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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). vAppendices I and IT 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 construétion 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 (ABGMT).




GEOLOGIC MAP

Geologic Setting

Castle Hot Spring (Figure 1) is the highest temperature hot spring
in thé Transition Zone northwest of Phoenix (Swanberg and others, 1977).
Although the chemistry of the water is similar to other hqt 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 thé
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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Figure 1. Location map for Castle Hot Spring.
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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
sectioﬁ, 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 6f 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 KZO’ U, and Th) and is strongly altered sug-
gesting an intimate relationship with the present geothermal systen.
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 volecanic 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.



Chemical analyses also show that some of the volcanic rocks have
3

source of the alteration products along the Castle hydrothermal system

been strongly depleted in Na+ but augmented in K+, Ca++, and CO The

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 where erosién 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 system, here termed

the Castle fault, that separates Precambrian granitic rocks to the



FIGURE 4 GEOLOGIC CROSS SECTIONS
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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 drop latite which fills the main graben. The later basalts
and~latites are only off-set by minor faults and their distribution is
not controlled by the graben.

Several other thermal springs, including Henderson Ranch Spring,
Alkali 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
gsea level suggesting an apparent hydrostatic relationship. Several
other springs with geothermal potential, Casa Rosa Spring, Dripping
Spring, Mud Spring and Spriﬁg Valley, also occur along deeply penetrating
faults that separate Precambrian granites and schist from Tertiary rocks.
The relationship of these later springs to the Castle system is not

known.

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 betwéen 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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11.

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, interprefation 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
(quértz). 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
geothermometers:

(1) Temperature dependent reactions between water and rock occur

at depth.

(2) All constituents involved in femperature—dependent reactions

are sufficiently_abundant (i.e., supply is not a limiting
factor).

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



Table T. Equations for geothermometers

Silica Geothermometers (5102 in ppm)

; . . s 0. _ 1522
8102 (quartz, adiabatic cooling) t'C= 5.75 = log SiOZ 273.15
R . R o, _ . 1309 _
8102 (quartz, conductive cooling) t C 5719 = log Si02 273.15
. . o, _ 1032
8102 (chalcedony, conductive cooling) t C = 469 = log SiOz 273.15
. o . . . . o, _ 1000 _
8102‘( cristobalite, conductive cooling) t C= 578 = log SiOz 273.15
Na-K-Ca Geothermometers (Na, K, Ca in moles/liter)
Na—-K-Ca
B = 4/3 for YCa/Na>l and t<100°C £°¢ = 1647 - 273.15
o log(Na/K) + B log (V/Ca/Na) + 2.24
B = 1/3 for Ca/Na<l or t, /5>100°C
Na-K Geothermometer (Na, K in ppm)
Na-K t°c 852.6 ~ 273.15

= Tog (Na/K) + 0.8573

KA



13.

(4) Little or no re—equiiibration 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 ofA
the sodium—chloridé—sulfate type. Group IT waters are from non-thermal
spriﬁgs 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 Si02, 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 , Cl , and

804_. 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 Photovolt 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, Mesquite 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 662 706 820 750 645
solids
SiO2 61 n.d. 58 64 47
Na© 207 198 200 220 182
+
K 5.4 7.4 4.7 5.7 6
cat’ 31 32 33 29 32
Mg 2.4 2.7 2.4 2.3 1.0
Lit 0.31 n.d. 0.29 n.d. 0.49
F 8.6 8.0 n.d. 3.1 9.1
clL™ 143 145 n.d. 140 1610
S0, 205 156 n.d. 220 265
HCOS 134 163 n.d. 130 176

n.d. =

not determined

‘71
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(Figure 5). They display a h&mogenous chemistry (Table III), which
suggests that they originate from the same geotﬁermal reservoir. The
waters are a sodium-chloride-sulphate type and possess relatively high
concentrations of SiOz, Li, and ¥, 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 with temperature below 100%¢.

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 apéroximately one-month intervals for a period of one’
yeaf 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 perceptable 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 of warm springs and wells of Group I diséharging
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, 1/min
Temperature, °C

Field pH

Total dissolved solids

b Si0
Na+2
xt
Ca++
.}_*_
Mg+
Li
=
cl_

SO4

Geothermometry

$i0, (quartz, adiabatic)
Si0, (quartz, conductive)
$i0, (chalcedony)

510, (x—cristobalite)
Na-K-Ca* (B=1/3)

Na-K-Ca (B=4/3

Na-K

*Sample taken from tap

Castle Hot Spring
T8N, R1W, 34, SWY%, SWk

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%%

* Na-K-Ca

Henderson Ranch Spring
T8N, RIW, 33, NW4
Jan 9, 1980

(Mg corrected)

10
29.9
7.7

818

58
234
6.8
37
2.0
0.51
7.4
147
312

108
109
79

Alkalai Spring
T8N, RIW, 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
68
128
98
85

‘91




Table I1II . Continued.

Name

Location

Date sampled

Flow Rate, 1/min
Temperature, °C

Field pH

Total dissolved solids

Geothermometry

Si0, (quartz, adiabatic)
S$i0. (quartz, conductive)
510, (chalcedony)

S10, (=—cristobalite)
Na-K-Ca* (B=1/3)

Na-K-Ca (B=4/3)

Na-K

4 *Sample taken from tap

Mesquite Drip Dodd Well#*#*
T8N, RIW, 33, NW, SE4 T8N, R1W, 33, NWh, NWy
Dec 20, 1979 May 12, 1980
-seep ‘ 4-13
26.3 23,6
8.7 8,0

740 760
73 v 63
264 239
7.4 7.3
18 26
0.34 0.43
0.50 0.49
14 8.2
153 142
243 288
119 112
121 113
92 84
70 62
127 127
103 93
82 87
% Na-K-Ca (Mg corrected)

A



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, SWk, SWk
Date 10/9/79 10/24/79 11/27/79 12/20/79 1/9/80
Temperature, °C 51.3 55.4 54.7 ' 52.7 53.4
Field pH 7.6 7.7 7.9 7.8 7.7
Total dissolved solids n.d. 640 n.d. 648 n.d.
510, 60 63 61 60 59
Nat 209 209 208 211 195
K 5.0 5.5 5.4 5.5 5.6
-'—.'.
Ca 30 34 32 32 29
Mg’ h 2.4 3.0 2.3 2.6 2.4
Li” n.d. n.d. 0,34 0.33 0.32
F 8.5 9.2 8.5 8.7 8.5
c1 147 155 145 141 140
soz ' 212 230 211 211 206
Geothermometry (T°C)
SiO2 (quartz, adiabatic) 110 112 111 110 109
8i0, (quartz, conductive) 110 113 112 111 109
5i0. (chalcedony) 81 84 82 82 30
Si0, (=—-cristobalite) 60 63 61 60 59
Na-R-Ca* (B=1/3) 114 111 117 113 114
Na-K-Ca (B=4/3) 75 75 76 77 78
Na-K 72 78 77 77 83
n.d. = not determined *Na-K~Ca (Mg corrected) ‘

‘81



Table IV, Continued. -

Location T8N, R1W, 34, SWY%, SWik
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
SiO2 59 62 62 62 63
Na© 200 202 222 203 206
gt 5.4 5.6 5.4 5.5 5.5
.H_
Ca 30 30 31 31 32
Mg  F 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 .6 8.5
cL” 141 138 140 143 142
SOZ 200 196 189 206 200
Geothermometry (T°C)
Si0,. (quartz, adiabatic) 110 111 111 112 112
5i0. (quartz, conductive) 110 112 112 112 113
§i0, (chalcedony) _81 _83 _83 _83 84
$i07 («<—cristobalite) 59 61 62 62 62
Na—f-Ca* (8=1/3) 115 114 114 114 116
Na-K-Ca (B=4/3) 77 79 77 77 77
Na-K 79 8L 73 80 79
*Na-K-Ca (Mg corrected)

n.d. = not determined

61



Table 1V, Continued.

Location T8N, R1W, 34, SWk, SWi
Date 7/17/80 8/15/80 9/11/80
Temperature, °C 47.7 47.8 47.7
Field pH 7.9 7.9 8.0
Total dissolved solids 672 650 686
Si0 59 62 62
2
Na 206 208 206
gt 5.2 5.2 5.3
catt 32 32 32
Mg 2.4 2.3 2.2
Li 0.30 0.30 0.31
F 8.7 8.6 8.4
c1 143 142 140
SOZ ‘ 211 204 194
Geothermometry (T°C)
810, (quartz, adiabatic) 109 111 111
SiO2 (quartz, conductive) 110 112 112
Si0. (chalcedony) 80 83 83
Si0. (x-cristobalite) 59 62 62
Na—R-Ca%* (8=1/3) 115 115 117
Na-K-Ca (B=4/3) 75 75 75
Na-K 75 75 77
n.d. = not determined *Na-K~-Ca (Mg corrected)

"0¢



Table V.

Chemical variation through time of the Henderson Ranch Spring near Castle Hot Spring, Arizona.

Analyses in ppm (mg/1).

n.d.

= not determined

*Na-K~Ca (Mg corrected)

Location T8N, R1W, 33, Nwki
Date 10/9/79 10/24/79 11/27/79 12/20/79 1/9/80
Temperature, °C 30.3 32.5 29.2 29.1 29.9
Field pH 7.5 7.9 7.7 7.7 7.7
Total dissolved solids n.d. n.d. n.d. 798 818
. SiO2 60 62 60 57 58
Na© 248 234 234 250 234
gt 6.6 7.2 7.3 7.1 6.8
H
Ca 39 41 40 40 37
_'_}.
Mg 2.1 2.2 .2 2.2 2,0
Lit n.d. n.d. 0.55 0.53 0.51
F 7.4 6.6 .5 7.4 7.4
cl 150 142 150 141 147
SOZ 306 301 299 306 312
Geothermometry (T°C)
Si0, (quartz, adiabatic) 110 111 110 108 108
SiO2 (quartz, conductive) 110 112 111 108 109
Si0, (chalcedony) 81 83 82 79 79
Si05 (e—cristobalite) 60 61 60 58 58
Na-K-Ca* (8=1/3) 119 124 125 122 122
Na~K-Ca (B=4/3) 81 81 83 82 82
Na—K 79 88 89 83 85

"1¢



Table V, Continued.

n.d. = not determined

#Na—-K~Ca (Mg corrected)

Location T8N, R1W, 33, Nwk
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 7.1 7.5 7.6 7.3 7.9
Total dissolved solids 782 920 n.d. 300 ‘902
510, 56 59 59 63 60
At 240 285 274 261 260
K 6.7 8.0 7.2 7.4 6.6
H.
Ca 38 53 52 45 45
Mgt 2.1 3.6 3.0 2.8 2.6
Lit 0.49 0.60 0.54 0.54 0.52
F 7.4 6.9 6.9 7.3 7.1
cl” 142 168 159 158 155
SOZ 315 372 345 325 332
Geothermometry (T°C)
S$i0, (quartz, adiabatic) 107 109 110 112 110
SiO2 (quartz, conductive) 107 110 110 113 110
SiO2 (chalcedony) 77 80 _ 81 84 81
Si0, (=-cristobalite) 56 59 59 62 60
Na—%—Ca* (B=1/3) 121 119%* 118 121 117
Na~-K-Ca (B=4/3) 81 82 78 81 78
Na—~K 81 82 78 83 76

4



Table V, Continued.

Location T8N, R1W, 33, Nwk
Date 7/17/80 8/15/80 9/11/80
Temperature, °C 30.0 ‘ 30.4 29.9
Field pH 7.7 7.5 7.9
Total dissolved solids 844 850 884
Si0 58 59 61
12
Na 254 254 253
K" 6.8 6.8 6.9
cat™ 45 46 42
gt 2.4 2.5 2.3
it 0.50 0.50 0.52
F 7.4 7.4 7.1
cl 153 152 148
SOZ ' 329 317 321
Geothermometry (T°C)
§10, (quartz, adiabatic) 108 109 111
SiO2 (quartz, conductive) 109 109 111
Si0. {(chalcedony) 79 80 82
$10. (e-cristobalite) 58 59 61
Na—R-Ca® (8=1/3) 119 118 120
Na-K-Ca (B=4/3) _78 78 80
Na-K 79 79 80
n.d. = not determined *Na-K-Ca (Mg corrected)

‘€¢
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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 $1i0,, Li , and F . The variable geochemistry suggests an

0
origin through mixing of thermal water with near surface aquifers. These
waters can be compéred with thermal springs by calculation of mixing
modéls. Chuck's Well was selected for periodic analysis throughout the
year in order to evaluate the role of climatic variations om 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 IIT Waters

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+, €1~ and SOZ, and relatively low Mg+T. 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 well
(Table VII) and indicate a reservoir temperature between 72-85°C. These

waters probably cocled conductively 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/1).

Location T7N, R1W, 3, Swk, Swk
Date 10/9/79 10/24/79 11/27/79 12/20/79 2/3/80
Temperature, °C 23.3 26.4 22.3 22.1 22.1
Field pH 7.6 7.5 7.5 7.5 7.6
Total dissolved solids n.d, 582 n,d. n.d, 585
510, 54 52 51 51 46
Na® 125 156 137 132 131
K 3.4 3.7 3.8 3.8 3.9
++
Ca 61 66 64 66 68
Mgt 18 20 19 20 21
Lit n.d. n.d. 0.16 0.15 0.15
F 3.7 2.8 3.8 3.8 3.7
cl 67 61 81 72 78
SOZ ‘ 166 163 170 171 158
Geothermometry (T°C)
S$i0, (quartz, adiabatic) 106 104 103 103 99
S$i0, (quartz, conductive) 106 104 103 103 98
Si02 (chalcedony) 76 74 73 73 67
S10° (ex-cristobalite) 55 53 52 52 47
Na-Z-Ca* (B=1/3) 54 54 53 52 51
Na-K-Ca (B=4/3) 44 48 48 47 47
Na-K 79 72 82 84 86
n.d. = not determined *Na-K-Ca (Mg corrected)

Y



Table VI, Continued.

Location T7N, R1wW, 3, Swk, Swk
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
S:'LO2 52 46 51 50 52
Na© 151 135 131 134 137
Kt 4.1 4.0 3.8 3.5 3.8
..H_
Ca 73 69 73 69 70
Mg 22 20 21 22 21
Li 0.16 0.16 0.15 0.15 0.15
F n.d 3.9 4.0 .0 3.6
c1 n. 86 77 79 76
soZ n. 171 183 184 166
Geothermometry (T°C)
$i0, (quartz, adiabatic) 104 99 103 103 104
Si0, (quartz, conductive) 104 98 102 102 104
510, (chalcedony) 74 63 72 72 74
310, (=—cristobalite) 53 48 52 51 53
Na-K-Ca* (B=1/3) 53 53 56 50 53
Na-K-Ca (B=4/3) 49 48 45 44 46
Na-K 80 85 83 77 81 .
n.d. = not determined *Na-K~Ca (Mg corrected)

'9¢



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

Name Kent Well Casa Rosa Spring Dripping Spring
Location T7N, RIE, 17, SE%, NE% T7N, R1W, 14, NE%, SW4% T7N, R1W, 14, Nw4, NE%
Date sampled July 27, 1979 Jan 16, 1979 Jan 16, 1979
Flow Rate, 1/min 100 2
Temperature, °C 27 18.9 24,6
Field pH 7.6 7.7 7.3
Total dissolved solids 1800 1644 1600
Sio 56 59 59

2
Na 460 540 495
Y 1 | 14 13
catt 62 144 138
Mgt 27 , 1.3

At
Li — 1.1 1.1
F 0.9 4.0
c1 ' 110 525 521
50, 990 385 372
Geothermometry
Si0, (quartz, adiabatic) 107 109 109
$i0. {(quartz, conductive) 107 110 110
5107 (chalcedony) 78 80 80
Si0- (x—cristobalite) 57 59 59
Na-R-Ca (=1/3) 69 119 120
Na-K-Ca (B=4/3) 82 85 83
Na-K 72 76 79

LT



Table VII. Continued.

Name Mud Spring
Location T7N, R1W, 12, Swk, SE4
Date sampled June 22, 1980
Flow Rate, 1/min 2
Temperature, °C 26.2
Field pH 7.6
Total dissolved solids 1656

Si?_2 55

Na 443

" 12

cat 120
Mg++ 6.9
Lit 1.0
F 3.6
cl 565

SO4 381
Geothermometry

$i0, (quartz, adiabatic) 106

$10. (quartz, conductive) 106

Si0, (chalcedony) 77

S$i0, («-cristobalite) 56
Na—%—Ca (8=1/3) 121
Na-K-Ca (B=4/3) 83
‘Na~-K , 81

'8¢
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Mixing Models

Several factors point to miking of hot geothermal waters with cold
near—-surface water in addition to conductive cooling for the non-thermal
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 8102 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 develofed 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) 1Initial 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:

Eh - Tws

t Eh - Tcs
Slh - Slws
si Slh - Slcs

where:

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

Sih = gilica content of hot water at selected temperatures (Table IX)
Tws = surface temperature at Castle Hot Sprimg = 51°C

Tcs = surface temperature of cold spring = 21°C

Siws = éilica content of Castle Hot Spring = 61 ppm

SiCS = gilica content of cold spring - 35 ppm

Values of X, and x_, are plotted versus temperature in Figure 7.
The intersection of the two curves gives the estimated temperature of
the hot water component and the fraction of cold water. The chalcedony
mixing model yields a reservoir temperature of 100°C and a cold water

fraction of 62 percent.

THERMAL PROFILES OF EXISTING WELLS

Measurements of geothermal gradients were attempted at several



Table VIII. Calculated values of X_ and XS, for chalcedony mixing
: model solution, Castle Hot Spr%ng.

Hot Water Temperature (°C) Xt XSi
70 , .39 .08
80 49 .29
a0 .57 .49
100 .62 .62
110 ’ .66 .70
120 .70 .76

130 .73 .80
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Table IX. Enthalpies of liquid water and chalcedony solubilities at
selected temperatures,

Temperature (°C) Enthalpy (cal/g) Chalcedonyz(mg/l)
70 70 '59.0
80 80 71.7
90 90 86 .4
100 100,1 102.9
110 110.2 121.9
120 120.3 142,4
130 130.4 165.4

lKeenan and others (1969).

2Va1ues generated from:

[-1032/(t + 273,15)]
5

Si0 = 10 - 0.09

2(chalcedony) —~
1.665 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) Many 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 i1s 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 azbove

normal.

HEAT SQURCE 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 radiocactivity of the rocks at Castle Hot Springs
(Table X) suggests that some units, especially the Chocolate Drop latite,
have abnormally high levels of radiocactivity. Field measurements gave
average radiometric readings of 34 uR/S for the Chocolate Drop latite,
compared with a value of 17 uR/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 i1s not
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Table X. Radioactive elements in various rock types,

Rock Unit LEQQ{E K202 53. 1Y Th
Precambrian schist 10 (1,0 n,d.

Precambrian granite .17 (1.1) 3.9 (0.74) 2.2 (0.77) 1.4 (0.21) 1.5 (0.27)
Basaltic 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,

Epiclastic breccia 10 (2.0) n.d.

Latite of Chocolate Drop 34 (6.1) 7.1 (1.00) 4.5 (0.13) 19.1 (4.09) 24,7 (3.89)
Latite of Hells Gate 16 (1.3) 3.8 (0.36) 2.3 2.0 7.2

Vitrophyre of Hells Gate 8 (0.5) 2.9

1) Field radiation measured using a Ludlum model 125 scintillation counter, 2) KZO 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, mn.d. = not determined.
Numbers in parentheses are standard deviations of multiple measurements. Some data on K~U-T measurements

are still outstanding.

“LE
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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 only
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 radicactive 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 (v50°C) water emerges along
the intersection of listric faults with the larger basin-and-range system.

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 o£her analytical techniques (for
example, freon analyéis) should be used. The nature of the hot and cold
water mixing should be tested with stable isotopes of oxygen and hydrdgen
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 great use in defining the regional extent of this system and

might lead to actual production on a reasonable time scale.
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THL GLOLOGIC SETTING OF CASTLEL HOT SPRINGS, ARI20KA

Yichael T, Sheridan, Kenneth E. Wohletz, Michael

Lepartoent

ABSTIACT

Castle Kot Sprinps, o tresort arce
«stablished in 1691, is presently owned by
the Arizona State University Foundation and
use¢ as & University conference center. It
is Jocated 70 wn northwest of Phoenix in an
area of severs) other varm springs. The
spring issues an sverage flov of 1,300 licres
per minute with & surface temperature of &6 C,
Water peachemistry indicates & subsurface
temperature §n excess ¢f 100 €. The resource
is being evaluated as an energy source for
space heating and cooling of the conlerence

centes.
CASTLE . HOT SPRINGS
|- 24
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Fig., ! Location map of Cazt}e Hot Springs,

of Covivpt, Arfzona State Ungversity, Tempe, Arizona B528)
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B. Warc, and Richard L, Satwin

INTRODUCTION

Castle Hot Springe 13 Jocated in u mountoan
cenyon 70 km northwest of central Phoenis
(fig. 1}, A privatelv-owned resort has existoed
on the site since 18%L.  In 1977 the propersy wvax
acquired by the Arizona State Univerzity Foundas
tion,  Since thep the facilitics have been usid
as a university affiliated conference conter with

a capacity of about 30 American plan participants.

The spring provides hot water for direct tap usv.
The hot spraing wvater {5 also cooled and used for
drinking veter.
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A plan for Jirect-use peothermia]l develooment
of the resvurce for space heating and coniings
has been developred in cooperation with the ASU
JFoundation,  The first phase of this plan,
determinigion of thedetatled geologle
framework of the thermal svstem, is
curreatly in progress,  This report provides
some infermaticn on the pencral geologic setting
of the springs.

Castic Hot Springs is sitoated ot the
northern buundary of a Tertiary vojeano-
tvstonie granen that separates Precaobrian
schists to thye southwest Vrom pranitle rocks of
the Bradshaw Mountains to the northeast. The
vicanic rocks were studied by Ward (1977), whe
provided a pueolowic mag at 3 scale of 1:48,000,
g ostratierapile section, whole-roek chemica
analyses, and g struetural and teatonic serting.
Thye genvraiized stratigraphy of the ared consists
of Prevamprisn schists and granitlc rocks
uverlain unconturmably by 300-250 = Of basalt
lavas apd rhyolitic tuffs which are in turn
overlain by approxisately 120 m of epiclastic
broceia and quarts latitic lugvas. A number of
other wara springs and warm water wvells arc
Iocated an the hydrolegic basin of Castle
Cruvh,

The Castie llot Springs volecanic ficid
ties prodeminantly within 2 NN& to W
trendine weaben which is related to veolcano-
tectonic subsidence.  Seormal fagltuing and
tiiting characterize structures within the
sraven (fiz. 2). Casticv Hot Springs lies
Lieng the trend of the SF wrabpen master faule
vherte displacenent is dﬁprwaxnuto\y 100 o
Althouh movezent aivne this and related faulys
is primariiy to Miacenc voleanic subsidence, more
revent Tault movement tay be telaced to lotal
aliustmeont along Basin ane Ranve faults, Details
of the faulting arce complex sv that current
mapping at 3 scaiv of 1:1,000 is necessary to
locate surface cxpression of {uults that can be
projected to deopth.

Wide~spread hydrothermal alteration of
voleanie rocks in the area is related to hot
springs activity. Fountain-llke deposits of
opaline silica and chalcedony and a silica
sinter Jike that trends along the northward
strike of a f(ault Indicate the position of
ancilent hot spring activity, A broad area of
clay and sericite alteration of surface macerials
5 to 10 xm nortn of the not spring has been
extensively expiored for buste and precious metal
ore depostts at duepth.

Mugsured surface temperatures at Castle Hot
Springs ranpge betwueen 469 and 500 € with a flow
rate of 1300+ 130 1/min (350 gal/min). The
water is unusually pure {Table 1) with only
700-800 pm total dissolved solids. The Na-K-Ca
and silica puothermometers reported (n U.S.G.S,
Circular 726, U.5.6.5, Open File Report 77-654
as well as geochemical data determined by our
lahoratory suggest 1 minimum subsuriace
temperature of 90° to 110° C. 1f the model of
deep circuiation of meteoric water shown in
Figure ! ls accurate, deep tomperatures could be
much higher due to mixing of the deep hot fluid
wvith shallow cueoler water,

The heat source for the present hot spring
activity {s unknown. Although most hot water
localities in the Rasin and Range Province of
Arizona are related to deep, alluvium~filled
basins, Custle jiot Sprinus is in an area underiain
by crystailine rocks, Wwater recharge is from
the Precamorian crvstalline basement of che
Yradshaw Mountains, Drainaye is provided i{n the
ares bv Carfias wash and Castie Creex, bdoth of
whick flow intermittently inte the Agua fria
River. Location of the sprines appears to be
controlied by the praben master fault zone which
alse intersects a series of Precamorian pegmatite
bodics that have been mined for lithium and
uraniue. Thuse pegmatites lie in the recharge
area of the sprinps and may heat proundwater
througn radivactive duecav, Other heat sources
such as oxidation ol sulfides or the presence of
o buried pluton are possitle,

NE

Fig. 2. True scale cross soction dcross the volcano-tectenic vraben. CHS shows the

locution of Castle Hot Snprions

Fault displacements snhown by snort arrows

nreundwater Jlow llnes shown by long artows.
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TABLL 1: GEOCHEMISTRY AND ACKNOWLEDGEMENTS
GEOTHRERMOMETRY OF CASTLI HOT SPRINGS
The Arizona State University Foundation
hag cooperated with this work and provided
{acilities 8t the site for our field parties.

Dissolved Analysis® (ppm) " N . * A
Species (1) () (3 I‘ma?cxal support for this work is provided by
R TR 360 Ta( D.OE. :txrough the Arizona bureau of Geology and
o3 1 Minera. Technology Apreement ke, De~F107-7%91D
HCO3 163 1200¢. ‘
()] 1o
S0 156 REFERENCES
NC3 S . .
F 6.0 Manne{‘ F",h“ Plesser, T. 5., anc Evans, w. C.
e A 1677, Chemical isotopic, and pas
ta 18 13 comzinations eof selecred thermal springs
s V4. 200 in Arizona, New Mexice, and Utah; U. §.
X : 7 Geol. Survu,\'_Open—{ile report 7i-654, 5¢ p,
$302 53 o Ward, . E., 1977, The volcanic geology of the
Li o 0.2¢ Castle Hot Springs area, Yavapai County,
: T :‘\rizcna:ThA:?zon;sState University unpub.
T - - Masters Thesis, P.
hif??}';‘;.::) Lt 1‘352 1.2:)?) White, . 7, and Williams, eds. 1975 Assessment
o £.0F s of ;.:eothermnl resources of the United States
T T (subeusisce) ~1875: U. 5. Geol. Survey Circular 726,
53102 16 108 1358
Na-RK-Ca (p=1/3) 113
KhasK-Ca (6=24/3) 77 &8¢ 71
Na-k 108 10}

* (1) Arizons State Lnaversiry (1977)
{2) Engineers Testing Laboratories (197%5)
(3) L.S.C.5. Open File Report Ti-65 (1977)

CONCLUSIONS ~

A steacy flov of z large guantity eof hot
water at Casti¢ het Springs maxkes it an
attractive pgeetnermal resource for development.
On-going wors Inciuding oetniled peologic
mapping, thermal legging of existing wells, and
water and rock geochemistry; the sitv for ¢
test well 3imed at evajuation of the rusource
should be deterwmined by the fal) of 1980, Deep
circulation ¢f meteoric waters throuph roce with
& high pevtherma. gradieont 18 the sirongest
hypothesis at this time for explanation of the
hot water.
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ABSTRACT

& geochemical survey of springs and welle
in the Castle Hot Springs area, Arizona, shows
that three groups of waters can be distinguished
by salinity and chemistry. The thermal waters
of Group 1 range from 640 to B20 ppr TD5, and
the waters contain high concentrations of §10j,
Li*, and F~. The non-thermal waters of Group
II range from 380 te 580 ppa TDS and contain
low concentrations of §i0p, Li*, and F~. The
non-thermal waters of Group I1l range frem
1600-1650 ppm TDS and contain the highest con-
centrations of Li*, C17, and SO,".

The discrepancy between the low measyred
surface temperature at Castle Hor Springs, and
the high temperatures estimated from chemical
geothermometry suggest thermal waters may have
cooled either by conduction, boilinp or mixing.
The chalcedony mixing model yields a reservoir
temperature of 95°C and a cold water fraction of
565,

INTRODUCTION

Castie Hot Springs ie located 70 km north- -
wves: of Phoenix, Arizona (Figure l). It is pres~
-ently being evaluated for direct-use geothermal
development of the resource for epace heating and
cooling. The results of hydrogeochemical sampling
of thermal and non-thermal eprings and wells in
the ares are presented,

GEOLOGIC SETTING

The geologic setting of Castle Hot Springs
has been discussed by Sheridan et al., (197%). Re-
cent detailed peolopic mapping has documented o
lov~angle slump fault displacing an allochthonous
biock of Precambrian granite on top of & sequence
of Tertiary volcanic rocks. The allochthonous
block has been altered and is stronzly brecciated
ané jointed resulting in increased permeabilicy.

Mixing of hyvdrothermal {luids and cold mete-
oric water may be significant along this low-angle
fault. Nielson and Moore (1979) have described a
sizilar peologic eituation at the Cove Fort-Sul=
phurcdale geothermal syster in Vtah. They sugpest
that the allochthonous rocks may serve as a ther-
mal cap on the system separating & convective ther-

mal regime beneath the low-angle fault from a
zone of conductive heat transport and probdable
fresh water influx above the principal fault
zone.
:
) 1
f Cbi:’d:l

——

New
Mexice

Caliorma
W Lasthe bt Spemaet

* Proems

Mexie

Figure 1. Location map of Castle Hot Springs,
Arizona.

HYDROLOGIC SETTING .

The thermal waters of Group 1 display sim-
ilar physical and chemical characteristics. The
waters of Group 1 are: Cartle Hot Springs, Alku-
lai Spring, Henderson Ranch Spring and the Pndd
Well. The thermal waters occur along a 0.8 km
alipnment trending N.45°W. which coincides with
the trend of 2 major fault svetem bounding Pre-
cambr ian crystalline rocks and Tertiary volcanic
rocks, The thermal springs all emanate at an el-
evation of 658 meters along the samc fault Rystem
sugpresting an apparent hyvdrostatic relationship,
The thermal waters difplay a homopenous chemistry
which indicates they probably originate from the
sam¢ peothermal reservoir.

WATER SAMPLING AND ANALYTICAL PROCEDURE

An importan: aspect of this investigation is
i

48.




49, -

Satkin, et al.

Table I. Chewlcal analyses and calculated reservoir temperatures of esprings and wells in the Castle Hot Springs, area, Arlzona.
Analyses are in ppm (mg/1) unless otherwlse noted.

e

Name,Group (I,IL,I[11) Castle Hot Springa,I llenderson Ranch Spring, 1 Alkalal Spring,I Mesquite Drip,I Dodd Well, I
Location TBN,R1W, 34, SWl, SWy TN, RIW,33,NW T8N, RIW, 33, MW, SEY  T7N,RIW,33,NW,SEX  TBN,RIW,33,Nul,NW
Temperature °C ' s4.7 29.2 31.2 © 26.8 23.6
pH (fleld) 7.85 7.10 7.85 . 7.90 8.00
510, 61.27 60.42 70.78 71.39 62.69
nat 208.0) 234.47 214.67 253.688 239.26

5.42 7.31 6.32 7.38 1.29
catt 32.42 39.72 15.78 17.40 25.68
ugtt 2.32 2.23 0.23 0.48 0.43
Lt 0.34 0.55 0.42 0.54 0.49
I8 8.45 7.45 11.88 12.54 8.19
c1” 145 150 135 150 142
s0,” - 211 299 209 228 288
Ceothermometry °C
$10; (quartz,adiabatic) 110.93 110.34 17.10 117.47 111.89
$102(quartz,conductive) 111.54 116.85 118.76 119.19 112.67
510, (chalcedony) 82.38 81.63 90.22 90.70 83.60
Na-K-Ca (B=1/3) 117.08 124,68 127.50 128.64 : 127.05
Na-K-Ca (B=4/3) 15.9 82.61 . 97.95 103.32 92.73
Ra-K 17.30 88.86 85.09 84.26 87.34

K

Name,Group (K, 1X,11I) Chuck's Well,IL Menudo Spring, Il Layton Seep,II Windmill Well,II  Casa Rosa SpringlII Dripping SpringIII
f.ocation TIN,RIW, 3, SW, SWix TN, RIW, 14, MW, NW  T7N,R2W, 1 NWl, SWy  TIN,RIW,3,SW%,SW T7N,RIW, 14, REK, SWYy  TIN,RLIW, 14, NW NEY
Temperature °C 22.3 21.8 20.6 20.5 18.9 24.6
pll (field) 7.45 7.55 8.00 7.55 1.70 1.25
510, 51:0] 75.55 39.11 42.22 36.82 30.50
Nat 136.89 25.37 15.30 93.54 539.54 494.52
«* 3.83 1.70 1.62 3.45 13.86 13.28
catt 64.47 82.82 88.78 70.15 144,04 137.90
wgtt 19.29 16.37 14.08 22.26 1.27 7.01
Lit 0.16 0.04 0.06 a.11 i.14 1.05
F 3.8 . 0.45 0.30 2.11 4.0 3.8
c1” 81 19.8 11.3 50.2 525 521
504' 170 : 23.7 8.6 122 385 irn
Ceothermenetry °c .
5102(qunr(z.ndlalultIc) 103.33 119.95 92.92 95.87 90.€2 83.65
Sl()2 (guartz,comduct ive)102.7¢ 122. 11 90.69 94.08 88.0G 80.09
3102(cl|alca~(l(.‘ny) 72.91 93.88 60.00 63.61 57.29 48.70
Na-K-Ca (8~1/3) 109.88 120.60 132.28 115.18 119.30 120.22
Na-K-Ca (B~4/3) 48.01 10.93 . 5.44 40.37 84.58 83.15

Na-K 8].80 148.08 193.76 100.40 76.42 79.20

o
~
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to rest the variation ¢f water chemistry with
time, Temperature measurements anc wvater samples
collected at each sampling site were taken as
close to the source af possible and at the same
location throughout the sampling period. Tem-
peratures were measured with an Extech 1200 dimi-
tal thermometer. The p¥ wae determined in the
fieic on an unfilterec sample witl. a Photovolt pH
meter 1264,

water sampleec collected {or chemical analvsis
were analyzec jor 3i0s, Re™, K7, Ca™, Mu™™, and
Li~ on = Varian 1250 Atomac Absorption Spectro-
photometer. §~, CiT, ané¢ 50,7 were analyzed or a
Dionex 1¢ lon Chromatorraph. Total dissolved
solide were determined on filrered untreatec sam-
ples by the residue-on-evaporation method (Rain-
water and Thatcher, 1960).

GEOCHEMISTRY OF THERMAL AND NON-THERMAL WATERS

The thermal waters (Group 1) are a sodium=
chlorice-suliate tvpe. The waters have ruiative-
1y high concentrations of §i0y, Li%, and F~ and

Sarkin et al.

- .

low Mg (Table I). 1In contrast, the non~thermal
waters (Group 11} are enrichec in C3™, and Me™™
and have lower concentrations of $ily, Li%*, and

T,

Within the non-thermal eroup of waters a sub-
proup of waters (Group II1) can be distinvuisned
by their nigh salinity. Both Casz Kosy and Drip-

rins Springs are highly enriched dim Na™, Ca™™, Li™

CI=, amé SC,°. 1t is pussiblv tnat these waters
feliow & differemt hvdrolozic {low pattern. Ti
may derive their hiph salinity {rom disselution
of limestones and evaporites that crop out 20 k=
to the west. A heavy isotopic sisnature may con-
firm thie suguvstion,

(O

The measured surface temperatury at Castle
Hot Sprinugs ranges betwween 47.6°C and 55.4°C with
a flow rate of 1300 }/min (34C pal/min). The
springs werce sampled periodically (3-4 weuk inter-
vals)} 1o test the variation of chemistry with
time. It is evident from tihw chemical analvses
listed in Table 1) that there has been no sisnifi-
cant chance in the main spring systes's chemistry,

Table 2. Chemical variation through time ar Castlec llot Springs, Arizona. Analyses in pp: (mg/l).

Date 10/9/79 10/24/79 11/23/7% 12/20/79 1/9/80 2/3/80 377/80 4/10/80 5/12/80
Temp. - °C 51.3 55,4 54,7 52,7 3.4 52,1 45,3 47,6 4.7
PR 7.60 7.65 7.85 7475 7.70 7.85 .80 7.85 7.8%
Sig, 59.70 63,48 61,27 60,27 58,68 5%.37 61.79 ©2.01
g T 209,08 208,757~ 208,03 210,89 195,27 195.6% 202,12 221.5¢
X <9t 5.49 5.42 3,50 5.55 5.35 .61 5,39
Ca: 30.33 354,04 32,42 31.8¢ L2848 26,78 29.52 31.07
Mg 2.3¢ 2.9% 2,32 2,68 2,37 2.32 P 2,43
Li n.<, K¢, 0,34 0,33 0.32 G, 3! 0,31 0,30 L32
T £.50 9.16 £.45 £,70 £.53 . 6.61 .7 g£.31 t.os
C1.= 47 155 145 141 180 141 138 1<0 14%
sC, 212 236 212 211 206 200 190 18¢ 20¢
-
wcte; h.d. - not ecterminud -
1.2
400 *
Group 117 ﬂ Group 111 ,;"
?U.‘?
3 300 &
l: >
Z 0.6
200
) wroup i
[
10¢ troup 11 ¢
L ¢ ureup i
ul - - " i £ E 2
= z z ES = . . z
e (N’W—' - ct” (prm)
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Figure ¢. Water cuemistry Cu versus SU,

Figure 3. Waler cnemistry C17 versus Li .
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CEOTHERMOMETRY

The temperature of the geothermal reserveir
at Castle Hot Springe has been e¢stimated by the
wxilica scothermometer (Fournier and Rowe, 1966},
the Na-K, and Na~K-Ca peothermometers {Fournier
ané Truesdell, 1973, Table I). The caleculated
solubility of chalcedony closely approximates the
silica content a3t Castle Hot Sprinps. Thus the
chalcedony peothermomerer vields the most reli-
able estimate vf water tempuerature at depin,

Larze travertine deposits occur near Castle
ot Sprinegs. The deposition of cualcium=-carbonate
will Jecrease the calcium ion concentration and
should yvield arvificially high temperature esti-
mates. lowever, the Na=K-La geothermometer esgi-
mate closely resembies both the Na=K and §i0a
dvothermometer estimates. Travertine may neot be
deposited during the rapid ascent of the {luid,
jukt at the surface as the dissolved COz bubbles
of{ at atmospheric pressure and lowered tempera-
ture.

The chalcedony peothermometer xives an esti-
mated subsurface temperaturc of 82°C which is
above the surface temperature at Castle Hot
Sprines (51°C). This low surface water tempera~
ture may possibly be due to heat loss throuwh
conduction, boilinw, or mixing. Because of the
larae flow rate at Castle Hot Springs, heat loss
tnrough conduction may be neplible. Cooling the
ascendine thermal water by mixing with cool
croundwater is more probable bucauwe numcrous
intersecting foults may provide passapewavs. The
craphical mixing model solution (Fournier and
Truesdell, 1974} using chalcedony as the dis~
solved silica phase in equilibrium with the hot
springs’ water vields a subsurface temperature of
95°C and a cold water fraction of 56%. This tem=
perature 16 similar to the calculated peocthermom-
erer tomperatures.
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