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112°15' R. 2 E. ‘ : 112°00" 111°45' F ' R. 8 E 111°30" Verde Valley—an area of complex geology where the crust of the North water-rock interface produces erroneously low temperatures when calculated
o — o ; ) . o a— : : American plate changes from unstable to stable (Lucchitta, 1974, by the Na-K-Ca geothermometer (Fournier and Truesdell, 1973, p. 1273).
p. 351)—is in central Arizona in the transition zone between the Basin As water moves into the upper part of the aquifer, the concentration of
and Range and the Colorado Plateaus tectonic provinces of Swanberg and dissolved magnesium by reequilibration results in extremely high magnesium
others (1977, fig. 12). Volcanism and tectonism have been progressing temperature corrections to the Na-K-Ca geotemperature, which again
northeastward along the transition zone for about 20 million years, and produces erroneously low Na-K-Ca geotemperatures. Therefore, the use of
volcanoes were active in the San Francisco volcanic field 40 mi north of the Na-K-Ca geothermometer in Verde Valley is tenuous at best. The
Verde Valley as late as 900 years ago (Eastwood, 1974, fig. 2; Smiley, fifth assumption frequently is invalid; however, Swanberg and others
1958, p. 190). The San Francisco volcanic field is an area of recent (1977, p. 7) indicated that it is sometimes possible to recognize a
faulting, where 27 earthquakes having magnitudes of 2.2 to 5.1 on the geothermal water even though it may have migrated into a cooler shallow
Richter scale have occurred since 1938 (Shoemaker and others, 1974, aquifer. The geothermal water will cool faster than it will lose its
fig. 9). The geologic record thus is replete with implications of geothermal chemical identity because the speed at which reequilibration
EXPLANATION geothermal activity, and hydrothermal activity is evinced by measured occurs becomes slower at lower temperatures, especially during silica
ground-water temperatures thateare 10° to 20°C higher than the average reequi]?bration, which %ecomes extremely s]ow3;n the Tow-temperature
" - ground-water temperature of 18°C. Subsurface temperatures sometimes can range—less than 100°C (Fournier, 1973, p. 123).
'r. 14 _WEgL FROM WHICH WATER SAMPLE NASVCOLLECTED——f1rst entry, 14, be estimated from the chemical composition of water that has been heated
66M is measured water tempergtqre.at wellhead in degrees at depth and subsequently discharged by wells or springs. The study in In Verde Valley the ground water should have average quartz-silica :
69(44) Celsius. Second entry, 66M, is ca]cg]ateq Na-K-Ca geo- Verde Valley was undertaken by the U.S. Geological Survey to delimit the geotemperatures between 60° and 75°C (Swanberg and others, 1977,
| 0.05 temperature of last water-rock equilibration in degrees potential geothermal resources and to estimate water temperatures at fig. 12). The average silica concentration of 109 background samples
Celsius (M, Na-K-Ca geotemperature corrected for magne- depth using geochemical methods. was 22 mg/L, which gives a quartz-silica geotemperature of 65°C and a
sium concentration; R, percentage of magnesium is greater chalcedony-silica geotemperature of 35°C._ The Camp Verde and Verde Hot
than 50). Third entry, 69, is calculated quartz-silica More than 100 water samples were collected from wells and springs using Springs areas, which include about 120 mi2, contain ground water that has
and, (44), chalcedony-silica geotemperatures in degrees the sampling procedures described by Brown and others (1970). The anomalously high quartz-silica and chalcedony-silica geotemperatures,
Celsius, Fourth entry, 0.05, is boron concentration in samples were analyzed for common chemical constituents; temperature, pH, 99° to 135°C and 73° to 111°C, respectively. Most of the adverse effects
milligrams per liter. Letter, F, next to symbol indicates and specific conductance were determined at the site. Three 250-ml on the silica geothermometers, such as dilution of geothermal water by
that the chemical analysis for this site is shown in table (milliliter) samples were collected in polyethylene bottles at each shallow ground water and precipitation of silica as the water moves to
sits. One sample was filtered through a 45-micrometer membrane filter, the surface, tend to decrease the amount of silica in solution. Reequil-
. acidified with reagent-grade nitric acid to a pH of 3.0 or less, and ibration with amorphous silica and evaporation by loss of steam from
I4 32 SPRING FROM WHICH WATER SAMPLE WAS COLLECTED—First entry, used for cation determination. The second sample was filtered through a boiling water are the major factors in the concentration of silica.
43M 39, is measured water temperature at spring orifice in 45-micrometer filter, untreated, and used for anion determination. The Because there is no indication of boiling water in Verde Valley and
114(89) degrees Celsius. Second.entry, 43M, !s.ca1cg1at§d Na~K-Ca third sample was unfiltered and untreated, chilled to 4°C, and used for because the main aquifer consists mostly of carbonate and evaporite
9.10 geotgmperature of last water-rock equilibration in degrges nutrient determination. deposits, the silica anomaly may indicate a silica equilibrium with a
Celsius (Mz Na-K-Ca_geotemperature corrected for magnesium source rock other than the main aquifer. Therefore, the geotemperatures
cgngentrat1on). Third entry, }14, is calculated quartz- In Verde Valley temperatures of the potential geothermal resources were calculated using the silica geothermometers are more credible than the
. silica and, {89), chalcedony-silica geotemperatures in calculated using two geochemical methods or geothermometers. One method geotemperatures calculated using the Na-K-Ca geothermometer.
g?g:efﬁ g?}?;S:Amng:;t?iigﬁry’Lzéig; 1§ bg;gg ign§§£§§$' isdan empirical geothermometer that uses the molal relations of dissolved
‘ ; . - ' i sodium, 5 1um, e tempe - : : B .
indicates that the chemical analysis for this site is o 10 ’“m pofa551um i - S o~ ca]cu]ate B e & - The Verde Hot Springs area is the focal point of the intersection of
t - ast water-rock equilibration (Fournier and Truesdell, 1973). The ’ .
shown in table ¥ 3 equation used for the estimate is three major lineaments, as shown by Hahman and others (1978). The
, . A north- to south-trending lineament is an extension of the Oak Creek
N [ : fault. Verde Hot Springs has the highest measured temperature, 39°C,
= T T~ FAULT—Dashed where approximately located. U, upthrown side; - MM 273.15, in Verde Valley and a quartz-silica geotemperature of 114°C. Sheep
D, downthrown side | 2.24 + F(T) Bridge Spring, which is 20 mi south along the extension and outside
| the map area, has a measured temperature of 36°C and a quartz-silica
[ where geotemperature of 89°C. Soda Springs, which is 20 mi north of Verde Hot
APPROXIMATE AREA OF HIGH SILICA GEOTEMPERATURES—Quartz- | Springs, was designated as a’hot spring by.Hahman and others (1978) and
‘45? silica geotemperatures are more than 100°C, and T = temperature in degrees Celsius, and has a measured temperature of more than 30°C. Castle Hot Springs, which
. chalcedony-silica geotemperatures are more than 70°C < . h e is outside the map area, is along the lineament that extends from Fossil
z g B S F(T) = log (Na/K) + B log La R Creek southwest to the springs and also is des1gn§ted as hot by H@hm@n and
. ” CUHE MOUNTAIN Na others (1978). The northwest- to southeast-trending lineament coincides
. N ] in which with the Verde fault, and the anomalous geotemperatures indicated by the
' silica geothermometers closely parallel the lineament.
: , L : Na = molal ¢ i i
i ¥ 4 ° - oo 7 E G e  re e s A F : . /L8, e . 20 st 1 A a tres A fng i ; ' ey 4 ' : ' L i oncentratTon - S°d1umf Fluoride and boron also are used as qualitative indicators of geothermal
34°45" o LN : L NS b bt Y - ooty § O 1895 . R Y460 $Z0 RS NI IS i oy F S . . R - & % e 3 34°45' K = molal concentration of potassium, activity (Swanberg, 1975, p. 180). In the Camp Verde and Verde Hot
SRR, 16 >, e i e S ¥ Y AN ) % 7 £ L\ Yl Ay T : ‘ 2 7 ) i ATE e " NG RN ] Ca = molal concentration of calcium, and Springs areas, the average fluoride and boron concentrations are 1.18
! - 43 P— L 2 and 1.83 mg/L, respectively, which are significantly abovg the average
6 /3 or 1/3; if g = 4/3 yields 7>100°C, then concentrations of 0.28 mg/L fluoride and 0.17 mg/L boron in the rest of
recompute 7 using g = 1/3. Yerde Valley. Thg occurrence of high fluoride and boron concentrati9n§
Sl in tﬁe areas of high silica ggotempera?ures may be the result of equili-
[Analytical results in milligrams per liter except as indicated] If m i i 7 1 1 F9 344 \ brat]on e th the ]arg‘e evapor.l te diEPOS'ltS-
agnesium 1s present in significant quantities, the Na-K-Ca geotempera-
sie | empgire | SRS | QRS | LR | DR Y | st | cursnne | " | "t | M | Syt B e e (R ST . W S R gul oty (EUS, 3. T} GDeiiit Wet-apis Suemcitm apeie ives |
o) .y | ™ o ®) i s (cog) | (s0) (F) ® o) the correction are: three temperature ranges: (1) more than 150°C (the systems may be '
2 - s > - P & @ - | g r. % . considered for generation of electricity), (2) 90°.to 150°C (the systems
8 48 B & 1 b - 700 g 2 0.4 0.0 % 1. Calculate the Na-K-Ca geotemperature as described above, are attractive for space and process heating and cooling), and (3) less
0 a’s z b g | e & a0 ; ol 03 038 E: and do not apply a magnesium correction if the calculated than 90°C (the systems generally are used only for heat in locally
; 140 z k- IR o e 0 8 04 0:0s z7 temperature is less than 70°C. favorable circumstances in the United States). The estimated silica
4 8o z . we | #® o . | g 2 B2 o s . geotemperatures in the Camp Verde and Verde Hot Springs areas range from
i 7 — : ‘ 2. Calculate the percentage of magnesium compared to the 73° to 135°C; however, these geotemperatures are low if precipitation of
. o ool UK 9> oo iR Por St o 05 Wl avt G Torlh (v Do, O 3T S ot Tasamhs concentration of magnesium, calcium, and potassium as silica or dilution of geothermal water by shallow ground water is taking
follows: place. If the silica geotemperatures accurately depict geothermal
r Mg _conditions at depth, the ground water in the Camp Verde and Verde Hot
R = x 100, Springs areas is in the low- to medium-temperature range. The geochemical
. * (Mg + Ca + K) evidence to substantiate a geothermal resource in Verde Valley is not
conclusive, and further work, including test drilling, should be done to
! where verify the silica geotemperatures given in the map.
R = percentage of magnesium, '
Mg = equivalent concentration of magnesium, ' SELECTED REFERENCES
Ca = equivalent concentration of calcium, and
CONVERSION FACTORS K = equivalent concentration of potassium. Brown, Eugene, Skougstad, M. W., and Fishman, M. J., 1970, Methods for
: collection and analysis of water samples for dissolved minerals and
. ) . 3. If R is greater than 50, then assume that the water gases: U.S. Geological Survey Techniques of Water-Resources
Eor readers who may prefer to use metric units rather than inch-pound iy comes from a cool underground environment that has Investigations, Book 5, Chapter Al, 160 p.
units, the conversion factors for the terms used in this report are ‘ L AT A P e a temperature about equal to the measured temperature,
19sted beldv: , SN0 dew " ey regardless of the high calculated Na-K-Ca geotemperatures. Eastwood, R. L., 1974, Cenozoic volcanism and tectonism of the southern
! ¢ ) ) ; 1 &3 { Colorado Plateau, in Geology of northern Arizona, with notes on
Multiply inch-pound unit By To obtain metric unit 4. If the calculated Na-K-Ca geotemperature is more than archaeology and paleoclimate—Part 1, Regional studies: Geological
. ) ) 70°C and R is less than 50, then calculate the tempera- Society of America, p. 236-256.
mile (m12 2 1.609 k‘1°m9tef (km) 2 ture correction as follows:
square mile (mi®) 2.590 square kilometer (km“) Fournier, R. 0., 1973, Silica in thermal waters: Laboratory and field
AtMg = 10.66 - 4.74157 + 325.867 (log R)Z - 103210 (log R)Z/(14273) . inwestigations, jgnProceediqgs of internatiqna] symposium on hydro-
- 19683000 (log R)z/(T+273)2 + 16063000 (1 3 2 geochemistry and.b1ogeochem1stry, Japan, 1970, Volume 1, Hydro-
> , og R)™/(71+273)", chemistry: Washington, D. C., J. W. Clarke, p. 122-139.
where Fournier, R. 0., and Potter, R. W., II, 1978, A magnesium correction for
— —————— - — - 2 . the Na-K-Ca chemical geothermometer: U.S. Geological Survey Open-
AtMg = temperature correction in degrees Celsius, File Report 78-986, 24 p.
R = percentage of r 257 U ] ed in s i
i g K ’ - magnes1um.as b Tn . - Fournier, R. 0., and Truesdell, A. H., 1973, An empirical Na-K-Ca geo-
- - L I R R A e B AR i A L A& e ot B A" T = Na-K-Ca geotemperature in degrees Celsius. thermometer for natural waters: Geochimica et Cosmochimica Acta,
i idd » ! B i REngh v. 37, p. 1255-1275.
. 3 The second geochemical method is based on the solubility of silica . : .
4 _ . . Fournier, R. 0., White, D. E., and Truesdell, A. H., 1974, Geochemical
s L ‘ 34°30' el | 34°30" minerals a‘9“9 twpfphase curves for wher P‘“S steam (Fournier, 1973, indicators of subsurface temperature—Part 1, Baiic assumptions:
- ! 3 . fig. 2). 1In general, quartz seems to control the dissolved-silica U.S. Geological Survey Journal of Research. v. 2. no. 3 259-262
—— Hﬂy ' A0 L % i T el WL I S L S, 5 concentration in aquifers that contain ground water having temperatures i v - ' S T '
5 . g : "Bt T At i e ol Y BY ) N EN LNy S W N sl L Y \e2 (56 = <AL . P £ o ,f”fak_ | B o f; & g & g gre?EZf %2325é2?1c ?3?6905512;{ grﬁater thandllotC (zourn1er, 1?73’ Hahman, W. R., Sr., Stone, Claudia, and Witcher, J. C., compilers, 1978,
g | I. | RPAVAL £ Nl TA_ TR S NADAN e EN P A T R X INLL AR e ' ; ; L T In0e060T: e Bt ¥ 14 . : e . " - : > s ¥ P : én ground-water temperatures are Preliminary map, geothermal energy resources of Arizona: Arizona
- : - J | 5 &) (i il ” ; RHERNG Y w , e i a s AR S 21§ ¢ s : e B : : ; AT : . . : ¥i : less than 100°C and possibly less than 180°C, chalcedony may control the Universi Arizona Bure f Geol d Mi 1 Technol Geological |
. S i e, Sl iFAU REL R % Sk . e T B 5 3 gr v v ‘. N o (RN - % i GF e v iy < g Rt L, e VR R 8 ARy dissolved-silica concentration (Fournier, 1973, p. 133, Truesdell, 1976 e A S e s & T R T w— )
==<:§ —my ” y VA : y ZRRR : AR ;7 / ; Gt =P LR & 24 ; 7 . . = e A A e e o B RS . y S o M 3 . 2 3 ’ Survey Branch Geothermal Map 1, scale 1:1,000,000.
- v7, : : s p. 58). bBiﬁause %f th$.s1gn1g1can% amount of overlap in the temperature
| ! 73 ranges, both quartz-silica and chalcedony-silica geotemperatures were Lucchitta, Ivo, 1974, Structural evolution of northwest Arizona and its
- Hrhti ‘ f §ﬁ2§1$ﬁ£ege;2hgﬂ$§1a3§1§i1§601§h2n5?52$5 ~r Tn‘th? ana]ys1s Y : relation to adjacent Basin and Range province structures, in Geology
-+ 2 . % ' . , ely by conduction of heat into the of northern Arizona, with notes on archaeology and paleoclimate—Part
»w 4 surrounding environment because there is no indication that boilin : ity . SR e -
) L \ : . ; : g 1, Regional studies: Geological Society of America, p. 336-354.
iu,r: : LY ground water or steam is escaping at the surface in Verde Valley.
= ' E ! W : : . . Nathenson, Manuel, and Muffler, L. J. P., 1975, Geothermal resources in
\\Jxéd - g K 0 Sttt TS Sarfie e wpien g ﬁz@rothgrmg] congeﬁt%?n systgmsLand gondugtion-domina?ed a;ﬁas, %ﬂ
i § ; & . 2 2 hite, D. E., and Williams, D. L., eds., Assessment of geotherma
___-_Lﬂ Torz = -9.40711 + 426'1057(5102/100) . 652'4019(3102/100) resources of the United States—1975: U.S. Geological Survey
l { + 612.8814(510,/100)° - 315.15123(5i0,/100)" ) PR
e S~ 4 et colcmrss . 5 " 6 ) Renner, J. L., White, D. E., and Williams, D. L., 1975, Hydrothermal
nz SN ﬂ:«; 4 ¢ . 82'15363(5102/100) . 8‘48271(5102/100) . convection systems, in White, D. E., and Williams, D. L., eds.,
& & & R Assessment of geothermal resources of the United States—1975:
0 50 100 MILES : U.S. Geological Survey Circular 726, p. 5-57.
- ow gy P 7QTZ = the quartz-silica geotemperature in degrees Celsius, and Sl;| E. M., Squ Abr'
INDEX MAP SHOWING AREA - = i3 " . — - . Shoemaker, E. M., Squires, R. L., and ams, M. J., 1974, The Eﬂ”’lgmt
OF REPORT (SHADED) | 510, = silica concentration in milligrams per liter, and Angel and Mesa Butte fault systems of northern Arizona, in Geology
1 1032 of northern Arizona, with notes on archaeology and paleoclimate—Part
TCHAL = - 273, 1, Regional studies: Geological Society of America, p. 355-391.
- 4.69 - log 5102
— Smi]ey,.T. L.,'1958, The geology and dating of Sunset Crater, Flagstaff,
Arizona, in New Mexico Geological Society 9th Field Conference,
TCHAL = the chalcedony-silica geotemperature in degrees Celsius, and TG TUTL. OF W T T S . ——.
: 5 ' A 51'02 = silica concentration in milligrams per liter. Swanberg, C. A., 1975, Detection of geothermal components in ground
: N g S Liid FAA e I G e N o e : - SR A A 7 A 8y 4 ‘Qw4i o L i L waters of Dona Ana County, southern Rio Grande rift, New Mexico, in
0 5 MILES e B el 33 i M R T ey 7 > i o .j ;. ot K e s :é M e g ; - o B IERTEE —_— New Mexico Geological Society 26th Field Conference, 1975, Guidebook
— — : ; A 4 , “ . AR 3 A 3 : : } ; ; The quartz-silica equation is effective to about 280 mg/L 5102, and of Las Cruces country: p. 175-180.
: 0 $ 10 KILOMETER: b : ony-sili ‘ ion i i a9 ;
ER——— 5 e LOMETERS the chalcedony-silica equation is effective to abqut 590 mg/L Si0,. Swanberg, C. A., Morgan, Paul, Stoyer, C. H., and Witcher, J. C., 1977,
CONTOUR INTERVAL 200 FEET ‘ AM;a@mraisa] st@dy of the geothermal resources of Arizona and
WITH SUPPLEMENTARY CONTOURS AT 100-FOOT INTERVALS The accuracy of the geothermometers is dependent on certain basic assump- adjacent areas in New Mexico and Utah and their value for desali-
NATIONAL GEODETIC VERTICAL DATUM OF 1929 tions that must be valid to insure the reliability of the calculated nation and other uses: Las Cruces, New Mexico Energy Institute
temperatures. The assumptions are (1) temperature-dependent reactions Report 6, 76 p.
occur at depth, (2) all constituents involved in a temperature-dependent ,
reaction are sufficiently abundant, (3) water-rock equilibration occurs Truesdell, A. H., 1976, Summary of section 3—Geochemical techniques in
| ST F—— b - . at reservoir temperature, (4) negligible change occurs as the water exploration, in Proceedings of second United Nations symposium on
flows from the heat reservoir to the surface, and (5) the hot water from the development and use of geothermal resources, San Francisco,
deep in the system does not mix with cooler shallow ground water (Fournier California, May 20-29, 1975, Reporters summaries, Volume 1:
and others, 1974, p. 259). The first three assumptions generally hold ' Washington, U.S. Government Printing Office, p. 53-79.
true for the Na-K-Ca and silica geothermometers (Renner and others, 1975,
’ p. 51). The fourth assumption probably is not correct for natural Twenter, F. R., and Metzger, D. G., 1963, Geology and ground water in -
, i systems; for example, in Verde Valley reequilibration may be taking Verde Valley—the Mogollon Rim region, Arizona: U.S. Geological
. EA—— , place, especially with respect to calcium and magnesium. In the area : Survey Bulletin 1177, 132 p. ' .
112°18* 112°00' 111°45" 111°30" between Cottonwood and Camp Verde chemical analyses indicate that the : . .
water is a calcium magnesium bicarbonate type, which is consistent with Wadell, J. S., 1972, Sedimentation and stratigraphy of the Verde Forma-
the composition—carbonate and evaporite deposits that are rich in i tion (Pliocene), Yavapai County, Arizona: Tempe, Arizona State
calcium and magnesium—of the main aquifer (Wadell, 1972, p. 43 and University, unpublished master's thesis, 110 p.

72). Dissolved calcium in excess of the amount expected at the source
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