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1.

INTRODUCTION

The purpose of this report is to define the geothermal system that

supplies the hot water for Castle Hot Spring. An attempt was made to

specify the "reservoir" temperature and to model possible sources of

heat. This report summarizes our findings and presents the important

supporting information in the various tables and figures. Additional

data, including details of the techniques and methodologies used in

the investigation, will be recorded in an Arizona State University MS

thesis (Satkin, in preparation, 1980). Appendices I and II are two

papers resulting from the funded work on Castle Hot Spring.

Our geologic feasibility study consisted of five parts: 1) con­

struction of a detailed geologic map of hot spring area, 2) production

of geologic cross sections, 3) calculation of water geothermometry

based on repeated analyses, 4) measurement of geothermal profiles in

shallow wells, and 5) speculation on models for the heat source.

During the initial phase of this investigation a topographic base

map with 5-m contour intervals was constructed by plane-table mapping

at a scale of 1:1000. Geologic data were plotted directly on the base

allowing the construction of accurate cross sections showing the rela­

tionship of the springs to the fault system. Rock samples were col­

lected for potassium-uranium-thorium (KUT) , whole-rock, and petrographic

analysis. In addition, thermal and non-thermal waters were periodically

collected for chemical and isotopic analysis. Thermal gradient measure­

ments were attempted at several shallow wells through the cooperation

of Claudia Stone Arizona Bureau of Geology and Mineral Technology (ABG.MT).
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GEOLOGIC MAP

Geologic Setting

Castle Hot Spring (Figure 1) is the highest temperature hot spring

in the Transition Zone northwest of Phoenix (Swanberg and others, 1977).

Although the chemistry of the water is similar to other hot springs with­

in the Transition Zone, its purity, high sulfate, and high fluorine

(Mariner and others, 1977) are anomalous. The spring is located along

the northern margin of a northwest-trending graben of Tertiary volcanic

rocks displaced into a Precambrian basement complex to the south of the

Bradshaw Mountains (Figure 2). The emergence of Castle Hot Spring and

several other related springs is controlled by the fault contact between

the basement and volcanic rocks.

Detailed geologic data plotted on the topographic base map were re­

duced to a.scale of 1:2,000 for the final geologic map (Figure 3). Al­

though the geology is fairly complex and alteration is intense near the

main spring system, the basic relationships are clearly illustrated.

Northeast dipping volcanic rocks south of the fault system are in fault

contact with Precambrian basement rocks to the north. Carbonate altera­

tion of the volcanic rocks and surface deposits of travertine occur

along the contact. Terrace deposits 40-80 m above Castle Creek indicate

filling with Tertiary-Quaternary gravels during an early phase of the

hot spring activity. These gravels have subsequently been exhumed form­

ing the present drainage, but the main spring system remains at an ele­

vation well above the present stream level. An extensive area of hydro­

thermal alteration to the northwest with associated siliceous sinter de­

posits is additional evidence of an older thermal system at this location.
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Stratigraphy

The area including Castle Hot Spring was recently studied by Ward

(1977) who provided a geologic map (scale of 1:48,000), a stratigraphic

section, several whole-rock chemical analyses, and the structural and

tectonic setting. The generalized stratigraphy of the area (Sheridan

and Others, 1979, see Appendix I) consists of Precambrian schists and

granitic rocks overlain unconformably by 300-450 m of basaltic lavas

and rhyolitic tuffs which are in turn overlain by approximately 120 m

of latitic epiclastic breccia and lava flows.

On the basis of detailed field mapping and new chemical analyses .

the rocks at Castle Hot Spring correlate quite well with the stratigraphy

of Ward (1977). Although no new regional map units were found, a new

local unit (Chocolate Drop latite) , correlated in time and space with

the Hell's Gate latite, was designated on the map. This unit has an

unusual chemistry (high K
2
0, U, and Th) and is strongly altered sug­

gesting an intimate relationship with the present geothermal system.

Additional data on rock analyses and petrogenesis are given by Ward

(1977) and Satkin (in preparation,1980).

Alteration

Hydrothermal alteration is widespread within the volcanic rocks

in the vicinity of Castle Hot Spring. Carbonitization is the most

abundant type of alteration, commonly with 5 to 15 percent replacement of

phenocrysts and groundmass by calcite. Calcite stockwork veining and

fracture coatings are widespread. Some of the mafic volcanic rocks

in the area are stained red, indicating oxidation and hydration of

iron-bearing minerals. For example, hornblende phenocrysts in the

Chocolate Drop latite have been replaced by opaque masses of secondary

iron-bearing oxides and hydroxides.
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Chemical analyses also show that some of the volcanic rocks have

been strongly depleted in Na+ but augmented in K+~ Ca++~ and CO;. The

source of the alteration products along the Castle hydrothermal system

is believed to be fluids similar to the present geothermal solutions.

This assumption is supported by the deposition of travertine along

active springs and the discontinuous outcrops of travertine throughout

the map area at locations of extinct hot springs. The intensity of

alteration increases to the northwest where widespread argillitization

has obliterated the primary characteristics of the volcanic rocks (Ward~

1977). The presence of large siliceous sinter deposits in this area

attests to a higher temperature hydrothermal system in the past.

CROSS SECTIONS

The location of Castle Hot Spring and other related thermal

springs is structurally controlled by a complex system of basin-and­

range faults. The largest displacements noted by Ward (1977) occur

along northwest-trending en echelon faults. A north-striking fault

of moderate displacement (100-200 m) which is covered by a gravel

in Castle Creek (Figure 3) possibly intersects the graben fault system

at Castle Hot Spring. In addition there are several faults of low

displacement (10-50 m) with northwest or northeast strikes that account

for minor adjustments at the graben margin.

Plane table mapping (Figure 3) has documented a low-angle listric

fault that displaces an allochthonous block of Precambrian granite on

top of the Tertiary chocolate drop latite (Figure 4). The hot spring

occur ,vhere erosion has exposed the intersection of the listric fault

block and the north wall of the main graben. This north wall is cut

by a deeply penetrating northwest trending fault syst~~~ here termed

the Castle fault~ that separates Precambrian granitic rocks to the
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northeast from Tertiary volcanics on the southwest.

The slump block has been intruded by latite dikes that cut through

the listric fault system. Displacements of these latite dikes, which

have the same composition and texture as the chocolate drop latite, by

later faulting indicates alternating episodes of volcanism and faulting.

The main displacement in the Castle fault system must have preceded the

chocolate droplatite which fills the main graben. The later basalts

andlatites are only off-set by minor faults and their distribution is

not controlled by the graben.

Several other thermal springs, including Henderson Ranch Spring,

oAlkali Spring and the Dodd Well, occur along the 2 km, N. 45 W. Castle

fault (Figure 5), which coincides with the trend of the main fault system.

These springs all emanate at an elevation of approximately 640 m above

sea level suggesting an apparent hydrostatic relationship. Several

other springs with geothermal potential, Casa Rosa Spring, Dripping

Spring, l1ud Spring and Spring Valley, also occur along deeply renetrating

faults that separate Precambrian granites and schist from Tertiary rocks.

The relationship of these later springs to the Castle system is not

knov;rJ.l..

WATER GEOTHERMOMETRY

Background

Chemical analyses of spring and well waters may be used to esti-

mate subsurface temperatures by applying chemical geothermometers.

These thermometers assume that the chemical composition of the water

reflects the last temperature of equilibration between the thermal

fluid with the surrounding rock. This temperature is generally assigned

to represent the reservoir temperature of the thermal system. It must

be remembered that for the Castle Hot Spring system the hydrologic
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FIGURE 5 SPRING LOCATION MAP
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nature of the reservoir is not yet well understood.

The silica geothermometer (Fournier and Rowe, 1966) is one of

the most widely applied and reliable geothermometers because it is

little affected by precipitation, base-exchange, salinity, and pres­

sure. However, interpretation of the silica geothermometer requires

an assumption of the silica phase that controls the dissolved silica

content of the thermal water, i.e., amorphous (chalcedony) or crystalline

(quartz). For Castle Hot Spring chalcedony was considered to be a more

reliable predictor of the silica content; therefore, the chalcedony

equation (Table I) was used to estimate the subsurface reservoir tem­

perature.

Geothermometer temperature estimates are considered more reliable

if results from several techniques agree. Therefore Na-K and Na-K-Ca

geothermometers (Ellis and Mahon, 1967; Fournier and Truesdell, 1973;

and Fournier and Potter, 1979) have also been applied for independent

temperature estimates. The equations used to calculate geothermometers

presented in this report are given in Table I. Several assumptions

must be made when useing chemical analyses of spring and well waters

to predict subsurface temperatures (Fournier and others, 1974). The

following assumptions are applicable to the silica, Na-K, and Na-K-Ca

geo t hermometer s :

(1) Temperature dependent reactions between water and rock occur

at depth.

(2) All constituents involved in temperature-dependent reactions

are sufficiently abundant (i.e., supply is not a limiting

factor).

(3) Chemical equilibrium is reached at the reservoir temperature.



Table 1. Equations for_ geothermometers

Silica Geothermometers

Si02 (quartz, adiabatic cooling)

Si02 (quartz, conductive cooling)

Si02 (chalcedony, conductive cooling)

Si02(~ - cristobalite, conductive cooling)

(Si02 in ppm)

1522
- 273.15tOC = 5.75 - log Si0

2

1309
- 273.15tOC = 5.19 - log Si0

2

1032 - 273.15tOC = 4.69 - log Si0
2

1000
- 273.15tOC = 4.78 -. log Si0

2

Na-K-Ca Geothe~~ometers (Na, K, Ca in moles/liter)

Na-K-Ca

B

B

4/3 for lCa/Na>l

1/3 for vta/Na<l

and t<lOOoC
a

or t 4/ 3>100 C

tOC 1647
log(Na/K) + B log (ICa/Na) + 2.24

273.15

Na-K Geothermometer (Na, K in ppm)

Na-K

-., .,~.. -.. , ,_ ..' .~-_. -,-'_... --. .._~.-

tOC = 855.6
log (Na/K) + 0.8573 - 273.15

I-'
N
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(4) Little or no re-equi1ibration or change in composition occurs

at lower temperatures as the water flows from the reservoir to

the surface.

(5) The hot water coming from deep in the system does not mix with

cooler shallow ground water.

Thermal Waters of the Study Area

Non-thermal and thermal springs and wells in the study area were

divided into three groups (Satkin and others, 1980; see appendix II).

Group I thermal waters emanate from the Castle fault system and are of

the sodium-chloride-su1fate type. Group II waters are from non-thermal

springs and wells, and have low concentrations of total dissolved solids.

Group III waters issue from perennial springs that have a higher salinity

than Group I or II waters.

Because interpretation of geothermal waters is strongly dependent on

the quality of the analyses, care was taken to present the best possible

data in this report. Analyses of Si0
2

, Na+, K+, Ca++, Mg++, and Li+ were

made using Varian 1250 atomic absorption spectrophotometer at Arizona State

University. A Dionex 10 ion chromatograph was used to analyse F-, C1-, and

S04' Total dissolved solids were determined on filtered untreated samples

by the residue-on-evaporation method (Rainwater and Thatcher, 1960). Field

measurements of pH were made with a Photovo1t model 126A pH meter. Tem­

peratures were measured with an Extech 1200 digital thermometer. A

comparison of our analyses of Castle Hot Spring water with those of

other laboratories is given in Table II.

Group I Waters

The sources of Group I thermal waters are Castle Hot Spring,

Henderson Ranch Spring, Alkali Spring, }1esquite Drip; and the Dodd Well



Table II. Comparative Analyses of Castle Hot Spring.

Engineers Test- USGS Open USGS
Concentration This study ing Laboratories File Rpt. 77- Greg Littin Rocky Mountain

(ppm) mean (1975) 654 (1977) (1979) Geochemical (1980)

Temperature °c 50.4 48 46 45 n.d.

pH 7.8 8.1 7.5 7.7 n.d.

Total Dissolved 662 706 820 750 6/f5
solids

Si02
61 n.d. 58 64 47

Na+ 207 198 200 220 182

K+ 5.4 7.4 4.7 5.7 6

Ca++ 31 32 33 29 32

Mg++ 2.4 2.7 2.4 2.3 1.0

Li+ 0.31 n.d. 0.29 n.d. 0.49

- 8.6 8.0 n.d. 3.1 9.1F

- 143 145 n.d. 140 1610Cl

S04 205 156 n.d. 220 265

HCO; 134 163 n.d. 130 176

n.d. = not determined

I-'
.p..
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(Figure 5). They display a homogenous chemistry (Table III), which

suggests that they originate from the same geothermal reservoir. The

waters are a sodium-ch10ride-su1phate type and possess relatively high

concentrations of Si02 , Li, and F, and low Mg. Underscored reservoir

temperatures estimated from silica (chalcedony), Na-K, and Na-K-Ca geo­

thermometers are similar for all Group I waters (Table III). These waters

probably arise from a deep reservoir witb temperature below 100°C.

Part of our program of water chemistry was to evaluate the consistency

of water composition of Group I springs with time. Samples were collected

and analysed at approximately one-month intervals for a period of one'

year at Castle Hot Spring and Henderson Ranch Spring. The small variations

noted in the data (Tables IV and V) indicate that rainfall or seasonal

temperature variations have no perceptab1e effect on the chemistry or

temperature of the springs.

The discrepancy between the low measured surface temperatures in

Group I waters and the higher temperatures estimated from chemical geo­

thermometry suggests that these thermal waters may have cooled either by

conduction, by boiling (adiabatically), by mixing with shallow cold ground

water, or by combinations of these processes. Adiabatic cooling of Castle

Hot Spring is unlikely because the estimated reservoir temperature is not

hot enough for boiling to occur. Because of the large flow rate and the

quick ascent of water to the surface at Castle Hot Spring, heat loss

through conduction is considered negligible. However, conductive cooling

is possible for springs with a large flow rate if the water moves laterally

for long distances at a shallow level (Fournier, 1977, 1979). For the

other waters of Group I, besides Castle Hot Spring, conductive cooling

is strongly suggested by: 1) small flow rate; 2) similar chloride



Table III. Selected water analyses and geothermometry o~ warm springs and wells of Group I discharging
along major fault system bounding Precambrian granites and Tertiary volcanics in Castle Hot
Spring area. Analyses in ppm (mg/l).

Name
Location
Date sampled
Flow Rate, l/min
Temperature, qc
Field pH
Total dissolved solids

Si02
Na+
K+

++
Ca++
Mg+
Li
F~

Cl­

S04
Geothermometry
Si02 (quartz, adiabatic)
Si0

2
(quartz, conductive)

Si0
2

(chalcedony)
Si02 (~-cristobalite)

Na-K-Ca* (S=1/3)
Na-K-Ca (S=4/3
Na-K

Castle Hot Spring
T8N, R1W, 34? SW~, SW~

May 12, 1980
879

47.7
7.9

664

62
203

5.5
31
2.5
0.32
8.6

143
206

112
112

83
62

114**
77
80

Henderson Ranch Spring
T8N? R1W, 33, NW~

Jan 9, 1980·
10
29,9
7.7

818

58
234

6.8
37

2.0
0.51
7.4

147
312

108
109

79
58

122
82
85

A1kalai. Spring
T8N, R1W, 33, NW~, SE~

Jan 9, 1980
8

31.2
7.9

642

71
215

6.3
16

0.23
0.42

12
135
209

117
119

90
~
128

98
85

*Sample taken from tap * Na~K-Ca (1'1g corrected)

I-'
0'



Table III. Continued,

Name
Location
Date sampled
Flow Rate, l/min
Temperature, QC
Field pH
Total dissolved solids

Si0
2Na+

K+
++

Ca++
Hg+
Li
F
Cl-

S04:

Geothermometry
Si02 (quartz, adiabatic)
Si0

2
(quartz, conductive)

Si02 (chalcedony)
Si02 (oc-cristobalite)
Na-K-Ca* (13=1/3)
Na-K-Ca (13=4/3)
Na-K

Hesquite Drip
T8N, RlW, 33, NW~, SE~

Dec 20, 1979
seep
26.3
8.7

740

73
264

7.4
18

0.34
0.50

14
153
243

119
121

92
70

127
103

82

Dodd Well*~t'

T8N? RIW? 33, NW~? NW!t;
Hay 12, 1980

4....13
23.6
8,0

760

63
239

7.3
26
0.43
0.49
8,2

142
288

112
113

84
62

127
93

87

*Sample taken from tap * Na ....K-Ca (Hg corrected)

t-'
-...J



Table IV. Chemical variation through time of the main Hot Spring's system at Castle Hot Spring.
in ppm (mg/1).

Location T8N, R1W, 34, SW~, SW~

n.d. = not determined

Date

Temperature, °c
Field pH
Total dissolved solids

SiO
+2

Na
K+

Ca++

Mg++

Li+

F

C1-

SO~

Geothermometry (TOC)
Si02 (quartz, adiabatic)
Si02 (quartz, conductive)
Si02 (chalcedony)
Si02 (~-cristoba1ite)

Na-K-Ca"c ((3=1/3)
Na-K-Ca ((3=4/3)
Na-K

10/9(79

51.3
7.6

n.d.

60

209

5.0

30

2.4

n.d.

8.5

147

212

110
110

81
60

114
75
72

10/24/79

55.4
7.7

640

63

209

5.5

34

3.0

n.d.

9.2

155

230

112
113

84
63

111
75
78

*Na-K~Ca (Mg corrected)

11(27(79

54.7
7.9

n.d.

61

208

5~4

32

2.3

0,34

8.5

145

211

111
112

82
61

117
76
77

12/20/79 1(9(80

52.7 53.4
7.8 7.7

648 n.d.

60 59

211 195

5.5 5.6

32 29

2.6 2.4

0.33 0.32

8.7 8.5

141 140

211 206

110 109
111 109

82 80
60 59

113 114
77 78
77 83- -- I

t-'
00.
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Table IV. Continued ..

Location T8N, R1W, 34, SW\, SW\

Date 2/3/80 3/7 /80 4/10/80 5/12/80 6/12/80

Temperature, °c 52.1 49.3 47.6 47.7 47.7
Field pH 7.9 7.8 7.9 7.9 7.9
Total dissolved solids 646 n.d. 662 664 692

Si02
59 62 62 62 63

Na+ 200 202 222 203 206

K+ 5.4 5,6 5.4 5.5 5.5

Ca++ 30 30 31 31 32

Hg++ 2.3 2.4 2.4 2.5 2.4

Li+ 0.31 0.31 0.30 0.32 0.30

F 8.6 8.5 8,3 8.6 8.5
- 141C1 138 140 143 142

804 200 196 189 206 200

Geothermometry (TOC)
Si0

2
(quartz, adiabatic) 110 111 III 112 112

8i02 (quartz, conductive) 110 112 112 112 113
Si0

2
(chalcedony) 81 83 83 83 84

sial (~-cristoba1ite) 59 61 62 62 62
Na- -Ca)~ (13=1/3) 115 114 114 114 116
Na-K-Ca ([3=4/3) 77 79 77 77 77
Na-K 79 81 73 80 79

n.d. = not determined *Na-K-Ca-(Mg corrected) ,
I-'

'"



Table IV. Continued.

Location T8N, R1W, 34, SW~, SW!4

n.d. = not determined

Date

Temperature, °c
Field pH
Total dissolved solids

8iO
+2

Na
K+

Ca++

Mg++

Li+

F

Cl

80~

Geothermometry (TOC)
8i0

2
(quartz, adiabatic)

8i0
2

(quartz, conductive)
8i02 (chalcedony)
8i02 (cr-cristoba1ite)
Na-K-Ca''< «(3=1/3)
Na-K-Ca «(3=4/3)
Na-K

7/17/80

47.7
7.9

672

59

206

5.2

32

2.4

0.30

8.7

143

211

109
no

80
59

115
75
75

8/15/80

47.8
7.9

650

62

208

5.2

32

2.3

0.30

8.6

142

204

111
112

83
62

115
75
75

*Na-K-Ca (Mg corrected)

9/11/80

47.7
8.0

686

62

206

5.3

32

2.2

0.31

8.4

140

194

111
112

83
62

117
75
77

tv
o.



Table V. Chemical variation through time of the Henderson Ranch Spring near Castle Hot Spring, Arizona.
Analyses in ppm (mg/1).

Location T8N, R1W, 33, NW\

Date

Temperature, °c
Field pH
Total dissolved solids

SiO
+2

Na
K+

Ca++

Mg++

Li+

F

C1

S04
Geothermometry (TOC)
Si02 (quartz, adiabatic)
Si0

2
(quartz, conductive)

Si0
2

(chalcedony)
Si02 (cr-cristoba1ite)
Na-K-Ca* «(3:=1/3)
Na-K-Ca (6:=4/3)
Na-K

n.d. := not determined

10/9/79

30.3
7.5

n.d.

60

248

6.6

39

2.1

n.d.

7.4

150

306

110
110

81
60

119
81
79

*Na-K-Ca

10/24/79

32.5
7.9

n.d.

62

234

7,2

41

2.2

n.d.

6.6

142

301

111
112

83
61

124
81
88---

(Mg corrected)

11/27/79

29.2
7.7

n.d.

60

234

7.3

40

2.2

0.55

7.5

150

299

110
111

82
60
125

83
89

12(20/79

29.1
7.7

798

57

250

7,1

40

2.2

0.53

7.4

141

306

108
108

79
58

122
82
83

1(9(80

29.9
7.7

818

58

234

6,8

37

2,0

0.51

7.4

147

312

108
109

79
58

122
82
85

N
I-'



Table v. Continued.

Location T8N, R1W, 33, NW~

Date 2/3/80 3/7/80 4/10/80 5/12/80 6/12/80

Temperature, °c 28.5 28.6 28.8 29.0 29.3
Field pH 7.7 7.5 7.6 7.3 7.9
Total dissolved solids 782 920 n.d. 900 902

Si02 56 59 59 63 60
+ 240 285 274 261 260n'l

K+ 6.7 8.0 7.2 7.4 6.6

Ca++ 38 53 52 45 45

Mg++ 2.1 3.6 3.0 2.8 2.6

Li+ 0.49 0.60 0.54 0.54 0.52
- 7.4 6.9 6.9 7.3 7.1F

C1- 142 168 159 158 155

S04 315 372 345 325 332

Geothermometry (TOC)
Si0

2
(quartz, adiabatic) 107 109 110 112 110

Si02 (quartz, conductive) 107 110 110 113 110
Si02 (chalcedony) 77 80 81 84 81---
SiO

t
(cr-cristoba1ite) 56 59 59 62 60

Na- -Ca''< (6=1/3) 121 119"~ 118 121 117
Na-K-Ca (6=4/3) 81 82 78 81 78
Na-K 81 82 78 83 76

n.d. = not determined *Na-K-Ca (Mg corrected)
I

tv
tv.



Table V0 Continued.

Location TSN, R1W, 33, NW~

Date

Temperature, QC
Field pH
Total dissolved solids

8i0
2

Na+

K+

Ca++

Mg++

Li+

F­

Cl­

80
4

Geothermornetry (TQC)
8i0

2
(quartz, adiabatic)

8i0
2

(quartz, conductive)
8i0

2
(chalcedony)

8i0
2

(oc-cristobalite)
Na-K-Ca~'< (13=1/3)
Na-K-Ca (13=4/3)
Na-K

n.d. = not determined

7/17/80

30.0
7.7

844

58

254

6.8

45

2.4

0.50

7.4

153

329

108
109

79
58

119
78
79

S/15/S0

30.4
7.5

850

59

254

6,8

46

2.5

0.50

7.4

152

317

109
109

80
59

118
78
79

*Na-K-Ca (Mg corrected)

9/ll/S0

29.9
7.9

S84

61

253

6.9

42

2.3

0.52

7,1

148

321

111
111

82
61

120
SO
80

N
\..U
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content but different measured surface temperatures, and 3) decreasing

surface temperatures of waters with increasing distance from the main

spring system.

Group II Waters

Group II non-thermal waters include Chuck's Well, Menundo Spring,

Layton Seep, and Windmill Well (Satkin and others, 1980). They are

characterized by low total dissolved solids (380-580 ppm) and low con­

centrations of Si0
2

, Li+, and F-. The variable geochemistry suggests an

origin through mixing of thermal water with near surface aquifers. These

waters can be compared with thermal springs by calculation of mixing .

models. Chuck's Well was selected for periodic analysis throughout the

year in order to evaluate the role of climatic variations on the chemistry

of Group II waters (Table VI). The similarity of analyses suggests that

the chemistry is little affected by ambient temperature or rainfall.

Group III Haters

Sources of Group III waters include Casa Rosa Spring, Dripping

Spring, Mud Spring, and the Kent Well. These waters also display a homo­

genous chemistry (Table VII) and possess highly enriched concentrations of

Na+, Ca++, Li+, Cl and S04' and relatively low Mg++. These waters are

characterized by a high salinity that is presumed to be derived from inter­

action with alluvium and/or dissolution of secondary mineral coatings of

halite, gypsum, and calcite found on cobbles and clasts in the alluvium

and epiclastic breccia. In spite of the low measured surface temperatures,

the silica (chalcedony), Na-K, and Na-K-Ca geothermometers agree quite 1ve11

(Table VII) and indicate a reservoir temperature between 72-85 Q C. These

waters probably cooled conductive1y as did the Group I springs.



Table VI. Chemical variation through time of Chuck's Well near Castle Hot Spring, Arizona.
Analyses in ppm (mg/l).

Location T7N, R1W, 3, SW~, SW~

Date

Temperature, °c
Field pH
Total dissolved solids

Si0
2+Na

+
K

++Ca
++Mg

Li+

F

C1-

S04
Geothermometry (TOC)
Si0

2
(quartz, adiabatic)

Si02 (quartz, conductive)
Si0

2
(chalcedony)

Si02 (~-cristobalite)

Na-K-Ca>~ (13=1/3)
Na-K-Ca (f3,=4/3)
Na-K

n.d. = not determined

10/9/79

23.3
7.6

n.d.

54

125

3.4

61

18

n.d.

3.7

67

166

106
106

76
55
54
41~

79

10/24/79

26.4
7.5

582

52

156

3.7

66

20

n.d.

2.8

61

163

104
104

74
53
54
48
72

*Na-K-Ca (Mg corrected)

11/27/79

22.3
7.5

n.d.

51

137

3.8

64

19

0.16

3.8

81

170

103
103

73
52
53
48
82

12/20/79

22.1
7.5

n.d.

51

132

3.8

66

20

0.15

3.8

72

171

103
103

73
52
52
47
84

2/3/80

22.1
7.6

585

46

131

3.9

68

21

0.15

3.7

78

158

99
98
67
47
51
47
86

N
V1



Table VI. Continued.

Location T7N, R1W, 3, SW~, SW~

Date 4/10/80 5/12/80 7/17/80 8/15/80 9/11/80

Temperature, ~C 23.5 21.5 26.1 22 21.8
Field pH 7.4 7.7 8.0 7.7 7.8
Total dissolved solids n.d. n.d. 595 598 630

Si02 52 46 51 50 52
+ 151 135 131 134 137Na

K+ 4.1 4.0 3.8 3.5 3.8

Carr 73 69 73 69 70

Mg++ 22 20 21 22 21

Li+ 0.16 0.16 0.15 0.15 0.15
- n.d. 3.9 4.0 4.0 3.6F
- 86 77 79 76C1 n.d.

S04 n.d. 171 183 184 166

Geothermometry (TOC)
Si02 (quartz, adiabatic) 104 99 103 103 104
Si02 (quartz, conductive) 104 98 102 102 104
Si02 (chalcedony) 74 68 72 72 74
SiO

t
(~-cristoba1ite) 53 48 52 51 53

Na- -Ca* (13=1/3) 53 53 56 50 53
Na-K-Ca (13=4/3) 49 48 45 44 46
Na-K 80 85 83 77 81

n.d. = not determined *Na-K-Ca (Mg corrected)
tv
(j'\



Table VII. Water analyses and geothermometry of waters of Group III discharging from Quaternary alluvium
and Quaternary epiclasti.c breccia in fault contact with Precambrian schist in Castle Hot
Spring area .. Analyses in ppm (mg/!)'.

Name Kent Well Casa Rosa Spring Dripping Spring
Location T7N, RIE, 17, SE~, NE~ T7N, RlW, 14, NE~, SW~ T7N, R1W, 14, NW~, NE~

Date sampled July 27, 1979 Jan 16, 1979 Jan 16, 1979
Flow Rate, l/min 100 2
Temperature, °c 27 18.9 24,6
Field pH 7.6 7.7 7.3
Total dissolved solids 1800 1644 1600

Si0
2

56 59 59
+

460 540 495Na

K+ 11 14 13

Ca++ 62 144 138

Hg++ 27 1.3 7.0

Li+ ..., 1.1 1.1
- 0.9 4.0 3.8F

C1- no 525 521

SO~ 990 385 372

Geothermometry
SiO

Z
(quartz, adiabatic) 107 109 109

SiO
Z

(quartz, conductive) 107 110 110
SiO

Z
(chalcedony) 78 80 80

SiO
l

(~-cristoba1ite) 57 59 59
Na- -Ca (8=1/3) 69 119 120
Na-K-Ca (8=4/3) 82 85 83
Na-K 72 76 79 I N

-...J.



Mud Spring
T7N, R1W~ 12, SW\? SE~

June 22, 1980
2

26.2
7.6

1656

55

443

12

Table VII. Continued.

Name
Location
Date sampled
Flow Rate, l/min
Temperature, °c
Field pH
Total dissolved solids

8i0
2

Na+

K+

Ca++

Mg++

Li+

F

C1-

80~

Geothermometry
8i0

2
(quartz, adiabatic)

8i0
2

(quartz, conductive)
Si0

2
(chalcedony)

8i0
2

(cr-cristoba1ite)
Na-K-Ca (13=1/3)
Na-K-Ca (13=4/3)
Na-K

120

6.9

1.0

3.6

565

381

106
106

77
56

121
83
81 I N

00
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Mixing Models

Several factors point to mixing of hot geothermal waters with cold

near-surface water in addition to conductive cooling for the non-ther;ma1

Group III waters. The linear relationship of fluoride and chloride con­

centrations of waters from Castle Hot Spring, Chuck's Well, Windmill Well,

and Castle Creek (Figure 6) could be explained by simple mixing. The

difference in ionic concentrations between waters from Chuck's Well and

Castle Hot spring suggests 42 percent of thermal component. Water from

Windmill Well, which is further away, indicates a 23 percent thermal com­

ponent. Additional evidence for mixing comes from the S10
2

concentration,

which is undersaturated at the measured temperatures. Likewise the higher

Na-K-Ca geothermometers, compared with silica geothermometers could be

caused by mixing.

If the main hot spring system originates from a homogenous reservoir

of higher temperature water that is mixed with cold ground water, the level

of steady state mixing of cold ground water with thermal water can be

evaluated by a graphical technique developed by Fournier and Truesdell

(1974) .. In addition to the assumptions previously discussed for geother­

mometers, the use of mixing models involve four more assumptions:

(1) Initial silica content is controlled by temperature-dependent

reactions between the deep thermal water and chalcedony.

(2) Additional silica is not dissolved or deposited after mixing.

(3) Enthalpy is not lost by conductive cooling or steam loss before

mixing.

(4) The temperature and silica content of cold springs are similar

to the temperature and silica content of the ground water that

mixes with the ascending hot water.
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The model is based upon mass balance relationships between enthalpy

(heat content) and silica content of the ascending thermal water, cold

ground water, and the mixed thermal spring water. Using the measured

silica content and temperature of the mixed thermal spring water and cold

water, and tabular values of enthalpy and silica at selected temperatures,

the temperature of the deep hot water component and the fraction of cold

water in the mixed thermal spring may be obtained (Table VIII). The

following equations were used:

E
h

- Tws
xt = Eh - Tcs

Si - Si
h ws

xsi SL - Si
n cs

where:

E
h

= enthalpy of hot water at selected temperature (Table IX)

S~ = silica content of hot water at selected temperatures (Table IX)

Tws surface temperature at Castle Hot Spring = 51°C

Tcs = surface temperature of cold spring = 21°C

Si = silica content of Castle Hot Spring = 61 ppm
ws

Si silica content of cold spring - 35 ppm
Cs

Values of x and x . are plotted versus temperature in Figure 7.
t s~

The intersection of the two curves gives the estimated temperature of

the hot water component and the fraction of cold water. The chalcedony

mL~ing model yields a reservoir temperature of 100°C and a cold water

fraction of 62 percent.

THERMAL PROFILES OF EXISTING WELLS

Neasurements of geothermal gradients were attempted at several



Table VIII. Calculated values of X and X . for chalcedony mixing
model solution, Cast1et Hot Sp¥ing.

Hot \\Tater Temperature ( °C) X
t

Xsi

70 .39 -.08

80 .49 .29

90 .57 .49

100 .62 .62

no .66 .70

120 .70 .76

130 .73 .80

32.
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Table IX. Enthalpies of liquid water and chalcedony solubilities at
selected temperatures,

Temperature (OC) Enthalpy (cal/g)
2

Chalcedony (mg/l)

70 70 59.0

80 80 71.7

90 90 86,,4

100 100,1 102.9

110 110.2 121.9

120 120.3 l42~4

130 130.4 165.4

1 and others (1969) .Keenan

2 generated from:Values

SiO = 10I~1032!(t + 273,15»)
~ 0.09

2(chalcedony) -51. 665 x 10 '
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Figure 7. Plot of mixing model data for Castle Hot Spring.
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existing wells in the vicinity of Castle Hot Spring. However, the

following difficulties severely limited the success of this program:

1) }illny logged wells were isothermal. 2) Poorly marked exploration

holes usually could not be found. Those which were found were plugged

due to collapse. 3) At some wells instrument failure was encountered.

The only successful measurements were compiled for the Dodd Well

(Figure 8) where a temperature of 38° was encountered at a depth of 90 m.

The very high thermal gradient (approximately 100°C/Km) is nonlinear

and indicates an area where warm water is rising toward the surface.

The non-equilibrium conditions suspected for this well preclude the

determination of the heat flow, although it would appear to be well above

normal.

HEAT SOURCE EVALUATION

The three possible mechanisms that were considered as a heat source

for the Castle Hot Spring system include recent volcanism, near surface

high radioactivity, and above normal geothermal gradient. Although the

area was a center for volcanic activity about 20 m.y. to 15 m.y. B.P.,

residual thermal anomalies from volcanic activity should have dissipated

long ago. Without new evidence for young igneous activity, this possible

heat source will be discounted.

Analysis of natural radioactivity of the rocks at Castle Hot Springs

(Table X) suggests that some units, especially the Chocolate Drop latite,

have abnormally high levels of radioactivity. Field measurements gave

average radiometric readings of 34 vR/S for the Chocolate Drop latite,

compared with a value of 17 VR/S for the Precambrian granite. Results

from most samples sent to the University of Texas, El Paso, for KUT

analysis are still outstanding, so a quantitative interpretation is not
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Table X. Radioactive elements in various rock types,

Rock Unit UR/s
1

K 0
2

2 K
3

U Th

1.5 (0.27)

24.7 (3.89)

7.2

1.4 (0.21)

19.1 (4.09)

2.0

2.2 (0.77)

2.3

4.5 (0,13)

Precambrian schist 10 (1,0) n,d.

Precambrian granite 17 (1.1) 3.9 (0.74)

~asa1tic lava 8 (2.0) 1.3 (0.08)

Rhyolite tuffs & lava 17 (1,1) 6.9 (0.90)

Volcanic breccia 18 (2.1) n.d,

Epic1astic breccia 10 (2,0) n.d.

Latite of Chocolate Drop 34 (6.1) 7.1 (1.00)

Latite of Hells Gate 16 (1.3) 3.8 (0.36)

Vitrophyre of Hells Gate 8 (0.5) 2.9

1) Field radiation measured using a Ludlum model 125 scintillation counter. 2) K
2

0 values are averages

of whole-rock analyses performed at Arizona State University by XRD. 3) K-U~T measurements were

performed at the University of Texas at El Paso using gamma-ray spectrometry. n.d. = not determined.

Numbers in parentheses are standard deviations of multiple measurements. Some data on K-U~T measurements

are still outstanding.

w

"
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possible at present. The data will be included in the thesis by Satkin

(in preparation, 1980).

Because thermal probing within the study area was limited to ~nly

the Dodd Well and regional profiles are at too great a distance to be of

direct use, a definite statement regarding thermal gradient and heat flow

within the study area is precluded. However, the region does exhibit

high heat flow so that local areas of high thermal gradients are reason­

able. The limited available data rule out a volcanic heat source but

make radiogenic heating or deep circulation with heating by the normal

geothermal gradient both seem reasonable possibilities.

CONCLUSIONS

The geologic setting of Castle Hot Spring consists of a Precambrian

basement of granite and schist that is overlain by a maximum 420-670 m

of volcanic rocks of an approximately Miocene age. Toward the end of the

volcanic cycle large-scale northwest-trending normal faults formed a

series of horsts and grabens. Large listric faults allowed sheets of

Precambrian granite to come to rest on top of volcanic rocks along the

Castle fault system. This structural setting controls the location of

the major high-temperature springs and wells (Group I) in this system.

The thermal system is a steady-state low temperature hydrothermal

resource. Chemical geothermometry and mixing models indicate a maximum

reservoir temperature of 100°C. The size of the resource is much more

extensive than previously recognized. This regional geothermal system

may extend along the entire southeastern flank of the Bradshaw Mountains.

The heat source is not well specified, but may be due to a shallow source

related to radioactive heating or to an abnormally high geothermal gradient.

The present information favors heating by the geothermal gradient due to

deep circulation.
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The hot water rises along the basin-and-range faults and mixes with

cold near-surface water. The resultant warm (~50°C) water emerges along

the intersection of listric faults with the larger basin-and-range s7stem.

Recommendations

Because this low-temperature geothermal resource is of possible

regional importance and because it lies in a zone of probable suburban

development, the actual extent of the system should be determined. Mon­

itoring for geochemical and geothermal evaluation should continue at the

present thermal systems. In addition, new thermal wells and springs should

be added to the inventory until the limits of the system are defined.

Expansion of the net as in the vicinity of the Kent Well (TIN, RIE, sec 17)

should be of primary concern.

The hydrology of the geothermal system also needs further work.

The residence time of water in the system should be determined. A single

sample of Castle Hot Spring water is being processed at the University of

Arizona for radio carbon systematics to be used in age modeling. However,

additional data should be collected and other analytical techniques (for

example; freon analysis) should be used. The nature of the hot and cold

water mixing should be tested with stable isotopes of oxygen and hydrogen

in the waters and the hydrothermal alteration minerals. These techniques

applied on a regional scale could delineate areas of possible future

domestic applications of this large low-temperature geothermal resource.

Because of the questions that still remain regarding the hydrology

of the system (size, depth, source of water, source of heat, nature of

the aquifer, etc.) we recommend that no drilling be done in the vicinity

of existing springs without additional geochemical data to answer some

of these important questions. This is especially true for Castle Hot
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Spring where such drilling could upset the delicate balance of flow and

would probably be of little value for production at this time. On the

other hand, drilling, sampling and testing of wells on a regional basis

could be of &reat use in defining the regional extent of this system and

might lead to actual production on a reasonable time scale.
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APPENDIX I

THE GEOLOGIC SETTING OF CASTLE HOT SPRINGS, ARIZONAl

1 In Geothermal Resources Council, Transactions,
v. 3, 1979:""
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C.lltl. Hot Spf1nRJ H JOC-.l,,'1J 1n u trlo\Jnl.1H''1
canyon 10 'Ilft nor:nlJCJl of cennnl Phocnh.
«(i~" i), A rrl".tely .. c)\,:ncd tl'sOrt h.:lS cxi'Ht'd
on the- '1te S10C'(' 18'11. In J97i th\,.' prOJlt,.."rt\, ...·~l~

llf·Quir.d b~' the ArLzon:\ ~tltC" Un\VI,H1IP' FO'u;\d.'l"
tlor" S1MI,.· thcf'l the: (.oel1Jth.. , h.,..,\.· 11-.'''''' u~\'.'.!

.:»J ,) univtnity aft11i:Hed conr",rC'n(f' center ...·jEh

.I c.DP<lc.lty o( about ~O American -pl.n p•.,rtJc1J:l.:lnt);,
The Bprln~ provides hOl \,Iller for dlr('.:t t.ar Yh·.

Thl' hot cpon,: vlILer l' ah(l cooled .. ,,~ ulied tor
dr1nk1n~ Viler.

n , 4 " I 10 UM,I••

- -".....: ..
j :-/.:;')

j

1

f,
(

'01\1 (Jl'lrJ r-­
•• (lto'I~NlI A'.Q\~

r.1J;.:. 1 Location map of C,u:lh' Hot ~~rtnJ!.L



:\ pi.lll for Jir,<"l:t-u.sc ~cotht'rnl:11 uevC'louTI;lt,.>nt
llf tIll' reSl,.lllu·C' for Sp;lC.:' h<,';Jt lnj::. ,1nJ ("onl1n~s

h.l:' ht,\,.·t1 J",,,,\,.. l11PI'U in ({Hlp"'ral inn I.Iltll tll~ ,\St:
/ounJ;,.ttilJn. Til\,.' (trst ph.1Sl· or this rlan,
J~l\'rmln •.eiun tlf tlh."··dl;!t.Jil~u geoJJucil'
fr.:'ll'lw .... nrk oi tilt' lh",rm.:ll systl,.·m. 1..-
.:urrcnt 1,· 111 prU~TI..·S~, ThIs rl..'p0rt pro\'IJts
:;;11"';1.' lll(~'rtnJtIC1J on tht> "t'r)cf.11 1;1,.'010,::;1," s('lt1n h
,'I thl,,' :ij"lr i n$;~.

Df.SCRtPT10~

C.JSl;l' lIot ~r"dngs is ~HU.lll..·J olt thl.'
Ih1rtlh.'rn "tH,.lUnJ.1r\, oi .1 7~rtl.lry \'nl..:.;'Ioo­
t~',·t~nj\' ..:r.Jo\'l1 til.H SI,.'ptlrolL·!" I'rl'\·.1.tl:Ibrl"'lr.
::;,:111:.t:i tl.l thl,.' sOllth\Jl;',~;[ (rOel ~r.,n\[ll' C,ll'¥,:-; y(

lit\,., 'iC.1~h.h:I"" ~lount.ains [0 thl..' north .... .:lst, The
';,';..:a01c r0c ..... s .. t:r .... t>tuJh·J by '..'.1rtJ (l'Jii), lJhn
rr')\'iucJ .1 j1.1.'01ndc milr ;.It .J s .....,l~ of 1:~8.000.

.J str.1t.II:r;lphll· st!ct lon, .....illll~-rod: dll!r.ll\·.·.l

.ln~J1yst·s, ,Inw ;1 structur.;!l :lnu tl.'ttonlC settior;.
Th\' ~1".·JlI,.·r~ii~I..'J str.1tigr;lphy tJf th\.' :Jr\,l.J consists
()i j'H,\·;tr.ll.lrlan schists .1nd gT:Jnlt.lc rtlcks
\J ..... l..'rl~lll un..:-oni'lrra.1bly tl\' JOO-':'SO ~ ~l h~sJlt

l,I\';j!':l :lllJ rll\·ol.lti .... tuffs \Jll1.l.'h .:lre in [urn
o\'I.'rbjn by ~~prox.i=.1tcly I:!O 1:', yr cpicl.J::Hic
fHI.,,\,l:J: ,IIlJ qU:1Ct:. l.:ltitic l.Jv:J:&. A nut:lb~r ('Ji
vthd ...·ur':! Sprlnl!,5 .Jou .... :lrn \,J.JtCT \Jcl}~ arc
1,,~,JtI.'J lr: CI\\,.' hy\.lrolo~i( b:lsin of C,JSt}\'

(r ...·I.·" ,
Till,' "'::l...;til..' llae Srrin~s vole,Jnic ficlJ

lil,.':i prl..'J,'mi11.'1ntly I.'ithin .:1 :.~....' t", :'~

tn.'lll.':~:1c. l:r,10,·n ....hich is r\.'l..Jtl.'J tC' volc..'lnl'"
tl'l.:t"lli~ ~ub~ .. Jcnc..:, ~lumol ~J.lJl'tln~ .1nJ
tiltin-.: '·:I.1f:;Il:I.l-·ri%~ strucl.urc~ \dthin the
':'.II.)('n U;;.:.. :), C,J};t~l' Hot Srrinc.:. hcs
.l;,lfl~ t!l\,.' =.rl'nJ ,'I' thl.' :;r ,:r.l0en C'.ast,,'r fault
...·In.fl.' Jisplac ...·r.'ll..'nt is ",\j'f":"~l~<lt('IY JOO Ill.
..\ltilwJl:h :'OVC::'l:nt :livn~ this .In''; rel.:HcJ {;Jults
Js j1rl~.Jril~· tl.1 ~:I()CCnl' ....olc.JniC sllbsJ.ucncc, :norc
r""~·l'nt !;u,dt ::lOVl't:'lent e.a'" bl.! ro.:l;][cJ to 10tJ,\
.h.!just;::cnt .:liong B:lSln J.~o RJnl.:e f.Jults. l)cl.1i1S
Lli thl.' L1Ul:'.lnc. Jre cor;plex Sl' ch.:lt .:urr(lnt
r.J.jppln~ .Jt ,) ,c.lit! o! 1: 1.000 is noceu.ar;- to
l>Jc:\t. ... surr".Jcc cXprltS'lOO o( ;.lults th.:lt C.1n be!

iHOJ~""U'J to deptll.

l,;iu ... -sprC;JJ hydrothcnn.1i .1ltcr.1tion of
vll].';}nii rocks in the nrc,') is rc:1Jtf:d to hot
"ipriltCs .let ivlty. Fuuntl11n-1ikt Jeposits of
np.111nc ~'1lt.'.:1 ilntl ch.11('cdony J.oU a siUe.:!
sjnt.cr Jtkl..' t1l.1[ lH>nl.!l. illon~ the northward
strlb: or :I (..'lult indit'Jc(: thl: position of
JIlL'l",nt IIIJt spfin~ u('tj\·lt~·. ,\ bro.:lu Jreo1 of

l' ~oI\' .Joe Seflclt ...' .Jl t\.!f:ltion of surince m.:lterials
5 t'l 10 io:.m norti; of the hot spr ing hils Deen
.... xtl'I1S.1vC!y cxpiuf{·...; for bJlH' Jnd precious met,d
dre W""pOSltS .1t \Jl.'flltl,

,'h!iJsurtJ surf;J;l.:e [C'~pcrOlurE'~ 'It C,Jstle Hot
Sprin~:; r:ll\l-:~ bet .... clm :"flw .1nu 50° C .... i th a flo,,",
r.Ht.' ."'Ii 1300+- 1)0 l/min ().:.O g,Jlhnin). The
..·.ller is unu;u..'lll~' purl' (T,Jblt, I) I,,'ith only
700-800 pm toto! dissolved sollds, The ~a-K-Ca

und silic;'). f:l!otherrnometcrs rcport~u in L·.S.C.S.
Circul;lr 726. U.S.C.S. Open Filt.' Report 77-6)t..
.:IS \Jell ;1.5 gcuchem.lctll Jilt.:l detcrmincJ by our
l.:lhor.:l:tory sUI,;J:;cst ,1 muHmum 6Ubsurf.:lCC
tcmper.:llur~ oi 900 to 1100 C. If the model llf

dt:~p o.:lrcui~tlon of t1ct~ori(' .... .:iter sho....n in
}'j}.!,ur~ ~ i.s .::Icc-uc.nE:, dt.'ep tCtn£ler.1tures could Of:;'
much hi~h('c due to r:',lxinr. of th .... ueep hot fluid
.... ith shallov cool cf .....'l(cr.

The hC.Jt !;l,)Urc\: ior the present hot sprinE;
.Jct;vity Is unkno""'l1, Althoue,h most hot '..:ater
loc.Jlitics in the P•.Jsin .:lnrJ Range Pro~ince of
Ari:z.onoJ "re rcl.Jtl'u to ot.'ep, :dluviuD'l-filled
b.:lslns. C,Jstle Hot .sprin;.:s is in an oJrea under1:Jin
by crysl.1l11ne cocks, '... .:ltcr r(!ch.nge is fror:'J
the Prt.'c;1mori.ln cryst.:JIIine b.Js(.'ment of th~

Br.1J~hol\o ,~\~lunt.l1ns. Dr.1inul;C' is provided tn the
;.Ife.: bl' ;";,Jrfi.J5 ',,'ash .Jnd C.Jstll' CrecK.. bott, of
...,otero :10...· interr.itll,'ntl;,' intG the Agu~ fri~

RJvc,,:,. Loc.:Jt)o:", of ~hl: ~prinl!s olppeJrs to bl:.'
controll(·J b\' the ~r:lben mast~r i.:lult zone ""hich
Jls(~ lnrl'rse~ts " ~E:ries n( Prl!cumori.Jn pe~m.:l::llE:
bodie!;; tli.1t h,)ve bcen ::li;)('o for lithiur.', .:lnc'
ur:mlUft. Thl,.'sc r~t:;miltjt~s lie in the rcchar~e

.1"1'"(·J co( the s;Hi:1gs {lnJ :7:.1Y ht.:.:lt l=round .... .:.ter
tllrougn r,JuiV.1(tivL' JI..'c.iV. Oth~r heat sources
sUI:h ,JS oXiJ.1tion oC sulfides or the presence of
:J hurictJ pluton arc possitlt....

sw
NE

i
2,km

CHS
I. /

Fill· ru~ sCi'llc ernss s\'~:'i;jn JcroS!;
oc~ti,'n "r C.1St ll' Hnt S~riTl~:>.

r0um.l ....'''itIo!T ;'10..' llneb Shl\\o,Tl by

the volc..'lnQ-tectC'nic ~:.lber.. CBS sho,,",s :.he
:<Jult Jlsplacc:7lents snu ...·n b\' snort lIrro .... s.

long 3 ['to\Js •
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CO~'C...!:S10~~S

A staaey :'1."1\,' of a l&lrg~ Clu.:lnti[~· of hot
"',ster at '.<I$:.il> nOi. Sp:-inhs tn~"'['5 it .3r.
attractlVt r:c·otncrt',.:ll resource- {or devcl(lPPcnt.
On-golog ,-,'Of;" ir.:ludin,:. oet;li led ~col o;.:i(
::t;ppin~. th" nt.:.l 1 logt:inJ; cf t'xlstinc 'Wl'll£. anc
...·ater anc rock j::\.'ochct:.1liitry; th(.' Sllv lOT ;.
lest .'ell ~imcc' ~t C\1,ii,u.:Jtlon of the rL'sourCl'
shoulc b(' dctcTrIlin"d by tht.- (.:.1) of 19~O, D('C'p
circ-.:l..1t.iC':-, c:' fflcLC'orlC "'Ol.llJr ... thrClu$:h ro<.:'. ,,"'j til
... hi~r. ~eiJ:.ncnr,G.~ "r;.l~H'nt is thL' stron,c.c!'i
hypothesis at tr.l~ tim.: for cxpL:m~t1on of the
hot ....at~r.
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HYDROLOGIC StTTISG

Figure 1. Location mAp of Cutle: lIot Springs,
Ar1&ona.

mal resime beneath tht low-angle fault from a
Z.one of conductive heat trans"ort anc probable
fresh water influx above the principal fault.
zone.
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INTRODllCTIOI;

A geochemic:..al 6urvey of 6prin~6 anc wells
in the Cast.le Rot Springs area. Ariz.ona, shows
that three groups of waters c.an be distinguished
by salinity and chemistrj', The thermal vaters
of Group I range frOlll 640 to 620 PP" TDS. and
the waters contain high concentrations of 5102,
Li-+-. and r-. The non-thermal waters of Croup
II range frOlll 360 to 560 PI'" TDS and contain
10" concentration. of Si02' L1~. and r-, The
non... the.rmal waters of Croup III range frat
1&000-1650 PI'" TDS and contain the highe.t con­
centrations of Li+ t Cl-, and SO~·.

Ca.tle Hot Spring. i. located 70 ... north­
wes: 0: Phoenix. Arizona (Figure 1). It 110 prel­
en:.l)" bein~ evah.lated for direct-use p.eothennal
development of the resource for space heatinp. and
cooling. The results of hydro~eochemical 5amplinp.
of theruil and non-thermal springs and wells 1n
the area are presented.

AllSTRACT

The discrepancy between the low measured
surfacE: temperature at Castle Hot Springs, anc
the hist. temperatures est1matec frem che::ical
geo:.hertllometry suggest thermal waters ma)' have
cooled either by conduction. Qoil1nS or =ixinS.
The ehalcedon~' mix ins model yields a· reservoir
tmperature of 95·C and a cold \later fraction of
56~,

GtDLOG1C SETTWG

The g.eoloGic setting of Castle Hot Springs
has been discussed by Sheridan et a1. (979). R~­

cent detaile~ geolog ic mappin~ has documerotea 8

lov-ant-le slump fault displacine:, an allochthonous
block of Precambrian t:ranite on top of a sequence
0: Tertiarv volcanic rocks. The allochthonous
block has been altered and is stron;l)' brecciated
an' jo1ntec resulting ir. increased permeability.

Mixing of hydrothermal fluids and cold mete­
oric \later may besigni! iean: alon~ this low-an/:lc
huh, Kid.on and Moore (1979) have de.oribed a
si::ilar geologic sit.uatior. at the Cove Fort-Sul­
phurcale geothermal 6-ysten: in Utah. They sug.gest.
tha:. the allochthonous rOCKs may serve as ather ..
mal cap on the syster.'l separating 6 convective ther-

The thermal waters of Group I displO1y fiim­
l1ar physical and chemieal ci'ulracteris:ics, 7he
\la t ers of Croup 1 arc: Can 1 eo Hot Spr in~s. Al K.:J­
lai Sprins. Henderson Ranch Sprin~ and the nt"'td~

well. The thcr:al ....aters occur alon~ a O,e. k.'t
alij::nment trendin,: :,.'5·"", ",'hich coincide.- \o'itr.
the trenc of a major fault syst ern boundinj.: T'rl'­
cambrian crystalline rock!> anc TcrtiDry volcanic
roeks. The' thermal spr1n~.- 0111 etr.anatC' at an l'l­
eVo1tion of 658 meters alon~ the same' f au) t F:y~t~

Sus~c!;tinJ: 3n apparent hydrostatic rela.:.ionf:lIip,
The thermal ~aters: dlRplay a homoJ.!-enouf; cht=ll'Otry
which indicates they probably ori~in>:lt(' fror.: th~:

same ~eothennal reservoir.

IIATE~ SA."lI'LING M:D ANALYTICAL PROCEnl!~:'

Ar. imflortant aspect of this invcsti;.:.ation iF.
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Tahle I. Clu."IJl1cal analyses and calculated reservotr temperatures of springs and wells In the Castle Hot Springs, area, Ar Jzona.
Analyses afe in ppm (DIg/I) unless otherwIse noted.
________----L

Name,Group (I. II, [II) Castle flot Springs, I lIenderson Ranch Spring, I Alkalal Spring.I Hesquf te Drip, I Dodd lIeU,1
Location T8N.RIII.]4 .SII~.SII~ T8N.RIII.]].NII~ T8N,RIIi. JJ,NIIl",SEl" TlN ,RIll,]] ,NIIl",SE" T8N ,Rill ,JJ,NII",NIIl"

Temperature °c 54.7 29.2 ]1.2 26.8 2].6
pll (field) 7.85 7.70 7.85 7.90 8.00

S102 61. 27 60.42 70.78 11. ]9 62.69
Na+ 208.03 214.47 214.67 25].88 219.26
r- 5.42 7.n 6.32 7.38 1.29
CaH 32.42 ]9.12 15.78 11.40 25.68
f18+t 2.]2 2.23 o.n 0.48 0.43
u+ 0.34 0.55 0.42 0.54 0.49
r 8.45 7.45 11.88 12.54 8.19
cC 145 150 135 150 142
S04- 211 299 209 228 288

Ceothermometry °c
SI02 (quartz ,adiabatic) 110.9] 110. ]4 111.10 111.47 111.89
5J02 (quartz. conductive) 111.54 110.85 118.76 119.19 112.67
5102 (chalcedony) 82.38 81.63 90.22 90.70 83.60
Na-K-Ca (6-1/]) 111.08 124.68 127.50 128.64 1~).05
Na-K-Ca (6-4/3) 75.94 82.61 91.95 103.32 92.7J
Na-K 17.]0 88.86 85.09 84.26 87.34

'"....
"

Name,GroupU,II,IlI) Chuck'. lIeU,1I Menudo Spring, II Layton Seep,lI IIlndmlll lieU, II Caa. Roaa SprlnglII Dripping SpringlII
l.ocatJon TIN, Rill, 3,SII",SIIl" TIN, RIII,I4 ,NII",NII~ T7N,R2I1,I,NII~,SI/l, T1N,RlII,],SIIl",SWl" T7N,RIII,14,NEl",SIIl" T7N,RIII,14 ,NII~,NE~

Temperature °c 22.3 21.8 20.6 20.5 18.9 24.6
pll (field) 7.45 7.55 8.00 7.55 7.70 7.25

5102 51;0] 75.55 39.11 42.22 ]6.82 30.50
Na+ 136.89 25.37 15.30 9].54 539.54 494.52
K+ 3.8] I. 70 1.62 ].45 n.86 n.28
CaH 64.47 82.82 88.78 70.15 144.04 131.90
HgH 19.29 16.37 14.08 22.26 I. 27 7.01
u+ 0.16 0.04 0.06 0.11 1.14 1.05
F- 3.8] 0.45 0.30 2.11 4.0 ].8
Cl- 81 ]9.8 II. ] 50.2 525 521
S04- 110 23.7 8.6 122 ]85 ]12

4',;eotherlUemctry °c
S102 «Iuartz. 0(1t a h;tt J(.) IOJ. JJ 119.95 92.92 95.87 90.62 63.65

~
Sl02 (tltl:ll'"t z.nlluhwt Iv.·).l)l. 7{ 122.11 90. (.9 9 /, .1)8 68.0(, 80.09
'lI02(ch~lcf'd"ny) 12.91 93.86 (,().O~ 61.61 57.21) 1,8.10... No-it-C. (6-1/1) 109.86 120.60 132.28 115. IS 119.]0 120.22GO
lIa-K-Cll (6-4/]) 48.01 10.93 5.1.4 40.37 84.58 8].15

:a Ila-K 61. 60 148.06 19].76 100.40 76.42 19.20

... ._--_._---_._._------ . .------_..~-..
'"



to test the \'ariation of water chemistry with
time. Te::perature meast.:r~ents anc ,,'ater s4mples
collected at each samplin~ site Werf' taken as
close tC' the source SF possible and at the s~:na

location throup:hout the samplini; period. Tem­
peratures 'Were measurec ,,'ith ar. !.,:tcch 1200 di~i­

ta: thermometer. ThE' nH ..'as det.ermined ir. to(
:ieic or. an ur-.:ilterec sat'lplE ..'itt. a Photovol t pH
i.'iete-T :26.~.

i-:a:.er sar.;ple:- colleet~c for che::lical an.:ll';!'\i~

....erf a:1al·... zE>c jor SiO'). :;0;-, K-. C.:i""""'"'. Xo.:-. 3nc
L::'- or. .s \'al'ian :150 Atcr.:1C Absorption 5rtpctro­
photometer, :-, C1-, anc: 50"," \oIl!T~ an~lyz.ed or. £I

Dione.>: 1(' Ion Chro::-:3tOl:raph. Total distiolvw
solids .... ere determinec on' filtered untreated sa.":l­
ples by th.: residue-on-evaporation m\.'thC'd (J\;:ain ..
",ater anc Thatcher. 1960).

!ht- t.hereal \l:~ters (Group 1) O1T(' :l f;odiurn­
ch1orioe.--sulfate (\'rH=:. Tilt.: wateri" have- Tl:lativp­
1)" hi;.:h concentrations o! Si02' Li". and ,- one

5atk1n ~t. aJ.

10\0 Mg.... (Tabl" 1). In contrast, the non-thcrmal
lo:at.ors (Group 1]) arc enrichCfc in C.3"""". anc ~:;.:"'­

flnd have- 10'-lor concentrations or 5i02 • Li'+. one.:,- .
J,,'lthin the non-thcrr.ml l.!TOUp 0:' "'atcr5 a sub­

,l!.roup 0:" _.J.teT~ (Groui In) CiJ:": bC' cistin:..:uisnE.'c
b~ thair hid'; s,g,liniry. Bot.h CQs~ kOS;1 ,:mc Drip­
r.in~ Sprlnt:s iiH' hi~lil:" cnrichC'c! ir. ~;~... C,1-. L~·.

C1-. anc SC',,:. It is nosliibh· :.ro:. tht:'se w.Her ...
fcllo,"' a different h\'crolo..:.ic :10...· p'ltt.crn. T:H.'·.
tl.:J:' dcrh"" tbcir ill;'::'. Cj,Jlinity [ro:':',. c.issolu:,J\li.
of limestones anc; evaporite~ th.1t crcp out :0 b:
tC' the' west. /I ilc.:lvy isotopic sh:n:nurl" T..:l:. COl"l­

firm thi~ sug~"HHion.

'rhe measured tiUr!.1Cl' tcmp",·nnurl." at C.l.lHl\'
Hot. Sprin;.:s ro.ng~,.. b ..'tWl·un t.; ,f.~C o.n~ 55.':'·C ,,·it.h
,'J flo",' r3Le 0:' IJO(l lh::in ()~(,.' ~.::Il/r.:in). Trw
sflrin~s Werl' s.;Jr:::plcd pC'riC'ldic,'Jlly 0-':' wl·",·k inLer ..
\'011.1=;) to tNa til,,· variation 0:" C}lL'::".ist.ry ...·it!:
Limc..·. ]t is e\'ident trorr: til",' citurr.icill anul\'~,,·~

li~t.(·c ir. T:Jol(' 11 th.l: thl~r~· 110:1'" n,,·t·r'\ n('l Hi ...nli j­

C>1nt C!kJr.":l· in L:ll' mal" srrln..: ~YFiL(>.':·s crW.":ll~;t.r;;.
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Table 2. Chectcal variation through time at Castl. Hot Springs I ,\rizon.:l. Analyses 1n pp'" (Clgi 1).
._---~-------- .------- "-~--"-

Date 10/9/79 10/24/79 11127/79 12/20/79 li9/80 213180 31i 180 4/10/80 5/12/8U

temF. ' DC 51.3 55.4 54 .7 52. i 5:5.'" 5~.1 49.3 47.6 47. ";
pH 7.60 7.65 7.85 i.75 ;.70 7.85 7.80 i.55 i .ES

5i£: 59.70 63.48 61. 27 60.27 58.68 59.37 61. 79 c~. 01 6:. ~5

i~!
209.0E 20B.75", 20B.03 210.89 195.27 199.6- 20:.1: ~:l. 56 20:.93

... 9, 5 ... 9 5.42 5.50 5.55 5.35 5.b 1 5.39 3.>-:'
Ca::: 30.33 34.0.:. 32.41 31. 89 • 1S:.':'~ 29.78 29.52 31. 07 31.':',-
!':£~ :<.3'; 2.99 1.32 '::.6:" 2.37 :.31 :.41 :.43 : .50
1.i· n.G. ro.c. 0.3" 0.33 0.32 G. JI 0.31 tJ.JO c. :;:;," &.50 9.16 &.45 ~. ';0 e.53 , B. 61 S.4 i S.31 e .04
Cl"

=
1':"; 155 145 141 1_0 141 De 140 1':"3

so, 212 230 211 ~ll 206 200 190 189 20t·..
:~c t~; n.c. 0 not Qctcrmint!2

L2
4lJ(j c7 0{.Tourt 111 \.troup III . i
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,:':UTIIElL'!,mr.TRY

The tcmperiJturc of thl.! ~t!\,)thernuJ,l r\::servoir
.n CoiJlHlc: Hot SprinGs h.1s bet.!n cstim.al~l.l :,~. the
~L1 icOJ ::.coth~rmomctcr (Fournier iHld Rowe. 1966) 1

the :O;a-K. and :';OJ-K-C,J ~eot hcrmometers (Fournier
.J.nd Tru~sliell. 1.973. TOJoll.' I). Thec:alcul~tcd

solubility of ch.31ccaony closely approxim.ncs the
~i.lic.:t cont~nt Olt Cal:itle Hot Sprin)o:.s. Thus the
chalclJoony ~I::!othcrmometer yields the t:!06t reli­
i.lbl~ t'btl.:::iJte \)( OJ01ter te:n~')I,!riJc.ure olt dep:r..

ur:.:e tr;lv~rtine oepo6its occur neOlr C01tOtlc:
Hot Sprlnlotb. Thl.! cJeposition of c~lciuCl-C::J,rbon01te

... ill JccrcOt>c the coiJlcium ion c:oncentrOJtion O1nd
should yic:lcJ .:.Irt i! ie L1l1~' hi~h tc:nperOJturc est i­
m:ltes. However. the Xa-K-Cil lo:eothermometer esti­
:nolte clotielv rt:s~bl~& both th~ ::3 ...1\ and SiO.,
~l!otht!'rmcr.lI.!.ter est im01Coeti. Tr:J\'ertint! m:Jy not be
ciepos1tt!'d durinJ.: the r3picJ ,)~cent of the fluid.
jUt\t at the surf;:acc 035 the dh;tiiolved C02 bubblcs
oU Ole at!:lospneric pre6li:Ure .lnu lowered tempera­
ture..

The c:h:11cedony ;.;eothcr:lometer ~1veti <In esti­
m.:ltcL! subRur{OJce cc:znper3turc oC 82·C which i6
o100V\l the tiourface tenperAt.ure at C.:ualc Hot
Sprin~s (51·C). This low suriilce wiltCl' tecpera­
turc.:n~y possibly be due co h~.::lt 10tl6 t.hrou.:h
con(juct ion. bo il1n\:., or mixim:.. BecOJuse of the
l..lr~c flo ... r:atc .:It C.::l6tlc Hot $prin:;s. hc.1t 106s
t:1rou~h conduction mil:' be nes:liblc. Coolin~ the
,J~ct.!ndinl:. therll'.o:al WOlter by ::tL'<ln,;;:, 1J1th cool
..:roundw:accr is" ~ore prob3ble b,,·c:J\.l":,,· nu:twruu,,"
intCrsectlns:, i~ult.6 ::lay provide p016&aAewoys. The
~r~phic;Jl :\i.'(in~ model tiolution (Fournier and
1r,\lcsdell. 197.'.) usinS ch031cedony oiJS :he ':1.5­
solved sil!e,:) phi:lse in equilibrium with the hot
tiprin~s' .o1tcr yic.lds ;l 5ubtiurfo1Ce tenperOJturc of
95-C .:lnd ~ cold 'JOlter !r3ctlon of 56:. Thiti tern:­
pcr01ture 16 simllo1r to the c31culated Ioteochermom­
~t('r temperatures.
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