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Sunday 

Assemble in West Yellowstone, MT. 

Monday 

morning 
Lectures 

1. Introduction to volcanic setting of Yellowstone - Foley 
2. Magmatism and Petrology of volcanic systems - Nielson 
3. Tectonic environments and physical spectrum of volcanism Foley 

afternoon 
Field Trip 

Mt. Washburn andesite vent facies and regional geology 

evem ng 
Lecture 

Examples of eruptive processes from Central America, Hawaii, and 
others - Nielson 

Tuesday 

morning 
Lectures 

4. Caldera Cycles - Nielson 
5. Ash-flow t u f f s and t h e i r re la t ions - Foley 
6. Ter t iary calderas of Nevada - Foley 

afternoon 
Fie ld Trip 

Gardiner River - ash flow t u f f cooling zone 
V i rg in ia Cascades 
Fi rehole River dr ive 

evem ng 
Lecture 

Valles Caldera 

Wednesday 

Nielson 

mormng 
Lectures 

7. Hydrothermal Systems - Nielson 
8. Geology of Hydrothermal features Foley 



Introduction to volcanic setting of Yellowstone area 

I . Regional geological setting 

I I . Absaroka volcanism 
A. Location and nature of volcanism 
B. Facies d is t r ibut ion 

I I I . Fossil forest controversy 
A. Classical interpretat ion as simple layers 
B. Interpretation of complex stratigraphy 

IV. Pre-Yellowstone Miocene volcanism 
A. Regional trends 
B. Snake River Plain 

1. Occurrence of calderas 
2. Occurrence of basaltic volcanism 
3. Plate tectonic setting 

V. Yellowstone volcanic f i e l d 
A. Eruptive sequence 
B. Evidence for magma 
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CentTal Facies (within about 0.5 to 2 km of central vents) 
Volcanic rocks emplaced close to volcanic vents are normally easy to 

recognize in the field. Most are distinguished by some combination of the 
following features: 

• dikes, especially those that are radial or randomly oriented 
• sills that are concordant with moderate to steep initial dips 
• breccia pipes and stocks 
• hydrothermal alteration with steep lateral gradients 
• coarse Strombolian ejecta 
• thick, steeply banded siliceous lavas 
• coarsely stratified but poorly sorted tephra . 
• steep initial dips 
• thin lava flows that are volumetrically subordinate to fragmental ejecta 
• ponded crater- and vent-fillings with sharply divergent cooling joints 

Proximal Facies (up to 5 to 15 km from central vents) 
The rocks laid down at increasing distances on the slopes and outer flanks 

of a large volcanic complex have many of the following features: 

• broad, thick lavas 
• lahars with angular or subangular blocks up to 10 m or so in diameter 
• tephra layers with good sorting and grain-sizes mainly in the lapilli to 
coarse ash range 
• zones of weathering and soil development between lava flows 
• clastic debris reworked by water 
• ignimbrites with moderate to strong welding and compaction 
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Distal Facies (more than about 5 to 15 km from central vents) 
Volcanic rocks laid down well beyond the base of a large volcano tend to 

have a greater lateral continuity than those of inner zones and they conform 
more closely to conventional stratigraphic criteria. The features one finds in 
these outlying areas include: 

• finely layered tephra with grain-sizes in the range of coarse to fine ash 
and with an outward-increasing ratio of glass to crystals 
• lahars with blocks that rarely exceed a meter in diameter and have 
rounded or subrounded particles in their matrix 
• ignimbrites with moderate to weak welding 
• interlayered shallow-water sediments, soils, and organic debris 
• lava flows restricted mainly to isolated vents, basaltic sheets, and 
intra-canyon flows 

•flau-- Wilhoms a*»^ ^ ^ ^ f r \ e ^ Ab\caN>\a\\J^ 
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Plate 11-2. Map showing generalized distribution and lithology of igneous rocks less 
than 17 m.y. old in the Western United States. 
Geological Society of America Memoir 152 
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FIGURE 1. Space-time profile along the Snake River Plain, Idaho (simplified f rom Armstrong and others, 1975). New K-Ar dates are shomn.by black spots (for basalt) and 
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CONTEMPORARY DEFORMATION 
COMPRESSION 

1 SHEAR-EXTENSION 

/ / x PACIFICvPLATE 
Figure 6-13. Summary of inferred contemporary deformation of Ihe western North American plate. CBC = Great Basin Center of lithospheric 

uplift and divergence; J. D. = Juan de Fuca plate. Large arrows infer directions of subplate motions; small arrows indicate relative direction of 
motion on strike-slip fault zones. Fine lines across Snake River I'lain-High Lava Plain indicate contours in m.y. B.P. of initiation of volcanism from 
Arin<itron@ and others (1975) and MacLeod and others (1975). motion on siriKe-siip muu <:uuc9. >mv ••..... » . » . - ... 
Armstrong and others (1975) and MacLeod and others (1975). 
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Yellowstone Volcanic Field - Summary of eruptive history 

Ac t i v i t y composed of three cycles, each marked by catacylsmic eruption of ash 
flow t u f f s . 
General sequence: 

1 . Rise of magma and doming 
2. Rhyolite flows marking future r ing f racture zone 
3. + precurser basalts 
4. Catacylsmic eruption 
5. Caldera collapse and f i l l i n g by rhyo l i tes , ± resurgence 
6. Local basalts 

The general sequence of Smith and Bailey (1968) holds, but details vary. 

Cycle 1 
Rise of three shallow pods of magma from deep source 
Doming of surface 
Eruption of rhyol i tes in east-central Yellowstone Park and north of 

Ashton, ID. 
Eruption of basalts near Tower Falls and Mt. Everts, and along the W. 

Fork of the Madison River 
Cataclysmic eruption of Huckleberry Ridge Tuff , 2 my, 2500 km^ 

Three members from vents in Yellowstone and Island Park area. 
Caldera collapse 
No resurgence (?) 
Basalt in Narrows of Yellowstone River 

Cycle 2 
Early rhyol i tes in western part of Island Park 
Eruption of Mesa Fa l l s , Tuff , 1.2. my, 280 km^ 
Collapse 
Rhyolite domes 
Basalts, including much younger Snake River Plain type filling caldera 

Cycle 3 
Rise of two shallow magma bodies 
Doming and emplacement of rhyo l i te flows along inc ip ient ring of 

f racture zone -
Lava Creek Tuff , 0.6 my, 1000 km , two vents. Mallard Lake and Sour 

Creek 
Collapse fol lowing eruption 
Rhyolite flows and t u f f s , wi th in 10,000 years of erupt ion, along caldera 

margin 
Three major younger sequences of rhyo l i te f lows, and t u f f s from W. Thumb 

150, 110, 70 kybp 
Basalts outside caldera, immediately post eruption and continuing 
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Figure 3; Earthquake distribution o! the Yellowstone-Hebgen Lake regton (1971-1979). Epicenter* are those 
accurately determined from data of the University ol Utah and the U.S. Geokigicai Survey. Fault* are taken from a 
compilaUon by R. L. Christiansen (U.S. Geological Survey, personal communication, 1978). Calderas are shown 
corresponding to their respective ages: 1.2.0 m.y.: I I , 1.3 m.y.; and I I I , 0.6 t t t . i . Large stars correspond to epicenters ol 
magnitude 6-7 historical earthquakes. 
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Flgure 4: Bouguer gravity anomaly map at a contour interval of 5 mgal {map trom Smith and Christiansen. 1980); data 
recontoured Irom Blank and Gettings. 1974). Open d rdes correspond to locations of seismograph stations that 
recorded teleseismic ^-mst^ delays. Average delays are shown within the circles in seconds (Irom Iyer et a l^ lSBi ) . 
P-wave delays were normalized to the seismograph station at the northeast side of Yellowstone National Park. 



I 

7m7i\ -m 

f i r 1$^ 

U E O C N D 

SMOT POINT 

TOWN OR Jtrt«4CTlON 

aOUNOABV OCTWCCN A»*e46 

- ^ o r oirrcfln^*o »», VCLOCITICB 

(OA8HCO WMCMC iNPCRnCD) 

COMPWCTC 90U0UCA OAAVITV 

MVOWOTMCKMAU ARC* 

<5G9 

»'N f-
111- 14'W 

' Figure 6: Areal extent ol crystalline upper-crustal layer (2-10 km depth). P-wave velodties Irom Lehman et al. (1982) 
were determined from delay-time analyses. Velocities are in kilometers/second. 



, , iw^Xv:;:::::;::::;:-':::-"---
3.00 

2.8-4.8 

40 SO 60 
DISTANCE (KM) 

TO 

4.0 5.7 6.1 

P-Wave Velocity SCALE (km/s) 

so 

a mmm 
6.5 

Reure 8: Generalized SW-NE upper-crusUI cross section parallel to the anis of the Yellowstone caldera. Focal depths 
(shown by black dots) were projected trom outside the low-velocity body, Vetocities correspond to sources in Figure 7. 
Relative P-wave seismic attenuations are averaged from data of Clavrson and Smith (1981). 

M,ri\ an 

cia'icj ,F.. •• 

I I : 

li 
i 
I 
f 

f 

SW 
„ m'3o' MO 

1 
I09*30 ' 

I 

.NE 

. _ T £ L L 0 W S T 0 « € 
r * " ~ C A L O C N A 

ISLAND 

SPI 3 .8 QQuc " " " • 00 wC 4.S 

••.2.S.--. 
\.ei7'. 

•~- : -^--7- .y:^ \^ : j^F ' :F77F^7^^F:F7F 

LOWER 
6-8 cftUSTAL LAYER 

H im 
^ Z O N E OF LOW 

VELOCITIES 
<-i%lo-IO»> 

FROM TELESEISMIC 
DELAY DATA 

RMTOLITE SASALT MUi EOCENE, rfj 
LOW vELOCirr V O L C A N I C S SEDJ 

is^wvsikw^ 

Figure 9: Idealized NE-SW ge<.ogic-seismic ve'-^^y - d e U . ^^^^^^^^ ^ . 

Lfake River Plain region. P - - ^7 „«^ ' * ; f / t 4 ; ^ ; ; „ fhroTaterTa^^ and the petrologic models of Leeman (in 

S r t ? a r S i f : s e ^ ^ & 1 ^ C ^ ^ ^ ^ ^ ^ ^ ^ ^ ' ' « ^ ' " " - " ' • 



I 
l i 
I 
I 
I 
I 
I 
I 

Arct , M. J . , and Chadwick, A. V., 1983, Dendrochronology in the Yellowstone 
foss i l fo res t : Geol. Soc. of Am., Abstr. with Progs., v. 15, p. 408. 

Armstrong, R. L., Leeman, W. P., and Malde, H. E., 1975, K-Ar dat ing. 
Quaternary and Neogene volcanic rocks of the Snake River Pla in, Idaho: 
Am. Jour. S c i . , v. 275, p. 225-251. 

Armstrong, R. L., Harakal, J . E., and N e i l l , W. M., 1980, K-Ar dating of Snake 
River Plain (Idaho) volcanic rocks - new resu l ts : Isochron/West, n. 27, 
p. 5-10. 

Baker, R. G., 1976, Late Quaternary vegetation history of the Yellowstone Lake 
Basin, Wyoming: U.S. Geol. Surv. Prof. Paper 729-E, 48 p. 

Bro t t , C. A., Blackwell, D. D., znd Ziagos, J . P., 1981, Thermal and tectonic 
implications of heat flow in the eastern Snake River Pla in, Idaho: Jour. 
Geophys. Res., v. 86, p. 11709-11734. 

Chadwick, R. A., 1970, Belts of eruptive centers in the Absaroka-Gallatin 
volcanic province, Wyoming-Montana: Geol. Soc. of Am. B u l l . , v. 81, p. 
267-274. 

Christ iansen, R. L., Blank, H. R., J r . , 1972, Volcanic stratigraphy of the 
Quaternary rhyo l i te plateau in Yellowstone National Park: U.S. Geol. 
Surv. Prof. Paper 729-B, 18 p. 

Christansen, R. L., and Love, J . D., 1978, The Pliocene Conant Creek Tuff in 
the northern part of the Teton Range and Jackson Hole, Wyoming; U.S. 
Geol. Surv. B u l l . 1435-6, 9 p. 

Co f f in , H. G., 1976, Orientation of trees in the Yellowstone pe t r i f i ed 
forests : Jour. Paleo., v. 50, p. 539-543. 

Cof f in , H. G., 1983, Erect f loa t ing stumps in Sp i r i t Lake, Washington: 
Geology, v. 11, p. 298-299. 

Dorf, E., 1960, Tert iary foss i l forests of Yellowstone National Park, 
Wyoming: B i l l i ngs Geol. S o c , 11th Ann. Field Conf., p. 253-260. 

Fournier, R. 0 . , 1983, Yellowstone National Park as an opportunity for deep 
continental d r i l l i n g in thermal regions: Geol. Soc. Am. Abstr. with 
Progs., V. 15, p. 434. 

F r i t z , W. J . , 1980, Reinterpretation of the depositional environment of the 
Yellowstone " foss i l fo res ts" : Geology, v. 8, p. 309-313. 

F r i t z , W. J . , 1980, Strat igraphic framework of the Lamar River Formation in 
Yellowstone National Park: Northwest Geology, v. 9, p. 1-18. 

F r i t z , W. J . , 1982, Geology of the Lamar River Formation, Northeast 
Yellowstone National Park, j_ri_, Reid, S. G., Foote, D. J . , eds.. Geology 
of the Yellowstone Park Area: Wyo. Geol. Assoc. 33rd Ann. Field Conf. 
Guidebook, p. 73-101. 



Froggatt, P. C , Wilson, C. J . N,, and Walker, G. P. L., 1981, Orientation of 
logs in the Taupo Ignimbrite as an indicator of flow di rect ion and vent 
pos i t ion : Geology, v. 9, p. 109-111. 

Hauge, T. A., 1982, The Heart Mountain detachment f a u l t , northwest Wyoming: 
Involvement of Absaroka volcanic rock, 2n_, Reid, S. G., Foote, D. J . , 
eds. , Geology of the Yellowstone Park Area: Wyo. Geol. Assoc. 33rd Ann. 
Field Conf. Guidebook, p. 175-183. 

Iyer , H. M., Evans, J . R, Zandt, G., Stewart, R. M., Coakley, J . M., and 
Roloff , J . N., 1981, A deep low-velocity body under the Yellowstone 
caldera, Wyoming: Delineation using teleseismic P-wave residuals and 
tectonic in te rp re ta t ion : Summary:. Geol. Soc. Am. B u l l . , v. 92, part I , 
p. 792-798. 

Keefer, W. R., 1971, The geologic story of Yellowstone National Park: U.S. 
Geol. Surv. Bu l l . 1347, 92 p. 

Love, J . D., and Good, J . M., 1970, Hydrocarbons in thermal areas. 
Northwestern Wyoming: U.S. Geol. Surv. Prof. Paper 644-B, 23 p. 

Love, J . D., and Keefer, W. R., 1975, Geology of sedimentary rocks in southern 
Yellowstone National Park, Wyoming: U.S. Geol. Surv. Prof. Paper 729-D, 
60 p. 

Love, L. L., Kudo, A. M., and Love, D. W., 1976, Dacites of Bunsen Peak, the 
Birch H i l l s , and the Washakie Needles, northwester;n Wyoming, and the i r 
relat ionship to the Absaroka volcanic f i e l d , Wyoming and Montana: Geol. 
Soc. of Am. B u l l . , v. 87, p. 1455-1462. 

McBroome, L. A. , Doherty, D. J . , and Embree, G. F., 1981, Correlation of major 
Pliocene and Miocene ash-flow sheets, eastern Snake River Pla in, Idaho: 
Mont. Geol. Soc. Field Conf. SW Mont., p. 323-330. 

Pelton, J . R., and Smith, R. B., 1982, Contemporary ver t ica l surface 
displacements in Yellowstone National Park: Jour. Geophys. Res., v. 87, 
p. 2745-2761. 

Pierce, K. L., 1979, History and dynamics of g laciat ion in the northern 
Yellowstone National Park Area: U.S. Geol. Surv. Prof. Paper 729-F, 90 

P-

Pierce, W. G., 1982, Relation of volcanic rocks to the Heart Mountain Fault , 
i n , Reid, S. G., and Foote, D. J . , eds. . Geology of the Yellowstone Park 
Area: Wyo. Geol. Assoc. 33rd'Ann. Field Conf. Guidebook, p. 181-183. 

Richmond, G. M., 1976, Sur f ic ia l geologic history of the Canyon Vi l lage 
Quadrangle, Yellowstone National Park, Wyoming, for use with map 1-652: 
U.S. Geol. Surv. Bu l l . 1427, 35 p. 

Ruppel, E. T. , 1972, Geology of the pre-Tert iary rocks in the northern part of 
Yellowstone National Park, Wyoming: U.S. Geol. Surv. Prof. Paper 729-A, 
66 p. 



I 
I 
I 
I 
I 
I 

II 

111 
II: 

11 
II 
III 

Smedes, H. W., and Prostka, H. J . , 1972, Strat igraphic framework of the 
Absaroka volcanic supergroup in the Yellowstone National Park region: 
U.S. Geol. Surv. Prof. Paper 729-C, 33 p. 

Smith, R. B., and Christ iansen, R. L., 1980, Yellowstone Park as a window on 
the earth's i n t e r i o r : Sci . Am., v. 242,. p. 194-217. 

Smith, R. B., and Bra i le , L. W., 1982, Crustal structure and evolution of an 
explosive s i l i c i c volcanic system at Yellowstone National Parks, _in_, 
Reid, S. G., and Foote, D. J . , eds.. Geology of the Yellowstone Park 
Area: Wyo. Geol. Assoc. 33rd Ann. Field Conf. Guidebook, p. 233-250. 

Stewart, J . H., and Carlson, J . E., 1978, Generalized maps showing 
d i s t r i b u t i o n , l i tho logy and age of Cenozoic igneous rocks in the Western 
United States, JJT ,̂ Smith, R. B., and Eaton, G. P., eds., Cenozoic 
tectonics and regional geophysics of the western Cord i l lera: Geol. Soc. 
Am. Mem. 152, p. 263-264. 

Wil l iams, H., and McBirney, A. R., 1979, Volcanology: Freeman, Cooper and Co., 
San Fran. , 397 p. 



I 
I 
I; 
I 

I 
I 

I 
I 
I 
I 
I 
i' 
I. I 
f 
i 

I 
i 

I 
I 

Chapter 1 

REVIEW OF THE PETROLOGY OF VOLCANIC SYSTEMS 

1.1 CLASSIFICATION AND NOMENCLATURE 

"When I use a word, i t means just what I 
choose'it to mean - neither more nor less." 

Humpty Dumpty (Hunt, 1982) 

"Much of the current ac t i v i t y in th is f i e l d [rock nomenclature] consists of 
attempts to redefine and rearrange existing names, and inevitably suffers 
from the lack of widely accepted, reasonably objective c r i t e r i a for 
deciding whether proposed modifications of terms already in the public 
domain are actually in the public interest ." 

F. Chayes (1979) 

The c lassi f icat ion of igneous rocks in general, and volcanic rocks in 

part icular has been a topic of contention from the earl iest days of geology. 

Indeed, the struggle continues to th is day, although most geologists are 

reasonably comfortable with an imprecise c lass i f icat ion scheme. For most 

cases, major and trace element geochemical analyses are the rule in the 

l i te ra ture rather than the exception, allowing the reader to apply his own 

favori te scheme and the author to side step imprecise nomenclature and define 

a rock as quantitat ively as possible. 

The aphanitic or prophyritic nature of most volcanic rocks has required 

the use of chemical analyses in the i r c lass i f i ca t ion . These analyses include 

at a minimum nine major oxide components and water. Recent work has 

emphasized the importance of trace elements in the genesis of volcanic rocks 

and these are often also included with the major elements. Examples of 

analyses for several major rock types which wi l l be discussed in th is book are 

presented in Table 1-1. 

The c lassi f icat ion of volcanic rocks generally is considered in two 

di f ferent ways: that of providing a name to a specific rock and that of 

I 



Table 1-1 Major elanent cheBistry and CIPW norms of selected 
volcanic rock types (Camlchael et al, 197'*). 

r \ j 

SiOa 
TIO, 
A l ,0 , 
Fe.O, 
FeO 
MnO 
MgO 
CaO 
Na,0 
K , 0 
P.O, 
Rest* 

Total 

0 
or 
ab 
an 
ne 
di 
hy 
ol 
mt 
il 
ap 

1 

47.01 
3.20 

15.57 
2.32 

11.57 
0.20 
5.25 
9.77 
3.00 
0.31 
0.32 
1.64 

100.16 

1.87 
25.39 
28.10 
— 

15.17 
11.92 
5.93 
3.36 
6.08 
0.76 

2 

51.57 
0.80 

15.91 
2.74 
7.04 
0.17 
6.73 

11.74 
2.41 
0.44 
0.11 
0.45 

100.11 

2.26 
2.60 

20.39 
31.29 

— ' • 

21.32 
16.05 
— 
3.97 
1.52 
0.26 

3 

50.83 
3.44 

12.67 
3.10 

11.39 
0.25 
4.19 
8.18 
3.24 
0.87 
0.75 
0.94 

99.85 

4.44 
5.56 

27.25 
17.51 
— 

15.75 
16.04 
— 
4.41 
6.54 
1.68 

4 

48.27 
0.89 

18.28 
1.04 
8.31 
0.17 
8.96 

11.32 
2.80 
0.14 
0.07 
0.22 

100.47 

0.56 
23.58 
36.97 
— 

15.23 
— 

20.55 
1.39 
1.67 
0.17 

5 

52.28 
0.94 

15.75 
3.28 
4.88 
0.16 
4.76 
8.30 
3.44 
2.08 
0.36 
3.57 

99.80 

3.98 
12.29 
29.11 
21.39 
— 
6.41 

13.76 
— 
4.76 
1.79 
0.85 

6 

46.53 
2.28 

14.31 
3.16 
9.81 
0.18 
9.54 

10.32 
2.85 
0.84 
0.28 
0.14 

100.24 

5.28 
20.04 
23.63 
2.20 

20.89 
— 

18.48 
4.53 
4.41 
0.67 

Explanation of column headings 
1 Olivine tholeiite, Albemarle Island, Gal&pagos (McBirney and Williams, 1969 

7 

43.52 
2.45 

15.76 
2.82 
7.14 
0.16 
9.57 

12.28 
3.02 
1.43 

•0.41 
1.16 

99.72 

8.45 
4.48 

25.22 
11.42 
25.93 
— 

13.25 
4.09 
4.65 
0.97 

, p. 121. 
no. 63) 

2 Tholeiite, Talasea, New Britain (Lowder and Carmichael, 1970, p. 27, no. 311) 
J Tholeiitic lava, Thingmuli, Iceland (Carmichael, 19646, p. 439, no. 10) 
4 High-alumina basalt. Medicine Lake Highlands, Caliromia (Yoder and Tilley, 1962, p. 363, 

SiO, 
TiO, 
A l ,0 , 
F e , 0 , 
FeO 
MnO 
MgO 
CaO 
N a , 0 
K , 0 
PiO, 
Rest 

Total 

0 
or 
ah 
an 
di 
hy 
ac, ns 
ml 
il 
ap 

1 

58.57 
0.64 

19.87 
3.20 
2.73 
0.15 
1.74 
7.51 
4.25 
0.74 
0.10 
0.63 

100.13 

12.67 
4.37 

35.96 
32.96 
2.93 
4.52 
— 
4.64 
1.21 
0.24 

2 

62.74 
0.56 

16.53 
1.71 
2.14 
0.07 
3.24 
6.20 
4.08 
1.18 
0.16 
1.31 

99.92 

17.43 
6.97 

34.52 
23.30 

5.09 
7.38 
— 
2.48 
1.06 
0.38 

3 

67.73 
0.50 

15.44 
0.69 
2.40 
0.06 
1.30 
3.35 
3.85 
3.25 
0.15 
1.15 

99.87 

22.98 
18.90 
32.49 
15.29 

— 
6.82 
. — 
0.93 
0.91 
0.34 

4 

72.19 
0.33 

12.62 
3.14 
1.12 
0.05 
0.58 
2.07 
3.45 
3.70 
0.02 
0.80 

100.07 

33.18 
21.86 
29.19 
8.02 
1.64 
0.68 
— 
2.82 
0.63 
0.15 

Explanation of column headings 
1 Andesite flow. Mt. Misery, St. Kills, West Indies (P. E. Baker, 
2 Andesite, Ml. Shasla, Caliromia (A. L. Smith and Carmichael, 

6 

76.21 
0.07 

12.58 
0.30 
0.73 
0.04 
0.03 
0.61 
4.05 
4.72 
0.01 
0.52 

99.87 

33.06 
27:80 
34.06 
2.50 
0.30 
0.92 
— 

0.46 
0.15 
— 

1968&. table 6, 
1968. table 2, 

6 

70.13 
0.30 
7.97 
2.77 
5.27 
0.26 
0.07 
0.55 
7.46 
4.24 
0.04 
1.19 

100.25 

28.75 
25.06 
17:39 
— 
2.19 
8.68 

15.90 
— 
0.57 
0.09 

, no. 15) 
no. 72) 

3 Pyroxene dacite. Medicine Lake Highlands (Carmichael, 1967A, table 5, no. 13) 
4 Rhyodacite, Talasea, New Britain (Lowder and Carmichael, 1970, table 2, no. 279B) 
5 Rhyolitic obsidian. Mono Craten, Caliromia (Carmichael, 1967a, table S, no. 18) 
6 Pantellerile obsidian. Lake Naivasha. Kenya (Nicholls and Carmichael. 1969a, table 1. 

no. 16) 
5 Hypersthene shoshonile lava, Yellowstone Park, Wyoming (J. Nicholls and Carmichael, 

1969a, p. 60, no. 118A) 
6 Alkali olivine basalt, prehistoric flow, Hualalai, Hawaii (Yoder and Tilley, 1962. p. 362, 

no. 20) 
7 Basanile flow, Korath Range, Lake Rudolph, Kenya (F. H. Brown and Carmichael, 1969, 

p. 251, no. k8) 
* Includes HiO, CO,, and so on. 

no. 121R) 
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classifying suites of rock that are genetically related (magma series). 

The actual mineral composition of a rock may be quantifed by point-

counting the abundance of the di f ferent phases present. This quantif ication 

of volume percent is termed the mode of the rock. The glassy and fine-grained 

nature of most volcanic rocks places l im i ts on the value of th is method for 

c lass i f i ca t ion , but as we wi l l see la te r , i t can be used to characterize and 

correlate the products of di f ferent pyroclastic eruptive events. 

A normative or norm calculation mathematically derives a standard suite 

of minerals from the major element chemical analysis of a rock. The most 

common norm calculation in the U.S. is the CIPW (Cross Iddings Pi rson 

Washington) norm. The procedure for the calculation of th is nomi is given in 

Barth (Barth, 1966). The calculation is somewhat tedious by hand but is 

easily programmed on a computer. The CIPW norms of major rock types are given 

with the chemical analyses in Table 1-1. 

The c lass i f icat ion of rocks in the f ie ld generally rel ies on textures and 

observable minerals. An example of th is is given in Table 1-2 which is 

adapted from Travis (1955). This system is based upon the composition and 

percentage of total feldspar and the presence and abundance of quartz or a 

feldspathoid (such as nepheline or leuc i te) . This chart also equates f ine

grained volcanic rocks with coarser grained plutonic equivalents. The obvious 

advantage of such a c lass i f icat ion scheme is that i t can be used by the f ie ld 

geologist to characterize rocks and communicate his findings to other 

geologists. Other more specialized rock names are in common usage and many 

archaic terms wi l l crop up from time to time. These names can be easily found 

in rel iable geological dict ionaries. 
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Streckeisen (1967) has presented a volcanic rock c lass i f icat ion which is 

based on the modal abundance of quartz, a lkal i feldspar, plagioclase, 

feldspathoids, and mafic minerals. The rock name is defined by locating the 

modal abundances on the double tr iangles shown in Figure 1-1. 

Rock nomenclature has also been based upon chemistry and on factors 

calculated from that chemistry. Figure 1-2 is a c lass i f icat ion of andesites, 

dacites, and rhyolites which is based on weight percent K2O and Si02. Other 

c lassi f icat ions may be based on normative mineral content or calculations 

involving the normative mineral content such as the d i f ferent ia t ion index 

(DI). 

DI = normative quartz + a lb i te + orthoclase + leucite + nepheline + k a l s i l i t e . 

Thus a benmoreite is defined as "a si l ica-saturated to undersaturated igneous 

rock intermediate between mugearite and trachyte, with a d i f ferent ia t ion index 

between 65 and 75 and KpOrNâ O less than 1:2. (American Geological Inst i tu te 

Glossary of Geologic Terms). 

I t has long been recognized that certain types of igneous rocks occur 

together and indeed are genetically related to each other. This understanding 

is the basis for the def in i t ion of petrologic province and what we may cal l 

magma series. One of the most widely used classi f icat ions based on magma 

series was that proposed by Peacock (1931). This scheme involves the 

construction of a "Peacock Diagram" by plott ing weight percent CaO versus Si02 

and (Na20 + K2O) versus Si02. The point of intersection of these two lines 

defines the alkal i - l ime index of the sui te. I f the index is greater than 61% 

Si02 the suite is termed calc ic ; 56-61% is calc-alkal ine; 51-56% is a l ka l i -

ca lc ic ; and less than 51% is a lka l ic . 
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Fig. 1-1 Volcanic rock 
classif icat ion 
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Fig. 1-2 Classification of andesite, dacite, and rhyolite 
by K-G and SiOg contents (ewart, 1979). 
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From the study of the chemistry of volcanic rocks in Japan, Kuno (1960, 

1968) determined tha t there were three igneous rock ser ies . He f e l t each 

ser ies represented rocks which varied in composit ion, but which were derived 

from a s ing le parental magma. He ca l led the three ser ies 1) t h o l e i t e , 2) 

high-alumina basa l t , and 3) a l k a l i o l i v i n e basalt and defined the boundaries 

between the series on the Nâ O + KoO or Si02 diagram (F ig . 1-3). Yoder and 

T i l l e y (1962) f e l t tha t high-alumina basalts were var ia t ions of both the 

t h o l e i t e and a l k a l i o l i v i n e basalt series and did not represent a d i s t i n c t 

ser ies . 

I rv ing and Barager (1971) have reviewed chemical data fo r a large number 

of volcanic rocks and have proposed a guide for the c l a s s i f i c a t i o n of the 

rocks on the basis of chemistry. They have attempted to subdivide the rocks 

on the basis of natural boundaries and give them rock names which are 

consistent w i th names o r i g i n a l l y proposed on the basis of mineralogy. They 

emphasize tha t although the c l a s s i f i c a t i o n may fo l low l ines of magmatic 

evo lu t ion the proposed c l a s s i f i c a t i o n scheme i s non-genetic. The basis of the 

c l a s s i f i c a t i o n i s as fo l lows . 

I . Sub a lka l ine 

A. Tho le i t i c basalt series 

B. Ca lc -a lka l i series 

I I . A lka l ine • 

A. Alkali olivine basalt series 

B. Nephelinitic, leucitic, and analcitic rocks 

I I I . Peralkal ine 

Within the ser ies , ind iv idua l rock names are defined on the basis of plots of 

normative co lor index (% mafic minerals in the norm) versus normative 

plagioclase composit ion. 

9 
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Alkali-silica diagram for tholeiite (solid circles) and high-aluTnina basalt (crosses) 
oi central Japan and alkali olivine basalt (open circles) of central to southwestern Japan, 
Korea, and Manchuria, all of Cenozoic age. Their fractionation products in the same prov
inces—namely andesite, dacite, and rhyolite derived from the tholeiite (the pigeonitic 
rock series) and those derived from the high-alumina basalt (the high-alumina basalt series) 
and mugearite, trachyandesite, trachyte, and alkali rhyolite derived from the alkali olivine 
basalt—are also plotted by the respective marks. Both aphyric and porphyritic rocks are 
included. General boundaries between the fields of the three types o( basalt and their 
fractionation products are shown by curves. 

10 
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1.2 PHYSICAL PROPERTIES OF SILICATE MELTS 

1.2.1 Spectrun of Volcanic Eruptions 

During a volcanic eruption mass and energy are transfered from depth to 

the surface of the earth. The character of eruptions depends on the physical 

properties of the magmas which are a function of both the i r chemistry and to a 

large extent the i r interaction with the i r surroundings. This may involve 

especially the interaction of the magmas with meteoric waters as well as the 

contained magmatic water. 

In th is chapter we wi l l explore why basaltic eruptions are common and 

produce large volumes of flow material but are generally not violent. On the 

other hand, rhyo l i t ic through andesitic eruptions are less common, but violent 

and can lead to large losses of l i f e . In addit ion, we wi l l explore why some 

rhyolites produce viscous domes and flows in quiet eruptions while other 

magmas of essentially the same geochemical composition erupt violent ly and 

produce ash flow tu f fs and calderas. Many volcanic centers produce the 

extremes of eruptive character during the i r l i fe t imes. 

1.2.2 Review of Fluid Mechanics 

The study of both magmatism and hydrothermal ac t iv i ty has i t s basis in 

the behavior of f lu ids . This section wi l l review some of the concepts and 

terminalogy from elementary f l uid mechanics. The discussion wi l l be applied 

at th is time to the behavior of s i l i ca te melts., but later in th is book we w i l l 

be applying much of the same infonnation to describe the behavior of 

hydrothermal f lu ids . 

Fluids in general possess elastic properties only under direct tension or 

compression. When pressure on the f lu id is released the f lu id w i l l assume i t s 
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(E). The bulk modulus of a f lu id 

pressure. Application of a shear 

deformation of a f l u i d . Fluids wi 

i nab i l i t y to support shear stress 

original volume. The e las t i c i t y of a f lu id is quantified by i t s bulk modulus 

increases with increasing confining 

stress w i l l result in the permanent 

i l l not transmit a shear stress. This 

allows f lu ids to flow. In a flowing f lu id 

there are two fundamental types of motion, laminar flow and turbulent flow. 

Laminar flow results in an orderly motion in which f lu id elements slide over 

each other in laminae. There is molecular motion and chemical and thermal 

d i f fus ion , but no large-scale mixing between layers. Observations of f luids 

in laminar flow reveal the si tuat ion shown in Figure 1-4, with velocit ies 

equal to zero at boundaries and increasing with distance from the boundary. 

Turbulent flow is characterized by random motion of f lu id elements and mixing 

throughout the f l u i d . A velocity prof i le of a f lu id in turbulent flow is 

shown in Figure 1-5. At the boundary the flow is again zero. Within an 

extremely th in boundary layer the 

very important factor in,both the 

between the f lu id and the conf in i 

flow is laminar. This boundary layer is a 

resistance to flow and in the heat f lux 

ing medium. Within the portion undergoing 

turbulent f low, in the s t r i c t serse, the motion of f lu id elements is random, 

but the f l u id has an average component of f lu id veloci ty. 

Fluid flow is often characterized by a dimensionless quantity called the 

Reynolds Number (R ) where 

R = ^ '̂ e n 

In th is equation p is the f lu id density, v is the forward veloci ty , D is the 

diameter of the conduit, and n i 

determined empirically that flow 

> 3000. For values between 2000 

s the viscosity of the f l u i d . I t has been 

is laminar for R < 2000 and turbulent for R 
e € 

and 3000 f lu id flow fluctuates between 
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Fig. 1-^ Velocity profile of a fluid in laminar 
flow showing a velocity of zero at a 
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Fig. 1-5 Velocity profile of a fluid in turbulent flow 
showing a velocity of zero at a fixed boundary, 
a boundary layer in laainar flow and txirbulent 
flow with an averaige forward velocity. 
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laminar and turbulent. Undermost conditions s i l i ca te melts w i l l exhibit 

laminar flow. The Reynolds number forms the basis of the study of f l u i d 

systems through the use of scaled models. 

One of the fundmental properties of a f lu id is viscosity (n) , which is a 

constant relating shear stress (x) to strain rat io or velocity gradient 

(dv/dx) or 

T = n (""^dx) . 

Viscosity varies with temperature, but temperature has the opposite 

effect on l iquids and gases. Viscosity increases with temperature in gases 

and decreases with temperature in l iqu ids. The importance of viscosity in 

igneous processes has long been recognized and discussed (Bowen, 1934; Shaw, 

1965, 1972; Bar t le t t , 1969;" Bottinga and Wei l l , 1972; Kushiro, 1980). /^ong 

other things, the viscosity of a melt wi l l determine flow morphology, 

convection in magma chambers, rates of ascent through the crust and crystal 

set t l ing in magma chambers. In short, i t is one of the most important factors 

in defining the chemistry and eruptive character of volcanic rocks. 

I f the f lu id s t r i c t l y follows the above relationship i t is classed as a 

Newtonian f l u i d . However, in the case of s i l i ca te melts, i t is often 

necessary for shear stresses to reach a c r i t i c a l value prior to the onset of 

f low. Si l icate melts, then, generally behave as Bingham f lu ids . The behavior 

of these dif ferent f lu id types can be generalized in Figure 1-6. 

Shaw et al (1968) determined that basalts in an Hawaiian lava lake 

behaved as a Bingham f lu id with c r i t i c a l shear stresses of 700 and 1200 dy/cm^ 

at two di f ferent levels within the lake. The viscosit ies of these l iquids 

were found to be 7.5 x 10^ and 6.5 x 10^ Poise respectively. Rice (1981) has 

14 
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Fig. 1-6 Generalized diagram of the behavior of 
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Fig. 1-7 Laboratory determinations of viscosity of 
various rock types as a function of temperature 
(Murase and McBirney, 1973). 
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suggested that crystals in a less dense Bingham f lu id must reach a c r i t i ca l 

size before they wi l l sink. 

Murase and McBirney (1973) have studied the variat ion in viscosity of a 

spectrum of igneous rocks as a function of temperature. Their study was done 

in the laboratory usirq natural rock samples. They found that above the 

liquidus temperature, the viscosity decreases logarithmically with increase in 

temperature (Fig. 1-7) for these molten rocks they found the viscosity could 

be represented by the empirical relationship 

I 
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I 
i 
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I 
I 

n = An exp E /̂RT 

where n is viscosity; En is the activation energy for viscous flow; R the gas 

constant; and An a constant. When temperatures f a l l below the liquidus the 

above relationship is no longer applicable, and viscosit ies increase rapidly 

with decrease in temperature. This is thought to result from the strength of 

temporary bonds. In natural systems, the presence of crysta ls , vapor bubbles, 

or xenoliths wi l l also increase the viscosity of the melt. 

Kushiro (1980) has studied the variation of viscosity and density of some 

s i l i ca te melts as a function of pressure. He has shown that viscosity in 

s i l i ca te melts is a function of pressure as well as tenperature, with a 

general decrease in viscosity with increasing pressure. This viscosity change 

is often not l inear, ref lect ing probable structural changes within the melt. 

He points out that these changes may influence trace element par t i t ion ing, the 

trend of crystal f ract ionat ion, and the locus of formation of plutons. 

Figure 1-8 shows the variat ion in viscosity as a function of temperature 

of a number of rock types. These are calculated curves which demonstrate 

several valuable points. All the melts show an increase in viscosity with 
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Fig. 1-8 From Carmichael et a l (197^). 
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data of Bottioga and Weill (1972). 
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decreasing temperature as was demonstrated in Figure 1-7. The influence of 

chemistry is c lear ly seen with more siliceous rocks being more viscous than 

less sil iceous rocks at the same temperature. In addit ion, the viscosity of 

less siliceous rocks increases more rapidly than the less siliceous rocks with 

a decrease in temperature. These changes are largely a result of 

polymerization of SiO^" tetrahedra. In melts which are re lat ively deficient 

in cations such as calcium, sodium, and magnesium, the SiO, molecules combine 

to fonm chains with a resulting viscosity increase. 

An increase in the water content of a magma w i l l , decrease.its viscosity 

as shown in Figure 1-8. Thus the loss of water from an ascending magma may 

terminate the ascent of the body due solely to the increase in viscosity of 

the melt. 

The viscosity w i l l largely determine the morphology of a volcanic flow. 

Basalts and andesites, for instance, have a re lat ive ly low viscosity (Fig. 1-

9) and thus form flows that tend to follow topographic lows and be areally 

extensive. Dacites and rhyol i tes, on the other hand, tend to form volcanic 

domes and short, stubby flows due to thei r re lat ively high viscosity. 

Density (p) is another important factor in the behavior of igneous 

rocks. The densities of igneous rocks can be correlated with thei r Si02 

content with more mafic rocks being more dense than rocks with higher SiOo 

content. Murase and McBirney (1973) have determined with densities of 

s i l i ca te l iqu ids, as a function of temperature, and the i r curves are 

reproduced in Figure 1-10. These show a general decrease in density with an 

increase in temperature. As would be expected from the elastic behavior of 

l iqu ids , density w i l l increase with increasing pressure. This has been 

confirmed experimentally (Kushiro, 1980). Pressure has a more profound 
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Fig. 1-9 From Carmichael et a l (197^). 
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Generalized curves after H. R. Shaw (1965) showing the viscosity of water-saturated 
acid magma (obsidian) as a function of temperature. The concentration of water, in wt %, 
is shown. Three values for obsidian with 0.5% HjO are taken from Friedman et al. (1963). 
Bumham (1967) gives a similar plot; and the position of the granite solidus and granodiorite 
liquidus are taken from his paper. 
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influence on the density of a melt than does temperature. 

1.2.3 Thermal Considerations 

Rocks are effective thermal insulators. This allows molten rock to 

e f f i c ien t l y transfer thermal energy from depths to the upper reaches of the 

crust. In addit ion, i t allows non-molten rock to serve as effective thermal 

reservoirs. Circulation of meteoric waters through these thermal reservoirs 

results in hydrothermal systems, which w i l l be discussed in more detail later 

in th is volume. 

One of the basic thermal properties of rocks is thermal conductivity, 

which is a constant relating the quantity of heat (dQ) conducted in unit time 

across a surface (dS), or 

dQ • K ^ ^ ^ ' 

where "^Vdn is the thermal gradient, and K is the thermal conductivity. Some 

thermal conductivit ies of selected rock types are given in Table 1.3. 

The thermal conductivity of rocks varies as a function of temperature, as 

shown in Figure 1-11. These data are from studies by Murase and McBirney 

(1973). They have interpreted the changes in slope of most of these samples 

as a result of change in the conduction mechanism from phonon conduction at 

lower temperatures to photon conductivity at higher temperatures. 

Heat Capacity (Cp) or Specific Heat is another important property of 

rocks. I t is defined as the quantity of heat necessary to raise the 

temperature of 1 gram of a substance 1°C. The heat capacity is temperature 

dependent and wi l l increase with increasing temperature of rocks. 
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Table 1-3 Thermal conductivities of selected rocks 
(From Geol. Soc, America Memoir 97). 

Rock type and locality 

Number of Conductivity 
determi- (10-*cal/cm sec °C) 
nations Mean Range 

Granite and Quartz Monzonite , 
Adams Tunnel, Colo. 

Granite 
Loetschberg Tunnel, Switzerland 

Granodiorite 
Steamboat Springs, Nev. 

Granodiorite 
Grass Valley, Calif. 

Quartz-Feldspar Porphyry 
Jacoba Bore, Orange Free State, 
S. Africa (25° C) 

Syenite and Syenite Porphyry 
Kirkland Lake, Ont. 

Altered Rhyolite 
Timmins, Ont. 

Norite 
Sudbury, Ont. 

Serpentinized Peridotite 
Thetford Mines, Quebec 

Agglomerate 
Roodepoort Bore, Transvaal, 
S. Africa 

Karoo Dolerite 
Kestell Bore, Orange Free State 
(35° C) 

Ventersdorp Lava 
Jacoba Bore, Orange Free State 
(25° C) 

Ventersdorp Lava 
Roodepoort Bore, Transvaal 

Portage Lake Lava 
Calumet, Mich. 

Dense Flows 
Amygdaioidal Tops 

Porphyrite and Diabase 
Grass Valley, Calif. 

Quartz Diorite Gneiss 
Adams Tunnel, Colo. 

Injection Gneiss and Schist 
Adams Tunnel, Colo. 

Gneiss 
Gotthard Tunnel, Switzerland 

Gneiss 
Simplon Tunnel, Switzerland 

Perpendicular 
Parallel 

Schistes Lustries 
Simplon Tunnel, Switzerland 

Perpendicular 
Parallel 

59 

12 

5 

14 

5 

37 

6 

5 

5 

5 

9 

9 

15 

27 
10 

21 

17 

41 

15 

22 
8 

8 
7 

7.89 

7.77 

6.64 

7.61 

8.0 

7.66 

8.23 

6.42 

6.34 

7.4 

4.8 

7.4 

7.2 

5.01 
6.4 

7.14 

7.75 

7.74 

6.68 

6.34 
8.90 

5.74 
7.50 

6.7- 8.6 

6.2- 9.0 

6.2- 6.9 

7.0- 8.3 

7.6- 8.6 

6.3- 9.5 

7.4- 8.8 

5.5- 7.3 

5.7- 7.0 

7.1- 8.0 

4.0- 5.5 

6.3- 8.6 

6.4- 8.0 

4.1- 6.6 
5.5- 9.0 

6.2- 8.2 

6.6- 8.5 

4.0-11.0 

5.1- 8.0 

4.6- 7.7 
6.0-11.4 

4.1- 6.8 
6.8- 8.9 
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Fig, 1-11 Thermal conductivity of rocks as a 
function of temperature (Murase and 
McBirney, 1973). 
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Fig. 1-12 Pressure-temperature relations of olivine 
tholeiite under saturated condltloivs 
(Yoder and Tilley, 1962). 
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The expansion and contraction of rocks during heating and cooling is 

defined by the coeff ic ient of thermal expansion (a) , which can be d i rect ly 

related to the change in density with temperature. 

The latent heat of fusion (AHX) is the heat required for the 

transfomiation from a solid to a l iqu id state. Correspondingly, when a molten 

rock is c rys ta l l i zed, AH-: represents the heat given off through the 

transformation from a l iqu id to a so l id . Since rocks are multicomponent 

systems composed of minerals of di f ferent compositions and dif ferent melting 

temperatures, the melting or c rys ta l l i za t ion process taken place over a 

temperature interval as shown in Figure 1-12. The sol idus in Figure 1-12 

marks the beginning of melting and separates the pressure-temperature f ie ld 

where the rock is solid from that where solid and l iqu id coexist under 

equilibrium conditions. The liquidus defines the tenperature above which the 

rock has been completely melted. The area between the solidus and liquidus 

defines a zone of part ial melting. Heating a rock at a constant pressure of 

2Kb (A-A', Fig. 1-12) then involves the following thermal considerations. 

Heating up to about 900°C wi l l be dependent upon the specific heat of the 

rock. Through the interval between the liquidus and solidus, additional 

thermal input equivalent to the heat of fusion wi l l be required and an amount 

of heat equivalent to the specific heat of the mixture wi l l be necessary to 

continue the temperature increase. Above the l iquidus, an increase in 

temperature wi l l be dependent solely on the specific heat of the l i qu id . 

The term convection is applied to both the heat and mass transfer within 

a f lu id body. Convection is generally considered as forced convection where 

the f lu id is under some sort of driving head or free convection where the 

movement of mass and resultant heat transfer is largely a result of 
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temperature dependent density differences. 

Convection within an igneous melt w i l l help determine the amount of 

homogenization and thus the path of chemical evolution as well as the thermal 

budget bf the magma body. The Rayleigh Number (Ra) is a dimensionless 

quantity which is the rat io between buoyant and viscous forces. 

R. 
q g 0 d 6 CP 

7k 

where a is the coeff ic ient of thermal expansion, g is the temperature 

gradient, d is the thickness o f t h e f lu id layer, Cp is the heat capacity at 

constant pressure, k is the thermal conductivity, g is the gravitational 

constant, and n is the f lu id viscosity. Convection wi l l occur when R̂  > 
a 

•V 1700 for an i n f i n i t e horizontal layer of Newtonian f l u i d . Thus the 

principal variables control l ing the onset of c rys ta l l iza t ion within a given 

magma body w i l l be the temprature gradient (William and McBirney, 1979). 

Mathematical modeling of the transfer of heat by conduction through 

igneous melts and adjacent wall rocks has been discussed by Lovering (1935, 

1936) and Jaeger (1964) among others. The assumption of Lovering's (1935) 

cooling model are that the intrusion is instantaneous, the temperatures within 

the intrusion and within the wall rock are uniform, the wall rock is isotropic 

with the same thermal d i f f us i v i t y as the intrusion, the thermal d i f fus i v i t y 

and conductivity are constant, and heats of fusion are neglected. For a one-

dimensional case, an i n f i n i t e slab of f i n i t e thickness, the temperature at any 

distance from the center of the slab is given by the equation 

xt 
eo , ^ / I - X. , r ^x + 1 , . 

ŵ + - ^ {erf - ) + erf (_ _)} 
w 2 ^ i r ^ 

where x is the distance from the center of the dike, e is the i n i t i a l wall 
w 

25 



I 
l i : 
I 

i' 
ii 
I 
p 
i 

I 
I 

1 

I 
I 

I 

i l 
' I ' ' 

I 
I 

rock temperature, eo is the difference between the i n i t i a l and the wall rock 

temperature, h is the thermal d i f f us i v i t y (h = ^/p ^p) , and is time in 

seconds. 

Figure 1-13 shows a solution to the above equation for an i n f i n i t e dike 

3km thick with an i n i t i a l intrusion temperature of 625*'C intruded into wall 

rocks of 25°C. Equations for two- and three-dimensional intrusive bodies are 

also given in Lovering (1935). 

1.2.4 Pressure 

Pressure has an important role in the determination of the physical 

properties of s i l i ca te melts as well as melting relationships. The pressure 

that results from the overlying column of rock is termed the l i thosta t ic 

pressure and that resulting from an overlying column of water is termed the 

hydrostatic pressure. These pressures at any depth can be calculated from 

P = pgh 

where p is the average density of the column of rock or water, h is i t s height 

and g is the gravitational constant. 

Actual pressures w i l l generally l i e between l i thos ta t ic and hydrostatic 

pressures. I f total pressure exceeds l i thosta t ic pressure, the rock wi l l f a i l 

through natural hydrefracting or, i f produced by the intrusion of magama, 

magmafracting (Yoder, 1976). 

Kushiro (1980) has experimented with the viscosit ies and densities of 

s i l i ca te melts at high pressures. In general viscosity decreases and density 

increases with an increase in pressure. With some types of melts (Fig. 1-14) 

there is a region between 7.5 and 10 Kb where changes of viscosity and density 
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Density change of quenched melt (glass) of NaAlSisO, composition as a (unction 
of pressure of quenching (Kushiro, 1978). That of NaAlSijO« composition is 
shown for comparison. Two short vertical bars indicate the pressures for the 
reactions nepheline (Ne) + albite (Ab) ̂  2 jadeite (Jd) and albite 7±: jadeite -)-
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Viscosity diange of NaAlSijO, (albite) melt with pressure at 1,400°C determined 
by Kushiro (1978a). That of NaAISijO* melt at 1,350°C is shown for comparison 

Changes in density and viscosity with pressure 
(Kushiro, 1980). 
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are much more rapid with increases in pressure. These zones are thought to 

represent changes in the structure of the melt i t s e l f . Kushiro has also 

pointed out that the change in density, with increasing pressure, of a 

basaltic melt is more rapid than for plagioclase feldspar. And whereas at low 

pressures plagioclase w i l l sink in a basalt melt, at higher pressures, which 

depend upon the anorthite content of the plagioclase, crystals wi l l tend to 

f l oa t . Thus changes in the total pressure on the system can influence the 

path of crystal fract ionat ion. In addition the part i t ioning of trace elements 

between crysta l l ine phases and the melt can be influenced by pressure 

(Kushiro, 1980, Fig. 11). Thus the trends of both major and trace elements 

can be expected to d i f f e r as a function of pressure. We wi l l consider the 

importance of pressure further when discussing specific minerals or rock 

composition and the fractionation of igneous rocks. 

1.2.5 Ascent of Magma 

The ascent of a body of magma from i t s depth of formation toward the 

surface is controlled by "overburden squeeze" resulting from the weight of the 

overlying column of rock and also by buoyancy (Yoder, 1976). Yoder feels that 

overburden squeeze is the more important of the two. 

From consideration of density differences, however, the velocity of an 

ascending magma body can be approximated by 

2 
V = 

( o - o ' ) q AX 
12T1 

where p and p' are densities of the wall rock and melt, g is the gravitational' 

constant, AX is the width of the crack along which the magma is ascending, and 

n is the viscosity of the melt (Kushiro, 1980). 
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I Thermal considerations for the ascent of magma through the crust have 

been dealt with by Marsh and Kantha (1978) and Turcotte (1981). Ramberg 

(1982) has pioneered the study of magma ascent using scaled models. 
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The chemical composition and chemical variation of igneous rocks the 

world over is s t r ik ing ly uniform. This uniformity implies that the processes 

which are active in the formation and subsequent evolution of these rocks are 

themselves fundmental. In th is section we wi l l discuss these processes in the 

context of melting and crys ta l l i za t ion of igneous rocks and the chemical 

changes which can result from the fractionation of s i l i ca te melts during the 

melting or crysta l l izat ion process. 

1.3.1 Equilibrium Fusion or Crystal l izat ion 

Equilibrium fusion or crysta l l izat ion is the process by which an igneous 

melt is created or crystal l ized without a change in bulk composition. That is 

neither crystals nor l iquid are separated from the system during the fusion or 

c rys ta l l i za t ion process. This is the least complex situation and we wi l l use 

examples to review basic principles before dealing with the more complex 

topics of fractional c rys ta l l iza t ion and part ial fusion. The approach of 

using experimental systems and equilibrium diagrams to explain fusion and 

crysta l l iza t ion of igneous melts was pioneered by Bowen (1928). 

Figure 1-15 shows the equilibrium diagram for the system diopside-

anorthite which can be used to i l l us t ra te crys ta l l iza t ion and fusion in a 

re lat ive ly simple system. Since diopside is a pyroxene and anorthite a 

plagioclase feldspar there is no solid solution between the two end members. 

Mixtures of the two w i l l , however, effect each others melting point as 

indicated by the position of the liquidus l ines in Figure 1-15. 

Assume that a melt has a composition of An-.p.Di,^ and has a temperature of 

1450°C (as in Fig. 1-15). As the melt is cooled i t remains l iquid unt i l the 
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Fig. 1-15 Phase relations in the system diopside-anorthite 
(Bowen, 1915). L sarks the liquidtis, S the solidus, 
and E the eutectlc. See text for a discussion 
of crystallization and fusion paths. 
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solidus is intersected (b, Fig. 1-15). At th is point anorthite crystals begin 

to form and thus the l iqu id becomes more enriched in the diopside component. 

As cooling continues, anorthite crystals continue to form and the composition 

of the remaining l iqu id moves down the liquidus unti l i t reaches the eutectic 

at 1270*'C. At th is point both diopside and anorthite crystal ize from the 

melt. Further cooling does not take place unt i l a l l the l iquid has been 

consumed. The f inal solid is made up of 60% anorthite and 40% diopside, the 

original composition of the l i qu id . I f anorthite had been separated from the 

melt during the crysta l l iza t ion process, the l iqu id would have followed the 

same path described above. However, the f inal composition of the system would 

have changed by the amount of anorthite removed. 

Fusion in th is system wi l l follow the opposite path from that described 

above. This time consider a rock of composition DigQAn2o (x. Fig. 1-15). As 

the temperature is increased, no melting takes place unti l the eutectic 

temperature (1270°C) is reached. At th is point both diopside and anorthite 

begin to melt and the temperature wi l l not increase unti l a l l of the anorthite 

has melted. The l iqu id w i l l be of the eutectic composition (DiroAn.^). When 

the anorthite has melted, the l iqu id formed wi l l change composition along the 

eutectic to point y (Fig. 1-15) at which time the system w i l l be a l iquid of 

composition DigQAn^o. Continued increases in temperature wi l l have no effect 

on the composition of the l i qu id . 

I f a solid forms a l iqu id of identical composition upon the i n i t i a t i on of 

melting, the system is said to melt congruently. I f a solid melts to a l iquid 

plus a solid of a di f ferent composition i t is said to melt incongruently. 

Incongruent melting takes place at a point which is called a peritectic on a 

phase diagram. Further discussion may be found in Bowen (1928). 

33 



I 
I, 

i 
• i 

7 
I 
I 
i; 

li I 

I 
j l 

I 
I 
I 
I 

I 
I 
I 

Systems which have complete or part ial solid solution are abundant and 

important in the study of igneous rocks petrogenesis. Figure 1-16 shows the 

phase diagram for the system Albi te-anorthi te. The crysta l l izat ion of a melt 

of composition Abp.-AncQ is shown with cooling of the l iqu id following path a-

b. When the temperature reachs b, crystals of composition c are formed. The 

l iqu id thus becomes re lat ive ly enriched in the alb i te component. As cooling 

proceeds, l iqu id and crystals continually re-equi l ibrate. The composition of 

the l iqu id moves along the liquidus to point d and the composition of the 

solid moves along the solidus to point e where crysta l l izat ion is complete at 

a composition of Ab-^An-,.. Fusion in th is system wi l l follow the opposite 

path. 

The systems discussed so far have been re lat ively simple in that they 

contain only two phases. Rock systems are generally much more complex, but 

the consideration of a three phase system is not an unreasonable 

representation of some natural systems. Figure 1-17 shows the ternary system 

forster i te-anor th i te-s i l ica. This system has a jo in between anorthite and 

cl inoenstat i te. Compositions below that l ine wi l l contain the assemblage 

fors ter i te + cl inoenstat i te + anorthite + spinel. Compositions above the l ine 

wi l l contain the assemblage cl inoenstat i te + anorthite + Si0„. The 

crys ta l l i za t ion of a melt of composition a (Fig. 1-17) w i l l precipitate 

fors ter i te on cooling to the l iquidus. As fors ter i te crystal l izes the 

composition of the l iqu id moves d i rect ly away from fo rs te r i te . At b the 

composition of the l iqu id intersects the cl inoenstat i te begins to precipitate 

and fors ter i te begins to react with the remaining f lu id to form enstat i te. 

The composition of the remaining f lu id moves down the fors ter i te -

cl inoenstat i te boundary to c where anorthite begins to precipitate. The 

temperature wi l l remain constant while cl inoenstat i te and anorthite are 
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precipitated and fors ter i te reacts to form cl inoenstat i te. After the f lu id is 

exhausted the assemblage fors ter i te + cl inoenstat i te + anorthite continues to 

cool. Again, melting paths w i l l be the opposite of the crys ta l l iza t ion paths. 

Note that Figure 1-17 offers explanations for many of the relationships 

seen in natural systems such as the mantling of fors ter i te by cl inoenstat i te 

and the mutual exclusion of fors ter i te and quartz in the same rock. 

More complex quaternary systems are often displayed in the l i te ra ture . 

The principles for following the cooling paths in these systems are the same 

as for simpler systems. More detailed discussions may be found in Carmichael 

et al (1974) or Ehlers (1972) among others. 

The system NaAlSioOg-KAlSioOg-SiO^-H^O'is of great importance to our 

understanding of fe ls ic magma systems. This system has been investigated by a 

nunber of authors (Tutt le and Bowen, 1958; Luth et a l , 1964) and is shown in 

Figure 1-18. The system is somewhat complicated by the partial solid solution 

between potassium feldspar and a lb i te . In addition the location of the 

eutectic and isoboric minima migrate away from Ab with a decrease in HoO 

pressure. 

The paths of c rys ta l l iza t ion are shown in Figure 1-18. Note that for 

composition fa l l i ng within the f i e l d QE'E the f i r s t mineral to crysta l l ize is 

quartz. The composition of the f lu id w i l l migrate d i rect ly away from quartz 

to the thermal trough represented by E-E'. From th is point the f lu id wi l l 

move to the thermal minimum or the eutectic depending upon i t s composition. 

A l iqu id leaving the composition X on the other hand, wi l l i n i t i a l l y 

crysta l l ize K-fs-Albite solid solution. The i n i t i a l crystals w i l l react with 

the remaining melt as was demonstrated for the Ab-An system (Fig. 1-16). Thus 
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Fig. 1-18 The system NaAlSi-0g-KAlSi-,0g-S10^-H 0 
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the f l u i d path wi l l be curved as shown in Fig. 1-18. 

Tuttle and Bowen point out that in order for the crysta l l izat ion to 

remain isobaric, water must be continuously released from the system. This 

water can be responsible for the formation of hydrothermal ore deposits, 

hydrothermal a l terat ion, or the presence of a magmatic water component in a 

geothennal system. 

Lipman (1966) has applied the data from Tutt le and Bowen (1958) to 

demonstrate that several major Tertiary ash flow tu f f sheets from Nevada 

crystal l ized under water pressures of 500 to 1200 bars. He has done this by 

plott ing the normative Ab-Or-Q (albite-orthoclase-quartz) content, normalized 

I ' : to 100%, on Tutt le and Bowen isobaric fractionation curves (Fig. 1-19). 

Assuming that the continuing pressure is l i thosta t ic and equal to water 

pressure, the range of conditions of generation of these ash flow sheets is 

• from 3% H2O, 750°C and depth to the top of the magma chamber of 1 mile to 5% 

i H2O, 700°C, and 2-5 miles to the top of the magma chamber. These water 

• pressures are lower than had been proposed by previous investigators, leading 

Lipman to suggest that the key to ash flow magmatism and resultant calderas 

may be the evacuation of large shallow magma chambers rather than eruption 

resulting from high magmatic water pressures. 

1.3.2 Fractional Crystal l izat ion 

In contrast with equilibrium crysta l l iza t ion discussed in the preceeding 

section, fractional crysta l l izat ion involves the separation of crystals from 

the melt. In th is way the bulk composition of the rock is changed and 

minerals that have a reaction relationship with the magma do not have the 

opportunity to do so. Various processes such as crystal se t t l i ng , crystal 
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f l oa t ing , and f i l t e r pressing can be cited as mechanisms of fractional 

c rys ta l l i za t ion , but in general i t is brought about by any mechanism which 

separates newly formed crysals from the remaining melt. 

Bowen (1928) proposed the process of fractional crysta l l izat ion to form 

' andesitic through rhyol i t ic l iquids from parental melts of basaltic 

composition. I t has often been pointed out that th is mechanism produces a 

re lat ively small volume of granit ic l iquid in proportion to the basaltic 

start ing material. I t is d i f f i c u l t to explain large volume fels ic batholithic 

complexes by the fractional crysta l l izat ion of basalt (Presnall, 1979). More 

I rea l is t ic proposals center around the process of part ial fusion which wi l l be 

discussed in more detail in the next section. However, most petrologists 

would agree that the process of fractional c rys ta l l iza t ion is of fundamental 

importance in understanding the chemical variations of igneous rocks (Presnall 

and Bateman, 1973). 

1.3.3 Fractional Fusion 

Presnall (1969) has defined two end-member fusion processes, equilibrium 

and fractional fusion. Equilibrium fusion of an igneous rock wi l l follow the 

reverse of the l iqu id path defined by equilibrium crys ta l l i za t ion . The melt 

and crysta l l ine residue react with each other during th is process. During 

fractional fusion the melt and crysta l l ine material are separated immediately 

and do not react with each other. Partial fusion involves the fusion of some 

portion of the rock and can thus involve equilibrium fusion, fractional fusion 

or some combination of these processes. 

Yoder (1976) suggests that basalts are derived from the fractional fusion 

of a garnet per idot i te. Experiments have shown that a substantial amount of 
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l iqu id of basaltic composition is derived from garnet peridot i te at i t s fusion 

temperature. 
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1.4 CRYSTALLIZATION AND DIFFERENTIATION IN MAGMA CHAMBERS 

In previous sections we have considered the basic physical-chemical 

processes of melting and crysta l l iza t ion of s i l i ca te melts. The classical 

I view of the crys ta l l iza t ion process is that i t takes place in a large magma 

• I chamber which is re lat ively unifomi upon emplacement and subsequently is 

modified by fractional c rys ta l l i za t ion . Recently, however, studies of f lu id 

mechanics have suggested some additional considerations for some of the 

processes influencing zoning in magma chambers. In addit ion, authors have 

also considered the effects of assimilat ion, mixing of di f ferent types of 

fl j magmas, and separation of magmas into immiscible components to explain the 

chemical variations within volcanic rock suites. 

Layered mafic intrusions have for many years served to exemplify 

I important processes of d i f ferent ia t ion in magma chambers. The layered nature 

of these intrusives has, in the past, been largely explained as resulting from 

fractionation by the process of crystal se t t l ing . However, recent work has 

suggested that a process called double-diffusive convection may be of 

importance (Turner and Gustafson, 1978; McBirney and Noyes, 1979; Chen and 

Turner, 1980). The process is based on the fact that i f a thermal gradient is 

imposed on a f lu id with a concentration gradient, horizontal layers of uniform 

concentration and temperature wi l l be generated (Chen and Turner, 1980). Thus 

a magma chamber could become s t ra t i f i ed . These s t ra t i f i ed layers can be 

sustained because the d i f f us i v i t y of heat between the layers is more rapid 

than the d i f fus i v i t y of chemical components. The interfaces between layers 

are re lat ively s ta t i c , but due to the net upward flux of heat, convection 

systems develop within the layers. Thus density, temperature, and composition 

wi l l change downward in a magma body as a series of steps. 
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Much of the emphasis in the study of ash flow tu f fs has centered on 

i understanding the processes within the fels ic magma chambers from which these 

I rocks were derived (Smith, 1979; Hi ldreth, 1979, 1981). As we wi l l see in 

• I subsequent sections, an ash-flow tu f f is formed by the part ial evacuation of 
• ' i 

fe ls ic magma chambers and is thus the inverse of the layering developed within 

I the chamber. The process of thermogravitational diffusion has been outlined 

by Hildreth (1979, 1981) and is called on to explain repeated thermal and 

compositional gradients which are apparently established in large fels ic magma 

I chambers. This process is based upon the establishment of compositional 

gradients in a magma chamber which is in the pressure of a thermal gradient. 

The process is summarized in Figure 1-20. 
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Fig. 1-20 From Hildreth (1981). 

Schematic portrayal ofthe convectioa-alded thennogravlta-
tioaal difTusivc inechanisni envisaged for dlfTereotiation of large silicic 
magma chambers; modified from Shaw and others (1976). A progressively 
itagnating high-silica roof zone, stabilized by a water concentration 
gradient, experiences both internal mass transfer and diffusive exchange 
with wall roclts and with the still-convecting subjacent magma volume. 
Compositional gradients are established in accordance with potentials 
imposed upon each constituent species io the melt by the thermal gradient, 
ihc gravitational field, and by systematic changes in melt structure 
resulting In turn from the gradients in T, P, X^^^o^ and 0/ (S i -)- Al). 
Characteristic periods of time available for differentiation of such systems 
appear to range between 10* and 10* yr for cpicratonic Valles-type 
calderas, but down lo < V f yr for small caidera-forming stratovolcanoes. 
Arrows along the wails signify upward buoyancy in thin chemical 
boundary layers, owing to diffusive influx of HiO from wall roclcs (sec 

I Fig. I I of Sbaw, 1974). Underpiating ofthe silicic focus by mantle-derived 
, mafic magma is thought to supply the principal thermal Input responsible 
for large-scale crustal melting and for driving the convective regime 

\ within the chamber. Tbc schematic ponding might more realistically 
' be portrayed by a plethora of dilces and gabbroic stoclcs. Such Injections 
1 may sometimes trigger eruptions in small-volume systems and could 
j produce both synplutonic dikes and many of the mafic inclusions so 
i abundant in granodioritic and tonalitic parts of major plutons. Release 

of CO, and S from such basalts could affect mass transfer in the overiying 
, silick system. 
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TABLE 4-1. Compositions of volcanic gases {In volume percent) 

CX)2 
CO 
Ha 
SO2 

s. SOs 
Cl, 
F , 
HCI 
N -f rare 

gases 
HjO 

1 

21.4 
0.8 
0.9 

11.5 
0.7 
1.8 
0.1 
0.0 
— 

lO.I 
52.7 

2 

46.2 
0.7 
0.03 

14.3 
0.0 

38.8 
0.0 
0.0 
— 

16.6 
71.4 

3 

40.9 
2.4 
0.8 
4.4 
— 
— 
— 
— 

8.3 
43.2 

4 

4.6 
0.3 
2.8 
4.1 
— 
— 
— 
— 
0.6 

4.5 
83.1 

5 

10.1 
2.0 
0.2 
— 
0.5 
— 
0.4 
3.3 
— 

0.9 
82.5 

6 

2.1 
0.6 
0.4 
0.01 
0.9 
— 
0.3 
T-5 
' 

0.6 
93.7 

7 

15.3 
1.4 
4.4 
— 
0.2 
— 
0.2 
0.0 

5.2 
73.2 

8 

10.4 
8.3 
1.1 
— 
1.3 
— 
0.4 
0.0 
— 

7.2 
71.3 

9 

25.9 
• 
— 
0.0 
— 
— 
— 
— 
— 

11.1 
63.0 

• Included with N. 
1. Kilauea, Hawaii; average of the best 10 collections of gas from Halematunau lava lalce in 1917-

1919 (Jaggar. 1940). 
2. Matina Loa, Hawaii; average of two samples collected from molten lava in 1926 {Shepherd, 1938). 
3. Nyiragongo, Congo; the single "exceDent" analysis of gas from the lava lake in 1959 for which water 

was determined (Chaigneau, Tazieff, and Fabre, 1960). 
4. Surtsey, Iceland; average of 11 analyses of samples taken between Oct. 15, 1964, and March 31, 

1967 (Sigvaldason and Elisson, 1968). 
5. Mt. Pe l^ , West Indies; gas extracted from lava (hypersthene andesite) of the spine formed in 1902 

(Shepherd and Merwin, 1927). 
6. Lassen Peak, California; gas-extracted from lava (dacite) erupted in 1915 (Shepherd, 1925). 
7. Mauna Loa, Hawaii; gas extracted from pimiice. (basalt) of the 1926 eruption (Shepherd, 1938). 
8. Niuafo'ou; gas extracted from lava (basalt) of the 1929 eruption (Shepherd, 1938). 
9. Kozu-shima, Japan; gas extracted from rhyolite lava (Iwasald, Katstira, and Sakato, 1955). 
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Tectonic Environments and Physical Spectrum of Volcanism 

A. Volcanic ac t iv i ty and plate boundaries 

B. Intraplate volcanism 

C. Classif ication of eruptive types 
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TABLE J O-I. Classification of volcanic eruptions 

Eruption type Physical 
nature 
ofthe 

magma 

Character of 
explosioe actMty 

Nature of 
effusive activity 

Nature of 
dominant ejecta 

Structures built 
around vent 

Basaltic flood 

Hawaiian 

Strombolian 

Vulcanian 

Peleean 

Plinian 
(exceptionally 
strong Vulcanian) 

RhyoLtic flood 

Ultravulcanian 

Gas eruption 

Fumarolic 

Fluid Very weak ejection of very 
fluid blebs; lava foun
tains 

Fluid Weak ejection of very fluid 
blebs; lava fountains 

Moderately Weak to violent ejection of 
fluid pasty fluid blebs 

Viscous Moderate to violent ejec
tion of solid or very vis
cous hot fragments of 
new lava 

Viscous Like Vulcanian, commonly 
with glowing avalanches 

Viscous Paroxysmal ejection of large 
volumes or ash. with ac
companying caldera col
lapse 

Viscous Relatively small amounts of 
ash projected upward'in
to the atmosphere 

No magma Weak to violent ejection of 
solid fragments of old 
rock 

No magma Continuous or rhythmic 
gas release at vent 

No magma EssentiaUy nonexplosive 
weak to moderately 
strong long-continued 
gas discharge 

Voluminous wide-spreading 
flows of very fluid lava 

Thin, often extensive flows 
of fluid lava 

Thicker, less extensive flows 
of moderately fluid lava; 
Sows may be absent 

Flows commonly absent; 
when present they are 
thick and stubby; ash 
flows rare 

Domes and/or short very 
thick flows; may be ab
sent 

Ash flows, small to very 
voluminous; may be ab
sent 

Voluminous wide-spreading 
ash flows; single flows 
may have volume of tens 
of cubic miles 

None 

None 

None 

Cow-dung bombs and 
. spatter; very little ash 

Cow-dimg bombs and 
spatter; very little ash 

Spherical to fusiform 
bombs; cinder; small to 
large amounts of glassy 
ash 

Essential, glassy to lithic, 
blocks and ash; pumice 

Like Vulcanian 

Classy ash and pumice 

Classy ash and pumice 

Spatter cones and ram
parts; very broad flat 
lava cones; broad lava 
plain 

Spatter cones and ram
parts; very broad flat 
Java cones 

Cinder cones 

Ash cones, block cones, 
block-and-ash cones 

Ash and pumice cones; 
domes 

Widespread pumice lapilli 
and ash beds: generally 
no cone building 

Flat plain, or broad flat 
shield, often with,-
caldera 

Accessory and accidental Block cones; block-andr-
blocks and ash ash cones 

None; or very minor 
amoimts of ash 

None; or rarely very 
minor amounts of ash 

None 

Generally none; rarely 
very small ash cones 

Mo^Dbn/iia. I^")2 
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An Introduction to Ash-Flow Tuffs and Their Relatives 

I . Introduction 
A. terminology 
B. historical aspects of study 

II. Eruption Column Dynamics 
A. eruptive type 

1. Pliraian 
2. Pelean 

B. constituents 
1. magma 

a) crystals 
b) pumice and v i t r i c materials 

2. gasses 
a) water 
b) others 

3. accidental fragments 
a) l i t h i c fragments 
b) crystals 

C flow regime 
1. higher veloci ty, larger part ic les, lower shear gradients toward 

center of pipe 
2. 2 part eruption column 
3. collapse 

I I I . Depositional Mechanism 
A. f a l l 

1. characteristics 
2. d istr ibut ion 

B. surge 
1. introduction 
2. deposits 
3. facies and bedding 

C f 1 ow 
1. eruptive sequence 
2. composition 
3. deposition 

a) components 
b) sequence 

IV. Cooling and Compaction 
A. thermal regime 

1. heat retention 
2. heat loss 
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B. cool ing un i t concept 

C welding 
1 . thermal and pressure dependent process 

2. zonation superimposed on o r ig ina l s t ra t igraphy 

D. secondary flowage 

E. post-emplacement mineralogical changes 
1 . d e v i t r i f i c a t i o n 
2. vapor phase c r y s t a l l i z a t i o n 
3. granophyric a l t e ra t i on 
4. fumarol ic a l t e ra t i on 

V. F ie ld Character is t ics 
A. d is t ingu ish ing a i r - f a l l s from ash-flows 
B. charac ter is t i cs of r h y o l i t e flows 
C vent i d e n t i f i c a t i o n 

I 
I 
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^ ! UNUSUAL ROCKS NOTED IN WESTERN U.S. 

I CANARY ISLANDS 

ITALY 
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ASH-FLOW TUFFS 

HISTORICAL DEVELOPMENT OF CONCEPTS 

FIT. PELEE. 1902. "NUEE ARDENTE" - ALSO 1929-1932 

IDDINGS IN YELLOWSTONE - 1899 

BISHOP TUFF - 1938 

"NEW" CLASSIC PAPERS 

I SMITH. 1960A.B 

Ross AND SMITH. 1961 
INTEGRATED MACROSCOPIC AND MICROSCOPIC FEATURES 

IDENTIFIED NATURE OF VOLCANIC PROCESSES 
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ERUPTION TYPES 

PLINIAN - EXCEPTIONALLY POWERFUL CONTINUOUS GAS BLAST 

MUCH PUMICE 

VESUVIUS. 79AD (PLINY THE ELDER) 

KRAKATOA. 1883 

PELEAN - DOMES AND GLOWING AVALANCHES 

LESS AIRFALL THAN PLINIAN 

MT. PELEE. 1902 

SANTIAGUITO. GUATEMALA 



FROM MAGMA 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I FROM VENT 

I 

CONTENTS OF ERUPTION 

CRYSTALS 

PUMICE 

ASH 

GASSES 

LITHIC FRAGMENTS 

XENOCRYSTS 

FROM ENVIRONMENT 

LITHIC FRAGMENTS 
WATER 

AIR 
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FLOW REGIME IN VENT AND CLOUD DYNAMICS 

I 
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• 2 PART ERUPTION COLUMN 

LOWER GAS THRUST 

I ' 1.5 - 4 KM MAX 

INTENSITY OF ERUPTION - PRESSURE OF GAS PHASE 

VISCOSITY OF LIQUIDS 

DRIVEN BY VESICULATION 

UPPER CONVECTIVE THRUST 

CONTROLLED BY DENSITY OF COLUMN (BUOYANCY) 

SOLID/GAS RATIO & DENSITY 

FALLOUT OF CLASTS. RISE OF FINES 

ENTRAPMENT AND HEATING OF AIR (4 X WEIGHT) 
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ERUPTIVE COLUMN COLLAPSE 

DENSITY EXCEEDS SURROUNDING ATMOSPHERE 

I I I REDUCTION IN VOLATILES - INCREASE IN PARTICLES 

j ADMIXING AIR REDUCED - COLUMN WARMER 

COLLAPSE - INITIAL TURBULENT FLOW 

SEPARATION - ASH TO CLOUD 

LITHICS AND CRYSTALS TO FLOW 

LOWER DENSE FLOW CONTINUES TO GIVE OFF ASH 

LOWER GAS CONTENT OF ERUPTION -

LOWER COLUMN HEIGHT 

MORE THERMAL RETENTION 

HOTTER EMPLACEMENT TEMPERATURE OF UNITS 



I 
I 
i I i l ' 

I 
I 

; i 

I 
) 
I. 

I 
i 

I 
I 
I 

1 

lOCALIZEO 1 

seoucNce 
Ttae o< <<«eo«<t 

a«^ FgllMl Kphra 

Ath cloud 

Pumict twormt 

Pyroclatt ic 
l l o o 

Pracunor (olloirt 

Fig. 8. Eruption column collapse related to idealized eruption unit. Letters a—d in 
Fie. 8A correspond to those in Fig. SB. A. Outer part of column collapses to form a pyro
clastic surge (a); followed by (b) progressive collapse of interior parts to give voluminous, 
high-concentration pyroclastic flow. Pyroclastic material segregates from surface of flow 
(dilute phase) to form an ash cloud (c). Finest-grained material continues to be elutriat
ed into atmosphere from dilute phase flow (d). It falls back on flow deposits or is swept 
back to join main eruption column by inward rushing atmospheric winds. B. Idealized 
depositional sequence of one eruption unit showing ground surge deposit {a), fine-grained 
basal layer of pyroclastic flow developed by flowage processes (b,) , main body of the 
pyroclastic flow representing the main bulk of the collapsed eruption column (&,), a 
zone of pumice swarms segregated at the top of the ash flow (b,), an ash cloud deposit 
elutriated from the top of the moving pyroclastic flow (c) and a thin fallout deposit (d). 
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EXPLANATION 

Accretionary-lapilli unit 

Surge unit 

Basal unit 

HoM.H/M.llgr U M ( x i \ t t , m \ 

Fi'gure 243.—Diagrammatic model showing deposition of basal, surge, and accretiontxry-lapilli units from blast cloud. 
Particle size and concentration decrease upward and backward (dashed arrows) in the cloud. 

CONVECTING CLOUD 

(Reached most 
I distal parts of 
devastated area 

VJa.4f,wei 'K>7 
proxii^a' are 

Figure 270.—Schematic diagram of pyroclastic density flow sweeping through proximal area, showing inferred max
imum particle size and relative density within flow. 
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KILOMETERS 

A' 
- i -

0.1 

cc 

z 
< 
OC 
o 

f - g 0.01 

< 
OT 
W 
Ui 

z 
CJ 
X 

-Thickness of coarse basal unit 

^Thicl(ness of fina uppar unit 

--v-^' ^̂4 
- " 7 

U Thickness of airfall unit 

0.001 

0.0001 

Hoore arvj 

, .y-\-

IX 

Size average of threa largest 
clasts measured 

Thickness of abraded wood -) 

•\-Median grain size. Coarsa basal 
\ and fine upper combined 

- L -L. J 
5 10 15 20 25 30 

DISTANCE FROM SOURCE, IN KILOMETERS 

Figure 248.—Change in characteristics of the pyroclastic 
surge deposits as a function of distance from the source as 
measured on line A-A' (shown in fig. 244). 

1 1 1 I 1 n 1 r 
10 s o S 10 ts 20 2S 

DISTANCE FROM VOLCANO, IN KILOMETERS 

MEAN 
SEA 

LEVEL 

iFigure 331. —Diagrammatic east-west profile showing early vertical growth and lateral expansion of plume from the 
\tAay 18 eruption. Altitudes between 0838 and 0842 are from Rosenbaum and Waitt (this.volume) and those between 
\0845 and 0900 are from Carl Rice (oral commun., 1980). Horizontal extent for 0845 is from NOAA satellite photograph 
[taken at 0845 PDT. sector KB7. 

file://�/-Median
file:///tAay
file:///0845


f , i 

ll< 

m 

!• 

DEPOSITION AS FALL 

MANTLE TOPOGRAPHY 

LAYERING - THIN TO THICK 

MAY BE DISCONTINUOUS 

SEEN IN GRAIN SIZE 

LITHIC RICH ZONES 

COARSE PUMICE 

CONCENTRATION OF FINE-GRAINED MATERIALS 

VITRICS 

WIDE DISPERSAL 

MAY CONTAIN 50% OF VOLUME OF ERUPTION 

I 
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SURGES 

RECOGNIZED FROM NUCLEAR STUDIES 

PYROCLASTIC SURGE - TIME-TRANSIENT. UNSTEADY 

FLOW OF TEPHRA 

COMPOSED OF JUVENILE. ACCESSORY. ACCIDENTAL 

COMPONENTS 

THIN CONTINUOUS BEDS 

LOW ANGLE CROSS BEDDING 

PLANAR 

MASSIVE 

MODEL - FLUIDIZED CLOUD 

COLLAPSE 

NEAR VENT SALTATION 

DEFLATION WITH GAS LOSS 

LOSS OF FLUIDIZATION 
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|:I SURGE DEPOSITS 

|| ' SANDWAVES - UNDULATING SURFACE(S) OVER UNDERLYING SURFACE 

i' 
J 

I 
i 

I 
« MASSIVE - LOOK LIKE SMALL ASH-FLOW TUFFS 

I , UNSTRATIFIED 

i, UNGRADED 

I i ; DEFLATING SURGE 

' ' • OCCUR BOTH CLOSE TO AND DISTANT FROM VENT 

PLANAR - INVERSELY GRADED BEDDING 

MOST DISTANT FROM VENT 

DUNES 

RIPPLES 

CROSS BEDDING 

CLOSEST TO VENT 

DEPOSITION FROM SALTATION 



Direction of Transport^^ 

Hently sloped wave of generally long 
wavelength, low amplitude often grad
ing laterally into planar beds, and 
found as faint laminations in fine
grained massive beds. 

Relatively symmetrical antidiine shape, 
built up on the stoss side, elongated 
on the lee side, and containing marked 
inner unconformities. 

Festooned dunes; direction of trans
port is perpendicular to the plane of 
the paper. 

Cross laminations occurring In bedding 
sets 2 to 8 cm thick. 

Chute and pool structure of Schmincke 
and others (1973) with coar.qe-grained, 
steeply dipping stoss side. 

Symmetrical dunes with lee side accu
mulations of coarse material. 

Antldunes with rounded crest and inter
nal unconformities. 

Sinusoidal ripple-drift laminations 
of short wavelength. 

Figure 3. Morphologies of saodwaves viewed in cross section. Variation of these types occur commoaly in deposits of pyrociastic surge. 

Viohleh and Shefidan̂  icil(^ 
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LEGEND 

^ Sondwove Facies 

Massive Facif t 

P ' l Ptonar Foe i t t 

US Sample Locotion 

Figure 14. Pyroclastic-surge facies map of Ubehebe Crater. 

STAGE 1 
SANDWAVE-BED DEPOSITION 

STAGE n 
MASSIVE-BED DEPOSITION 

0.6 < $ < 0.9 

STAGE m 
PLANAR-BED DEPOSITION 

Figure 18. Diagrammatic illustration of a surge cloud at three stages 
of its development: Stage I near the vent. Stage II at intermediate distances 
from the vent, and Stage III near the terminus of its flow. During 
Stage 1, flow is highly inflated (<I> > 0.9), and deposition of sandwave 
beds results. At Stage II the cloud has deflated (0.6 < <̂  < 0.9), with 
massive bed deposition. resulting. Finally, at Stage III, the cloud has 
deflated until it is an avalanching-typc flow (O.S < <t> < 0.6), planar 
beds are deposited, and the flow stops. 
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FLOWS 

ASH FLOW TUFFS DOMINATE 

TYPICAL SEQUENCE: 

1) BASAL BLAST 
2) DEPOSITS FROM AVALANCHE 

3) DEPOSITS FROM CLOUD 

GREAT MOBILITY 

FOLLOW TOPOGRAPHY 

MAY CLIMB BARRIES (700 M AT 50 KM!) 

MOVE RAPIDLY 

COMPOSITION 

PRIMARILY RHYOLITIC 

PERALKALINE 

DACITE NOT AS COMMON 

ANDESITE 

I 
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ASH FLOW TUFFS 

COMPONENTS - GAS - FLUIDIZATION 

CRYSTALS 

ASH 

LITHIC FRAGMENTS 

PUMICE 

BOMBS 

FLOW-BASAL LAYER 

CM TO > 1 M THICK 

REVERSE GRADING OF PUMICE AND ± LITHICS 

LARGER LITHICS ABSENT 

FINER GRAINED THAN OVERLYING MATERIALS 

MAIN BODY 

90% FLOW BULK 

POORLY SORTED 

LITHICS MORE CONCENTRATED AT BASE 
(NORMAL GRADING) 

LARGER PUMICE RISE TOWARD TOP 
(REVERSE GRADING) 

OVERLYING ASH 

ENRICHED IN VITRIC MATERIALS (lOx) 

I 
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Md^ » 1P1I.2S 

a f = i2511 .25 

-7 -3 -1 

Grain Siie in <p 

I Figure 4. Range of particle sizes for pyroclastic flows. Average analysis 
is plotted, and two standard deviations are shown by stippled pattern. 
Data taken from Sparks (1976). Most pyroclastic flows are more than 
50% (by weight) particles less than 2 mm and hence would be termed 
ash flows following Smith (1960a). 

Sheridan, m 

^ I F I 

- - , • ' / • I 

LAVA 
FLOW 

FINE ASH 
DEPOSIT 

o 
o* 0 CP o - o 

2a 

ONE FLOW 
• UNIT 

SURGE 
DEPOSIT 

PLINIAN 
FALL 
DEPOSIT 

Figure 3. Schematic dia
gram showing the textural ele
ments of a complete eruption 
episode. An inversely graded 
Plinian fall bed is overlain by 
a surge of deposit of (I) sand-
wave, massive, or planar facies 
(Wohletz and Sheridan, this 
volume). The basal layer of the 
pyroclastic flow (2a) may show 
inverse grading, whereas the 
main part of the flow (2b) has 
double-grading. Lithic inclu
sions (L) are concentrated near 
the base, and pumice fragments 
(P) are concentrated toward the 
top. Fumarolic pipes (FP) may 
be present throughout the flow. 
Deposits of floe ash (3) from 
the cloud would occur above the 
flow unit. A lava flow might 
cap the sequence. Modifled 
after Sparks and others (1973). 

12M 

10M-

Pyroclastic 
Flow Unit 6-

4-

-*— Surge 
Plinian 
Fall 

Cloud 

•f7i^.° ' ' '° ' ' ' ° 

9)at ^ i ' - . ° ^ . t ^ 
•^'^.oQtr) ?~, °<~).<^y Pyroclastic 
^ ^ ? ^ - « ° ^ < ? ^ Flow unit 
(?. * C ; • <3 •'^*=> 

" o'

Plinian 
Fall 

PROXIMAL DISTAL 

Figure 8. Proximal and distal facies of intermediate to large pyroclastic 
flow units. Scales show grain size. 
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I >500°C 
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COOLING AND COMPACTION 

IMPOSE CHARACTERISTIC STRATIGRAPHY 

OCCUR IN BOTH FALL AND FLOW DEPOSITS 

SHOW CHANGES THROUGH ERUPTIVE SEQUENCE 

I 



Welfjing 

process which promotes union or cohesion of 

glassy fragments (shards) 

two major factors : temperature 
thickness 

creates zonation 

doesn't change phenocrysts, but does 
compress shards 

develop eutaxitic structure 



I 
i 
I Smith (1960b) identif ied 3 welding zones 

I boundries transit ional, but may be abrupt 

• (under 1') zones change both vert ical ly 

• and horizontally 
f 
P NO welding - bot tom (except in very hot f lows) 

I and top of f low cooled quickly 

I pumice in unwelded zones may 

I represent magma 

I 
i 
I 
i 
I 
I 

Partial welding - some loss of pore space, 

pumice col lapsing 

shards becoming compressed 

Dense welding - least amount of pore space 

vi trophyre at base 

pumice - darken as welding increases 

(before matrix) 



Heat loss through : radiation 
conduction to ground 
conduction from cloud to 

atmosphere 

secondary factors - fumeroles, 
etc. 

Heat conserved by: gases - small mass 
time - 60-100 mph emplacement 
insulation - poor thermal 

conductivity 



Fiamme 

formed from pumice - but not all flows have 
sufficient pumice in unwelded 
parts to account for fiamme 
(Ross & Smith, 1960} 

unexpanded lumps of volitile rich very fluid glass 

increase in water vapor over fluvial channels 
yielding secondary melting 

(McBirney, 1968) 



ASH FLOW TUFF WELDING ZONES 

COO intermediate 
> «* 

hot 

zone of pumice vi/eathering 

bedded base-surge 

basal non-v\/elded tuff 

dark fiamme on lighter 
background 
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DEFINITIONS 

COOLING UNIT - SINGLE OR MULTIPLE FLOWS THAT COOL 

TOGETHER 

SIMPLE COOLING UNIT - "ESSENTIALLY" UNINTERRUPTED 

COOLING HISTORY 

COMPOUND COOLING UNIT - PARTIAL COOLING 

BREAK BETWEEN FLOWS 

COMPOSITE COOLING - GRADATIONAL FROM SIMPLE TO 

COMPOUND TO SEPARATE SHEETS 

GOING AWAY FROM SOURCE 



Secondary Characteristics 

superimposed on welding 

devitrification - crystal formation in glass shards or pumice 

cristobalite and feldspar 

vapor phase crystallization - crystal formation in open spaces 

tridymite and alkalic feldspar 

granophyric alteration - only in thick,densely welded tuffs 

groundmass quartz and alkalic feldspar 

fumerolic alteration - near-surface vapor phase 



Further Field Features 

Flowage - primary : pumice swarms 

rafted pumice 

inclusion trains 

secondary: radial stretching 

flow deformation (folds) 
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TABLE 2. SEQUENCE OF EVENTS DURING DEPOSITION OF THE WALL MOUNTAIN TUFF AS 
INTERPRETED FROM PRIMARY AND SECONDARY FLOW STRUCTURES AND THE RtXaC FABRIC 

Agglutination of glassy particles in laminar 
boundary layer 

Beginning of compaction and welding 

Laminar shearing during compaction and welding 

Expulsion of gases to shear planes 

Formation of gas pockets where volume of gases 
exceeds that which can be concentrated on shear 
planes 

Development of primary folds 

End of forward (primary) movement 

Formation of spiracles (rare) 

la 
>, 
u 
o 
o 
c 
S) 

Xi 
a 

Density and viscosity 
of rhyolite lava 

2. 

3. 

.4. 

5. 

6. 

7. 

8. 

> 1 
V4 
(1) cn 
•0 -o 
C - 1 
0 o 

Ul 
1 

u 
o 

' 

ra 

a 
M-l 

Creep of viscous, lava-like tuff from oversteepened 
valley walls towards valley axis 
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Table 7-4. Distinguishing characterist ics of ash flows and falls 

Pnipcriy Ashjhiw Ash Full 

Structures 

Size and size gradients 

Sorting 

Geomet ry 

Thickness and extent 

Petrology 

Genera l ly unbedded but may have 
" h o t " flowage s tructures , welding, 
and fumaroles. C o l u m n a r struc
tures in some zones. 

Clast size reduct ion c o m m o n l y 
p ronounced down dip. Most par
ticles less than 4 m m . 

Very poor ly sor ted with much vari
a t ion within an ou tc rop . M a r k e d 
tails on both ends of size curve. 

Elongate with shape control led by 
major topograph ic lows. Fla t top. 

May exceed several h u n d r e d feet 
near source and extend as much 
as 20 to 50 miles from it. 

Welding c o m m o n as is glass 
cement if not devitrified. M u c h 
welded and deformed pumice. De
vitrified shards have axiolitic s t ruc
ture. Cris tobal i te . 

Good horizontal bedding. 

General ly finer than ash fiows. 
Strong lateral gradients and 
some vertical grading. 

G o o d sorting. Little variat ion 
within an ou tc rop . 
Tail of fines only. 

Wide spread, sheet-like and 
conformable, b lanket ing de
posit ional surface. 

C o m m o n l y a few feet or less 
but exponential ly thicker up
wind; rarely more than 20 feet. 
May extend several hundred 
miles as very thin units. 

Welding unusual . 

PetfijoU, M e r , Siever, \07\l 

FALL 

o . < » . o . o y V" o o 
FLOW Wn^hi and o\^er^j 

SURGE 

Fig. 2. Geometric relations of the three main types of pyroclastic deposit overlying the 
same topography. 
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VENT IDENTIFICATION 

STRATIGRAPHIC RELATIONS 

COMPOSITE SHEETS 

LAG FALL DEPOSITS . 

CENTER OF DISTRIBUTION 

WITHIN UNITS 

PHENOCRYSTS LARGER AND MORE ABUNDANT 

LITHIC FRAGMENTS LARGER AND MORE ABUNDANT 

UNITS THICKEN 

STEEPLY INCLINED EUTAXITIC STRUCTURES AND 

WELDING ZONES 

(DON'T CONFUSE WITH TOPOGRAPHY) 

MORE DENSE WELDING 
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Calderas of Nevada 

I. Regional geologic setting 

II. Volcanism of the Nevada Test Site 

III. Stonewall Mountain 
A. Volcanic evolution 
B. Age dating 
C. Geochemistry 
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Plate l l - l . Map showing generalized distribution, lithology, and age of 65- to 17-in.y.-
old igneous rocks in the Western United States. Sea-floor basalts in the Oregon-Washington 
coast ranges and Laramide intrusive rocks in California, Nevada, Arizona, Colorado, 
and Montana are omitted. 
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Plate 11-2. Map showing generalized distribution and lithology of igneous rocks less 
than 17 m.y. old in the Western United States. 
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HEAT CONDUCTED FROM MAGMA 

t 
I Rising vopor 

^ \ F Liquid wofer, generolly descending 

f f Heot flow by rock conducfion 

f l i t Heof flow by convection in vopor 

E X P L A N A T I O N 
liquid 

vapor 

0 

Grodotionol boundory between vopor-
dominated zone ond neorly l iquid-
soturoted ports of the system 

Limits of other zones 

Zones ond ottier feotures described 
in te»t 

Fic. 7. Model of dynamic vapor-dominated geothermal reservoir surrounded by water-saturated ground. The most sig
nificant parts of the model, inward and downward by number, are: 4) zone of conductive heat flow; 3) zone of con
densation of steam (conductive and convective heat flow equally important) ; 11) main vapor-dominated reservoir, witli 
convective upflow of heat in steam in larger channels, and downflow of condensate in small pores and fractures (surfarr 
tension effects); 9) deep zone of convective heat transfer, probably in brine; 10) deep zone of conductive heat flfu 
(too hot for open fractures to be maintained). Other features are discussed in text. 

(White e t a l , 1971) 
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FicURB 18.—Block diagram showing conceptual model of Long Valley hydrothermal system. Model consists of 5 horizontal layers having 
properties listed in table 15. Patternless layers between depts of 1 and 3 km represent the hydrothermal reservoir in fractured, densely 
welded Bishop Tuff. Recharge to reservoir is by way of caldera ring fault in the west and northeast. Discharge is by way of faults and 
fractures to springs in Hot Creek gorge. Straight arrows indicate ground-water flow, wavy arrows indicate heat flow. Vertical to 
horizontal exaggeration approximately 1.6 to 1. 
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FIG. 22. 'a. Geologic and topographic cross section through the San Juan and Silverton 
calderas along section T-S-B ( T = Telluride; S = Sunnyside; B = Beartown) of Figure 23 
(compiled from Steven et al., 1974a; Mayor and Fisher, 1972; Burbank and Luedke, 1964, 
1969; Vames, 1963; Standard Metals Corporation Geology Department). Vertical exaggera
tion = 2.6. Oxygen isotope whole-rock values plotted below section are compiled from Taylor, 
1974b; Forester and Taylor, 1972; this study. Cross-hatched areas indicate locations of in
trusive rocks. "B-1" indicates the bottom of Standard Metals Corporation's exploration drill 
ho l t 

h. Geologic and topographic reconstruction. Surface cover has been reconstructed based on 
calculated depths from Nash (1975) and this study. Dashed arrows indicate suggested ground
water flow and convective fluid flow during mineralization. 
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F ig . 9. Contour map o f corrected heat flow f rom Yellowstone 
Lake: con lour intervals are 100 mW m " ' (2.4 //cal c m " * s " ' ) below, 
and 500 m W m ' (12 peal c m " s " ) above, 1000 m W m ' (24 peal 
c m ' * s ' ' ) . No t all contours are shown around the anomaly west o f 
Stevenson Island or in Mary Bay. The mapped boundary o f the 
caldera is shown as a dashed line. Two gravity contours [Eaion el a l . , 
I97S| are shown by dotted lines, and the value o f the contour is 
idenl i f ied in mill igals. 
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F ig . 10. Schematic cross section o f the southeastern boundary o f 
the Yel lowstone caldera based on heat flow and seismic data. The 
locat ion o f t h e section is shown in Figure 9. Lake sediments arc shown 
by Ihe dashed pattern. Pre-erosion glacial, sedimentary, and volcanic 
units are indicated by the hatched pattern. The heat flow profile i i 
shown above the section, and estimated temperatures arc plotted on 
the major boundaries o f the section. The heavy stippled area o f Qua
ternary lu f f and rhyoli te is the depth where the thermal regime prob
ably becomes nonconductlve. 
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Fib IL Schematic model of heat transfer in the Yellowstone cal
dera. The model is explained in the text. The upper convective system 
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Fig. 4.18 The solubility of various forms of silica in water at saturated water vapor 
pressures (from Fournier, 1973). 
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dioxide (from Olis, 1959). 
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Hydrothennal Explosion Craters 

Characteristics of Pocket Basin 

-1200' X 2600' oval, surrounded by ridge 
-inner slopes: 20-25" 
-outer slopes: < 10" 
-debris is hydrothennal l y cemented Bull Lake deposits 

-no primary volcanic rock 
-no bedrock rhyol i te involved 

-debris blown 3/4 mi 
-waning stages of Pinedale 

Many others in Yellowstone 

Explosions occur in active hydrothennal areas 

Triggered by rapid draining of glacial lake 
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Fiicure I . M t p of Yellowstone N u i o i M l P v k . Loc i i i on t o f h rdnMhemul MptoskM craicfs 
i n d i c t e d by st irs. 

Ttmperalurt in *C 
ao 

Figure 8. Graph illustrating how rapid 
draining of a glacially dammed lake could 
trigger a hydrothermal explosion. See text for 
explanation. 

fjigure 4. Annotated aerial photograph of 
P ^ k e t Basin explosion crater, k, early Pine-

kames; b, hydrothermal explosion breccia; 
and and gravel (early Pinedale outwash 

I 
I 

deposits and subsequent alluvial deposits); s, acid alteration is occurring. Locations of Y-3 
sinter; m, silica mud; mp, mud pots; al, kaolinite drill hole and point A, probably a stubby mud-
alluvium. Dotted pattern denotes areas where flow, are also shown. 
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from the MS. Ccotofkal Survey IS-min Canyon Vilbgc quadranfk thcci. Heavy da»hcd line is ihc outline of ihc Mary Bay 
hydratbcrmal explosion crater. 
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Fif..S. Summary map of Mary Bay features. Distribution of caplo> 
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Research Dr i l l ing 

Carnegie Institute, 1929 and 1930 (Fenner, 1936) 

Upper Basin 
Norris Basin 

U.S.G.S 1967. 1968 (White and others, 1975) 
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FicimE 1—Map of Yellowstone National Park showing nuyor geo
thennal areas and sites of research drill holes. U.S. Geological 
Survey holes are numbered Y-1 to Y-13 in order of drilling; holes 
drilled by the Carnegie Institution of Washington in 1929-30 are 
designated as C-I and C - I L ' ; , 
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Ficinti 19.—Temperatum and other data, Y-3 (Qjo Caliente! drill hole. Lower Baain. 
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PHKSICAL RESULTS. DRILLING IN THERMAL AREAS. YELLOWSTONE NATIONAL PARK 

I 

TEMPERATURE. IN DEQHEES CELSIUS 
I M 190 

200 300 40O 
PRCSSUHE, M POUWS i-ER SQUARE INCH IA8S01.UTEI 

Fnuu M.—In-hok lemperaCura md f fUiM W Y-12 ilrill hoi* mlUr eompletion. omparail with ocher data. 

Whiffi and c^n,^ 

I 
I 
I FicUM 32.—Vertical section through Norris Basin drill holes Y-9, Carnegie n. and Y-12. showing bedrock, measured bottom-hole tero-

{leraluccs. and inferred temperature contours. Note contrast between measured and inferred temperatures in Carnegie II drill hole. 
The inferred fracture near Y-9 presumably connects with others (not shown) that account for the activity near Carnegie II and 
Cong '̂ess Pool. 
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MUD VOLCANO AREA 

TEMPERATURE. IN DEGREES CELSIUS 

SO too <20 , 140 

FicuRE 34.—TemperatureR and other data, Y-Il (Sulphur Cauldron! drill hole. Mud Volcano area. 

CASMQRCOOflO 

0 » 

P K U U 33.—Temperatum and other data, Y-10 (Manunoth Tenaoe) driU bole. 

Whif̂  and o^ea, 1^75 



i 
I 

Geysers 

I : Hot spring with intermittent eruption of hot water and steam 

1, 

I 
,i: 
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Requirements: 
thermal input 
water recharge 
proper plumbing 

Associated with large convection systems 

"Shallow" or ig in - base temp, t 180°C 

Natural eruptions follow sequence of White (1967) 

Supercritical springs can be induced (Hague, 1889) 
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Fluid-mineral equilibria in a hydrothermal system, Roosevelt Hot Springs, Utah 
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Abstract—The availability of fluids and drill cuttings from the active hydrothermal system at Roosevelt 
Hot Springs allows a quantitative comparison between the observed and predicted alteration mineralogy, 
calculated from fluid-mineral equilibria relationships. Comparison of all wells and springs in the thermal 
area indicates a common reservoir source, and geothermometer calculations predict its temperature to 
be higher (288°C ± 10°) than the maximum measured temperature of 268''C. 

The composition of the deep reservoir fluid was estimated from surface well samples, allowing for 
steam loss, gas release, mineral precipitation and ground-water mixing in the well bore. This deep fluid 
is sodium chloride in character, with approximately 9700 ppm dissolved solids, a pH of 6.0, and gas 
partial pressures of Oj ranging from 10"" to 10"" atm, COi of 11 atm, H2S of 0.020 atm and CH, 
of 0.001 atm. 

Comparison of the alteration mineralogy from producing and nonproducing wells allowed delineation 
of an alteration pattern characteristic of the reservoir rock. Theoretical alteration mineral assemblages 
in equilibrium with the deep reservoir fluid, between 150° and 300°C, in the system NaiO-KjO-CaO-
MgO-FeO-Fe20j-Al203-H4Si04-H20-H2S-C02-HCI, were calculated. Minerals theoretically in equilib
rium with the calculated reservoir fluid at >240°C include sericite, K-feldspar, quartz, chalcedony, 
hematite, magnetite and pyrite. This assemblage corresponds with observed higher-temperature 
(>210°C) alteration assemblage in the deeper parts of the producing wells. The presence of montmo
rillonite and mixed-layer clays with the above assemblage observed at temperatures <2I0°C corresponds 
with minerals predicted to be in equilibrium with the fluid below 240°C. 

Alteration minerals present in the reservoir rock that do not exhibit equilibrium with respect to the 
reservoir fluid include epidote, anhydrite, calcite and chlorite. These may be products of an earlier 
hydrothermal event, or processes such as boiling and mixing, or a result of errors in the equilibrium 
calculations as a result of inadequate thermochemical data. 
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INTRODUCTION 

ACTIVE geothermal systems provide a unique glimpse 
at the chemical and physical processes that take place 
during hydrothermal alteration and the influence 
that variations in temperature, pressure and chemical 
composition of thermal fluid have on the formation 
of alteration minerals. Detailed studies of the rela
tionship between fluid chemistry and alteration min
eralogy in geothermal systems are, however, lacking. 
In part, this represents the unavailability of complete 
fluid analyses and of detailed petrologic studies for 
most geothermal systems. 

Extensive exploration in recent years at Roosevelt 
Hot Springs has made the necessary data available 
to study these processes. Seven wells, up to approx
imately 2000 m in depth, currently tap thermal fluids 
(Fig. 1). Chemical analyses of fluids and petro-
graphic analyses of drill cuttings from several of these 
wells have been described (Ballantyne and Parry, 
1978; Ballantyne, G., 1978; Nielson et al., 1978; 
Parry, 1978; Rohrs and Parry, 1978; Glenn and Hu
len, 1979; Bamford et al., 1980; Glenn et al., 1981). 
In most cases, however, these studies have focused 
on the individual wells rather than on the reservoir 
as a whole. 

In this paper alteration mineralogy from the pro
ducing and nonproducing wells is compared and an 
alteration pattern characteristic of the reservoir rock 

is defined. The composition of the deep reservoir fluid 
is calculated from analyses of liquid and steam sam
ples from production well 14-2. Corrections are made 
for the effects of ground-water mixing, mineral pre
cipitation, steam loss and gas release on the pH, gas 
partial pressures and element concentrations of the 
original reservoir fluid. Finally, mineral equilibria in 
the deep reservoir fluid are quantitatively evaluated 
at temperatures ranging from 150° to 300°C and 
compared to the alteration mineralogy of the reser
voir rock. 

GEOLOGY AND HYDROTHERMAL ALTERATION 

Roosevelt Hot Springs thermal area, located in west-cen
tral Utah, covers approximately 32 sq km on the western 
margin of the Mineral Mountains (Fig. 1). The thermal 
reservoir occurs within fractured Precambrian gneisses and 
Tertiary granitic rocks of the Mineral Mountains pluton 
(Nielson et al., 1978; Sibbett and Nielson, 1980). At least 
ten rhyolite domes occur along the crest of the Mineral 
Mountains, representing igneous activity between O.S and 
0.8 million years ago. A deep-seated magma body related 
to this young rhyolitic volcanism is a possible heat source 
for the present geothermal system (Smith and Shaw, 1975). 

The western boundary of the geothermal system is de
fined by the northeast-trending Opal Mound fault (Fig. I). 
Wells drilled east of this fault, except 52-21 and 24-36, 
produce commercial quantities of fluid, whereas the two 
wells drilled west of the fault (9-1 and 82-33) do not (Fig. 
1) (Forrest, 1980). 

Drill cuttings are available for study from four geother-
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FIG. 1. Generalized geologic map of the Roosevelt Hot 
Springs thermal area, taken from Nielson and Moore 
(1979). Closed circles represent geothermal production 
wells and open circles represent nonproducing wells, as de
fined by Forrest (1980). Triangles indicate areas of surface 
seepage. The heat flow contours are taken from Wilson and 
Chapman (1980). 

mal exploration wells, including the producing wells 72-16 
and 14-2, and the nonproducing wells 52-21 and 9-1. Min
eralogic descriptions of the cuttings from these wells are 
taken from the work of Ballantyne and Parry (1978), Bal

lantyne, G. (1978), Nielson et al. (1978), Parry (1978), 
Rohrs and Parry (1978), Glenn and Hulen (1979) and 
Glenn et al. (1981). Petrographic studies of alteration min
eralogy of these drill cuttings were limited by the small chip 
size which prohibited the accurate determination of para-
genetic relationships. 

Lithologies found in producing wells 72-16 and 14-2, and 
nonproducing wells 52-21 and 9-1, consist of arkosic allu
vium overlying interfingering gneisses and granitic rocks. 
Alteration in these wells occurs mainly along faults and 
fractures that mark past and present fluid channels and 
appears to be largely independent of rock type. 

Three alteration assemblages are recognized at depth in 
producing wells 72-16 and 14-2 (Fig. 2). These include an 
upper assemblage (I) characterized by the occurrence of 
montmorillonite, mixed-layer clays and epidote, a transition 
assemblage (II) present only in well 14-2, and a lower as
semblage (III) that in contrast to the upper zones contains 
minor anhydrite and greater abundances of chlorite after 
plagioclase, pyrite and calcite. Despite these diflerences 
both zones contain chlorite after mafic minerals, limonite-
hematite, quartz, sericite and traces of chalcopyrite. Chal
cedony is present in both zones of well 72-16 but absent 
from well 14-2. K-feldspar is common in rocks of the res
ervoir and is described as an alteration phase in both 72-
16 and 14-2. It is very diflicult, however, to distinguish 
hydrothermal K-feldspar from perthitic, anti-perthitic and 
micrographic K-feldspar in gneisses and granitic rocks when 
examining only cuttings (Nielson et al., 1978), and there
fore it is considered as a questionable alteration product. 
Magnetite-ilmenite, although present as primary phases in 
wells 14-2 and 72-16, are also described as alteration prod
ucts in 72-16. 

Although these zones occur at considerably different 
depths in wells 72-16 and 14-2, their measured tempera
tures are very similar (Fig. 2). The highest measured 
temperatures for assemblage I in wells 72-16 and 14-2 are 
196° and 210°C, respectively. The lower-most assemblage 
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FIG. 2. Alteration mineralogy and temperature log data for wells 72-16, 14-2, 52-21 and 9-1, Roosevelt 
Hot Springs thermal area. Mineralogic and temperature-log data taken from Ballantyne and Parry 
(1978), Ballantyne, G.( 1978), Nielson er a/. (1978), Parry (1978), Rohrs and Parry (1978), Glenn and 
Hulen (1979) and Glenn et al. (1981). When more than one temperature log was available, the log that 
recorded the highest overall temperatures was used. A solid line indicates minor abundances; a dotted 
line indicates trace abundances. 
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(III) corresponds to temperatures ranging from 196°C to 
the bottom-hole temperature of 243°C in well 72-16 and 
from 224°C to the bottom-hole temperature of 268°C in 
well 14-2. 

The alteration assemblage in nonproducing well 52-21 
(assemblage IV) is markedly different from assemblages 
observed in the producing wells and includes sericite, chlo
rite (after mafic minerals), calcite and traces of hematite, 
pyrite, chalcopyrite, epidote and magnetite-ilmenite. The 
abundances of these alteration minerals are similar 
throughout the well with the exception of calcite and epidote 
which increase in concentration with depth, and hematite 
which only occurs above 762 m. Quartz and K-feldspar are 
present throughout the well, although not considered al
teration products. The maximum measured temperature in 
well 52-21 is 204°C. 

Alteration mineral assemblages in well 9-1 (although a 
nonproducing well) exhibit characteristics comparable to 
both nonproducing well 52-21 and the two producing wells 
14-2 and 72-16. The upper mineral assemblage (I) in well 
9-1 occurs above a major fault zone at 844 m and contains 
mixed-layer clays and epidote. This assemblage resembles 
the lower-temperature assemblages found in the producing 
wells (assemblages I and II). On the other hand, below 844 
m in well 9-1, the lower alteration assemblage is charac
terized by the absence of chlorite after plagioclase and is 
most similar to the alteration assemblage observed in non-
producing well 52-21 (assemblage IV). An exception to this 
similarity, however, is the presence of trace amounts of 
anhydrite in assemblage IV of well 9-1. Measured temper
atures in the upper zone of 9-1 (assemblage I) are less than 
I60°C, whereas in the lower portion ofthe well (assemblage 
IV) they range from 160°C to the bottom hole temperature 
of 224°C. 

The apparent similarity between alteration minerals pres
ent in the upper portion of well 9-1 and the upper alteration 
assemblages found in the production wells suggests that at 
one time there was an influx of thermal fluid into the rocks 
above 844 m in well 9-1. Although weir9-l is presently 
devoid of free-flowing thermal fluid, Glenn et al. (1981) 
have recognized a zone above the major fault at 844 m that 
is more fractured and altered than rock encountered in 
deeper portions of the well. 

Several hydrothermal events have altered the rocks in the 
Roosevelt Hot Springs thermal area. Consequently, it is 
difficult to separate alteration assemblages produced by the 
present geothermal event from those of earlier events (i.e.. 
Tertiary alteration associated with Cu-Pb-Zn mineraliza
tion (Bamford et al., 1980)). Nevertheless the mineralogic 
relationships described for wells 72-16, 14-2, 52-21 and 9-
I suggest that alteration assemblages characteristic of the 
producing wells are related to the present thermal event. 
This argument is supported by the similarity in the zoning 
sequences found within the two producing wells, 14-2 and 
72-16, and the differences between alteration assemblages 
found in producing and nonproducing wells. 

FLUID CHEMISTRY 

Chemical analyses of fluids from wells and springs 
in the Roosevelt Hot Springs area (Table 1) indicate 
that four types of water are present; 1) deep circu
lating thermal fluid tapped by producing wells 14-2, 
54-3, and 72-16; 2) hot water from nonproducing 
wells 9-1 and 52-21; 3) recent discharge from the 
Roosevelt seep; and 4) water from the now dry Roo
sevelt Hot Spring. Fluid from wells that do not pro
duce has a composition clearly different from pro
duction well fluid. The temperature and concentration 
of Na, K, F, Cl and total dissolved solids are lower 

in fluid discharged from nonproductive wells, whereas 
Ca, Mg, Fe, SO* and HCO3 are more concentrated. 
Spring water from the Roosevelt seep is similar to 
nonproducing well fluid, exhibiting greater concen
trations of Ca, Mg and HCO3 than producing well 
fluid. The total dissolved solids content of fluid dis
charged from the seep, however, is in the same range 
as that measured for production wells. Fluid from 
the now dry Roosevelt Hot Spring is similar to pro
ducing well fluid but has higher Mg and lower Si 
concentrations. 

Comparison of the compositions of the Roosevelt 
fluids, however, suggests they are derived from a 
common reservoir source and that variations in com
position are due largely to ground-water mixing. 
Local ground water is enriched in Ca, Mg, Fe, SO4 
and HCOj and depleted in Na, K, F and Cl relative 
to the thermal fluid (Mower and Cordova, 1974). 
This compares well with enrichments and depletions 
in nonproducing well fluids relative to production 
well fluid to indicate that nonproducing well fluid is 
mixed with local ground water. 

The extent of ground-water mixing with thermal 
fluid in the Roosevelt geothennal system tends to 
increase with distance from well 54-3 (Fig. 3). The 
minimum mixing percents for fluid from wells 14-2, 
72-16, 9-1 and 52-21 average 7, 12, 17 and 21%, 
respectively, whereas the maximum amounts of 
ground-water mixing with fluids discharged from the 
Roosevelt seep and hot spring average 25 and 11%, 
respectively. These relationships suggest that well 54-
3 and other nearby producing wells have the most 
direct access to the reservoir. Contouring of heat flow 
data from the Roosevelt thermal area (Fig. 1) pro
duces a similar pattern, with the highest heat flow 
corresponding to areas of least mixing. 

An enthalpy-chloride diagram (Fig. 4) (Truesdell 
and Fournier, 1976; Fournier, 1979) is used to cal
culate the percentage of ground-water mixing. This 
diagram employs the bottom-hole temperatures and 
fluid chloride concentrations listed in Table 1 and 
calculated percentages of steam loss listed in Table 
2. Fluid from well 54-3 (sample 5) is taken as the 
well fluid having the lowest percentage of ground 
water because it exhibits the highest enthalpy and 
chloride concentrations in relation to the other wells. 
For the purposes of these calculations, 54-3(5) is 
designated as zero-percent mixed. This assumption 
allows minimum percentages of ground-water mixing 
to be calculated for other well fluids using Fig. 4 
(Fournier, 1979). Estimation of the percent mixing 
for surface seepages is complicated, however, by un
certainties in their cooling history. Assuming that 
surface seepages cooled entirely by steam loss to 
100°C, the maximum percentages of ground water 
in fluids discharged from the Roosevelt seep and hot 
spring are calculated using Fig. 4 (Fournier, 1979). 

Fluids from producing wells have undergone sin
gle-stage liquid-vapor separation in the well bore. 
The fraction of isoenthalpic steam separation, X,, can 
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Table 1 . Chemistry of Thermal Water'-

Sample No 
Well: Utah State 

Reference^ 
Collection Date 

Na 
K 
Ca 
Mg 
Fe 
Al 
Si 
Sr 
Ba 
As 
Li 
Be 
B 
Ce 
F 
Cl 
HCO, 

SO4 

T . D . S . ' 
pH ( c o U e c t i o n T) 
T (collection) 
T (bottom hole)'; 
Total depth (m)* 
Geothermometers 

T (Na-K-Ca)(-Mgl' 
T (quartz cond)* 
T (quartz adiab) ' 

jS . io 

14-2 

1 
5/78 

2070 
384 
11 
0,28 
0.13 
0.31 

1.44 
0.24 
3.2 
25 
0.004 
23 
<0.20 

268 
1862 

284 

29.1 

14-2 

1 
?/78 

2340 
419 
6.8 

<0.24 
<0.02 
<0.28 

1.28 
<0.24 
3.6 
28 

<0.004 
25 

<0.20 

268 
1862 

291 

3 
14-2 

2 
11/77 

2150 
390 
9.2 
0.6 

229 

3.0 

29 

5.2 
3650 

78 

>6614» 
5.9 
14 

268 
1862 

286 
276 
244 

4 
14-2 

2 
11/77 

2200 
410 
6.9 

0.08 

383 

2.2 

28 

4.8 
3650 

60 

>6745* 
6.2 
9 

268 
1862 

293 
302 
268 

59.12 

54-3 

3 
11/79 

2320 
461 
8 
<2 

0.03 
<0.5 
263 
1.2 
<0.5 
4.3 
25.3 

0.005 
29.9 
0.27 
6.8 
3860 
232 
72 

7504 

>260* 
878 

297 
263 
234 

6 
72-16 

2 
4/77 

1800 
380 
12.4 
0.29 

238 
1.36 

15.0 

26.4 

5.2 
3110 
181 
33 

6074 
7.83 

243 
382 

289 
254 
227 

7 
72-16 

2 
4/77 

2000 
400 
12.20 
0.29 

244 
1.20 

16.0 

27.2 

5.3 
3260 
181 
32 
1.3 
6444 
7.53 

243 
382 

288 
256 
229 

8 
52-21 

4 
11/78 

1900 
216 
107 
4.0 
6.3 
<0.1 
65 

27.0 

3.6 
2880 

615.0 
85 

<0.2 
5677 
6.8 

204 
2289 

209* 
156 
149 

9 
9-1 

S 
10/75 

1780 
440 
69.1 
1.0 

0.370 

178 

28.2 

2860 
485 
120 
1.9 

5715* 
7.3 

225' 
2098 

278 
228 
207 

10 
Hot 

11 
Hot 

Spring Spring 

6 
11/50 

2080 
472 
19 

3.3 

189 

7.1 
3810 
158 
65 
11 

7040 

85 

283* 
234 
211 

6 
9/57 

2500 
488 
22 
0 

0.04 
146 

0.27 

38 

7.5 
4240 
156 
73 

t r . 
7800 
7.9 
55 

2a» 
212 
194 

12 
Seep 

7 
5/73 

2400 
378 
113 
17 

36 

37 

5.2 
3800 
536 
142 
t r . 
7506 
8.2 
17 

181* 
123 
121 

13 
Seep 

7 
8/75 

1800 
280 
107 

23.6 

50 

17 

29 

3.3 
3200 
300 
70 

5948 
6.43 

28 

141* 
141 
136 

I 'For well l oca t ions , see Figure 1 . Element concentrations are reported in mg/1 and temperatures i n °C. A 
blank indicates data not determined or information not ava i l ab le , and t r Indicates trace amounts measured. 

^References: 1 • Bamford et a l . (1980), 2 « Thermal Power Co. (1978). 3 = This repor t , 4 « Getty Oi l Co. 
I (1978), 5 = S. 0. Johnson (personal communication, 1980), 6 • Mundorff (1970), 7 « Lenzer et a l . (1976). 
I ^Total dissolved s o l i d s . Starred values were calculated in t h i s study by summing ion concentrations (Hem, 

1970). 
"Glenn and Hulen (1979). 

i ^Koenig and Gardiner (1977). 
'Geothermal Resources Council B u l l e t i n , 1979, P. 0. Box 98, Davis C a l i f o r n i a , Vo l . 8, No. 8, p. 6. 
'Calculated using the methods of Fournier and Truesdell (1973, 1974). The starred values are magnesium 

• ' corrected (Fournier and Pot te r , 1979). 
i 'Calculated using the methods of Fournier (1977). 

'Elements analyzed fo r but present at concentrations less than ICPQ l i m i t s of quant i ta t i ve detect ion 
(Bamford et a l . , 1980) include Mn. Cu, Pb, Zn, P, T i , V, Cr, Co, N i . Mo, Cd. Ag, Au, Sb, B i , U, Te, Sn, W, 
Zr , La, and Th. 

! '"Sample supplied by J . R. Bowman, Univ. of Utah. S i l i ca was not preserved in t h i s sample and therefore is 
not reported. 

"Sample supplied by A. H. Truesde l l , U.S.G.S. S i l i c a was not preserved in t h i s sample and therefore is 
not repor ted. 

'^Chemical analyses on t h i s sample were completed on f l u i d f i l t e r e d to 0.451" in the f i e l d as fo l lows: 
f l u o r i d e , ch lo r i de , and to ta l dissolved sol ids were determined employing spec i f ic ion electrode, 

, s i l v e r n i t r a t e t i t r a t i o n , and gravimetr ic methods, respect ive ly ; su l fa te was determined grav imet r ica l l y 
on samples treated with IX acid in the f i e l d ; a l l other elements were determined by Induct ively Coupled 

I Plasma Quantometer on f l u i d d i l u ted wi th 20t n i t r i c acid i n the f i e l d . 

be calculated from the relation in the reservoir fluid in these steam-loss calculations. 
Interpretation of geothermometer calculations al-

^ t ~ ^ f̂.rt ~ f>f,Tc)/(.hg.Tc ~ hf,Tc) (1) lows prediction of the deep reservoir fluid tempera
ture to be 288°C ± 10°, compared to the maximum 

where A, and A/are the enthalpies of saturated steam measured temperature of 268°C (Table 1). Calcu-
and saturated liquid, respectively, at both the initial lated cation-geothermometer temperatures for pro-
temperature, Ti, ofthe deep reservoir fluid and final ducing well fluids, as listed in Table 1, range from 
temperature, Tc, of the fluid at the collection site. 284° to 297°C. Cation-geothermometer tempera-
Steam-loss fractions calculated for fluid samples tures, however, may be unreliable if uncorrected for 
from wells 14-2, 72-16 and 54-3 are listed in Table the occurrence of calcite scaling (Fournier and 
2. Truesdell (Thermal Power Co., 1978) has calcu- Truesdell, 1973) in Roosevelt production wells. Sul-
lated the presence of less than 1.5% steam in the fate-water isotopic geothermometer temperatures for 
Roosevelt reservoir, indicating that the fluid is very samples from two Roosevelt production wells predict 
near liquid-vapor equilibrium. Therefore, it was not reservoir temperatures of 278° and 280°C (Nehring 
necessary to correct for excess or insufficient enthalpy and Mariner, 1979). In addition, a minimum tem-
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aez-ssiNO), 

ROOSEVELT SEEP A I , 
(Salt Spring) • i i ^ P ' 
(ZStoOy.) 

T26S 

Tzrs 

* ROOSEVELT HOT SPRING 
<1I to 0%) 

M-2(71 l ) \ N e G H O MAC 
> FAULT 

LECENO 

• - PRODUCTION WELL 

a-NON-PROOUCINC WELL 

A-SURFACE SEEP 

\ , 
\ 

SZ-21(ZI%) ?-

Fro. 3. Average percentage mixing of nonthermal ground 
water with the thermal reservoir fluid, Roosevelt Hot 
Springs thermal area. The percentage of mixing is included 
in parentheses after the well number. ND indicates not 
done. Refer to Fig. I for the location of this area. 

perature for the reservoir fluid of 284° is estimated 
from the point of intersection of lines A and B on 
the enthalpy-chloride diagram (Fig. 4) (see Fournier, 
1979). 

CALCULATION OF DEEP RESERVOIR 
FLUID CHEMISTRY 

The composition of the deep reservoir fluid was 
estimated from calculations that account for the ef
fects of ground-water mixing, steam loss, gas release 
and mineral precipitation in the well bore on the pH, 
gas partial pressures and element concentrations of 
the original reservoir fluid. Fluid samples from well 
14-2 are used for these calculations because they are 
the only samples for which all the necessary data. 

¥ X H 
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•5 

2i»o-

fe 
" l O O -

^^ 

. > ^ ' ' 
^ ^ ^ 

..*' 

"i lobo lobo 

\ \ 
>«"!, '^" > \ «.«, 

^-*1M11.4><^ 

^ - ' . • ^ V * . , \ ^ 
" • " " osaum 

«E»<II) 

o«i»nw 

x>bo 

QiHSno) 
OIHMII) 

oscEfra) 

4o6o 
CHLORIDE (ag/l) 

FiG. 4. Enthalpy-chloride diagram, Roosevelt Hot Springs 
thermal area. Data and sample numbers on this figure are 
taken from Tables 1 and 2. The local nonthermal ground 
water composition is taken from Mower and Cordova 
(1974). Triangles represent producing well fluid composi
tions corrected for steam loss, squares represent nonpro
ducing well and surface seep samples assuming conductive 
cooling. Curves "A" and "B" are the upper bounding boil
ing and mixing curves, respectively. "RHS" denotes Roo
sevelt Hot Spring. This diagram was constructed employing 
the methods described by Fournier (1979). 

including gas analyses (A. H. Truesdell, unpublished 
data, 1979), are available. In the absence of required 
data from other production wells, 14-2 well fluid was 
considered adequate to represent the reservoir fluid 
composition because, as concluded in the previous 
section, production well fluids all have similar com
positions and are probably derived from a common 
source. These 14-2 samples, in particular (3) and 
(4), are reliable in that they were chemically pre
served and filtered at the sample site. Also, chemical 
and isotopic data indicate that the steam and liquid 
have undergone nearly complete separations (Ther
mal Power Co., 1978). 

The composition of 14-2 well fluid used in the res
ervoir fluid calculations (Table 3) represents the av
erage of analyses 14-2(1) through 14-2(4). The av
erage analysis corrected for concentration by 18% 
steam loss is also given in Table 3. Because the HCO3 
content of these samples was not measured, the 
HCO3 concentration present in the least mixed fluid 
54-3(5), corrected for 12% steam loss, is used. 

An average fluid analysis corrected for both con-

Table 2. Fraction of Steam Separated from Flashed Well Fluids 

Well Sample 
No.' 

Collection 
Pressure^ 

(atm) 

Collection 
Temperature' 

CC) 

Reservoir 
Enthalpy 
(cal/g) 

Reservoir 
Temperature'* 

(°C) 

Steam 
Fraction 

14-2 
54-3 
72-16 

1.2.3.4 
5 

6.7 

12.83' 
23.61* 
20.38* 

192 
222 
214 

277^ 
277' 
250* 

265 
265 
242 

0.18 
0.11 
0.07 

'See table 1. 
^At the separator. These are absolute values excepting for 54-3 (see 
footnote 6 ) . 

^Determined from the col lect ion pressure assuming liquid-vapor equilibrium 
(Keenan et a l . , 1969). 

'•Determined from the reservoir enthalpy assuming liquid-vapor equilibrium 
(Keenan et a l . , 1969). 

^Thermal Power Co. (1978). 
^Written communication (S. 0. Johnson, 1980). This is a gauge pressure rather 
than absolute, therefore the calculated steam fraction Is a minimum value. 

^Data Is lacking on the reservoir enthalpy at the base of well 54-3, therefore 
the enthalpy Is assumed equivalent to that of the nearby producing well 14-2. 
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Table 3. Composition of Reservoir Fluids from 
Well 14-2 

Element 

Na (mg/1) 
K 
Ca 
Hg. 
Fe 
Al 
Si 
Cl 
C 
s 
T.O.S.a 
Geothermometers 
T Na-K-Ca j^'C 
T(Si02 cond.ia'C 

Average 
analysis 

2190 
401 

8 
0.32 

<0.08 
<0.30 

341 
3650 
206 
69 

6680 

Average analysis 
corrected for 

steam loss 

1800 
329 

7 
0.26 

<0.06 
<0.24 

280 
2990 
206 
57 

steam loss 
gas loss 
scaling 

1800 
329 
12 

0.26 
<0.06 
<0.24 

280 
2990 
1790 
138 

9707 

277 
269 

"T.D.S. represents total dissolved solids calculated 
by the method of Hera (1970). In accord with Hem's 
treatment of HCO3, H2CO3 is converted by a 

gravimetric factor (H2CO3 (rag/1) x 0,4837 « CO3 

(mg/l)) which assumes half of the H2CO3 Is v o l I t l -

Hzed as CO2. This value Is used In the summation. 

Calculated using the methods of Fournier and 
Truesdell (1973, 1974). 

"Calculated using the methods of Fournier (1977). 

centration by 18% steam loss and dilution through 
7% mixing was also determined. Both of these fluids 
were considered because it is not known whether 
mixing occurred in the well bore or reservoir. Min
eral-fluid equilibrium calculations on both these cal
culated fluids produced very similar results. There
fore, the fluid corrected only for steam loss is 
discussed in this paper. 

Because well 14-2 is cased to 551 m (Glenn and 
Hulen, 1979), sampled waters are assumed to rep
resent a composite of fluids derived from 551 m to 
at least 1830 m, the total depth of the well. Well log 
temperatures in this depth interval vary from 210° 
to 268''C (Glenn and Hulen, 1979). The only sig
nificant hot-water entry occurs at 869-881 m (Bam
ford et al., 1980), where the recorded well log tem
perature is 250°C. 

Methodology for equilibrium calculations 

The distribution of element concentrations among 
aqueous species is calculated using a modification of 
the computer program PATH (Helgeson et al., 1970; 
Knight, 1976). The sources of thermochemical data 
for aqueous species considered in these calculations 
are Helgeson (1969), supplemented by data from 
Kharaka and Barnes (1973), Bladh (1978) and Rim-
stidt (1979). Thermochemical equilibrium constants 
for minerals and gases are calculated using data re
ported by Helgeson et al. (1978). 

In these calculations, the standard state for HjO 
and intercrystalline standard state for solids are con
sistent with unit activity of the pure component at 

any pressure and temperature. The intracrystalline 
standard state for minerals calls for all activity coef
ficients of atoms on the lattice sites of solid solutions 
to approach unity as the mole fractions of the atoms 
on the sites approach those in the thermodynamic 
components of the solid at any pressure and tem
perature. The standard state for aqueous species, 
other than H2O, is one of unit activity in a hypo
thetical one molal solution referenced to infinite di
lution at any pressure and temperature. For gases 
the standard state is one of unit fugacity of the hy
pothetical ideal gas at one bar and any temperature. 

Component activities accounting for nonstoi-
chiometry of sericite and chlorite in rock samples 
from well 14-2 are calculated from electron micro
probe analyses reported by Ballantyne, J. (1978, 
1980) and are shown in Fig. 5. The specific expres
sions for calculating the activities of the components, 
listed in Table 4, are derived froin the general equa
tions relating site occupancy in a mineral to the ac
tivity of the thermodynamic component as presented 
by Helgeson et al. (1978, Equations (46) through 
(52)), and from preferential site occupancies as de-
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^ ^ ^ ^ % = : ^ 
•o—> 

- O 1 
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^t5—rrr— 
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FIG. 5. Variation with depth of the activities of 
the KAl2(AlSi,0,o)(OH)2, NaAl2(AlSijOio)(OH)j and 
Al2Si<Oio(OH)2 components in sericite, and the MgsAl-
(AISl30io)(OH)j component in chlorite from well 14-2. 
These activities are calculated using electron microprobe 
analyses of these minerals taken from Ballantyne, J. (1978, 
1980). Hexagons indicate the average value for that depth 
and the bars represent the range in values. Refer to the text 
for the method of calculation. 
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Table 4. 

Component 

KAIJIAISIJOJQKOH)^. 

AI^Si.OjoIOH)^ 

MaAl^IAlSijOjgKOHlj 

MgjAKAISIjOjgKOHlg 

Specific Equations for Calculating Component Acttytt ies 

Activi ty " 

' V . A ' <'<Al*^^,(^),'' 'XAr ' .no ' " 's i* \Tim' "<Si»\T2'' ' "OH" ' ' * • ' 

O'V.A' "<A1* ' .M(2) ' ' "'A^*^T10' '»S1*Mlm' ' " s i+Mz ' ' <«0H-'' * ' " 

" < H . * . A ' " < A 1 * 3 . M { 2 ) ' ' ' » A r ' . n o ' " ' s f \ T l » . ' " ' s t * \ T 2 ' ' ' " o H " ' ' ' ' ^ 

' S * ^ M ' ' <»AI* ' ,M' <''A1*3.T) («Si»\T'' ' V ' 

' i " i i J J.S 
s,J,f .. (equation (46) fron Helgeson et a l . (19781), where: â  is the act iv i ty 

of the i 'h component;, k, is the proportionality constant (defined by equation (48) from Helgeson 

et a l . (1978)) relating the intracrystal l ine and intercrystal l ine standard states; Xj . is the 

mole fraction of the J**" species on the s'*" s i t e ; and "5 j j is the stoichiometric number of 

s energetically equivalent sites occupied by the j species in one mole of the i " " 
component. 

°These equations are consistent with random mixing and equal interactions of atoms on 
energetically equivalent s i tes. 

''These equations are consistent with ordered standard state site distr ibut ions, equations and 
data reported by Helgeson et a l . (1978) for muscovite, paragonite and pyrophyll ite. 

fined by Helgeson and Aagaard (1981). The ther
modynamic components of the mineral sericite 
correspond to the chemical formulax units of 
AliSi^O.oCOH)!, KAl2(AlSi30,o)(OH)2 and 
NaAl2(AlSi30io)(OH)2. For chlorite the activity of 
the component Mg5Al(AlSi20io)(OH)8 is calculated. 

Gas pressures 

Calculated partial pressures of O2, CO2, H2S and 
CH4 dissolved in the reservoir fluid are shown in Fig. 
6. The partial pressures of CO2, H2S and CH4 are 
calculated using the Henry's law relation 

f = KrX (2) 

where / is the fugacity of the gas (at the temperatures 
and pressures considered in this study the fugacity 
is essentially equivalent to the partial pressure of a 
gas in atmospheres), Kr is the Henry's law constant 
at temperature T (Table 5), and X is the mole frac
tion of the gas in the reservoir fluid. Mole fractions 
of these gases in the reservoir fluid are calculated 
from concentrations measured in the steam sample. 
The gas content of the steam fraction collected at 
the same time as liquid samples (1) through (4) from 
well 14-2 was provided by A. H. Truesdell (unpub
lished data, 1979). It is assumed for these calcula
tions that CO2, H2S and CH4 separate completely 
into the steam fraction. This is supported by the work 
of Drummond (1981, Fig. 4.5) in which he calculates 
that with 18% steam loss as the result of isoenthalpic 
boiling of a 250°C (3 m NaCl) fluid, less than 1% 
of these gases will remain in the liquid phase. This 
is further supported by a study of gas concentrations 
in geothermal discharges from the Wairakei system 
(Ellis, 1962) which has temperatures, pressures and 
fluid composition similar to those of Roosevelt Hot 
Springs. 

The oxygen partial pressure (PQI) of the reservoir 
fluid is approximated using both hematite-magnetite 
and methane-carbon dioxide equilibria, given by 

equations (3) and (4), respectively, 

6Fe203 = 4Fe304 + O2U, (3) 

CH4(g, + 202(g, = C02(g, + 2H2O (4) 

and from the relationship between temperature and 
Poj determined by D'Amore and Panichi (1980) 
(equation 5). 

log Po, = 8.20 - (23643 /n ' 'K) ) (5) 

lo-'V 

J lO-o 

CO ' " 

HEMAriTE-MAGNETITE EOUILIBRIUM. 

REIATIONSMIP FROM D'AMORE 
ANO PANICHI (1980) 

ETHANE-CARBON DIOXIDE EOUIIIBRIUM 

t— 
ec 
< 

20 

10 

0.024 

0.020 

0.005 

0.001 ^ 

H,5 

CH, 

150 200 250 

TEMPERATURE CC) 

300 

FIG. 6. The variation with temperature of pH and partial 
pressures of O2, CO2, HjS and CH, in the reservoir fluid. 
See text for methods of calculation. 
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Gas 

CMj' 
HgS 

»2 
CH4 

Table 5. Henry's Law Constants 

K-j- (atm/mole fraction) 

ISCC 

6750 

I860 

78387 

87952 

200°C 

6500 

2000 

49459 

70000 

250''C 

5380 

1900 

27813 

44000 

300°C 

4100 

1620 

13939 

22093 

. Source^ 

' 

1 

2 

3 

3 
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^COj 

For 0.1 moles/l NaCl solution. 
References: 1 = E l l i s and Golding (1963); 
2 = Kozintseva (1964) after E l l i s and Mahon 
(1977. p. 132); 3 = Naumov et a l . (1974). 

At 288°C, the PQ, ranging from 10"" to 10"" atm, 
Pcoj of 11 atm, PHJS of 0.020 atm, and PCHA of 0.001 
atm in the Roosevelt reservoir fluid are similar in 
magnitude to calculated gas pressures in other high-
temperature geothermal reservoirs such as Wairakei 
and Broadlands (Ellis, 1979; O'Amore and Panichi, 
1980). 

Ion concentrations corrected for gas losses and 
scaling 

The concentrations of calcium, carbon and sulfur 
will decrease in the fluid by 5, 1753 and 119 mg/1, 
respectively, as a result of CO2, CH4 and H2S gas 
release and calcite precipitation accompanying steam 
separation. The amounts of carbon and sulfur lost 
to the steam fraction are calculated from the con
centrations of CO2, CH* and H2S released from the 
flashed fluid. The amounts of calcium and carbon 
removed from the reservoir through calcite precipi
tation are calculated from the change in calcite sol
ubility as a result of boiling. The composition of the 
reservoir fluid corrected for these losses is given in 
Table 3. 

As the reservoir fluid boils and thereby cools from 
the reported bottom-hole temperature of 265°C to 
the collection temperature of I92°C, the solubility 
of calcite decreases by 1.31 X 10"* moles/1. This sol
ubility decrease is largely a result of the CO2 pressure 
decrease in response to the removal of CO2 from the 
fluid by the gas phase. The solubility change of calcite 
can be determined using equation (6) (adapted from 
Segnit et al., 1962) which gives moles of Ca** in a 
kilogram of fluid, mc,**, in equilibrium with calcite. 

m l . . . = lX9K,K^co,/K2 (6) 

Kl = flH^'JHCOj/flHjCO) (7) 

K-i = aH*aco^l OncOi (^) 

f̂ c = act^-,acoj/ac,cox,) (9) 

Kj = equilibrium constant for t h e / ' ' reaction 

= mole fraction of CO2 gas in the reservoir fluid 

a, = activity of the i"" species in solution 

The variation in the mole fraction of CO2 in the 
reservoir fluid as a result of boiling is determined 
using the fraction of CO; removed with each per
centage of steam separated from the flashed 260''C 
reservoir fluid of the Wairakei geothermal system as 
reported by Ellis (1962, Fig. 3). 

For the estimation of calcium and carbon loss due 
to calcite scaling, it is assumed the reservoir fluid is 
in equilibrium with calcite and that the fluid remains 
in equilibrium with calcite as it boils. The occurrence 
of calcite at depth in well 14-2 supports this as
sumption of equilibrium. Filtering ofthe sample upon 
collection corrects for removal of calcite precipitate 
that has not adhered to the piping. 

Hydrogen ion concentration 

The reservoir fluid pH is determined by the method 
of hydrogen ion mass balance (Truesdell and Singers, 
1974; Bischofi" and Dickson, 1975) (Fig. 6). This 
method of estimating pH is based on the assumption 
that the mass balance of hydrogen in a fluid is in
dependent of temperature and that the hydrogen 
mass balance of the fluid corrected for gas separation 
equals that of the deep reservoir fluid. The method 
of hydrogen mass balance is used in this study be
cause it is independent of mineral equilibrium rela
tionships which the final calculated reservoir fluid 
will ultimately be used to predict. 

The hydrogen mass balance for the fluid corrected 
for CO2 and H2S loss is 0.340 moles/L This corre
sponds to a pH of 6.0 at 288°C (Fig. 6) and is similar 
to pH values calculated for other high-temperature 
geothermal fluids. For example, New Zealand geo
thermal fluids having temperatures of 220°C exhibit 
a range in calculated reservoir pH from 5.9 to 7.1 
(Ellis, 1979), and Icelandic geothermal fluids with 
temperatures of 195° to 220°C range in pH from 5.0 
to 8.3 (Arnorsson et al., 1978; Ellis, 1979). 

Effect of changing temperature 

The effects of temperature change on the pH, gas 
partial pressures and distribution of aqueous species 
were determined at 150°, 200°, 250° and 300°C for 
fixed concentrations of elements in solution (Fig. 6). 
These calculations suggest that decreasing temper
ature produces a decrease in the fluid pH and PQ^, 
an increase in Pcoj and PQH,, and no consistent var
iation in ^Hjs-

DISCUSSION OF FLUID-MINERAL EQUILIBRIA 

The equilibrium relationship between the altera
tion mineralogy and the deep reservoir fluid of the 
Roosevelt Hot Springs thermal system is quantita-
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tively evaluated at temperatures ranging from 150° 
to 300°C. Species distribution calculations are used 
to calculate mineral equilibria in the deep reservoir 
fluid at 150°, 200°, 250° and 300°C. The results of 
these calculations are displayed on a plot of chemical 
aflinity of each mineral in solution against temper
ature in Fig. 7. 

The chemical affinity, Aj, (Helgeson, 1979) indi
cates the equilibrium condition of the mineral in the 
fluid and is calculated using equation 10, 

Aj = RT\ti{Kj/Qj) (10) 

where Kj and Qj represent the equilibrium constant 
and activity product for the /*" reaction, 7" is the 
temperature in °K and R is the gas constant. A pos
itive value indicates the mineral is undersaturated 
with respect to the fluid. The chemical affinity is zero 
for mineral-fluid equilibrium and negative for su-
persaturation. Phases that satisfy equilibrium or su
persaturated conditions are shown in the lower por
tion of Fig. 7, with undersaturated conditions 
represented on the upper portion of the diagram. 

Minerals included on the chemical aflfinity versus 
temperature diagram are those described as altera
tion minerals in the Roosevelt system. Thermochem
ical data for montmorillonite and mixed-layer clays 
are not supplied in the data compilation by Helgeson 
et al. (1978), nor are compositional data available 
to calculate component activities. Data for (Ca-) 
montmorillonite and illite equilibrium taken from 
Helgeson (1969) are, therefore, used to calculate the 
equilibrium trends of these minerals. Although these 
data are not entirely consistent with the Helgeson 
et al. (1978) data base, they will at least provide a 
reasonable approximation of the actual equilibrium 
conditions. 

Microprobe analyses were available for chlorite 
and sericite from well 14-2 (Ballantyne, J., 1978, 
1980), allowing calculation of the component activ
ities to account for solid solution in these minerals. 
Using these calculated activities, the chemical affin
ity of the comp>onent in solution was calculated for 
the KAl2(AISi30io)(OH)2 component of sericite and 
the Mg5AI(AlSi30,o)(OH)8 component of chlorite. 
These component affinities are represented on Fig. 
7 by the dashed lines. For comparison, the chemical 
affinities of the pure end members muscovite and 
clinochlore are also shown in Fig. 7. 

The activities of the KAl2(AlSi30,o)(OH)2 com
ponent of sericite used to calculate the range in chem
ical affinities of this component are shown in Fig. 5. 
The activity of the KAl2(AlSi30io)(OH)2 component 
of sericite tends to decrease with increased depth 
(Fig. 5). A similar trend is noted for the activities 
of the other two compwnents of sericite (Fig. 5), 
NaAl2(AlSi30,o){OH)2 and Al2Si40,o(OH)2. The 
distribution of available compositional data with 
depth allows for a grouping of samples into those 
above 896 m and those below 1341 m in well 14-2. 
The average activity of KAl2(AlSi30,o)(OH )2 is 0.51 

so 
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FIG. 7. Chemical affinities of minerals with respect to the 
Roosevelt reservoir fluid from 150° to 300°C. See text for 
discussion. 

for the upper group and 0.36 for the lower. Measured 
well temperatures for these two groups is 210° to 
250°C for the upper group and 255°C for the lower 
group (Fig. 2). The calculated equilibration temper
ature (AJ = O) of the KAl2(AlSi30,o)(OH)2 com
ponent with the reservoir fluid for the upper group 
is 246°C and for the lower group is 254°C (Fig. 7). 
This suggests that solid solution in sericite is tem
perature dependent and that calculation of compo
nent activities to correct for its eff°ects on ffuid-min-
eral equilibrium calculations is appropriate. 

The activity of the MgjAl(AISi30,o)(OH)8 com
ponent of chlorite does not appear to vary consis
tently within the depth range for which microprobe 
analyses are available (Fig. 5). Therefore, the av
erage activity of 0.013 for all depths is used to cal
culate the chemical affinity of this component in solu
tion. Chlorites in the reservoir rock contain nearly 
equal atomic proportions of Fe and Mg (Ballantyne, 
J., 1978). Thermochemical data for the Fe compo
nent of chlorite, however, are not available and there^, 
fore only the Mg component is discussed. 

Comparison of mineral equilibria in the calculated 
reservoir fluid (Fig. 7) with alteration mineral as
semblages described in producing wells (Fig. 2) in
dicates that the majority of these minerals could have 
been produced through interaction of the reservoir 
rocks with the present thermal fluid. Phases such as 
hematite, magnetite, pyrite and quartz are saturated 
with respect to the fluid at nearly all temperatures. 
These minerals are present in the production wells 
at all depths, except hematite which is absent from 
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the deeper high-temperature alteration assemblage 
III in well-14-2. 

A select group of phases including chalcedony, the 
KAl2(AlSi30io)(OH)2 component of sericite, K-feld
spar, (Ca-) montmorillonite and illite exhibit a cross
over from undersaturated to saturated conditions in 
the temperature range from 229° to 260°C. Typi
cally those phases that exhibit a crossover between 
240° and 260°C occur in both the low (I and II) and 
high (III) temperature alteration zones of the pro
ducing wells. These phases include sericite, K-feld
spar and chalcedony. A second group of minerals 
that equilibrate below 240°C is present only in the 
lower-temperature alteration zones (I and II) of the 
production wells and includes the clay minerals 
montmorillonite and illite. 

Finally, there is a group of phases present as al
teration minerals in production wells 72-16 and 14-
2 that is undersaturated with respect to the reservoir 
fluid at all temperatures, suggesting that these min
erals could be the result of a past thermal event. This 
group includes chlorite, calcite, epidote and anhy
drite. Anhydrite and epidote are present in only trace 
amounts in producing wells, whereas chlorite and 
calcite are more abundant. All four of these minerals, 
however, are also present in the nonproducing wells, 
therefore their presence in the production wells could 
be the result of a past thermal event. 

The abundance of calcite in the upper alteration 
zone (I) of wells 14-2 and 9-1, in contrast to the near 
absence of calcite in the upper 700 m of nonproduc
ing well 52-21, however, suggests that calcite in as
semblage I is a product of the present thermal event. 
Because calcite equilibrium is strongly dependent on 
those chemical characteristics of the reservoir fluid 
most difficult to quantify, pH, Pcoj and total carbon, 
it is possible that the error in calculating these fluid 
components could indeed allow for calcite equilib
rium with the fluid. On the other hand, the presence 
of calcite in the upper 400 m of the reservoir rock 
can be explained by boiling of the fluid at these shal
lower depths. According to data from Mahon et al. 
(1980, Fig. 1), the present Roosevelt Hot Springs 
reservoir fluid, with 0.64 wt % CO2, will be very close 
to, if not at, its hydrostatic boiling point in the upper 
portions of the reservoir (less than 400 m). Boiling 
of this fluid in the formation rocks can precipitate 
calcite, a condition analogous to steam loss in well 
bores in the Roosevelt Hot Springs geothermal sys
tem that produces a calcite scale. 

Chlorite after plagioclase is present in both wells 
72-16 and 14-2 but is lacking from nonproducing 
well 52-21 and found only rarely and in trace quan
tities in nonproducing well 9-1. Chlorite after mafics, 
however, is present in all wells. This suggests that 
chlorite after plagioclase is a product of the present 
thermal event, despite the apparent nonequilibrium 
of chlorite with the reservoir fluid. The lack of ther
mochemical data for the Fe component of chlorite, 
however, does not allow a complete evaluation of 
chlorite equilibrium relationships with the known 

reservoir fluid. Bird and Norton (1981) in evaluating 
fluid-mineral equilibria in the Salton Sea geothermal 
system found a similar situation of nonequilibrium 
of the thermal fluid with chlorite which appeared 
related to the present thermal event. 

These fluid-mineral equilibrium calculations do 
not take into account the eff'ects of mineral precip
itation on the composition of the fluid as it travels 
along its flow path in the cooling process. The pos
sibility of mixing with nonthermal ground waters, 
which is undoubtedly occurring at the margins of the 
system, or the mineralogic consequences of boiling 
are also not considered in detail. It is realized, how
ever, that in the Roosevelt thermal system the eff'ects 
of these processes could be significant. 

This study suggests, however, that the observed 
sequence of a lower to upper mineral assemblage in 
the production wells can be produced by the present 
reservoir fluid as it cools from approximately 300°C 
during its migration to the surface. The mineral equi
librium calculations suggest fluid temperatures of 
240° to 260°C in rocks containing the lower mineral 
assemblage, and temperatures ranging from approx
imately 229° to 240°C in rocks of the upper mineral 
assemblage. These predicted temperatures agree 
within 40°C with the maximum measured temper
atures of 210°C in the upper production well alter
ation assemblage I and 268°C in the lower produc
tion well assemblage III (Fig. 2). The highest 
temperature of 260°C predicted for fluid-mineral 
equilibrium in mineral assemblage III is remarkably 
close to geothermometer temperatures for the fluid. 
For example, geothermometer temperatures esti
mated from the elemental composition of the surface 
sample, sulfate-water isotopes and enthalpy-chloride 
relationships give a temperature of 288°C ± 10°. 
Also, the Na-K-Ca geothermometer temperature 
determined from the calculated composition of the 
deep reservoir fluid is 277°C (Table 3). 

CONCLUSION 

In the Roosevelt Hot Springs geothermal system, 
the interaction of the country rock with the present 
high-temperature thermal fluid will result in a com
plex series of dissolution and deposition reactions as 
the fluid and rock attempt to equilibrate. The extent 
to which the thermal fluid is in equilibrium with the 
country rock is estimated by comparing actual al
teration assemblages with predicted fluid alteration 
products. 

The composition of the high-temperature fluid at 
depth is estimated from well samples. The effects of 
nonthermal ground-water mixing, mineral precipi
tation in the well bore, steam loss and gas release on 
these surface samples are considered. The predicted 
composition of the deep fluid is similar in composition 
to fluids found in other high-temperature geothermal 
systems, such as Wairakei and Broadlands (Ellis, 
1979). 

Comparing predicted alteration mineral assem-
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blages for the calculated reservoir fluid, in the tem
perature range from 150° to 300°C, with alteration 
assemblages described in drill cuttings of geothermal 
production wells indicates that several alteration 
minerals are equilibrated with the reservoir fluid. 
These include hematite, magnetite, pyrite and quartz 
which are saturated with respect to the fluid at all 
temperatures, and chalcedony, sericite, K-feldspar, 
(Ca-) montmorillonite and illite which are saturated 
in the fluid at temperatures less than 260° to 229°C. 
The calculated equilibration temperatures of the last 
group of minerals predicts to within 40°C the tran
sition zone observed between shallow (lower tem
perature) and deep (higher temperature) alteration 
zones. Furthermore, the variation in temperatures of 
equilibration of the KAl2(AlSi30,o)(OH)2 compo
nent of sericite with the reservoir fluid with depth in 
well 14-2 is in agreement with observed temperatures 
ili the well. This indicates that sericite solid solution 
is temperature dependent and that it is necessary to 
correct for its effects in equilibrium calculations. 

Phases that do not exhibit equilibrium with respect 
to the reservoir fluid, such as epidote, anhydrite, chlo
rite and calcite, could be remnants of an earlier event. 
Disequilibrium of the reservoir fluid with chlorite, 
however, may be the result of inadequate thermo
chemical data, as the presence of chlorite after pla
gioclase as a characteristic alteration product in pro
duction wells suggests it is a product of the present 
thermal event. Calcite, on the other hand, could be 
a product of another process inherent to geothermal 
activity, such as boiling. 

It is suggested, therefore, that the geothermal res
ervoir fluid at Roosevelt Hot Springs has probably 
not changed character significantly in the recent past. 
This is supported by the similarity between the ob
served alteration mineralogy and fluid-mineral equi
librium calculated for the reservoir fluid and the 
agreement between predicted equilibration temper
atures and observed temperatures. 
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ABSTRACT 

The Roosevelt Hot Springs geothermal system has 
been undergoing intensive exploration since 1974 and 
has been used as a natural laboratory for the develop
ment and testing of geothermal exploration methods by 
research organizations. This paper summarizes the 
geological, geophysical, and geochemical data which 
have been collected since 1974, and presents a retrospec
tive strategy describing the most effective means of ex
ploration for the Roosevelt Hot Springs hydrothermal 
resource. 

The bedrock geology of the area is dominated by 
metamorphic rocks of Precambrian age and felsic 
(ilutonic phases of the Tertiary Mineral Mountains in
trusive complex. Rhyolite flows, domes, and pyroclastic 
rocks reflect igneous activity between 0.8 and 0.5 m.y. 
ago. The structural setting includes older low-angle nor
mal faulting and east-west faulting produced by deep-
seated regional zones of weakness. North to north-
northeast-trending faults are the youngest structures in 
the area, and they control present fumarolic activity. 
The geothermal reservoir is controlled by intersections 
of the principal zones of faulting. 

The geothermal fluids that discharge from the deep 
wells are dilute sodium chloride brines containing ap
proximately 7,000 ppm total dissolved solids and 
anomalous concentrations of F, As, Li, B, and Hg. 
Geothermometers calculated from the predicted cation 
contents of the deep reservoir brine range from 520 to 
531°F (271 to 277°C). Hydrothermal alteration by these 
fluids has produced assemblages of clays, alunite, 
muscovite, chlorite, pyrite, calcite, quartz, and 
hematite. Geochemical analyses of rocks and soils of the 
Roosevelt Hot Springs thermal area demonstrate that 
Hg, As, Mn, Cu, Sb, W, Li, Pb, Zn, Ba, and Be have 
been transported and redeposited by the thermal fluids. 

The geothermal system is well expressed in electrical 
resistivity and thermal-gradient data and these methods, 
coupled with geologic mapping, are adequate to 
delineate the fluids and alteration associated with the 
geothermal reservoir. The dipole-dipole array seems 
best suited to acquire and interpret the resistivity data, 
although controlled source AMT (CSAMT) may be 
competitive for near-surface mapping. Representations 

of the thermal data as temperature gradients, heat flow, 
and temperature are all useful in exploration of the 
geothermal system, because the thermal fluids 
themselves rise close to the surface. Self-potential, 
gravity, magnetic, seismic, and magnetotelluric survey 
data all contribute to our understanding of the system, 
but are not considered essential to its exploration. 

INTRODUCTION 

The Roosevelt Hot Springs geothermal system is 
located along the western side of the Mineral Moun
tains, approximately 12 mi (19 km) northeast of 
Milford, Utah (Fig. 1). The geothermal system is a high-
temperature water-dominated resource, and is struc
turally controlled with permeability localized by faults 
and fractures cutting plutonic and metamorphic rocks. 

The earliest exploration in the area was carried out in 
1967 and 1968 by Eugene Davies of Milford who en
countered boiling water in two holes on and adjacent to 
siliceous sinter deposits. Phillips Petroleum Co. ini
tiated geothermal exploration at Roosevelt in 1972 and 
successfully bid for 18,871 acres (7,637 ha.) of the 
Roosevelt KGRA (Known Geothermal Resources Area) 
at the July 1974 competitive lease sale (Forrest, 1980). 
Exploratory drilling began in 1975 and the second well 
drilled, Roosevelt KGRA 3-1, encountered producible 
quantities of geothermal fluid. Additional drilling by 
Phillips Petroleum Co. and Thermal Power Co. has 
brought the total number of successful wells in the 
Roosevelt Hot Springs geothermal field to seven. A 
mobile 1.6 MWe generator has been installed in the 
field. Present, development plans call for increasing 
capacity to 7 MWe in 1983 and 20 MWe by 1984. A 
discussion of the history of the Roosevelt Hot Springs 
KGRA and the exploration methods employed by 
Phillips Petroleum Co. is presented by Forrest (1980). 

A large amount of geological, geophysical, geochem
ical, drilling, and reservoir data for the Roosevelt Hot 
Springs area has been made available in 1977-79 
through the Department of Energy's Industry Coupled 
Program. A review of these data and earlier work 
helped to identify inconsistencies and weak areas in an 
already large geoscience data base. Additional work has 
helpecl to complete this data base. The integriation of 
these data constitutes the present case study. 
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FIG. 1—Index map showing location of Roosevelt Hot 
Springs KGRA, Utah. 

ROOSEVELT HOT SPRINGS GEOTHERMAL SYSTEM 

Regional Setting 

The Roosevelt Hot Springs KGRA is located on the 
western flank of the Mineral Mountains (Fig. 2). The 
Mineral Mountains are a north-trending horst bounded 
by Basin and Range normal faults and lie at the western 
edge of the transition zone between the Colorado 
Plateau and the Basin and Range physiographic pro
vinces. The area is located on the western edge of the In
termountain seismic belt as defined by Smith and Sbar 
(1974). In addition, the Roosevelt Hot Springs KGRA 
lies along east-west-trending magnetic anomalies which 
follow the trend of the Wah Wah-Tushar mineral belt 
(Mabey et al, 1978). This belt has been the site of in
trusive activity through the Tertiary and into Quater
nary time. Associated with this igneous activity are 
deposits of uranium and base and precious metals. 

The central part of the Mineral Mountains is a struc
tural high relative both to adjacent ranges and also to 
the northern and southern parts of the range. In these 
northern and southern areas, sedimentary rocks of 
Cambrian through Cretaceous age are exposed. The 
southern area also contains volcanic and plutonic rocks 
of Tertiary age (Earll, 1957). In contrast, the central 
part of the Mineral Mountains contains Precambrian 
metasedimentary rocks and Tertiary plutonic rocks of 
the Mineral Mountains intrusive complex (Sibbett and 
Nielson, 1980). These Tertiary rocks possibly represent 
plutonic equivalents ofthe Marysvalle volcanic province 

which is exposed to the east, south, and southwest of the 
Mineral Mountains. 

Local Setting 

The geology in the vicinity of the Roosevelt Hot 
Springs geothermal system has been described in detail 
by Nielson et al (1978). The central part of the Mineral 
Mountains has been mapped by Sibbett and Nielson 
(1980). A simplified geologic map of the Roosevelt Hot 
Springs area is shown in Figure 2. 

The oldest unit exposed in the area of the geothermal 
system is a banded gneiss which was formed from 
regionally metamorphosed quartzo-feldspathic 
sediments. The rock was metamorphosed to the upper 
amphibolite facies during middle Proterozoic time. The 
banded gneiss is strongly layered with adjacent layers 
distinguished principally on the content of mafic 
minerals. The rock is compositionally heterogeneous 
and contains thick sequences of quartzo-feldspathic 
rocks. The unit also contains metaquartzite and 
sillimanite schist layers which have been differentiated 
in the more detailed geologic study (Nielson et al, 1978). 

The Mineral Mountains intrusive complex is the 
largest intrusive body exposed in Utah. K-Ar dating and 
regional relationships suggest that the intrusive se
quence is middle to late Tertiary in age. In the vicinity of 
the geothermal system, the lithologies range from 
diorite and granodiorite through granite and syenite in 
composition (Fig. 2). 

Rhyolite flows, pyroclastics, and domes were extrud
ed along the spine of the Mineral Mountains 800,000 to 
500,000 years ago (Lipman et al, 1978). The flows and 
domes are glassy, phenocryst-poor rhyolites. The 
pyroclastic rocks are represented by air-fall tuff and 
non welded ash-flow tuffs. Smith and Shaw (1975) 
hypothesized that young rhyolites such as these are in
dicative of an upper-level magma chamber which could 
serve as a heat source for geothermal systems. 

Hot spring deposits in the vicinity of the geothermal 
system have been mapped as siliceous sinter, silica-
cemented alluvium, hematite-cemented alluvium, and 
manganese-cemented alluvium. The principal areas of 
hot-spring deposition are along the Opal Mound fault 
and at the old Roosevelt Hot Springs. In both of these 
areas, the deposits consist of both opaline and 
chalcedonic sinter. 

The geothermal reservoir at Roosevelt Hot Springs is 
structurally controlled. The controls are thought to be 
produced by the intersection of the faults mapped in the 
KGRA (Nielson et al, 1978, 1979). The structural evolu
tion of the Roosevelt Hot Springs geothermal system is 
envisioned as follows. During rapid uplift of the 
Mineral Mountains structural block, westward-dipping 
low-angle normal faults formed. The most important of 
these is the Wild Horse Canyon fault (Fig. 2). This tec
tonic event produced intense zones of cataclasis both 
along low-angle fault planes and within the hanging wall 
of the principal fault block. The cataclastic zones within 
the hanging wall are steeply dipping zones up to 10 ft (3 
m) wide which strike generally to the northwest. These 
zones in the hanging wall were produced by internal 
brecciation and interaction between rigid blocks during 
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the low-angle faulting. East-west-trending high-angle The Opal Mound fault and parallel structures are north-
normal faulting, represented by the Negro Mag fault, northea'st-trending faults which are the youngest struc-
cuts the low-angle faults. The trend is parallel with the tures iri the area. They localize siliceous hot-spring 
Wah Wah-Tushar mineral belt and is probably related deposits and are often marked by zones of alteration 
to movement along this deep-seated structural trend, and silicification of alluvium 
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Hydrothermal System 

The limits of the hydrothermal system have been par
tially defined by deep drilling within the Roosevelt Hot 
Springs KGRA. The principal wells are shown on Figure 
2, and important facts about the wells are presented in 
Table 1. The area of geothermal production is bounded 
on the east by the range front of the Mineral Mountains. 
On the west, the system is bounded by the Opal Mound 
fault, and on the south it terminates between Utah State 
72-16, which is a producer, and Utah State 52-21, which 
is a hot but dry hole. The northern boundary of the 
system has not been determined. 

The deep wells confirm that the host rocks for the 
hydrothermal system are the Tertiary plutonic rocks and 
Precambrian metamorphic rocks which have been map
ped in the adjacent Mineral Mountains (Fig. 2). Thus, 
the rocks show little primary permeability and the 
system is controlled by faults and fractures (Lenzer et 
al, 1976; Nielson et al, 1978, 1979). 

Fluid chemistry.—The hydrothermal fluids are 
relatively dilute sodium chloride brines which contain 
approximately 7,000 ppm total dissolved solids. Ca
puano and Cole (1982) provide the most comprehensive 
review of the chemistry of these fluids. Table 2 lists the 
composition of fluids collected from the wells and 
springs. These fluids are compositionally similar 
throughout the field, and differ mainly in their concen
trations of calcium, magnesium, and bicarbonate which 

may be the result of mixing with calcium-rich nonther
mal ground water. 

Reservoir temperatures estimated from the Na-K-Ca 
contents of the brines range up to 554°F (290°C), and 
exceed the measured maximum temperatures by as 
much as 36 to 54°F (20 to 30°C). Capuano and Cole 
(1982) suggest that temperatures calculated by geother
mometers may in fact be too high, reflecting changes in 
the fluid chemistry produced by flashing ofthe brines in 
the well bore. Their arguments are supported by geo
thermometer calculations based on the composition of 
the deep reservoir fluid determined from the combined 
analyses of brine, steam, and gas. These calculations 
suggest a reservoir temperature of 520°F (271°C) based 
on the Na-K-Ca geothermometer (Fournier and 
Truesdell, 1973) and a temperature of 531 °F (277°C) 
based on the Si02 content of the fluid and the conduc
tively cooled quartz saturation model of Fournier 
(1973). 

The isotopic composition of the geothermal fluids in
dicates that they are of meteoric origin (Rohrs, 1980). A 
comparison of the fluid isotopic compositions with that 
of water from the mountain ranges to the east suggests 
that the thermal fluids could be derived either from the 
Mineral Mountains or ranges to the east. 

Hydrothermal atera^/on.—Hydrothermal alteration 
in the geothermal system and the adjacent Mineral 
Mountains is localized along faults and fractures. There 
have been several periods of alteration and it is often 

Thble 1. Well Summary from Roosevelt Hot Springs, Utah 

Well 

O.H.-2 

O.H.-l 

Roosevelt 
KGRA 9 1 
Roosevelt 
KGRA 3-1 
Roosevelt 
KGRA 54-3 
Roosevelt 
KGRA 12-35 
Roosevelt 
KGRA 13-10 
Roosevelt 
KGRA 82-33 
Utah State 
14-2 
Roosevelt 
HSU 25-15 
Utah State 
72-16 
Utah State 
24-36 
Utah State 
52-21 
GPC-15 

Location 

SW NW Sec. 10, 
T27S, R9W 

SE NE Sec. 17, 
T27S, R9W 

NE NW Sec. 9, 
T27S, R9W 

SW NE Sec. 3, 
T27S, R9W 

SW NE Sec. 3, 
T27S, R9W 

NW NW Sec. 35, 
T26S, R9W 

SW NW Sec. 10, 
T27S, R9W 

NE NE Sec. 33, 
T26S, R9W 

SW NW Sec. 2, 
T27S, R9W 

NW SW Sec. 15, 
T27S, R9W 

SE NE Sec. 16, 
T27S, R9W 

SWNWSec. 36, 
T27S, R9W 

NWNESec. 21, 
T27S, R9W 

SESESec. 18, 
T27S, R9W 

Depth 

2,250' 

2,321' 

6,885' 

2,724' 

2,882' 

7,324' 

5,351' 

6,028' 

6,108' 

7,500' 

1,254' 

6,119' 

7,500' 

1,900' 

Status 

Deep T-gradient 

Deep T-gradient 

dry 

producer 

producer 

producer 

producer 

dry 

producer 

producer 

producer 

dry 

dry 

Deep T-gradient 

TMax 

• NA 

NA 

227°C 

NA 

NA • 

NA 

NA 

NA 

254''C 

NA 

243°C 

NA 

206°C 

72°C 

Operator 

Phillips 

Phillips 

Phillips 

Phillips 

Phillips 

Phillips 

Phillips 

Phillips 

Thermal Power 

Phillips 

Thermal Power 
O'Brien 

Thermal Power 

Getty Oil Co. 

Geothermal 
Power Corp. 

Reference 

Lenzer et al. 

Lenzer et al, 
Geothermex, 
Lenzer et al. 
Glenn et al, 

Lenzer et al. 

Lenzer et al. 

Lenzer et al. 
Geothermex, 
Lenzer et al. 
Geothermex, 
Lenzer et al, 
Geothermex, 
Lenzer et al. 

Glenn-and Hulen, 
Lenzer et al. 
Geothermex, 
Lenzer et al, 

Glenn and Hulen, 

Glenn and Hulen, 

Glenn and Hulen, 

1977 

1977 
1977 
1977 
1980 
1977 

1977 

1977 
1977 
1977 
1977 
1977 
1977 
1977 
1979 
1977 
1977 
1977 
1979 

1979 

1979 
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not possible to separate these different periods on the 
basis of their mineralogy and chemistry. Older periods 
of hydrothermal alteration are associated with the intru
sion of various phases of the Mineral Mountains in
trusive complex. These episodes have produced minor 
copper mineralization which is generally associated with 
xenoliths of Paleozoic and Precambrian rocks. In addi
tion, zones of sodium metasomatism have been iden
tified with the contact zones between some of the felsic 
plutonic rocks (Sibbett and Nielson, 1980). The intru
sion of the various phases of the pluton have also 
superimposed contact metamorphic assemblages on the 
older rocks. 

A hydrothermal event which altered the fault zones 
and deposited pyrite and chalcopyrite occurred with the 
low-angle faulting. The hydrothermal alteration pro
duced assemblages of quartz -f- chlorite -I- epidote -l-
hematite. Hematite is commonly found as specularite 
veinlets and, where genetic relationships can be ob
served, hematite mineralization follows sulfide 
mineralization. 

The hydrothermal alteration assemblages associated 
with the present geothermal system are crudely zoned 

with depth. The uppermost assemblage, occurring 
around the hot-spring deposits and fumeroles, is charac
terized by quartz, alunite, kaolinite, montmorillonite, 
hematite, and muscovite. Parry et al (1980) have studied 
the near-surface alteration and suggest that these 
minerals have formed above the water table by 
downward-percolating acid sulfate waters. Upward-
conyecting geothermal brines have produced, with in
creasing depth, alteration assemblages characterized by 
montmorillonite -t- mixed layer clays -I- sericite -l-
quartz + hematite and chlorite -I- sericite + calcite -l-
pyrite -I- quartz -I- anhydrite (Ballantyne, 1978). Ther
mochemical calculations and petrologic observations 
suggest that the brines are in equilibrium with the altera
tion assemblages produced by the upward-migrating 
fluids (Capuano and Cole, 1982). 

Flow tests.—Most of the flow-test, production-
logging, and reservoir-engineering data for the 
Roosevelt Hot Springs field is proprietary. However, 
data from Utah State 14-2 and Utah State 72-16 (Fig. 2, 
Table 1) are in the public domain and are summarized 
here. ' 

A short flow test conducted in Utah State 72-16 on 

Tkble 2. Chemical Analyses of Selected Thermal Waters' 

Wells 

14-2 54-3 72-16 52-21 
Hot 

Spring 

I 
I 
I 
I 
I 
I 
I 
I 
I 

Na 
K 
Ca 
Mg 
Fe 
Al 
Si 
Sr 
Ba 
Mn 
Cu 
Pb 
Zn 
As 
Li 
Be 
B 
Ce 
F 
Cl 
HCO3 
SO4 
NO3 
Total Dissolved Solids 
pH (at collection T) 
T (at surface) 
•T (bottom hole) 
Geothermometer 
T (Na-K-Ca) 
T (quartz cond.) 
T (quartz adiab.) 
T (chalcedony) 
Total Depth 

ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm . 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm 

°C 
°C 

"C 
°C . 
°C 
°C 
m 

2,150 
390 

9.2 
0.6 

229 

3.0 

29 

5.2 
3,650 

78 

>6,614 
5.9 

14 
268 

286 
276 
244 
274 

1,862 

2,320 
461 

8 
• < 2 

0.03 
<0.5 
263 

1.2 
<0.5 
<0.2 
<0.1 
<0.2 

.<0.1 
4.3 

25.3 
0.005 

29.9 
0.27 
6.8 

3,860i 
232 

72 

7,504 

1 
>26q 

297 
263 
234 
259 
878 

2,000 
400 

12.20 
0.29 

244 
1.20 

16.0 

27.2 

5.3 
3,260 

181 
32 

6,444 
7.53 

243 

288 
256 
229 
250 
382 

1,900 
218 
114 

3.9 
6.9 

<0.1 
67 

27.6 

3.4 
2,885.1 

550.0 
86 

1.3 
5,727 

7.3 

204 

210== 
158 
150 
134 

2,289 

2,500 
488 

22 
0 

0.04 
146 

0.27 

38 

7.5 
4,240 

156 
73 
11 

7,800 
7.9 

55 
284 

284 
212 
194 
197 

'From Capuano and Cole (1982). A blank indicates data not detennined or information not available. 
^Corrected for the Mg content of the fluid. 
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December 30, 1976, produced 454,546 kg/hr steam and 
hot water at a flowing wellhead pressure of 25 kg/cm2 
and a temperature of 432°F (222°C). A 24-hour test was 
conducted April 4 to 6, 1977, in 72-16. The total mass-
flow rate was determined by the James method (James, 
1966) as 595,000 kg/hr at a wellhead pressure of 20.7 
kg/cm2 psia and a temperature of 415°F (213°C). 
However, the mass-flow rate and wellhead pressure 
dropped throughput the test, indicating a longer flow 
test was needed to determine steady-state well produc
tion. Thermal Power Co. also concluded that the James 
method of determining the flow rate of a two-phase 
flow was unsatisfactory. On the basis of the longer test, 
it was calculated that Utah State 72-16 could yield 
119,546 kg/hr of steam if flashed at 5.6 kg/cm2. The 
well's electrical generating capacity was determined to 
be 12.5 Mw at a heat rate of 9,546 kg steam/hr/Mw. 

Thermal Power Co. conducted a 48-hour flow test in 
geothermal well Utah State 14-2 between November 16 
and 18, 1976. The last 35 hours of the test stabilized at 
225,000 kg/hr and an enthalpy of 444.5 Btu/hr. Ther
mal Power Co. calculates that at a wellhead pressure of 
4.9 kg/cm2 and 17.8% flash, Utah State 14-2 has a 
generating capacity of 4.5 Mw. This capacity was 
calculated at a heat rate of 8,900 kg steam/hr/Mw. Well 
surges were observed during the test and their cause was 
attributed to temporary obstructions in the system that 
induced in-pipe flashing. 

The Denver Research Institute (DRI) conducted 
several production logging tests in 1978 and 1979 (Butz 
and Plooster, 1979). Pressure and temperature data 
were logged versus depth during several constant flow-
rate tests from 146,818 kg/hr to 263,636 kg/hr as 
measured by the James method. The flow rates are 
probably accurate to ±15%. Butz and Plooster (1979) 
were able to match the measured borehole temperature 
and pressure profiles by using a program that modeled 
two-phase flow in the well bore and determined the 
flash depth in the borehole and the productivity index of 
the well. The best models were those that included a 
component of compressible gas. 

EXPLORATION METHODS 

The Roosevelt Hot Springs geothermal area has 
served as a laboratory for the development and testing 
of geothermal exploration methods for some time 
(Ward et al, 1978). Since 1978 more exploration data 
have become available, including detailed geologic map
ping, additional deep drill holes, additional electrical 
resistivity surveys, a reflection seismic profile, passive 
seismic data, and extensive application and testing of 
surface and subsurface geochemical methods. These 
new data allow us to expand upon earlier studies. With 
the results of the individual exploration methods and 
the supreme advantage of 20/20 hindsight, the most ef-

BORON C H L O R I D E 

FIG. 3—Concentrations of boron and chloride in ground water in Roosevelt Hot Springs KGRA and adjacent Milford Valley. 
Data are from Mower and Cordova (1974) and Mower (1978) and was compiled by D. R. Cole. 
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ficient strategy for the exploration of the Rooseveh Hot 
Springs geothermal system will be presented. The results 
of some of the geological and geochemical exploration 
methods have been presented in the previous section. 

Ground Water—Flow Systems and Chemistry 

In contrast to the geothermal reservoir, the ground
water aquifer' in the vicinity of the Roosevelt Hot 
Springs system is nonconfined. The study of this 
ground-water system is important from two aspects. 
First, it is probable that the present ground-water 
system provides the recharge to the thermal reservoir. 
This information bears on estimates of the longevity of 
the system and also whether the system will remain 
water-dominated during production or become vapor 
dominated (White et al, 1971) or possibly depleted. Sec
ond, studies of ground-water flow and chemistry are im
portant exploration procedures which can be used to 
detect leakage of thermal waters into the regional 
ground-water systems. Hydrologic data can be inexpen
sively collected during thermal-gradient and heat-flow 
studies and for many areas are available in the ground
water literature. 

Reconnaissance ground-water studies of the Milford 
and Beaver Valleys (Mower and Cordova, 1974;, 
Mower, 1978) do not discuss the hydrology in the 
geothermal area but they do reveal the generalized 
ground-water configuration. The probable direction of 
ground-water movement within the KGRA is west-
northwest toward Beaver Bottoms. The much higher 
elevation of the potentiometric surface in Beaver Valley 
than in Milford Valley—more than 984 ft (300 m) near 
the KGRA—prompts the speculation that if there were 
sufficiently transmissive fractures within the crystalline 
units of the Mineral Mountains, the difference in head 
would force ground water to flow through the range. 
The chances for this interbasin ground-water flow are 
enhanced by the cross-cutting structural zones like the 
Negro Mag fault zone. If ground water originating in 
the Beaver Valley drainage is recharging the geothermal 
reservoir, vast quantities of recharge may be available to 
the geothermal wells. 

The ground-water papers by Mower and Cordova 
(1974) and Mower (1978) contain additional informa
tion which can be of value in exploration for the 
geothermal resource. Figure 3 is a map showing concen
trations of chloride and boron in the vicinity of the 
Roosevelt Hot Springs. Lenzer et al (1976) show plots of 
ground water total dissolved solids which are similar to 
the patterns developed in Figure 3..These plots indicate 
that the chemical patterns produced by leakage of 
geothermal fluids into the ground-water system can be 
detected at significant distances from the geothermal 
system. These data are commonly available iii the 
published literature, and its compilation and analysis 
can be a very efficient exploration method. 

Solids Geochemistry 

The geochemistry of hydrothermally altered rocks is 
routinely used by the minerals exploration industry as a 
guide to buried ore deposits. Yet despite the similarities 

Ikble 3. Analyses of Hot Spring Deposits* 

Na (%) 
K (%) 
Ca (%) 
Mg (%) 
Fe (%) 
Al (%) 
Tl (ppm) 
P 
Sr 
Ba 
Cr 
Mn 
Co 
Ni 
Cu 
Mo 
Pb 
Zn 
Cd 
As 
Sb 
W 
Li 
Be 
Zr 
La 
Ce 
Hg (ppb) 

Chalcedonic 
Sinter, 

Opal Mound 

0.15 
0.14 
0.14 
0.01 
0.02 
0.09 

19 
— 
33 
— 
— 

388 
— 
— 
— 

. — 
— 

1 
— 

145 
243 
— 
11 
99.8 
— 

— 
352 

Mn-Cemented 
Alluvium 

1.79 
3.12 
0.39 
0.10 
0.74 
5.18 

560 
651 
386 

4.9% 
9 

18.8% 
28 
— 

231 
5 

68 
23 
4 

858 
291 

2,940 
17 
18.6 
17 
37 
42 

2,210 

Altered 
Alluvium 

Over 
Fumarole 

0.07 
0.26 
0.06 
0.03 
0.16 

•4.01 
2,040 , 

336 
266 
326 

24 
173 
— 
— 

3 
— 
15 
7 
1 
5 

21 . 
29 

8 
3.4 

42 
34 
56 

49,300 

*From Bamford et al (1980). Dash indicates'that element was not detected. 

between hydrothermal mineral deposits and active 
geothermal systems, the development of geochemical 
zoning models by the geothermal industry has been 
largely neglected. Recent studies (Browne, 1971; Ewers 
and Keayes, 1977) have suggested that trace-element 
zoning may be developed around the high-temperature 
centers of active geothermal systems. The studies at 
Broadlands have demonstrated that volatile and base 
metals are crudely zoned with depth as a result of 
decreasing temperature and boiling in jsermeable zones. 

The trace- and major-element contents of surface and 
drill-hole samples from the Roosevelt Hot Springs ther
mal field were documented to determine if geochemical 
zoning models could be developed into an effective ex
ploration tool (Bamford, 1978). Thirty-four elements 
were analyzed using an inductively coupled argon 
plasma spectrometer. Arsenic was determined by col-
orimetric methods, and mercury by a gold film detector. 
The analytical techniques are described by Christensen 
et al (1980a) and Capuano and Bamford (1978). 

Geochemical analyses demonstrate that Hg, As, Sb, 
Mn, Cu, Co, W, Li, Pb, Zn, Be, Sr, and Ba have been 
transported and redistributed by the thermal fluids. 
These elements are strongly concentrated in hot-spring 
deposits (Table 3) with surface concentrations being 
typically more than an order of magnitude higher than 
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FIG. 4—Distribution of mercury and temperatures in wells 14-2, 72-16, and 52-21. 



I, 

I 
I 
i 

Howard P. Ross, Dennis L. Nielson, and Joseph N. Moore 

the subsurface abundances. However because of con
tamination during drilling, Hg, As, Sb, and Li are the 
only trace elements whose abundances in drill ciittings 
can be unambiguously related to chemical redistribution 
by geothermal activity. 

Trace-element distributions, like the distribution of 
hydrothermal alteration minerals, are not pervasive but 
are localized along fractures and permeable alluvial 
horizons that have served as fluid channels. Detailed 
lithologic and geochemical logging has shown that at 
depth, arsenic is diagnostic of the hydrothermally 
altered rocks in the central part of the thermal field. 
Electron microprobe analyses and selective chemical 
leaching of the drill cuttings indicate that arsenic occurs 
primarily within pyrite and crystalline iron oxides 
formed from pyrite. Concentrations of arsenic as high 
as 4% have been detected in some pyrite crystals. In 
general, concentrations of arsenic are irregularly 
distributed within individual pyrite grains suggesting 
that the composition of the thermal brines has varied 
during the life of the system. 

Mercury, in contrast to arsenic, is concentrated in the 
cooler parts of the thermal field, occurring in both 
weakly and highly altered rocks. Concentrations of mer
cury greater than 20 ppb define a broad envelope in the 
outer part of the system to depths approximately 
marked by the 420°F (215°C) isotherm (Fig. 4). This 
distribution reflects the extreme mobility of mercury at 
high temperatures within the thermal system. 

Christensen et al (1980b) have experimentally in
vestigated the mobility of mercury by measuring its pro
gressive loss from drill cuttings and surface samples 
heated in air. These studies demonstrated that by 392°F 
(200°C) mercury loss had become significant, and had 
reached a maximum by 482°F (250°C). They concluded 
that mercury is present within the geothermal reservoir 
mainly as a native metal and suggested that its distribu
tion reflects the present thermal configuration of the 
geothermal system. 

At depths between 98.4 and 196.9 ft (30 and 60 m), 
pronounced enrichments in both arsenic and mercury 
occur in cuttings from thermal gradient holes located 
within the productive part of the thermal field. Despite 
the relatively small number of samples and the wide 
spacing between drill holes, geochemical data from 
shallow thermal-gradient holes nevertheless appear to 
be a useful means of prioritizing drilling targets that is 
independent of temperature measurements. 

Concentrations of mercury and arsenic in soils over 
the thermal system are closely associated with hot-
springs deposits and faults that are connected to the 
geothermal reservoir. The distribution of the anomalies 
and their shapes confirm that northeast- and west-
northwest-trending (Negro Mag) structures control the 
near-surface hydrology of the thermal fluids. 

Geophysics 

Gravity Methods 

Gravity methods are widely used in geothermal ex
ploration to map structure and, in some cases, to detect 
directly the depositional products of hydrothermal 

systems. The latter use has been demonstrated in the Im 
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971) where the 
in sediments 

in an increase in 
positive gravity 

Roosevelt Hot 
by two major 
centered over 

mately 36 mgal 
between valley 

from the central 
The gravity high 

perial Valley of California (Biehler, 
precipitation of silica and carbonates 
above the hydrothermal systems results 
density of the sediments and thus a 
anomaly. 

The Bouguer gravity map, for the 
Springs area (Fig. 5), is dominated 
features: a broad, closed minimum 
Milford Valley, and a north-trending elongate high over 
the Mineral Mountains. The data are 'ully terrain cor
rected. The gravity relief of approxi 
reflects a density contrast of 0.3 to 0.7 
fill and the bedrock (Table 4) within the range. A 
generally planar regional gradient of approximately 1 
mgal/km decreasing eastward may be estimated for the 
Mineral Mountains area based on regional data (Crebs 
and Cook, 1976). 

Bouguer gravity decreases gradually 
part of the range to the valley low. 
along the northern and western partis of the Mineral 
Mountains can be correlated with the Paleozoic 
limestones, Precambrian metasediments, and Tertiary 
diorites. In the vicinity of the geotheimal field, denser 
lithologies such as the Precambrian banded gneiss and 
Tertiary diorites have been intruded by less dense felsic 
phases of the Mineral Mountains irtrusive complex. 
Local perturbations on the smooth gradient (residuals), 
generally less than 2 mgal, can be readily explained by 
density variations of 0.1 to 0.3 g/cc )vithin the crystal
line rocks, as documented in Table 4. The interpretation 
of structural details beneath the alluvium within and 
west of the geothermal field is within the range of am
biguity due to uncertainties in the regi onal gradient and 
the variable density within the bediock. A principal 
result of model studies supported bj well control and 
density data is the absence of a large (>650 ft; 200 m) 
displacement in the bedrock surface along any single 
normal fault. Instead we see a gradual dip to the west, 
and possibly several minor faults near the Opal Mound 
fault and the outcropping range front 
present a similar interpretation, and these interpreta
tions are in agreement with reflectipn and refraction 
seismic data presented later. 

Magnetic Methods 

The aeromagnetic map shown in Figure 6 is part, 
about 100 mi2 (270 km2), of a much larger 300 mi2 (780 
km2) survey flown in 1975 (Ward et al, 1978). Data were 
obtained £dong east-west flight lines \/ith an average line 
spacing of 1,380 ft (420 m). The flight path was 
smoothly draped at an average 1,000 ft (305 m) above 
ground level. 

An extensive program of magnetic susceptibility 
measurements was undertaken in the summer of 1979 to 
provide support for the magnetic interpretation. The 
susceptibility data (Table 5) are in-situ susceptibility 
measurements at more than 60 locations on smooth, 
unweathered outcrop surfaces. A Bison magnetic 
susceptibility meter Model 3100 with in-situ coil ac
cessory was used for the measurements. The data shown 
in Table 5 are fully corrected f̂ r outcrop surface 
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FIG. 5—Terrain-corrected Bouguer gravity map for Milford Valley and Mineral Mountains area (modified from Carter and 
Coolc, 1978). 
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roughness. Additional susceptibility data determined 
from drill cuttings of Roosevelt KGRA 9-1 are reported 
by Glenn et al (1980). 

A detailed inspection of the map reveals about 30 
closed highs and lows over outcrop of the Mineral 
Mountains. The apparent complexity of the 
aeromagnetic map is not surprising in view of the com
plex igneous geology (Fig. 2) and the unavoidable varia
tions in terrain clearance over rocks of varying 
magnetization. A study of the analog altimeter profiles 
shows actual terrain clearance values as little as 480 ft 
(150 m) over sharp topographic highs and as much as 
1,200 ft (365 m) over canyons and between hills. This 
terrain clearance variation contributes to considerable 

east-west elongation and irregularities in the contoured 
map.. 

An in-depth discussion of the entire magnetic map is 
beyond the scope of this more general paper. An inter
pretation has been completed with integrated spatial 
correlation of magnetic and geologic maps, simple 
depth estimates, model comparisons, and extensive 
magnetic susceptibility data. On this basis, most of the 
magnetic features over the Mineral Mountain range can 
be attributed to mapped rock-type and altitude varia
tions. Table 6 summarizes the main characteristics and 
interpreted sources for major anomalies identified in 
Figure 6. Most important to the present study is the in
terpretation of new information that relates to the struc-

Table 4. Densities of Lithologies from Mineral Mountains 

g/cc 

Rock Type/Unit p range P(x) 
No. of 

Samples Reference 

Tqm 
"granitic" 
"granitic" 
Td 
Ts 
Qrf/Qrd 
Qrf/Qrd 
Obsidian 
Pebg (upper plate) 
Gneiss and schist 
Gneiss 
Limestone 
Quartzite' 
Alluvium 

2.43 
2.45 

2.80 
2.71 

2.64 ± 

,53 
,54 
,43 
,16 
,22 
15 

,11 

60 
90 
63 
24 
38 
35 
95 

2.63 - 2.74 
2.63 - 2.74 
2.55 - 2.97 
2.50 - 2.74 

59 H 

57 H 

76 d 
55 d 
22 H 

31 d 
30 d 
73 d 
69 d 
69 d 
71 d 
62 d 
0 d 
05^ 

.04 

.07 

.02 

.08 

.06 

.05 

.07 

.07 

.28 

.04 

.04 

.13 

.09 

56 
25 
11 
48 
23 

136 
8 
5 
9 
5 

Glenn et al 
Carter and Cook 
Crebs and Cook 

Glenn et al 
Glenn et al 

Crebs and Cook 
Carter and Cook 
Carter and Cook 

Glenn et al 
Crebs and Cook 
Carter and Cook 

Carter and Cook 
Carter and Cook 
Carter and Cook 
Glenn and Hulen 

(1980) 
(1978) 
(1976) 
(1980) 
(1980) 
(1976) 
(1978) 
(1978) 
(1980) 
(1976) 
(1978) 

(1978) 
(1978) 
(1978) 
(1979) 

'Samples from Star Range, Rocky Range, Beaver Lake Mountains or Beaver Dam Mountains. 
^Nettleton's method. 
^Well log determination above water table. 
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Rock Type 

Ikble 5. Magnetic Susceptibilities of Lithologies, Mineral Mountains, Utah' 

Symbol* 
No. 
Sites 

No. 
Observations Mean Std. Dev.* Range 

*— Units of micro cgs -^ 

Alluvium 
Rhyolite flows 
Rhyolite domes 
Rhyolite dikes 
Diabase dikes 
Granite dikes 
Granite 
Seyenite 
Porphyritic granite 
Quartz monzonite 
Hornblende gneiss 
Biotite gneiss 
Sillmanite schist 
Banded gneiss 

Qal 
Qrf 
Qrd 
Trd 
Tds 
Tgr-d 
Tg 
Ts 
Tpg 
Tqm 
Tgn 
Tn 
Pes 
Pebg 

2 
3 
4 
1 
1 
3 
6; tn 
5; tn 
6; tr. 
7; tn 
4 
2 
tn 
6; tn 

8 
56 
43 
10 
3 

14 
63 
36 
86 
58 
•24 

6 ,, 

:io ' 
;35 i 

500 
179 
131 
406 
474 
411 

1,353 
1,998 
1,626 
1,918 
2,310 
2,644 

. 22 
1,252 

86 
69 
84 
29 
— 

129 
333 
272 
282 
166 
830 
405 

32 
1,698 

388-640 
41-347 

0-372 
363-463 
466-483 
166-650 
623-2,053 

1,546-2,056 
10-2,467 

1,433-2,244 
1,520-3,440 
2,118-3,170 

0-89 
38-5,421 

'Corrected in-situ susceptibilities, 6" diam. coil. Bison system. 
# Map symbol after Nielson et al, 1978. ' 
*Siandard deviation not always statistically significant, but indicative of susceptibility variability. 
tr. = indicates observations along traverses, 500 to 2,500 ft long. 
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FIG. 6—Total magnetic intensity map of Roosevelt Hot Springs-Mineral Mountains area. Suballuvial magnetic sources and 
principal structural zones are indicated. Major anomalies are numbered for reference to text. 
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tural setting of the geothermal reservoir. 
Several east-trending zones of low magnetic intensity 

cut across the Mineral Mountains (Ll, L2, L3, L4). 
These magnetic trends are explained in part by the out
cropping rock types and topographic features. The 
topography, geology, and magnetics are all expressions 
of east-west structural features. Feature L2 corresponds 
closely to the Negro Mag fault zone and its .iCastward 
continuation as mapped faults. It also appears to 
displace to the west a north-trending magnetic anomaly 
(7) closely associated with the Opal Mound fault. L3 ter
minates anomaly 7 between productive reservoir well 
Utah State 72-16 and the hot but dry hole, Utah State 
52-21. The magnetic bodies appropriate to this magnetic 
field inclination are indicated on Figure 6. 

The magnetic data over bedrock areas reflect the 
mapped geology and magnetic susceptibility. The iden
tification of four east-trending structural zones, two of 
which (Ll and L3) may limit the north-south extent of 
the reservoir, is new information. The delineation ofthe 
alluvium-covered Opal Mound horst, bounded on the 
east by the reservoir-bounding Opal Mound fault, is the 
most important contribution to understanding the 
geothermal reservoir provided by the magnetic data. In 
view of known susceptibility values for the igneous and 
metamorphic rocks and the alluvium, it is not necessary 
to postulate an alteration low resulting from magnetite 
destruction to explain magnetic lows east of the Opal 
Mound fault (anomaly 8) and south of well Ut^h State' 
52-21 (anomaly 18). 

Seismic Methods 

A broad spectrum of seismic data is available at 
Rooseyelt Hot Springs. Passive seismic data include 
long-term historical records, of major earthquake activi
ty, microearthquake surveys and, at a lower magnitude 
of naturally occurring seismic disturbance, seismic emis
sions or "noise" surveys. Single profiles of both refrac
tion and GDP Vibroseis reflection data are also 
available for study. 

In 1974 and 1975, an array of up to 12 portable high-
gain seismographs was established within the Roosevelt 
Hot Springs and Cove Fort-Sulphurdale areas (Olson 
and Smith, 1976). In two survey periods totaling 49 
days, 163 earthquakes of magnitude -0.5 < M < 2.8 
were recorded. However, only four events could be 
associated with a 12-mi (20-km) length of the western 
flank of the Mineral Mountains which includes the 
Roosevelt Hot Springs area (Ward et al, 1978). Olson 
and Smith (1976) determined P-wave delays of up to 0.1 
sec and detectable S-wave attenuation of ray paths 
across the Mineral Mountains. Ward et al (1978) inter
preted the low-velocity effect and shear wave attenua
tion for these ray paths as possibly indicative of partial 
melting or major intense fracturing of crustal rocks 
beneath the southern part of the Mineral Mountains. 

Robinson and Iyer (1981) observed P-wave residuals 
of up to 0.3 sec in a well-defined pattern corresponding 
to a region of anomalously low velocity (5 to 7%) 
centered under the geothermal area and extending from 
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Tkble 6. Magnetic Anomaly and Source Characteristics, Roosevelt Hot Springs Area, Utah 

Anomaly 
Amplitude 
(gammas) 

Correlation' 
p topo/mag Geologic Setting^ Probable Source^ 

Susc. Contrast 
(micro cgs) 

I b, c 
2 
3 
4 
5 
6 
7 a, b 
8 
9 
10 
11 
12 
13* 
14* 
15* 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

'H = high, M = 

120; 
280 
120+ 

- 80 
- 1 0 0 

190 
300; 

- 40 
50 

-200 
50 

190; 
250 

-180 
- 80 

200 
-150 
- 90 

350 
250 
250 
150 

- 30 
20 

- 50 
350 

moderate 

100 

240 

200 

L=. 

X 
H 

M 
R 

M-X 
H 

X 
X 

H 
L-R 

H 
L-X 

H 
R? 
R 

H-M 
X-R 
L-X 

H 
H 

X 
L 
L-R 

H 
H R 
H 

low, X = insignificant, R 

Qal, Qcal, Tqm 
Tqm, Tgr 
Tqm 
Qrd, Qal 
Qal, Tgr, Ts, Tqin 
Ts, Tqm 
Qal, Qcal 
Qal 
Tgn, Ts, Tpg 
Qrt, Qal 
Tqm 
Ts, Qal 
Tqm 
Tqm 
Qrd 
Tpg, Tn, Tgn, IS, 
Qrd, Tg 
Qal, Pebg, Tpg 
Tg, Tn, Tpg, Qra, 
Tn, Tpg, Tgn 
Qal, Tn, Tgn, Tpg 
Qal, Tbg, Tgr 
Qra, Qrd 
Qrd . 
Tq 
Tdb, Tg, Tbg 

= reversed. 

Tg 

Qrd 

1 

Tqm 
Tqm, Ts; nt.c. 
Tqm; nt.c. 
Qrd, Qal; nt.c. 
Qal, Tgr; i.t.c. 
Ts, Tqm; nt.c. 

Qal; i.t.c. 
Tgn, Ts; nt.c. 
Qrt (reversed) 
Tqm; nt.c. 
Ts; 
Tqm; * nt.c. 
Tqm; * i.t.c. 
Qrd; * nt.c. , 
Ts, Tpg, Tgn; nt.c. 
Qrd; i.t.c. 
Qal; Pebg, Tg 
Tn, Tg, Tpg; nt.c. 
Tn, Tpg, Tgn; nt.c. 
Tpg, Tgn, Tn 
Tbg, Tgr 
Qra; i.t.c. 
Qrd; r.t.c. 
— nt.c. 
Tdb; nt.c. 

2,000 
~ 2,000 

1,400 

~ 2,000 
2,000-5,000 

~ - 1 , 5 0 0 

~ 2,000 

~ .2,000 

~ 2,500 
~ 2,000 j 
~ 2,000 1 

~ 3,500 

?Map symbol after Nielson et al (1978). 
^r.t.c. = reduced terrain clearance; i.t.c. = increased terrain clearance; * indicates poor contour representation. 
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about 3 mi (5 km) depth down into the uppermost man
tle. They preferred an explanation for these delays in 
terms of abnormally high temperatures and a small frac
tion of partial melt. Wechsler and Smith (1979) noted 
that these delays could arise from the fractured and 
possibly fluid-filled porosity of the western part of the 
Mineral Mountains pluton. Wechsler and Smith further 
noted the problems of accurate epicenter location and 
the limitations of P-wave studies in areas of complex 
near-surface lateral-velocity variations, such as exist at 
Roosevelt Hot Springs. 

The relatively few earthquake locations determined 
for the western Mineral Mountains from this 49-day 
recording period and the complex near-surface velocity 
structure almost preclude the use of microearthquakes 
in delineating the Roosevelt Hot Springs geothermal 
system. P-wave delay studies may ultimately improve 
our understanding of the deep heat source at Roosevelt, 
but to this time have not contributed to delineation of 
the system. 

Scliaff (1981) has reported on seismic activity 
detected with the present nine-station seismograph array 
for the period October 1979 through January 1981. His 
results to date substantiate the earlier conclusion that 
seismicity in the immediate vicinity of Roosevelt Hot 
Springs is generally of a low level and somewhat 
episodic in nature. In the first 12-month period, no 
earthquakes were located within the anticipated produc
tion zone or along the Opal Mound f|,ult. However, 
swarmlike activity was recorded east of the reservoir 
area in December 1980-January 1981. This trend of 
earthquake epicenters across the Mineral Mountains 
and east of the geothermal reservoir appears to lie along 
the eastern projection of the Negro Mag fault. More 
than 1,000 earthquakes of magnitude less than 1.5 have 
occurred in three major swarms between July and 
December 1981. The epicenters for these most recent 
events define a trend extending from the surface to 4 mi 
(6 km) depth parallel with the trend of the Negro Mag 
fault (L. McPherson and G. Zandt, personal commun.). 

Seismic emissions survey. —Seismic emissions surveys 
have been promoted by several geophysical contractors 
as a geothermal exploration method in which the seismic 
emissions or "noise" would hopefully delineate active 
fault and fracture zones possibly associated with 
geothermal activity. The method employs an array of 
geophones (four or five) spaced approximately 2,000 ft 
(610 m) apart. In surveys at Roosevelt Hot Springs 
(Katz, 1977a, b) data were recorded at the array for 1 to 
3 days, then moved to another station. Five such sta
tions within a 14 to 16 mi2 (36 to 41 km2) area constitute 
a survey. The data were edited and processed with 
algorithms which determine the noise source locations 
based on delay times computed for a half-space velocity 
model and the correlation of these delays with the 
observed data. 

A reevaluation of these data has been completed by 
Ross et al (1982). As employed at Roosevelt Hot 
Springs, the seismic emissions survey may indicate areas 
of geothermally induced seismic noise, but it is 
dominated by other noise sources and is imprecise in 
defining geothermal conduits. The correlation pro
cedure is severely limited by model simplicity and veloci

ty assumptions, and generally recognizes source direc
tion more accurately than distance to the seismic noise 
source. A more refined velocity model could perhaps 
improve the resolution of the noise source areas through 
a higher correlation of source-to-geophone array delay 
times. It is unlikely that the velocity model could be 
refined enough to justify inclusion of the method in 
geothermal exploration in complex geologic 
environments. 

Seismic refraction.—In April 1977, a 19 mi (30-km) 
long seismic refraction profile was recorded across the 
Roosevelt Hot Springs geothermal area (Gertson and 
Smith, 1979). Multiple shots at seven different shot 
locations were used to provide multiple subsurface 
coverage. Although the large station spacings of nearly 
820 ft (250 m) were not adequate for locating narrow 
structural features, Gertson and Smith were able to 
define a somewhat generalized velocity model for the 
area and also determined that the first large displace
ment in range front faulting occurs at least 0.6 mi (1 km) 
west of the Opal Mound fault. P-wave attenuation 
across the geothermal reservoir was much less than at
tenuation in other parts of the profile, and Gertson and 
Smith (1979) concluded that the record sections did not 
appear to contain any evidence for seismic waves that 
had penetrated and returned from "hot rock" or 
magma chambers even at great depth. One complicating 
aspect of the refraction study is that the eastern part of 
the refraction profile, of necessity, followed the Negro 
Mag fault zone from the reservoir area eastward across 
the Mineral Mountains. 

Seismic reflection.—One profile totaling 27 mi (43 
line km) of detailed reflection seismic data was available 
for study of the Roosevelt Hot Springs area. Line 5 and 
5 OPTW of a GSI speculation survey, recorded in 
March and April 1978, crosses the Mineral Mountains 
along the same path as the refraction survey. The data 
cannot be reproduced, but an interpretation of the data 
is presented here. 

The GSI profiles are high-quality 24-fold CDP 
Vibroseis data with a 200 ft (60 m) group interval and a 
400 ft (120 m) vibrator point interval. The source con
sisted of 16 sweeps per VP, using a 12-sec sweep and a 
12 to 60 Hz sweep band. The sample rate was 2 msec. 
Processing included deconvolution, yelocity analysis, 
CDP stack, and migration. 

Our interpretation of the reflection profile is 
presented in Figure 7. The time-to-depth conversion is 
supported by 14 velocity analyses along the profile. 
These velocities are generalized in Figure 7. The refrac
tion survey and sonic logs of three deep wells in the 
geothermal system—Utah State 52-21, 72-16, and 
14-2—also provide velocity control. Although similar 
velocities are noted for alluvium, the refraction survey 
and well logs indicate much higher velocities at depth 
than velocity analyses of CDP reflection data. To those 
depths where good reflection quality persists and the 
coherence of the velocity analysis is well supported, the 
reflection survey velocities are considered more valid. 
At greater depths (times), the velocity analyses appear 
to be less valid and may be as much as 40% too low. 

Figure 7 shows gently dipping layers in uncon
solidated sediments to depths of 4,000 ft (1,220 m) in 
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the Milford Valley. This sequence thins abruptly to the 
east as the Opal Mound fault is approached. Numerous 
faults cut the sedimentary sequence. A very prominent 
reflector which dips westward at approximately 20° 
from the Opal Mound fault indicates the base of the un
consolidated sediments. Few coherent reflectors are 
noted beneath this interface, presumably a sediment-
igneous or sediment-metamorphic contrast. 

The complexity of Basin and Range faulting is in
dicated by the reflection data. Unfortunately, the trend 
of the profile is along the southern edge of the horst 
block indicated by magnetic data, then N30°E along, 
and at a small angle to, the Opal Mound fault. The 
faulting is indicated, but less clearly than would be the 
case for an east-west line. East ofthe Opal Mound fault, 
the higher velocities and lack of coherent reflections in
dicate igneous rocks extending to depth. The interpreta
tion of the vertical displacement along Basin and Range 
faults within the first 0.25 seconds is difficult because of 
high noise levels and probable lateral energy returns 
associated with the Opal Mound fault area. No single, 
major vertical displacement is indicated but a complex 
series of small displacements, of the order of 100 to 320 
ft, (30 to 100 m), is suggested by the data. 

Electrical Studies 

The recognition of Roosevelt Hot Springs as a 
relatively shallow geothermal resource of commercial 
potential has resulted in numerous electrical surveys 
designed to characterize the electrical resistivity 
distribution, and to test the effectiveness of various 
methods. To a large degree, Roosevelt Hot Springs has 
become a "test" area because of the type of resource 
and amount of publicly available supporting data. In
cluded in the electrical surveys already completed are 
the following: magnetotelluric (MT), controlled source 
audio magnetotelluric (CSAMT), natural source AMT, 
controlled source EM, spontaneous polarization or self-
potential (SP), induced polarization (IP), and electrical 
resistivity. 

Electrical resistivity surveys.—Electrical resistivity 
surveys include both the dipole-dipole and bipole-dipole 
arrays. The bipole-dipole survey (Frangos and Ward, 
1980) was undertaken with the knowledge of the 
resistivity distribution primarily to characterize the ef
fectiveness of the method. The dipole-dipole survey in
cludes at least 50 lines of various lengths, electrode 
separations, and depth penetrations, and constitutes 
one of the most complete resistivity data bases assembl
ed. In view of this, and because all the other electrical 
methods are influenced by the resistivity distribution 
mapped by these data, a major effort was devoted to in
terpreting these data using two-dimensional numerical 
models (Ross et al, 1982). 

Figure 8 shows the location of the resistivity lines 
which were numerically modeled and presents a sum
mary of the intrinsic resistivity distribution for the 
depth interval of 330 to 500 ft (100 to 150 m). The 
modeled resistivity data are supplemented with, a 
qualitative interpretation of more than 30 additional 
lines of data. The modeled resistivities at these depths 
have been transferred from the interpreted resistivity 

sections shown in Figure 9. 
The resistivity distribution, even as generalized by 

numerical modeling, is quite complex. Generally high 
resistivities (100 to 500 ohm-m) are observed in the 
range over the Precambrian gneiss and Tertiary in
trusive rocks. Very low (<10 ohm-m) to low (10 to 20 
ohm-m) resistivities, often modeled as thin vertical con
duits, occur along the trend of the Opal Mound fault. 
West of the Opal Mound fault moderate to high-
resistivity (30 to 400 ohm-m) layers overlie layers of 
moderate to very low resistivity. This appears to repre
sent dry alluvium (above the water table) overlying areas 
where fresh ground waters mix with warmer, more con
ductive geothermal fluids migrating downdip from the 
Opal Mound fauh and other conduits. Very low 
resistivities (2.5 ohm-m) observed along UU line 8100N 
may represent geothermal outflow, dissolved salts in 
Lake Bonneville sediments, or some mixture of both. 
South ofthe survey base line and Utah State 52-21, high 
resistivities near the surface decrease with depth but do 
not indicate the presence of geothermal fluids noted to 
the north. Figure 8 provides a better comparison with 
key geologic features and drill-hole locations than does 
the section representation (Fig. 9), and shows that the 
low-resistivity area of the geothermal system is bounded 
by high resistivities southwest, south, and east of the 
geothermal system at these depths. Low and moderate 
resistivities extend well into the range along the Negro 
Mag fault zone. Most of the low-resistivity areas strad
dle or lie east of the Opal Mound fault at these depths. 
Resistivities of 3 to 10 ohm-m along th^, fault are bound
ed by 10 to 20 ohm-m on all sides as a crude zoning pat
tern. The resistivity ofthe alluvium is generally 20 to 50 
ohm-m to the west, and much higher (200 to 400 ohm-
m) to the south. The probable continuity of resistivity 
zones is indicated by heavy dashed lines (Fig. 8). 

Ross et al (1982) preserit a similar map for the depth 
interval 1,500 to 2,000 ft (450 to 600 m) which is less 
complex because only 1,000 ft (300 m) dipole data could 
be used for this depth and because of the resistivity 
averaging inherent in modeling large separation data. 
The high resistivities east of the Opal Mound fault ex
tend to the west but are substantially reduced to the 
south (GOC lines 1, 2, 4, 5). In fact, 50 to 400 ohm-m 
alluvium becomes quite conductive (5 to 20 ohm-m) 
with the increased depth. The Negro Mag Wash area is 
still a moderate resistivity reentrant into the range. The 
alluvium west of the Opal Mound fault has become 
quite low in resistivity (5 to 15 ohm-m), probably due to 
the downdip migration of conductive thermal fluids 
leaking from the geothermal system. The region of the 
Opal Mound fault itself is modeled as 30 to 50 ohm-ni 
except at the southernmost part of the Opal Mound 
itself (8 ohm-m). This is in marked contrast to the low 
resistivity expression at 330 to 500 ft (100 to 150 m) 
depth. A high resistivity (450 ohm-m) body is indicated 
less than 1,250 ft (380 m) south of successful well Utah 
State 72-16, which reached total depth at 1,256 ft (383 
m). The hot but dry Getty Oil Co. well, Utah State 
52-21, is located in a resistive (100 to 400 ohm-m) area. 
Several productive wells (Roosevelt KGRA 12-35, 
Roosevelt KGRA 54-3, Roosevelt KGRA 3-1, Utah 
State 14-2, Roosevelt KGRA 13-10, and Roosevelt HSU 
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FIG. 9—Interpreted electrical resistivity sections, Roosevelt Hot Springs KGRA. 
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25-15) are sited in areas of moderate (15 to 40 ohm-m) 
resistivity which are relative lows. 

The interpretations presented in Figure 9 are non-
unique and are limited by the grid size which becomes 
coarser with depth, the validity ofthe two-dimensional 
model, the goodness of fit of computed to observed 
data values, and the choice of body size, position, and 
resistivity. Nonetheless, careful modeling of dipole-
dipole resistivity data has resulted in a more accurate 
representation of earth resistivity distribution for a 
given cost than any other electrical method. The njon-
uniqueness is reduced by using a network of profiles, 
several of which intersect, and the integration! of 
geologic data, such as the detailed (1:24,000) map of 
Nielson et al (1978). 

methods.—Sandberg and 
a controlled source audio-
survey at Roosevelt Hot 
well with dipole-dipole 

depths (< 330 ft; 100 lm). 

Near-surface electrical 
Hohmann (1980) described 
magnetotelluric (CSAMT) 
Springs which compares 
resistivity data for shallow 
Minor disagreements in the interpretative models from 
these methods serve to indicate the noise and ambiguity 
levels for each method. Chu et al (1980) described in
duced polarization surveys which were unable to map 
clay alteration or pyritic zones related to the geothermal 
system. 

Corwin and Hoover (1979) discussed thermoelectric 
coupling and electrokinetic coupling as possible 
mechanisms for generating self-potential anomialies 
observed over geothermal systems. They reported a 
dipolar anomaly located directly over the Opal Mound 
fault and concluded that it results from geothermally 
generated electrical activity along the fault. More detail
ed self-potential studies have been completed by Sill and 
Johng (1979). A complex "quadrapolar" anomaly of 
two lows (-100 mv) and two highs (-1-25 and -1-50 mv) 
was found to be associated with the southern part of the 
geothermal system. The 100-mv low which occurs over 
the Opal Mound fault is the most unambiguous expres
sion of the geothermal system. Other self-potential 
features could arise from large resistivity contrasts, the 
movement of ground water from higher to lower eleva
tion, or fluid movement along structures. Additional 
numerical modeling is required to obtain a more com
plete understanding of the SP response at Roosevelt Hot 
Springs, but the observed data document a complex ex
pression of the geothermal system. j 

Magnetotelluric (MT) studies.—The magnetotelluric 
(MT) method is often used in both the reconnaissance 
and detailed stages of geothermal exploration.! The 
earth's electric and magnetic fields vary as a functibn of 
frequency in response to natural electrical (telluric) cur
rents flowing within the earth's crust. Through precise 
measurements of the electric and magnetic field icom-
ponents made at the surface, one may obtain informa
tion relating to the impedance distribution (i.e.,! elec
trical resistivity) to depths as great as 25 mi (40 km) 
within the earth's crust. The reader is referred to an ex
cellent paper by Vozoff (1972) for a detailed description 
of the method. • 

In keeping with the detailed geophysical definition of 
the Roosevelt Hot Springs area an extensive MT net
work of 93 stations was established in the Milford 

Valley-Mineral Mountains area (Wannamaker et al, 
1978, |l980). 

The reduced data for a central 14 mi (22 km) east-west 
profile are presented as observed apparent resistivity 
versus frequency for the TM (transverse magnetic) 
mode in Figure 10a. The best-fit model results com
puted for a two-dimensional model geometry TM mode 
(Fig. lOb) are seen to be very similar. The comparison 
between observed and modeled impedance phase (not 
shown here) is also good but has a poorer fit in the cen
tral part ofthe profile. The two-dimensional model that 
produced this best fit is shown as Figure 10c. The rather 
fanciful 50,000 ohm-m prism in Figure 10c was inserted 
in an!unsuccessful attempt to match the mid-frequency 
(10 to 0.1 Hz) data. A frequency dependent, three-
dimensional current gathering effect involving the 
Milford Valley to the west is now believed responsible 
for these particular modeling difficulties (Wannamaker 
et al, 1980). 

Stations 78-22 through 76-2 are located over low-
resistivity alluvium and valley fill. Figure 10c indicates 
resistivities decreasing to near 1 ohm-m at depths of 
1,300 ft (400 m). Dipole-dipole resistivity data and 
Schlumberger soundings also indicate a thin (330 ft; 100 
m) resistive (100 ohm-m) near-surface layer with 
resistivity decreasing to 5 ohm-m or less at depths of 
1,000 ft (300 m). Station 76-3 near the center of the 
cross section occurs over a buried horst inferred from 
gravity and magnetic data and exhibits high resistivities 
at moderate depths. Station 76-4 was sited along the 
Opal Mound fault (Wannamaker et al, 1978), which has 
been identified earlier as a narrow, vertical conductive 
zone associated with ascending geothermal fluids. Silica 
cementation has locally decreased the porosity but frac
ture permeability remains. 

Wannamaker et al (1978, 1980) noted great difficulty 
in obtaining good representations of both the TE and 
TM mode resistivities for ahy single one-dimensional or 
two-dimensional model. Extensive three-dimensional 
model studies indicate the limitations of one- and two-
dimensional modeling at Roosevelt Hot Springs, and 
probably for most Basin and Range-type geothermal 
reservoir areas. A few of their more general conclusions 
are restated here. 

1. Current gathering in the valley results in a regional 
distortion of the electric field affecting all stations at 
Roosevelt Hot Springs for lower frequencies. 

2. The TM mode is most appropriate for two-
dimlensional interpretation, and has yielded good results 
[for geometrically regular three-dimensional prisms. 
; 3. Clays (g = 1 to 2 ohm-m) may exist to depths of 
several hundred meters in the Milford Valley. These 
overlie more than 0.6 mi (1 km) of semiconsolidated and 
unconsolidated sediments and volcanics of moderate {Q 
=s25 ohm-m) resistivity. 

4. A geometrically regular reservoir of conductive 
brine beneath the thermal anomaly seems improbable, 
so the search for any economic hydrothermal reservoir 
at Roosevelt Hot Springs using MT must be considered 
unsuccessful at this time. If present, it is not resolved by 
the two-dimensional TM algorithm. The brine-saturated 
reservoir zone is clearly three-dimensional and difficult 
to I model satisfactorily with present interpretation 
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capabilities. 
5. A deep heat source for the geothermal system also 

has not been discerned by MT interpretation to this 
.time. 

Thermal Studies 

The thermal characteristics of the Roosevelt Hot 
Springs area have been defined by measurements in 53 
thermal gradient, water well, and exploration drill holes 
(Wilson and Chapman, 1980). Most of the 53 gradient 
holes bottomed at depths of 200 to 360 ft (60-110 m). 
The observed near-surface (30 to 230 ft; 10 to 70 m 
depth) gradients range from 6°C/km to 3,330°C/km 
compared to a Great Basin average of 35 to 40°C/km. 

Thermal conductivity measurements are listed in 
Wilson and Chapman (1980) and Glenn et al (1980). 

Wilson and Chapman (1980) assign the following 
average conductivities (W/m/K) to principal rock types: 
quartz monzonite, 2.54; opaline sinter, 2.00; biotite 
gneiss, 2.00; alluvium, 1.64. Using the appropriate ther
mal conductivities and gradients for each hole, Wilson 
and Chapman have produced a detailed map of the 
near-surface heat flow associated with the geothermal 
system. The 400 mW/m2 and 1,000 mW/m2 areas 
determined from their study are indicated in Figure 11. 
The 400 mW/m2 contour, approximately four times 
background, encloses an area of 22 mi2 (57 km2), 
whereas the 1,000 mW/m2 contour encloses an area of 6 
mi2 (16 km2) including the Opal Mound fault and most 
of the successful production drill holes. The anomalous 
surface heat loss for the system was calculated at 64 
MW. 
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FIG. 11—Thermal studies map, Rooseveh Hot Springs KGRA. 
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Figure 11 compares the depth of the 15°C isothermal 
surface with the heat flow pattern of Wilson and Chap
man (1980). Temperatures at a given depth are included 
for several holes. The 1,000 mW/m2 area corresponds 
closely to the area where 15°C is mapped within 15 ft (5 
m) of the surface. The steep contours along the flank of 
the range indicate depressed temperatures because of 
descending ground water, and a broad contour interval 
to the west and elongation to the northwest probably 
relate to the discharge of geothermal water within 
permeable strata in the alluvium. Although the con
toured heat-flow map presents the thermal data in the 
most quantitative manner, the shallow occurrence ofthe 
high-temperature reservoir and its active discharge into 
the alluvium give rise to good definition of the system 
by contouring most thermal parameters. 

RETROSPECTIVE EXPLORATION STRATEGY 

The Roosevelt Hot Springs geothermal system has 
been used as a natural laboratory for the testing of ex
ploration techniques. Using this relatively complete data 
base, it is possible to exercise 20/20 hindsight and define 
the most efficient strategy fpr the exploration of the 
Rooseveh Hot Springs geothermal system. Ward et al 
(1981) present a generalized exploration strategy which 
emphasizes the use of conceptual exploration models to 
solve specific exploration problems. The retrospective 
exploration strategy for Roosevelt Hot Springs involves 
five stages: literature study, geologic mapping, thermal 
gradient measurements, dipole-dipole resistivity, and 
drilling. The following strategy may not be applicable to 
other systems because the Roosevelt Hot Springs system 
is one ofthe hottest and largest hydrothermal systems in 
the Basin and Range province. 

Phase 1.—The first stage of the strategy would be a 
literature search and compilation. Review of existing 
geologic and hydrologic reports would have 
demonstrated that hot springs had been active in the re
cent past and would have provided chemical analyses of 
those waters. From those analyses, geothermometers 
could have been calculated to give an indication of 
possible reservoir temperatures. In addition, the 
presence of siliceous sinter is considered as evidence of a 
water-dominated geothermal system which has a base 
temperature of at least 356°F (180°C) (Renner et al, 
1975). The presence of Quaternary rhyolites suggests the 
possibility of a high-level granitic pluton which supplies 
heat to the geothermal system. A review of the ground
water reports would allow plotting of potentiometric 
surfaces and chemical trends such as shown in Figure 3. 

The approximate cost of such a literature search and 
compilation could vary widely depending on the exper
tise involved and the size of the region under considera
tion. The costs are thought to be between $5,000 and 
$20,000. Because the surface manifestations of the 
Roosevelt Hot Springs system are so well developed, a 
decision to initiate leasing activities could be made at the 
end of phase I. 

Phase II.—This stage would involve the geologic 
mapping of the project area. Nielson et al (1978) found 
that mapping at a scale of 1:24,000 on an air-photo base 
was adequate for exploration purposes. The mapping 

should identify the extent of the hot-spring deposits and 
characterize their structural control. It would also iden
tify the other structural systems within the geothermal 
area and allow a preliminary guess at the relative impor
tance of the various fault systems in controlling the 
geothermal reservoir. Previous attempts at using air
photo interpretation alone to define these structural 
systems (Ward et al, 1978) were relatively unsuccessful. 

The knowledge gained during this phase should be 
used to establish conceptual models of the geothermal 
system. In addition, the results will provide siting infor
mation for the subsequent thermal-gradient holes and 
electrical resistivity surveys. 

The costs of the geologic mapping will probably be 
$15,000 to $25,000, one of the most cost-effective ex
ploration options available. 

Phase III.—The principal activities of phase III 
would be the delineation of the near-surface thermal 
anomaly and mapping of deeper resistivity structure. 
An area of 8 mi (12 km) north-south by 4 mi (6 km) east-
west would be sampled by 25 to 30 shallow thermal-
gradient holes drilled to depths of 300 to 600 ft (100 to 
200 m). The deeper holes would logically be sited west 
of the Opal Mound fault where alluvium is predictably 
deeper and problems of near-surface water flow could 
be anticipated. This program would have detected 
temperature gradients in excess o f 44° F/100 ft 
(800°C/km), and localized a high-temperature anomaly 
within 1.2 mi (2 km) of the Opal Mound fault. The cost 
of the survey, at 1980 prices, would have been between 
$130,000 and $160,000. 

A slightly larger area, 10 by 5 mi (15 by 8 km), would 
have been selected for a dipole-dipole electrical resistivi
ty survey. Cost-effective survey design, based on 
geologic mapping and in-progress temperature-gradient 
studies, would dictate perhaps 10 dipole-dipole lines of 
1.8 to 3 mi (3 to 5 km) lengths, with perhaps 7 lines of 
984-ft (300-m) dipole length and 3 lines of 492-ft 
(150-m)dipole length. The survey costs are estimated at 
$40,000 to $50,000, with selected numerical modeling 
estimated at an additional $10,000. 

Without the prior knowledge of the valley-range tran
sition, it would have been logical to plan several detailed 
gravity profiles in an attempt to define a range-front 
fault with major vertical offset. Such an effort would 
have cost $3,000 to $5,000, and would have contributed 
little to target definition. 

It would be prudent to collect fluid samples from the 
gradient holes and to complete chemical analysis and 
geothermometric calculations on these samples. These 
costs would have added $ 1,000 to $2,000 to the explora
tion bill and provided valuable information on water 
type, mixing, and preliminary estimates of reservoir 
temperatures. 

Phase IV.—After careful consideration of the 
geologic, thermal, and electrical data bases, the prudent 
exploration program would have sited two to four deep 
thermal-gradient holes, to depths of 1,000 to 2,000 ft 
(300 to 600 m). These could be expected to cost $15 to 
$18 per foot ($50 to $60 per meter). At Roosevelt Hot 
Springs these holes, if well chosen, might have in
tersected a major fracture at shallow depth (as in Utah 
State 72-16), or would at least indicate temperatures ap-
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preaching 300°F (150°C) within 2,000 ft (600 m) depth. 
The program cost, with fluid collection and lithologic 
studies, is estimated at $100,000 to $200,000. A substan
tial effort in data interpretation and data integration 
would follow as a result of the strong encouragement 
for a high-temperature system. On the basis of this data 
analysis, production holes would be drilled. 
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I GEOCHEMICAL FLUID STUDIES 
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I -ORIGIN OF HOT FLUIDS 

I -DIRECTION OF FLUID FLOW I 
I 
I 
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-COMPOSITIONAL RANGE AND HOMOGENEITY OF HOT FLUIDS 

IN OVERALL SYSTEM 

-SUBSURFACE TEMPERATURE AND PRESSURE 

-VAPOR VS. LIQUID DOMINATED 

-SUBSURFACE ALTERATION ASSOCIATED WITH THE FLUIDS 

-TURNOVER TIME OF THE FLUID 

-PERMEABILITY 

-POTENTIAL FOR MINERAL DEPOSITIONCSCALING PROBLEMS) 

-FLUID CONSTITUENTS WHICH COULD HAVE ECONOMIC VALUE 

-FEASIBILITY OF REINJECTION 



DOMINANT IONIC COMPLEXES 
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Barnes (1979) 



7 .5T 

7.0^ 

6.5-

pH 

pH = ' % ^tî  
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CONCENTRATION: AMOUNT OF ELEMENT DETERMINED BY 
i -

• QUANTITATIVE ANALYSIS 

i -SUM OF THE MOLALITIES OF ALL SPECIES CONTAINING 

i THAT ELEMENT 

I ACTIVITY: EFFECTIVE CONCENTRATION OF A SPECIES 

IN SOLUTION 

-ACCOUNTS FOR ELECTROSTATIC FORCES BETWEEN 

MOLECULES"' 
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SURFACE SAMPLE 
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STEAM LOSS + GAS 
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Roosevelt Hot Springs Fluid Analyses 

WELL 14-2 

Na 

K 
Ca 
Si 
Cl 

C 

S 

T.D.S. 

pH 
Na-K-Ca ro 
Quartz cond. (' ="0 

Brine Sampled 
at the Surface 

(ppm) 

2 1 9 0 
4 0 1 

8 
3 4 1 

3650 
206 

69 

6 6 8 0 

6.1 
289 
289 

Calculated Deep 
Reservoir Fluid 

(ppm) 

1796 

329 
12 

280 
2993 

1793 

138 
1 

9707 

5.8 

277 
269 

CAPUANO AND COLE (1982) 
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Figure A.l. Several Schematic Pressure-Temperature Paths for Llquld-Vapor Hydrothermal 
Systems. Refer to text for an explanation of the P-T paths (A-B, C-D, E-C, 
F-G, H-G) . 

^"'' ' — — (hru^rr^onci . n S l ) 



I 
! 

jl . SAMPLING PHILOSOPHY 

P ^ 
! ; -THE PURPOSE OF SAMPLING AND ANALYSIS OF A NATllRAL'ELOTD 
* IS TO DETERMINE THE PROPERTIES OF THE FLUID IN THE 
i| NATURAL STATE 
I 
ii -SOME CONSTITUENTS IN NATURAL FLUIDS ARE UNSTABLE AND 
I CHANGE SIGNIFICANTLY WITH TIME 
I -DEPENDING ON THE PURPOSE AND NATURE OF THE STUDY. CHANGES 
I ; IN CONSTITUENTS UPON COLLECTION AND STORAGE MAY OR 
J ; MAY NOT BE A PROBLEM 

I i -NO ONE SAMPLE COLLECTION PROCEDURE WILL BE SATISFACTORY 
I FOR ALL PURPOSES 
I 

-THE INFORMATION NEEDED FOR A PARTICULAR STUDY AND THE 
I 
I 
I 
I 
I 
I 

DESIRED ACCURACY SHOULD BE ESTABLISHED FIRST; THEN 
APPROPRIATE SAMPLING TECHNIQUES SHOULD BE SELECTED 



ACCURACY CHECKS 

I. CALCULATE THE CATION - ANION BALANCE 

II. TOTAL CATIONS EQUALS TOTAL ANIONS IN MEQ/ L 

III. ASSUME THAT THE WATER DOES NOT CONTAIN UNDETERMINE SPECIES 

WHICH CAN PARTICIPATE IN THE BALANCE, AND THAT THE FORMULA 

AND CHARGE OF ALL ANIONS AND CATIONS ARE KNOWN. 

IV. FOR MOD. CONCENTRATIONS (250 - 1000 mg/1 ) ERROR = 1 to 2% 

FOR CONCENTRATIONS LESS THAN 250 OR GREATER THAN 1000 mg/1, 

ERROR = 2 to 10%. 

V. CAN ALSO COMPARE TDS(CALCULATED) WITH THE TDS(MEASURED), THEY 

SHOULD AGREE TO WITHIN A FEW MG/L. 
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CONVERSIONS 

PPM = MG/KG* MG/LITER (FOR TDS<7000 MG/LITER) 

MILLIEQUIVALENTS - CONSIDER CHARGE AND MOLECULAR 

WEIGHT (COMBINING WEIGHT) 

MILLIGRAM EQUIVALENTS _ MG/LITER x CHARGE 

LITER " GRAM FORMULA WEIGHT x 10'^ 



I 

TABLE 9.—Conversion factors: Milligrams per lilerXFi—milliequivalenls per liter; 
milligrams per liter X Fi = millimoles per liter (based on 1961 atomic weights, 
referred to carbon-12) 

Element and reported species Fl F, 

I 
f 
I 

I 
I 

I 
I I 

Aluminum (Al+») 0. 11119 O-O^i-5 
Ammonium (NH4+) 05544 . 05544 
Barium (Ba+») 01456 . 00728 
Beryllium (Be«) 33288 . 11096 
Bicarbonate (HCOj-) 01639 . 01639 
Boron ( B ) . . 09250 
Bromide (Br-) 01251 . 01251 
Cadmium (Cd+') - . 01779 . 00890 
Calcium (Ca«) . 04990 . 02495 
Carbonate (CO,- ' - - - 03333 . 01666 
Chloride (CI") - . . . 02821 . 02821 
Chromium (Cr) 01923 
Cobalt (Co+')-- 03394 . 01697 
Copper (Cu+') - 03148 . 01574 
Fluoride (F") 05264. . 05264 
Germanium (Ge) 01378 
Gallium (Ga) 01434 
Gold (Au) 00511 
Hydrogen (H+) 99209 . 99209 
Hydroxide (OH") 05880 . 05880 
Iodide (I-)--- - •- . 00788 . 00788 
Irafr(Fe+») 03581 .01791 
Iron (Fe«) 05372 . 01791 
Lead (Pb) 00483 
Lithium (Li+). . 14411 . 14411 
Magnesium (Mg+J). 08226 . 04113 
Manganese (Mn+») 03640 .01820 
Molybdenum (Mo) . - 01042 
Nickel (Ni) 01703 
Nitrate ( N O r ) - 01613 . 01613 
Nitrite (NO,-) - - - 02174 .02174 
Phosphate ( P O r ' ) - . - 03159 . 01053 
Phosphate (HPOr^) 02084 . 01042 
Phosphate (HjPO*-) 01031 . 01031 
Potassium (K+) . 02557 . 02557 
Rubidium •(Rb+) 01170 . 01170 
Silica (SiOj) - ' --- .01664 
Silver (Ag) 00927 
Sodium (Na-*-).. . 04350 . 04350 
Strontium (Sr+J) . . 02283 . 0114] 
Sulfate (SO*-'). . 02082 . 01041 
Sulfide (S-»). 06238 . 03119 
Titanium (Ti) . 02088 
Uranium (U) . 00420 
ZvHC (Zn+J) 03060 .01530 

, ^ 3 7^6. 

(HEM. 1970) 



GEOTHERMAL WATER CLASSfFICATION 

TYPE ORIGIN CHARACTER OCCURRENC rr 

NEAR-NEUTRAL 
SODIUM CHLORIDE 

REACTION OFHYDROTHERMAL 
FLUIDS WITH ROCKS 

HIGH DISSOLVED SOLIDS 
GENERALLY 1,000 TO 30 ,000 
ENRICHED IN: Na, K,Ca,CI, 
S0^ ,HC03 ,S I . 

DISSOLVED GASES: 
PREDOMINATE. 

C02,H2S, 

COMMON DEEP HIGH 
TEMP RESERVOIR 
FLUID. WHERE THIS 
FLUID COMES TO 
SURFACE IT FORMS 
HOT SPRINGS. 

ACID SULFATE STEAM RISES FROM HIGH TEMP. 
WATER AND CONDENSES IN 
NEAR SURFACE OXIDIZING 
ENVIRONMENT 

VERY DILUTE, 
ENRICHED IN SO^ FROM 
STEAM. OTHER ELEMENTS 
DERIVED FROM ACID 
LEACHING OF.COUNTRY ROCK. 

(H2^-^)+ 202r5>^ 28"" + $04) 

NEAR SURFACE, 
GENERALLY ABOVE 
THE WATER TABLE 

ACID SULFATE-
CHLORIDE 

(1) MIXING OF SODIUM CHLORIDE 
ANO ACID SULFATE WATERS 
(2) HIGH TEMP. VOLCANIC STEAM 
RICH IN F, Cl, AND S, RISES AND 
CONDENSES IN NEAR SURFACE 
(OXIDIZED) WATER 

(1) COMPOSITION CAN VARY 
WIDELY 

(2) ENRICHED IN: Cl, SO^, F 

NEAR SURFACE 

NEAR-NEUTRAL 
SODIUM 
BICARBONATE-
SULFATE 

-VOLCANIC OR THERMAL STEAM 
RISES AND CONDENSES IN 
REDUCED GROUNDWATER 

-REACTION OF ACID SULFATE 
WATER WITH COUNTRY ROCK TO 
NEUTRALIZE 

LOW DISSOLVED SOLIDS 
ENRICHED IN HCO3, VARIABLE 
AMOUNTS OF SO, 

ON PERIPHERY OR 
ABOVE THE HIGH 
TEMP RESERVOIR 

(AFTER ELLIS AND MAHON^ 1977) 



EXAMPLES OF GEOTHERMAL WATER TYPES 

TYPE 
SODIUM 
CHLORIDE 

ACID 
SULFATE 

ACID 
SULFATE-
CHLORIDE 

BICARBONATE-
SULFATE 

EXAMPLE 
GEYSER-
EL TATIO, CHILE 

GEYSER-
TOKAANU, N.Z. 

HOT S P R I N G " 
WAIOTAPU. N.Z. 

CRATER L A K E -
RUAPEHA, N.Z. 

W E L L - ( 5 0 0 m) 
KAWAH KAMOJANG. 
INDONESIA 

pH 

7.3 

2 .8 

2.8 

1.2 

8 .0 

Na 

4340 

43 

405 

7 4 0 

148 

K 

520 

II 

74 

79 

6.7 

Ca 

272 

2 7 

40 

1200 

11.6 

Mg 

.5 

3.5 

7.5 

1030 

.1 

Fe 

.1 

8.2 

5.0 

900 

.15 

Cl 

7922 

32 

612 

9450 

10 

SO4 

3 0 

347 

666 

I095C 

120 

HCO3 

46 

0 

0 

0 

2 0 7 

SIO2 

2 6 0 

2 8 0 

370 

852 

375 

F 

3.1 

1 

— 

260 

— 

Mn 

.4 

— 

34 

B 

178 

2.5 

lO.I 

13.8 

10 

Li 

• 

45 

— 

— 

1.6 

.35 
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C7 

20 

15 

10 

D 5 
CO 

0,5 

0.25 

Geothermal Systems 

Kamchatka, USSR 

Steamboat Sp. 

Broad lands , N.Z. 

/ 

^ - - . ^ 

y y 

Wairakei. N.Z. 

Yellowstone 

200 ' 250 300 

Measured or Calculated Temperature (®C) 

350 
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u 
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m 

0} 

o 
CO 

48 

46 

44 

42 

40 

38 

36 

34 

32 

30 

28 

26 

24 

22 

20 

18 -

16 

14 

12 

10 

8 

6 

4 

2 

Ore Deposits vs Geothermal Systems 

Mississippi 
Valley 

Pb-Zn-F 

Salton 
Sea 

Red Sea 

Porphyry 
Copper 
Deposits 

Ccsapalca 
Ag-Pb-Zn 

Epithermal A 
Veins 

100 150 200 250 300 350 400 

Temperature ( C ) 



Fumarole 

Fumarole 

I 
I 

I 
I 
i 
I 
I 
I 
I 
i 
I 

I 

Hot Spring 

Heat Source 

Mahon et aK(1980) 
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ALKALINE SPRINGS 
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SPEARMAN RANK CORRELATION 
-80 MESH SOILS * 
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OXYGEN 
16 0 = 99,756% 

17 0 = 0.039% 

18 0 = 0.205% 

HYDROGEN H = 99.985% 

H = D = 0.015% 

H=Ti /2 = 12.26y 

DC/ lso G e n - 0 0 4 

(Hoefs , 1981) 



PROCESSES THAT PRODUCE STABLE ISOTOPIC 
VARIATIONS IN WATERS 

Separation of H20(vap.); boiling 

Mixing of different fluids 

Shale-membrane filtration 

Changes in redox state 

nteraction of water with rock 

D C / I K - 0 7 0 



• r j i f f : i " ^ ^ 1 ? i g B g r i ^ ^ 

B 9̂  
OO 

Rx - R std \ ^ 3 

R std 

Where R«-l,D/HJ, , { " c / " 4 , { " o / ' o ) , , ( ^ V % , 

and Rstd is the corresponding ratio in a standard 

D C / l a o Q a n - 0 0 6 



(Taylor, 1974) D C / l s o Q e n - O O l 
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Table 1.—Equations expressing the temperature dependence of selected geothermometers. C is the 
concentration of dissolved silica. All concentrations are in mg/kg. 

GEOTHERMOMETER EQUATION RESTRICTIONS 

a. Quartz-no steam loss t̂ C 1309 
5.19 - log C 

- 273.15 

b. Quartz-maximum steam loss t°C = 11?^ - 273.15 
5.75 - log C 

' c. Chalcedony 

d. ct-Crlstoballte 

e, B-Crl3taballte 

£. Amorphous silica 

£. Na/K (Fournier) 

h. Na/K (Truesdell) 

V i . Na-K-Ca 

J . A18o(SOl^ = -H20) 

tOC = 1032 _ 273.15 
lJ.69 - log C 

t°C = 

tOC = 

1000 
H.78 - l o g C 

781 
M.51 .- log C 

- 273.15 

- 273.15 

toc = I D - 273.15 
U.52 - l o g C 

tOC 

toC 

t^C = 

1217 
l o g (Na/K) + I.M83 

855.6 
log (Na/K) + 0.8573 

- 273.15 

- 273.15 

1647 
log (Na/K) + B[ log( /Ca/Na) + 2.06] + 2.47 

1000 In a = 2 . 8 8 ( 1 0 6 T - 2 ) - U.i 

a = 1000 -H 6l8o(HSOn-) and T = OR 

1000 + 6l8o(H20) 

273.15 

t = OOC-250OC 

t = OOC-25OOC 

t = OOC-250OC 

t = 0OC-250OC 

t = OOC-250OC 

t = OOC-250OC 

t>150OC 

t>150OC 

t<100OC, B = 4/3 
t>100OC, B = 1/3 



Mg-CORPECTION FdR Na-K-Ca GEOTHERMOMETER^ 
•: i l 

: \ \ 7 ] \ I 

I . ;!1 
To be used when calculated temperatures TO'C, for.Mg-rich 
fluids where R-(Mg/Mg+Ca+K)x.100 Is between 0.5-50(eq.) 

(1) R-0.5-5 

• 1 ' • •' ' I 

: ( • • • : • . * • 

' \7: ' .M • - • • • t i . • ; l ' 'M^»*» ; i 'M 

Afrng—1,03+59.971(109 R)+145.05(log R )> 367111 (log R)^-1.67. x lOHlog R)| 

T' 
; 1 

(2 )R-5-50 

i5Jmg-10.66-4.7415R+325.87(log R)^-1.032 x 10*^(109 R)^- 1.968|x10 
" . . . . . . • • • « J i J i v l « « — 

+ 1.605 X lO^dog R)^ 

'1. . . ..ly 
(log R) i 

• I ; • 

j O ' i ' i ' J i h - ' 1 • • i.! 

(3) R>50 : Measured Temp. S Underground Temp., disregard the Na-KYCaTemgj •': 

: ; ' 11 
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COg - CORRECTED N a - K - Ca GEOTHERMOMETER Races. 1975 

T( Oc ) = ^ -^ • • - 273.15 

log(Na/K) - ^log(ICa"/Na ) + 2.24 - I 

WHERE: I = -1.36 - 0.253 log P(.Q FOR P^Q ^ 10"^ atm. 

^°9 Pc02 = - log a^+ - log â ^̂ Q- + 7.689 + 4.72 x lO"*̂  T 

+ 3.54 X 10"^ T^ 

( T = Surface T °C ) 
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NA/LI GEOTHERMOMETER 

LOG ( N A / L I ) = 1000/T - 0,38 FOR CL-^7000PPM 
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I PRESSURE CORRECTION - SILICA GEOTHERMOMETER 
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FIG. 5. Symbols indicate log molality orSi(OH)4-2H2O 
determined in quartz solubility experiments as a function 
of temperature, after modification due to the effect of adi
abatic steam loss on decompression and cooling to I bar 
and IOO''C. The solid lines are those computed in this study 
from Eqn. (5). 
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RAGNARSDOTTIR AND WALTHER. 1983 
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PH EFFECT ON SILICA SOLUBILITY 
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Figure 3. Solubility of quartz vs . temperature at various pH values, 
calculated using dissociat ion constants reported by Ryzhenko 
(1967). 

Fournier (1970) 



I 
• 

l l ' 

! | 
i 

I 
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Assumpt ions : 

(1) Tempera tu re -dependen t r eac t ions involving 
rock and wa te r fix the a m o u n t o r a m o u n t s 
of dissolved ^^indicator'' cons t i tuen t s in wa te r . 

(2) There is an a d e q u a t e supply of all r e a c t a n t s . 

(3) There is equilibrium in the reservoi r or aquifer 
in r e spec t to the indica tor r e ac t i on . 

No reequi l ibra t ion of the ^^indicator'^ cons t i t uen t s 
occur after the w a t e r l eaves the r e se rvo i r . 

Either no mixing of different w a t e r s occu r s 
during m o v e m e n t to t he surface or eva lua t ion 
of the resul ts of such mixing is poss ib l e . 

^ H U 



CHEMICAL REACTIONS 
USED IN 

CEOTHERMOMETRY 

Quartz Dissolution: 

SiOg + HgO H4Si O4 

Feldspar Dissolution: 

K AlSigOg + 4H^ 4H2O 2 

'2 

K*+ SH^SiO^ + Al 
3+ 

NaAISi30g + 4 H * + 4 H , 0 

Cation Exchange: 

•+ 

Na++ SH^SiO^+AI 3+ 

NaAISi.O„ + K" ^ KAISi303+ Na* ; K*+ Na^Ca 
• 3 - 8 

plagioclase + 4y Quartz ^ :^ K-feldspar +xNa++ y 

I 
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MIXING MODELS FOR WARM SPRINGS 
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Guide to Water Sampling 

Introduction 

The stability of natural v/ater with respect to dissolved species has, been 

the source of many publications and much study. No one method of sampling or 

sample handling is ideal for all types of water or analytical schemes. This 

guide is written with a two-fold purpose: one is to give a general under

standing of the problems involved in collecting and preserving water samples; 

the second is to specify the treatment of samples necessary for analysis by 

the Earth Science Laboratory. Because of our instrument capability (an 

Inductively Coupled Plasma Emission Spectrograph with a 37 element array), our 

require.nants are somewhat different from laboratories with only atomic 

absorption and UV-visible spectrophotometers. 

Many factors affect solubility. Perhaps the two most important factors 

influencing gas solubility are temperature and pressure. Since it is 

difficult to maintain either of these conditions after the samples are 

collected, it is imperative to analyze for dissolved gasses at the time of 

collection. Mineral solubilities are affected primarily by pH, temperature, 

and concentrations of other dissolved species. Some of the dissolved elements 

and ions can be stablized after filtration. The addition of acid is commonly 

used to prevent precipitation of sulfate and metals. 
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Collection and Sample Preservation 

Cleanliness of equipment and storage bottles is very important. In the 

field, equipment that must be.reused should be rinsed immediately after use 

with demineralized or distilled water. If sample water dries on the 

equipment or containers, they must be acid washed prior to reuse. Sample 

bottles (polyethylene or polypropylene) must be soaked for at least 2 hours, 

preferably overnight, in 20% HNO_ then rinsed 3 times with demineralized 

water. After draining (dry or nearly dry), bottles should be capped tightly 

to prevent recontamination. This procedure must be followed for new as well 

as reused bottles. Polyseal caps, which provide a good airtight seal, cannot 

be soaked in acid but should be washed briefly in an acid bath and immediately 

rinsed several times with dimineralized water. Molded polypropylene caps may 

be used if they give an airtight seal; this can be checked by capping an empty 

bottle and squeezing to check for air leakage. Polypropylene caps should be 

cleaned i,n the same manner as bottles. Contamination, particularly with Na, 

K, Ca or trace metals may occur if this procedure is not followed. 

Contamination may result as well if any sample collection or handling 

equipment is made of metal. 

It should be decided prior to sample collection what analyses are needed. 

If these analyses include some which must be done immediately, field 

procedures or test kits should be acquired. These should alv/ays be tried in a 

laboratory prior to field use. Hach Chemical Co., Ames, Iowa makes a number 

of field kits, most of,which are adequate. Hov/ever, it is wise to try all 

kits or procedures on accurately prepared standards or known water samples. 

The expected range of sample concentrations should be tested. As an example, 

I 
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the Hach alkalinity test kit gives instructions for two ranges. The kit 

instructions do not give an alkalinity figure at which the low-range test 

should be used. Assuming, a possible error of one drop,, it becomes apparent 

that a 10% error (1 grain/gallon) is likely at 10 grains/gallon, with the 

error increasing as alkalinity decreases. To minimize this error the low 

range (15 ml) procedure should be used for 10 grains/gallon or less. A 

one-drop error is then reduced to 0.4 grains/gallon. It is also wise to check 

the accuracy of volumes used in measuring devices. 

If accurate temperature measurement is important, be certain the 

thermometer is accurate by -checking all thermometers in the laboratory. Even 

mercury thermometers are not necessarily accurate. Do not use a "total 

iritnersion" thermometer for "partial immersion" application. If hot waters are 

to be sampled, a maximum indicating thermometer is usually'"necessary. A 

digital thermometer may be a good investment. 

Accurate pH measurement is often difficult to obtain. An adequate 

understanding of your pH meter requires reading the manufacturer's 

instructions. A meter and electrode in good condition should not change (need 

calibration adjustment) by more than a few hundreths of a pH unit if checked 

over several days. Calibration should be done with 2 buffers. Nearly all 

meters have a calibration adjustment and a slope adjustment. Always use pH 7 

buffer to adjust the calibration knob. Slope adjustment is done with a second 

pH standard, usually pH 4 or 10. Notice the drift before a stable pH is 

reached with the buffer solution. This drift is usually more lengthy in 

natural waters. The electrode should be rinsed with demineralized water and 

blotted dry before i.-nnersing in the buffer. A hydrous silica layer on the 
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glass sensing tip is necessary for proper operation and it can be damaged or 

destroyed by dry storage. Always fill the electrode end cap before putting it 

on the electrode. Water, KCl solution or pH 7 buffer may be used. 

Filtration of water samples is normally done with 0.45 micron pore size 

filter. This may be very difficult if the water contains a considerable 

volume of suspended solids. Prefiltration with a coarser filter (5 or 1 

micron) may be necessary. Filtration can be done with either vacuum or 

pressure. Vacuum filtration will usually degas the sample and may (especially 

if the sample is hot or muddy) concentrate the dissolved minerals due to 

evaporation. Pressure filtration may introduce O2 or COp from the air but 

is less likely to change the sample composition appreciably. Pressure 

filtration is therefore recommended, especially for alkalinity determination. 

The simplest apparatus is a large (50 to 100 cc) plastic syringe with a 

swinnex filter holder, available from most laboratory supply houses. Larger 

plexiglass pressure filters can be machined or purchased. These can use a 

valved rubber bulb, a tire pump, cylinder gas (N_or Ar) or a peristaltic pump 

for pressure. 

Since there is some degree of uncertainty in all analytical procedures, 

it is a good practice to submit an occasional blind duplicate sample (same 

sample with different number or name designation). This gives a good 

indication of the quality of analytical work you are getting. Field pro

cedures should also be repeated to test their repeatability. 

I 
I 
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Sampling Procedure 

I 

Instruction 

1. Assemble filtering apparatus, test 
equipment, sampling container, storage 
bottles, etc. Calibrate pH meter. If 
water is pumped, allow time for the 
pump to flush before sampling. 

2. If possible, measure pH and 
temperature in the spring, stream or 
other water source. 

3. Fill sample collection container 
with water sample, then discard. 

4. To remove particulate matter, 
filter (pressure if possible) 
sufficient sample to fill necessary 
sample bottles, filling & capping 
bottles as quickly as possible. SAMPLES 
MUST 3E VISIBLY CLEAR; if not, check 
filter membrane and apparatus. Unclear 
samples must be refiltered prior to 
acidification. The following spTits 
should be taken depending upon the 
analyses required. 

a) 60 ml (2 oz) acidified to 20% 
with reagent grade HNO3 for 
ICP analysis. This includes 37 
elements. See appendix A. This 
is most easily done by measur
ing the true volume of the 
bottle in the lab and adding 
the measured amount of acid to 
the clean bottle. The bottle 
is then filled with filtered 
water at the sample location -
full, but not overflowing. 

We strongly recom,mend the use 
of variable volume dispenser 
bottles for acid addition. 
This is fast & repeatable. 
Please submit a sample of the 
HNO3 for blank determination 
(60 ml cone.). If acid in 
bottle is discolored, discard. 

Reason 

Rapid handling & testing of water sample 
minimizes changes in composition. 

Changes caused by sampling are avoided. 

To prevent contamination (from previous 
sample or any foreign material, which might 
have gotten in the conta iner ) or dilution 
with residual distilled water. 

Acidification of unfiltered water may 
dissolve particulate material. This wOuld 
change water composition. Particulates also 
interfere with analyses (ICP, SO,, TDS). 

This acid concentration has a two-fold 
purpose. (1) Both major cations including Sil 
and trace metals remain in solution with no 
apparent degradation of sample for a month or 
more. (2) This matrix matches the matrix of 
calibration solutions for the ICP and is 
necessary for accurate analysis. 
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b) 500 ml (8 oz) acidified to 1% \ 
with concentrated HCL. This 
split is used for SO, 
analysis. Acid can be added to 
bottles in the lab as done for 
split _a. This bottle is also 
filled full but not overflow
ing with filtered H O . 

c) 500 ml (8 oz) filtered with no 
additive. This split is used 
for TDS, Cl . and F determina
tions. 

This split may not be stable. 
If possible, it should be 
kept close to the temperature 
of the water at its source 
and delivered to ESL as soon 
as possible. 

5. If isotope determination is 
required, a glass bottle of unfiltered, 
untreated sample should be collected. 

6. Collect additional sample for any 
field analyses necessary, i.e., 
alkalinity (pressure filtered only), 
dissolved 0. H2S, etc. 

These analyses should be done as 
quickly as possible. 

7. Rinse all equipment in 
demineralized H^O. A minimum of a 
squeeze bottle can be carried to sample 
location. 

8. Check to be sure field notes and 
sample labels are accurate. Site 
location on topographic map or areal 
photo is best. Be sure acidified 
samples are labeled. 

1% HCL prevents SO4 precipitation and is 
useful for gravimetric determination. 

Any additives would interfere with analysis. 

Since solubilities are affected by 
temperature, cold waters should be kept cold 
{an ice chest) but hot waters should not be 
refrigerated. 

Filtering may reduce isotope fractionation 
across the paper. 

Carbonate mineral particles may react with 
alkalinity titration acid. CO2 may be lost 
during vacuum filtration. 

Samples may degas very rapidly. 

This prevents sample drying on equipment. 
Dried water residue may contaminate the nextl 
sample. 
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APPENDIX A 

ELEMENTS AND DETECTION LIMITS 
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ELEMENT 

Na 
K 
Ca 
Mg 
Fe 
Al 
Si 
Ti 
P 
Sr 
Ba 
V 
Cr 
Mn 
Co 
Ni 
Cu 
Mo 
Pb 
Zn 
Cd 
Ag 
Au 
As 
Sb 
Bi 
U 
Te 
Sn 
W 
Li 
Be 
B 
Zr 
La 
Ce 
Th 

CONCENTRATION (PPM) 

1.25 
2.5 
0-25 
0.5 
0.025 
0.625 
0.25 
0.125 
0.625 
0.013 
0.625 
1.25 
0.05 
0.25 
0.025 
0.125 
0.063 
1.25 
0.25 
0.125 
0.063 
0.05 
0.1 
0.625 
0.75 
2.5 
6.25 
1.25 
0.125 
0.125 
0.05 
0.005 
0.125 
0.125 
0.125 
0.25 
2.5 
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APPENDIX B 

POSSIBLE INFORMATION SUPPLIED BY GEOCHEMICAL FLUID STUDIES 

I Range in composition and homogeneity of hot fluids in overall 

system, 

II Subsurface temperatures and pressure. 

•Ill Type of system: vapor vs. liquid dominated. 

TV Subsurface alteration associated with the fluids. 

V Origin of hot fluids, direction of fluid flow, turnover time of the 

fluid, and permeability. 

VI Mineral deposition potential of the fluid (scaling problems likely 

to be encountered), 

VII Natural heat flow. 

VIII Zones of upflow permeability. 

IX Fluid constituents v/hich could have economic, value (metal recovery). 

X Feasibility of reinjecting the fluid back into the system to 

eliminate local thermal and chemical pollution. 
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FOR MODERATE CONCENTRATIONS (250 - 1000 mg/1) ERROR = 1 to 2% 

I FOR CONCENTRATIONS LESS THAN 250 OR GREATER THAN 1000 mg/1, 

ERROR = 2 to 10%. 
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APPENDIX C 

ACCURACY CHECKS 

I, CALCULATE THE CATION - ANION BALANCE. 

TOTAL CATIONS EQUALS TOTAL ANIONS IN MEQ/ L 

II, ASSUME THAT THE WATER DOES NOT CONTAIN UNDETERMINED SPECIES 

WHICH CAN PARTICIPATE.IN THE BALANCE, AND THAT THE FORMULA 

AND CHARGE OF ALL ANIONS AND CATIONS ARE KNOWN, 

III. COMPARE TDS (CALCULATED) WITH THE TDS (MEASURED), THEY 

SHOULD AGREE TO WITHIN A FEW MG/L. 
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8.0 ALTERATION AND METAMORPHISM 

8.1 Introduction 

The mineralogy and often the bulk composition of rocks changes in 

response to pressure and temperature as well as the catalyzing effects of 

f l u ids . These changes are attempts of the rocks to re-equil ibrate under sets 

of conditions which are dif ferent than those under which they formed. 

Although most s i l i ca te phases show broad ranges of s tab i l i t i es when they are 

by themselves, the presence of an additional phase or the presence of a f lu id 

w i l l cause them to react under much lower temperatures. The kinetics of 

mineral reactions are such that prograde reactions are more rapid and complete 

than retrograde reactions. 

Alteration reactions are presently taking place in most active geothermal 

systems. These reactions are not only of interest from the sc ient i f ic 

standpoint, they may be of great importance from the commercial aspects of 

production and evaluation. For instance, mineral phases which are indicative 

of temperature can be used to cross-check temperature readings from well 

logs. Production, and part icular ly in jec t ion , may cause mineral assemblages 

and penneability to change affecting f i e ld production. The oi l and gas 

industry has recently been very interested in using mineral indicators of 

temperature to document the maturation history of potential petroleum source 

beds. The metals exploration industry has long recognized the importance of 

al terat ion assemblages as guides to mineralization. 

In th is work we wi l l be interested in a broad spectrum of alterat ion and 

metamorphism, extending from contact metamorphism in the v i c in i t y of shallow 

igneous bodies, through the reactions characterized by rock and hot f lu ids in 
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both active and fossi l hydrothennal systems, to acid alterat ion above the 

water table in the v i c in i t y of both active and fossi l hydrothermal systems. 

We w i l l also give some additional consideration to the al terat ion of volcanic 

glass in low-temperature groundwater and surface water environments. 

Metamorphism in the v i c in i t y of plutons is often re lat ively simple, 

involving only small volumes of f lu ids . The reactions are mineral 

transfonnations induced by the temperature gradient surrounding the 

intrusive. When f lu ids are present in only small amounts, the reaction can 

often be considered isochemical in that the minerals present in the rock 

change but the bulk composition remains essentially the same. 

8.4 Processes in Active Hydrothennal Systems 

8.4.1 Clay Minerals 

Clay minerals are very sensitive indications of conditions of maximum 

temperature in younger (Tertiary) rock sequences. Clays can be divided into a 

number of groups, the most important of which are kondites (kaol inite) 

i l l i t e s , smectites, and vermiculites. These groups have characteristic basal 
O O O o 

spacings of 7A, lOA, 15A, and 14.5A respectively. 

The kandites or kaol ini te group has the chemical composition 

^^2^^2^5^^^U ^^^^ ^^^^ variat ion in the replacement of aluminum by ferr ic 

iron (Brindley, 1981). The members of th is group include kaol in i te, d ick i te , 

nacr i te, halloysite and meta-halloysite. Clays of this group are generally 

formed by the al terat ion of alumino-silicates either by hydrothennal or 

weathering processes. In active hydrothermal systems, the minerals are 

characteristic of highly acid conditions associated with alteration above a 

boil ing geothennal system. 
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The i l l i t e group is composed of the minerals i l l i t e , phengite, 

glauconite, and celadonite. I l l i t e s have a structure which is very similar to 

micas and the term i l l i t e is often applied to a l l clay-grade micas. Deer et 

al (1966) give the chemical formula of i l l i t e as Ki_i.5Al4[Si7_5^5Ali_i^5 

02o](OH)4. However, as we w i l l discuss short ly, natural i l l i t e s are often 

in te rs t ra t i f i ed with smectite. I l l i t e s are the dominant clay minerals in 

sediments and increase in abundance with the age of the sedimentary sequence 

and with increase in grade of metamorphism. They are also common products of 

hydrothermal a l terat ion. 

Glauconite is generally confirmed to sedimentary sequences, and, at 

times, makes up a large percentage of the rock type. Celadonite 

(K(MgFe )Si40j^Q(0H)2 is commonly formed from the alterat ion of volcanic 

rocks. The color is not unlike that of malachite with which i t is often 

confused. 

Smectites are a group which includes montmorillonite, nontronite, 

hector i te, saponite, and sanconite. These are "swelling clays" which are able 

to absorb water or organic material between thei r structural layers. They are 

also well known for the i r cation exchange capacity. 

Smectites are very common alterat ion products of volcanic rocks. The 

al terat ion does not necessarily involve high temperature f luids as evidenced 

by the widespread d is t r ibut ion of bentonites. These rocks contain signif icant 

amounts of montmorillonites and are generally believed to have been fonned by 

the alterat ion of volcanic ash. Slaughter and Earley (1965) have proposed 

that the reaction for the formation of montmorillonite from volcanic glass 

could be summarized as follows 
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Glass + HpO ^ Montmorillonite + Zeolite + Si l ica + Metal ions (1) 

They feel that the c r i t i ca l step in the breakdown of glass is the extraction 

of cations. The pH of the water in the above reaction is important because i t 

w i l l cause the breakdown of the glass and govern the removal of Mg"*""*" from the 

glass for the formation of montmorillonite. I f the pH is low, the reaction 

w i l l go to the r ight . Under alkaline conditions montmorillonite can fonn 

using Mg"*"̂  from other sources such as sea water or alkaline lakes. Note that 

the above reaction also frees metals from the glass structure. This has often 

been sited as the source of uranium which later fonns sandstone (role-front) 

uranium ore bodies. 

Smectites are also found in the lower temperature ranges of hydrothermal 

ac t i v i t y . The upper portion of the i r s tab i l i t y range is somewhat variable, 

but can extend from 70°C (Heling, 1974) to ISO^C (Elders et a l , 1978). Eberl 

et al (1978) have suggested that although montmorillonite wi l l fonn mixed 

layer clays with depth, trioctahedral smectites may be stable into much higher 

temperature ranges. 

Vermiculite has the general conposition of (Mg, Ca)^y(MG, Fe"*"̂ , A1)5[(A1, 

Si)g02o](OH)4 • 8H2O. I t is often found as a weathering or hydrothennal 

al terat ion product of b io t i t e . I t has been found in some of the higher 

temperature portions of geothennal f i e lds . 

Many clays have the characteristic of forming mixed-layer aggregates. 

One of the most common and widely researched is the i l l i te-smecti te (I/S) 

mixed layer clay (Reynolds and Hower, 1970). This mineral changes i t s 

composition and also ordering as a function of temperature and pressure and is 

thus widely used in the petroleum industry as an indication of the maturity of 
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potential petroleum source rocks. With an increase in temperature the 

percentage of i l l i t e layers in the I/S clay increases. The precise reactions 

responsible for th is tranfonnation are s t i l l conjectural but probably a good 

simpl i f icat ion is . 

K"*" + Smectite -̂  I l l i t e + Chlorite + Quartz + H"*" (2) 

(Boles and Franks, 1979). Hower (1981) gives evidence that in shale sequences 

the K"*" is derived from the breakdown of K-feldspar. In addition to an 

increase in the amount of i l l i t e with temperature, ordering also increases. 

Hower (1981a) presents Table 8-1 which shows how ordering changes with 

increase in temperatures and also increase in the percent i l l i t e in the mixed 

layer clay. The thermal stabil i t y range of I/S and some other minerals from 

shale sequences are shown in Fig. 8 -1 . 

8.4.2 Mineral Precipitation 

One important characteristic of liquid-dominated hydrothennal systems is 

the i r ab i l i t y to precipitate solids. This is commonly seen at the surface as 

deposits of sinter which may be either carbonate (travertine) or si l iceous. 

I t is also important at depth where the precipitation of solids from solution 

decreases the penneability of f lu id pathways. This process is commonly 

referred to as 'se l f seal ing ' , and many workers conceptualize liquid-dominated 

systems as possessing a 'sealing cap' or 'self-sealed zone' (Facca and Tonani, 

1967; White et al , 1975; Elders and Bird, 1976). 

In the self-sealing process, as well as the precipitation of sinters on 

the surface, s i l i ca and calcium carbonate are the principal phases involved. 

Figure 8-2 shows the so lub i l i ty of Si02 species in water as a function of 

temperature. The so lub i l i t y of Si02 increases with an increase in 



T&blc 8—1 ' Compositional dependence of manner of 
interstraclfication of illlce/smectice 

(Hower, 1981b) 
Number of Illite 
layers between each 

Low T 

4 

High T 

I/S Composition 

0*^^OZ illite 

•v^5-70-^5Z illite 

-^^5*^1001 Illite 

smectite 

2̂0 

>1 

^3 or more 

I/S Type 

random I/S 

"allevardite ordered" 
I/S 

"Kalkberg ordered" 
I/S 

T r~ 

— SMECTITE 

— . , p_ 1 , 

SHALES 
•HIS) RANDOM 

(I/S) ALLEVARDITE 

Il/S) KALKBERG 

ILLITE 

CHLORITE--

50 100 

2 M M I C A - - . 

? KAOLIN 

— K-FELDSPAR TEMPERATUREfOC) 
_ _ 1 I 

150 200 250 300 350 

Fig. 8-1 Mineral d iagenet ic sequence in shales 
(Hower, 1981b). 



i 

I 
I 
I 
1̂  
I 
I 
i 
i 
I 
I 
I 
I 

• 

I 
I 
i 
I 

I 

I 

temperature. Pressure has very l i t t l e effect on this so lub i l i t y relationship. 

I t has been detennined empirically that hot springs which are depositing 

s i l i ca have base temperatures which are greater than 180*'C (Renner et a l , 

1975). Keith et al (1978) have documented that fresh sinter is precipitated 

as amorphous opal. This can grade into beta-cristobal i te without solution and 

redeposition. There is probably also continuous ordering to alpha-

cr is tobal i te but th is phase is often not present. The conversion of 

cr istobabl i te to chalcedony or quartz probably requires solution and 

redeposition. This was also the conclusion of Murata and Larson (1975) from 

thei r studies on the diagenesis of siliceous shales. 

Figure 8-2 would suggest that hot springs should precipitate quartz or 

cr is tobal i te in preference to the more soluble amorphous s i l i c a . Both White 

et al (1956) and Murata and Larson (1975) have concluded that water only 

s l ight ly supersaturated with respect to a particular s i l i ca phase wi l l 

precipitate that phase to the exclusion of less soluble phases. Additional 

data on the nomenclature and ident i f icat ion of s i l i ca phases can be found in 

Jones and Segnit (1971) and Murata and Norman (1976). 

Figure 8-3 is a so lub i l i t y diagram for calc i te in water as a function of 

temperature and P^Q . Calcite has a retrograde so lub i l i t y , i . e . , i t is more 

soluble at low temperatures than at high temperatures. However, the 

so lub i l i t y does increase rapidly with an increase in the partial pressure of 

carbon dioxide. Thus, as f luids which are saturated with calcium carbonate 

approach the surface CaC03 is deposited as a result of the loss of CO2 rather 

than from cooling. Other carbonate species such as witherite (BaC03) and 

dolomite (MgC03), as well as sulfates such as anhydrite (CaS04), show 

so lub i l i ty relationships similar to those of ca lc i te (Holland and Malinin, 
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1979). 

Other factors may, however, also affect the deposition of carbonates and 

sulfate minerals, such as variations in pH, total pressure and part ial 

pressure of oxygen. 

8.4.3 Water-Rock Reactions 

As meteoric waters become heated in the earth, they begin to interact 

with the surrounding rock. As a resul t , both the chemistry of the water and 

the chemistry and mineralogy of the rock are changed. This chemical exchange 

is the basis of the chemical geothermometers which wi l l be discussed 

elsewhere. We w i l l largely be concerned here with the changes which take 

place within the wall rocks. Thermodynamic modeling of these alterat ion 

reactions has reached a high level of sophistication, and the reader is 

directed to Helgeson (1979) for a review. 

When f lu ids react with the i r wall rocks, a large number of reactions take 

place simultaneously. In order to understand the changes taking phase, we 

must consider systems which are somewhat l imi ted, such as cation exchange 

reactions l ike 

K+ + albi te ~ Na+ + K-feldspar. 

In addit ion, many al terat ion reactons involve hydration of s i l i ca te phase; 

3KAlSi20g + 2H+ - KAl2Si20jQ(0H)2 + 65.O2 + 2K+ 

(3) 

(4) 

K-feldspar K-mica 

2KAl3Si30^Q(0H)2 + 3H2O + 2H"̂  ~ 3Al2Si205(0H)4 + 2K'^. 

K-mica Kaolinite 

(5) 
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The above reactions define the probable mechanism for the formation of 

kaol ini te under acid conditions. The rate control l ing step in reactions of 

th is type is often related to diffusional transfer of reactants through 

intermediate or f inal reaction products. Thus the factor of permeability and 

water-rock ratios enters the picture and wi l l be discussed later in th is 

chapter. 

The above reactions can be generalized as follows 

aA + bB = xX + yY. 

The path of the reaction is detennined by an equilibrium constant 

(X)^ (Y)^ 

(6) 

K = 
(A)^ (B)^ 

(7) 

where the parentheses represents the concentration of compounds in di lute 

quantities and ac t i v i t y in more concentrated fonn. Act iv i ty (a) represents 

the effective concentration of a species, 

a = mY (8) 

where m is the molality and Y is an activity coefficient which changes as a 

function of temperature. The concentration of a solid is 1, and thus for the 

reaction expressed in (3) 

K = Na (9) 

The above relationships can be used to construct ac t iv i ty diagrams. The 

reader is directed toward work by Helgeson (1967) and Helgeson et al (1969) 

for a more detailed discussion of the construction of the diagrams. Figure 

10 
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8-4 is an ac t iv i ty - ac t i v i t y diagram .which shows that the system is in 

equilibrium with K-mica at temperatures of 260°C. With steam loss, the water 

composition changes along the indicated path through the K-feldspar s tab i l i t y 

f i e ld to a lb i te . The change in the position of the Albi te - K-feldspar -

K-mica s tab i l i t y f i e l d with a change in temperature to 230''C is also shown. 

8.4.4 Acid Sulfate Alteration 

Rock al terat ion by decsending acid sulfate solutions is common around 

both fossi l and active hydrothennal systems. In fossi l systems, th is 

al terat ion is termed supergene and relys on the oxidation of sulf ide species 

above the water table. The acid solutions derived through this process al ter 

the enclosing rock on their descent to the water table, producing many of the 

same phases as does acid sulfate alterat ion above an active hydrothennal 

system. 

Details of acid sulfate alterat ion above an active hydrothermal system 

have been presented by Schoen et al (19740) and the following is taken largely 

from thei r work. Acid is produced largely from hydrogen sulf ide which is 

boil ing off hydrothermal f lu ids . White et al (1974) state that the overall 

reaction is 

H2S + 2O2 = H2SO4. (10) 

An important factor in catalyzing t l i i s reaction is the presence of bacteria of 

the genus Thiobacillus. ! 

In the alterat ion process, pH is the dominant control l ing factor, 

followed by temperature and f lu id composition. The acid component can contain 

carbonic, hydrochloric, and hydrofuoric acid, part icular ly in an active 

hydrothermal environment. 

11 
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Rock penneability is also important in determining the location of the 

alterat ion process which is often in i t ia ted along fracture zones. In 

addit ion, the products of the acid al terat ion can create penneability barriers 

which can channel solutions la te ra l l y , and the local groundwater flow wi l l 

exercise obvious controls on the d is t r ibut ion of the alterat ion zonation. 

The ultimate product of acid alterat ion is a porous siliceous residue. 

This is generally a porous siliceous aggregate and should not be confused with 

siliceous sinters which would be deposited by hot springs from a high-

temperature water-dominated geothennal system. The downward zonation would 

include kaol ini te and alunite (KAl2(0H)g(S04)2), montmorillonite, and then 

fresh rock as the acid is neutralized through i t s reaction with the rock. 

During the alterat ion process calcium, i ron , and sodium tend to be released 

early from the rock and carried away in solution. These elements are followed 

by potassium and eventually aluminum. Sodium and iron have been found to have 

been completely removed from the rock by the time alunite forms; 

8.5 Mineral Zonation in Active Thennal Systems 

In recent years, a number of workers have published detailed studies of 

al terat ion in active geothermal systems. Browne (1978) has reveiwed many of 

these studies and has summarized the occurrence of many of the reported 

hydrothennal phases (Table 8-2). E l l i s (1979) also presents a br ief 

discussion of hydrothennal alterat ion in a large number of geothermal systems. 

This section presents discussions of some of the zonations which have 

been documented in active hydrothennal systems. In addit ion, clay mineral 

zonation which has been found in some deep wells in sedimentary sequences wi l l 

also be discussed. This deep work is largely from oi l and gas exploration and 

13 
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Table 8-2Sonie hydrothennal minerals in selected geothermal f ie lds ^ 

AHophane 
Quartz 
C r i s t o b a l i t e 
Kaol i n group 
Mon tmor inon i te 
In te r laye red i l l i t e - m o n t . 
I l l i t e 
B i o t i t e 
C h l o r i t e 
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A l u n i t e 
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develops some of the most detailed knowledge of clay mineralogy which has been 

generated to th is time. 

8.5.1 Yellowstone National Park 

Work by the U.S. Geological Survey, and the Carnegie Insti tue before 

them, has documented extensive hydrothennal al terat ion in the near-surface 

enviroranent of th is very active hydrothennal area. Most of this work has 

centered around the interpretation of a large number of shallow holes which 

have been dr i l l ed for the express purpose of sc ient i f ic investigation. In 

1929 and 1930, the Carnegie Inst i tute d r i l l ed three holes which are located in 

Figure 8-5 and described by Fenner (1936). In 1967 and 1968 the USGS dr i l l ed 

thir teen holes (Fig. 8-5) which have been documented in numerous reports. 

White et al (1975) have discussed the d r i l l i ng and the temperature and 

pressure data from al l of the USGS holes. Data on hydrothennal alteration in 

these holes has been presented by the following authors; Y-1 by Honda and 

Muffler (1970), Y-2 by Bargar and Beeson (1981), Y-3 by Bargar et al (1973), 

Y-5 by Keith and Muffler (1978), Y-7 and 8 by Keith et al (1978, 1983), Y-10 

by Bargar (1978), and Y-11 by White et al (1971) and Bargar and Muffler 

(1982). 

These studies provide an excellent description of the alterat ion 

processes affecting high-si l ica environments with much of the altered material 

being obsidean i n i t i a l l y . Volcanic glasses are extremely reactive although 

penneability and f lu id access are very important. At temperatures below about 

280®C rock type has a s ign i f ic iant effect on the products of hydrothennal 

al terat ion (Browne, 1978) and the Yellowstone studies present important 

contributions from a high-si l ica environment. 

The down-hole dist r ibut ion of al terat ion phases in d r i l l hole Y-8 are 

15 



111"00' 

I 
I 

I 

I 
I 

i 
i 

I 
I 
I 
I 

I 
i 

tiorwj 

4s'a)- v-io ^-—^ 
Mammdh V , , 
HOI Springs 

44<00' 

Fi«. 8-5 Map of Yellowstone National Park 
showing holes drilled by the USGS 
(Y series) and the Carnegie Institute 
(C series). 

16 



I 
I 
I 
I 

shown in Figure 8-6 (Keith et a l , 1978). Much of the following discussion is 

also from that work. Since volcanic glass is meta-stable i t tends to al ter 

quite rapidly. The f i r s t al terat ion product is perl i te which is fonned 

through the process of hydration. This hydration causes expansion due to the 

absorbtion of water which can effect ively seal of f penneability and thus stop 

continued al terat ion. I f the process does continue, the f i r s t new phase to 

form is c l i nop t i l o l i t e which requires 1 i t t l e chemical change in the original 

starting material beyond the continued addition of water. Cl inopt i lo l i te and 

a lower s i l i ca zeol i te , analcime, are mutually exclusive (Fig. 8-6) and 

analcime may fonn from c l i n o p t i l o l i t e with the l iberat ion of potassium whch 

may fonn hydrothermal K-feldspar. Other authors have attributed hydrothermal 

K-feldspar to the boil ing process as is demonstrated in Figure 8-4. 

Clay minerals are the f i r s t direct replacements of obsidean, generally 

fonning along hydration cracks or other areas of permeability. The f i r s t 

formed are montmorillonite and celadonite. These phases and interlayered 

montmorillonite-celadonite often replace clinopyroxene phenocrysts. The 

presence of celadonite is probably governed by the ava i lab i l i t y of ferrous and 

fer r ic iron and possibly the ava i lab i l i t y of potassium from the thennal 

f l u ids . 

From their work in these hot-water systans the USGS workers (Honda and 

Muffler, 1970; Keith et a l , 1978) have concluded that although temperature is 

very important in determining the alterat ion mineralogy, original composition, 

penneability, and the supply of thermal f luids is of equal significance. 

D r i l l hole Y-11 penetrated the vapor-dominated hydrothennal system in the 

Sulfur Cauldron area of Yellowstone (White et a l , 1971; Bargar and Muffler, 

1982). Here the vapor-dominated system developed after a water-dominated 
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system as evidenced by the extensive areas of siliceous sinter which l ine and 

flank the Yellowstone River in the v i c in i t y . Bargar and Muffler (1982) report 

that the Lava Creek Tuff is not as conspicuously altered as i t is in other 

locations in Yellowstone, because i t has undergone primary dev i t r i f i ca t ion and 

vapor phase crysta l l izat ion during i t s cooling, and thus i t contains no 

glass. Two stages of al terat ion have been recognized in the core from th is 

area. The early stage contains chalcedony, septochlorite, ca lc i te , quartz, . 

mordenite, f l u o r i t e , iron oxides and hydroxides, rhodochrosite, bastnaesite, 

and some beta-cr istobal i te, pyrite and montmorillonite. This assemblage is 

believed to be related to al terat ion associated with the older stage of hot-

water dominated hydrothennal ac t i v i t y . The later stage of al terat ion contains 

the assemblage kaol in i te , hal loysi te, a luni te, opal, and some beta-

c r i s toba l i te , montmorillonite, and pyr i te . 

J 
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HYDROTHERMAL ALTERATION 
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Age Dating of Rocks and Minerals in Geothermal and Volcanic Environments 

I. Purpose of dating 
1. Measure time and duration of geological events 

a) thermal events 
volcanic eruption 
magma emplacement 
hydrothermal systems - alteration 

b) tectonic events 
u p l i f t of rocks 

II. Basis of dating 
1. Qualitative relations 

a) soil development, geomorphic position, lichenometry 

2. Quantitative methods 
a) based on radioactive decay 
b) measures time since system became closed to removal of 

daughter product of decay (blocking or retention temperature) 

III. 

IV. 

Techniques of dating 
1. Conventional K-Ar 

a) basis 
b) suitable materials 
c) analytic techniques 
d) assumptions 

2. 

3. 

40Ar/39Ar 
a) basis 
b) analytic techniques 
c) comparison with conventional K-Ar 

Fission track 
a) basis 
b) suitable materials 
c) population method 
d) external detection method 

In te rp re ta t ion of resul ts 
1 . Two fo ld problem 

a) precis ion of laboratory analyses (dates) - the mysterious 
b) geologica l ly meaningful i n te rp re ta t i on (ages) 

-representative sampling 
-interpretatibility 

2. Tectonic events 
a) u p l i f t through isotherms 

3. Thermal events 
a) igneous emplacement 
b) hydrothermal systems 
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V other techniques 
1. Obsidian hydration 
2. U disequilibrium 
3. Dating waters (?) 

I 
I 
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QUALITATIVE DATING METHODS 

BASED ON: STRATIGRAPHIC RELATIONS 

DEVELOPMENT OF A GEOLOGICAL PARAMETER 

EXAMPLES: GEOMORPHIC RELATIONS 

SOIL HORIZONS 

LICHEN GROWTH 
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QUANTITATIVE METHODS 

CONVENTIONAL K-AR 

% R / ^ 9 A R 

-ISSION TRACK 

OTHERS 
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ABSOLUTE AGE DATING 

BASED ON RADIOACTIVE DECAY 

N = No E -x+ 

^ = DECAY CONSTANT 
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I 
CONCEPT OF HALF-LIVES 

TIME IT TAKES 1/2 OF PARENT TO DECAY 

LN' 

'1/2 

T2/2 IN SYSTEMS DISCUSSED HERE 

% =1 .25 X 10^ YR 

2^^U = 4.47 X 10^ YR 

K-AR: < 3 0 . 0 0 0 Y TO 4.5 BY 

FISSION TRACK: IOOY TO PE 
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QUANTITATIVE DATING MEASURES TIME OF SYSTEM 

"CLOSURE" - I.E. RETENTION OF DAUGHTER PRODUCTS 

K-AR - RETENTION OF AR IN MINERAL GRAINS 

CLOSED TO AR LOSS 

FISSION TRACK - RETENTION OF TRACKS IN MINERA'LS 

CLOSED TO ANNEALING 

CLOSURE - DEPENDENT UPON TEMPERATURE 

COOLING RATE 

PHYSICAL AND CHEMICAL SYSTEM 
PARAMETERS 



I 
I 
I 
I 

CONVENTIONAL K-AR 

BASED ON DECAY OF ^^K TO ^^AR BY 

ELECTRON CAPTURE AND POSITRON EMISSION 

^^K = 0.0119% TOTAL K 



f̂ l̂ I£P̂ AIf̂  SUITABLE FORJL-AR DATING VOLCANIC_BQ^11S 

11 MINERALS FELDSPARS: K-SPAR (130-200 C) 

PLAGIOCLASE 

MICA: BIOTITE (~ 280 C) 

MUSCOVITE 

AMPHIBOLE: HORNBLENDE (~ 550 C) 

2] BASALT WHOLE ROCK 
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K MEASURED BY: FLAME PHOTOMETRY. 

ATOMIC ABSORBTION 

XRF 

NEUTRON ACTIVATION 

OTHERS - ICP 

ANALYSES MADE OF SEPARATE SPLIT OF SAMPLE THAN THE 

SPLIT ANALYZED FOR AR 

' > 



I 

40 AR MEASURED BY ISOTOPE DILUTION 

11 SEPARATE, MINERALS 

21 FUSE KNOWN AMOUNT IN VACUUM 

•zo 

31 ADD AR SPIKE 

4] PURIFY GASSES: H2O & CQ2 FROZEN 

H2 - TI GETTER 

H2 - REACTED WITH 

Cu-CuO 

51 MEASURES RATIOS: 40 AR/ 38 AR 

40 AR/ 35 AR 



K-Ar Assumptions 

1) No radiogenic °̂Ar has escaped since cooling 

2) No excess ôAr has been added 

3) Atmospheric ^̂ Ar corrected appropriately 

4) Mineral closed to K 

5) Isotopic composition changed only by K decay 

6) Decay constants are known 

Measures blocking temperatures of minerals » 



Argon Loss 

1) Mineral lattice may not retain Ar thru time 

2) Partial or complete melting 

3) Metamorphism 

4) Alteration 

5) Chemical or mechanical weathering 

L 



CONVENTIONAL K-Ar. FORMULAS 

^°Ar*=^^Ars 
f40 A r 
38 A n 

/40 

M 

Ar^ 
38 rAr, 

1-
^38 [ZSt A r r ^A r 
36 38. ArJM l^°Ar (40 

38 
A L 
^An M 

$ " SPIKE 

M-MIXTURE 

A'ATMOSPHERIC 

substitute to get date in: 

4 0 A * I 
t = i | n + 1 i 



CAN DISTINGUISH GAIN OR LOSS OF AR 

IDENTIFY DETAILS OF THERMAL HISTORY 

MEASURE AR AND K ON SAME SAMPLE 

IRRADIATE SAMPLE WITH STANDARD 

5% - 39AR 

ANALYZE IN MASS SPECTROMETER BY INCREMENTAL 
HEATING 

MEASURE RATIOS IN STANDARD AND SAMPLES 

t = i m [IV* (̂ ) j.F] 

J FROM STANDARD 



CONVENTIONAL K-AR VS ^^AR-^^AR 

CONVENTIONAL REQUIRES SEPARATE SAMPLES FOR K AND AR 

ANALYSES^ ^^AR-^^AR DOES NOT 

CONVENTIONAL GIVES INTEGRATED AGE OF ALL AR COMPONENTS 
IN GRAIN 

AR- AR GIVES DATA ABOUT DISTURBANCE 

^^AR--^-^AR REQUIRES ACCESS TO REACTOR 

% R - % R PRECISION TO 0.25% 



Fission Track 

238 based on spontaneous f iss ion of '^^^U 

f iss ion f ragments move th rough crys ta l la t t ice 

c rea t ing 10 m ic ron t racks that 

can be e tched fo r v i s i b i l i t y w i t h 

lOOOx o p t i c a l m ic roscope 

to ca lcu la te date^ need: densi ty of t racks 

concen t ra t i on of U 

method gives - t ime minera l was at tempera tu re 

tha t a l lows re ten t i on of t racks 

a l lows - quan t i f i ca t i on of t he rma l h is tory of area 

4. 



^ 

Fission Track Assumptions 

l l Sufficient concentration of U 

21 Track stability known 

31 Not many inclusions, defects, 

or lattice dislocations 

41 U distribution must be representat ive 



MINERALS FOR FISSION TRACK 

ZIRCON (175 ± 25°C 

APATITE (105 ± 10°C) 

SPHENE (290 ± 40°C) 

EPIDOTE 

GLASS - MAY BE INACCURATE 

METHOD MEASURES^ IN K-AR YEARS^ 

TIME SINCE MINERAL COOLED THROUGH 

TEMPERATURE OF ANNEALING 
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FISSION TRACK TECHMIQUE 

POPULATION METHOD 

1) MOUNT AND POLISH MINERALS 

2) ETCH 

3) COUNT NATURAL TRACKS 

4) IRRADIATE 

5) COUNT INDUCED TRACKS 

6) ESTABLISH NEUTRON DOSE FROM MONITOR 



Fission Tracli - External Detector 

1) mount and polish minerals 

2) etch 

3) mount detector (annealed muscovite) 

4} irradiate package (grain, detector, monitor) 

5) remove and etch detectors 

6) remount detector 

L 



CALCULATE AGE: 

t -
Xa 

r . / Ps \ / Xa \ i l " 

6 . 4 4 6 x 1 0 9 In 1 + 7 . 7 4 4 x 1 0 1 

L 

"\̂ A 
Ps 

Pi 

X 

Xf 

I 

.-10 -1 

spontaneous track density 

induced track density 

neutron dose 

238 u alpha decay -1.55125 x 10 ' ' " y 

-x-17 -1 
238 u fission decay - 8.46 x 10 y 

*•„ 238.1 /235 u B 137.8 
atomic ratio " U / vJ 

-24 
235 u cross section - 582 x 10 cm 
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Fig. 3. Usefulness of a sample for fission-track dating in relation to its uranium content 
and its age. Counting of track densities below 100 tracks/cm* is very time-consuming 
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INTERPRETATION OF RESULTS 

"DATES" VS "AGES" 

BE AWARE OF THE ± 

REPRESENTATIVE SAMPLING IMPORTANT 

CAN SEPARATE CLOSELY SPACED EVENTS 

CAN IDENTIFY DIFFERENT GENERATIONS 

CAN OBTAIN AGE FOR DURATION OF EVENT 
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K-Ar 

different blocking temperatures may 
yield different dates 

.:?. 

if concordant - cooled quickly 

if discordant - cooled slowly 

partial metamorphism 

« i ^ 

date may not be meaningful 
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Figure 3. Schematic crpss section 
with K-Ar datesJ The central domes and 
giant pumice horizon (GPH) are strati-
graphicady approximately equivalent in 
age. The autobrecciated bases of the 
older ring domeŝ  are separated from the 
GPH by approximately 10 m of caldera-
lake sediments, whereas there are ap
proximately 50 m of sediments between 
the bases of the younger ring domes and 
the GPH. The lake sediments are capped 
by subaerial airfall tephra correlated 
chemically with the southern arc lavas. 
Overlapping relations within the south
ern arc lavas indicate they young from 
cast to west, consistent with the 30-Ka 
dates on the easternmost dome (FF in 
Fig. 1). Although the dates are generally 
in accord with stratigraphic relations, 
the GPH and central domes and possibly 
the older ring domes give anomalously 
old ages due to extraneous argon. Pat
terns as in Figure 1. 
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(«-Ar dJtes rrc4lcul4C«d lo the net* lUGS s u n d ^ r d cofl^L^ntv) 

T o K l fusion 
(-Ar 

1.72 2.1 ( f H ) ' p 

J.4« 1.0 (FH) p 

| r . 4 4 0 . 3 (FN) f 
? . « 2 0 . 3 (FN) f 

2 . 010 .03 ( 8 ) ' ' 
2 . M 0 . 0 3 W - 1 
1.56-0.02 (») 1 
t. tS-O.OJ (• ) 1 

1.61-0.02 (B) f 
l l . 6 8 0 . 0 1 ( • ) t 

I f . 5J-0.02 ( » ) ' t 
1.50:0.02 (8) f 
1.62:0.02 (8) ' 
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Figure 1.--Unweighted frequency d i s t r i bu t i on d i 
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Figure 2. Cooling histor ies fo r three samples 
from the Mineral Mountains in t rus ive 
complex, Utah. K-Ar and f i ss ion track 
dates from Table 1 and Table 2 are 
plotted against closure temperature 
discussed in t ex t . (a) sample 79-1 
B io t i t e granite (Tbg); (b) sample 79-
153 Hornblende granodiorite (hd); (c) 
79-154 Quartz monzonite (Tqm). Error 
bars are those quoted in Tables 1 , 2 
and t ex t . Dashed l ines represent 
hypothetical cooling curve followed by 
each sample. 
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