
31 
 

 

Table 5) CO2 flux measurements taken near the Rico Hot Springs 

Sample Name Date Latitude Longitude

Concentration 

(ppm CO2)

Change in 

Concentration 

(ppm CO2)

Change 

in Time 

(s)

Linear Flux 

Rate 

(g/m2/hr)

Quadratic 

Flux Rate 

(g/m2/hr)

RHS12 7/21/2016 37.70195 -108.03131 1108 13 120 -0.61 -0.46

RHS31 7/21/2016 37.70219 -108.03121 477 19 120 0.13 0.15

RHS27 7/21/2016 37.70145 -108.03101 548 22 120 0.03 0.04

RHS6 7/21/2016 37.70184 -108.03132 454 38 120 0.78 0.94

RHS16 7/21/2016 37.70188 -108.03093 480 42 120 0.21 0.3

RHS13 7/21/2016 37.70201 -108.03115 493 55 120 0.29 0.31

RHS20 7/21/2016 37.70201 -108.03062 547 83 120 0.27 0.34

RHS8 7/21/2016 37.70177 -108.03143 572 97 120 0.69 0.61

RHS32 7/21/2016 37.70213 -108.03127 524 99 120 0.54 0.66

RHS26 7/21/2016 37.70160 -108.03104 551 117 120 0.67 0.67

RHS14 7/21/2016 37.70202 -108.03108 554 126 120 0.52 0.73

RHS23 7/21/2016 37.70183 -108.03110 576 153 120 0.88 1

RHS15 7/21/2016 37.70206 -108.03104 587 156 120 0.92 1.02

RHS30 7/21/2016 37.70206 -108.03117 646 188 120 1.12 1.7

RHS4 7/21/2016 37.70186 -108.03125 648 202 120 1.19 1.82

RHS25 7/21/2016 37.70168 -108.03098 679 212 120 1.24 1.53

RHS33 7/21/2016 37.70264 -108.03137 685 249 120 1.36 1.65

RHS19 7/21/2016 37.70198 -108.03096 748 294 120 2.16 3.03

RHS5 7/21/2016 37.70188 -108.03127 839 336 120 1.84 2.04

RHS9 7/21/2016 37.70168 -108.03150 1219 456 120 2.8 0.45

RHS3 7/21/2016 37.70190 -108.03127 3272 603 120 3.45 6.47

RHS29 7/21/2016 37.70191 -108.03110 1762 902 120 5.65 7.41

RHS18 7/21/2016 37.70189 -108.03101 1525 1000 100 6.83 8.56

RHS21 7/21/2016 37.70171 -108.03135 1534 1001 99 6.65 8.29

RHS28 7/21/2016 37.70146 -108.03098 1678 1008 108 7.1 8.41

RHS2 7/21/2016 37.70191 -108.03121 5221 1073 1 0 0

RHS17 7/21/2016 37.70188 -108.03088 28574 1531 2 0 0

RHS10 7/21/2016 37.70197 -108.03115 7360 2354 1 0 0

RHS11 7/21/2016 37.70193 -108.03116 6673 2636 2 0 0

RHS34 7/21/2016 37.70106 -108.03046 101474 3562 1 0 0

Rico-1 11/14/2016 37.70125 -108.02979 n.a. 175 120 0.46 0.48

Rico-2 11/14/2016 37.70126 -108.02985 n.a. 127 120 0.76 0.84

Rico-3 11/14/2016 37.70134 -108.02991 n.a. 21 120 0.19 0.12

Rico-4 11/14/2016 37.70131 -108.03015 n.a. 73 120 0.42 0.52

Rico-5 11/14/2016 37.70128 -108.03026 n.a. 54 120 0.32 0.38

Rico-6 11/14/2016 37.70124 -108.03037 n.a. 30 120 0.2 0.24

RHS300 9/2/2017 37.70316 -108.02917 417 -17 120 0.05 0.05

RHS301 9/2/2017 37.70311 -108.02914 235 55 120 0.34 0.41

RHS302 9/2/2017 37.70306 -108.02913 242 26 120 0.16 0.16

RHS303 9/2/2017 37.70301 -108.02911 235 67 120 0.41 0.42

RHS304 9/2/2017 37.70289 -108.02908 246 30 120 0.18 0.2

RHS305 9/2/2017 37.70289 -108.02910 6345 1810 1 0 0

RHS306 9/2/2017 37.70285 -108.02914 4084 1338 4 0 0

RHS307 9/2/2017 37.70280 -108.02914 327 113 120 0.69 0.81

RHS308 9/2/2017 37.70276 -108.02917 288 76 120 0.49 0.52

RHS309 9/2/2017 37.70272 -108.02921 454 231 120 1.45 1.59

RHS310 9/2/2017 37.70264 -108.02921 342 120 120 0.75 0.81

RHS311 9/2/2017 37.70264 -108.02921 410 185 120 1.14 1.23

RHS312 9/2/2017 37.70259 -108.02924 290 76 120 0.47 0.52

RHS313 9/2/2017 37.70255 -108.02924 456 224 120 1.34 1.69

RHS314 9/2/2017 37.70250 -108.02923 405 100 120 0.6 0.71

RHS315 9/2/2017 37.70249 -108.02926 281 67 120 0.41 0.47

RHS316 9/2/2017 37.70245 -108.02926 793 513 120 2.69 3.75
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Table 5 cont.) CO2 flux measurements taken near the Rico Hot Springs 

Sample Name Date Latitude Longitude

Concentration 

(ppm CO2)

Change in 

Concentration 

(ppm CO2)

Change 

in Time 

(s)

Linear Flux 

Rate 

(g/m
2
/hr)

Quadratic 

Flux Rate 

(g/m
2
/hr)

RHS317 9/2/2017 37.70245 -108.02927 694 437 120 2.52 3.27

RHS318 9/2/2017 37.70240 -108.02933 585 225 120 0.55 0.58

RHS319 9/2/2017 37.70233 -108.02926 443 218 120 1.3 1.54

RHS320 9/2/2017 37.70229 -108.02927 423 209 120 1.27 1.47

RHS321 9/2/2017 37.70222 -108.02931 610 309 120 1.08 1.25

RHS322 9/2/2017 37.70220 -108.02935 730 493 120 2.83 3.55

RHS323 9/2/2017 37.70215 -108.02936 439 152 120 0.87 1.04

RHS324 9/2/2017 37.70208 -108.02937 623 310 120 1.74 2.2

RHS325 9/2/2017 37.70205 -108.02937 896 622 120 3.7 4.5

RHS326 9/2/2017 37.70200 -108.02937 456 195 120 1.15 1.27

RHS327 9/2/2017 37.70197 -108.02943 334 78 120 0.46 0.49

RHS328 9/2/2017 37.70195 -108.02946 407 166 120 1 1.07

RHS329 9/2/2017 37.70193 -108.02947 1326 865 120 4.7 5.63

RHS330 9/2/2017 37.70190 -108.02952 140 660 120 3.77 4.31

RHS331 9/2/2017 37.70184 -108.02935 816 449 120 2.57 2.98

RHS332 9/2/2017 37.70175 -108.02958 772 458 120 2.63 3.11

RHS333 9/2/2017 37.70162 -108.02960 713 323 120 1.74 1.96

RHS334 9/2/2017 37.70151 -108.02964 443 202 120 1.23 1.31

RHS335 9/2/2017 37.70141 -108.02969 372 131 120 0.8 0.87

RHS336 9/2/2017 37.70132 -108.02973 665 435 120 2.63 2.91

RHS337 9/2/2017 37.70127 -108.02975 347 130 120 0.74 0.87

RHS338 9/2/2017 37.70115 -108.02975 413 177 120 0.98 1.15

RHS339 9/2/2017 37.70104 -108.02977 798 552 120 3.3 3.42

RHS340 9/2/2017 37.70098 -108.02973 1276 918 120 5.46 5.78

RHS341 9/2/2017 37.70092 -108.02981 1775 1002 53 15.1 12

RHS342 9/2/2017 37.70090 -108.02932 1434 101 71 10.33 9.86

RHS343 9/2/2017 37.70086 -108.02982 1200 906 120 5.54 6.08

RHS344 9/2/2017 37.70080 -108.02983 1338 1006 59 11.66 12.24

RHS345 9/2/2017 37.70074 -108.02982 1358 1012 63 11.46 11.06

RHS346 9/2/2017 37.70070 -108.02980 1676 1016 19.86 17.41

RHS347 9/2/2017 37.70062 -108.02978 1977 1053 23 36.32 34.73

RHS348 9/2/2017 37.70053 -108.02975 1353 1001 93 7.58 7.97

RHS349 9/2/2017 37.70047 -108.02972 1373 1019 33 23.94 22.26

RHS350 9/2/2017 37.70040 -108.02972 1338 1012 76 9.41 9.71

RHS351 9/2/2017 37.70034 -108.02979 1421 1022 25 31.59 29.62

RHS352 9/2/2017 37.70045 -108.02991 1621 1010 37 18.85 18.07

RHS353 9/2/2017 37.70026 -108.02973 1425 1001 43 16.98 16.05

RHS354 9/2/2017 37.00230 -108.02974 1474 1014 31 21.5 21.17

RHS355 9/2/2017 37.70014 -108.02972 997 717 120 4.09 4.57

RHS356 9/2/2017 37.70002 -108.02978 433 162 120 0.94 0.98

RHS357 9/2/2017 37.69977 -108.02988 1301 1015 51 15.04 15.69

RHS358 9/2/2017 37.69967 -108.02998 449 213 120 1.26 1.45

RHS359 9/2/2017 37.69954 -108.03001 461 237 120 1.43 1.77

RHS360 9/2/2017 37.69947 -108.03007 500 249 120 1.49 1.86

RHS361 9/2/2017 37.69930 -108.03009 441 143 120 0.74 0.88

RHS362 9/2/2017 37.69915 -108.03014 551 307 120 1.79 2.09

RHS363 9/2/2017 37.69903 -108.03020 399 178 120 1.7 1.7

RHS364 9/2/2017 37.69870 -108.03026 478 238 120 1.49 1.5

RHS365 9/2/2017 37.69851 -108.03041 596 360 120 2.09 3.68

RHS366 9/2/2017 37.69843 -108.03040 364 152 120 0.92 0.94

RHS367 9/2/2017 37.69828 -108.03048 686 415 120 2.39 2.75

RHS368 9/2/2017 37.69818 -108.03049 674 447 120 2.53 3.04

RHS369 9/2/2017 37.69808 -108.03048 664 401 120 2.34 2.51



33 
 

 

Table 5 cont.) CO2 flux measurements taken near the Rico Hot Springs 

Sample Name Date Latitude Longitude

Concentration 

(ppm CO2)

Change in 

Concentration 

(ppm CO2)

Change 

in Time 

(s)

Linear Flux 

Rate 

(g/m
2
/hr)

Quadratic 

Flux Rate 

(g/m
2
/hr)

RHS370 9/2/2017 37.69793 -108.03043 343 110 120 0.7 0.66

RHS371 9/2/2017 37.69772 -108.03033 412 174 120 1.1 1.23

500 10/27/2017 37.70179 -108.03120 359 145 120 0.88 0.99

501 10/27/2017 37.70173 -108.03117 350 42 120 0.27 0.33

502 10/27/2017 37.70171 -108.03122 417 116 120 0.71 0.89

504 10/27/2017 37.70331 -108.03101 262 62 120 0.39 0.49

505 10/27/2017 37.70326 -108.03104 254 46 120 0.27 0.33

506 10/27/2017 37.70327 -108.03110 252 51 120 0.34 0.38

507 10/27/2017 37.70323 -108.03105 270 37 120 0.24 0.26

508 10/27/2017 37.70317 -108.03108 319 47 120 0.34 0.37

509 10/27/2017 37.70312 -108.03101 308 93 120 0.55 0.6

510 10/27/2017 37.70310 -108.03105 299 46 120 0.33 0.31

511 10/27/2017 37.70307 -108.03101 267 58 120 0.36 0.39

512 10/27/2017 37.70300 -108.03099 249 45 120 0.28 0.33

513 10/27/2017 37.70296 -108.03107 235 36 120 0.21 0.26

514 10/27/2017 37.70294 -108.03111 256 27 120 0.18 0.19

515 10/27/2017 37.70291 -108.03111 270 44 120 0.3 0.27

516 10/27/2017 37.70287 -108.03114 264 68 120 0.42 0.51

517 10/27/2017 37.70284 -108.03114 257 62 120 0.35 0.44

518 10/27/2017 37.70281 -108.03116 340 120 120 0.71 0.84

519 10/27/2017 37.70280 -108.03120 375 80 120 0.52 0.57

520 10/27/2017 37.70282 -108.03123 323 118 120 0.69 0.8

521 10/27/2017 37.70272 -108.03116 296 98 120 0.58 0.64

522 10/27/2017 37.70269 -108.03119 313 78 120 0.48 0.51

523 10/27/2017 37.70264 -108.03115 311 93 120 0.55 0.52

524 10/27/2017 37.70258 -108.03115 322 111 120 0.68 0.77

525 10/27/2017 37.70251 -108.03116 444 240 120 1.36 1.55

526 10/27/2017 37.70253 -108.03125 269 66 120 0.42 0.41

527 10/27/2017 37.70247 -108.03128 285 77 120 0.45 0.51

528 10/27/2017 37.70245 -108.03120 350 142 120 0.83 0.96

529 10/27/2017 37.70241 -108.03125 381 158 120 0.93 0.99

530 10/27/2017 37.70235 -108.03123 396 176 120 1.03 1.22

531 10/27/2017 37.70230 -108.03127 527 257 120 1.5 1.87

532 10/27/2017 37.70222 -108.03121 358 151 120 0.87 1.03

533 10/27/2017 37.70216 -108.03121 237 34 120 0.2 0.24

534 10/27/2017 37.70210 -108.03118 393 143 120 0.87 1.03

535 10/27/2017 37.70205 -108.03116 374 170 120 1 1.12

536 10/27/2017 37.70203 -108.03122 507 304 120 1.84 1.92

537 10/27/2017 37.70197 -108.03121 841 608 120 3.73 3.76

538 10/27/2017 37.70199 -108.03123 1035 832 120 5.27 5.83

539 10/27/2017 37.70193 -108.03119 1373 1010 98 7.89 7.82

540 10/27/2017 37.70191 -108.03119 1311 1007 103 7.39 8.63

541 10/27/2017 37.70192 -108.03124 1304 979 120 6.1 6.29

542 10/27/2017 37.70187 -108.03123 801 418 120 2.56 2.58

543 10/27/2017 37.70182 -108.03118 651 437 120 2.63 2.96

544 10/27/2017 37.70178 -108.03119 383 172 120 1.06 1.17

545 10/27/2017 37.70182 -108.03123 420 155 120 0.89 1.05

546 10/27/2017 37.70172 -108.03114 515 70 120 0.45 0.49

551 10/27/2017 37.70165 -108.03120 304 92 120 0.57 0.61

552 10/27/2017 37.70162 -108.03121 285 75 120 0.46 0.47

553 10/27/2017 37.70158 -108.03117 313 98 120 0.61 0.69

554 10/27/2017 37.70149 -108.03113 319 109 120 0.66 0.77

555 10/27/2017 37.70146 -108.03117 490 261 120 1.6 2.07
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Table 5 cont.) CO2 flux measurements taken near the Rico Hot Spring 

Sample Name Date Latitude Longitude

Concentration 

(ppm CO2)

Change in 

Concentration 

(ppm CO2)

Change 

in Time 

(s)

Linear Flux 

Rate 

(g/m2/hr)

Quadratic 

Flux Rate 

(g/m2/hr)

556 10/27/2017 37.70142 -108.03111 276 64 120 0.39 0.37

557 10/27/2017 37.70129 -108.03109 347 71 120 0.5 0.51

558 10/27/2017 37.70130 -108.03111 301 89 120 0.59 0.62

559 10/27/2017 37.70119 -108.03107 319 82 120 0.43 0.47

560 10/27/2017 37.70112 -108.03105 330 120 120 0.28 0.33

561 10/27/2017 37.70100 108.03107 299 85 120 0.5 0.58

562 10/27/2017 37.70098 -108.03086 484 259 120 1.57 1.75

563 10/27/2017 37.70095 -108.03085 317 100 120 0.62 0.84

564 10/27/2017 37.70093 -108.03081 355 113 120 0.72 0.78

565 10/27/2017 37.70087 -108.03083 325 99 120 0.64 0.79

566 10/27/2017 37.70075 -108.03080 780 491 120 2.87 4.69

567 10/27/2017 37.70079 -108.03075 229 17 120 0.1 0.1

568 10/27/2017 37.70070 -108.03082 298 76 120 0.48 0.54

569 10/27/2017 37.70058 -108.03076 294 57 120 0.37 0.39

570 10/27/2017 37.70053 -108.03082 318 70 120 0.41 0.42

571 10/27/2017 37.70033 -108.03079 269 32 120 0.2 0.18

572 10/27/2017 37.70033 -108.03081 320 102 120 0.62 0.71

573 10/27/2017 37.70020 -108.03088 230 19 120 0.11 0.05

574 10/27/2017 37.70009 -108.03086 510 288 120 1.84 2

575 10/27/2017 37.70006 -108.03084 332 109 120 0.7 0.73

576 10/27/2017 37.70000 -108.03082 317 92 120 0.55 0.58

577 10/27/2017 37.69991 -108.03082 1268 991 120 6.01 7.38

578 10/27/2017 37.69993 -108.03085 1058 761 120 4.94 5.78

579 10/27/2017 37.69989 -108.03084 599 359 120 2.22 2.47

580 10/27/2017 37.69986 -108.03085 344 93 120 0.59 0.62

585 10/27/2017 37.69987 -108.03076 336 92 120 0.56 0.77

586 10/27/2017 37.69982 -108.03082 284 44 120 0.27 0.29

587 10/27/2017 37.69974 -108.03078 1322 1009 81 9.41 9.65

588 10/27/2017 37.69975 -108.03087 312 70 170 0.43 0.49

589 10/27/2017 37.69962 -108.03072 1406 1007 108 6.94 6.94

590 10/27/2017 37.69956 -108.03083 377 127 120 0.8 0.82

591 10/27/2017 37.69955 -108.03088 249 14 120 0.08 0.07

592 10/27/2017 37.69949 -108.03079 242 14 120 0.04 0.09

593 10/27/2017 37.69941 -108.03081 256 16 120 0.11 0.11

594 10/27/2017 37.69934 -108.03077 308 36 120 0.23 0.23

595 10/27/2017 37.69928 -108.03078 246 23 120 0.14 0.15

596 10/27/2017 37.69922 -108.03077 268 35 120 0.21 0.22

597 10/27/2017 37.69912 -108.03073 245 17 120 0.11 0.14

598 10/27/2017 37.69909 -108.03066 368 -9 120 0.01 0

599 10/27/2017 37.69900 -108.03061 253 32 120 0.2 0.22

600 10/27/2017 37.69891 -108.03058 337 74 120 0.45 0.45

601 10/27/2017 37.69883 -108.03061 242 20 120 0.13 0.12

602 10/27/2017 37.69873 -108.03061 234 9 120 0.08 0.06

603 10/27/2017 37.69867 -108.03069 246 17 120 0.11 0.12

604 10/27/2017 37.69863 -108.03065 290 24 120 0.27 0.29

605 10/27/2017 37.69853 -108.03069 240 20 120 0.12 0.15

606 10/27/2017 37.69842 -108.03067 247 16 120 0.11 0.1

607 10/27/2017 37.69836 -108.03068 298 75 120 0.46 0.44

608 10/27/2017 37.69834 -108.03074 245 26 120 0.15 0.17

609 10/27/2017 37.69825 -108.03082 262 29 120 0.18 0.17

610 10/27/2017 37.69821 -108.03080 288 18 120 0.21 0.21

611 10/27/2017 37.69816 -108.03081 273 38 120 0.24 0.25
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Discussion  

 

Mixing between Gas Sources for Helium Isotope Samples 

During gas sampling for helium isotopes, it is possible to contaminate the sample 

with atmospheric gas if either the metal clamps do not completely seal the copper tube 

sample apparatus or if the copper tube was not thoroughly flushed with sample gas before 

sealing it shut. Furthermore, air can get into the groundwater and mix with fluids as they 

travel from the reservoir, resulting in air-saturated water (ASW). Due to this, highest RA 

values from a spring are considered to be the most significant measurements, as long as 

any air or ASW contamination is corrected. Using other noble gases (Ne) it is possible to 

assess the degree of atmospheric contamination and make corrections to the measured RA 

values. 

For this gas mixing analysis, we establish mixing lines between ASW, mantle, 

and crustal gas. Ratios of key tracer gases are the axes of these mixing lines and are 

defined as: 

𝑅
𝑅𝐴

⁄ =
(

𝐻𝑒 
3

𝐻𝑒 
4⁄ )𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

(
𝐻𝑒 

3

𝐻𝑒 
4⁄ )𝑎𝑖𝑟

 

𝑋 =
(𝐻𝑒

𝑁𝑒⁄ )𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

(𝐻𝑒
𝑁𝑒⁄ )𝑎𝑖𝑟

 

Endmember values are defined as R/RA = 0.985RA for ASW ratio, = 0.02RA for 

pure crustal helium ratio, and = 8RA for MORB values. The X value of ASW is 0.233, 

and for air it is 0.2882 (Hilton, 1995). There is virtually no neon in the mantle or crust, so 

the X values for these endmembers are defined by the measurable limit of the mass 

spectrometer (He/Ne= ~5000) (Whyte, personal communication). Figure 11 plots our gas 

samples along curves that are defined by mixing between these endmembers. The further 

a sample plots from the atmospheric endmember, the less it was contaminated by air and 

the greater confidence we have that our resultant R/RA value is an accurate representation 

of crustal vs mantle gas components in that spring. The R/RA value of samples can be 
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corrected for any air contamination to yield Rc/RA values (reported in Table 1) using the 

equation (Craig et al, 1978): 

𝑅𝐶

𝑅𝐴
=

(
𝑅𝑚

𝑅𝐴
∗ 𝑋) − 1

𝑋 − 1
 

 

Figure 11 shows that our samples from Rico Hot Springs and Geyser Warm 

Springs plot near the 50-75% mantle gas component endmembers, which gives us high 

confidence of low atmospheric contamination or ASW mixing for these samples. 

Samples from Dunton Hot Springs and Paradise Warm Spring are both somewhat shifted 

toward the ASW endmember. However, since they have high mantle signatures despite 

this component of contamination/mixing, we have high confidence that their actual 

mantle signatures in a non-contaminated sample would be at least, if not more so, 

dramatic. The least contaminated samples in this study were both Orvis and Wagon 

Wheel Gap Springs, which proves that their relatively low mantle signatures are accurate 

and not the results of sampling errors or fluid mixing. Lemon Hot Spring, Wiesbaden 

Spring in Ouray, and Pinkerton Hot Spring all show significant air contamination. All 

three of these samples yielded relatively low, but still detectable mantle gas signatures. 

However, due to this apparent contamination, it is likely that their true mantle gas ratio is 

greater than our measured results. Based on this result, we can be confident that all three 

of these springs do have a component of mantle gas but can’t be confident in how high 

that mantle gas component may be. Therefore, these three springs would be candidates 

for resampling in future studies. 
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Figure 11. X vs R/RA plot to determine atmospheric contamination as well as mixing between crustal and mantle 

gas endmembers for WSJ spring gas samples (outlined points) (this study; Karlstrom et. al, 2013) as well as 

other geothermal springs in Colorado (gray dots) (Karlstrom et al, 2013). 

 

Correlations between regional mantle helium signature with magmatism and mantle 

tomography 

To better understand the origin of the mantle derived helium, Figures 12 and 13 

plot 3He/4He values on mantle tomographic maps and compare the results to a similar 

plot from Karlstrom et al. (2013). Figure 12A and 13A show relative mantle velocity 

structure at 125 km depths, assumed to be convecting (young) asthenosphere, and Figures 

12B and 13B show similar plots for 60 km depths where Precambrian mantle lithosphere 

may still be preserved (Karlstrom et al., 2012). Both are from Schmandt and Humphrey 

(2010).  
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Figure 12A. Wedge plot of asthenospheric P-Wave velocity at 125km depth (Schmandt and Humphreys, 2010) 

versus mantle helium signature as Rc/Ra. Colored symbols are representative of San Juan Hot Spring samples 

from this study, whereas gray dots are helium isotope data from Karlstrom et al, 2013.  

 

 

Figure 12B. Wedge plot of lithospheric P-Wave velocity at 60km depth (Schmandt and Humphreys, 2010) versus 

mantle helium signature as RC/RA. Colored symbols are representative of San Juan Hot Spring samples from 

this study, whereas gray dots are helium isotope data from Karlstrom et al, 2013. 

For both depths, the spread of WSJ springs matches the existing trend from 

Karlstrom et al. (2013) of highest mantle helium overlying regions of lowest mantle 
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velocity. Furthermore, for both figures, we observe that the WSJ  values are comparable 

to those from the Jemez/Valles volcanic system. This underscores the importance of 

proximity to low mantle velocity domains as a control on surface mantle helium 

expression. Figures 13A and 13B show the locations of young (<7Ma) magmatism 

(Gonzales, 2017) plotted on P-wave velocity maps at both 125km (Fig. 13A) and 60km 

(Fig. 13B) (Schmandt and Humphreys, 2010). Both show the association of low velocity 

mantle, young magmatism, and high 3He/4He values. This  demonstrates how volatiles 

sourced in the asthenosphere are transported subvertically through the lithosphere and are 

then finally expressed as elevated 3He/4He ratios at carbonic springs.  

 

 

Figure 13A. Helium isotope ratios displayed over asthenospheric P-wave velocity at 125 km depth (Schmandt 

and Humphreys, 2010). Zone of lowest mantle tomography is centered under the study area, showing that 

mantle volatiles are likely sourced from asthenospheric degassing. 
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Figure 13B. Helium isotope ratios displayed over P-wave velocity at 60 km depth (Schmandt and Humphreys, 

2010). Zone of lowest mantle tomography is generally centered under WSJ springs with highest mantle gas 

signature. 

 

 

Fluid Circulation Pathways 

 We expand upon our understanding of the San Juan geothermal system by 

assessing major cation/anion enrichment and water “type” of each spring. In this way, we 

can make interpretations about circulation pathways, fluid residence times, and potential 

mixing between springs. 

 In addition to their low levels of geothermal brine indicators, the geothermal 

systems at Rico and Dunton springs share calcium-bicarbonate chemistry (Fig. 9).   There 

are also two notable distinctions between Rico and Dunton hydrochemistry as both 

strontium and magnesium are elevated in Rico waters. Strontium is often enriched in 

basement rocks and thus Rico fluids are likely strontium-enriched due to increased 

interaction with regional basement rocks along the Rico Dome uplift (Fig. 4). Magnesium 

is commonly enriched due to water-rock interaction with alteration minerals such as illite 

or chlorite (Nicholson, 1993). Illite and chlorite are both present in alteration assemblages 
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of the Tertiary hornblende latite porphyry around Rico (Larson et al, 1994b). Therefore, 

Rico fluids likely picked up these elements during fluid-rock interaction at depth.  

While Geyser and Paradise Springs are both located along the West Fork of the 

Dolores River less than 2 miles downstream of Dunton Springs, they both exhibit water 

chemistries distinct from Dunton and each other. Geyser cations are dominantly sodium 

and potassium with bicarbonate as the dominate anion type (Figure 9). The bicarbonate 

chemistry of this spring is also indicative of deep CO2 rich gas condensing into 

subsurface water. Compared to Dunton and Paradise, Geyser is the only one not to 

emerge at river level, but instead ~1000ft above the river. Longer travel time from the 

reservoir may explain the lower temperatures and elevated bicarbonate at Geyser Warm 

Spring as these fluids have more time to cool as well as interact with limestone units in 

the Cutler Formation, Hermosa Formation, and Leadville Limestone at depth.  

Several lines of evidence point to Paradise spring having the most significant 

thermal fluid component of springs in this study. Waters at Paradise spring are 

characterized by sodium/potassium – chloride type chemistry (Figure 9). As previously 

mentioned, chloride is very enriched in this spring with a concentration >3000mg/kg Cl; 

much higher than other springs in the study area which, except Lemon, are all below 

10mg/kg Cl. Paradise also exhibits dramatic lithium enrichment (10mg/kg) with the 

highest concentration of lithium of all measured springs in Colorado. These constituents, 

paired with elevated levels of bromine, fluoride, silica are likely representative of a larger 

component of deep thermal fluids in this spring. Furthermore, this signature is often 

representative of fluids interacting with silicic to intermediate igneous rocks, such as the 

regional Tertiary monazite or latitie, at depth (White et al, 1984).  

After Paradise Spring, Lemon Spring fluids show the greatest thermal fluids 

component of WSJ springs in this study. Lemon’s cations are also sodium-potassium 

dominated but have no dominant anion chemistry. Fluorine, chlorine, and bromine are 

also elevated at Lemon compared to most WSJ springs, but still lower than Paradise. 

However, there isn’t enrichment of 18O in Lemon waters compared to the GMWL. 

Overall, this indicates that Lemon likely has a larger thermal fluid component than all 

WSJ except for Paradise, but that is component is still minor compared to meteoric 
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waters. Lithium levels are elevated at Lemon, but still notably lower than Paradise. 

Lithium concentrations are higher in fluids that interact with silicic or intermediate 

igneous rocks at depth, compared to fluids that interact with basaltic rocks (Nicholson, 

1993). Lemon fluids likely derive residual heat from and follow pathways associated with 

the 600ka Specie Mesa basalt at depth, which may explain this relative reduction in 

lithium when compared to Paradise spring.  

The Piper diagram shows that springs in the WSJ Mountains all have distinct 

geochemical signatures derived from different flow-paths and associated water-rock 

interactions. This trend is particularly apparent for the springs along the West Fork of the 

Dolores River as they all have very different chemistries despite spatial proximity. This 

demonstrates that there is limited mixing of fluids between springs which further 

indicates isolated circulation pathways and short fluid residence times.  

 

Source of Spring Fluids in the Western San Juans 

 Using stable isotopes and geothermal tracers, we can assess the relative 

geothermal and meteoric components of spring fluids throughout the study area. In this 

way we can look at relationships between the gas and fluid circulation systems as well as 

potential connectivity between regional springs.  As previously mentioned in the results, 

Figure 7 shows that the majority of spring oxygen isotope samples plot directly along the 

global meteoric water line (GMWL) indicating that most samples are dominantly 

meteoric fluids. This trend is bolstered by similar results observed in the geothermal 

solute data. Figure 8 displays that most sampled springs are low in key geothermal 

solutes such as chloride, lithium, boron, and fluoride. The key exceptions to this pattern 

Paradise Warm Spring and, to lesser extent, Lemon Warm Spring which display some 

enrichment of geothermal indicators. These two springs have a volumetrically minor, but 

geochemically potent, component of deep brine fluids. Brine fluids with longer residence 

times at higher temperature and in contact with bedrock leads to more accumulation of 

salts and trace elements from water-rock interactions. The low concentration of these 

solutes, paired with isotopic results along the GWML, in our samples overall indicates 
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that these spring fluids had short residence times at depth and minor mixing with deep 

geothermal brines (Shevenell et al, 1987).  

 

Application of Geothermometers 

 All geothermometers are based on the fundamental assumption of equilibrium 

between reservoir fluids and components of the host rock. This further implies the 

assumption that constituents are present in a great enough quantity and that fluids stay in 

the reservoir long enough to achieve equilibrium (Fournier, 1974). For both the cation-

based and silicon-based geothermometers we can geochemically assess the equilibrium 

state of our fluids, constrain these inherent uncertainties, and make more robust 

geothermometry estimates.  

The cation-based geothermometers used in this study are Na-K-Ca (Fournier, 

1977), Na-K-Ca with a Mg correction (Fournier and Potter, 1979), and K/Mg 

(Giggenbach, 1988). Water heated at depth will undergo exchange reactions with the 

local host rock. All these mentioned cation geothermometers utilize the abundance of 

feldspar and carbonate minerals to assess the equilibrium state of fluids with respect the 

dominant cations of these minerals. The Na-K-Ca geothermometer was generated to 

account for the common presence of carbonate minerals which was a factor left out of the 

previous Na-K geothermometer. The magnesium correction was added later on to 

account for waters that have elevated magnesium due to interactions with mica and 

chlorite-rich host rocks (Fournier and Potter, 1979; Smith et al, 2018). However, there are 

critical limitations to these geothermometers. Fournier states that this geothermometer is 

most appropriate for cooler source fluids <100 degrees C (Fournier, 1977) and that it is 

less effective when carbonates precipitate out of the geothermal fluids as they travel 

(Fournier,1973). Furthermore, cation geothermometers generally give less accurate 

estimates when reservoir fluids significantly mix with surface waters (Easley and 

Morgan, 2013). Both of these criterion for Na-K-Ca are not met by the majority of study 

springs. Travertine deposition was observed at every WSJ spring analyzed for 

geothermometry in this study except for Paradise Warm Spring. The stable isotope plot 

also shows that these same travertine-depositing springs have a great degree of mixing 
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with surface waters, with Paradise as somewhat of an exception (Figure 7). Yet, these 

Na-K-Ca geothermometers are also inappropriate at Paradise since it’s source fluids are 

likely over >100 degrees (Oerter, 2011). Despite this, there is still a cation 

geothermometer that may be applied to Paradise. The K-Mg Giggenbach geothermometer 

assesses the cation equilibrium state resulting from water interaction with feldspars and 

micas. Paradise has limited surface water mixing compared to other study springs and its 

fluids achieve partial equilibrium with respect to the Na-K-Mg system (Figure 14) 

(Giggenbach, 1988; Oerter, 2011, Powelll and Cumming, 2010). Therefore, the K-Mg 

geothermometer may give a reasonable estimate at Paradise but should be supplemented 

with silica geothermometers. 

 

Figure 14. Giggenbach geoindicator showing degree of equilibrium of WSJ spring fluids from this study with 

respect to the Na-K-Mg system (Giggenbach, 1988; Powell and Cumming, 2010). Paradise spring plots along the 

margin of partial equilibrium, whereas the other samples are not in equilibrium with this system. Rico and 

Dunton are overlapping. 
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Silica geothermometers have several qualities which make them particularly 

valuable for estimating reservoir temperatures. First, they rely on fluid equilibrium with 

quartz which is abundant like feldspars, micas, and carbonates, but less reactive 

(Fournier, 1977; Smith et al, 2018). Therefore, these geothermometers are less skewed by 

mixing with surface waters, like we observe in the majority of our samples (Easley and 

Morgan, 2013). Silica geothermometers use solubility reactions to make reservoir 

temperature estimates. Quartz has multiple phases and so the appropriate silica 

geothermometer is chosen based on the equilibrium state of sample fluids with respect to 

these phases. The Log (K2/Mg) vs SiO2 plot (Figure 15) displays these silicia phase 

equilibrium states (Powell and Cumming, 2010). 

 

Figure 15. Log (K2/Mg) vs SiO2 plot showing equilibrium state of WSJ spring fluids with respect to quartz 

phases (Powell and Cumming, 2010). The majority of samples plot between the quartz and chalcedony 

equilibrium curves, whereas the Rico samples plot between alpha and beta cristobolite. 

Geothermometry estimates by spring 

Rico 

 Previous studies report varied geothermometry estimates at Rico based on several 

cation and silica geothermometers. However, Figure 15 shows that Rico fluids plot 
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between the equilibrium states for alpha and beta cristabolite. Alpha and beta cristabolite 

geothermometry estimates were generated using the Powell and Cumming, 2010 

spreadsheet and are displayed in Table 3. Alpha cristabolite estimates range from 90-100 

degrees, while beta cristabolite ranges from 42-50 degrees. These beta cristabolite 

estimates are similar to surface water temperatures, which is unrealistic especially 

considering the extensive mixing of Rico spring fluids with surface waters as they travel 

from the reservoir to the surface. Therefore, the alpha cristabolite estimates are likely 

closer to actual reservoir temperatures. Similar reservoir temperatures were also 

estimated recently by an MT survey at Rico (Dunnington, 2018). Combing these finding, 

our best estimate of reservoir temperatures at Rico is ~80-100 degC. 

Dunton 

Figure 15 shows Dunton samples plotting between the equilibrium states for 

quartz and chalcedony. Oerter, 2011 uses saturation indices as another way to elucidate 

which phase is closer to equilibrium. However, this study also presents mixed 

conclusions on whether quartz or chalcedony is the dominant phase. Using both of these 

phases, our best estimate is the range ~50-90degC which is similar to ranges proposed in 

previous studies (Oerter, 2011; Smith et al, 2018). 

Geyser Warm Spring 

 Similar to Dunton, Geyser Warm Spring plots between quartz and chalcedony 

equilibrium phases (Figure 15) and Oerter, 2011 also has mixed results as to which phase 

is closer to equilibrium. Our estimate range from both these phases is ~60-95degC. This 

similar, yet slightly hotter, estimate compared to Dunton seems plausible due to their 

proximal locations and similar geochemistry. 

Paradise Warm Spring 

 Paradise fluids plot between quartz and chalcedony equilibria but are somewhat 

closer to the quartz endmember (Figure 15). Quartz, chalcedony, and K/Mg 

geothermometers are all appropriate to use for these fluids and show strong agreement. 

Collectively, these give us a range of ~140-180degC reservoir temperature estimates, 



47 
 

which further agrees with previous studies (Oerter, 2011) as well as our measurements of 

increased geothermal indicators in these fluids. 

Lemon Hot Spring 

 Lemon Hot Spring plots between quartz and chalcedony equilibrium like many of 

the above samples (Figure 15). Using both geothermometers, this gives us a range of 

~110-130degC. This result is limited by the number of samples and lack of estimates by 

previous studies. However, this matches our existing trend in across our multiple datasets 

showing Lemon having a notable, but still lesser than Paradise, geothermal component. 

Furthermore, Barrett and Pearl use Na-K-Ca geothermometers to estimate a range of 

~190-210 at Lemon Spring. This range is an overestimate due to the presence of 

travertine interfering with this method, and therefore our estimated range is likely, given 

this adjustment. 

 

Near-surface Pathways for Volatiles at the Rico Hot Springs 

Based upon the CO2 flux transects measured at Rico (Fig. 10), we make several 

interpretations about the pathways for CO2, and by extension the mantle helium it carries, 

in the Rico area. Significant increases in flux are observed on both the eastern and 

western transects across the Last Chance fault trace which confirms the accuracy of the 

inferred fault location. This fault likely has little cementation and/or a high fracture 

density associated with its damage zone that maintain high permeability to allow for the 

elevated flux rates measured across this structure. Travertine is precipitated along 

geothermal fluid pathways as CO2 degasses (Crossey, 2009) and is also an expression of 

high CO2 flux at spring vents. Several high CO2 flux locations are not along previously 

mapped faults; for these, we speculate the presence of potential cryptic basement faults 

that acted as transfer zones between other faults as shown in Figure 16.  

Figure 16 expands on these interpretations of flux data by inferring new fault 

locations that may better explain our observed CO2 flux trends. The first of these is the 

Nellie Bly fault, because no elevated flux is seen along its previously inferred trace 

except at the point source of Rico Hot Spring #3. Therefore, we interpret the actual 
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location of this fault to be slightly south such that it aligns with the elevated flux zones on 

both transects. The zone of most elevated flux within the sample area occurring on only 

the eastern transect indicates that the structure at this location is more complex than just 

E-W structures. One possible interpretation of this data is a splay fault trending NW from 

the Last Chance to Nellie Bly fault, connecting through Rico Hot Springs #1 and #2. The 

exact geometry could be further resolved with further flux data collection and/or through 

structural analysis or shallow geophysics. 

 

Figure 16. CO2 flux transects with refined location of the Nellie Bly Fault and speculative trace of splay fault 

connecting the highest surface flux zones between the Last Chance and Nellie Bly Faults. 
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Conclusions 

This project used multiple-tracer approach to expand our existing datasets of 

water chemistry, gas chemistry, and surface CO2 flux of WSJ springs with elevated 

mantle signature in order to enhance our understanding of mantle-surface connections in 

continental settings.  

First, 14 new noble analyses, paired with tomography, demonstrates that the 

primary control on elevated mantle gas at surface springs is proximity to low-mantle 

velocity domains. In this way, we see that mantle volatiles in WSJ Springs are sourced in 

the asthenosphere from mantle degassing and then transported subvertically through the 

lithosphere into the groundwater system. 

Second, elevated flux along structural pathways at Rico demonstrates that faults 

are the primary conduits for volatile transport in the near surface. These transects proved 

to be an effective tool for refining mapping of faults and detection of structural features 

that lack surface expression. 

Third, hydrochemical data reveal that WSJ springs are predominantly meteoric by 

volume, with a couple springs having a minor but potent component of geothermal 

brines. There are distinct geochemical signatures for each spring that we attribute to 

variable water-rock interactions.  

Chemical geothermometry suggests a wide range of reservoir temperatures. 

Paradise and Lemon exhibit reservoir temperature estimates up to 180 °C that make them 

promising candidates for energy development. Even Rico, with somewhat lower 

estimates, may have potential for further geothermal exploration.  

Collectively, these findings lead us to a general model of the mantle-to-surface 

conduit system observed in the WSJ Mountains. Tomography reveals an asthenospheric 

source of mantle gases (CO2 and 3He). Continued subvertical transport of these volatiles 

through the lithosphere is documented in the region by young volcanism, elevated 

3He/4He levels at geothermal springs, and degassing of endogenic CO2 along structural 

features associated with these springs. Upper crustal conduits for volatiles include fault 

zones because of inherited permeability and potentially as maintained by neotectonic 
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activity. Hydrochemical analyses demonstrated that regional springs are sourced by 

meteoric waters rapidly circulating along isolated flowpaths at depth. The deeply-sourced 

volatiles travel upwards along structures and interact with the meteoric fluids as they are 

heated at depth. Gas-enriched fluids rise along regional structures and reach surface 

springs. Collectively, this project enhances our understanding of mantle-to-surface 

connections in this prominent geothermal system. 
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