


800       10     34 23 32   0       2         Tr                       


1090       4 Tr   33 15 22   2   22   3                                 


1290   9 >90% 9     38 19 32   0       2                                 


1440   21 80->90%   3   20 6 33   15       3                                 


1570   23 70-90%   3 5 30 Tr 3   35       1                                 


1770   2 80-90% 7 1 3 46 1 4   37       Tr                           Tr     


1900   4 80-90% 10 Tr 3 27 2 6   47       Tr                                 


1920 6 50-70% 4 Tr 9 25 18 19   17       2                                 


1950 Tr 17 80->90%   Tr 3 40 2 4   31 3     Tr                                 


2000   17 80->90%   5 3 35 3 5   29 3     Tr                                 


2090   4 80-90% 12 3 3 46 4 3   21 4     Tr                                 


2100   17 80->90%   7   40 3 2   26 5     Tr               Tr               Tr 


2150   18 80->90%   8   38 4 4   23 4     Tr               Tr               Tr 


2180   17 80->90%   9   37 3 3   25 4     Tr                                 


2270   7 80-905 14 6   27   3   27 15     Tr                                 


2490   3 80-90% 4 2   31       53 7     Tr                           Tr     


2550       4     32       60 3     Tr                           Tr     


2630   3 80-90% 4 2   19       65 7     Tr                                 


2670 Tr 3 80-90% 5 3   20       63 7     Tr                           Tr     


2680       2     6       90 1     Tr                                 
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2770   6 80-90% 16 4   26   4   28 16     Tr                                 


2780       Tr Tr   19       70 10                                       


2860       3     31       46 19     Tr                           Tr     


2970 Tr 4 80-90%   3   18 46 21   6     Tr   2   Tr           Tr       Tr       


3190   3 80-90% 5 3   21 9 4   52 2     Tr     Tr                     Tr     


3270   1 80-90% 2 3   16 3 1   75 Tr           Tr                     Tr     


3470   4 80-90% 1 4   12 20 7 Tr 49         2   1   Tr       Tr       Tr       


3580   8 80-90% 7 6   31 6 3   38 Tr     Tr     Tr                     Tr     


3780   Tr n.d. 3   12       85 Tr                                 Tr     


3970       Tr 1   13       85 Tr                                 Tr     


4060   1 50-90% 5 Tr   28 13 11   41 Tr   Tr           Tr       Tr               


4100   10 >90%   Tr   38 21 28   2                 Tr                       


4160   1 
Tr 50-70; 
80-90% 7 1   17 38 21 Tr 9     Tr       3 1 Tr       Tr               


4320   13 80->90%   2   23 42 16 Tr 3             Tr   Tr       Tr               


4390   11 80->90%   4   21 30 10   12             13   Tr                       


4590       7 4   14 43 17   8         1   1   3                       


4620       4 7   11 51 18   3         1   1   4                       


4820       3 0   16 3 4   75 Tr                                       


4890       Tr Tr   14 Tr Tr   83 1                                       


5180       Tr     32       67 1                                       


5390       2     6       79 14                                       


5590       14 Tr   23 Tr 1   31 30   Tr                                   


5700       20 3   26   2   32 17                                       


5870       21 1   26 Tr 2   29 21                                       


6140       3     6 Tr Tr   4 85                                       


6220   1 50-70% 3     9   Tr   79 8           1                           


6470       3     20   Tr   3 74                                       


6520       14 Tr   21 14 1   2 47               Tr             Tr Tr Tr     


6620   19 
Tr 50-70; 


>90% 2   23 16 2 Tr 5 31     2         Tr Tr Tr   Tr   Tr   Tr   Tr   


6740   10 
Tr 50-70; 


>90% Tr   28 1 Tr Tr 2 59               Tr   Tr   Tr Tr   Tr         
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6880       8 Tr   40 15 34   2 2                 Tr Tr   Tr               


6980       6 Tr   29 25 36   2 1                   Tr   Tr               


 
 
 
Table 1.2.2.f. Rietveld refinement values for samples from 63-07. Values are reported in weight percent of the sample, and reported in 
meters above or below mean sea level. Tr = trace amount. 
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70  Tr              5.5  Tr  Tr  7.9  25.9  23.8  24.6     9.7     1.6                   


100  5              9.9           31.5  24.8  25.9     1.1     1.6                 Tr 


160  3              8.4           39.2  20  27.1           1.1        1.2          


190  3.7              11.3           33.5  19.2  30     1.2     1.2                   


230  7.5              11.3           36.1  15.8  28.2     Tr     Tr                   


300  Tr  15.2  0.9           Tr        39  16.6  27.3     Tr     1                   


360  Tr  11.1  0.9           Tr        32.8  13.8  30.3     11.2     Tr                   


400  Tr  7.6  0.9           Tr        29  11.2  29.7     21.5     1                   


450  Tr  11.1  0.9           1.9        36.9  18.7  29     1.1     1.4                   


500  Tr  12.3  0.9           3.7        29.1  19.9  32.7     Tr     1.7                   


600     9.9  0.9           Tr        31.2  18.3  33.8     5.4     1                   


670  Tr  12  0.9           Tr        29.3  25.2  29.3     2.2     1.3                   


800  Tr  9.7  0.9           2.2        28.4  26.4  30.5     1.3     1.5                   


890                 11.3  1.9        30  27.7  25.4     2.3     1.3                   


1000  Tr  8.7  0.9           Tr        29  26.3  32.1     1.7     1.4                   


1100  Tr  9.4  0.9           Tr        30.9  28  28     1.8     1.7                   


1160  Tr  6.8  0.9           2.4        30.6  27  31.4     Tr     1.3                   


1250  1  7.2  0.9           Tr        17.3  41.2  25.3  2.3  Tr     1        3.3          
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1300  1.3              1.3  4.4        6.6  49.9  20.3  3.5  1     2.6           9.1       


1400  2.2              2.7  2.2        13.1  44.1  28.1  2.6  Tr     2.1     Tr     1.3     Tr 


1500  6.2              5.5  6.3        3.6  38.7  33.1     Tr     1.9     Tr     4.1       


1600  4.2              4.8  6.5        15.4  45.2  17     1.3     2.6           3.1       


1650  1        4.9 
50‐
60%  3.1           11.6  48.8  22.8  6  Tr     1                   


1760  2.5        7.9  n.d.              8.7  50.8  24.4  3.4  Tr     1.4                   


1860  1        5.2  n.d.  3.1           9.7  36.7  26  1.4  2.4     2.3           12.2       


1910  6.4        1  n.d.              11.2  28.5  6  1.5  5.8     2.5     1.2     33.7  2.2    


2050  23.2              5.5  5.6        26.9  15.1  13.6     1.6     Tr     Tr  7.4          


2160  3.4              5  Tr        23.1  35.1  18.2  1.1  1.2     1     Tr     10.8       


2260  Tr              Tr  1.8        45.5  5.4  5.7     38.4     Tr     Tr     1.5       


2320  1.1  5  ~70%        4.1  3.3  3.2     24.9  5.7  3.7     46.3     Tr           2.1       


2410  Tr  7.4  n.d.        4.6  3.1  7.7     24.6     4.4     27.5  20  Tr                   


2590  Tr  6.2  ~70%        2.6  6.9        38.6  2.8  5.7     31.4  4.7  Tr                   


2640     6.2  80‐90%        18.2  Tr  2.2     20.6     2.1     23.7  24.6  Tr                   


2710     9.8 
90% & 50‐


70%              7.8     36.1  19.5  15.5     8.4  2.5  Tr                   


2850     Tr 
50‐70% & 80‐


90%        6.5           38.6     Tr     47.9  5.2  Tr                   


2950  Tr              1.4  1        12.8     1.1     80.3  3.2                      


3050     1.8  >90%  6  n.d.              17.3  22.7  11.8     38.8  1.2  Tr                   


3150  Tr  2.5  0.9  2.7  0.9  4.1           19.2  44.2  16.7     7.6        1.8        1.2       


3250           2.5  0.9  4.9           33.6  Tr  Tr     51.3  5.7  Tr                   


3310  1.6  Tr  n.d.  5.6  0.9  2.6           24.6  6.2  3.7     55.2  Tr  Tr                   


3400                             6           86.1  7.9                      
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Table 1.2.2.g. Rietveld refinement values for samples from TG-52-07. Values are reported in 
weight percent of the sample, and reported in meters above or below mean sea level. Tr = trace 
amount. 
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400 1 10 >90%       22 26 15 24 1 1.4   
500 2 10 >90%     Tr 31 28 23 4 1     
600 6 11 >90%     3 26 28 23 3 2   Tr 
700 2 10 >90%     Tr 29 29 28 Tr 2     
800 2 9 >90%     2 28 26 31 1 2     
900 2 8 >90%     2 29 25 31 2 2     


1000 2 11 >90%     3 29 22 28 3 1     
1100 2 9 >90%     Tr 32 25 30 Tr 1     
1200 1 9 >90%     1 29 27 26 4 2     
1300 1 10 >90% 2 >80%   29 29 26 1 2     
1400 1 12 >90%     2 28 25 30 2       
1500 Tr 9 >90%     1 29 29 28 2 2     
1600 1 10 >90%     Tr 28 29 28 2 2     
1700 1 11 >90%     Tr 27 32 24 3 2     
1800 1 9 >90%     Tr 26 33 26 2 2     
1900 Tr 9 >90%     4 26 29 28 1 2     
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Fig. 1.2.2. Petrographic despcriptions of rocks in 55-07, distribution of clays, brecciation and secondary silica. The well is 
representative of those from Lightning Dock.  
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1.2.3. Thermo Hot Springs 
 
Table 1.2.3a. Rietveld refinement values for samples from 13-14A. Values are reported in weight percent of the sample, and reported in meters above or 
below mean sea level. Tr = trace amount. 
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50 2     Tr 4 12 8 40 28 3  3 Tr  
160 5     Tr 27 30 33 2  Tr 2  
260 3     1 20 46 23 3  2 3  
360 3     1 18 47 20 5  2 4  
460  3 <50%   Tr 23 44 22 4  2 2  
560  3 <50%   2 19 26 24   17 1 7  
660  2 <50%   1 23 43 28 1  2  
760  1 <50%   2 25 43 25 2  2  
860  Tr <50%   Tr 27 41 25 2  Tr 2  
960  Tr <50%   Tr 23 42 25 2  Tr 4 3  


1060  2 <50%   Tr 23 41 27 4  3  
1160  2 <50%   1 21 43 25   2 7  
1260  4 <50%   Tr 21 38 29 3  3 2  
1360  3 <50%   Tr 26 38 25 3  Tr 3  
1460  5 <50%   Tr 24 37 27 1  4 2  
1560  4 <50%   1 24 38 26 4  3  
1640  5 <50%   1 24 38 25 2  3 3  
1760 5   Tr n.d. Tr 27 32 28 3  1 3 2  
1860  1 <50% Tr 60% Tr 25 40 25 Tr  2 2 3  
1960 2   Tr 60% 4 Tr 16 33 13 2  8 12 2 8  
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2860 Tr Tr n.d. 2 60% 3 39 12 11 30  2  
2960 Tr   2 n.d. 1 40 3 3 36 14 2  
3010    Tr n.d. 2 13 Tr 37 47  
3040  3 60%   4 2 53 24 3 9  2  
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3860      Tr 2 97  
3960      Tr 6 94  
4060  Tr n.d.   4 85 Tr 2 4 4 Tr  
4160 Tr 3 90% 3 90% 76 Tr 4 9 4 Tr  
4260 Tr Tr n.d.   5 Tr 86 Tr 3 2 2 Tr  
4360  Tr n.d. 1 80% 3 88 Tr 3 2 2 Tr  
4460  Tr n.d. Tr 90% 4 93 Tr 2 Tr Tr Tr  
4560    Tr 90% 3 28 Tr 45 23  
4660    Tr n.d. 4 Tr Tr 8 88  
4760      Tr Tr 4 95  
4860      6 4 15 23 47 4 Tr  
4960 Tr     6 1 36 20 33 2 Tr  
5060    3 90% 6 Tr Tr 5 84 1  
5160    1 90% 3 Tr Tr 2 93 Tr  
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5360 Tr 9 90%   1 47 Tr 36 4 3 Tr  
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6260      15 2 5 7 46 20 5  
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13 


           


6460      7 Tr Tr 2 6 81 2  
6560  Tr 90%   16 Tr 16 9 28 18 3 Tr 2 5  
6660  Tr 90%   8 Tr 47 6 29 5 Tr Tr 1  
6760    2 1 2 38 19 20 16 2 2  
6850      7 Tr 44 12 28 1  2 5  
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Table 1.2.3b. Rietveld refinement values for samples from 63-33. Values are reported in weight percent of the sample, and reported in meters above or 
below mean sea level. Tr = trace amount. 
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410  2 n.d.   2     16   37 26 10  5   3       


550 2     3     11 4 5 35 21 3  15   1       


650 3     4     8 8 4 37 22 1  13   Tr       


750 4     4     9 6 4 35 23 1  12   1       


850 2     3     8 7 4 41 22 Tr  13   1       


950 8          22 Tr 2 24 29 3  11   1       


1050  9 <50% 2      Tr 18   21 24 Tr  23   Tr       


1150 12     7    Tr 10   41 22 2  7   1       


1250  14 <50%   5    Tr 18   33 19 4  6   Tr       


1350  13 <50%   6    Tr 24   22 28 2  Tr  2 2       
 
1450 


  
3 


 
<50% 


 
Tr 


50- 
60% 


 
3


  
3


  
Tr


 
27


   
28


 
33 


 
3


     
3


      


 
1550 


  
2 


 
<50% 


 
Tr 


50- 
60% 


 
5


    
Tr


 
26


   
36


 
25 


 
3


     
3


      


1650  2 50%   3    Tr 28   32 29 3     3       


1750  3 ≤60% Tr n.d. 8    Tr 38   15 29 3     3       
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17
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7


     
2
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32
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34


   
18


 
11 
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80% 90% 


 
2650 
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7


     
32


   
9


 
11 


 
17


 
6


    
2


      
80% 90% 


 
2750 


  
Tr 


70-  
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50-  
6


     
32


   
6


 
11 


 
30


 
5


    
2


      
80% 60% 


 
2850 


 
Tr 


 
Tr 


70- 
80% 


   
15


 
11


    
45


   
Tr 


 
2 


 
24


     
2


      


 
2950 


  
Tr 


 
n.d. 


 
Tr 


80- 
90% 


      
34


    
1 


 
37


 
27


    
Tr 


      


3000 Tr Tr n.d.   5 Tr    90    2 2 1    Tr       
 
3140 


  
1 


 
90% 


 
3 


50- 
60% 


 
5


     
86


   
Tr 


 
2 


 
2


           


 
3250 


  
2 


<50- 
90% 


 
Tr 


 
90% 


 
7


     
33


    
2 


 
40


 
16


          


3350 Tr Tr n.d. Tr  2     12    Tr 9 76           


3450 Tr Tr ~50%   3 Tr    9    Tr 8 79     Tr      


3550  Tr ~50%   3 Tr    19    Tr 10 67     Tr      


3650 Tr Tr n.d.        6   Tr Tr 86 7           


3750    1 ~50%      5     19 74     Tr   Tr   


3850       1    1     16 82           


3950       Tr    1     3 96           


4050       2    Tr     2 95           


4150      Tr 2    Tr     2 95     Tr      


4250      2 Tr    Tr     7 90        Tr   


4350           Tr     Tr 99           


4450       Tr    Tr   Tr  3 96        Tr   


4550    6 ~50% 8     25    22 17 11     10  1    


4650    Tr ~50%    Tr  4     8 88           


4750    1 ~50%    Tr Tr 5   Tr 5 9 78     1      


4850  Tr <50% 2 80% Tr     4   Tr  5 85     2  1    


4950  Tr <50% 3 80% 5     2   Tr 6 8 71     2  Tr 1   
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<50% 
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50- 
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1


     
2
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80


     
4


  
2


 
Tr 


  


5180  2 <50% Tr ~50% 5     8   8 21 18 30     3 1 2 Tr   


5250         2  2   Tr Tr 4 88     1 2 Tr    


5350         2  1   Tr Tr 5 87     2 2 1    


5450    4 90% 2     Tr   3 2 25 57     5 1 1 Tr   


5550      Tr Tr    1     4 93     Tr      


5670  Tr <50%   12 1    51   2 26 4 4           


5750  Tr n.d.   6 10    5   9 22 8 1          40


5850    2 90% 2     1   3 5 71 7          8


5950  Tr <50%   3 8    3   5 6 34 2     Tr     39


6040      13 4    24   25 22 3            


6050  Tr 70%   6 1    39   18 32 3        Tr    


6150  Tr n.d.   6 Tr    46   14 28 3        2    


6250  Tr 70%   6 Tr    51   9 28 Tr        4  1  


6290      8 1    49   11 29 2            


6320      7 Tr    49   12 30 Tr        2    
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Table 1.2.3c. Rietveld refinement values for samples from 17-34 Values are reported in weight percent of the sample, and reported in meters above or 
below mean sea level. Tr = trace amount. 
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100 5    5 23 37 26 2  Tr 1
200 11    8 4 49 14   6 2 7
300 13    8 2 45 8   15 2 7
400  4 <50%  9 7 48 12   14 2 6
500  6 <50%  9 7 48 10   11 2 8
600  4 <50%  5 7 47 9   18 1 9
700  6 <50%  8 10 42 7   18 1 8
800   <50%  3 7 10 46 15   12 1 6
900  1 <50%  6 7 55 13   10 2 7


1000 5    8 9 49 9   12 1 7
1100  Tr <50%  4 6 11 51 9   9 2 9
1200  Tr <50%  4 2 9 59 6   6 3 12


 


1300      4 3   11 55 10    8 2 7      
 
1400 


  
3 


<50%, 
60% 


    
3


   
28


 
17


 
41


    
6


 
2


      


1500  2 <50%  2 4 19 41 21 2  3 3 1 2
1600  1 <50%  4 10 14 31 15 3  16 2 2 2
1700  2 <50%  3 6 21 34 23 2  4 2 2 1
1790  Tr <50%  1 2 4 19 38 25 3  4 3 1
1900  Tr <50%  1 2 4 22 40 22 2  4 2 Tr 1
2000  Tr <50%  2 2 7 15 38 21 2  7 3 Tr 2
2100  3 <50%  4 2 25 29 26 1  6 3 1 Tr 
2200  Tr <50%  6 3 43 28 19 1  Tr 
2300  Tr <50%  6 Tr 2 44 28 18 1  


 
2400 


  
4 


<50%, 
70% 


 
8


 
>90% 


  
11


  
1


 
35


 
3


 
5


 
13 


 
21


         


2500  Tr n.d.  3 28 5 3 62
2700     2 27 4 4 63 Tr Tr 
2900  3 ~90%  8 18 2 33 37 Tr 
3000 Tr    9 29 1 5 40 15 Tr 
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3200 Tr Tr n.d.  9 15 4 7 47 17 1 Tr 
3400     1 12 2 16 69
3600     3 2 5 90
3800     5 Tr 4 90
4000     1 Tr 3 95
4200     Tr Tr Tr 1 97
4350     Tr 1 99
4550     Tr 3 96
4650  Tr n.d.  7 78 6 Tr 9
4750  Tr n.d.  9 57 6 2 26
4850  Tr <50%  19 7 40 13 1 17 2 Tr 
5050     10 6 70 2 4 9
5250  11 90% 12 90% 55 5 14 3 Tr 
5300     36 9 39 7 5 3
5500  Tr <50%  2 15 2 2 79
5750  Tr <50%  Tr 30 2 13 55


 
5925 


  
Tr; 11 


<50%; 
>90% 


     
7


  
30


  
4


 
17 


 
30


   
1


      


6200     2 66 32
 
6400 


  
Tr; 8 


<50%; 
>90% 


     
4


  
21


  
2


 
12 


 
54


 
Tr 


      
Tr 


  


6600  Tr <50%  1 Tr 2 96
6800     Tr 4 5 1 13 10 55 6 1 4
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7000     Tr Tr 3 3 4 7 77 3 Tr 2
7200  Tr <50%  Tr Tr 6 3 Tr 4 6 76 1 1 Tr 
7400  Tr <50%  Tr Tr 3 2 2 6 84 1 1
7600     Tr Tr 1 Tr 1 4 90 Tr 1
7800  Tr <50%  Tr 2 1 2 94 Tr 
7900  Tr <50%  2 Tr 3 93 Tr 
8100  Tr <50%  3 7 3 4 11 63 7 Tr Tr 2
8175  Tr <50%  4 8 3 9 10 54 6 6
8275     4 5 30 22 29 3 2 Tr 
8325     6 9 17 20 26 5 1 5 10
8400     5 11 22 16 31 8 2 3 3
8500     14 15 19 11 27 4 4 2 4
8600     3 6 6 4 8 65 4 1 2
8700     7 5 33 23 26 3 2 Tr 1
8800     5 1 41 22 26 2 1 Tr 
8900     3 4 36 29 27 1 1 Tr 
9000     4 3 36 30 26 1  
9100     3 2 41 26 27 1  
9200     2 2 37 29 29 Tr  
9300     5 2 41 26 26 Tr  
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Table 1.2.3d. Rietveld refinement values for samples from 11-34, 24-34 & 52-34. Values are reported in 
weight percent of the sample, and reported in meters above or below mean sea level. Tr = trace amount. 
 


 W
el


l 


   D
ep


th
 


S
m


ec
ti


te
 


Ill
it


e 


B
io


ti
te


 


Ill
it


e/
S


m
ec


ti
te


 


C
h


lo
ri


te
 


Q
u


ar
tz


 


P
la


g
io


cl
as


e 


K
-f


el
d


sp
ar


 


C
al


ci
te


 


D
o


lo
m


it
e 


G
ro


ss
u


la
r 


D
io


p
si


d
e 


11-34 6060-6070 Tr  5 6 Tr 22 13 8 Tr 35 10 
11-34 6560-6570 Tr 2 1 90 7 Tr   
24-34 7750-7760  2 Tr 2 40 27 30   
52-34 7090-7100 Tr 9 2 33 21 29 3 4   


 
1.2.4 Raft River  
 


Table 1.2.4a. Rietveld refinement values for samples from RRG-1. Values are reported in weight percent of 
the sample, and reported in meters above or below mean sea level. Tr = trace amount. 
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4500.0 2  38 32 22 Tr 5 Tr 1  
4503.0 3  30 20 25 5 11 3 1 Tr Tr 2 
4506.0 2  35 31 30 1 1 Tr Tr  
4507.0  8 14 7 22 9 36 3 Tr Tr 1 
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Table 1.2.4b. Rietveld refinement values for samples from RRG-2. Values are reported in weight percent of 
the sample, and reported in meters above or below mean sea level. Tr = trace amount. 
 


 D
ep


th
 (


ft
) 


In
te


rl
ay


er
ed


 
C


h
lo


ri
te


/S
m


ec
ti


te
 


C
h


lo
ri


te
 


M
ic


a 


A
n


al
ci


m
e 


Q
u


ar
tz


 


P
la


g
io


cl
as


e 


K
-f


el
d


sp
ar


 


C
al


ci
te


 


E
p


id
o


te
 


T
it


an
it


e 


M
ag


n
et


it
e 


H
em


at
it


e 


A
p


at
it


e 


A
m


p
h


ib
o


le
 


H
o


rn
b


le
n


d
e 


C
lin


o
p


yr
o


xe
n


e 


4900-4910 1  Tr  80 2 15 Tr Tr Tr Tr Tr    
4950-4960 1  Tr Tr 91 2 6 Tr Tr Tr    
5000-5010 3  16  48 10 21 2 Tr Tr Tr    
5050-5060  2 4  31 26 31 4 1 Tr Tr Tr Tr  Tr 
5100-5110 2  7  29 34 24 Tr 3 Tr Tr Tr    
5150-5160 2  6  34 25 26 6 2 Tr Tr Tr Tr Tr   
5200-5210  5 5  32 29 27 2 Tr Tr Tr Tr   
5250-5260 2  5  30 26 32 5 Tr Tr Tr Tr Tr   
5300-5310  5 2  21 31 39 1 1 Tr Tr    
5340-5350 3  3  31 28 33 Tr Tr Tr Tr    
5400-5410 3  2  33 27 33 Tr Tr Tr Tr    
5400-5410 4  4  31 28 32 1 Tr Tr Tr    
5450-5460  4 5  29 29 32 Tr 1 Tr Tr Tr Tr    
5500-5510  3 2  35 26 32 1 Tr Tr Tr    
5540-5550  5 3  31 24 26 9 1 Tr Tr    
5600-5610 4  1  34 26 34 1 Tr Tr Tr Tr    
5650-5660 3  3  33 25 34 1 1 Tr Tr Tr Tr    
5700-5710 10  14  26 13 5 3  24 5 
5750-5760  10 1  11 18 1 3  50 6 


 


5800-5810 5 3  30 32 29 1 Tr Tr Tr Tr    
5850-5860 5 3  28 36 26 Tr Tr Tr 1    
5900-5910 2 5  37 31 23 Tr 1 Tr Tr    
5900-5910 2 4  36 31 24 Tr 2 Tr Tr    
5900-5910 4 4  31 35 25 Tr Tr Tr Tr    
5950-5960 5 3  31 31 27 1 1 Tr Tr    
5950-5960 6 3  30 30 28 1 1 Tr Tr    
6000-6006 2 4  31 37 24 Tr Tr Tr Tr Tr    
6000-6006 2 4  31 37 23 Tr Tr Tr Tr Tr    
6050-6060 3 2  35 28 31 Tr Tr Tr Tr Tr    
6100-6110 6 2  32 31 26 Tr 1 Tr Tr Tr    
6150-6160 3 1  32 27 33 4 Tr Tr Tr    
6200-6210 5 2  30 30 33 1 Tr Tr Tr    
6200-6210 3 3  31 28 34 Tr Tr Tr Tr    
6200-6210 3 2  30 27 34 4 Tr Tr Tr    
6200-6210 5 3  24 34 32 Tr 1 Tr Tr    
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Table 1.2.4c. Rietveld refinement values for samples from RRG-3 ST-1. Values are reported in weight 
percent of the sample, and reported in meters above or below mean sea level. Tr = trace amount. 
 


 D
ep


th
 (


ft
) 


In
te


rl
ay


re
d


 
Ill


it
e/


S
m


ec
ti


te
 


In
te


rl
ay


er
ed


 
C


h
lo


ri
te


/S
m


ec
ti


te
 


C
h


lo
ri


te
 


M
ic


a 


A
n


al
ci


m
e 


L
au


m
o


n
ti


te
 


Q
u


ar
tz


 


P
la


g
io


cl
as


e 


K
-f


el
d


sp
ar


 


C
al


ci
te


 


D
o


lo
m


it
e 


P
yr


it
e 


4360-4380 Tr  Tr 3 2 52 11 17 15  
4440-4460   Tr 3 2 49 15 23 7  
4500-4510 Tr 2  2 2 43 5 37 9  
4640-4650 Tr  1 3 9 6 42 3 36 2  
4670-4680 Tr  1 4 9 6 40 3 35 2  
4710-4720 Tr  1 2 9 6 41 4 35 2  
4860-4880  2  3 2 22 41 3 25 2  
4980-5000  4  5 1 35 9 25 21 Tr 
5060-5080  2  3 14 5 36 8 27 5 Tr 
5100-5110  3  1 7 3 39 8 28 10 2 
5160-5180  4  2 11 2 35 12 26 8 1 
5260-5280 Tr 3  2 10 2 34 12 26 9 Tr 
5320-5340  2  2 2 48 20 21 6 Tr 
5400-5420 Tr 3  5 68 11 5 4 4  
5540-5550 Tr 0  7 82 10 1  
5580-5590  0  3 87 9 Tr  
5660-5670  1  4 79 16 1  
5710-5720  0  1 94 5 Tr  
5770-5780  9  22 48 11 10  
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Table 1.2.4d. Rietveld refinement values for samples from RRG-3A. Values are reported in weight percent of 
the sample, and reported in meters above or below mean sea level. Tr = trace amount. 
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2812-2815 6  9 14 31 7 29 5   Tr  


3975.5-3976.5 5  5 4 33 17 28 9 Tr   Tr 
 


Table 1.2.4e. Rietveld refinement values for samples from RRG-3C. Values are reported in weight percent of 
the sample, and reported in meters above or below mean sea level. Tr = trace amount. 
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4506 5  4   20 8 36 27   Tr Tr Tr 


4676 7  10   34 6 21 22 1 Tr    


4981 3  3  Tr 45 4 19 24 1     


4995 7  7   23 2 39 21 1     


5270-5272 6  5   29 2 56 1 Tr     


5270-5272 1  3   26 2 42 15 1 10    


5270-5272 8  6   38 2 28 17 Tr     


5270-5272 4  4   25 2 61 3 Tr     
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Table 1.2.4f. Rietveld refinement values for samples from RRG-3D. Values are reported in weight percent of 
the sample, and reported in meters above or below mean sea level. Tr = trace amount. 
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2520-2530    2 Tr 1 44 23 28 2 
2620-2630   4  Tr 9 40 12 29 6 Tr
2710-2720   5  Tr 12 36 11 28 6 Tr
2810-2820   4  Tr 6 44 13 25 7 Tr
2910-2920   3  Tr 19 34 11 26 5 Tr
3010-3020   5  Tr 5 38 10 29 12 Tr
3110-3120   2  Tr 4 37 37 12 8 Tr
3220-3230   3  Tr 8 49 6 24 10 Tr
3320-3330    5 26 36 3 27 3 Tr
3410-3420    3 Tr 28 34 3 29 3 Tr
3510-3520  Tr  3 Tr 25 35 2 31 2 Tr
3600-3610   4  Tr 8 37 18 29 4 Tr
3710-3720   2  Tr 5 39 20 28 4 Tr
3810-3820  Tr 1  Tr 4 43 18 25 9 Tr
3910-3920   2  Tr 2 46 17 30 4 Tr
4010-4020   1  Tr 2 48 16 27 5 Tr
4110-4120   2  Tr 2 52 16 24 4 Tr


 


4210-4220  Tr 4  Tr 8 40 17 24 7 Tr
4310-4320   3  Tr 4 44 18 27 4 Tr
4410-4420   4  Tr 33 36 4 21 2 Tr
4510-4520   4  Tr 25 34 5 29 2 Tr
4610-4620    3 Tr 32 33 3 28 Tr Tr
4710-4720   10  Tr 8 38 9 26 8 Tr
4810-4820    5 Tr 25 3 37 3 25 2 Tr
4910-4920 Tr  7  Tr 11 2 41 6 23 10 Tr
5010-5020 Tr   4 Tr 25 1 38 3 23 4 Tr
5110-5120 Tr Tr 3  Tr 22 2 39 3 27 3 Tr
5210-5220 Tr  5  Tr 9 3 41 5 24 11 Tr
5250-5260  Tr 4  Tr 8 2 42 5 27 9 1
5310-5320   6  Tr 11 11 38 4 25 3 Tr
5330-5340  Tr 7  Tr 14 5 34 5 31 4 Tr
5410-5420   6  Tr 5 3 35 15 31 4 Tr
5510-5520   7  Tr 3 3 34 22 26 5 Tr
5610-5620   7  Tr 1 1 31 22 28 7 1
5710-5720   8  Tr Tr 33 23 29 6 1
5800-5810   4  Tr Tr 39 28 26 2 Tr
5900-5910   4  10 57 5 21 4 
6010-6020   Tr  8 75 1 14 Tr 
6120-6130   2  2 2 3 76 3 12 2 
6210-6220   Tr  2 1 81 2 13 Tr 
6310-6320    Tr 8 2 79 2 8 Tr 
6400-6410    1 10 1 57 13 19 Tr 
6500-6510  Tr  3 3 14 5 35 4 32 4 Tr
6600-6610  Tr  2 5 1 37 22 32 Tr 
6670-6680  Tr  1 5 Tr 36 23 33 Tr 
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Table 1.2.4g. Rietveld refinement values for samples from RRG-7. Values are reported in weight percent of 
the sample, and reported in meters above or below mean sea level. Tr = trace amount. 
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5550-5560 3  2 Tr 39 22 23 10 1  
5650-5660 2  2 Tr 39 24 26 6 Tr  
5750-5760 3  7 52 5 30 1 Tr 1  
5850-5860 Tr  9 76 13 1  
5950-5960 2  82 Tr 13 1  
6050-6060  1 10 82 Tr 6  
6150-6160  4 11 46 30 9  
6240-6250  3 15 55 20 7 1  
6350-6360  1 12 55 22 9  
6440-6450  Tr 6 52 25 16 Tr Tr 
6460-6470  Tr 5 56 20 18  
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Table 1.2.4h. Rietveld refinement values for samples from RRG-9. Values are reported in weight percent of 
the sample, and reported in meters above or below mean sea level. Tr = trace amount. 
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290-320 Tr     2 Tr 57 16 22 1    
380-410 3     3 1 47 25 19 2    
500-530 Tr     1 5 46 15 25 4    4 
590-620 Tr     4 3 50 20 21 2    
680-710 Tr    Tr 4 5 51 21 16 3    
800-830  Tr    3 13 47 14 15 7    
890-920  2    Tr 2 58 12 20 6    
980-1010  Tr    2 Tr 60 12 20 5    
1100-1130  Tr    2 Tr 55 16 21 5    
1190-1220  Tr    Tr Tr 55 16 24 4    
1280-1310  Tr    2 Tr 53 17 23 4    
1400-1430  Tr    Tr 13 39 16 21 8 2    
1490-1520  Tr    2 8 32 11 43 3 Tr    
1580-1610  Tr    3 34 28 15 18 Tr    
1700-1730    2  2 9 41 Tr 44 Tr    
1800-1810  Tr   Tr 3 2 Tr 50 17 22 6 1    
1900-1910  Tr  Tr  1 1 1 52 16 21 7 Tr    
2000-2010  Tr  1  4 2 Tr 47 20 20 5 Tr    
2100-2110  Tr  Tr  2 55 15 25 3    
2200-2210  Tr  Tr  5 50 14 23 7 Tr    
2250-2260  Tr  1  3 2 54 14 19 6 Tr    
2300-2310  Tr  1  3 1 53 15 19 7 Tr    
2350-2360  Tr  1  3 2 50 10 14 19 Tr    
2400-2410  Tr  2  3 3 53 11 16 12 Tr    
2450-2460     1 2 1 51 13 23 10    
2500-2510  Tr  Tr  4 2 52 12 20 10    
2550-2560  Tr  4  5 3 46 13 15 14    
2600-2610     1 5 1 54 11 17 11    
2650-2660  Tr  3  3 8 37 9 35 4    
2700-2710  Tr  Tr  2 40 36 4 17 2    
2750-2760  Tr  3  2 4 14 38 2 31 5    
2800-2810    2  3 3 49 11 21 10    
2850-2860    Tr  2 1 59 12 15 11    
2900-2910    1  3 2 51 14 20 10    
2950-2960    4  3 Tr 10 47 5 20 10    
3050-3060    2  3 1 10 3 39 6 28 6 Tr    
3100-3110  Tr  3  5 32 9 32 2 15 3    
3150-3160  2  7  4 1 2 46 5 24 9    
3200-3210    7  7 3 44 2 18 17 2    
3300-3310    2  3 22 39 3 26 4 1    
3350-3360    2  2 36 36 1 20 2 Tr    
3400-3410    8  5 1 43 4 23 15 Tr    
3500-3510    2  1 3 22 40 2 30    
3550-3560    Tr  2 8 10 46 1 32    
3600-3610    8 2 4 1 7 47 3 21 6 Tr    
3650-3660    9  4 3 3 46 2 15 17 1    
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3700-3710    10  5 1 2 35 1 11 24 1   9 
 


3750-3760    7  8 39 2 18 26 Tr    
3800-3810    7  5 49 2 26 9 Tr    
3850-3860    4  3 4 46 3 37 2 Tr    
3900-3910    Tr  2 Tr 36 28 32 Tr    
3950-3960    5  2 11 3 40 5 27 6 1    
4000-4010    2  1 4 2 39 5 39 7 2    
4050-4060    6  3 4 1 32 6 37 9 2    
4100-4110     4 2 14 7 36 6 26 3 1    
4150-4160    2  2 1 4 39 2 46 3 1    
4200-4210  Tr   1  1 2 45 13 35 2    
4250-4260  Tr   1  Tr 1 39 26 29 1 Tr    
4300-4310   Tr  0  Tr 2 41 29 26 1 Tr    
4400-4410   Tr  3  Tr 3 39 26 27 1 Tr    
4500-4510  Tr Tr  3  Tr 3 37 25 30 Tr Tr    
4600-4610   Tr  1  2 39 25 31 Tr Tr    
4700-4710  Tr Tr  1  38 31 28 1 Tr    
4800-4810   Tr  2  34 37 26 1    
4900-4910   2  1  1 36 37 21 1 Tr    
4950-4960   Tr 2   Tr 33 35 27 2 Tr    
5000-5010  Tr  1   Tr 33 44 19 1 Tr    
5100-5110   Tr 2  2 Tr 39 23 32 Tr 1    
5150-5160   Tr Tr  3 2 39 20 34 Tr Tr    
5200-5210  Tr Tr  Tr 3 3 39 20 33 Tr Tr  Tr  
5250-5260   Tr  Tr 2 3 42 19 32 Tr Tr  Tr  
5300-5310  Tr  2  4 Tr 41 21 29 2 Tr  Tr  
5350-5360     1 6 57 7 29 Tr    
5400-5410     1 18 55 3 22 Tr    
5450-5460     0 9 82 8 Tr    
5500-5510    Tr  2 90 7 Tr    
5550-5560      2 91 Tr 7 Tr    
5600-5610     0 1 88 Tr 10 Tr    
5650-5660    Tr  1 74 5 14 Tr 4   
5700-5710    Tr  1 86 1 11 Tr    
5750-5760     Tr 1 88 1 9 Tr    
5800-5810    Tr  1 94 5 Tr    
5850-5860      1 94 5    
5900-5910    2  1 Tr 71 6 9 1 8   2 
5940-5950    Tr  12 76 4 7 Tr    
6000-6010    Tr  11 65 12 11 Tr    
6040-6050     Tr 7 47 17 28 Tr    
6070-6080     Tr 6 42 20 31 Tr    
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Table 1.2.4i. Rietveld refinement values for samples from RRG-9 ST-1. Values are reported in weight percent of the sample, and 
reported in meters above or below mean sea level. Tr = trace amount. 
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4151 Tr 2 80-90% 5 2 2 36 24 26 Tr  3 Tr Tr
4213 Tr 2 ~90% 5 2 2 36 20 31   3 Tr Tr
4303    1 2 3 2 2 35 23 28 Tr  3 Tr Tr Tr
4393    2 1 3 1 3 32 27 27 Tr  2 Tr Tr Tr
4513    Tr Tr 3 Tr 3 36 25 30 Tr  1 Tr Tr Tr
4592    3 Tr 3 32 36 24 Tr  2 Tr Tr
4717    Tr 3 34 36 24   1 Tr Tr Tr
4807 Tr   2 Tr 2 37 30 26 Tr  2 Tr Tr Tr
4907 Tr   2 Tr 3 36 29 26   2 1 Tr
4999  1 50-60% 2 35 34 26   1 Tr Tr
5099 Tr 3 ~80% 2 1 1 35 18 37   1 Tr Tr
5199 Tr Tr 80-90% 2 2 Tr 4 47 16 24   3 Tr Tr
5299 Tr 5 n.d. Tr 9 3 51 6 22 Tr  1 Tr 2 Tr
5399  1 n.d. 2 Tr 3 82 2 8 Tr  Tr Tr Tr
5531 Tr Tr n.d. 3 Tr 3 80 3 9   Tr Tr 1
5565    3 95 3   
5605    Tr 3 95 3   
5650    Tr 28 68 4   
5660    Tr 20 76 4   Tr
5700    Tr 10 1 46 23 16 Tr  1 Tr 1
5890    Tr 4 Tr 36 25 32   1 Tr 1 Tr
5900  5 n.d. 3 2 Tr 23 33 17  10 2 2 2 Tr Tr
5930    4 3 1 31 32 22  3 1 1 Tr Tr Tr
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1.3. Oxygen Isotope Data 
 
Table 1.3.1a: Preexisting measured d18O values from Coso Hot Springs, CA. 
 


Well Well Depth 18O (‰) 
BLM 84-30 173.7 8.03 


 246.9 7.21 
 396.2 4.23 
 673.6 1.22 
 838.2 7.54 
 935.7 6.07 
 1088.1 8.47 
 1231.4 7.38 
 1246.6 9.32 
 1417.3 6.74 
 1527.0 6.82 
 1688.6 7.15 
 1783.1 7.52 
 1895.9 6.04 
 1935.5 7.88 
 2030.0 7.70 
 2133.6 7.66 
 2255.5 6.92 
 2328.7 7.17 
 2386.6 7.02 


BLM33B-19 182.9 7.98 
 243.8 8.19 
 396.2 7.50 
 518.2 7.22 
 658.4 7.28 
 819.9 8.43 
 890.0 6.83 
 1039.4 7.79 
 1200.9 8.55 
 1356.4 7.65 
 1505.7 6.51 
 1588.0 8.06 
 1743.5 5.12 
 1822.7 7.03 
 1905.0 5.85 
 2087.9 7.43 
 2173.2 7.55 
 2261.6 5.54 
 2401.8 5.79 
 2529.8 6.77 
 2633.5 5.10 
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Well Well Depth  18O (‰) 
 2694.4 4.48 


NVY51A-16 158.5 6.91 
 268.2 9.60 
 457.2 6.84 
 661.4 9.60 
 819.9 7.66 
 920.5 6.66 
 1054.6 7.44 
 1231.4 7.24 
 1234.4 5.94 
 1405.1 5.00 
 1508.8 7.63 
 1597.2 5.83 
 1722.1 6.60 
 1783.1 9.44 
 1877.6 6.60 
 1956.8 7.23 
 2094.0 6.33 
 2133.6 5.71 
 2261.6 4.51 
 2392.7 6.65 
 2453.6 4.41 
 2529.8 2.70 


NVY34A-9 164.6 9.07 
 259.1 7.60 
 426.7 7.38 
 560.8 6.63 
 679.7 6.08 
 856.5 4.95 
 914.4 6.18 
 1088.1 7.81 
 1118.6 5.89 
 1222.2 5.90 
 1280.2 7.81 
 1353.3 6.39 
 1402.1 8.91 
 1463.0 6.97 
 1554.5 7.82 
 1649.0 6.86 
 1737.4 8.82 
 1828.8 7.35 
 1923.3 4.55 
 2078.7 7.41 
 2212.8 6.61 
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Well Well Depth  18O (‰) 
 2289.0 6.11 
 2368.3 5.87 
 2465.8 7.10 
 2618.2 8.60 
 2734.1 7.69 
 2798.1 5.38 
 2883.4 6.77 
 2913.9 4.77 
 2959.6 5.91 


NVY68-6 256.0 4.36 
 423.7 4.03 
 542.5 3.32 
 609.6 6.35 
 722.4 6.60 
 801.6 5.16 
 960.1 4.26 
 1082.0 5.33 
 1188.7 5.31 
 1271.0 4.77 
 1371.6 4.45 
 1484.4 2.72 
 1554.5 3.77 
 1700.8 4.39 
 1798.3 5.22 
 1935.5 5.15 
 2066.5 3.82 
 2121.4 4.59 
 2194.6 3.56 
 2270.8 2.99 
 2392.7 1.48 
 2465.8 0.99 
 2566.4 0.57 
 2636.5 0.35 
 2709.7 0.66 
 2792.0 4.02 
 2849.9 -0.52 
 2941.3 -4.06 
 2984.0 0.52 
 3063.2 0.57 


NVY73A-7 185.9 6.20 
 298.7 6.72 
 420.6 6.83 
 515.1 6.23 
 551.7 5.72 
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Well Well Depth  18O (‰) 
 637.0 5.48 


BLM 58A-18 182.9 7.78 
 307.8 7.82 
 429.8 7.41 
 563.9 7.17 
 685.8 7.55 
 789.4 6.78 
 914.4 7.43 
 1045.5 7.23 
 1219.2 7.11 
 1350.3 6.14 
 1493.5 7.61 
 1609.3 5.88 
 1764.8 6.56 
 1850.1 5.96 
 1959.9 7.02 
 2042.2 5.47 
 2133.6 6.26 
 2225.0 5.06 
 2325.6 3.47 
 2423.2 6.15 
 2572.5 7.43 
 2636.5 6.03 


BLM 43-7 338.3 6.16 
 451.1 6.94 
 524.3 5.9 
 612.6 5.8 
 707.1 4.73 
 7778.5 5.06 
 850.4 4.74 


NVY 76B-18 219.5 7.34 
 323.1 7.89 
 429.8 7.48 
 615.7 7.08 
 920.5 4.41 
 1164.3 4.52 
 1399.0 7.42 
 1514.9 5.99 
 1725.2 7.08 
 1844.0 9.8 
 2063.5 8.54 
 2173.2 1.62 
 2249.4 4.48 
 2386.6 4.12 
   


Appendix 1: DE-EE0005521


39







Well Well Depth  18O (‰) 
 2535.9 4.96 
 2575.6 5.02 


BLM 66-6 429.8 7.08 
 637.0 6.78 
 810.8 4.21 
 947.9 4.38 
 1112.5 3.02 
 1258.8 3.62 
 1405.1 4.28 
 1728.2 0.37 
 1819.7 2.83 
 1944.6 0.23 


BLM 88-1 189.0 7.67 
 347.5 6.79 
 438.9 7.24 
 597.4 7.95 


BLM 88-1RD 707.1 5.41 
 865.6 7.50 
 987.6 5.55 
 1170.4 6.67 
 1399.0 1.75 


BLM 23A-19 478.5 7.00 
 640.1 8.35 
 868.7 9.00 
 1191.8 6.82 
 1429.5 7.60 
 1685.5 6.55 
 1828.8 4.50 
 2130.6 6.09 
 2493.3 5.68 
 2688.3 5.32 


NVY 63A-18 292.6 6.88 
 521.2 6.18 
 713.2 5.54 
 862.6 4.85 
 1063.8 5.17 
 1213.1 5.74 
 1487.4 6.22 
 1645.9 4.39 
 1877.6 4.39 
 2203.7 4.47 


NVY 41B-8 210.3 7.06 
 429.8 6.54 
 624.8 6.58 
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Well Well Depth  18O (‰) 
 850.4 7.15 
 1136.9 6.65 
 1347.2 6.65 
 1600.2 7.56 
 1777.0 9.47 
 2011.7 7.66 


NVY 66-7 164.6 6.07 
 295.7 7.88 
 466.3 6.24 
 621.8 6.29 
 768.1 4.78 
 893.1 5.62 
 1057.7 5.60 
 1216.2 6.05 


NVY 63B-18 426.7 6.50 
 759.0 5.89 
 1033.3 6.06 
 1246.6 2.42 
 1524.0 5.13 
 1859.3 4.83 


NVY 63B-18D 2090.9 6.13 
 2301.2 6.97 
 2514.6 4.70 
 2682.2 4.09 


NVY 78B-6RD 298.7 7.66 
 570.0 6.97 
 792.5 5.08 
 1036.3 3.40 
 1234.4 3.26 


NVY 78B-6ST 1453.9 3.25 
 1633.7 4.06 
 1905.0 3.23 
 2097.0 2.18 


BLM CGEH1 155.4 6.02 
 268.2 6.36 
 423.7 7.88 
 576.1 6.26 
 701.0 6.87 
 899.2 7.02 
 1051.6 7.45 
 1252.7 6.46 
 1441.7 5.62 


NVY 23A-17 243.8 5.59 
 499.9 6.05 
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Well Well Depth  18O (‰) 
 618.7 6.30 
 813.8 7.20 
 1024.1 5.90 
 1338.1 6.82 
 1618.5 5.73 
 1871.5 6.18 
 2118.4 4.63 
 2386.6 4.28 


NVY 13A-16 280.4 8.45 
 493.8 7.30 
 612.6 7.29 
 838.2 7.84 
 960.1 7.11 
 1109.5 7.28 
 1344.2 7.04 
 1554.5 7.04 
 1804.4 7.37 
 2045.2 7.01 


NVY 64-16 228.6 6.41 
 426.7 7.38 


NVY 64-16RD 859.5 6.24 
 932.7 7.05 
 1140.0 7.78 
 1441.7 8.05 
 1703.8 7.63 
 1892.8 7.58 
 2133.6 5.84 
 2423.2 3.22 
 2551.2 2.05 
 2804.2 5.25 


BLM 54-7RD 594.4 5.42 
 740.7 5.61 
 963.2 4.28 
 1094.2 5.79 
 1246.6 5.54 
 1636.8 4.52 
 1767.8 7.32 
 2026.9 5.77 
 2283.0 3.29 
 2502.4 2.82 


NVY 38-9 240.8 4.52 
 545.6 7.07 
 838.2 6.92 
 1155.2 7.11 
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Well Well Depth  18O (‰) 
 1460.0 7.21 
 1764.8 6.83 
 2078.7 6.51 
 2356.1 4.65 
 2679.2 5.48 
 2962.7 5.78 


NVY 38A-9 1612.4 6.35 
 1917.2 5.28 
 2243.3 4.23 
 2468.9 4.60 
 2697.5 5.81 


NVY 47A-8RD 438.9 5.55 
 548.6 4.44 
 765.0 6.98 
 853.4 6.17 
 100.6 6.98 
 1194.8 7.39 
 1414.3 2.75 


NVY 78-7 335.3 7.40 
 688.8 5.29 
 823.0 6.14 
 999.7 4.84 
 1243.6 5.00 
 1377.7 4.65 
 1545.3 6.31 
 1688.6 5.85 
 1847.1 5.75 


BLM 46A-19RD 896.1 6.98 
 1188.7 6.77 
 164.6 7.90 
 1764.8 7.12 
 2036.1 5.17 
 2261.6 7.14 
 2560.3 6.51 
 2871.2 6.71 
 3169.9 7.56 
 3404.6 0.45 
 3468.6 0.41 
 3627.1 5.22 
 3739.9 7.02 
 3956.3 5.20 


Navy I 87A-7 213.4 8.92 
 310.9 9.15 
 457.2 5.81 
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Well Well Depth  18O (‰) 
 652.3 5.94 
 777.2 5.23 
 947.9 6.24 
 1130.8 5.46 


Navy I 24A-8 189.0 6.05 
 381.0 6.59 
 634.0 6.28 
 880.9 6.15 
 1066.8 4.41 
 1213.1 6.12 
 1359.4 4.08 
 1563.6 1.52 
 1709.9 2.90 
 1880.6 1.42 


Navy I 41A-8 213.4 6.34 
 402.3 6.80 
 621.8 6.81 
 804.7 5.65 
 996.7 7.76 
 1158.2 6.94 
 1356.4 5.72 
 1566.7 6.81 
 1807.5 7.32 
 2017.8 6.60 


Navy II 81A-18 228.6 6.94 
 359.7 7.67 


Navy II 81A-
18RD 487.7


6.33 


 624.8 6.13 
 841.2 4.90 
 938.8 5.33 
 1063.8 4.28 
 1170.4 5.71 


Navy II 67C-17 256.0 7.84 
 454.2 7.95 
 658.4 7.35 
 859.5 7.79 
 1094.2 7.30 
 1365.5 7.50 
 1719.1 7.63 
 1908.0 7.00 
 2072.6 6.06 
 2145.8 5.60 
 2283.0 6.60 
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Well Well Depth  18O (‰) 
 2347.0 7.50 


Navy II 86-17 356.6 7.89 
 728.5 7.19 
 1015.0 7.19 
 1289.3 8.21 
 1597.2 8.93 
 1944.6 6.65 
 2286.0 6.73 
 2639.6 6.69 
 2813.3 5.66 
 3069.3 5.67 


Navy II 83-16 210.3 7.37 
 518.2 8.00 
 841.2 6.56 
 1149.1 7.77 
 1469.1 6.77 
 1780.0 6.65 
 2026.9 7.32 
 2331.7 6.99 
 2633.5 6.45 
 2971.8 7.08 


Navy II 83B-16 265.2 7.37 
 609.6 6.88 
 902.2 7.79 
 1234.4 7.09 
 1508.8 6.14 
 1877.6 5.13 
 2158.0 5.47 
 2438.4 5.72 
 2743.2 7.25 
 3197.4 6.97 


Navy II 64A-16 323.1 8.16 
 609.6 7.11 
 914.4 7.76 
 1219.2 6.98 
 1478.3 6.94 
 1801.4 6.78 
 2075.7 6.04 
 2444.5 3.95 
 2697.5 7.75 
 2956.6 6.82 


Navy II 67-17 381.0 7.59 
 643.1 8.33 
 929.6 7.16 
 1146.0 7.04 
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Well Well Depth  18O (‰) 
 1341.1 7.37 
 1569.7 7.11 
 1773.9 6.58 
 1981.2 7.23 
 2331.7 7.19 
 2728.0 6.90 


Navy II 37B-17 201.2 8.32 
 475.5 6.43 
 679.7 5.41 
 929.6 5.76 
 1173.5 6.33 
 1383.8 6.64 
 1618.5 6.22 
 1859.3 6.68 
 2133.6  


BLM 52-20 301.8 7.68 
 539.5 8.07 
 792.5 7.21 
 996.7 7.34 
 1222.2 6.26 
 1441.7 6.68 
 1688.6 7.20 
 1883.7 6.98 
 2115.3 7.53 
 2365.2 5.70 


BLM 47B-20 274.3 6.46 
 460.2 6.02 
 710.2 5.18 
 914.4 6.99 
 1167.4 7.17 
 1295.4 7.59 
 1536.2 6.74 
 1795.3 6.31 
 1962.9 6.71 


BLM 16A-20 289.6 7.97 
 557.8 7.33 
 746.8 8.14 
 1066.8 6.84 
 1307.6 4.27 
 1554.5 6.31 
 1731.3 6.36 
 1962.9 7.12 
 2295.1 7.09 
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Well Well Depth  18O (‰) 
BLM 24-20 259.1 7.76 


 579.1 7.40 
 883.9 7.17 


BLM 24-20RD 1176.5 6.83 
 1374.6 6.28 
 1719.1 5.23 
 1865.4 4.20 
 2054.4 4.99 


BLM 88-20 213.4 6.41 
 502.9 8.18 
 731.5 6.15 
 1005.8 6.15 
 1246.6 6.02 
 1463.0 7.59 
 1722.1 7.81 
 1950.7 7.53 
 2191.5 7.33 
 2438.4 6.71 


BLM 81A-19 320.0 7.51 
 530.4 7.88 


BLM 81A-19RD 810.8 7.31 
 990.6 7.41 
 1225.3 5.87 
 1356.4 7.06 
 1536.2 6.94 
 1688.6 6.25 


NVY 38B-9 1926.3 5.52 
 2118.4 5.56 
 2261.6 4.35 
 2322.6 6.62 
 2453.6 5.80 
 2514.6 5.58 
 2639.6 5.75 
 2712.7 6.06 


BLM 84-30 990.6 8.03 
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Table 1.3.1b: Measured δ18O values for whole rock and mineral samples and calculated W/R 
ratios from well 68-6, Coso Hot Springs, CA.. “*” indicates chloritized biotite 
 
  


Well: 68-6 
Depth 


(m) 
Whole-Rock 


(‰) 
Feldspar 


(‰) 
Chlorite 


(‰) 
Biotite 


(‰) 
Hornblende (‰) 


W/R 
Ratio 


271.3 3.88     0.43 
335.3 4.47 6.04       0.31 
423.7 2.55         0.69 
487.7 3.49 6.59 2.12     0.51 
563.9 5.08         0.19 
685.8 5.78         0.05 
722.4 6.02 6.29       0.00 
883.9 3.57     0.49 
984.5 4.07         0.39 
1069.8 4.30         0.34 
1271.0 4.43         0.32 
1371.6 2.44 5.24       0.72 
1432.6 2.87         0.79 
1484.4 1.50 4.96       0.63 
1554.5 2.60         0.90 
1700.8 3.78 5.64 0.16     0.68 
1798.3 4.67 6.76       0.45 
1935.5 4.46         0.27 
2066.5 2.94     0.31 
2270.8 2.70     0.62 
2392.7 0.75     0.66 
2465.8 0.75 3.09       1.05 
2566.4 0.61         1.05 
2709.7 0.75 3.08   -3.18*   1.08 
2792.0 2.83 3.59       1.05 
2849.9 0.54     0.64 
2895.6 0.26         1.10 
2941.3 -4.60 -3.88 -1.53     1.15 
2984.0 -1.05 1.76 1.01   3.58 2.12 
3173.0 0.64     1.41 
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Table 1.3.1c: Measured δ18O values for whole rock and mineral samples and calculated W/R 
ratios from well 33A-7, Coso Hot Springs, CA.. “*” indicates chloritized biotite 
 


Well: 33A-7 


Depth (m) 
Whole-


Rock (‰) 
Feldspar 


(‰) 
Chlorite 


(‰) 
Biotite 


(‰) 
Hornblende (‰) 


W/R 
Ratio 


33.5 7.62 7.50    0.00 
109.7 3.7     0.68 
262.1 5.39     0.39 
414.5 7.45     0.03 
566.9 4.84     0.48 
646.2 5.34     0.40 
871.7 0.2     1.29 
1024.1 3.59     0.70 
1100.3 3.00 5.49 1.98   0.80 
1325.9 4.18     0.60 
1569.7 3.89     0.65 
1649.0 2.71     0.86 
1877.6 1.03     1.15 
1984.2 3.93     0.64 
2136.6 1.60     1.05 
2212.8 -0.44     1.40 
2322.6 -0.02     1.33 
2322.6 -1.02     1.51 
2350.0 -0.98     1.50 
2380.5 0.14     1.30 
2471.9 0.51 -2.37   4.35 1.24 
2502.4 -2.35     1.74 
2529.8 -3.08 -0.03 0.32 -3.83* 4.31 1.86 
2566.4 0.94 4.16    1.16 
2593.8 2.15 4.20   3.32 0.95 
2624.3 1.55     1.06 
2654.8 2.92     0.82 
2685.3 2.10 4.60    0.96 
2746.2 3.91     0.65 
2837.7 4.48 5.49    0.55 
2959.6 4.60     0.53 
2990.1 4.25     0.59 
3020.6 4.05     0.62 
3051.0 1.78     1.02 
3081.5 4.21     0.59 
3112.0 4.03     0.63 
3142.5 4.61     0.52 
3173.0 4.10     0.61 
3233.9 4.49     0.55 
3294.9 3.88 5.90 4.12   0.65 
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Table 1.3.1d: Measured δ18O values for whole rock and mineral samples and calculated W/R 
ratios from well 73-19, Coso Hot Springs, CA.. “*” indicates chloritized biotite 
 


 
  


Well: 73-19 
Depth 


(m) 
Whole-Rock 


(‰) 
Feldspar 


(‰) 
Chlorite 


(‰) 
Biotite 


(‰) 
Hornblende 


(‰) 
 W/R 


Ratio 
271.3 6.98 7.79   3.84 4.62  0.08 
381.0 6.61      0.13 
390.1 6.37      0.16 
445.0 7.48 8.12        0.01 
545.6 5.52      0.28 
777.2 7.57      0.00 
798.6 6.36      0.16 
1060.7 7.16      0.06 
1072.9 7.41      0.02 
1225.3 6.07      0.20 
1316.7 6.63      0.13 
1347.2 5.91      0.23 
1386.8 4.61 6.14 -0.45 1.97    0.40 
1411.2 2.38      0.71 
1481.3 6.30 7.26   3.78 4.21  0.17 
1581.9 5.94      0.22 
1664.2 6.85      0.10 
1709.9 5.13      0.33 
1813.6 5.14 6.20        0.33 
1834.9 3.30 6.34        0.58 
1856.2 3.30      0.58 
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Table 1.3.2: Measured 18O values and W/R ratios from 47-07, 53-07, 53-07ST1, 55-07 and 63-
07 from Lightning Dock, NM. 
 


Lightning Dock, NM 
Sample (m) 18O (‰) W/Rclosed 
47-07 


120 23.50 0.02


120 23.74 0.01


148 34.78 0.00


396 22.02 0.10


396 21.88 0.10


579 22.79 0.06


610 21.84 0.11


640 21.20 0.14


671 22.76 0.06


701 21.85 0.11


732 22.34 0.08


762 21.85 0.11


792 20.44 0.19


823 27.59 0.00


853 22.01 0.10


884 23.24 0.04


914 23.68 0.01


945 21.94 0.10


975 20.25 0.20


1006 20.37 0.19


1036 18.64 0.31


1067 21.63 0.12


1097 21.99 0.10
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53-07 
741 20.66 0.18


762 23.65 0.02


792 23.63 0.02


814 21.95 0.10


823 23.77 0.01


835 20.24 0.20


844 20.88 0.16


853 19.72 0.24


863 23.75 0.01


875 21.63 0.12


875 21.62 0.12


884 21.95 0.10


945 22.21 0.09


1036 19.56 0.25


1067 20.90 0.16


1097 20.11 0.21


1128 21.43 0.13


1158 20.11 0.21


53-07ST1 
759 18.21 0.35


777 20.37 0.19


777 21.08 0.15


786 21.61 0.12


796 22.38 0.08
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55-07 
479 23.22 0.036


539 24.37 0.000


539 24.23 0.000


579 23.33 0.031


594 22.99 0.047


610 22.27 0.084


655 22.61 0.066


664 22.58 0.068


692 22.71 0.061


63-07 
689 22.72 0.06


707 23.46 0.02


735 20.49 0.19


805 22.24 0.09


826 17.75 N/A 
826 17.42 N/A 
869 22.21 0.09


899 27.39 N/A 
930 19.16 N/A 
960 18.42 N/A 
991 23.86 0.01


1009 22.24 0.09


1036 21.57 0.12
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Table 1.3.3: Measured 18O values and W/R ratios for 13a-34 and 63-33 from Thermo Hot 
Springs, UT. 


Sample (m) 18O (‰) W/Rclosed 
13a-34 


1006 16.93 0.35 
1036 14.94 0.50 
1082 13.80 0.60 
1082 13.42 0.63 
1113 16.11 0.41 
1143 19.40 0.20 
1173 23.89 0.00 
1204 22.39 0.06 
1387 10.40 0.83 
1387 7.15 1.28 
1417 16.56 0.33 
1448 19.07 0.20 
1478 13.30 0.56 
1478 10.49 0.82 
1509 15.76 0.38 
1539 19.07 0.20 
1570 21.84 0.08 
1600 22.79 0.04 
1631 22.44 0.05 
1661 18.67 0.22 
1692 20.40 0.14 
1722 18.79 0.21 
1753 20.21 0.14 
1783 20.08 0.15 
1814 15.02 N/A 
1844 17.37 0.28 
1875 15.17 0.42 
1875 13.35 0.55 
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Sample (m) 18O (‰) W/Rclosed 
63-33 


991 14.71 0.51 
1021 24.33 0.00 
1052 27.24 0.00 
1082 20.22 0.16 
1082 20.27 0.16 
1113 9.32 1.13 
1143 15.09 0.48 
1173 18.18 0.27 
1204 22.09 0.07 
1234 22.52 0.05 
1265 21.30 0.10 
1295 22.52 0.05 
1326 23.91 0.00 
1326 23.46 0.02 
1356 23.32 0.02 
1387 11.86 0.68 
1387 11.40 0.73 
1417 22.59 0.05 
1448 23.43 0.02 
1478 23.75 0.01 
1509 15.48 0.40 
1539 19.11 0.19 
1579 14.17 0.49 
1600 20.84 0.12 
1631 19.48 0.18 
1661 16.63 0.33 
1692 21.66 0.08 
1728 3.49 N/A 
1753 3.08 N/A 
1783 17.63 N/A 
1814 15.11 N/A 


 
 
References: 
 
Moore, D. M. and R. C. Reynolds Jr. (1997) X-ray Diffraction and the Identification and 
Analysis of Clay Minerals. Oxford University Press, New York, New York. 378 p. 
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Appendix 2. MT 3D Inversion Descriptions 
 
2.1 Coso Hot Springs 


 
From 2004 to 2011, 210 MT soundings were acquired over the Coso Hot Springs 


geothermal field and surrounding area in three phases (Figure 2.1.1). The purpose of conducting 
the MT surveys was to estimate the resistivity structure beneath the ground surface to 
approximately 10 km depth as could pertain to fluid flow pathways and hydrothermal alteration.  
The 2004 data were 101 sites collected by Quantec Geoscience Inc. under subcontract to EGI 
and the U.S. Navy GPO (Wannamaker et al., 2004; Newman et al., 2008) focusing on the East 
Flank of the CGF as part of the U.S. Dept. of Energy’s Enhanced Geothermal Program research 
(Sheridan et al., 2003). Approximately a dozen sites were collected in 2005 at the south end of 
the East Flank area by Apollo Geophysics through subcontract to Lawrence Berkeley National 
Lab (Newman et al., 2008). The remaining ~100 sites were collected by Geosystem Inc 
(Western-Geco), extending the coverage to west of the Main Field (Western-Geco report to 
Terra-Gen Inc, 2011).   


For all soundings, data were examined and those found to be of poor quality rejected. The 
CGF is a difficult operating environment due to strong EM noise from power plant production 
and a nearby interstate “DC” transmission line. The remote reference method, designed to 
overcome environmental noise, requires simultaneously recording sensors completely outside the 
influence of the noise sources. Wannamaker et al. (2004) found it necessary to use ultra-distant 
remote references in Parkfield CA (265 km) or Socorro, NM (1000 km). Reference sites 
attempted at the Centennial Flat area, 15 miles north of the CGF; Panamint Valley, 30 miles 
distant; and Amargosa Valley NV, 60 miles distant, were insufficiently far. The 2005 and 2011 
sites did not make use of an ultra-remote reference site; the 2005 survey fortunately appeared to 
be conducted during a low-noise interval, but the 2011 survey was badly corrupted resulting in 
the rejection of large amounts of data in the 1 to 0.05 Hz, and sometimes even the 10 to 0.03 Hz, 
frequency range. 
 


Data from 126 soundings at sites surrounding the main producing area were selected for 
inversion (Figure 2.1.1).  These are primarily the recent Western-Geco sites plus a strip of sites 
from the East Flank area. The inversion data included at 21 frequencies from 100 Hz to 0.01 Hz. 
The inversion was terminated after 4 days, after 11 model updates. Calculating the predicted data 
and derivatives required approximately 6.75 hours for the 21 frequencies considered 
(approximately 20 min / frequency). Solving for the new model parameters required 46 minutes 
per iteration.  
 


The resistivity structure is represented using a FE mesh consisting of 78 x 76 x 64 voxels in x 
(north), y (east) and z (vertical) directions (Fig. 2.1.2). The inversion domain contains 76x74 x 
51 voxels leaving a rim one finite element thick around the margins of the computational model. 
The smallest voxels within the domain encompassed by the receivers are 120 m x 120 m wide, 
increasing in width towards the periphery of the FE mesh. 


 
The FE mesh was deformed such that the nodes at the air/earth interface follow the 


topography, generated from ASTER GDEM data downloaded from 
http://gdex.cr.usgs.gov/gdex/. The ASTER GDEM is a product of METI and NASA, courtesy of 
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the online Data Pool at the NASA Land Processes Distributed Active Archive Center (LP 
DAAC), USGS/Earth Resources Observation and Science (EROS) Center, Sioux Falls, South 
Dakota (https://lpdaac.usgs.gov/data_access). Topographic relief is concentrated along the 
margins of the survey area; a surface elevation of 1230 m was assigned to the background 
layered model. Background layer thicknesses and minimum and maximum deformation of the 
inversion voxels are listed in Table 2.1.1. The starting model, also used as the a-priori constraint, 
consists of a 27 Ωm halfspace, estimated from the frequency-weighted average of the xy and yx 
mode apparent resistivity data.  
 


Convergence is shown in Figure 2.1.3, with nRMS decreasing from 11.1 for the starting 
model (#1) to 3.84 for model 9. Model 9 was chosen to represent the subsurface resistivity 
structure as subsequent models did not have significantly lower nRMS despite substantially 
decreasing the applied regularization, suggesting that the inversion has reached a minimum. A 
map color-coded according to the final nRMS for each MT station is provided in Fig. 2.1.4. The 
extremely poor misfit affecting stations such as CosoE38 is attributed primarily to the inclusion 
of poor quality data which were not caught prior to the inversion (Fig. 2.1.5). In the case of 
COSOE38, the first 3 Kzy data have unreasonably large magnitudes (shown as out-of-bounds); 
their misfit inflating the sounding nRMS. In addition, there is systemic misfit of a cross-over in 
the observed Zyy data at mid-range frequencies at several stations. We hypothesize that this is 
due to over-regularization in part of the inversion domain, restricting and possibly suppressing 
developing structures. Further investigations of this are planned. 
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Figure 2.1.1. Google earth map of the Coso Hot Springs geothermal field with the MT 
stations collected in 2004, 2005 and 2011 coded by color (blue, green, pink). 
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Figure 2.1.2. FE mesh 
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Table 2.1.1 Description of the horizontal background layers, and voxel deformation beneath the 
ground surface. 


Elevation (km 
asl) of 


background 
layer top 


Background 
layer 


thickness 
(km) 


Minimum 
thickness of 


deformed voxel 
(km) 


Maximum 
thickness of 


deformed voxel 
(km) 


Inversio
n layer 


1.23 0.06 0.06 0.06 1 
1.17 0.065 0.094038 0.050618 2 
1.105 0.07 0.101272 0.054512 3 
1.035 0.075 0.108505 0.058406 4 
0.96 0.08 0.115739 0.0623 5 
0.88 0.085 0.122973 0.066193 6 
0.795 0.09 0.130206 0.070087 7 
0.705 0.095 0.13744 0.073981 8 
0.61 0.1 0.144674 0.077874 9 
0.51 0.105 0.151907 0.081768 10 
0.405 0.11 0.159141 0.085662 11 
0.295 0.115 0.166375 0.089556 12 
0.18 0.12 0.173608 0.093449 13 
0.06 0.13 0.188076 0.101237 14 
-0.07 0.14 0.202543 0.109024 15 
-0.21 0.15 0.21701 0.116812 16 
-0.36 0.16 0.231478 0.124599 17 
-0.52 0.17 0.245945 0.132386 18 
-0.69 0.18 0.260413 0.140174 19 
-0.87 0.19 0.27488 0.147961 20 
-1.06 0.2 0.289347 0.155749 21 
-1.26 0.21 0.21 0.21 22 
-1.47 0.22 0.22 0.22 23 
-1.69 0.23 0.23 0.23 24 
-1.92 0.24 0.24 0.24 25 
-2.16 0.25 0.25 0.25 26 
-2.41 0.26 0.26 0.26 27 
-2.67 0.27 0.27 0.27 28 
-2.94 0.28 0.28 0.28 29 
-3.22 0.29 0.29 0.29 30 
-3.51 0.3 0.3 0.3 31 
-3.81 0.32 0.32 0.32 32 
-4.13 0.34 0.34 0.34 33 
-4.47 0.36 0.36 0.36 34 
-4.83 0.38 0.38 0.38 35 
-5.21 0.4 0.4 0.4 36 
-5.61 0.42 0.42 0.42 37 
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-6.03 0.44 0.44 0.44 38 
-6.47 0.47 0.47 0.47 39 
-6.94 0.51 0.51 0.51 40 
-7.45 0.55 0.55 0.55 41 


-8 0.6 0.6 0.6 42 
-8.6 0.66 0.66 0.66 43 
-9.26 0.73 0.73 0.73 44 
-9.99 0.8 0.8 0.8 45 
-10.79 0.9 0.9 0.9 46 
-11.69 1 1 1 47 
-12.69 1.2 1.2 1.2 48 
-13.89 1.5 1.5 1.5 49 
-15.39 1.8 1.8 1.8 50 
-17.19 2 2 2 51 
-19.19 4 4 4 Fixed 
-23.19 8 8 8 Fixed 
-31.19 16 16 16 Fixed 
-47.19     
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Figure 2.1.3. nRMS calculated using the data predicted at each subsequent model. The starting 
model is #1.  
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Figure 2.1.4. nRMS at each receiver, overlaid on the Google earth image of the area. 
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Figure 2.1.5. Sounding COSOE38. 
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2.2 Lightning Dock  
 


 In 2010, Quantec Geoscience Inc collected 42 MT soundings, on average ~2 km apart, 
spanning a frequency range of 320 Hz to 0.001 Hz (Fig. 2.2.1).  An additional 18 soundings, 
spaced approximately 700 m apart, were collected in 2014.  


 
The resistivity structure is represented using a finite element (FE) mesh embedded in a 


horizontally 1D background. The FE mesh consists of 88 x 98x 54 voxels in x (north), y (east) 
and z (vertical) directions (Fig 2.2.2). There are 10 z-layers of voxels above the ground surface 
(air). 84 x 94 x 41 voxels are inversion parameters. MT stations as modeled in the program may 
be laterally offset from their true location in order to accommodate the program requirement that 
the station be horizontally centered on a voxel. 


 
Voxels within the domain encompassed by the receivers have lateral dimensions of 150 


m x 150. The FE mesh is deformed vertically to represent topography, using a digital elevation 
model down-loaded from the US Geological Survey website, http://gdex.cr.usgs.gov/gdex/. 
Topographic relief (< 700 m) is concentrated along the margins of the survey area; most MT 
receivers have elevations close to 1250 m (Figure 2.2.2). Background layer thicknesses and 
minimum and maximum deformation of the inversion voxels are listed in Table 2.2.1. These 
background layer thicknesses represent the nominal voxel thicknesses before deforming them 
vertically to accommodate the surface topography. The starting model, also used as the a-priori 
constraint, was determined by 1D inversion of a sounding derived from the average of the off-
diagonal impedances (a rotational invariant) over all frequencies.  


 
Data from all 60 soundings were included in the inversion, at 25 frequencies (7 per 


decade) ranging from 100 Hz to 0.025 Hz. The inversion was terminated after 4 days, having 
completed 12 model updates. Calculating the predicted data and derivatives required 
approximately 7 hours and 10 minutes (approximately 17 min / frequency). Solving for the new 
model parameters required 28 minutes per iteration. 
 


Convergence is shown in Figure 2.2.3, with nRMS decreasing from from 6.15 for the 
starting model (#1) to 0.95 for model #12. The data are largely fit by model 7 (nRMS=1.1). 
Subsequent models demonstrate better fit to the data, but are calculated with reduced 
enforcement of spatial smoothness. Model 9 may be a good compromise between the two. A 
map color-coded according to the model 9 nRMS for each MT station is provided in Fig. 2.2.4.  
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Figure 2.2.1. Survey Geometry. Data at stations labeles as LDxx were collected in 2010; Data at 
stations labeled as sitexx were collected in 2014. 
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Figure 2.2.2. Horizontal distribution of the FE mesh and interpolated ground surface elevation. 
The gray area denotes FE voxels which are part of the inversion domain. Receiver locations are 
indicated by dots.  
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Table 2.2.1. Description of the horizontally layered background and vertical mesh description.  
Elevation 
(km asl) of 
background 
layer top 


Background 
layer 


thickness 
(km) 


Max thickness 
of deformed 
voxel (km) 


Min thickness of 
deformed voxel 


(km) 


Start & a-priori 
model resistivity 


(ohm.m) 


Lateral Model 
Weights 


1.25 0.125 0.125 0.125  16.2 200 
1.125 0.125 0.134 0.124   14.1 100 


1.0 0.13 0.139 0.129   16.2 50 
0.87 0.14 0.150 0.139 15.8 25 
0.73 0.15 0.161 0.149 15.4 12.5 
0.58 0.16 0.172 0.159 15.8 6.25 
0.42 0.17 0.182 0.169 16.9 3.125 
0.24 0.18 0.193 0.179 18.9 1.5625 
0.07 0.19 0.204 0.189 21.6 1 


-0.12 0.2 0.215 0.199 25.0 1 
-0.32 0.21 0.225 0.209 29.6 1 
-0.53 0.22 0.236 0.218 35.4 1 
-0.75 0.23 0.247 0.228 42.8 1 
-0.98 0.24 0.257 0.238 51.8 1 
-1.22 0.25 0.268 0.248 62.8 1 
-1.47 0.26 0.279 0.258 76.1 1 
-1.73 0.27 0.290 0.268 90.9 1 
-2.0 0.28 0.300 0.278 105.1 1 


-2.28 0.29 0.311 0.288 118.6 1 
-2.57 0.3 0.322 0.298 129.9 1 
-2.87 0.31 0.333 0.308 137.3 1 
-3.18 0.32 0.313 0.318 139.9 1 
-3.5 0.33 0.354 0.328 137.7 1 


-3.83 0.34 0.365 0.338 143.5 1 
-4.17 0.36 0.386 0.357 148.7 1 
-4.52 0.38 0.408 0.377 146.9 1 
-4.91 0.40 0.429 0.397 138.9 1 
-5.31 0.42 0.42 0.42 126.8 1 
-5.73 0.44 0.44 0.44 113.1 1 
-6.17 0.47 0.47 0.47 98.2 1 
-6.64 0.51 0.51 0.51 88.7 1 
-7.15 0.55 0.55 0.55 80.9 1 
-7.7 0.6 0.6 0.6 71.9 1 
-8.3 0.66 0.66 0.66 64.3 1 


-8.96 0.72 0.72 0.72 57.2 1 
-9.68 0.88 0.88 0.88 52.7 1 


-10.56 1.1 1.1 1.1 50.8 1 
-11.66 1.30 1.30 1.30 45.8 1 
-12.96 1.8 1.8 1.8 42.2 1 
-14.76 2.49 2.49 2.49 44.2 1 
-17.25 3.50 3.50 3.50 45.1 1 
-20.75 7.0 7.0 7.0 45.9 1 
-27.75 14.0 14.0 14.0 53.1 1 
-41.75 28.0 28.0 28.0 50.0 1 
-69.75 


(bottom)    
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Figure 2.2.3. Convergence of the 3D inversion. 
 


 
Fig. 2.2.4. Distribution of the misfit. 
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2.3 Thermo Hot Springs 
 


Data from 90 MT soundings were provided by Cyrq Energy for this project. The 
locations of the survey sites are shown in (Fig. 2.3.1). The resistivity structure is represented 
using a FE mesh consisting of 93 x 98 x 65 voxels in x (north), y (east) and z (vertical) directions 
(Fig 2.3.2). There are 89 x 94 x 52 inversion parameters. Voxels within the domain encompassed 
by the receivers are 400 m x 400 m wide, increasing in width towards the periphery of the FE 
mesh. 


 
The FE mesh was deformed such that the nodes at the air/earth interface follow the 


topography, generated from ASTER GDEM data downloaded from 
http://gdex.cr.usgs.gov/gdex/. The ASTER GDEM is a product of METI and NASA, courtesy of 
the online Data Pool at the NASA Land Processes Distributed Active Archive Center (LP 
DAAC), USGS/Earth Resources Observation and Science (EROS) Center, Sioux Falls, South 
Dakota (https://lpdaac.usgs.gov/data_access). Topographic relief (< 1500 m) is concentrated 
along the margins of the survey area; a surface elevation of 1600 m was assigned to the 
background layered model (Figure 2.3.2). Background layer thicknesses and minimum and 
maximum deformation of the inversion voxels are listed in Table 2.3.1.  
 


Data from all 90 soundings were included in the inversion, at 16 frequencies (4 per 
decade) ranging from 180 Hz to 0.032 Hz. By trial and error, it was found that setting the 
minimum floor applied to the model weights to 10% of the maximum model weight and the 
regularization multiplier to scale proportionately to the nRMS yielded a suitable model, fitting 
the data while minimizing roughness. The inversion was terminated after 5 days, having 
completed 10 model updates (Figure 2.3.3). Within this time, an additional 2 model updates were 
completed but were rejected because they did not sufficiently improve the nRMS of the predicted 
data with respect to that of the previous model. When this occurs, the inversion re-calculates the 
model using a reduced regularization penalty. Calculating the predicted data and derivatives 
required approximately 8 hours for the 16 frequencies considered (approximately 30 min / 
frequency). Solving for the new model parameters required 50 minutes per iteration. 
 


Convergence is shown in Figure 2.3.3, with nRMS decreasing from 9.75 for the starting 
model (#1) to 1.16 for model #11. The inversion was stopped after the predicted data for model 
#11 was calculated; it was judged that the nRMS was sufficiently small and likely to improve 
only marginally with subsequent iterations. There is however a systematic larger misfit in the 
Zxx mode, most evident for stations 45, 69, 70, 71 and 72 and affecting those stations 
immediately to the east (Fig. 2.3.4). 
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Figure 2.3.1. Map of the survey area showing the MT station locations 1 to 90, and geothermal 
wells (blue dots). 
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Figure 2.3.2. Horizontal distribution of the FE mesh and interpolated ground surface elevation. 
The gray area denotes FE voxels which are part of the inversion domain. Receiver locations are 
indicated by black dots. 
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Table 2.3.1. Description of the horizontally layered background and vertical mesh. 
 


Elevation (km asl) of 
background layer top 


Background layer 
thickness (km) 


Minimum thickness of 
deformed voxel (km) 


Maximum thickness of 
deformed voxel (km) 


Start & a-priori model 
resistivity (Ωm) 


1.600 0.08 0.08 0.08 50.0 
1.520 0.085 0.1188 0.082 50.0 
1.435 0.09 0.1258 0.0868 48.92 
1.345 0.095 0.1327 0.0917 44.40 
1.250 0.1 0.1397 0.0965 27.55 
1.150 0.105 0.1467 0.1013 20.98 
1.045 0.11 0.1537 0.1061 21.83 
0.935 0.115 0.1607 0.111 24.70 
0.820 0.12 0.1677 0.1158 35.69 
0.700 0.125 0.1747 0.1206 40.96 
0.575 0.13 0.1816 0.1254 51.51 
0.445 0.135 0.1886 0.1303 64.99 
0.310 0.14 0.1956 0.1351 79.89 
0.170 0.145 0.2026 0.1399 95.44 
0.025 0.15 0.2096 0.1447 111.2 


-0.125 0.16 0.2236 0.1544 129.1 
-0.285 0.17 0.2375 0.164 147.8 
-0.455 0.18 0.2515 0.1737 167.0 
-0.635 0.19 0.2655 0.1833 186.4 
-0.825 0.2 0.2794 0.193 205.8 
-1.025 0.21 0.2934 0.2026 225.0 
-1.235 0.22 0.22 0.22 243.7 
-1.455 0.23 0.23 0.23 261.8 
-1.685 0.24 0.24 0.24 279.1 
-1.925 0.25 0.25 0.25 295.5 
-2.175 0.26 0.26 0.26 310.9 
-2.435 0.27 0.27 0.27 325.1 
-2.705 0.28 0.28 0.28 338.0 
-2.985 0.29 0.29 0.29 349.7 
-3.275 0.3 0.3 0.3 360.0 
-3.575 0.32 0.32 0.32 376.9 
-3.895 0.34 0.34 0.34 392.1 
-4.235 0.36 0.36 0.36 405.5 
-4.595 0.38 0.38 0.38 416.0 
-4.975 0.4 0.4 0.4 426.1 
-5.375 0.42 0.42 0.42 433.0 
-5.795 0.44 0.44 0.44 437.7 
-6.235 0.47 0.47 0.47 446.5 
-6.705 0.51 0.51 0.51 458.2 
-7.215 0.55 0.55 0.55 465.7 
-7.765 0.6 0.6 0.6 474.2 
-8.365 0.66 0.66 0.66 482.3 
-9.025 0.73 0.73 0.73 488.3 
-9.755 0.8 0.8 0.8 486.3 


-10.555 0.9 0.9 0.9 487.7 
-11.455 1 1 1 479.8 
-12.455 1.12 1.12 1.12 467.4 
-13.575 1.25 1.25 1.25 446.3 
-14.825 1.5 1.5 1.5 436.1 
-16.325 1.85 1.85 1.85 546.1 
-18.175 2.2 2.2 2.2 500 
-20.375 2.7 2.7 2.7 500 
-23.075 5.4 5.4 5.4 100 
-28.475 10.8 10.8 10.8 35.64 
-39.275 21.60 21.6 21.6 50 (halfspace) 


(-60.875 bottom)     
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Figure 2.3.3. Convergence of the 3D inversion. Note that initially calculated models 8 and 9 had 
less than 5% reduction in predicted data nRMS with respect to that of the previous model. In 
these instances, the regularization multiplier is halved and the model is re-calculated prior to 
continuing the inversion process, provided that the 5% reduction criteria is now met.  
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Figure 2.3.4. nRMS for each station, separated by mode. 
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2.4 Raft River 
 
In 2011, 105 MT soundings spaced 0.5 to 1 km apart were collected over the Raft River 
geothermal system, with the highest density near the well field (Fig. 2.4.1). The resistivity 
structure is represented using a FE mesh consisting of 93 x 94 x 63 voxels in x (north), y (east) 
and z (vertical) directions (Fig. 2.4.2). The FE mesh was deformed such that the nodes at the 
air/earth interface follow the topography, generated from ASTER GDEM data downloaded from 
http://gdex.cr.usgs.gov/gdex/. The ASTER GDEM is a product of METI and NASA, courtesy of 
the online Data Pool at the NASA Land Processes Distributed Active Archive Center (LP 
DAAC), USGS/Earth Resources Observation and Science (EROS) Center, Sioux Falls, South 
Dakota (https://lpdaac.usgs.gov/data_access).  


 
The inversion domain contains 89 x 90 x 49 voxels. The smallest voxels within the 


domain encompassed by the receivers are 100 m x 100 m wide, increasing in width towards the 
periphery of the FE mesh. Topographic relief is concentrated along the margins of the survey 
area; a surface elevation of 1500 m was assigned to the background layered model (Fig. 2.4.2). 
Background layer thicknesses and minimum and maximum deformation of the inversion voxels 
are listed in Table 2.4.1. A graphic representation of the background resistivity distribution is 
provided in Fig. 2.4.3.  


 
Data from all 105 soundings were included in the inversion, at 24 frequencies from 100 


Hz to 0.0375 Hz. The inversion was stopped after 11 model updates. Calculating the predicted 
data and derivatives required approximately 13 hours for the 24 frequencies considered 
(approximately 28 min / frequency). Solving for the new model parameters required 
approximately 75 minutes per iteration.  
 


Convergence is shown in Figure 2.4.4, with nRMS decreasing from 6.38 for the starting 
model (#1) to 1.28 for model 12. A map color-coded according to the final nRMS for each MT 
station is provided in Fig. 2.4.5. The data is essentially well-fit over the survey area for the given 
data weights, with the exception of site RR-20, which suffers from poorly fit tipper data 
dissimilar to that of the surrounding stations.  
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Figure 2.4.1. MT sounding locations, geothermal wells, colored according to whether they 
contain high or low salinity deep geothermal fluids (Ayling and Moore, 2013), and mapped 
faults. 
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Figure 2.4.2. Plan view of the finite-element mesh used to model the MT data, with interpolated 
ground-surface elevations at each node and receiver locations (black dots). The inversion domain 
is the shaded area. 
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Table 2.4.1. Description of the horizontal background layers, starting and a-priori resistivity 
structure, and voxel deformation beneath the ground surface. 
 


Elevation 
(km asl) of 
background 


layer top 


Background 
layer thickness 


(km) 


Minimum 
thickness of 


deformed voxel 
(km) 


Maximum 
thickness of 


deformed voxel 
(km) 


Start & a-priori 
model 


resistivity 
(ohm.m) 


Horizont
al 


Weights 


1.500 0.060 0.060 0.060 13.5318 1200 
1.440 0.065 0.086 0.063 8.7032 600 
1.375 0.070 0.093 0.068 8.0775 300 
1.305 0.075 0.010 0.072 9.4073 150 
1.230 0.080 0.106 0.077 8.4674 75 
1.150 0.085 0.113 0.082 6.0024 37.5 
1.065 0.090 0.120 0.087 6.1843 25 
0.975 0.095 0.126 0.092 9.7656 12.5 
0.880 0.100 0.133 0.097 13.7552 6.25 
0.780 0.105 0.139 0.102 17.762 3.125 
0.675 0.110 0.146 0.106 21.692 1.5625 
0.565 0.115 0.153 0.111 25.4453 1 
0.450 0.12 0.159 0.116 28.8184 1 
0.330 0.13 0.173 0.126 33.4448 1 
0.200 0.14 0.186 0.135 39.6825 1 
0.060 0.15 0.199 0.145 43.8596 1 
-0.090 0.16 0.213 0.155 44.4444 1 
-0.250 0.17 0.226 0.164 43.29 1 
-0.420 0.18 0.239 0.174 42.0168 1 
-0.600 0.19 0.252 0.184 41.6667 1 
-0.790 0.20 0.266 0.193 42.3729 1 
-0.990 0.21 0.279 0.203 44.4444 1 
-1.200 0.22 0.292 0.213 46.9484 1 
-1.420 0.23 0.306 0.222 45.2489 1 
-1.650 0.24 0.319 0.232 35.8423 1 
-1.890 0.25 0.332 0.242 37.1747 1 
-2.140 0.26 0.345 0.252 34.7222 1 
-2.400 0.27 0.27 0.27 29.1545 1 
-2.670 0.28 0.28 0.28 24.7525 1 
-2.950 0.29 0.29 0.29 20.4918 1 
-3.240 0.30 0.3 0.3 16.9492 1 
-3.540 0.32 0.32 0.32 13.8696 1 
-3.860 0.34 0.34 0.34 11.0988 1 
-4.200 0.36 0.36 0.36 8.3472 1 
-4.560 0.38 0.38 0.38 3.951 1 
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-4.940 0.40 0.4 0.4 1 1 
-5.340 0.42 0.42 0.42 1 1 
-5.760 0.44 0.44 0.44 1 1 
-6.200 0.47 0.47 0.47 1 1 
-6.670 0.51 0.51 0.51 1 1 
-7.180 0.55 0.55 0.55 1 1 
-7.730 0.60 0.6 0.6 1 1 
-8.330 0.66 0.66 0.66 1 1 
-8.990 0.73 0.73 0.73 1.5931 1 
-9.720 0.80 0.8 0.8 2.4963 1 
-10.520 0.90 0.9 0.9 3.8197 1 
-11.420 1 1.0 1.0 6.0569 1 
-12.420 1.12 1.12 1.12 7.5529 1 
-13.540 1.25 1.25 1.25 9.1912 1 
-14.790 2.5 2.5 2.5 9.4787 1 
-17.290 5 5.0 5.0 9.4787 1 
-22.290 10 10.0 10.0 9.4787 1 
-32.290 20 20.0 20.0 9.4787 1 


 
 
 
 


 
Figure 2.4.3: Graphic representation of the background resistivity layers. 
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Figure 2.4.4. nRMS for each successive model generated by the inversion. 
 
 
 


 
Figure 2.4.5. Distribution of the nRMS for individual MT stations. 
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Oxygen isotope and claymineralogy studies have beenmade onwhole rock samples and feldspar separates from
threewells along the high temperatureWest Flank of the Coso geothermal system, California. The reservoir rocks
have experienced variable 18O/16O depletion, with δ18O values ranging from primary values of +7.5‰ down to
−4.6‰. Spatial patterns of claymineral distributions in the three wells are not closely correlated with the distri-
butions expected from measured, pre-production temperature profiles, but do correlate with spatial patterns of
18O/16O depletion, indicating that the stability of clay minerals in the three wells is a function of fluid-rock inter-
action in addition to temperature. Detailed δ18O measurements in the three wells identify a limited number of
localized intervals of extensive 18O/16O depletion. These intervals document localized zones of higher permeabil-
ity in the geothermal system that have experienced significant fluid infiltration, water-rock interaction and oxy-
gen isotopic exchange with the geothermal fluids. The local zones of maximum 18O/16O depletion in each well
correspond closely with current hot water production zones. Most feldspar separates havemeasured δ18O values
too high to have completely attained oxygen isotope exchange equilibrium with the reservoir fluid at pre-pro-
duction temperatures. In general, the lower the δ18O value of the feldspar, the closer the feldspar approaches ex-
change equilibrium with the geothermal fluid. This correlation suggests that fracture-induced increases in
permeability increase both fluid infiltration and the surface area of the host rock exposed to geothermal fluid,
promotingfluid-rock interaction and oxygen isotope exchange. The twomost 18O/16O-depleted feldspar samples
have δ18O values too low to be in exchange equilibriumwith the pre-production reservoirfluid at pre-production
temperatures. These discrepancies suggest that the reservoir fluid in theWest Flank of the Coso geothermal sys-
tem was hotter and/or had a lower δ18O value (due to fluid-rock interaction at higher permeability) in the past.


© 2016 Elsevier B.V. All rights reserved.

1. Introduction


The Coso Hot Springs Geothermal Field is located in China Lake, Cal-
ifornia, 10 km east of the Sierra Nevada Mountains at the western
boundary of the Basin and Range Province (Fig. 1). Coso Hot Springs is
a world-class geothermal field; it is the third largest producing geother-
mal field in the United States, among the hottest, with a current
installed power capacity of 273 MWe and temperatures as high as
350 °C at depths as shallow as ~1 km. It is also one of the most exten-
sively drilled geothermal systems, with many of the N150 wells
reaching depths of 2–3 km.

, Jackson School of Geosciences,

The level of power production at CosoHot Springs implies significant
permeability in the reservoir rocks, which consist dominantly of meta-
morphosed Mesozoic diorite and younger granodiorite and granite. Al-
though epidote, chlorite, illite, quartz, and calcite, which are typical of
high-temperature geothermal systems worldwide (Henley and Ellis,
1983), are widespread at Coso Hot Springs, these minerals show no
clear correlation with measured temperature in boreholes (Bishop and
Bird, 1987; Lutz et al., 1996; Lutz and Moore, 1997; Kovac et al., 2004;
Kovac et al., 2005). In contrast, minerals typical of moderate tempera-
ture environments, such as wairakite and prehnite, are rarely observed
in the reservoir rocks.


Oxygen isotope measurements provide an alternative means of
mapping changes in the extent of fluid-rock interactions, independent
of bulk mineralogy, and have been applied extensively in both active
geothermal systems (e.g. Lambert and Epstein, 1980; Sturchio et al.,
1990; Smith and Suemnicht, 1991; White and Peterson, 1991; Moore
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Fig. 1. A simplified geologic map of the Coso Geothermal system (modified from Hulen, 1978) located on the Naval Air Weapons Station, China Lake, California. The West Flank of the
system is defined by a North-South trending thermal high; it is the focus of this study. Line A-A′ along this thermal high is the transect for a number of cross sections used in this
study. Line B-B′ is a cross section line through wells 68-6 and 33A-7. Locations of wells in the West Flank used in this study are marked by red and green circles; the green circles
indicate wells examined in detail for this study while the red circles indicate wells examined in previous studies. Only the wells in the West Flank with oxygen isotope data for host
rocks are shown; none are shown for other areas.
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and Gunderson, 1995;McConnell et al., 1997) and fossilized hydrother-
mal systems (e.g. Taylor, 1971; Taylor, 1973; Taylor, 1974; Forester and
Taylor, 1980; Criss and Taylor, 1983; Larson and Taylor, 1986a; Larson
and Taylor, 1986b; Faure et al., 2002;Mauk and Simpson, 2007). A num-
ber of these studies of fossil meteoric hydrothermal systems have dem-
onstrated at least a qualitative correlation between increased 18O/16O
depletion and the abundance of hydrothermal minerals, demonstrating
that the extent of 18O/16O depletion can be a guide to the extent of fluid-
rock interaction. In their studies of the active Long Valley hydrothermal
system, both Smith and Suemnicht (1991) and White and Peterson
(1991) noted that well cuttings from reservoir rocks (typically rhyolitic
tuff with initial δ18Owr values of ~7.0‰) typically experience the
greatest 18O/16O depletions (with δ18Owr values as low as −2.6‰) in

the deeper, higher temperature parts of the system. Smith and
Suemnicht (1991) also compared measured δ18Owr values to δ18Owr


values calculated using then current measured temperatures, and dem-
onstrated that many of their samples are out of oxygen isotope equilib-
riumwith the current reservoir fluid at present temperature conditions.
They concluded that this disequilibrium indicates that the Long Valley
hydrothermal system has experienced protracted hydrothermal circu-
lation at higher temperatures in the past. McConnell et al. (1997) uti-
lized spatial patterns of 18O/16O depletion in well cuttings and core
from reservoir rocks to define regional pathways of fluid circulation in
the Long Valley Caldera hydrothermal system. Sturchio et al. (1990)
noted the possible role of decompression boiling in producing oxygen
isotope disequilibrium between current thermal waters and silica







Table 1
The composition of pre-production geothermal fluids from wells 68-6, 33A-7 and 73-19.
Chemistry in ppm by weight; δ18O and δD in per mil (‰) relative to VSMOW.


68-6 33A-7 73-19


Na 748 1273 2044
K 136 187 579
Ca 7 7 50
Li 7 11 27
Mg b1 N/A N/A
B 39 58 89
SiO2 596 514 602
HCO3 102 124 44
SO4 30 40 16
Cl 1260 2163 3783
F 3 3 2
δ18OW −8.5‰ −7.5‰ −6.0‰
δD −104‰ N/A −96‰
Date measured 6/26/1995 7/28/2009 10/26/1988


Fig. 2. General north-south thermal structure of the West Flank along the transects A-A′
and B-B′. Temperature values come from down-hole measurements made prior to
production. Only wells 68-6, 33A-7 and 73-19 are shown for reference; in total, thermal
data from 25 wells in the West Flank were used to construct these cross-sections.
Measurements are available to elevations approaching −2 km in almost all of these
wells; therefore, these temperature contours are well constrained at all depths displayed.
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minerals deposited in vugs and fractures in drill core samples from the
Yellowstone geothermal system. Recently, Pope et al. (2016) measured
δD and δ18O values of hydrothermal epidote from the Krafla, Iceland
geothermal system. They interpreted variations in the δD and δ18O
values of both the epidote and reservoir fluids to result from variable
mixing of shallow, sub-boiling groundwaters with vapor condensates
derived from an underlying two-phase reservoir, also derived from
local meteoric waters.


In a previous study of the Coso geothermal system, Person et al.
(2006) used δ18O values of reservoir fluids and heat flow data to con-
strain a regional-scale numerical model of the flow system supplying
the Coso geothermal system. In this study we report on oxygen isotope
analyses of whole-rock samples from the Coso geothermal system, and
detailed whole-rock and mineral analyses from three producing wells.
Our whole-rock results identify discrete intervals of maximum
18O/16O depletion in the three wells that correspond closely with
zones of current hot water production and high permeability. These dis-
crete, higher permeability zones have experienced significantfluid infil-
tration, water-rock interaction and oxygen isotopic exchange with the
geothermal fluids. Our results corroborate the results of a number of
previous oxygen isotope studies of (mostly) fossil hydrothermal sys-
tems, and provide a particularly clear example of the connection be-
tween the extent of 18O/16O depletion, the extent of fluid-rock
interaction and permeability in crystalline rock hosts to hydrothermal
systems. Thereforemappingpatterns of 18O/16Odepletion can be anoth-
er exploration tool to define permeability structure, identify higher per-
meability zones, and constrain fluid flow patterns—past and present—in
active hydrothermal systems, and therefore help facilitate development
of enhanced geothermal systems.


1.1. Geologic setting


The Coso Hot Springs geothermal system is developed in Mesozoic
plutonic rocks of the Sierra Nevada Batholith (Duffield et al., 1980). Di-
orite that was regionally metamorphosed at greenschist to lower am-
phibolite facies conditions to orthogneiss in the late Cretaceous
(Bartley et al., 2007) (Fig. 1) is themost common rock type. Younger in-
trusions consist of granodiorite and granite (Duffield et al., 1980). Sub-
sequent episodes of Cenozoic volcanism produced basalt and rhyolite
at 4.0–2.5 Ma and 1.1–0.044 Ma (Kurliovitch et al., 2003; Duffield et
al., 1980). The youngest episode is related to a silicic magma chamber
emplaced between 5 and 20 km depth (Duffield et al., 1980;
Reasenberg et al., 1980; Manley and Bacon, 2000). This magma body
produces the heat driving the current geothermal activity (Duffield et
al., 1980).


Surface expressions of geothermal activity include opaline (SiO2)
sinter and travertine (CaCO3) spring deposits. 14C dating of pollen in
hot springdeposits has yielded ages of 11,550 to 8550 years (Moore, un-
published data). The geothermal fluids (Table 1) have low salinities
(5000–10,000 ppm TDS), and are NaCl-dominated. The pre-production
geothermal waters are dominated by a single-phase system with mini-
mal boiling (Fournier et al., 1980), but there is some mineral alteration
evidence for a natural clay-rich steam cap in places (Williams and
McKibben, 1990). Geochemical and hydrogen isotope data indicate
that the system is predominately recharged by meteoric fluids (Adams
et al., 2000; Moore et al., 1990; Williams and McKibben, 1990). The
modeling results of Person et al. (2006) suggest that the geothermal
fluids are recharged by lateral flow of groundwaters (meteoric waters)
from fault systems and possibly the Sierra Nevada mountains to the
west of the Coso field. Their model has these groundwaters infiltrating
to the top of the brittle-ductile transition estimated at 4–5 km depth
(Wilson et al., 2003), becoming enriched in 18O/16O to the maximum
measured δ18O values of the geothermal reservoir fluids (−6‰)
through fluid-rock isotopic exchange at elevated temperature, and
then ascending to form the thermal plume of the Coso reservoir. North-
erly trending, Basin and Range faulting and local dextral strike-slip

faulting associated with the younger Walker Lane/Eastern California
Shear Zone, guide fluid flow and influence current geothermal activity
(Monastero et al., 2005; Davatzes and Hickman, 2010; Kaven et al.,
2012). Further, Davatzes and Hickman (2010) propose that stress-in-
duced fracture slip leads to fluid flow and associated mineral alteration,
which suggests that permeabilitywill dynamically evolve as this system
evolves over time. Additional details about the geology, including hy-
drothermal alteration, are provided by Hulen (1978), Duffield et al.
(1980), Lutz et al. (1996), Adams et al. (2000), Manley and Bacon
(2000), Kovac et al. (2005) and Etzel (2016).
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1.2. Thermal structure


Borehole measurements have defined a north-south trending zone
of high temperatures on theWest Flank of the field (Fig. 1). Geochemi-
cal and thermal data suggest that the system is compartmentalizedwith
upflow zones in the northeast and southwest (Williams and McKibben,
1990). Fig. 2 shows the thermal structure of the West Flank of the sys-
tem based on pre-production temperature data. Maximum measured
temperatures at depth reach 350 °C. Reservoir temperatures in the
south are higher than in the north at equivalent elevations. The thermal
pattern defines a plume of hot water that ascends in the south and then
migrates laterally northward.


2. Methods


Rock cuttings were sampled at regular intervals (nominally ~30–
80 m apart) in wells 68-6, 33A-7 and 73-19 for oxygen isotope, X-ray
diffraction (XRD) and petrographic analyses. Thin sections were exam-
ined using a petrographic microscope under transmitted light to identi-
fy primary and secondary (alteration) minerals, vein mineral
assemblages and their paragenesis, structural features and the host
rock lithology. Etzel (2016) provides a detailed presentation of these
results.


Clay mineralogy and clay mineral abundances have been deter-
mined by X-ray diffraction analyses of whole-rock and clay-size frac-
tions (b5 μm) at the Energy & Geosciences Institute at the University
of Utah, using a Bruker D8 Advance X-ray diffractometer. The clay min-
eralogy was determined using methods described by Moore and
Reynolds (1997) on air-dried and glycolated scans of the clay-sized frac-
tion. Phase quantification using the Rietveld method was performed
using TOPAS software, developed by Bruker AXS, as described in Lutz
and Moore (1997). Mineral abundances are in weight percent with
values rounded to the nearest whole number. Values of less than one

Fig. 3. Clay mineral content and measured pre-production temperature profiles for wells 68-6,
Dashed lines denote locations at which clay transitions occur; measured temperatures at th
presented by Haas (1971).

weight percent obtained from Rietveld analysis are reported as trace
amounts. Additional details of these techniques, clay mineralogy and
of host rock lithology are reported in Etzel (2016).


Oxygen isotopic measurements were conducted at the University of
Wisconsin-Madison on 91 whole rock samples and 30 feldspar sepa-
rates from wells 68-6, 33A-7 and 73-19. Mineral separates were made
using a Frantz magnetic separator followed by hand-picking under a
stereoscopic microscope. The oxygen isotope analyses were done by
laser-aided fluorination using a lasing sample chamber outfitted with
an airlock sample chamber to prevent pre-fluorination of reactive rock
powders (Spicuzza et al., 1998). Oxygen isotope values are reported in
the standard δ18O notation, relative to VSMW, and are standardized
using UWG-2 garnet (δ18O= 5.8‰; Valley et al., 1995). Multiple analy-
ses of UWG-2 (n N 4)within individual analytical sessions yield a repro-
ducibility of ±0.07‰ (2σ). The average measured δ18O values for all
analyses of UWG-2 done in this study (n = 34) is 5.71 ± 0.20‰ (2σ),
within error of the published value for this standard. The 513 whole
rock oxygen isotope analyses made available by Terra-Gen were ana-
lyzed at Southern Methodist University. These oxygen isotope analyses
were determined using the bromine pentafluoride extraction procedure
described by Clayton andMayeda (1963). The δ18O analyses are report-
ed relative toVSMOW, and long-termanalyses of in-house standards in-
dicate reproducibility of ±0.2‰.


Isotopic measurements of the geothermal fluid (Table 1) were also
made at Southern Methodist University and are reported relative to
VSMOW. For oxygen, isotopic compositions were determined following
a method similar to that of Epstein and Mayeda (1953) and hydrogen
oxygen isotope compositions were determined following a method
similar towhatwas described by Bigeleisen et al. (1952). In-house stan-
dards indicate a long term reproducibility of ±0.1‰ for δ18O and±1‰
for δD. The δ18O values of the pre-production reservoir fluids (Table 1)
were determined using measured temperature, pressure and δ18O
values of the separated vapor (steam) and liquid water sampled during

33A-7 and 73-19. I/S = interlayered illite-smectite; C/S = interlayered chlorite-smectite.
ese locations are in parentheses. Boiling point curves calculated following the approach
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pre-production flow tests in each, following the heat and mass balance
calculations described by Truesdell (1984).


3. Results


3.1. Host rock and alteration mineralogy


The reservoir rocks observed in wells 68-6, 33A-7 and 73-19, the
three wells studied in detail (well locations shown in Fig. 1) are princi-
pally diorite orthogneiss with subordinate diorite and granodiorite.


Two episodes of overprinting on the primary (igneous)mineralogy of
the reservoir rocks are recognizable (Bishop and Bird, 1987; Lutz et al.,
1996; Lutz and Moore, 1997; Kovac et al., 2005; Etzel, 2016). Regional
lower amphibolite to greenschist faciesmetamorphism (late Cretaceous)
has produced plagioclase, hornblende, biotite, epidote, titanite, chlorite
and illite (muscovite) throughout all three wells (Figs. 3, 4a, b). During
subsequent geothermal activity, chlorite and rare interlayered smectite/
chlorite replaced hornblende and biotite, and epidote, illite (muscovite)
and other clay minerals replaced plagioclase (Fig. 4c–f). This geothermal
activity has resulted in progressive changes in temperature sensitive clay
minerals with depth. Throughout the field, smectite (S) is present at the
shallowest depths, followed by interlayered illite/smectite (I/S) and rare
chlorite/smectite, and finally illite and chlorite at deeper levels.


The deepest occurrence of smectite above trace levels (N1 wt%) de-
fines the base of the smectite zone at an elevation of about 1000 m in

Fig. 4. Photomicrographs of the lithologies and alterations observed in the Coso geothermal syst
untwined feldspar (Fsp), and rare anhedral titantite (Ttn). This sample is from 33A-7_1100. Pa
biotite found in 68-6_2792. Feldspar is altered to illite (Ill); hornblende and biotite are comp
found in 68-6_2941. The field of view in panels a) – d) is 1.6 mm and in panels e) and f) is 0.8

wells 68-6 and 33A-7 (Fig. 3). In well 73-19, smectite occurs only at
trace levels (b1 wt%) and occurs persistently only at elevations above
~300 m (Fig. 3). The deepest occurrence of interlayered illite-smectite
above trace levels defines the base of the I/S zone in wells 33A-7 and
73-19 at elevations of −41 m and −143 m, respectively. Interlayered
illite-smectite is completely absent in well 68-6. Trace amounts of the
lower temperature smectite and interlayered I/S clays exist within the
illite zone in 33A-7 (Fig. 3).


The transitions from smectite to interlayered illite/smectite to illite
typically occur at temperatures of ~180 °C and 225 °C, respectively
(Steiner, 1968; Browne, 1978; Henley and Ellis, 1983; Browne, 1984;
Reyes, 1990). However, in the three Coso wells, these transitions do
not always occur at or near these temperatures, based on measured
pre-production temperatures in wells (Fig. 3). In 33A-7, the smectite
to interlayered illite/smectite and illite/smectite to illite transitions
occur well below expected temperatures at ~123 °C and ~210 °C, re-
spectively. In well 73-19, the smectite to interlayered illite/smectite
transition occurs near the expected T of 180 °C, but interlayered illite/
smectite persists to depths where temperatures exceed 280 °C. In 68-
6 smectite disappears near a pre-production temperature of 180 °C
(at an elevation of ~1000 m), its expected limit of thermal stability,
but no interlayered illite/smectite is present below the smectite.
These discrepancies suggest that temperature variations alone cannot
explain the detailed distribution of clay minerals observed in these
wells.

em. Panels a) and b) show a typical unalteredmeta-diorite samplewith hornblende (Hbl),
nels c) and d) show extensive geothermal-related alteration in feldspar, hornblende and
letely altered to chlorite (Chl). Panels e) and f) show a feldspar partially altered to illite
mm.







Fig. 5. Contoured planmaps of thewhole rock oxygen isotope data at a series of elevation intervals in the Coso system. The area of each slice is equal to the area of theWest Flank outlined
in Fig. 1 but the horizontal dimension has been exaggerated for visual clarity. On eachmap, the δ18O values for eachwell location are the average of all δ18O data from that well within the
480m elevation interval represented by thatmap. The contour values are in‰. Dashed lines are usedwhere contouring has been inferred. All elevations are relative to sea level. The green
and black dots are well locations; green dots are wells 68-6, 33A-7 and 73-19. The location of transect A-A′ in the West Flank is shown in the upper left panel. Contours were generated
using the MATLAB contour function.
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3.2. Whole rock oxygen isotope characteristics of the Coso Hot Springs
geothermal system


General patterns of δ18O variation as a function of elevation in the
West Flank of the Coso geothermal field are illustrated in Fig. 5. These
plan contour maps are based on 513 whole rock δ18O analyses of
well-cuttings supplied by Terra-Gen Operating Company (Supple-
mentary Data Table A.1), plus 91 additional whole rock δ18O values
measured in this study (Table 2). The plan maps of δ18O variations
shown in Fig. 5 were constructed by averaging the δ18O values within
480 m intervals in each well; sufficient analyses were not available
deeper than 1125 m below sea-level to construct a useful plan
map. Contouring was done using the MATLAB contour function.
This function requires position (in this case we used northing and
easting values recorded during drilling) and a calculated average
δ18O value within each interval for each well used. Average δ18O
values used for contouring are presented in Supplementary Data
Table A.3. Near surface δ18O values (surface to 800 m elevation) are
similar with, or slightly lower than, measured δ18O values for prima-
ry igneous rock in the Central Sierra Nevada Batholith (+7.5‰ to
+9.0‰; Masi et al., 1981; Lackey et al., 2008) except for depletion
to δ18O values between +5‰ and +6‰ in the northwest quadrant
of the system.

With increasing depth, significant andwidespread decreases in δ18O
occur only in the northwest quadrant, where δ18O values can decrease
down to values between 0 and +1‰ (−645 to−1125m elevation in-
terval). Regardless of depth, the host rock inmost of the southern half of
the reservoir does not experience significant 18O/16O depletion below
+5‰. At the sampling scale of Fig. 5, the thermal upflow zones inferred
in the SW and NE sectors of the field byWilliams andMcKibben (1990)
are not reflected in significant lowering of δ18O values in these sectors.


Fig. 6 illustrates variations in whole rock δ18O values within the ver-
tical section A-A′ shown in Fig. 1 (along the West Flank). Again,
contouring with a MATLAB contour function, but using all whole rock
δ18O values (no averages). In general, depletions in 18O/16O are more
extensive and extend to significantly greater depth in the northern por-
tion of the cross-section. In detail, localized intervals of significant
18O/16O depletion, with less depleted rocks above and below, occur in
the northern wells 68-6 and 33A-7 in intervals centered on elevations
of 200, −200 and −1200 m. Maximum depletions to δ18O values
below 0‰ occur in the lowest of these intervals. In contrast, host rocks
in the southern part of the traverse are not significantly depleted except
for two or three discrete intervals in 73-19 and 58A-18. These spatial
patterns of localized and significant 18O depletions do not reflect the
spatial δ18O patterns expected from the low and smooth temperature
gradients (dT/dx) characteristic of regional metamorphism. The







Table 2
Measured δ18O values for whole rock and feldspar mineral samples from well 68-6, 33A-7 and 73-19, Coso geothermal system, California. Values are reported in per mil (‰) notation,
relative to VSMOW. Elevation is in meters above sea level (msl).


Well: 68-6 Well: 33A-7 Well: 73-19


Elevation (m) Whole-rock (‰) Feldspar (‰) Elevation (m) Whole-rock (‰) Feldspar (‰) Elevation (m) Whole-rock (‰) Feldspar (‰)


996 3.88 1251 7.62 7.50 996 6.98 7.79
937 4.47 6.04 1175 3.70 886 6.61
855 2.55 1023 5.39 877 6.37
789 3.49 6.59 870 7.45 822 7.48 8.12
710 5.08 718 4.84 722 5.52
587 5.78 639 5.34 490 7.57
556 6.02 6.29 413 0.20 469 6.36
394 3.57 261 3.59 207 7.16
293 4.07 185 3.00 5.49 195 7.41
208 4.30 −41 4.18 42 6.07
31 4.43 −283 3.89 −49 6.63
−60 2.44 5.24 −360 2.71 −79 5.91
−129 2.87 −585 1.03 −119 4.61 6.14
−165 1.50 4.96 −689 3.93 −143 2.38
−230 2.60 −833 1.60 −213 6.30 7.26
−365 3.78 5.64 −904 −0.44 −313 5.94
−455 4.67 6.76 −1005 −0.02 −395 6.85
−581 4.46 −1005 −1.02 −441 5.13
−707 2.94 −1031 −0.98 −544 5.14 6.20
−911 2.70 −1059 0.14 −565 3.30 6.34
−1020 0.75 −1114 0.51 −2.37 −586 3.30
−1091 0.75 3.09 −1170 −2.35
−1188 0.61 −1195 −3.08 −0.03
−1327 0.75 3.08 +0.63a


−1407 2.83 3.59 −1230 0.94 4.16
−1463 0.54 −1284 2.15 4.20
−1511 0.26 −1314 1.55
−1552 −4.60 −3.88 −1343 2.92


−5.06b −1230 2.10 4.60
−4.12a −1402 3.91


−1594 −1.05 1.76 −1487 4.48 5.49
−1706 0.64 −1603 4.60


−1632 4.25
−1661 4.05
−1690 1.78
−1721 4.21
−1751 4.03
−1782 4.61
−1812 4.10
−1873 4.49
−1934 3.88 5.90


a Feldspar separated from finer-grained (150–200 mesh) whole rock aliquot.
b Hand picked cloudy (more altered) feldspar.
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observed spatial patterns of δ18O variation are instead more consistent
with localized 18O depletions expected fromfluid-rock interactions related
to discrete zones of high permeability associatedwith geothermal activity.


The thermal structure along the cross-section A-A′ (Fig. 2) is also
superimposed on this δ18O cross-section in Fig. 6 which shows that varia-
tions in pre-production temperatures are not, in general, well correlated
with variations in whole-rock δ18O values. With the few localized excep-
tions noted above, the host rocks are not depleted in 18O/16O to any signif-
icant extent in the southern part of the traverse, even within the deeper,
higher temperature levels. In the northern part of the section, hotter host
rocks below−1400 m are less depleted in 18O/16O than cooler rocks im-
mediately above between −1000 and−1400 m. However, depth inter-
vals of current production in all three wells do correlate with zones of
maximum18O/16Odepletion (Fig. 6). This correlation suggests that perme-
ability plays an important role in controlling the extent of fluid-rock
interaction—and hence the extent of 18O/16O depletion—experienced by
the host rocks in the Coso geothermal system.


3.3. Oxygen isotope characteristics of the west flank


3.3.1. Whole rock δ18O analyses
Wells 68-6, 33A-7 and 73-19were selected for detailed oxygen isotope


analyses ofwhole-rock andmineral separates (Table 2; Fig. 7). Inwell 68-6
(Fig. 7a) whole-rock δ18O values are somewhat to moderately depleted in

18O/16O relative to primary igneous values (+7.5 to 9.0‰), and fluctuate
between 1.8‰ and +6.0‰ down to ~−700 m elevation, with a tendency
to decreasewith depth. Below−700m, 18O/16Odepletions are even great-
er, and the maximum δ18O value is +3.0‰, with most δ18O values below
+1‰. Whole rock δ18O values reach a minimum of−4.6‰ at−1552 m
above sea level (msl) (Fig. 7a). Inwell 33A-7 δ18Ovalues generally decrease
with elevation fromamaximumvalue of+7.6‰ at an elevation of 1251m
to aminimumof−3.1‰ at−1195m, just above the production zone (in-
terval of lost circulation) in the well (Fig. 7b). Immediately below, and to
the bottom of the well, δ18O values are significantly higher, ranging be-
tween+3 to+4.9‰, but are still significantly lower than primary igneous
values. The host rocks in well 73-19 are less depleted in 18O/16O compared
to the rocks of the other two wells (Fig. 7c). The highest measured δ18O
values from whole rock samples overlap primary igneous δ18O values of
+7.5 to 9.0‰ (Masi et al., 1981; Lackey et al., 2008). The only δ18O values
below+5‰occur at elevations of−119mandbelow. Theminimum δ18O
value inwell 73-19 is still positive,+2.4‰ (−143melevation, Fig. 7). In all
three wells, samples with the lowest measured δ18O values (or with
δ18Owr ≤ 2.0‰, well 33A-7) correspondwithmajor intervals of lost circula-
tion, the primary production intervals for each well (Fig. 7).


3.3.2. Feldspar vs. whole rock oxygen isotope compositions
Measured δ18O in bulk feldspar separates range from 6.8‰ to


−3.9‰ in well 68-6 and from 7.5‰ to −2.4‰ in 33A-7; feldspars







Fig. 6. Vertical cross section of the whole rock oxygen isotope data along the north-south transect, A-A′. The locations of the nine wells on or close to the A-A′ traverse (Fig. 1), and data
points from eachwell used for contouring δ18O values are shown; contours are in‰. Red circles indicate the locations of samples analyzed in this study. Isotherms based on preproduction
downholemeasurements from Fig. 2 are superimposed to define areas along the cross section above 300 °C (dark gray) and between 200 °C and 300 °C in varying shades of gray; see text
for discussion. The major production zone in each well is noted.


Fig. 7.Measured δ18O values of whole rock and feldspar samples as a function of elevation for well 68-6 (panel a), 33A-7 (panel b) and 73-19 (panel c). All values are reported in per mil
(VSMOW), and plotted at elevation (meters above sea level). The shaded light blue regions represent the range of primary δ18O values of diorite to granodiorite rocks from the region that
are equivalent to the reservoir host rocks in the Coso system (Lackey et al., 2008). The dotted line marks the current production zone (interval of lost circulation) in each well.
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fromwell 73-19 have higher δ18O values ranging from 8.1‰ to 6.1‰. In
all three wells, the δ18O values of the feldspar correlate positively with
the whole-rock δ18O values, and are systematically 1 to 3‰ higher
than thewhole rock values, even in themore 18O/16O-depleted samples
(Fig. 7a). The only exception is in 33A-7 at−1139msl. The bulk feldspar
separates are mixtures of primary (igneous or metamorphic) feldspar
and feldspar that has experienced oxygen isotope exchange with geo-
thermal fluid (hydrothermal feldspar). The hydrothermal feldspar
should have a considerably lower δ18O value than primary feldspar,
owing to the low δ18O value of the geothermal fluid and intermediate
temperature of exchange (≤350 °C). Further, feldspar is normally
more susceptible to oxygen isotope exchange compared to hornblende
and less abundant quartz in the host diorite and quartz diorite (Taylor
and Forester, 1979; Criss and Taylor, 1983; Cole et al., 1992). As a result,
hydrothermal feldsparmight be expected to have a δ18O value less than
that of the whole-rock for rocks that are only moderately depleted in
18O/16O. In thin section, primary igneous and regional metamorphic
feldspar are clear and twinned (igneous feldspar); hydrothermal feld-
spar is cloudy and sometimes turbid from the presence of pits/cavities
and very small grains of clayminerals. The intergrownnature of primary
and hydrothermal feldspar at the grain scale makes their effective sep-
aration by standard density means impractical. However, a concentrate
of cloudy-looking feldspar was made by hand picking the bulk feldspar
separate from sample 68-6_-1552. Analysis of this concentrate yielded a
δ18O value of−5.1‰, significantly lower than the bulk feldspar (−3.9‰)
and whole rock (−4.6‰) δ18O values of this sample (Table 2). In-situ
(SIMS) analysis will be necessary to define clearly the δ18O value of hy-
drothermal feldspar in the host rock (e.g., Valley and Graham, 1996;
Valley and Kita, 2009). Regardless, this systematic difference between
measured δ18O values of bulk feldspar and whole rock suggests that the
δ18O values of both feldspar and whole rock reflect the extent of interac-
tion (and oxygen isotopic exchange) between host rock and geothermal
fluid.


Another possibility for the systematic 18O/16O enrichment in bulk
feldspar relative to thewhole rock is that the lower δ18O, hydrothermal-
ly altered feldsparwas preferentially removed by crushing during prep-
aration of the sample aliquots (N80 or N100 mesh size) from the whole
rock used to make plagioclase separates. To test this possibility, addi-
tional analysesweremade of feldspar separated out of thefiner-grained
(150 to 200 mesh) residual fraction of the whole rock aliquots for two
samples. The analyzed δ18O values for these finer-grained feldspar sep-
arates are −4.1‰ (compared to −3.9) for sample 68-6_-1551, and
+0.6‰ (compared to−0.0‰) for sample 33A-7_-1195 (Table 2). Addi-
tional details of these results are in Etzel (2016). Feldspar separates
from these finer-grained fractions are not significantly lower in δ18O
compared to feldspar separates from the coarser-grained fractions.


The systematically higher measured δ18O values of feldspar relative
to the whole rock indicate, from mass balance considerations, that
there is at least one other major phase (likely chlorite and/or other
claymineral alteration products) in the rock that is significantly deplet-
ed in 18O/16O relative to thewhole rock value. Chlorite can replace horn-
blende but would be stable with biotite during the greenschist facies
conditions of the earlier regional metamorphism; this generation of
chlorite will not be related to geothermal activity. Replacement of bio-
tite by chlorite would more likely occur at the sub-greenschist facies
conditions of the geothermal environment. Hence, bulk separates of
chlorite will potentially contain two generations of chlorite of very dif-
ferent δ18O value. Good separation of bulk samples of chlorite by mag-
netic and density methods proved impractical owing to the
intergrowth of chlorite with biotite and hornblende at the grain size
scale. Concentrates of chloritized biotite from four samples were
handpicked. Their δ18O values, compared to whole rock values (in pa-
rentheses) are: 1) 0.2‰ (3.8), sample 68-6_-382; 2)−3.2‰ (0.7), sam-
ple 68-6_-911; 3) −3.8‰ (−3.1), sample 33A-7_-1195; and 4)
−0.45‰ (4.6), sample 73-19_-119. These chloritized biotites are from
almost 1 to as much as 5‰ depleted in 18O/16O relative to the whole

rock values, satisfying at least qualitatively this mass balance require-
ment. In-situ analyzes will be necessary to define the δ18O values of
the hydrothermal chlorite more precisely.


4. Discussion


4.1. Clay mineralogy as a function of fluid-rock interaction


The observed distributions of clayminerals in wells 68-6, 33A-7 and
73-19 are inconsistent with the pre-production temperatures in these
wells (Fig. 3). These discrepancies may indicate that the pre-production
thermal regimewas different than the regime responsible for clay min-
eral zoning, and that the clay minerals have not yet re-adjusted to the
newer (pre-production) thermal conditions. The persistence of clay
minerals outside their normal stability fields (e.g., smectites at
T N 180 °C in 73-19, Fig. 3) is common but the reasons are poorly under-
stood. Nucleation and reaction kinetics may play roles. Permeability,
which can either promote (high permeability) or inhibit (low perme-
ability) clay-fluid interactions,may also be influencing the spatial distri-
bution of the clay minerals.


Oxygen isotope evidence suggests that the extent of fluid-rock inter-
action experienced by the host rock is influencing the distribution of
clay minerals in the Coso system. The amount of 18O/16O depletion is a
monitor of the extent of fluid-rock interaction by the host rock—and
hence it's permeability. Fig. 8 superimposes the distribution of claymin-
erals in wells 68-6, 33A-7 and 73-19 on variations in whole rock δ18O
values along the cross section A-A′. The host rocks are systematically
more depleted in 18O/16O at depth at the north end compared to the
south end of the traverse. In addition, significant 18O/16O depletions ex-
tend to markedly shallower depth at the north end of A-A′. The overall
extent of 18O/16O depletion in the south third of the traverse is consid-
erably less, and significant 18O/16Odepletions inwell 73-19 are confined
to several discrete/narrow/short intervals. Hence inwell 73-19 the tran-
sition from smectite to interlayered illite/smectite clay is better correlat-
ed with temperature, as this transition occurs near the expected
temperature of 180 °C (Fig. 3). However, interlayered illite/smectite
clay occurs as deeply as −143 m elevation (T = 282 °C, Fig. 3) in well
73-19, an elevation corresponding to a local interval of significant
18O/16O depletion (δ18O b 4‰). Fig. 6 shows that there is a general cor-
relation between greater andmore spatially widespread 18O/16O deple-
tion in the north end of A-A′ with a thinner smectite zone in 68-6 and
33A-7 and the lack of amixed illite/smectite transition zone in 68-6. Ad-
ditionally, the transition from interlayered illite/smectite to illite clay in
73-19 is correlated with local 18O/16O depletion. These highly 18O/16O
depleted zones within traverse A-A′ record greater fluid-rock interac-
tion, and are characterized by higher permeability based upon the
greater extent of 18O/16O depletion relative to other portions of the res-
ervoir. Hence the extent of fluid-rock interaction (host rock permeabil-
ity) appears to be controlling, at least in part, the spatial distribution of
clay minerals and clay zoning patterns in wells 68-6, 33A-7 and 73-19
along the traverse A-A′.


4.2. Oxygen isotope exchange and fluid-rock interaction


The δ18O values of the whole rock samples from the West Flank
range widely from −4.6‰ to 7.6‰ (Table 2). Reservoir rocks in 33A-7
and 68-6, except for the shallowest levels, have experienced at least
moderate 18O/16O depletions (δ18O b 5.0‰) from primary igneous
δ18O values (+7.5 to 9.0‰; Lackey et al., 2008). Hence most of the res-
ervoir rock sampled in these twowells has experienced at least some in-
teraction and oxygen isotope exchange with the geothermal reservoir
fluid derived from low δ18O localmeteoric water. Further, a few discrete
intervals in 33A-7 and 68-6 have experienced significantly greater
18O/16O depletion, and have negative whole-rock δ18O values ranging
as low as−4.6‰.







Fig. 8. Clay zones within wells 68-6, 33A-7 and 73-19 superimposed onto the contoured cross-section of δ18O values along the traverse A-A′ in the West Flank. Black circles represent
intervals with preexisting δ18O values, red circles represent intervals where δ18O values were determined for this study. Increasing extent of 18O/16O depletion northward correlates
with changes in clay mineral zoning with depth, suggesting a correlation between clay mineral stability, extent of fluid-rock interaction and permeability (see text for discussion).


Table 3
Calculated equilibrium Δr-w and Δfsp-w, measured Δr-w and Δfsp-w, andW/R ratios for well
68-6. W.R. = whole-rock; Eq = equilibrium; FSP = feldspar.


68-6 W.R. Eq Measured FSP Eq Measured W/R W/R
ID δ18O Δr-w


a Δr-w
b δ18O Δfsp-w


a Δfsp-w
b Closed Open


996 3.88 9.33 12.55 0.49 0.40
937 4.47 9.33 13.14 6.04 10.17 14.71 0.36 0.31
855 2.55 9.33 11.22 0.80 0.59
789 3.49 9.27 12.16 6.59 10.10 15.26 0.58 0.46
710 5.08 9.27 13.75 0.22 0.20
587 5.78 9.03 14.45 0.06 0.05
556 6.02 8.79 14.69 6.29 9.59 14.96 0.00 0.00
394 3.57 8.04 12.24 0.57 0.45
293 4.07 7.68 12.74 0.45 0.37
208 4.30 7.36 12.97 0.40 0.33
31 4.43 7.36 13.10 0.37 0.31
−60 2.44 6.81 11.11 5.24 7.46 13.91 0.83 0.60
−129 2.87 6.81 11.54 0.73 0.55
−165 1.50 6.81 10.17 4.96 7.46 13.63 1.04 0.71
−230 2.60 6.81 11.27 0.79 0.58
−365 3.78 6.72 12.45 5.64 7.37 14.31 0.52 0.42
−455 4.67 6.51 13.34 6.76 7.13 15.43 0.31 0.27
−581 4.46 6.38 13.13 0.36 0.31
−707 2.94 6.30 11.61 0.71 0.54
−911 2.70 6.06 11.37 0.77 0.57
−1020 0.75 5.94 9.42 1.22 0.80
−1091 0.75 5.88 9.42 3.09 6.46 11.76 1.22 0.80
−1188 0.61 5.79 9.28 1.25 0.81
−1327 0.75 5.50 9.42 3.08 6.05 11.75 1.22 0.80
−1407 2.83 5.60 11.50 3.59 6.16 12.26 0.74 0.55
−1463 0.54 5.77 9.21 1.27 0.82
−1511 0.26 5.98 8.93 1.33 0.85
−1552 −4.60 5.98 4.07 −3.88 6.57 4.79 2.45 1.24
−1594 −1.05 5.73 7.62 1.76 6.30 10.43 1.63 0.97
−1706 0.64 5.00 9.31 1.24 0.81


a Equilibrium Δr-w and Δfsp-w fractionation values calculated at pre-production reservoir
temperatures using the experimental fractionation factor for An50-water and An25-water
(O'Neil and Taylor, 1967), respectively.


b Measured Δwr-w and Δfsp-w are the differences between themeasured δ18O values
of whole-rock or feldspar, and the measured δ18O value of the current geothermal fluid
(−8.67‰).
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Significant variations in the extent of 18O/16O depletion have been
documented in other active hydrothermal systems, such as the system
at Long Valley, CA, where in general, rock samples from deeper and
higher T sections of wells tend to have lower δ18O values (Smith and
Suemnicht, 1991; White and Peterson, 1991). Both these studies and
McConnell et al. (1997) attribute these large-scale variations in δ18O
values primarily to variations in temperature—both spatially and over
time. In the West Flank at Coso, the δ18O values generally decrease in
well 33A-7 with increasing depth (and increasing T) down to the pro-
duction zone (Fig. 7), so temperature is likely playing a role in determin-
ing the extent of 18O/16O depletion at large spatial scales in the Coso
system as well. These previous studies at Long Valley also document
smaller-scale variations in the extent of 18O/16O depletion that they at-
tribute to incomplete exchange (either from kinetic barriers or limited
permeability), or to varying abundances of less easily and more easily
altered minerals/rock components in the samples analyzed
(McConnell et al., 1997). In the three wells analyzed at Coso in this
study, localized intervals of significantly greater 18O/16O depletion
than in rocks immediately above or below (Fig. 7) indicate that these
reservoir host rocks have experienced significant variations in the ex-
tent of fluid-rock interaction.


The extent of 18O/16O depletion is a function of the amount of reser-
voir fluid with which the rock has interacted, the temperature and the
degree to which isotope exchange equilibrium is attained. Box model
water (W) to rock (R) ratios (Taylor, 1971) have been used routinely
to estimate the amounts of water involved in fluid-rock interaction in
both fossil and active hydrothermal systems. Studies that have devel-
oped reactive transport models applied to oxygen isotopes
(Baumgartner and Rumble, 1988; Bowman and Willett, 1991;
Bowman et al., 1994; Cook et al., 1997; Baumgartner and Valley, 2001)
point out that there are several assumptions involved and resulting lim-
itations in applying W/R ratios to isotopically exchanged rocks within
hydrothermal systems. In particular, the impact of the prior exchange
history of the fluid along flow path(s) to local sites of hydrothermal al-
teration and isotopic exchange will mean that box model W/R ratios
will underestimate actual W/R ratios by an amount that increases
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with increasing distance along the reactive flow path. The actual
amount of fluid involved might have been orders of magnitude higher.
As a result, calculated boxmodelW/R ratios should be regarded asmin-
imum estimates of the amounts of fluid involved in hydrothermal alter-
ation and isotopic exchange at specific sites within hydrothermal flow
systems. Meteoric waters recharging the Coso geothermal reservoir
have experienced considerable 18O/16O enrichment, likely resulting
from fluid-rock exchange within the deeper, hotter portions of the
Coso hydrologic system (Person et al., 2006). However, the geothermal
fluids are still well out of oxygen isotope exchange equilibriumwith the
reservoir host rocks at temperatures from 200 to 350 °C. As a result,
these fluids are still chemically (isotopically) reactive, and are capable
of producing significant 18O/16O depletions in the infiltrated rocks. Con-
sequently, variations in the extent of 18O/16O depletion in rocks from
local segments of the Coso hydrothermal system—and variations in cal-
culated W/R ratios—will qualitatively reflect variations in fluid fluxes.
Hence, theW/R ratios calculated from oxygen isotope ratios are expect-
ed to reflect the relative differences in permeability and time-integrated
fluid flux for these local segments.


Calculated W/R ratios (atomic oxygen) using both closed and open
system boxmodels (Taylor, 1971; Criss and Taylor, 1986) are presented

Table 4
Calculated equilibrium Δr-w and Δfsp-w, measured Δr-w and Δfsp-w, andW/R ratios for well
33A-7. W.R. = whole-rock; Eq = equilibrium; FSP = feldspar.


33A-7 W.R. Eq Measured FSP Eq Measured W/R W/R
ID δ18O Δr-w


a Δr-w
b δ18O Δfsp-w


a Δfsp-w
b Closed Open


1251 7.62 23.44 15.11 7.50 25.34 14.99 0.00 0.00
1175 3.7 19.54 11.19 0.71 0.54
1023 5.39 14.03 12.88 0.40 0.34
870 7.45 11.00 14.94 0.03 0.03
718 4.84 11.00 12.33 0.50 0.41
639 5.34 9.78 12.83 0.41 0.35
413 0.2 9.30 7.69 1.35 0.85
261 3.59 8.70 11.08 0.73 0.55
185 3 8.56 10.49 5.49 9.34 12.98 0.84 0.61
−41 4.18 8.20 11.67 0.62 0.49
−283 3.89 7.94 11.38 0.68 0.52
−360 2.71 7.76 10.20 0.89 0.64
−585 1.03 7.39 8.52 1.20 0.79
−689 3.93 7.20 11.42 0.67 0.51
−833 1.6 6.81 9.09 1.09 0.74
−904 −0.44 6.70 7.05 1.46 0.90
−1005 −0.02 6.49 7.47 1.39 0.87
−1005 −1.02 6.49 6.47 1.57 0.94
−1031 −0.98 6.44 6.51 1.56 0.94
−1059 0.14 6.38 7.63 1.36 0.86
−1138 0.51 6.18 8.00 −2.37 6.78 5.12 1.29 0.83
−1170 −2.35 6.06 5.14 1.81 1.03
−1195 −3.08 6.02 4.41 −0.03 6.61 7.46 1.94 1.08
−1230 0.94 6.02 8.43 4.16 6.61 11.65 1.21 0.79
−1276 2.15 5.96 9.64 4.20 6.55 11.69 0.99 0.69
−1284 1.55 5.85 9.04 1.10 0.74
−1314 2.92 5.79 10.41 0.85 0.62
−1343 2.1 5.73 9.59 4.60 6.30 12.09 1.00 0.69
−1402 3.91 5.60 11.40 0.67 0.51
−1487 4.48 5.48 11.97 5.49 6.03 12.98 0.57 0.45
−1603 4.6 5.25 12.09 0.55 0.44
−1632 4.25 5.20 11.74 0.61 0.48
−1661 4.05 5.16 11.54 0.65 0.50
−1690 1.78 5.13 9.27 1.06 0.72
−1721 4.21 5.13 11.70 0.62 0.48
−1751 4.03 5.00 11.52 0.65 0.50
−1782 4.61 4.95 12.10 0.55 0.44
−1812 4.1 4.84 11.59 0.64 0.49
−1873 4.49 4.76 11.98 0.57 0.45
−1934 3.88 4.68 11.37 5.90 5.17 13.39 0.68 0.52


a Equilibrium Δr-w and Δfsp-w fractionation values calculated at pre-production reservoir
temperatures using the experimental fractionation factor for An50-water and An25-water
(O'Neil and Taylor, 1967), respectively.


b Measured Δwr-w and Δfsp-w are the differences between the measured δ18O values
of whole-rock or feldspar, and the measured δ18O value of the current geothermal fluid
(−7.49‰).

in Tables 3–5. Procedures and data used for these calculations are pre-
sented in Appendix B. The δ18O measurements identify a limited num-
ber of localized intervals of much more extensive 18O/16O depletion
within theCoso reservoir host rocks that have interacted and exchanged
isotopically with significantly larger quantities of geothermal fluid
(higher calculated W/R ratios). Well 33A-7 has three such intervals of
locally more extensive 18O/16O depletion and higher calculatedW/R ra-
tios at −1170–−1195 msl [(W/R)c = 1.94]; at 413 msl [(W/R)c =
1.35]; and at 1175 msl [(W/R)c = 0.71]. Well 68-6 has one interval at
−1552 msl that is characterized by much greater 18O/16O depletion
and much higher W/R ratio [(W/R)c = 2.45] than elsewhere in the
well. In general, calculated W/R ratios for 73-19 are lower than for the
other two wells, suggesting that permeability in this well is generally
lower than in 68-6 and 33A-7. However, locally higher W/R ratios
(closed system) are computed for elevations of −586 (0.57), −565
(0.57),−143 (0.70) and 722 (0.28) meters in well 73-19. The presence
of these limited number of discrete intervals of significant 18O/16O de-
pletion (and high calculated W/R ratios) in the three wells reflect dis-
crete zones of much higher permeability within low permeability
(much less 18O/16O depleted) rock. This spatial pattern is consistent
with fluid flow that is focused along discrete, higher permeability frac-
ture zones. In all three wells, the elevations of current reservoir fluid
production, which are marked by zones of lost circulation and high per-
meability, correspond to one of these intervals of significant 18O/16O
depletion—and high W/R ratio (Fig. 7).


Person et al. (2006) inferred the basic structure of the regional
groundwater system that could have produced the Coso geothermal
system. However, the results of our study show that the 18O/16O deple-
tions recorded in the host rocks of theWest Flank are poorly correlated
with pre-production temperature patterns and better correlated with
known intervals of high permeability (e.g. current fluid production
zones) (Fig. 6). Further, geochemical and enthalpy data from well
tests suggest that the Coso field is divided into a series of hydrologically
isolated (fault bounded?), single-phase reservoirs (Williams and
McKibben, 1990). These relationships and results suggest that signifi-
cant permeability structure has been produced within the West flank
reservoir by an array of permeable and impermeable fault/fracture

Table 5
Calculated equilibrium Δr-w and Δfsp-w, measured Δr-w and Δfsp-w, andW/R ratios for well
73-19. W.R. = whole-rock; Eq = equilibrium; FSP = feldspar.


73-19 W.R. Eq Measured FSP Eq Measured W/R W/R
ID δ18O Δr-w


a Δr-w
b δ18O Δfsp-w


a Δfsp-w
b Closed Open


996 6.98 16.10 12.54 7.79 17.43 13.35 0.08 0.08
886 6.61 14.08 12.17 0.13 0.12
877 6.37 14.03 11.93 0.16 0.15
822 7.48 13.35 13.04 8.12 14.47 13.68 0.01 0.01
722 5.52 11.78 11.08 0.28 0.24
490 7.57 8.85 13.13 0.00 0.00
469 6.36 8.62 11.92 0.16 0.15
207 7.16 6.37 12.72 0.06 0.05
195 7.41 6.25 12.97 0.02 0.02
42 6.07 5.47 11.63 0.20 0.18
−49 6.63 5.12 12.19 0.13 0.12
−79 5.91 5.12 11.47 0.22 0.20
−119 4.61 4.92 10.17 6.14 5.42 11.70 0.40 0.33
−143 2.38 5.00 7.94 0.70 0.53
−213 6.3 4.69 11.86 7.26 5.18 12.82 0.17 0.16
−313 5.94 4.55 11.50 0.22 0.20
−395 6.85 4.39 12.41 0.10 0.09
−440 5.13 4.26 10.69 0.33 0.28
−544 5.14 4.63 10.70 6.20 4.69 11.76 0.33 0.28
−565 3.3 4.95 8.86 6.34 4.69 11.90 0.57 0.45
−586 3.3 4.86 8.86 0.57 0.45


a Equilibrium Δr-w andΔfsp-w fractionation values calculated at pre-production reservoir
temperatures using the experimental fractionation factor for An50-water and An25-water
(O'Neil and Taylor, 1967), respectively.


b Measured Δwr-w and Δfsp-w are the differences between themeasured δ18O values
of whole-rock or feldspar, and the measured δ18O value of the current geothermal fluid
(−5.56‰).
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zones. As a result, theflowpatterns responsible for the localized 18O/16O
depletions measured in the West Flank host rocks are likely fracture-
controlled and channelized.


Preferential fluid flow within higher permeability fracture zones,
with accompanying increase in fluid-rock interaction and 18O/16O de-
pletion, is likely a common feature of active hydrothermal systems de-
veloped in crystalline rocks. For example, Smith and Suemnicht
(1991) measured significantly lower δ18O values (b−1‰) in what are
described as fractured tuffs (well RDO-8) compared to values in less
fractured rhyolitic flows and tuffs in other wells at comparable depth
in the Long Valley system, consistent with fracture-induced increases
in permeability, fluid-rock interaction, and 18O/16O depletion within
the fractured tuffs. Two clear examples of how fractures and faults de-
fine zones of high permeability and control patterns of fluid flow and
the extent of 18O/16O depletion in fossil hydrothermal systems are the
study of the Eocene Sawtooth Ring Zone within the Idaho batholith by
Criss and Taylor (1983) and the well-exposed Lake City caldera system,
CO by Larson and Taylor (1986b).


4.3. The extent of isotope exchange equilibrium accompanying fluid-rock
interaction


Because the pre-production temperatures of the reservoir fluids are
known, the equilibrium oxygen isotope fractionations between feldspar
and water (equilibrium Δfsp-w) can be calculated. These values can be
compared to the measured differences in δ18O between feldspar and
the reservoir fluids (measured Δfsp-w) (Tables 3–5) to evaluate the ex-
tent of exchange equilibriumbetween the geothermalfluid and feldspar
in the reservoir host rocks. If feldspar has incompletely exchanged oxy-
gen isotopes with the low δ18O geothermal fluid at temperatures below
500 °C, measuredΔfsp-w valueswill be greater than the equilibriumΔfsp-


w values. The greater this difference, the farther from exchange equilib-
rium is the feldspar. The equilibrium fractionation factors are calculated
at temperaturesmeasured in thewells prior to production, using the ex-
perimental calibration for oxygen isotope fractionation between plagio-
clase and water from O'Neil and Taylor (1967) and a plagioclase
composition of An25 (average of measured feldspar compositions in
the reservoir rocks; Etzel, 2016).


Fig. 9a depicts the measured δ18O values of feldspar plotted against
the difference between measured Δfsp-w and equilibrium Δfsp-w values.
This figure illustrates that the measured Δfsp-w values for most of the
sampled intervals are larger than equilibriumΔfsp-w values atmeasured
(pre-production) temperatures and plot to the right of the dashed line
(wheremeasuredΔfsp-w= equilibriumΔfsp-w) in Fig. 9a. This difference
indicates that feldspars from most of the sampled intervals in these

Fig. 9.A)ThedifferencebetweenmeasuredΔfsp-w and equilibriumΔfsp-w plotted against themea
equilibrium Δfsp-w plotted against measured temperature (pre-production) for the feldspar s
represents equilibrium (measured Δfsp-w = equilibrium Δfsp-w) between analyzed feldspar a
incompletely exchanged oxygen isotopes with the reservoir fluid.

three wells have not completely exchanged with the geothermal fluid.
Two groups of samples with measured Δfsp-w values less than equilibri-
um Δfsp-w are exceptions. The three feldspar samples with δ18O values
N7.0‰ come from the shallowest, lowest temperature intervals of
33A-7 and 73-19 and have experienced little or no 18O/16O depletion
relative to their primary δ18O values. As a result, these feldspars have
not experienced any significant interaction with geothermal fluid, and
are far from exchange equilibrium with the geothermal fluid (large
measured Δfsp-w). However given the low temperatures for these
three samples, equilibriumΔfsp-w values are even larger. The second ex-
ception where measured Δfsp-w values are less than equilibrium Δfsp-w


values are the most 18O/16O depleted feldspars from 33A-7 and 68-6.
These two samples are discussed in the following section.


Fig. 9a also shows that in general, the lower the δ18O value of the feld-
spar, the closer the feldspar approaches exchange equilibrium with the
geothermal reservoir fluid (e.g., measuredΔfsp-w approaches equilibrium
Δfsp-w). This positive correlation indicates that the feldspar moves pro-
gressively toward oxygen isotope exchange equilibrium with the reser-
voir fluid as the extent of fluid-rock interaction increases (as indicated
by progressively greater 18O/16O depletion in the feldspar and higher cal-
culated W/R ratio). Experimental studies and theoretical considerations
indicate that the rate of oxygen isotope exchange accompanying the
types of surface reactions responsible for producing the hydrothermal al-
terationminerals observed at Coso Hot Springs increases with increasing
surface area (Cole and Chakraborty, 2001). The positive correlation be-
tween the progressive 18O/16O depletion in the feldspar and the increas-
ing approach to oxygen isotopic exchange equilibrium (measured Δfsp-w


approaches equilibriumΔfsp-w) observed formost of the feldspar samples
suggests that increases in permeability of the reservoir host rock produce
an increase in surface area of the host rock exposed to geothermal fluid,
promoting fluid-rock interaction and isotopic exchange.


Rates of isotopic exchange accompanying hydrothermal alteration
also increase dramatically with increasing temperature (Cole and
Chakraborty, 2001). However, there is no systematic correlation of tem-
perature with the extent of exchange equilibrium between the feldspar
and reservoir fluid within individual wells (Fig. 9b). For feldspar sam-
ples from 68 to 6, the excess of measured Δfsp-w compared to equilibri-
um Δfsp-w value is clearly independent of temperature from 180 °C to
265 °C; for example, across the temperature range of 225–265 °C the
difference between the measured Δfsp-w and equilibrium Δfsp-w de-
creases from 6.3 to −2.0 and then increases to 5.9. A similar situation
holds for samples from 33A-7 over the temperature interval from
190 °C to 250 °C; the difference between measured and equilibrium
Δfsp-w values changes from 3.6 down to −1.7 and then abruptly in-
creases to 5.

sured δ18O value of each feldspar separate. B) Thedifference betweenmeasuredΔfsp-w and
ample. Equilibrium Δfsp-w is calculated at pre-production temperatures. The dashed line
nd the pre-production reservoir fluid. Feldspars plotting to right of the dashed line have
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4.4. Thermal and oxygen isotope evolution of geothermal fluids in the Coso
system


Measured δ18O values of the feldspars are plotted as a function of the
pre-production temperature (as measured in the wells) in Fig. 10.
Curved lines define the calculated δ18O values of feldspar in equilibrium
with a range of δ18O values of water, including the pre-production res-
ervoir fluids (solid line). It is apparent that the analyzed feldspars
from higher temperatures (N200 °C) in 73-19 plot well above the equi-
librium curve for the reservoir fluid, and are far from exchange equilib-
rium with the reservoir fluid. These feldspars have experienced limited
oxygen isotope exchange, either from kinetic barriers to isotopic ex-
change (from lower temperatures in the past?) or from limited physical
contact between the reservoir fluid and rock owing to lower permeabil-
ity, or both.


Many of the feldspar samples from 68 to 6 and 33A-7 have experi-
enced greater 18O/16O depletion and therefore more extensive oxygen
isotope exchange, but have not equilibrated with the reservoir fluid
(Fig. 10). In contrast, the two feldspars from 33A-7 and 68-6 with the
lowest δ18O values plot below the equilibrium curve for the reservoir
fluid. For these two feldspar samples, measured Δfsp-w values are less
than equilibrium Δfsp-w values by −1.66 (33A-7_-1138 m) and −1.99
(68-6_-1552) (Fig. 9a). At pre-production temperatures, incomplete
isotopic exchange would produce measured Δfsp-w values greater than

Fig. 10. Measured δ18O values of feldspars plotted as a function of pre-production temperature
exchange equilibrium with a range of δ18O values of water (values specified next to each curve
temperature. Arrows indicate changes in temperature or δ18O of reservoir fluid needed for
equilibrium with the geothermal reservoir fluids.

the equilibrium Δfsp-w values. Therefore, these discrepancies cannot re-
sult from incomplete oxygen isotope exchange between the geothermal
fluid and the reservoir rocks, because of either slow isotopic exchange
kinetics or lack of physical contact between fluid and feldspar crystals.
Measured Δfsp-w less than equilibrium Δfsp-w requires that the isotopic
exchange took place either at higher temperatures and/or with a reser-
voir fluid of lower δ18O value. Fig. 10 shows that temperatures would
need to increase by 55 °C (to 307 °C) and 42 °C (to 288 °C) in 68-6
and 33A-7, respectively, for the most 18O/16O-depleted feldspars from
each well to be in exchange equilibrium with the reservoir fluid. Alter-
natively, the δ18O values of geothermal fluids would need to decrease
by 1.98‰ and 1.66‰ in 68-6 and 33A-7, respectively (Tables 3, 4; Fig.
10). A lower δ18O value of the reservoir fluid in the past implies a de-
crease in the initial δ18O value of the meteoric water source, and/or an
increase in the W/R ratio (and permeability) for these sections of geo-
thermal system.


Oxygen isotope disequilibrium between 18O/16O depleted rocks and
current reservoir fluids at present temperatures has been noted in other
active hydrothermal systems aswell. Sturchio et al. (1990) documented
oxygen isotope disequilibrium between many of their samples of silica
minerals from fractures and vugs in drill core from Yellowstone with
present-day thermal waters at current temperatures. They attributed
this disequilibrium to 18O/16O enrichment of thermal fluids from the
transient effects of decompressional boiling and/or increased fluid-

s (as measured in the wells). Curved lines define the calculated δ18O values of feldspar in
), including the pre-production reservoir fluids in these wells (solid line), as a function of
the most 18O-depleted feldspar in 68-6 and 33A-7 to achieve oxygen isotope exchange
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rock interaction/exchange in newly-formed fractures. Smith and
Suemnicht (1991) attributed discrepancies betweenmeasured and cal-
culated δ18O values of host rocks in parts of the Long Valley system to
record fluid-rock interaction (and oxygen isotope exchange) at higher
temperatures in the past. These discrepancies noted for Yellowstone,
Long Valley and Coso reflect the transient nature of the thermal and
fluid-rock interaction regimes in active hydrothermal systems.


5. Conclusions


The patterns and extent of 18O/16Odepletionsmeasured in the reser-
voir rocks of the Coso Hot Springs geothermal system, combined with
clay mineral alteration patterns, record significantly varying degrees of
fluid-rock interactions. These patterns provide insights into the role of
fracture-controlled permeability in this geothermal system. Our results
indicate the following:


• Claymineral distribution in three wells along theWest Flank is not al-
ways closely correlated with the distribution expected from prepro-
duction temperatures measured in these wells. There is, however, a
general correlation between greater and more widespread 18O/16O
depletion in the northern part of theWest Flank with a thinner smec-
tite zone and disappearance of the illite/smectite zone. This correla-
tion suggests that clay mineral distributions in the Coso Hot Springs
field is a function of both the extent of fluid-rock interaction and tem-
perature.


• Whole-rock and feldspar δ18O analyses define patterns of 18O/16O de-
pletion in the West Flank distinct from those expected from regional
metamorphism. These oxygen isotope analyses show that the reser-
voir rocks have experienced a wide range of 18O/16O depletion, from
negligible depletion below primary δ18O values of +7.5‰ to δ18O
values as low as −6‰ for feldspar. This large range indicates that
the reservoir rocks have experienced significant variation in the ex-
tent of fluid-rock interaction.


• Detailed δ18Omeasurements ofwhole rock and feldspar samples from
three wells along the West Flank identify a limited number of local-
ized intervals of extensive 18O/16O depletion where the host rocks
have interacted and exchanged isotopicallywith significant quantities
of geothermal fluid (high calculated W/R ratios). The local zones of
maximum 18O/16O depletion in each well correspond closely with
the depths of the current production zones (intervals of high perme-
ability). Rocks between these intervals have experienced much less
exchange. These patterns likely reflect that permeability in the reser-
voir host rock is fracture-controlled.


• Most analyzed feldspars have δ18O values too high to have completely
exchanged with the reservoir fluid. The analyses also show that in
general, the lower the δ18O value of the feldspar (the greater the ex-
tent of fluid-rock interaction), the closer the feldspar approaches iso-
tope exchange equilibrium with the geothermal fluid. This positive
correlation suggests that fracture-induced increases in permeability
of the reservoir host rock increase mineral/grain surface area exposed
to geothermal fluids, promoting fluid-rock interaction and isotopic
exchange.


• There is no systematic correlation of temperature with either the ex-
tent of 18O/16O depletion or the extent of exchange equilibrium be-
tween the feldspar and reservoir fluid in the West Flank. This is
particularly the case for 73-19, where rock host has experienced
only moderate and highly localized 18O/16O depletion despite having
the highest measured temperatures in the three wells. Thus in the
West Flank at Coso Hot Springs (a crystalline-rock-hosted geothermal
system), permeability is as, or more important than temperature in
driving fluid-rock interaction and isotopic exchange.


• The three feldspar samples with the lowest δ18O values are all from
current production zones in the reservoir. These feldspars are highly
depleted in 18O/16O and therefore have experienced extensive fluid-
rock interaction and isotopic exchange. However, two of these

feldspar separates have measured Δfsp-w b equilibrium Δfsp-w which
requires that they have equilibrated with the pre-production reser-
voir fluid at higher temperature, or with a lower δ18O reservoir fluid.
These discrepancies suggest that the West Flank of the Coso geother-
mal system was hotter and/or characterized by higher permeability
(higher W/R ratio) during fluid-rock exchange in the past.


• The results of this study corroborate those of a number of previous ox-
ygen isotope studies of (mostly) fossil hydrothermal systems, in
documenting the connection between the extent of 18O/16O depletion,
the extent of fluid-rock interaction and permeability in crystalline
rock hosts to hydrothermal systems. These connections suggest that
mapping patterns of 18O/16O depletion can be another exploration
tool to define permeability structure, identify higher permeability
zones, and constrain fluid flow patterns – past and present – in active
hydrothermal systems, and to help facilitate development of en-
hanced geothermal systems.
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EXECUTIVE SUMMARY 


Mapping permeability distributions in geothermal reservoirs is essential for reducing the 
cost of geothermal development. To avoid the cost and sampling bias of measuring permeability 
directly through drilling, we require remote methods of imaging permeability such as 
geophysics. Electrical resistivity (or its inverse, conductivity) is one of the most sensitive 
geophysical properties known to reflect long range fluid interconnection and thus the likelihood 
of permeability. Perhaps the most widely applied geophysical methods for imaging subsurface 
resistivity is magnetotellurics (MT) due to its relatively great penetration depths. A primary goal 
of this project is to confirm through ground truthing at existing geothermal systems that MT 
resistivity structure interpreted integratively is capable of revealing permeable fluid pathways 
into geothermal systems. 


 
Phase 1 of this study adopts a two-step process for examining reservoir permeabilities 


using geochemical and geophysical perspectives. In step one, geochemical investigations focus 
on whole rock, oxygen isotope compositions of well cuttings to assess the extent of water/rock 
interactions. This is to determine if calculated water rock ratios (WRR) from chips can serve as a 
proxy for permeability in the absence of direct permeability measurements downhole. If so, this 
considerably enlarges the ground truth data base for testing whether resistivity is a reliable 
indicator of geothermal permeability. 


 
In the second step, MT geophysical investigations have concentrated on the electrical 


resistivities of the reservoir rocks and the comparison of the resistivity structure to 
geochemically derived permeability and well productivity. We have utilized new procedures and 
algorithms for interpreting resistivity distributions from magnetotelluric (MT) data. The results 
have been integrated with new and existing geoscientific and drilling data to map permeability at 
the wellbore and field scale. Although MT surveys are widely used in the exploration of high-
temperature resources, few studies have attempted to identify major structures beneath the 
shallow clay cap. Moreover in Phase I, the application of magnetotelluric data was expanded to 
include low- to moderate-temperature geothermal systems. The effects of improving drilling 
success rates on the Levelized Cost of Electricity (LCOE) were evaluated and show that even 
minor improvements in the confirmation success rate have a significant effect on the LCOE. 
 


Four well characterized geothermal systems, all of which have been explored by deep 
drilling and production testing were investigated. Thermo Hot Springs (UT), Lightning Dock 
(NM) and Raft River (ID) are moderate temperature geothermal fields. Thermo Hot Springs and 
Lightning Dock are developed in Mesozoic and Paleozoic carbonate rocks. The reservoir at Raft 
River is hosted in Precambrian quartzite and quartz monzonite. Investigations at this field build 
on the DOE-funded EGS project “Concept testing and development at the Raft River geothermal 
field, Idaho”. The fourth system, Coso Hot Springs (CA), is a high-temperature resource 
developed in Mesozoic intrusive rocks ranging from diorite to granite in composition.  
 


The following are the major results and implications of Phase I: 
 


1. We have demonstrated that whole-rock oxygen isotope data and the calculated water/rock 
ratios are a useful guide to reservoir permeability at both the wellbore and field scale. 
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Oxygen isotope depletions and high water/rock ratios are strongly correlated with 
production intervals at Coso Hot Springs and Thermo Hot Springs. Low water-rock ratios 
characterize non-productive wells at Lightning Dock.  
 


2. Using new three-dimensional (3D) MT inversion procedures and algorithms developed at 
EGI under DOE/GTP support, we have demonstrated that low resistivities can be used to 
map permeable pathways at Coso Hot Springs, Thermo Hot Springs, Raft River, and 
perhaps Lightning Dock.  
 


3. Integration of MT surveys with temperature, mineralogic and isotopic data from low-cost 
slim holes may represent the most cost effective approach to evaluating unexplored or 
buried geothermal systems. Near-wellbore permeabilities derived from rock isotopic 
compositions together with mineral and fluid chemistry investigations can constrain the 
significance of the MT structure, which in turn can extrapolate permeability and identify 
fluid sources at broader reservoir scales.  
 


4. All of the criteria required for positive decision to move to Phase II have been met. 
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INTRODUCTION AND TECHNICAL APPROACH 
 


Water-rock interactions play a critical role in defining the physical and geochemical 
properties of geothermal reservoir and the overlying caprocks. With decreasing temperature, 
from the base of a geothermal system to the surface, the rocks undergo a series of mineralogic 
and physical changes that include the formation of propylitic (epidote-bearing), phyllic (illite-
bearing), and argillic (clay-bearing) mineral assemblages. These mineralogic changes are 
accompanied by changes in the rocks densities and electrical conductivities. The electrical 
geophysical exploration methods, and in particular MT surveys, are routinely utilized by the 
geothermal industry to locate and characterize geothermal systems. The primary objective of 
these surveys has been to define the argillically altered, electrically conductive clay caps that 
form above the reservoir. 


 
Within high temperature systems, the minerals that form in the underlying reservoir, e.g. 


illite, epidote and other silicate phases, are electrically resistive, and consequently rock 
conductivities decrease. Although inferences can be made regarding the general locations of the 
upflow zones and those portions of the reservoir where temperatures exceed about 220oC, the 
upper limit of smectite-bearing clays, it has not been possible to accurately characterize reservoir 
permeabilities and temperature distributions. This problem of characterizing permeability 
distributions in low- to moderate-temperature geothermal systems where reservoir temperatures 
do not significantly exceed 220oC is much more difficult because the electrical contrast between 
the reservoir and caprock may be significantly reduced. These moderate temperature reservoirs 
are found throughout the Basin and Range and in many parts of the Imperial Valley. In addition, 
these geothermal systems are potential targets for development of EGS and deep sedimentary 
reservoirs. 
 


The study is divided into two phases. The primary objective of Phase 1 is to establish the 
interrelationships between reservoir permeabilities, the extent of water-rock interaction and 
reservoir resistivities. The research takes advantage of high quality, recently deployed MT 
surveys and the 3D algorithms that have recently been advanced by the Energy & Geoscience 
Institute (EGI) for the interpretation of MT data by Wannamaker and others.  
 


The original proposal considered the investigation of at least two geothermal systems in 
Phase 1. However, the 2013 Peer Review Panel concluded the existing data set was insufficient 
to characterize the relationship between permeability, resistivity and alteration. With the 
concurrence of the DOE Project Manager, work was initiated on two additional geothermal 
systems using the existing funding. The four systems include Coso Hot Springs (CA), Thermo 
Hot Springs (UT), Lightning Dock (NM) and Raft River (ID). These geothermal systems were 
chosen because recently conducted MT surveys, cuttings, and geophysical logs from deep drill 
holes were available. The reservoirs at Thermo Hot Springs, Lightning Dock and Raft River host 
moderate temperature geothermal fluids. Thermo Hot Springs and Lightning Dock are developed 
in Mesozoic and Paleozoic carbonate rocks. The reservoir at Raft River is developed in 
Precambrian quartzite and quartz monzonite. Investigations at this field build on the DOE-
funded EGS project “Concept testing and development at the Raft River geothermal field, 
Idaho”. The fourth system, Coso Hot Springs (CA), is a high-temperature resource developed in 
Mesozoic intrusive rocks ranging from diorite to granite in composition.  
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The validity of using isotope data to map water-rock interactions in hydrothermal ore 
deposits has been well established (refer to Task 1.3). However, the application of isotopic data 
to mapping reservoir permeability in geothermal systems has not been demonstrated. Similarly, 
the scientific basis for utilizing MT as a geothermal exploration tool has been clearly 
demonstrated (Cumming and Mackie, 2010). It is now well understood that the reservoir 
mineralogy, water content (e.g. permeability), water composition and distribution, and 
temperature all influence reservoir resistivity. Various combinations of these factors can result in 
a non-unique solution and similar resistivities.  
 


In order to develop the framework and procedures required to relate reservoir 
permeability to resistivity under Task 3, two hypotheses will be tested and verified at each site. 
These are:  
 


1. Is there a relationship between reservoir permeability and the degree of oxygen isotopic 
depletion of the rock as expressed as water-rock ratios? 
 


2. Is there a relationship between reservoir permeability, reservoir mineralogy and the 
resistivity of the reservoir determined from MT data? 


 
 
 
 
 
 


PHASE I – PROOF OF CONCEPT – FEASIBILITY ASSESSMENT 
 


The purpose of the proposed tasks under Phase I are to evaluate rock characteristics (and 
their variability) that can be related to permeability, temperature and electrical conductivity. 
Particular emphasis will be placed on the thermally sensitive smectite-bearing clay minerals and 
on permeabilities recorded by the oxygen isotopic compositions of the rocks. Comprehensive 3D 
MT models of the systems will be developed. The procedures required to relate reservoir 
permeabilities and temperatures to the electrical conductivities will be established for two of the 
well-documented sites. The results will be compared to any recently completed and available 
reservoir permeability models based on a rate-time analysis. 
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Task 1.0. Sample Collection and Analyses 
 
Task 1.1. Collection of Rock Samples and Geothermal Data 
 
Samples will be collected from the reservoir and caprock sections of selected existing wells from 
two systems for petrographic and isotopic analyses. The samples will be analyzed by X-ray 
diffractometry to determine the type, characteristics (e.g. percent smectite in the clay minerals) 
and the abundances of the clay minerals and other phases in the rocks. Both the whole rock and 
the clay fraction (<5 micrometer fraction) will be analyzed. Thin section petrography will be 
used to identify the rock types, sample mineralogy and mineral textures and paragenetic 
relationships. Maps of clay abundances and types will be prepared. A suite of core and cuttings 
samples representing important environments within the geothermal fields are available for 
study at EGI’s Sample Library. Additional samples may be provided from industry partners. The 
locations of major fracture zones will be obtained from the well logs. Samples from different 
alteration zones and displaying different degrees of alteration will be collected for whole-rock 
18O isotopic analyses. As discussed in the following sections, the isotopic data will be used to 
assess water-rock ratios, a measure of the time-integrated permeability of the system. 
 


Table 1.1.1 summarizes the types of data available for each of the four geothermal 
systems examined in this study.  
 
Table 1.1.1. Summary of data provided by industry partners for the four fields studied.  
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Task 1.2. X-ray Diffraction and Petrographic Analyses 


 
Whole-rock and clay X-ray diffraction (XRD) analyses will be conducted in the XRD laboratory 
at EGI. The < 5 micrometers portion of the sample will be analyzed to identify individual clay 
species and the extent of smectite interlayering. Clay abundances will be determined from the 
whole-rock scans. 
 


Table 1.2.1 illustrates the number of X-ray diffraction (XRD) and petrographic (thin 
section) analyses performed on each of the four fields. X-ray diffraction results are presented in 
Appendix 1, Task 1.2. 
 
Table 1.2.1. Number of samples analyzed from each field by well. 


Field Well XRD Thin section 


Lightning Dock 


45-07 30 30 
47-07 43 43 
53-07 62 62 


53-07 ST-1 25 25 
55-07 57 57 
63-07 50 50 


TG 52-07 16 16 


Thermo 


13-34A 70 70 
63-33 62 62 
17-34 69 69 


Nov-34 2 2 
24-34 1 1 
52-34 1 1 


Raft River  


RRG-1* 4 4 
RRG-2* 35 27 


RRG-3 ST*-1 19 19 
RRG-3A* 2 2 
RRG-3C* 9 7 
RRG-3D* 45 45 
RRG-7* 11 28 
RRG-9* 88 97 


RRG-9 ST-1* 23 23 


Coso Hot Springs 


33A-7* 25 25 
33A-7 36 36 


33A-7 ST-1* 25 25 
83-11* 34 34 
68-6 17 17 
73-19 17 17 


42A-16* 31 31 
51A-16* 25 25 
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41-33* 15 5 
41A-33* 20 11 
41B-33* 15 6 


 
 
 
Task 1.3. Whole-rock Oxygen Isotope Analyses 
 
An important challenge is to relate the petrologic and geochemical indicators of rock 
permeability more reliably to the electrical resistivity data. We propose a multi-disciplinary 
approach to establishing the connections between permeability and 18O/16O depletion, clay 
mineral abundance and textural indicators of permeability by employing a suite of techniques 
that include the following: oxygen isotope analyses of whole rock samples and vein minerals; 
integrated automated mineralogy and petrography; and Scanning Electron Microscopy. 
 
The δ18O value of vein minerals, coupled with temperature information (from direct reservoir 
measurements, fluid/mineral geothermometers, or fluid inclusions), will allow calculation of the 
δ18O value of the fluid at various locations. When combined with the measured 18O/16O 
depletions in the host rocks, the W/R ratio—and permeability—can be assessed. The results will 
be compared with the reservoir permeability model, vein abundances, fracture density (where 
core is available) and mineral abundances in the same sample and with permeability data from 
well logs (e.g. lost circulation zones, drilling breaks) to evaluate permeability at different scales. 
 


Table 1.3.1 illustrates the number of isotope analyses performed on samples from each of 
the four fields. The analytical results are presented in Appendix 1, Task 1.3. 


 
Theoretical Basis for the Calculation of Water-Rock Ratios 


 
The degree of fluid-rock interaction in terms of the water/rock mass ratio can be 


determined from relatively simple mass balance calculations. Assuming equilibration between 
the rock and water, the water/rock (W/Rc) ratio for a closed system can be calculated from the 
relationship:   
 


W/Rc = (δ18Or
f  - δ18Or


i )/( δ18Ow
i - δ18Ow


f)    (1) 
 
where δ18Or


f is the measured δ18O value of the exchanged rock in the geothermal system, δ18Or
i is 


the initial δ18O value of the rock (generally assumed to be the highest measured δ18O value), 
δ18Ow


i is the initial oxygen isotopic composition of the water, generally assumed to be 
represented by the local meteoric water, and δ18Ow


f is the δ18O value of the reservoir fluid, 
determined from analyses of the produced waters. Alternatively, the W/Ro ratio can be calculated 
assuming an open-system, that is, a system in which the water is not recycled (one-pass). The 
W/Ro ratio for an open system is given by the relationship (Criss and Taylor, 1986):  
 


W/Ro = ln{(W/R)c + 1}               (2) 
 


(*Previously acquired data) 
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Values of W/R ratio calculated with the open-system end member will be lower, for a given 
amount of 18O/16O depletion in the rock. 
 


Figure 1.3.1a represents a water-dominated system where all the rock interacts with the 
water, but not all the water will interact with the rock; alternatively, Figure 1.3.1b represents a 
rock-dominated system where all the water present (confined to fractures and micropores) will 
interact with the rock, but only a small fraction of the rock will ever interact with the water. As a 
result, these competing scenarios will exhibit different oxygen isotopic exchange profiles (Fig. 
1.3.2). Assuming equilibrium is obtained, the extent of 18O/16O depletion of the rock in a water-
dominated system will be significant (line b, Fig. 1.3.2) while 18O/16O enrichment of the water 
will be minimal (line a, Fig. 1.3.2); for a rock-dominated system, the extent of the 18O/16O 
depletion to the rock will be minimal (line f, Fig. 1.3.2) while the 18O/16O enrichment to the 
water will be significant (line e, Fig. 1.3.2).  
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Table 1.3.1. Number of oxygen isotope analyses performed on each field by well.  


Field Well O isotope analyses 


Lightning Dock 


45-07  47-07 23 
53-07 22 


53-07 ST-1 5 
55-07 9 
63-07 13 


TG 52-07  


Thermo 


13-34A 28 
63-33 31 
17-34  Nov-34  24-34  52-34  


Raft River  


RRG-1*  RRG-2*  RRG-3 ST*-1  RRG-3A*  RRG-3C*  RRG-3D*  RRG-7*  RRG-9*  RRG-9 ST-1*  


Coso Hot Springs 


33A-7*  33A-7 66 
33A-7 ST-1*  83-11*  68-6 67 


73-19 34 
42A-16*  51A-16*  41-33*  41A-33*  41B-33*  


 


(*Previously acquired data) 
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Fig. 1.3.1. Two model scenarios constructed to help illustrate the difference between a high W/R 
environment and a low W/R environment (b). In (a), all of the rock will interact with water while 
in (b), the fluid is only present in fractures and micropores and therefore, only a fraction of the 
rock will interact with water. 
 
 
 


 
Fig. 1.3.2. A δ18O vs. temperature plot constructed to display the evolution of the δ18O values for 
rock and water as a result of kinetic and temperature variations. Dashed lines depict variations in 
high W/R environments while the solid lines depict variations in low W/R environments; lines 
“c” and “d” depict the evolution of systems unable to achieve equilibrium as a result of 
incomplete exchange while “b” and “e” relate to systems that have fully equilibrated. 
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The influences both temperature and kinetics have on the extent of the 18O/16O exchange 
between the fluid and rock is illustrated in Figure 1.3.2. Isotopic fractionation is a temperature 
dependent process (O’Neil, 1986); therefore, the extent of exchange required for these two 
components to obtain equilibrium will depend on the temperature at which exchange is 
occurring. In a water-dominated system (Fig. 1.3.1a), the final δ18O value of the rock will 
become progressively lighter as temperature increases; however, in a rock-dominated system 
(Fig. 1.3.1b), the fluid will become progressively enriched with increasing temperature (the δ18O 
value of rock will remain nearly constant for a rock-dominated system). When considering 
kinetic effects, the general exchange trends for both scenarios described above will still be 
observed, that is δ18O rock values will decrease in a water-dominated system while δ18O fluid 
values will increase in a rock-dominated system; however the extent of 18O/16O exchange will be 
limited (lines c & d of Fig. 1.3.2). Systems in which the fluid and rock are not able to obtain 
equilibrium will result in incomplete exchange and therefore the δ18O values of the rock and 
water will deviate from the equilibrium values for a given temperature. 
 
 
Task 2.0. Collection and Interpretation of Magnetotelluric Data 
 
Using existing high-quality MT data, two well-characterized geothermal systems will be 
investigated: a geologically simple, high-temperature geothermal system and a geologically 
complex moderate-temperature system. For those sites that have been previously modeled, data 
from existing MT soundings will be combined with newly acquired MT soundings to develop a 
single resistivity model. Using our in-house 3D finite difference inversion program, we will 
determine if previously demonstrated relationships between reservoir permeabilities, degree and 
type of clay alteration, and temperature to the electrical resistivities can be documented in other 
parts of the field and in other geothermal systems. It is not yet known if the permeability 
structure of a moderate-temperature geothermal system can be defined using MT data; a further 
problem in low-to moderate-temperature environments is the common occurrence of nearby 
clay-bearing basins, which will also be imaged as conductive regions. 
 


High quality MT data were acquired from all four geothermal systems. Since submission 
of the original proposal, the original finite difference algorithm we were using (modified from 
Uchida and Sasaki, 2006) was replaced by a new deformable finite element algorithm developed 
in-house under DOE/GTP support and described below.  3D inversions using our new capability 
were prepared for Coso Hot Springs, Lightning Dock, Thermo Hot Springs and Raft River. 
Descriptions of the MT inversions for the individual geothermal systems are included in 
Appendix 2. 
 


MT plan maps and cross sections that illustrate the relationships between reservoir 
permeabilities and resistivity are discussed under Task 3.  
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Basis for Interpretation of MT Data 
 


Magnetotellurics (MT) is a geophysical technique whereby naturally-occurring, broad-
spectrum electromagnetic (EM) waves are used as source fields for imaging Earth’s electrical 
conductivity structure (Vozoff, 1991, Simpson & Bahr, 2005; Chave and Jones, 2012). The 
method has been successfully used in geothermal systems to detect variations related to fluid 
flow and to map conductive alteration minerals (Wannamaker & Hohmann, 1991; Cumming and 
Mackie, 2007; Uchida and Sasaki, 2006; Spichak and Manzella, 2009; Wannamaker et al., 2007, 
2013; Bertrand et al., 2012). The simulation and inversion of 3D diffusive EM responses for 
resistivity structure requires an algorithm that can handle a large range of structural scales due to 
possibly complex resistivity distributions and the wide frequency bandwidth of MT surveys (e.g., 
potentially seven or more orders of magnitude). Furthermore, in many geologic settings, the 
Earth’s surface can show considerable topographic variation, which will have its own EM 
response and adds non-uniformity of receiver placement with respect to subsurface structure. 


 
Inversion of MT data for this project was done using a new algorithm with unique 


capabilities by Kordy et al. (2015) at EGI/University of Utah. It uses a deformable finite element 
(FE) mesh and direct solvers to model the EM fields required to calculate MT responses and 
Frechet derivatives for a 3D resistivity distribution including topography. The program inverts 
all elements of the complex tensor impedance and the tipper. The resistivity distribution is 
determined using the data-space method as described by Siripunvaraporn et al. (2005), with an 
additional stabilizing functional promoting maximal spatial smoothness with respect to an a-
priori structure. To minimize execution time, allow for larger data sets, and allow for a larger 
number of voxels in representing the resistivity structure, the program is designed to run 
efficiently on a multi-core workstation and make use of high-performance math libraries 
(PARDISO, PLASMA). Use of direct solvers for both the forward problem and the iterative 
parameter step is a particular strength of our algorithm; model convergence is rapid and 
monotonic, requiring typically ~10 iterations and achieving a fit comparable to data error. 


 
The resistivity structure is represented using a FE mesh embedded in a 1D background. 


Generally, there are 10 z-layers of voxels above the ground surface (air). MT stations as modeled 
in the program may be laterally offset from their true location in order to accommodate the 
program requirement that the station be horizontally centered on a voxel. The FE mesh is 
deformed vertically to represent topography, using a digital elevation model down-loaded from 
the US Geological Survey website, http://gdex.cr.usgs.gov/gdex/. These background layer 
thicknesses represent the nominal voxel thicknesses before deforming them vertically to 
accommodate the surface topography. The starting model, also used as the a-priori constraint, 
was determined by 1D inversion of a sounding derived from the average of the off-diagonal 
impedances (a rotational invariant) over all frequencies, using the background layer thicknesses 
defined for the 3D inversion model. 


 
Data quality was evaluated prior to the inversion; individual data found to be of poor 


quality were either assigned large errors to reduce their importance in determining the resistivity 
structure or flagged to be omitted. Error floors consist of 0.03 for the tipper data and for the 
impedance data (at a particular receiver and frequency) of the maximum of: the error assigned 
during data evaluation; 3.5%|data|; 3.5%|product of the principal impedances|0.5. The misfit 



http://gdex.cr.usgs.gov/gdex/
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(normalized root-mean-square error or nRMS) between predicted and observed data is measured 
as the norm of the data-weighted residual divided by the number of data squared. 


 
Inversions were run on a 64-bit 24-cpu multi-core computer consisting of 4 Intel Xeon 


E5-4610 2.40GHz Hex-Core Processors, with 512GB RAM. This is an affordable, single-box 
hardware format exhibiting good scalability across the cores (Kordy et al., 2015). 
 
 
Task 3.0. Develop the Framework and Procedures Required to Relate Reservoir 
Permeabilities to Electrical Resistivity Data  


 
Reducing exploration risk through a better understanding of permeability and temperature 
distributions is dependent on better characterization of reservoir properties and their correlation 
with electrical resistivities and reservoir permeability models derived from dynamic data. The 
development of significantly improved procedures and models will enable better and quicker 
evaluation of economic prospects of hidden/new geothermal systems thereby reducing the cost of 
exploration. 
 


We postulate that MT resistivity geophysical structure is a diagnostic indicator of 
geothermal fluid upflow. In this task, we test this hypothesis by comparing MT response 
inversion models to available permeability and oxygen isotope compositions for the four 
geothermal fields that were studied. Demonstration of these relationships is intended to result in 
improved geophysical and geochemical models that will form the framework for interpreting 
resistivity data.  
 


The 3D MT inversions described in this task are based on new procedures and algorithms 
developed by Kordy, Wanamaker et al developed under DOE/GTP support. These procedures 
provide greater resolution of 3D resistivity structure than was available based upon previous 
algorithms.  
 


Details of the mineral investigations are presented in Appendix 1. Low-resistivity 
smectite and/or interlayered illite-smectite or chlorite-smectite, which do not break down until 
temperatures exceed ~225oC, are stable mineral phases throughout the explored depths of the 
moderate-temperature systems that were studied (Lightning Dock, Thermo, Raft River). On the 
other hand, Coso Hot Springs geothermal field is a high-temperature system in tight plutonic 
host rocks, and so the separation of fluid flow pathways from clay alteration effects in electrical 
resistivity should be more straightforward. 


 
It must be recognized that the study is limited to four geothermal systems each with a 


finite quantity of available pertinent data to examine the geophysical and geochemical 
interrelationships. We believe the study has provided valuable insights into geophysical 
subsurface probing and interpretation, and underpins recommendations for Phase II progress. 
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Task 3.1. Coso Hot Springs 
 


Coso Hot Springs provides an example of a high-temperature geothermal system (Fig. 
3.1.1). The reservoir is developed in granitic to dioritic rocks with essentially nil porosity. 
Temperature distributions demonstrate that the fluids originate in the southern part of the field 
and then migrate upward and laterally to the north along a relatively narrow permeable fairway 
of fractured rocks (Fig. 3.1.2). Most of the 240 MWe originally produced at Coso came from this 
region of the field. There is currently no evidence of shallow dipping structures, changes in rock 
type, or extensively brecciated rock that could provide an explanation for the orientation of this 
fluid pathway.  
 


Oxygen Isotope Data 
 


Figures 3.1.2 shows the oxygen isotopic compositions of the rocks along a north-south 
(A-A’) cross section. The cross section is based on 513 whole-rock oxygen isotope analyses, 
made available by Terra-Gen and 95 new whole-rock analyses obtained as part of this 
investigation. Wells 68-6, 33A-7 and 73-19 were studied in detail and the isotopic data from 
them is shown in Figure 3.1.3. Near surface values are consistent with those of the Central Sierra 
Nevada Batholith (Masi et al., 1981). The lowest isotopic values are found in the northern part of 
the reservoir, where the plume is shallowest. Nearby, active fumaroles are associated with a large 
area of advanced argillic alteration at Devil’s Kitchen. This activity suggests high, near surface 
permeability. 


 
In detail, the oxygen isotopic compositions of 33A-7, 68-6 and 73-19 appear to closely 


correlate with the locations of the production zones provided by Terra-Gen, with the greatest 
isotopic depletions (and highest water-rock ratios) occurring in rocks with the highest 
permeabilities. In 33-7A, depleted rocks extend several hundred meters above the production 
zone. 


 
Analysis of the isotopic data 


 
The measured difference in δ18O value between the reservoir fluid and the most depleted 


whole-rock sample (measured Δr-w) in 33-A7 and 68-6 is considerably less than the equilibrium 
rock-water fractionation factor (equilibrium Δr-w) at the current measured temperature in these 
wells. The equilibrium Δr-w has been estimated assuming plagioclase (X.An = 0.4) acts as a proxy 
for the rock (O’Neil and Taylor, 1967). The measured Δr-w in well 33A-7 at 2530 m is 4.18 ‰, 
whereas the equilibrium Δr-w for the measured temperature of 228oC would be 7.13 ‰. In well 
68-6, the measured Δr-w at 2941 m is 3.4 ‰, whereas the equilibrium Δr-w is 6.88 for the 
measured temperature of 234oC. Thus the measured Δr-w values for these isotopically depleted 
zones in wells 33A-7 and 68-6 are smaller than the equilibration Δr-w values at current 
temperatures. These discrepancies are not the result of incomplete oxygen isotope exchange 
between the geothermal fluid and the rocks as incomplete isotopic exchange would produce 
measured Δr-w values greater than equilibrium Δr-w values; hence isotopic exchange kinetics is 
not the explanation for these differences. 
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Fig. 3.1.1. Compilation map showing geologic structures, lithology, well production and 
injection intervals, with the MT stations used in inversion.  Geological mapping extracted 
primarily from Whitmarsh (2002a, b); more recently compiled modern faults from Davatzes and 
Hickman (2006); well production and injection intervals provided by the U.S. Navy (F. 
Monastero, pers. comm.) courtesy of G. Newman and E. Gasperikova. 
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The discrepancies require either that the temperature of this fluid-rock isotopic exchange 
was higher than current temperatures, the δ18O values of the geothermal fluids were lower, or a 
combination of both. Temperature would need to increase to 318o and 352oC in wells 33A-7 and 
68-6, respectively, for the measured Δr-w values in these wells to correspond to equilibrium Δr-w 
values. Alternatively, the δ18O values of the reservoir fluids in wells 33A-7 and 68-6 would have 
to decrease by 2.91 ‰ and 3.49 ‰, respectively. A decrease in the δ18O value of the reservoir 
fluid implies an increase in the W/R ratio (and permeability) for the geothermal system as a 
whole. The implication of these data is that the rocks in 33A-7 and 68-6 were hotter and/or 
characterized by higher permeability in the past and that the current flow path is taking 
advantage of an earlier fracture zone.  


 
The situation for well 73-19 is opposite that in wells 33A-7 and 68-6. Here, the Δr-w  at 1411 m 
(depth of the most oxygen depleted whole rock sample is 8.03 ‰, whereas the equilibrium r-w 
for the measured temperature of 282oC would be 4.13 ‰. This discrepancy is interpreted to 
reflect incomplete isotopic exchange between rock and reservoir fluid, either from kinetic 
barriers to isotopic exchange or limited physical contact between reservoir fluid and rock owing 
to lower permeability, or both. 
 
 
 


 


Fig. 3.1.2. Cross section showing the temperature and oxygen isotope distributions along a 
north–south transect (A-A’). Thermal waters originate in the southern part of the field where 
temperatures exceed 300oC and then migrate to the north along a narrow high permeability 
plume enclosed within the 225oC isotherm. Isotope data are shown and contoured in per mil. The 
main  
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Fig. 3.1.3. Whole-rock oxygen isotope data for the three production wells studied. The most 
isotopically depleted rocks occur close to the major production zones. Calculated water-rock 
ratios are also shown on each figure.  
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MT Data 
 


Data from 126 soundings in a swath covering the main producing area were selected for 
inversion.  A compilation map showing geological structures and lithology, with the MT stations 
included, is provided in Figure 3.1.1.  These MT data are part of a larger dataset of 210 sites, 
collected in three phases between 2004 and 2011.  Data quality was evaluated prior to the 
inversion.  
 


Figure 3.1.4 presents a series of plan maps at progressively greater depths. At the 
shallowest depth, numerous localized areas of low resistivity are present. At intermediate depths, 
the low resistivities are limited to two narrow well defined north-trending zones. The western 
plume is coincident with the west flank reservoir; the eastern plume coincides with the east flank 
reservoir. The two reservoirs appear to connect toward greater depths in the southeast portion of 
the field. In the deepest section, only the connection between the two reservoirs is apparent.  


 


 


 
Fig. 3.1.4. Plan maps at approximate depths (bgs) of (a) 290 m; (b) 800 m; and (c) 1.5 km. 
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A north-south resistivity section along the strike of the west flank reservoir is shown in 


Figure 3.1.5. Low resistivities are found from the surface to the approximate base of smectite 
mineralization and conductive thermal gradients that corresponds approximately to the 150oC 
isotherm. This zone, with resistivities less than about 5 ohm m is interpreted to represent the clay 
cap of the system. The X-ray diffraction data indicate the smectite content is only about 2%. The 
steep temperature gradients through the low-resistivity smectite zone are consistent with well 
data indicating that the near-surface permeabilities are low and that the resistivities are controlled 
by clay mineralization.  


 
The low-resistivities at intermediate depths occur within the central portion of the west 


flank reservoir. At the southern end of the reservoir, the temperatures and moderately low 
resistivities define a pipe-like feature interpreted to represent a region of fluid upwelling. 
Temperatures within the region of lower resistivities are too high to reflect the formation of 
smectite. Thus, these low resistivities must be related to enhanced permeabilities and fluid flow. 
Elsewhere at Coso Hot Springs and below elevations of -1 to -2 km asl generally, the rocks 
become increasingly resistive reflecting their lower permeabilities and decreased fluid content. 
 


 
Fig. 3.1.5. Cross section through the wells, showing resistivities, clay mineralogy and 
temperature.  
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3.2. Lightning Dock 
 


The Lightning Dock geothermal system, located in southern New Mexico is an example 
of a moderate temperature geothermal system. This is a blind geothermal system that was 
discovered in 1948 when a cotton farmer drilled a hot shallow water well (R. Bowers, pers. 
comm., 2015). The reservoir is developed in Mesozoic limestone and dolomite that underlies 
Tertiary volcaniclastic rocks. Locally, Tertiary silicic dikes intrude the sedimentary rocks. Five 
production tests greater than 1000 m depth have been drilled; the deepest reaching a depth of 
2134 m and a temperature of 162oC (Fig. 3.2.1). At this temperature, smectite is the stable clay 
phase.  


 
 


 
Fig. 3.2.1. Location of major structures and deep wells. Wells 53-7, 63-7, 55-7 and 47-7 were 
drilled into a horst block. 45-7 lies at the western edge of the block.  
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Although a hot shallow aquifer (<100 m) is present throughout the area, only one of the 5 
recently drilled deep wells, 45-7, encountered commercial quantities of geothermal water. This 
well intersected a major fracture zone below about 700 m. No significant lost circulation or 
commercial flow rates were encountered in the other wells. The deep permeability structure of 
the field is not yet well understood but at this point appears tightly confined. 
 


Oxygen Isotope Data 
 


Whole-rock oxygen isotopic analyses were performed on 59 samples of carbonate rocks 
from 47-07, 53-07, 53-07ST, 55-07 and 63-07 at the University of Utah’s SIRFER laboratory. 
Figure 3.2.2 shows the isotopic values obtained for the five wells.  
 


The data display a narrow range of δ18O values with little variation between or within 
wells. The average highest measured δ18O value of +27 ‰) is nearly identical to the δ18O value 
for a pristine marine carbonate rock (+23 ‰ to +26 ‰; Rao, 1990). Overall, these isotopic 
values and lack of significant isotopic depletions are consistent with the low permeabilities of the 
wells. Unfortunately, no isotopic data was collected from 45-07 because no cuttings were 
returned from the reservoir. Thus we do not know what the actual isotopic depletion and implied 
water-rock ratios may be for the Lightning Dock producing zone. 


 
MT Data 


 
Data from 60 MT soundings were provided by Cyrq Energy for this project. The 


locations of the survey sites are shown in (Fig. 3.2.3).  
 


Discontinuities in the resistivities shown in the deeper plan maps and cross section are 
consistent with the presence of structures trending north-south along the western margin of the 
horst, northeast-southwest on the northern edge of the horst and northwest-south east along the 
eastern edge of the horst. The productive fault on the western margin of the horst was 
encountered in 45-7. The horst bounding fault locations are imaged in the cross section drawn 
through this commercial well.  
 


Production well 45-7 lies within an isolated area of low resistivity that is imaged in the 
plan map shown for a depth of 1.06 km. In the cross section, the transition from low to high 
resistivity is nearly vertical, consistent with a steeply dipping fault. In contrast, the transitions 
from low to high resistivity on the basin margins dip at relatively shallow angles. Below an 
elevation of -1 km, resistivities increase to greater than 100 ohm.m, suggesting decreased 
permeabilities and/or more diffuse upward flow of the geothermal fluids. 


 
Although not as definitive as the Coso Hot Springs geothermal field study, the results 


from Lightning Dock are consistent with our hypothesis at the outset of the Task 3 description. 
Unproductive wells are not associated with an oxygen isotope depletion trend. There is a 
conductor centered in plan view on the productive well, although it is weak and the association 
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perhaps non-unique. This is not entirely unexpected in a low-temperature, low-output geothermal 
field. 


 


 
 
Figure 3.2.2. Measured δ18O values, water-rock ratios and temperatures vs. depth for 
unproductive wells (a) 47-07, (b) 53-07, (c) 53-07ST1, (d) 55-07 and (e) 63-07. 
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Fig. 3.2.2, continued. 
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Fig. 3.2.3. Map of the survey area showing the MT station locations and the deep geothermal 
wells (blue).  Data were collected in 2010 (white labels) and 2014 (black labels). 
 


.  
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Fig. 3.2.4. Plan view of the inversion model at depths of (a) 715 m, (b) 1.06 km and (c) 2.09 km. 
 


 
Fig. 3.2.4. East-west resistivity slice through productive well 45-7. The resistive horst block 
(green) and adjacent low resistivity basins are clearly imaged. The transition from low- to high-
resistivity at the margins of the horst block are interpreted to contain fault zones. Productive well 
45-7 was drilled into the steeply dipping fault zone on the western edge of the block. The low 
resistivities at the top of the horst block are interpreted to result from a combination of alteration 
and the shallow outflow plume of geothermal fluids encountered in the shallow wells. 
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3.3. Thermo Hot Springs  
 


Thermo Hot Springs, UT, like Lightning Dock, is a moderate-temperature geothermal 
system developed primarily in Mesozoic carbonate rocks and sandstones (Fig. 3.3.1). The 
surface manifestations consist of silicified alluvium and hot springs. The reservoir is developed 
in Mesozoic sandstone and upper Paleozoic limestone and sandstone that overlie Precambrian 
metamorphic rocks and Tertiary granite. The reservoir rocks are overlain by Tertiary volcanic 
rocks. Beginning in November, 2007, Raser Technologies (now Cyrq Energy) drilled a series of 
wells south of the hot springs, the deepest being 17-34 (2835 m MD). The wells produce fluids 
sufficient for the generation of 10.5 MWe. Temperatures as high as 172oC have been 
encountered at depth. However, the temperature profiles suggest a dominantly conductive 
thermal regime, indicating the wells were not drilled in the main part of an upwelling zone. 
 


Permeability at Thermo Hot Springs occurs within the carbonate rocks encountered in the 
wells. Fluid flow is interpreted to be fracture controlled; no evidence of karst topography or 
dissolution features has been recognized. The two wells discussed in this report are 
representative of the production wells. Most of the permeability is found below a depth of 900 m 
within the limestones. An XRMI scanner log was acquired in the lower part of 17-34 between 
2335 and 2673 m (7660 and 8623 ft). This portion of the well encountered the lower part of the 
Redwall Limestone, skarn and metamorphic rocks. Six faults were encountered in this part of the 
well. The faults dip west to southeast between 22o and 72o and five of the six strike northeast to 
northwest; the remaining fault strikes east-west. Most of the open fractures encountered in the 
well are steeply dipping and strike northward. 


 
Based on the presence of sheared skarn and rotation of the layering in the lower part of 


the Redwall Limestone, Anderson (2012) concluded that the limestone and skarn were separated 
from the underlying metamorphic rocks by a low-angle normal or “detachment fault”. He 
suggested the primary fluid reservoir at Thermo Hot Springs lies below this detachment fault and 
that upward fluid flow occurs where high-angle normal faults penetrate into the detachment fault 
zone. 
 


Oxygen Isotope Data 
 


Oxygen isotope measurements were made on 59 whole-rock samples from two of the 
productive wells, 13a-34 and 63-33, at the University of Utah’s SIRFER laboratory. The isotope 
and temperature data for these wells are shown in Figure 3.3.2. For reference, δ18O values (~27 
‰) are consistent with the δ18O value (+23 ‰ to +26 ‰) of unaltered marine carbonate rocks 
(Rao, 1990). Both wells show multiple zones of oxygen isotope depletion.  
 


The temperature profile for 13a-34 suggests permeable zones are present at 1036 and 
1494 m. The depths correspond approximately to zones of isotopically depleted rocks. A third 
zone of isotope depletion occurs at a depth ~1900 m. There is a subtle temperature increase at 
this depth, suggesting this may also be a permeable zone. 
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The rocks in well 63-33 display a different isotopic pattern. In this well, isotopically 
depleted rocks occur at 1100 m and below about 1500 m. The temperature profile is consistent 
with permeable zones at 1250 m and below 1500 m (compare the profile with 13a-34) but the 
survey data appears to be of marginal quality. Spinner surveys are required to confidently 
identify the permeable zones in this well.  


 
Fig. 3.3.1. Geologic map of the Thermo Hot Springs area (Rowley, 1978). Qa = Quaternary 
alluvium. Qf = Quaternary fan and pediment deposits. Qe = Quaternary Lake Bonneville 
deposits. Qh = hot springs deposits. Qtb = Quaternary/Tertiary basalt lava flows. Trt = Rhyolite 
of Thermo Hot Springs (Miocene). Thv = Horse Valley Formation (Miocene). Thm = Mafic 
member of the Horse Valley Formation (Miocene). * = probable eruptive center. Scale is 
approximately 1:79,200. 
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Fig. 3.3.2. Measured δ18O values, temperatures, pressures and rock types vs. depth for 
production wells 13a-34 and 63-33.  


 
MT Data 


 
In 2010, Quantec Geoscience Inc. collected 90 MT soundings, on average 4 km apart, 


encompassing the well field (Fig. 3.3.3). Because of the presence of an active railway track and 
the 1.5 GW Delta IPP DC transmission line passing through the geothermal field from north to 
south, an ultra-distant remote reference was established for the survey in Buena Vista Valley in 
northwestern Nevada. This reference was effective in cancelling artificial noise and high-quality 
MT responses were obtained. 
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Plan maps of the recovered resistivity model at two depths, one near surface and the 
second at the approximate base of the wells are shown in Fig. 3.3.4. North-south and east-west 
cross sections are shown in Figure 3.3.5. A 3D view of the resistivity model approximately 1 km 
below the base of the wells is illustrated in Figure 3.3.6. The near surface plan map shows that 
the hot springs are located on a resistivity low that extends southward, along the trend of the hot 
springs fault. With increasing depth, the resistive basement rocks become increasingly prominent 
to the south.  


 
The cross sections show that the low resistivities prominent in the near surface plan maps 


have limited vertical extents, suggesting they represent shallow clay-filled basins. Based on 
gravity data, the deepest basins extend to depths of about 2 km (elevations of 0 km) (Hardwick, 
2013). Low resistivities (<100 ohm.m) at greater depths are interpreted to lie within the basement 
rocks. Thus, the moderate resistivities encountered at depths of 5-6 km (-3 km elevation; Fig. 
3.3.6) in the southwestern part of the survey area are cannot be explained by thick clay deposits.  


 
The Cyrq well field is located on the southern edge of the resistive block that is apparent 


in the MT maps below a depth of about 1 km. Gravity data support the conclusion that the high 
resistivities represent a horst block that we infer is bounded on its east and west sides by faults. 
No low-resistivity, pipe-like features that could be related to upflow zones in the immediate 
vicinity of the well field were detected.  


 
The MT data indicate the presence of low resistivities immediately south of the well field 


(Fig. 3.3.4 at -0.4 and 3.3.5; north south section) below the clay cap, and a deeper region of 
moderate resistivities at the southwestern end of the mapped area (elevations of -2 to -4 km). 
These low resistivities define a northeast-trending belt between two resistivity highs. We suggest 
these deep, low to moderate resistivities are caused by an interconnected fracture network that 
forms the permeable fluid pathway connecting the deep geothermal fluids to the hot springs from 
the southwest.  


 
Results of the Thermo study are consistent with our opening hypothesis. Oxygen isotope 


depletion of wellbore cuttings accompanies higher measured permeability and production. A 
low-resistivity lineation resolved by the MT entering to the geothermal field from the southwest 
does not appear to have an unconsolidated sedimentary cause. Not knowing temperatures 
precisely within this lineation, a contribution by low-temperature clays cannot be overruled. 
However, such clays also are consistent with a low to moderate temperature geothermal fluid 
flow. 
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Fig. 3.3.3. Map of the survey area showing the MT station locations 1 to 90, and geothermal 
wells (blue dots). 
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Fig. 3.3.4. Plan views of the resistivity model at elevations of 1.4 (a), 0.4 (b) and at -0.9 (c) km 
asl. Faults in the Black Mountains are shown with the ball on the downthrown side.  
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Fig. 3.3.5. North-south (upper) and east-west (lower) resistivity slices through Thermo Hot 
Springs (THS). The strong resistivity contrast on the edges of the horst block below THS are 
interpreted as faults.  


 
Fig. 3.3.6. Plan view at -1 km elevation through the resistivity model, with the traces of 
geothermal wells shown in red and an iso-surface corresponding to 600 ohm.m (dark blue areas). 
The east, west and southern boundaries of the horst block appear to be bounded by faults. A 
possible geothermal fluid conduit is interpreted to enter the system from the southwest corner of 
this plan view. 
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3.4. Raft River Geothermal Field, Idaho 


 
The Raft River geothermal system is located in the Raft River Valley, Idaho, a north-


trending Cenozoic basin on the northern edge of the Great Basin (Fig. 3.4.1). U.S. Geothermal 
operates a 13 MW net capacity power plant at the site. Raft River was included in this study 
because the field has been intensely studied under the DOE/EERE EGS project “Concept testing 
and development of the Raft River geothermal field, Idaho”. As part of the EGS project, new MT 
data were acquired. No isotopic data, however, were collected. 
 


The geothermal reservoir at Raft River is developed in Precambrian metamorphic rocks 
that underlie approximately 1500 m of Tertiary and Quaternary volcanic and volcaniclastic 
deposits. The primary reservoir host rock is the Elba Quartzite, although the underlying quartz 
monzonite can also be productive (e.g. RRG-7). Figure 3.4.1 shows the locations of the injection 
and production wells. The maximum temperatures encountered in the reservoir are close to 
150oC. Smectite is the stable clay mineral at this temperature and minor amounts have been 
found throughout the wells. 


 
Chemical analyses of the geothermal waters has shown that those from the northwest 


wells are distinctly less saline than those produced from the southeast wells although both groups 
of fluids are produced from the metamorphic rocks and appear to have the same thermal histories 
(Ayling and Moore, 2013). These differences imply the presence of a hydraulic barrier between 
the two groups of wells. This barrier is interpreted to be a shear zone. It is informally referred to 
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Fig. 3.4.1. Locations of the geothermal wells and faults cutting the alluvium. The white line is 
the pipeline connecting the plant to RRG-9 ST1 (Side-track 1 of RRG-9 with a TVD of 5477 ft) 
as the Narrows Zone. Well data suggests there is no disruption of the Precambrian-Tertiary 
contact across the field; thus the Narrows Zone does not extend upward through the Tertiary 
rocks. 
 


Permeability within the reservoir is fracture controlled. Televiewer surveys of RRG-9 
ST1 indicate that the fractures in the Elba Quartzite are steeply dipping and that the majority 
strike northeast. Within the Precambrian rocks, microearthquakes define a region of fractures 
several hundred meters wide that extends northeastward from RRG-9 ST1 through the well field 
(Fig. 3.4.2). Since August 2010, approximately 150 earthquakes have been recorded with 
magnitudes ranging from -.3 to 1.5. This zone is interpreted to represent fractured rocks located 
on the southeast edge of the Narrows Zone.  


 
Oxygen Isotope Data 


 
 No whole-rock isotopic analyses were performed. 
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Fig. 3.4.2. Locations of microearthquakes since August, 2010. Well tracks are shown by the 
white lines, seismic stations by the antenna. The stations are monitored by Lawrence Berkeley 
National Laboratory, under the direction of E. Majers. 
 


MT Data 
 


In 2011, 105 MT soundings spaced 0.5 to 1 km apart were collected by Quantec 
Geoscience Inc, with the highest density near the well field (Fig. 3.4.3). The 3D resistivity 
distributions with respect to the well locations and depth are shown in 3.4.4. Near surface low 
resistivities reflect the argillic alteration of the volcanic and volcaniclastic rocks. The lower two 
plan maps show resistivities within the Precambrian rocks. The most significant feature of these 
deep plan views is the northwest-trending low resistivity region extending across the productive 
portion of the field. The low resistivities extend downward to at least several kilometers depth 
(Fig. 3.4.5). The coincidence of this feature with the productive wells suggest it represents a fluid 
conduit. This conductor is relatively more developed toward its southeast end which may 
correlate with the higher salinities in well fluids in that direction. RRG-9 ST1 is located in 
resistive rocks, southwest of the permeable fairway, consistent with its low permeability.  
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Fig. 3.4.3. MT sounding locations, geothermal wells, colored according to whether they produce 
high or low salinity geothermal waters (Ayling and Moore, 2013), and mapped faults overlaid on 
Google Earth image. 
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Fig. 3.4.4. Distribution of resistivities, wells, microearthquakes and mapped faults at elevations 
of (a) 600 m;  (b) 0 m; (c) -400 m, - and (d) -1.2 km asl. Only microearthquakes occurring above 
the depth of the plan map are shown. The top of the Precambrian is located at approximately 0 m 
elevation. 
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Fig. 3.4.5. Distribution of resistivities in the vicinity of the production wells. The red socks on 
the wells indicate Precambrian rocks, which are located at a depth of 0 m asl. 
 


Application of Isotope and Electrical Resistivity Data to Permeability Mapping 
 


Evaluation of oxygen isotope and resistivity data demonstrates that both provide 
information on reservoir permeabilities, although at different scales. The locations of isotopically 
depleted rocks at the wellbore scale coincides with the locations of commercial production zones 
at Coso Hot Springs and Thermo Hot Springs. These isotopic depletions are indicative of high 
water-rock ratios. At Lightning Dock, there is no evidence of isotopic depletions in the “dry” 
holes.  
 


Interpretation of the water-rock ratios, based on the isotope depletions, suggests extensive 
interactions between the fluids and rocks, and that these fracture zones have been conduits for 
significant periods of time. Reconnaissance surveys conducted on well cuttings from Coso Hot 
Springs show broad areas of isotopic depletion and evidence of field-wide gradients in water-
rock ratios. The lowest isotopic values (highest water-rock ratios) correspond to areas of high 
reservoir permeability.  
 


We have also demonstrated that MT surveys can be an effective tool for understanding 
and mapping reservoir-scale permeability in both high- and moderate-temperature geothermal 
systems, and that the geometries of low resistivity zones can be used to distinguish clay caps 
from regions of high permeability. At all four systems, the low resistivity zones interpreted to be 
clay caps or clay-filled basins lack roots that could connect them to deeper, steeply dipping 
conduits representing the upflow zones. Deep, fluid-bearing conduits are most clearly imaged at 
Coso Hot Springs and Raft River. At Coso Hot Springs, the clay cap is relatively thin and 
coincident with the distribution of smectite and conductive thermal gradients. Wannamaker, in 
Moore et al. (2008), shows an example of a thicker, low-resistivity clay cap in the volcanic-
hosted system at Karaha-Telaga Bodas. 
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In low- to moderate-temperature systems, where temperatures are less than about 200oC, 
smectite can be stable throughout the reservoir and in the surrounding areas, potentially 
producing large regions of low resistivities. These can be quite thick, up to several kilometers 
deep, within basin interiors where faulting and large-scale down warping can occur. An example 
of these deep basins is found at Lightning Dock. These regions of low resistivity are not rooted.  


 
The best example of a deeply rooted moderate-temperature system is found at Raft River. 


The roots appear to be relatively narrow zones within otherwise resistive rock. Drillhole data 
suggest this is not due to changes in rock type. Although smectite may be present in these zones 
at depth, the more likely explanation is that they represent regions of interconnected fractures 
containing geothermal fluids. At Lightning Dock, the single productive will is located within a 
deep relatively isolated resistivity low, along a nearly vertically oriented change in resistivity. 
The resistivity low is interpreted to represent a relatively narrow, highly fractured region in the 
upper part of the fault. At depth, flow may be more diffuse. At Thermo Hot Springs, there is no 
evidence of a pipe-like upflow zone below the well field, consistent with temperature data 
suggesting the well field is not located within the main upflow zone. The fluid source zone is 
interpreted to be located southwest of the well field, where deep low resistivities are observed, so 
that fluids are entering laterally rather than vertically.  


 
The Phase I data documents important similarities between the fields, as well as showing 


that each field has its own unique characteristics that must be interpreted in light of other 
geologic, geochemical and geophysical data. We believe it is important to point out that the 
moderate-temperature fields examined in Phase I all produce less than 15 MWe. These are 
relatively small fields compared to Steamboat Hot Springs (~100 MWe), Dixie Valley (~60) and 
McGinness Hills (~70 MWe). These larger fields can be expected to have more extensive and 
better developed signatures and be more appropriate targets when searching for blind systems. 
Examining such a system is considered under our recommendation for Phase II work.  


 
In summary, the results of Phase I demonstrate that useful information on reservoir 


permeability can be obtained at relatively low cost from drill samples such as those collected 
during routine slim hole or gradient drilling. Complementary mineral investigations, conducted 
using thin sections and X-ray diffractometry provide information on clay distributions. Such 
information is necessary for the interpretation of the MT data, temperature, fluid type, and the 
locations of fracture and permeable reservoir features. Oxygen isotope data collected on the 
rocks can provide both regional and local information on the extent of water-rock interactions 
and reservoir permeability using the procedures outlined in Task 1. These data, when integrated 
with resistivity models developed using the procedures and algorithms described in Task 2 (and 
other geological, geochemical and geophysical studies) provide a powerful tool for mapping 
large areas of high geothermal potential with significantly greater confidence than we currently 
have. Analysis of additional geothermal systems, ideally those with significant productivity, will 
increase confidence in assigning physical and chemical conditions to MT geophysical structure. 
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Task 4.0. Analysis and Validation  
 
State of the art 2011 exploration costs and widely observed exploration success rates as seen by 
the industry will be used to construct a baseline for Levelized Cost of Electricity (LCOE) 
analysis. The reduction in exploration risk using the new technology proposed here will be 
quantified and the cost components will be used to model Geothermal Electrical Technologies 
Evaluation Model (GETEM) cases thereby evaluating the % reductions in LCOE (from baseline) 
that can be achieved. 
 


The primary objective of this project is to improve drilling success rates utilizing 
relatively low cost exploration techniques. Figure 4.0.1 shows the effect of improving success 
rates on the Levelized Cost of Electricity (LCOE) for 150o and 175oC resources. This range of 
temperatures is typical of the conditions encountered in low- to moderate- temperature resources 
similar to those investigated in this project. These generation cost estimates assume that 
exploration and confirmation drilling occur at a single site where the cost of exploration drilling 
will be $3M and three successful confirmation wells are required. It is assumed these wells are 
6000 ft in depth and that they will produce at a pumped rate of 2000 gpm. The curves show the 
effect of improving drilling success rates from 40 to 100% for both the confirmation phase and 
for the entire well field. These cost estimates include both royalties, taxes and insurance, which 
account for ~$0.008 per kW-hr. It is apparent that even minor improvements in the confirmation 
success rate have a significant effect on the LCOE.  


 
 These estimated LCOE’s are based upon a discount rate of 30% during the exploration 
and confirmation phases. With an increased drilling success, there is an increased likelihood that 
the financing costs during the confirmation phase might be reduced, which would provide further 
reductions in the LCOE. As an example, for the scenario where the success rates are 60% for 
confirmation and 80% for the well field, lowering this discount rate from 30% to 20%, would 
lower the LCOE by ~$0.0065 per kW-hr for both of these resource temperatures. The degree to 
which the discount rate would change is conjecture, however there is probability that it would 
decrease. This suggests the values shown in figures 4.0.1 are conservative estimates of the 
degree to which improved confirmation drilling success would lower the LCOE. 
 


Go/No-Go/Redirect Decision 
 
Upon completion of Phase I, a review will be conducted of the developed procedures and of the 
analyzed results from the two systems proposed to be studied, and a Go/No-Go/Redirect decision 
will be made by the Department of Energy (DOE) prior to proceeding to Phase II. This decision 
will be based on the following: 
 


(i) Completion of a Phase I Report documenting the results of the Phase I tasks; the 
verification of the relationship between reservoir permeabilities, degree and type of 
clay alteration, and temperature to the electrical resistivities using the in-house 3-D 
modeling; and the rationale for continuing into Phase II; 


 
(ii)  Demonstration that the remaining budget and cost share are adequate to complete 


the remaining tasks; and 
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(iii) When applicable, documentation of the permitting, site access, and environmental 
documentation needed for Phase II. Include an assessment of whether the permitting, 
site access, and environmental documentation will be achievable within the 
remaining budget and timeframe. 


 
Phase 1 has met the criteria established for a positive Go/No Go Decision. (i) We have 


verified a relationship between permeability, clay alteration, temperature and resistivity. (ii) The 
remaining portion of the proposed budget is adequate to conduct additional investigations of 
another geothermal system as planned under Phase II. (iii) No field work or permitting will be 
required to conduct these investigations. 


 


 


Figure 4.0.1. The effect of the drilling success rate on the LCOE for (a) a 150oC resource and (b) 
a 175oC resource. These costs were estimated using GETEM.
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PHASE II –Validation 
 


In Phase II, the framework and procedures developed in Phase I will be validated using 
the MT data and the interpretational framework and procedures established in Phase I. 
 
 
Task 5.0. Sample Collection and Analyses  
 
Samples and data will be collected from existing wells for X-ray diffraction, petrographic and 
oxygen isotopic analyses. The samples will be analyzed and interpreted following the procedures 
outlined under Phase I. 
 


In our original proposal, Coyote Canyon, NV, was advocated for study during Phase II. 
This field lies on the east side of the Stillwater Range approximately 5 km southwest of the 
producing field at Dixie Valley. Wells drilled to depths near 3000 m have encountered 
temperatures up to 285oC. The basement consists of Paleozoic and Mesozoic sandstone, siltstone 
and limestone and Mesozoic and Cenozoic gabbro, diorite and granodiorite. Terra-Gen has 
provided data from a dense, focused 3-D MT survey and cuttings samples. The area is 
geologically complex and is abutted by the thick, altered, and electrically conductive sediments 
of Dixie Valley. In light of this setting, and additional developments since original proposal 
submission, we will suggest a change in Phase II field area below. 
 
 
Task 6.0. Validation of Framework and Procedures 
 
We will validate the interpretational framework and procedures developed in Phase I. We will 
first use the MT data to predict the temperature and permeability distributions within the 
geothermal system. We will then confirm these predictions by comparing them to the results of 
the mineral and isotopic analyses and the well data. 
 


It was anticipated that Terra-Gen would continue development activities at Coyote 
Canyon and that new data would be made available to the project. Unfortunately, the project is 
on hold and no further data collection is anticipated in the near future. 
 


We have been approached by Ormat to consider an investigation of their McGinness 
Hills, NV geothermal project. By the end of 2015, the field will be producing 70 MWe, making 
it the second largest in Nevada after Steamboat Hot Springs and exceeding Dixie Valley. It can 
be anticipated that systems of this size will be associated with more extensive and better 
developed resistivity and isotope signatures than the apparently smaller geothermal systems 
investigated in Phase I. 


 
These larger systems are, from an economic perspective, very attractive targets, 


particularly when searching for blind resources, which is one of the goals of this investigation. 
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Thus, understanding their signatures is critical. McGinness Hills was suggested to contain a 
deeply rooted fluid source based on transect MT of Wannamaker et al. (2011).  High quality 3D 
MT data has been collected there now and is available for new inversion. Collection and 
integration of isotopic, mineralogical and MT data would allow us to predict the permeability 
structure of the system and then validate it with field data. 
 
 
Task 7.0. Commercialization Roadmap 
 


A detailed evaluation of all the possible commercialization options for the computational 
tools and the framework developed will be carried out. The best-suited option will be executed to 
transfer the technology developed into the commercial marketplace. 
 


The University of Utah’s Technology Commercialization Office will assist EGI in 
evaluating the commercialization potential after DOE funding and will pursue the most suitable 
avenues to license and/ or commercialize the technology thorough a start-up company based at 
the University of Utah. 
 
 
Deliverables 
 
Anderson, W. V., 2012. Implications of thrust and detachment faulting for the structural geology 


of the Thermo Hot Springs KGRA region, Beaver County, Utah, Thesis, University of Utah, 
Department of Geology and Geophysics, 92 p. 


Etzel, T.M., Bowman, J.R., McCulloch, J.M., Moore, J.N., Spicuzza, M.J., and Valley, J.W., 
2017, Oxygen isotopic evidence of water-rock interactions in the Coso geothermal system: 
Journal of Volcanology and Geothermal Research, v. 329, p. 54-68.. 


Etzel, T., 2015, Isotopic and mineralogic insights to water-rock interaction at Coso Hot Springs 
geothermal system, Thesis, University of Utah, Department of Geology and Geophysics, in 
prep. 


Etzel, T.M., Bowman, J.R., McCulloch, J.M., Moore, J.N., Spicuzza, M.J., and Valley, J.W., 
2013, Oxygen isotopic evidence of water-rock interactions in the Coso geothermal system: 
Proceedings, 38th Workshop on Geothermal Reservoir Engineering. 


Simmons, S.F., Moore, J. N., and McCulloch, J., 2014, Assessment of fluid-mineral equilibria in 
the Coso geothermal reservoir: Proceedings of the 36th NZ Geothermal Workshop, 
Auckland, New Zealand, 4 pp. 
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