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Abstract 

Vapor-dominated ("dry-steam") geothermal systems are uncommon and poorly 
understood compared with hot-water systems. Critical physical data on both types were 
obtained from U. S. Geological Survey research in Yellowstone Park. Vnpor-dominated 
systems require relatively potent heat supplies and low initial permeability. After an 
early hot-water stage, a system becomes vapor dominated when net discharge starts to 
exceed recharge. Steam then boils from a declining water table; some steam escapes 
to the atmosphere, but most condenses below the surface, where its heat of vaporization 
can be conducted upward. The main vapor-dominated reservoir actually is a two-phase 
heat-transfer system. Vapor boiled from the deep (brine?) water table flows upward; 
1110st liquid condensate flows down to the water table, but some may be swept out with 
steam in channels of principal up flow. Liquid water favors small pores and channels 
because of its high surface tension relative to that of steam. Steam is largely excluded 
from smaller spaces but greatly dominates the larger channels and discharge from 
wells. \Vith time, permeability of water-recharge channels, initially low, becomes still 
lower because of deposition of carbonates and CaS0

4
, which decrease in solubility with \ \ \C\: "v-A 

tcmperature. The "lid" on the system consists in part of argillizcd rocks and CO2-satu-
rated condcnsate. 

Our model of vapor-dominated systems and the thermodynamic properties of steam 
provide the keys for understanding why the major reservoirs of The Geysers, California, 
and Larderello, Italy, have rather uniform reservoir tempcratures near 2400 C and 
pressures near 34 kg/cm2 (absolute; gases other than H 20 increase the pressures). 
Local supply of pore liquid and great stored heat of solid phases account for the 
physical characteristics and the high productivity of steam wells. 

\Ve suggest that vapor-dominated systems provide a good mechanism for separating 
volatile mercury fr0111 all other metals of lower volatility. Mercury is likely to be 
enriched in the vapor of these systems; the zone of condensation that surrounds the 
uniform reservoir is attractive for precipitating HgS. 

A more speculative suggestion is that porphyry copper deposits form below the deep 
water tables hypothesized for the vapor-dominated systems. Some enigmatic chnrac
teristics of these copper deposits are consistent with such a relationship, and warrant 
consideration and testing. 

Introduction.,,,A' 

ALTHOUGH hot springs throughout the world have 
been studied for centuries, direct knowledge of their 
subsurface relationships was lacking until cOfnmercial 
and research drilling was initiated in the 20th Cen
tury. vVith a few notable exceptions (Allen and 
Day, 1927; Fenner, 1936) little significant scientific 
data ",ere available prior to 1950. 

Efforts to produce electricity frol11 natural steam 
were first successful in the Larderello region of Italy, 
starting about 1904. Drilling from 1920 to 1925 
showed that large quantities of natural steam could 
also be obtained at The Geysers in California, but 
economic development was not feasible until 1955. 
At both The Geysers and Larc!ereIlo, wells deeper 

1 Publication authorized by the Director, U. S. Geological 
Survey. 

than a hundred meters or so 2 and near centers of 
surface activity were found to yield slightly super
heated steam (Burgassi, 1964). Some wells on the 
borders of the active systems 3 produced hot water 

2 The metric system is used throughout this paper. Some 
readers may find useful the following conversion factors: 

Length: 1 m = 3.281 ft; 1 km = 3,281 ft = 0.6214 
mi. 

Temperature: (OC X 9/5) + 32 OF. 
Pressure: 1 kg/em' = 0.9678 atm == 0.9807 bars == 

14.22 psi. All pressures absolute, with 0,78 
kg/em' added to gage pressure for Yellow
stone Park, and 1.03 kg/em' added to gage 
pressure at sea level and geothermal areas 
at low altitudes. 

Heat: 1 cal == 3.9685 X' 10-8 BTU; 1 cal/gm = 
JJ:O BTU/lh. 

• A geothermal system includes a source of heat within 
the earth's crust (regional heat Row or local igncous intru
sion) and the rocks and water affccled bv that heat. When 
geothermal systems involve circulatillg \\'~ters, they are also 
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76 WHITE, MUFFLER, AND TRUESDELL 

and steam in noncommercial quantities and pressures 
(Allen and Day, 1927, p. 82) ; the characteristics of 
such wells have not yet been adequately described. 

From 1946 to 1970 approximately 100 geothermal 
systems throughout the world were explored at depth 
by drilling. Initially, the objecti\'e of this search was 
to disco\'er areas yielding dry steam, as at Larderello 
and The Geysers. This efiort, however, soon re
waled that most hot-spring systems yield fluids that 
are dominated by hot water rather than by steam. 

New Zealand first demonstrated that a source of 
dry steam was not essential for the generation of 
geothermal power. At \Vairakei, subsurface hot 
water at temperatures up to 260 0 C is erupted 
through wells to the surface; some of the water 
flashes to steam as temperature and pressure decrease 
to the operating pressure, commonly from 3 to 6 
kg/cm 2

• This steam, generally 10 to 20 percent of 
the total mass flow, is separated from the residual 
water ami directed through turbines to generate elec
tricity. The high energy potential of subsurface 
water has also been demonstrated in Mexico, Iceland, 
Japan, USSR, EI SalYador, the Philippines, and the 
United States . 

A few systems, other than .1Jlr~;JJp and rl~~ 
~~'sej;~ yield vapor with litt'leOrllO associated 
liquid water. These include the ~1£11~ and ~
cast<!f;),lt~ fields near "Jfonte Amiata southeast of 
'r'arderello (Burgassi, 1964; Cataldi, 1967), and 
probably the ~t~'1~~~~I)QJJ12tXJ.~Qp$hp.:l. 
Japan, (Saito, 1964; Hayakawa, 1969; Baba, 1968), 
the ~,iUca JJt,,,,.i}J~~ •• ,~t-~~~)~~pg~li,~~?da. 
(Wlllte, 19681)), and the ~~~~~<;'~Qf 
Yellowstone National Park, considered 11-1 ~this report. 
IilI¥&r.T5rtvat~?'~';;t~i;~~~ attracted nearly all of the 
research drillillg in natural hydrothermal areas. The 
first two research holes in the world were drilled by 
the Geophysical Laboratory of the Carnegie Institu
tion of \Vashington in the hot water systems of 
Yellowstone Park in 1929-30 (Fenner, 1936), and 
senn of the eight research holes drilled at Steamboat 
Springs, Nevada, in 1950-51 (White, 1968b) were 
in a hot-water system. The eighth was in the small 
vapor-dominated Silica Pit system, subsidiary to the 
larger water-dominated area. 

Although research drilling by the U. S. "Geological 
Sun'ey in Yellowstone National Park during 1967 
and 1968 was aimed mainly at a better understanding 
of the hot-water systems of the major geyser basins, 
a specific effort was made to find and drill a yapor-

dominated system. The Mud Volcano area was 
found to be such a system and is described here. 

In spite of long and extensive commcrcial dcvelop
ment at Larderello and The Geysers, the origin and 
nature of the systems that yield dry or superheated 
steam, and why they differ from the abundant hot
water systems, are not nearly so well understood. 
Facca and Tonani (1964), for example. seem to 
deny that Larderello and The Geysers differ signifi
cantly from \Vairakei, New Zealand, and the other 
wate'r-dominated areas. l\farinelli (1969) states that 
Larderello is a hot-water area. James (1968) and 
in less detail Elder (1965) and Craig (1966) have 
instead proposed that the resen-oirs are filled with 
steam maintained by boiling from a deep water table. 

We submit, in agreement with James (1968), that 
fundamental differences do exist between two main 
types of natural hydrothermal. systems; each type is 
recognizable by geologic, physical, and geochemical 
criteria. However, in contrast with James (1968) 
and others, we consider that steam and water must 
coexist in the reservoirs of these systems that yield 
dry steam at the surface. 
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Summary of Characteristics of Hot-water 
Systems 

Hot-water systems are usually found in permeable 
sedimentary or volcanic rocks and in competent rocks 
such as granite that can maintain open channels along 
faults or fractures. Total discharge from typical 
systems ranges from several hundred to seyera! 
thousand liters per minute (lpm), with individuai 
springs commonly discharging a few Ipm to several 
hundreds of Ipm. \\There near-surface rocks arE 
permeable and the surrounding water table is rela"" 
th'ely low, much or all of the circulating hot water) IN 
escapes below the ground surface, and little or non(' 
is discharged from local surface springs. For exam
ple, nearly 95 percent of the water at Steamboat 
Springs; Nevada, escapes in such a way (\Vhite 
1968b). On the other hand, where spring outlet: 
are at or below the le,'el of the surrounding water 
table, all hot water of the system is likely to be dis 
charged in local visible springs. 

called hydrothermal systems. The hot part of each hydro
thermal system is commonly emphasized, but in its broader 
meaning the marginal parts inyolve convective do\\'nflow of 
cold water, and are also included. A hot spring are,l is the 
surface expression of a gcolhcflnal system and contains hot 
springs, fumaroles, and other' obvious hydrothermal phe-
nomena. ! 

The spring systems that discharge at low to mod 
erate temperatures are commonly similar chemicall~" 
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to nearby ground waters, but the near-boiling: hot 

~~.cLJJJ~~~~~~~j,1~~~ai;1i:a:l~ 
\V:1YS characterized by relatively high contents of 
alk~li ch19.r.W~~lfI'!':'Jl.~@",~(gJ.ble 1, anals. 4, 
~();\Vhite and others7T9b3~ Tables 17 and 
18). In confusing contrast, some gassy springs of 
low discharge may differ greatly from these chloride
rich waters in physical and chemical characteristics. 
Surrounding ground is commonly bleached and 
hydrothermally altered to a porous siliceous residue 
that may be mistaken for hot-spring sinter. The 
bleached ground may contaiil native sulfur, white, 
yellow, and orange sulfate minerals, and clay miner
als, especially kaolinite; vegetation is generally sparse 
or absent. Chemical analyses of such springs (table 
1, anal. 9; White and others, 1963, table 20) con
trast strikingly with those of higher discharge; chlo
ride is generally less than 20 ppm, sulfate is the 
dominant anion, pH is usually between 2.5 and 5, 
and Fe, AI, Ca, and Mg are abundant relative to 
Na and K. 

\ Vhere these two contrasting types of springs co
exist in the same general area, topographic relation
ships and results of shallow drilling and augering 
indicate that the nea~et1tral to alkaline chloride 
S_.:il~rrs are m:lU~;;~U~Y~~~[;1ii 
\\"~1~:~ .~~t9PJt intif~~*~~~~?t;nsL~.de.~e. 
~ere the' er t~eL~Jt'fow ~:2,sUl?~g!lU~1,llt 
'm;1 01 l~~&.r~!~J" ~ome steam con
~ses in cooler' ground and in pools of rain water, 
perched ground, il11d previously condensed steam. 

HoS that evolves with the steam reacts near the 
surf;ce . with atnlospheric oxygen 'to form sulfuric 
acid, thus accounting for the high sulfate conte~ts and 
the' low pH's characteristic of these waters. Bac
terial oxidation of intermediate forms of sulfur may 
be in\'olved (Schoen and Ehrlich, 1968). The acid 
dissolves available cations from the surrounding 
rocks, which are adequate sources for the reported 
constituents (White and others, 1963, table 20). 

The geochemistry of chloride is critical in under
standing the differences between the coexisting 
neutral-chloride and acid-sulfate waters, as well as 
the differences between vapor-dominated systems and 
hot-water systems, l\fost metal chlorides are highly 
soluble in liquid water, and the low content of Cl in 
most rocks can be selectively dissolved in water at 
high temperatures (Ellis and r,;1ahon, 1964, 1967). 
The common metal chlorides, however, have negligi
ble yolatility and solubility in !owpressure steam 
(Sourirajan and Kennedy, 1962; Krauskopf, 1964). 
The only chlorides with sufficient volatility to account 
for significant transfer of CI in steam at low tem
peratures and pressures are HCI and NH.jCl, both of 
which are minor constituents of most 
tems, the 

~=:::::;= 

~12rjJlI;S associated with some hot-water systems is 
tlills~consistent with near-surface attainment of acid
ity fl~~L<wli,<?11 of JI,;:~~llic,J;..J;,b;]!l hI' yapor 
~~£~r::aD from initlally acid sources. 

The temperatures of many explored hot-water 
systems increase with depth to a "base" temperature 
(Bodvarsson, 1964a, 1970) that diJTers with each 
system that has been drilled deep enough. Tempera
tures at \Vairakei, New Zealand, rise to a maximum 
of 260 0 C near 450 111 of depth but increase little if 
any more at further explored depths (13an\\'ell and 
others, 1957, p. 52-56), and at Steamboat Springs, 
Nevada, the temperatures in six drill holes were near 
170 0 C at depths close to 100 m, but deeper drilling 
found no higher temperatures even though major 
channels were intersected below 150 m (\Vhite, 
1968b). In such an area, meteoric water (Craig, 
1963; White, 1968b) evidently penetrates to consid
erable depths along permeable channels of a huge 
comection system; the water is heated to its base 
temperature by rock conduction, perhaps augmented 
slightly by magmatic steam. It then rises in the 
core of the spring system, losing only a little heat 
because of its relatively high rate of llpHow through 
wall rocks of low thermal conductivity. As the hot 
water rises the hydrostatic pressure decreases, and 
eventually a level is attained where pressure is low 
enough for boiling to begin. 

Of about one hundred hot-water systems through
out the world that have now been explored by drill
ing, fewer than 30 are known to exceed 200 0 C in 
temperature and only about 10 demonstrably exceed 
250 0 C. The liquid of the two reservoirs kno\\'n to 
exceed 300 0 C is brine rather than relatively dilute 
water. The Salton Sea system has about 250,000 -?> '1 t; w1. cr;~ , 
ppm of dissolved salts and a maximum temperature 
of about 360 0 C (Helgeson, 1968). The Cerro 
Prieto system, about 90 km to the south in Baja 
California, Mexico, has a salinity of about 17,000 ~ \.1 I.,J\ '7, 
ppm and temperatures as high as 388 0 C (Mercado, 
1969) . 

Hot-water systems have a high potential for self
sealing (Bocl\'arsson, 1964b; Facca and Tonani, 
19.67) by means of cieposition of minerals in outlet 
channels. Si02 is the most important constituent for 
the self-sealing of high-temperature systems because 
quartz is so abundant and its solubility increases so 
much with temperature (Fournier and Rowe, 1966). 
Quartz dissolves rather rapidly at high temperatures; 
when quartz-saturated waters are cooled, quartz pre
cipitates rather readily down to ahout 1800 C but 
with increasing sluggishness at lower 
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78 WHITE, MUFFLER, AND TRUESDELL 

Table l.--Chemical analvses of ;.,.>atefs a.sociated with vapor-dominated and hot-water geothermal S\'stema 

1/ 2/ 3/ ~"ll 5/ 6/ 
Natte The Geysers The Geysers Gs-7 Sortng 8 Hud Volcano Hud Volcano 

t..ocation Calif • Calif • Steamboat, 'Nev. Steamboat, Nev. Yellowstone, Wyo. Yellovstone, \J'vo. 

Water.type HCOrSO. Acid-sulfate 

System type Vapor-dom. Vapor-dotl. 

S102 66 225 

Al 14 

Fe 63 

fin 1.4 

A. 

C. 58 47 

~,~ 108 281 

Na 18 12 

K 

li 

lilt, 111 1,400 

II 9.5 

HeOl 176 0 

COl 

SO. 766 5,710 

C1 1.5 0.5 

Sr 

~Ol 

15 3.1 

II,S 0 

Total reported I, )30 7,770 

pH ~neutral l.8.! 

Tat:perature ·C JOO. Boiling? 

IIC03-S0. 

Vapor-dom. 

14 

6.3 

0 

9.3 

4.5 

0 

21 

24 

0.5 

'$ 0 

Tr. 

1.3 

2.4 

83 

6.5 

161 

Hot water 

293 

0.5 

0.05 

0 .• 05 

2.7 

5.0 

0.8 

653 

71 

7.6 

<1 

305 

100 

865 

1.8 

0.2 

49 

4.7 

2,360 

7.9 

89.2 

Acid-sulfate 

Vapor-dom. 

540 

146 

17 

14 

11 

16 

17 

26 

43 

3,149 

Tr. 

3,980 

Strong acid 

65 

l/\.'itches Cauldron, White and others, 1963, p. F47, modified from Allen and Dav, 1927. 

'~/Devlls Kitchen, h'hite and others, 1963, p. F46, modified from Allen and Day, 1927. 

l'White and others, 1963, p. F47. Condensate in apor-fUled hole. 

y . .. Do • • • • .p. F40. 

~'Allen and Day, 1935, p. 427; described as IIBi~ Sulphur Pool" 0.3 km N of Hud Volcano; location indicates 

Old Sulphur Cauldron of fig. 4, 60 m SS\.l of Y-il drill hole. 

6/ 
- Spring discharging from 81!1ter, E. bank of Yello .... stone River 0.5 km SE of Y-ll drill hole: has deoos1ted 

sinter In recent past. if not no ..... Analyzed by Hrs. Roberta Barnes. 

Vattor-dem. 

215 

28.7 

16.4 

74.3 

47.5 

.20 

.16 

298 

65.3 

13.5 

2.0 

.6 

761.7 

58.5 

7/ . 
- Erupted from Y-ll dr111 hole Sept. 22, 1969 after hole had caved to 28 m deoth (table 1) j collected by R. O. 

Fournier, analysis by Mrs. Roberta Barnes. pH not representative of in-hole environment becaule of C02 1089, 

stofage 1n plastic with clays. 

Xote; The word apor should read vapor in footnote 3. 
Reference to Table 1 in footnote 7 should read Table 4. 

/ i\ \Su .\'~ \l"\'CO\)~ II\~ ? 

7/ 
Y-ll, Hud-Volcano 

Yellowstone, W\'o. 

\'.!"Ior-dem. 

26 

0.47 

lOS 

12.6 

.18 

3.2 

258 

74 

9.6 

0.2 

0.1 

491. 4 

8.5(?) 

131.7 

100 0 C, the excess silica in such waters may precipi
tate as chalcedony, opal, and cristohalite (Vlhite and 
others, 1956). Self-scaling by silica minerals is 
likely to be slight in hot-water systems that do not 

exceed 150 0 C, but as maximu1l1 temperatures in
crease abO\'e this value, the potential for self-scaling 
increases greatly. 

Calcite, zeolites, and some other hydrothermal 
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Table l.--Chemical analyses of waters associated with vapor-dominated and hot-water geothermal sYstems (continued) 

::: 

Name 
Ii!'ii 9/ ~y 11/ 12/ 1JI 

Norris Basin NorrI. Baa in WeI1 4 WeIT 5 CarbOli A. WellHR-1 

Location Yellowstone. Wyo. Ye 110W8 tone. Wyo. Wairakei, N.Z. Wairakei. N.Z. lta1v '1atsuksw8. Ja"[lsn 

""S te r type 

System type 

5i02 

Al 

Fe 

Hn 

As 

Ca 

Hg 

Na 

K 

Li 

Nil, 

II 

IICO) 

C03 

SO, 

C1 

Br 

NO) 

H2S 

Total reported 

pH 

Temperature ·C 

C1 (IICO) 

Hot water 

529 

3.1 

5.8 

0.2 

439 

74 

8.4 

0.1 

27 

38 

744 

4.9 

0.1 

12 

.0 

1.890 

7.5 

84.5 

Acid sulfate 

Hot water 

109 

2.4 

0.8 

.2.2 

o 

2.0 

~.O 

30 

14 

758 

15 

6.9 

943 

1. 97 

90 

C1 HCO, ,504 

Hot water Vaoor-dom. (1) 

386 191 

26 12 

<0.1 1.7 

1.130 230 

146 17 

12 1.2 

0.9 0.2 

35 670 

0(1) 

35 11 

1.930 . 2.7 

6.2 3.7 

26 0.5 

1.1 0 

3,750 1,140 

8.6 6.7 

228.:!:. lIigh 

SO, IICO,~C1) 

Hot water 

TrAce 

Trace 

5.0 

56.6 

32.0 

19.0 

89.7 

137.4 

42.6 

13.9 

396.2 

-300 

SO, (IICO) 

Vaoor-dam. ('?) 

635 

29 

508 

8.7 

264 

144 

37 

1.780 

.12 

61.2 

Trace 

3,478.9 

4.9 

-240 

!YDr • Horey's PorkchoD, 60 m southwest of Pe;>r1 Gevser (White and others, 1963, o. F40). 

!/Locomotive Spring, 55 m WSW of Norris Basin drill hole of Fenner (1936);' seeoinR discharRe (~'hite snd others, 1963, p. F46). 

lQ/Typical of shallow Wairakei system; 375 m deep wHh maximum temperature of 245'C (B8nwell and others, 1957). Ana1vsis bv 

Wilson; also contains 11 ppm freJe C02 (Wilson, 1955; cuoted in White and others, 1963, p. f40). 

l..!JWestern part of Wairakei field (Wilson, 1955, quoted in White and others, 1963, o. F47). Similar to some waters of vapor-

dominated systems; 467 m deep, maximum 217'C at 271 m • 

.!l/Doopest well of hot-water field on So. border Larderello steam field. (Cataldi and others, 1969). Ori~. anal. 'in nom, 6uoolied 

by R. Cataldi, 1970. 

!1/well 945 m deep, produced steam, Bome water for 1 year before drvin~; this anal. while still wet: condens8te of steam 

50 ppm " 2S and 6.2 ppm S (Nakamura and Sum!, 1967; lIayakawa, 1969). 

minerals are also effective in producing self-sealed 
margins of some hot-water systems, but generally less 
so than the silica minerals. Self-sealing is likely to 

be 1110st extensive where temperatures decrease most 
rapidly. These marginal parts are of secondary in
terest for production drilling, and they have not been 

~-~---'-~' '---
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Table 2.--Analvses of gases associated with vapor-dominated and hot-water geothermal systems, in vc]ume ~ercent 

Total vapor. including H2O Gases, excludin~ H10 

y :y 1.1 y ~/ ~, !..I ~I 

The Geysers, Larderello. The Geysers, Larderello Y-ll Mud Volcano Y-9. S"rln~ 
Cal Hornia California Ital\' Yellowstone Norri8, Norris Italy Mud Volcano, 

(1). recalc. (2). rec~lc. Yellowstone vello\o'~tone Yellowstone 

H:O 98.045 98.08 

CO: 1. 242 1. 786 63.5 93.02 98.4 98.90 91'.5 97.40 

H2 0.287 -0.037 14.7 } <0.01 0.00 0.9 0.00 
1.92 

CH~ 0.299 15.3 Tr. 0.10 0.1 0.20 

C,2Hc 0.0 0.0 

N2 
} 0.069 

0.0105 
} 3.5 

0.54 0.8 
}1.00 

5.1 
} 1.60 

A 0.013 0.06 

H2S 0.033 0.049 1.7 2.55 0 0.10 1.4 0.75 

NH) 0.025 0.033 1.3 1.72 

HJBO J 0.0018 0.0075 0.09 0.39 

°2 --- --- -- --- ~ ~~ ~ ~? 

Total 100.002 100.003 100.09 100.14 99.42 100.10 100.06 100.00 

!'Well 1. The Geysers (Allen and Day. 1927. p. 76). 

3'Average vapor from producing wells (Burgassi. 1964). recalculated from analysis in gm per kgm; 2.850.000 kg 
produced per hour; also contains 1 em 3 total rare gases per kg. 

1'Recalculated from!; without H20. 

~'Recalculated from 3~ without H20. 

~'Collected July 10. 1968. by R. O. Fournier. when hole was still open to 316 ft (table 3). 

~'Gas from same spring as anal. 5 of table 1 (Allen and Da~. 1935. p. 86). 

2'Collected by R. 0. Fournier. Sept. 18. 1969. and anal~zed bv D. Bvrd. U.S. Geol. Survey; gas Beparated from 
water; nearest drill hole to springs of anal. 8 and 9. table 1. 

!YGas from unnamed acid-sulfate spring "near Congress Pool." perhaps Locomotive (table 1. anal. 9). 
Allen and Day. 1935. p. 86. 469. 

Note: Reference to Table 3 in footnote 5 should read Table 4. 

cored and studied in much detail except in research 
drilling in Yellowstone Park (unpublished data). 

For similar geochemical reasons, most hot-water 
systems with subsurface temperatures of 180 0 C or 
higher (White, 1967a) have hot springs or geysers 
that deposit sinter (amorphous silica precipitated on 
the ground surface by flowing hot water). - 'Vaters 
that deposit sinter nearly always have Si02 contents 
~~Jr!lstJW~ equivalent to a quartz-equilibra
tion temperature of 180 0 C. Because the solubility 
of amorphous Si02 is so much higher than that of 
quartz, a quartz-saturated water at 180 0 C must 
cool to about 70 0 C in order to precipitate amorphous 
silica. If the water becomes sufficiently concentrated 
in Si02 by evaporation, as on the borders of pools 
and in erupted geyser water, precipitation can occur 
at somewhat higher temperatures. 

The existence of sinter, as distinct from travertine 

(CaC03 ) and siliceous residues from acid leaching, 
is evidence for a hot-water system with present or 
past subsurface temperatures of more than 180 0 C. 

Summary of Characteristics of Vapor
dominated ("Dry-steam") Systems 

The near-surface rocks of Larderello, Italy, anc! 
The Geysers, California, are relatively tight and in
competent, and evidently do not permit large quan
tities of meteoric water to penetrate deep into their 
systems (VVhite, 1964). Even in these areas, how
ever, isotopic data indicate that most of the water i
of surface origin (Craig and others, 1956; Craig 
1963) . 

Surface springs at The Geysers 4 typically hay, 

4 "The Geysers" is an unfortunate misnomer. The arc" 
has nevcr had true geysers, which are restricted to the hot
water systcms (White, 1967a). 
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\7583 Sulfur bank area of The Geysers; 
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Refer~nce bOiling-point . 
curve. for pure water i 
(White, 1968b, Haas, 197d) 

Water-table assume-d 
,tat 3000 m 
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I
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:r: 
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o 

I G'tO I 

4000 

-__ saturation temperclfures calculaled 
from shu I-in well-head pressures correcl~d lor 
weight 01 steam, plotled at drilled depths 
(numbered-wells, oral communicalionr/ 0 McMilli{!n, 
1964; 0-0 Olte and Dondanville, 1:>68 from 
generalizell pressures of field assumed in-hole~ 

c.~ 
Approximate temper
atures below brine 
water table (Hass,1970) 

absolute, and no effect from olher gases.) I I 

FIG. 1. Measured and calculated temperatures from The Geysers, Calif., with some theoretical curves. The reference 
boiling-point curve for pure water, curve A, differs in shape from its usual representation because of the logarithmic 
scale for depth. Note that curves Band Care temperatflre-deficiellt and pressure-deficiellt relative to curve A. 

') 

/t'" 
yery low discharge, totaling little more than 100 Ipm 
(Allen and Day, 1927). Most of the springs are 
strongly acidic (pH fr0111 2 to 3). The few neutral 
springs (Table 1, anal. 1) have chloride contents 
of less than 2 ppm, similar to local rain water. 
A careful search of the creek that flows through the 
area was made on the chance that undetected chloride 
springs might be seeping into the creek (''''hite, 
1957a, p. 1651). Howeyer, throughout an area of at 
least 30 square miles surrounding The Geysers, the 

surface and ground waters are no higher in chloride 
than normal cold streams. 

Chloride contents haye not been included in re
ports on natural springs associated with the original 
vapor-dominated Larderello fields, but a\'ailable de
scriptions of spring activity, dominated by mud pots 
ancI fumaroles, suggest the presence of sulfate waters 
low in chloride. However, present springs are not 
low in pH (R. Cataldi, written commUl1., 1970), 
perhaps because of the neutralizing action of abun-

bo.rs ). 
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dant NHa absorbed from the gases. Some springs 
and wells of the Carboli area just south of the 
vapor-dominated fields (Cataldi and others, 1969) 
contain some chloride (42.6 ppm, Table '1). Al
though this CI content is not notably high, it is con
sistent with the abundant water and old travertine 
which suggest that Carboli is a hot-water system. 

In general where surface springs are all low in 
chloride and subsurface thermal waters are similarly 
low « 20 ppm) a vapor-dominated system is indi
cated. The Cl content of steam is normally less than 
1 ppm, but near-surface ,vaters im'olycd in conden
sation of the steam commonly contain a few ppm of 
Cl bcca\1se, with little or no discharge, CI can be 
selectively concentrated. 

Typical wells at Larderello (Burgassi, 1964) pro
duce dry or slightly superheated steam ,,,ith 1 to 5 
percent of CO 2 and other gases (Table 2, anal. 2). 
Liquid water evidently occurs in some noncommer
cial wells on the borders of the ficlds. Shut-in well
head pressures in typical stcam wells tend to in
crease with depth up to a maximum of about 32 
kg/cm2 (Penta, 1959; Burgassi, 196-+). Increased 
productiyity reported at greater depths evidently is 
not clue to significantly higher initial pressures. Fer~ 
rara and others (1963) 1 ist the tcmperatures of two 
Larderello wells as 251 0 C, but all other cited wells 
are 240 0 C or lower (depths not giyen). 

Typical wells at The Geysers also produce dry or 
superheated steam containing gases similar to thos(' 
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in the Larderello field (Table 2, anal. 1). Pressures 
lip to about 35 kg/cm2 were measured in the deeper 
wells (500 psi, Otte and Dondanville, 1968), but 
whether pressures were at the well-head or in-hole, 
and gage or absolute were not specified. 

Figure 1 shows the maximum temperatures mea
sured or calculated for individual shal10w wel1s in 
The Geysers field. For a variety of reasons each 
point is individually unreliable and is probably not 
identical with the original ground temperature at its 
plotted depth. Nevertheless, temperatures of shal
low wells « 350 111) do show a rather close rela
tionship to curve A, the reference boiling-point curve 
for hydrostatic pressure of pure wate~A.few points 
plot above this curve, indicatin~pres~~~s above 
hydrostatic but below lithostatic. 

All of the early shaBow wells at The Geysers were 
drilled in or near fumaroles, hot springs, and hydro
thermally altered ground that provided evidence of 
surface discharge of thermal fluids. Figure 1 sug-

Table 3.--Pressures and temperatures in a two-phase 

reservoir in which steam is the continuous phase. 

Top of reservoir assumed to be 236·C 31.8 kg/cm2• 

and 360 m deep (from hydrostatic boiling-point curve). 

Depth Pressure, kg/cm 2 Temperature ·C 

meters (bottom hole) 

360 31.8 236.0 

500 32.0 236.1 

1,000 33.5 239.0 

1,500 34.3 240.3 

2,000 35.1 241.6 

Notc: Second linc of column 3 should read 236.3. 

f~~:i~i ~~~~~;u~~;: (to
f 

be dis.c~lssed) a~£l1,~~lt deep water table are shown in Figure I, curve C. 
1~~~~~~J,i~~mm "JI~l~ This curve has an increasing slope with depth and all 

01 ... ~esf~~paces; tb!~~£>ll~!iJJ§~£1,.J~~i:U points on it are also deficient in pressure with respect 
11l\U.~.Jt1 erll1" co ·~,,~~~qt!l!~ll~f.~';" to external water pressures, probably to depths of 
s~~~-1JJ-mJ,~~~R~~~ds. lIICNltt 2,000111 or more below the water table. 
( 19(3) concluded from other data that a near-surface J (1968) t d tl t . 't' Itt d . d . ames no e la 1111 Ia empera ures an 
zone IS water saturate ; we support hIS general f th L d II t fi ld I 

I '. . pressures 0 e ar ere 0 seam e s were c ose 
conc uSlons but dIsagree on the nature of the eVI- t th t t (236 0 C) d (31 8 I 0 e empera ure an pressure . 
(ence. . kg/cm2) of saturated steam of maximum enthalpy 

Although avaIlable data are scanty, temperatures (670 1/ . l' t d F' 2) J d 
TI G 

. . I' d ca gm; mc Ica e on Ig. . ames reasone 
at le eysers lI1crease Irregular y WIth epth, . .. . 

I bl I I I d t' b T . that enthalples up to thIS maXImum can be obtamed 
pro)a y. or ntear t 1e 1)'23r60; Catl(c 0dI l11g-p01l1t in undisturbed steam reservoirs by evaporation at a 
cun'e, UI 0. 1pera ures near an pressures b f bl H' I ( d 

32 J / 2) . d . h I r I dd' su sur ace water ta e. Igler temperatures an 

t
l:ear I . <g cm are att~111et 'I wltl on y s Ig 1t Ba I-

f 
pressures) can exist below but not at the water table. 

lona ll1creases apprOXlIl1a e y a ong curve 0 FI d I'f d 5 0 C 
fi 1 t I d d h I I S I I B I

e reasone t 1at I saturate steam at 3 ° and 
gure 0 exp ore ept s. n t le u p mr an (. 7 2 • 

~rea t' TI G (Ott d D d '11 1968) 168. kg/cm, for example, WIth an enthalpy of onlv " 0 1e eysers e an on anVI e, ,~~. . . 
about I:} km ,~est-l1orthwest of the original field, 612 caljgm (FIg. 2), formed deep ;n a system and 
wells range from 450 m to more than 2.000 m in rose up to levels of I?wer hy~rostatJc presst1r:, part 
depth and are remarkably uniform in temperature ~f the ste~m wO~lld lI1crease 111 enthalpy as It. COI?
(close to 240 0 C) and in pressure (about 35 kg/ tmued to flse w~lle th: rest would condense to ItqUld 
cm2 ), as shown in Figure 1. Otte and Dondanville water and rema111 behmd. For a pure water system, 
state that "the fluid exists in the reservoir as super- this separation of liquid from vapor continues until 
heated steam," but the reported· temperatures and the pres,sure at maximum enthalpy is attained. 
pressures indicate approximate saturation. No spe- The enthalpy of saturated steam near its maxi-
cific data for individual wells are available. mum, however, is not very sensitive to changes in 

No data have been published to indicate that wells temperature and pressure (Fig. 2). James sug
in the central parts of any vapor-dominated field have gested that the top of a natural vapor-dominated 
penetrated a deep water-saturated zone or a water reservoir is likely to have a temperature near 236 0 C 
table. In such a penetration, in-hole pressures and a pressure near 31.8 kg/cm2 bllt that, because of 
should increase downward through the water-filled the ,"veight of steam in a deep reservoir, the tempera
parts of shut-in wells instead of remaining near 32 ture near a boiling water table may be as much as 
kg/cm 2

• This evidently does occur in parts of the 240 0 C at a pressure near 34 kg/cm2
• Table 3 

I talian fields (R. Cataldi. written COI11tl1UI1., 1970), shows expected depth-related variations in tempera
Ul1t detailed relationships are not yet available. The ture and pressure of a pure water system in a 1101110-
expected temperature-depth relationships below the geneous, vapor-dominated reservoir. 
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FIG. 3. Index map of Yellowstone National Park, Wyo
ming, showing location of Mud Volcano area and the major 
geyser basins. 

The scanty available data suggest that tempera
tures and pressures may exceed the limits suggested 
by James because of the effects of dissolved salts and 
the partial other In . 

, we 
see no reason why the available heat 
supply may not form somewhat more steam than can 
escape at these pressures through available channels. 
I n this paper we shall assume James' suggested 
range in temperatures and pressures as the most 
probable, but we emphasize that more precise data 
are essential in understanding the detailed character
istics of these systems. 

Recorded temperatures of the vapor-dominated 
reservoirs are significantly lower than in some hot
water fields, which range up to 388 0 C (IVlercado, 
1969). The Carboli field on the southern edge of 
the Larderello steam fields is notable in being the 
only described field in the Larderello region that 
produces more water than steal.n by mass and tht:s 
is a hot-water system. Its maX1l11Um temperature IS 

about 300 0 C (Cataldi and others, 1969), which 
clearly exceeds all temperatures reported from the 
vapor-dominated areas. 

The Mud Volcano Area, Yellowstone Park 

Gelleral Setthlg.-The Mud Volcano area is lo
cated along the Yellowstonc R,iver about 8 km north 
of Yellowstone Lake (Fig. 3). Bedrock of the area 

is rlwolitic ash-flow tuffs entpted approximately 
600,000 years ago (R. L. Christiansen and J. D. 
Obradovich, 1969, written cOI111l1un.). Glacial grav
els and sands of Pinedale age (ahout 25,000 to 
12,000 years B.P.) mantle the bedrock except ncar 
the center of the area. 

Thermal activity in the Mud Volcano area consists 
almost entirely of vigorously ImLbling mud pots, 
acid-sulfate springs, and steam yents concentrated on 
north-northeast lineaments. Total discharge is only 
about 80 lpm (Allen and Day, 1935, p. 58) from an 
area of 2.1 km2 • There are no chloride-rich springs 
like those-of the major geyser basins, even along the 
Yellowstone River, which is the local base level for 
the water table of the area. Instead, acid-sulfate and 
nearly neutral bicarbonate-sulfate springs occm along 
the river (anals. 5 and 6, Table 1). A little silica 
is being deposited by evaporation from algal mats at 
two of these nearly neutral springs, and opal
cemented Holocene alluvium is common along the 
riverbanks. Although none of the present springs 
has enough silica to deposit hard sinter fr0111 flowing 
water on the surface (generally requiring at least 240 
ppm SiO~), three small areas of old sinter occur as 
much as 3 m above river level. This indicates that 
sometime in the past 12,000 years silica-rich water, 
presumably also rich in chloride, discharged at the 
surface in the Mud Volcano area. 

Acid-sulfate springs similar in discharge and chem
istry to the :;\Ind Volcano spring's occur locally 
where H 2 S is abundant in high ground of the major 
Yellowstone geyser areas (anal. 9, Table 1). How
ever in contrast to drill hole Y-ll in the ~Iud Vol
cano' area (anal. 7, Table 1), all drill holes in the 
geyser basins tapped water rich in chloride and si;lli
lar to waters from the geysers and the prinCipal 
flowing springs (anal. 8, Table 1). 

Y-ll was drilled by the U. S. Geological StlrYey 
at the north end of the 1\1 ud Volcano area, 75 m 
north-northeast of Old Sulphur Cauldron. Figure 
4 shows the locations of the hole and the "tree line," 
inside of which trees do not grow because tempera
tures are too high. Also shown are two heat-flow 
contours mapped by snowfall calorimetry (White, 
1969). The 900 l.!caIjcm2 sec (microcalories per 
sq cm per second) contour is probably within 20 
percent of the existing total conductive and convec
tive heat flow. This heat flow is about 600 times the 
world-wide average concluctiye heat flow of the earth 
(Lee and Uyeda, 1965). The 5,000 Ilcal contour is 
less precisely located, but total heat flow obviously 
increases rapidly southeast from Y -11 drill hole. 

N ear-slIrface Grolllld Temperatw'es.-Relatioll
.ships beh\"een heat flow, depth, and temperature 
determinecl in shallow auger holes near Y -II cJarif," 
some principles of major significance to the vapor 
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FIG. -1. Sulphur Cauldron area, north end of Mud Volcano area, showing location of Y-ll drill hole relative to heat 
flow and other features. 
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FIG,S. Temperature-depth curves in shallow auger holes 
in ground with dispersed upflow of steam and other 
gases. 

dominated systems. Hole T-1 (Fig. 5) \\'as augered 
on the Y-11 site just prior to drilling, ancl hole \V-1 
was augered 35 111 to the southeast (Fig. 4). The 
near-surface temperature at any given depth in
creases abrttptly to the southeast, correlating with 
increasing heat flow. 

Temperatures in \ V-I increased rapidly with depth 
to about ~ tn, where they leveled off at 88.20 C. 
From 1.0 to 1.55 111 there was 110 temperature change. 
Consequently, heat cannot be transferred by conduc
tion th~ough this interval, and all heat that flows out 

a 0 

at the surface must be transferred in steam and other 
gascs thro\1gh the no-gradient zone. Total heat flow 
at thc surface of \V-1 augcr hole has not bcen mea
sured by snowfall calorimetry, but cxtrapolation of 
data on Figure 4 suggests a heat flow of perhaps 
10,000 fLcaljcm~ sec. 

The leveling off of tempcratures in \N-l at 4.1 0 C 
hclow the boiling temperature of pure water (92.3 0 

C at this aititud,e \ ~'s due to the high content of CO~. 
H S I I v.)l<ii, . I .. TI 

~ ,all( ot ler"gas 111 tIe nSl11g vapor. Ie vapor 
pressure of water at 88.20 C is 491 111m of Hg, but 
the atmospheric pressure averages about 572 n1l11 of 
Hg. Thus 14 percent of the total vapor pressure 
rcsults from the partial pressures of other gases. 
At a depth where the temperature is 85 0 C, 25 per
cent of the total pressure is due to residual gases 
(143 111111 of 572 111m of total Hg prcssure); simi
larly, 50 percent consists of other gases at 75 ° C, 
90 percent at 400 C, and 97.7 percent at 15° C. 

The depth at which the temperatures level off I~ 
dcpendent on the heat flux from bclow, the thermal 
conductivity of the soil, the air-ground interface 
temperature, and the amount and nature of precipita
tion of the preceding few days or weeks. I f the ratl' 
of upflow of steam increases sufficiently, a surface 
fumarole is produced. If, in contrast, the rate oi 
upflO\v decreases, complete condensation occurs at a 
greater depth appropriate to the thermal conductivity 
heat flow, and surface temperature. 

In the steam-gas mixture in W -1 auger hole, 11(' 

steam condenses between a depth of 1.0 m and thr 
bottom of the hole because of the absence of a tel11-
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lac 

,c 
w 
w 
u. 

20 

II: 
t
o. 
W 
o 

rt'IS\0 \",J 
$" \;,) '> 

(1\\"11\- "0\. 
Sb\"'ty ) 
v,,'l',LI 
o~kJ-, 

lAM p~ 
~ \"(C~} 

-tk 
e.~k-\s 
o\- fu 
vo'c.'(~ 
C)(WU"I. . 

pera 
1 m 
pera 



VAPOR-DOMINATED HYDROTHERMAL SYSTEMS 87 

table 4.--Tempen.luru, preuures, and other data fro"," Y-ll (Sulphur Cauldron) drIll hole. Mud Volcano StU, Yelle.'stone :\.(lona1 ParI<., \.'voM.ins 

Oate and t 11M! 
1968 

8:nA 

12:10 

1:2) 

16 H: I iA 

.Y:!J 

1: ::5P 

II 8:0D'\ 

!.o:l.oW 

1" 7:5U,\ 

8:08'\ 

1 :00 p 

1. 1\):'.0,\ 

11 :t!o 

:"" 7:')4'\ 

R:t>5 

tl :12 

8:22 

;:!:oop 

'1 7 :!.5A 

::)7 

1.!:JOP 

3:41P 

3:50 

:/ 8:00A 

8: 12 

~J 8:15A 

8: lOA 

·11 :00:\ 

21 ~ut nott'd 

JU!'1" 
-Yo 1iJ:OO,\ 

10 

2" 

.~5'.?1. 1969 
21----

Observ,1.t 10n 

depth. D 

,.0 

8.1 

ttl.1 

n.7 

13,7 

(41.8) 

'.1.4 

(17.0) 

56.9 

57.0 

57.0 

72,2 

72.2 

93.4 

105. I 

10S,5 

·105 

96.3 

39.0 

28.0 

Temperature. ·C 

.~ 

(lb.O) 

87.0 

104.,} 
IUS.!. 

10b.4 --

73.0 

(116.1) 

111.1 
131.0} 

137.2 --

(120.3) 

152.4} 
151.9 

151.4 --

151.4) 
151.4 

1 S1. 9 
150.9 --

151.9 

1 S1.1} 
1'1.6 

152.0 --

1 ~~, 1 

1-5 " 
17).9 l "f 

176.1--

1'11.4 
191.~} 
191.1 --

161.1} 
161.3 

161.4 --

l:nderlined data considered most reliable 

D~pth to \later Total pressure 
kg/em 2 

2.1 

2.1 

5.2 

4.9 

•• 7 

4.6 

0.1 

0.85 

1.17 

l.UI:! 

2.05 

o· 6 

1.5-1.6 

5.S then to 
4.1 
i.H dO"':n to 
:>.9 

10.1 dO\"n to 
".0 

12·7 to 11.2 

5.1 

5.4 

5.) to 5.4 

).0 

4.6 

3.2 to 3.5 

COl'V\lents 

Drilled to 6.1 r:'I, Sl!t 4 in. casing, and cpt::.pntt'd on }fAY I~: 
on cel!1ent at 2.0 fII, temp. probably miniMUM. 

80 r.lln. after circulation ceast?J; ~o(td " ... lter j('vt'l J hr. 
aft l'r c i rculat ion ceaYed. 

Orll1ed UL) In: prl's~ure all gas. 

Do. 

Gas !.)Hl\'; 91 10 C <It Io'.:ltcr level. 

1.2 hrs. sinr£' c1rculation; could h.wl' t·ruptt'd; cJrilh·J. 
s~t 27.4 m ) In. c3s1n~ and ct"f;H'nt('tl. 

On cement; tt"mperaturt' probably mini~um. 

I>rilll"cJ 41.8 III; lost cirnll.1tlon 37 . .:'-41.8 m. 

G.1S rrt'!isure frl,.11!\ out~'~'de- roJs, 1.5& k~"m~ 
ten[lC(.Jturc at ..... tter lE'vt'l inside rods ij~C. 

lIJ:t.circul.Jtioll 41.8-S7.0 tnt temp. 1-1/2 hrs. after 
c ircul.Jt ion. . 

~.1 IIrs. after circulation. 

45 hn;. after circulation. 

h'atl!r It'vcl flut.:tuatin~. 

) hrs af!j,r circu1.iltion, prl':.surc flue t\Jilt ing; \o'ater 
disch.H~td ollt!:oide of rods; drlllE'd 72.3 m. 

:;.1' pn·l'~llrt·; Ilote- tt'::lp. ~as.(' !itoc£' ~!ay 20. Drilh'd 
to 9 .. 1.6 ::.; ('ruptt'd after pulling core; nearly all steatl 
.l!tt.~r ru.:h initial \,·ater. 

rl·".!1. I.e :-1ln after eruption; SOt.'lt" ' ... atec \o"ith st ... a~ at 
1. 1 k~/cm2. 

l('.lkin~ !:ott'ar...lt 7.B k~!clll:. thE'O dl.l\o"n to ;.9 k~/eC'l;'. 
501110;' ,,·,Hec. 

Pr ... ssure 00 s1de valve, outside drill cods. 

I.eakin~ Vdpor only. 

Vapor and .1 little .... alt.·r; drillin~ increasingly difricult 
>lCO rr.. Violt'nt l.'ruotiun.Jt 10).7 m. initially much \o'ater 
(drIll \,·.ltt·i1~. then t,\1stly stE'an. 

ll'"Un..: vapor onl". erill rods in hole a rev (~et of( 
bottom; e~.lct Jl'pth not noted. 

R~'J,; pulled, rllmpln~ cold ... ·.ltl'r do ... ·n ,",utside rod.,; thrcUi;h-
oul, vn'$sure with Opt'n holt:' :>27.~ m. l!.lnt:. u? at about 
)).6 m, eruptcd to cll·ar--ro ... ·ertuJ slt'an t'rll?til'O but Httle 
\o'.lter. 

:\otc rn.ljor j1l'rm.lOl'nl chan)!cY tn tt·mpt.·ratutl' oll\d prcs:oure 
aft ... r rods out of hole. 

rht.,rni.,tor tt'ITlPt:'r.lturt' st.'rit's plotted 011 ri!-!.6. Tc"'pcraturl5 
);{·nt!r.111v stl'.ldy and reproducible d\~1.'n to 8:'.1 o.!1uctuating 
sont.'what at greater Jt'nths,UD to ~"c at bot to:"! (maxir::u:,\ is 
olotto...'£l) • 

IL O. :\nlrnil'c >1tl!'mptcd to ".Imrle: f111..·\1 .... ilh .... a?0c to 
e);istin~ buttum. • 

Blocked; no access to ~reater depths; no water to 39.0 r.I. 

Atternptin~~ tlH'rmlstor series; initial tt'rtlperature at tep 7S·C 
1I\crt'asin~ to 107°C .... ith lC'aka~(' of f.:;lS. Ikd~ filleJ \o·ith • 
~as to cave at 28.0 m just bclol.' casifl~; tht'0"1is{oc \o'<,dt!ed 
and lost. Erupted gas. Inud. and !,.;',:Her. gnd collectE'd v.:!ter 
sample. 

PUlllpE'd in 5 sacks of cement at pfE'ssures up to 11.3 kg/cel2 , 

perature gradient. As steam rises above a depth of 
1 m, however, a little starts to condense as a tem
perature gradient first becomes; evident. The gra-

client increases upward as the surface is approached, 
so more water vapor can condense. The residual 
gases are progressively concentrated upward as H 20 
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is condensed, the velocity of upflow consequently de- ground, and at greater depths only about 50 percent 
creases, and a correspondingly smaller proportion of returned to the surface. Despite the apparent high 
the total heat is transported by water vapor. COl1- permeability and loss of drill water, however, the 
vective transport of heat at the air-ground interface temperature of 151.9 0 Cat S7.0 m depth is probably 
must be largely in the residual gases, but· water reliable because it was repeated on successive days 
vapor, even though a minor constituent, is still a with no disturbance by drilling. 
significant transporter of heat because of its high A temperature profile made in the open hole 17 
heat of vaporization (588 caljgl11 at 15 0 C), relative days after completion is ShO\\,11 on Figure 6 (curve 
to heat content of other gases. D). It differs greatly frol11 the temperatnre profile 

The water vapor that condenses between 1.0 m obtained as drilling progressed. The tcmperatnres 
and the snrface at \V-l percolates downwarcl against from 12.2 to 83.5 m were almost constant, rising 
the flow of steam. The grouncl is unsaturated with only 2 0 or so, to 153 0 C at 83.S 111. At greater 
liquid at the bottom oi the auger hole ancl probably depths, rapiel fluctuations of 1 0 to 50 were observed. 
to the local water table (2.3 111 in Y -11 drill hole). These fluctuations were not due to instrumental de
Below the water table at \V-l, pressures must exceed feets and were far too large and too rapid to be 
atmospheric, and temperatnres probably rise along caused by only a vapor phase; coexistence of steam 
or near the hydrostatic boiling point curve of Fig- anel water is thus indicated from 83.5 to 103.7 m. 
ure 6. The pressure of saturated st~am at 153 0 C is 5.3 

The near-surface temperature gradient in auger kg/cm2, which is very close to the mcasured \yell
hole \V-l of Figure 5 is much higher than in T-l, as head pressure, 5.4 kgjcm2

• The temperature of 
we should expect from the heat-flow contours of· 158.2 0 C at 103.7 m, however, is not consistent with 
Figure 4. Projection of the T -1 gradient down\\'ard· the well-head pressure, unless liquid water was 
to the water table at 2.3 111 suggests that temperatures present near the bottom of the hole. From drill 
wcre slightly below boiling at this depth. It appears records, we conclucle that water was probably cntet'
that only a little \\'ater vapor and other gases were ing the hole from clepths as shallow as 58 111 or less, 
rising at the Y-l1 site prior to drilling, and most while an upward flow of steam dominated the central 
heat was being transferred from the water table to part of the casing. Detailed relationships that ex
the ground surface by conduction. ')~ J \,,\ J....I} isted during the thermistor measurements between 

Physical !l1eaSlIre11ll'llts Made Dllrillg Drill}lIg of 83.5 and 103.7 111 cannot be deciphered completely. 
Y-ll.-Data from Y -11 are summarized in Table 4, Evidently some steam was flowing in near 84.2 and 
and bottom-hole temperatures are plotted in Figure 1?3.7 m. \Vater seeping. down from h~gher levels 
6. The bottom-hole temperatures considered to be did not accumulate extenSIvely but was eIther forced 
most reliable are connected by a solid line. Much out into permeable walls or was evaporated by the 
effort was made to obtain reliable data from Y-ll as higher temperature steam. At shallow depths in the 
drilling progressed, in part because of the paucity of hole, horizontal and vertical temperature gradients 
such data from the large commercial vapor-dominated we:e so high that most water vapor c?ndensed and 
systems. Because of the high cost of drilling and reSIdual gases were concentrated, as 111 auger hole 
other factors, available data from the commercial \V-1. The condensed water trickled clown the walls 
systems are entirely restricted to completed wells, of the casing. 
and almost no data are obtained at shallow and inter- On several occasions during the drilling of Y-l1, 
mediate depths as drilling progresses. we were unable to prevent the hole from erupting 

In the recent holes drilled in Yellowstone National for short intervals. The eruptions differed notably, 
Park, temperatures measured at each temporary bot- however, from those in holes in the hot-water sys
tom, just before resumption of drilling (generally tems .of the geyser basins. In drill holes in per
after overnight shut-down of about 16 hours), meable rocks, with adequate \Yater supply, and a 
provided reasonable approximations of pre-drilling temperature of 160 0 C, for example, only 11 percent 
ground temperatures; they are far superior to tem- of the total liquid water vaporizes to steam when 
perature profiles measured in completed holes erupted (at constant enthalpy) to atmospheric pres
(vVhite, Fournier, ~r uftler, and Truesdell, unpub- sure (Fig. 2). The remaining 89 percent of the 
I ished data). Measured bottom-hole temperatures in erupted mass is liquid; the large content of liquid 
Y-l1, however, are less reliable than in the other water produces effects that are similar to those of the 
holes but are considered to be within a few degrees early stages of geyser eruptions. During an eruption 
of original ground temperature. At depths less than of Y -11, however, the local supply of liquid water 
27.4 m, rapid drilling plus the setting of t\\'o strings was soon nearly exhausted and steam became com
of casing prevented acquisition of reliable elata. From pletdy dominant. We estimated that the steam was 
37.2 to 79.3 m, all drill water was lost into the associated with less than 10 percent of liquid water 
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hy weight. Although at no time did the hole dis
charge dry steam free of liquid water, we are confi
dent that a dry discharge would have occurred if the 
eruption had been permitted to continue or if the 
hole ha(1 been cased a little deeper. (The hole was 
°Ullcased below 27.4 111, and the bottom-hole tempera
tures indicate an original dominance of liquid water 
in pore spaces to depths of about 73 m; curves C 
and E, Fig. 6.) 

The pressure of 12.7 kg/cm2 measured in the drill 
rods on l\lay 23 at the greatest drilled depth repre
;'ents the approximate total pressure at the drill bit, 
assuming vapor-filled drill rods raised the usual 3 
to 4 ~ m above bottom (1 to 1 t lengths of drill rods), 
and neglecting the weight of the vapor. If 3.7 111 off 
hottom is assumed, with liquid water filling the hole 
helo\\" the rods, tl1e ,calcula.ted bottom-hole pressure 
was about 13.1 kg/cm2 (with a possible range from 
about 12.8 to 13.6 kg/cm2

). The pressure at the 
bottom of an open hole 105.8 m deep and filled with 
\\'ater everywhere just at boiling should be 10.5 
kg/cm2

• Thus, the excess pressure above hydro
static was about 2.6 kg/cm2 or 25 percent. The fact 
that temperatures and pressures are higher than 
tho~e of a simple hydrostatic control is important and 
mllst he consistent with any satisfactory general 
model of the vapor-dominated systems. 

Liquid-dominated alld Vapor-domillated Parts of 
the Syste11l.-In Y-ll drill hole, water-saturated 
ground evidently extended from the water table at 
2.3 m down to a depth of about 73 m. At 72.2 m, 
the bottom-hole temperature measured 3 hours after 
drilling ceased was 154.5 0 C; 18 hours later it had 
dropped 3 0 C. We believe that this change was due 
to the cooling effect of drill water continuing to drain 
do\\"n the hole and ihto channels that had formerly 
been dominated by vapor. The pre-drilling ground 

/temperature probably ",as not attained at this drilled 
depth and was probably about 165 0 C (Fig. 6, curve 
E) ; flow of water down the hole prevented a normal 
temperature recovery. 

The hole was definitely in vapor-dominated ground 
at a depth of 93.4 m. At this depth an unanticipated 
eruption through the drilJ rods first discharged abun
dant drill water and then changed rapidly to wet 
steam with only traces of liquid water. Such a 
change in behavior is not particularly significant in 
tight rocks of a hot-water system when the water 
available for immediate eruption is exhausted; the 
behu\'ior is similar to that of a geyser as it changes 
f rom its main eruptive phase to a steam phase 
(White, 1967a) , However, permeability was so 
high at all depths below 37 m in Y-11 that little or 
no drill water returned to the surface. Lack of per
meability clearly does not explain the observed erup
tive behavior; a limited supply :of available liquid 

waleI' provides the only reasonable alternative. If all 
lost elrill water had remained in nearby permeable 
ground, the eruption likewise could not have been 
so nearly dry. The drill water must have percolated 
down fonner vapor-filled channels to become un- LN~ l ~ 
available in supporting the eruption. ° / l 

Forty-six days after completion of the hole, mea-~ ~ 
surements made by an in-hole sampling de\'ice ~~ )~J.. '? 
(Fournier anel Truesdell, 1970) demonstrated that ' 
the hole was filled with vapor to 96.4 m. where cay-
ing had occurred. Presumably all drill water was 
then exhausted and all in flowing pore water from 
higher levels either evaporated completely or escaped 
downward through former vapor-filled channels. 

From these data we can concltHle that vapor pres
sure in the hot core of the system below about 76 m 
is now significantly above hydrostatic pressure (Fig. 
6). Some vapor is being forced upward and out
ward into the cooler walls. The excess driving pres
sure above hydrostatic presumably is dispersed in 
overcoming the frictional resistance to flow of vapor 
along narrow channel ways, which become increas
ingly clogged upward and outward with liquid ,,'ater 
condensed from steam; some of the gases other than 
steam dissolve in this liquid condensate. If many 
large free-flowing channels vented to the surface as 
iumaroles and mud volcanoes, the high \'apor pres
sures in excess of hydrostatic ohviously could not be 
maintained. 

Another factor that may be of major importance 
in impeding the escape of vapor is the formation of 
montmorillonite and kaolinite, which are the domi
nant alteration products in rocks and fracture fillings 
of Y-11 drill core from about 15 to 58 m. :\lont
morillonite and kaolinite also occur sporadically at 
greater depths but are generally less abundant than 
other hydrothermal minerals and unaltered rock sili
cates. The condensed steam is saturated with CO2 

and other gases from the rising \'apor. This car
bonated \Yater, represented by analyses 6 and 7 of 
Table 1, is highly effective in altering feldspars and 
other silicates to clay minerals, and in leaching cat
ions from the rocks. ,Pyrite is also relath·eJy ~
clant through the same general interval, from 18 10 
61 m, but is sporadic at greater depths,. 1Iuch sulfide 
'from the rising H 2S evidently dissolves in the con
densate and becomes fixed, co~bining with Fe ill. 
.!be rocks _ 

The hot vapor-dominated core of the system evi
dently is not sharply separated by a single fluid 
interface frol11 the cooler liquid-dominated walls. 
\Ve conclude that, in the core of the system, the 
largest fractures and open spaces are mo~tly or 
entirely fillecl with vapor but open spaces of similar 
dimensions in the margins of the system are largely 
filled with liquid water, except for dispersed clays 
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and vapor bubbles that sporadically rise through the 
water. 

General Model of Vapor-dominated Geothermal 
Systems 

A vapor-dominated geothermal system must nor
mall ~evelo from water-saturated rocks. This 
statement may e unconvincing for young volcanic 
rocks (how do we klloW that such rocks were ever 
water-saturated?) but is irrefutable for old marine 
sediments that are now far below the regional water 
table, as in Tuscany and The Geysers. A new re
gime is initiated with the introduction of a local 
potent source of heat at depth (probably a body of 
magma). 1\1 uch heat is transferred via conduction 
and circulating water into surrounding rocks that 

have some permeability. Because of thermal expan
sion and resulting decrease in ~ensity of the heat<:d 
water, a hot-water convection system is then initjated. 
1v10st rocks seem to be sufficiently permeable to per
sist as hosts for hot-water systems; the rate of flow 
of water remains high enough and the supply of con
ducted heat below the circulation system remains low 
enough for most of the water flowing through the 
system to remain liquid. Near-surface temperatures 
in the hotter systems, however, are high enough for 
some boiling to occur as the water rises to intersect 
the boiling point curve (A of Fig. 6). The depth 
where boiling first occurs in the rising water depends 
mainly on the temperature of the water. 

l\Jany hot-\vater systems are to a major extent 
self-regulating. Vvith more heat flow, the upflowing 
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I ISing vapor 

"".j(" Liquid water, generally descending 

t t Heat flow by rock conduction 

it 1} Heat flow by convection in vopor 

liquid Gradational boundary between vopor-
....l.i- -...U-.. dominated zone and nearly liquid-

vapor saturated paris of Ihe system 

Limits of olher zones 

Zones and other features described 
in text 

FIG. 7. Model of dynamic vapor-dominated geothermal reservoir surrounded by water-saturated ground. The most c.:
nificant parts of the model, inward and downward by number, are: 4) zone of conductive heat flow; 3) zone of l .1-

densation of steam (conductive and convective heat flow equally important); 11) main vapor-dominated reservoir, "0' .'.h 
cOIn-eclive tlpflow of heat in steam in larger channels, and do\\'nflow of condensate in small pores and fractures (slIri",'c 
tellsion effects); 9) deep zone of convective heat transfer, probably in brine; 10) deep zone of conducth'e heat fi"\\' 
(too hot for open fractures to be maintained). Other features are discussed in text. 
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water becomes hotter and lower in density and vis
cosity; the pressure drive for recharge increases, and 
the incrcased rate of through-flow removes most of 
the additional heat. This self-regulation, however, 

. may he limited by insufjlcient permeability. 
\Yith sufficiently potent heat supply or, for any 

reason, a ciecreasing rate of recharge of water, a hot
water system of limited permeability may start to 
boil off more water than can be replaced by inflow. 
A 'L'apoJ'-dol1lillatcd system then starts to form. Di
rect evidence for the assumed initial c1Q!J1jn;!llce of..
l!<Juid water is lackinS" for the major varor-domjnated 
s\'st~ Hot-spring sinter constitutes the clearest 
~idence, and is so interpreted for the l\Iud Volcano 
system. However, sinter is deposited only frol11 very 
hot water that flows so rapidly to the surface that 
little Si02 precipitates en route. In addition~ 
early hot-watcr stac-e of these systems of high beat 

flow and low permeabjlity is likely to have beep Q.ijd 
and their thin sinter deposits (if any) are likely to 
be destroyed by erosion. 

Figure 7 is our tentative general model of a well
devcloped vapor-dominated system. Different parts, 
discllssed below, are keyed by number on the figure. 

(1) Fluids that discharge at the surface provide 
much of the evidence for a vapor-dominated system. 
Fumarolcs (la) are generally at temperatures near 
surface boiling or somewhat lower. High-chloride 
springs are completely absent; associated springs and 
mud pots are generally acid, high in sulfate, and low 
in discharge (such as Ib of Fig. 7, and anals. 2 and 
S, Table 1), and thcy deposit little if any sinter. 
Surrounding ground may be bleached and lacking in 
vegetation. Some springs not so strongly influenced 
by oxidation of H 2S (or containing enough NHs 
absorbed from gases) are nearly neutral in pH and 
are dominated by bicarbonate and sulfate without 
much chloride (Ie, Fig. 7, and anals. 1 and 6, 
Table 1). 

(2) Zone 2 lies between the ground surface and 
the water table. 6 Where hot enough, steam and other 
gases rise above the water table, as in auger hole 
W-l of Figure S. At the water table heat transfer 
is nearly all convective, but as the temperature gra
dient increases upward and water vapor condenses, 
ncar-surface heat transIer becomes largely conductive. 

(3) Zone 3 inhibits the free escape of rising vapor. 
The zone is nearly saturated with liquid water de
rived largely from condensing stcam rich in CO2 , 

i\Iontmorillonite and kaoiinite form by reaction of this 

5 In sands and gravels the water table is easily recognized. 
I n c~ays •. howcyer, the water table is poorly defined. but we 
conSIder It to be the level at which water is maintained in a 
shallow open holc. The zone of saturation can rise as much 
as 10 111 ahove this level, owing to surface tension ill the 
clays. lIydrostatic pressure increases ,downward only below 
the water table as defined in the opell hole. 

CO 2-saturated condensate with rock silicates. Clay 
minerals and condensed watcr clog most pore spaces 
and channels, impcding but in many places not pro
hibiting the escape of residual uncondensccl gascs . 
Temperatures in this zone may be similar to those 
along the hydrostatic reference cune A of Figure 6. 
N ear major channels of upfiowing steam (3a, Fig. 
7), temperatures ancl pressures are somewhat above 
hydrostatic, and conductive heat flow and condensa
tion of steam are conseqllcntly high; at least part of 
the condensate is swept upward to the water table or 
to surface springs, mud pots. and mud yolcanoes. 
A crudc steady-state rate of upfiow is determined 
by prcssure gradients, dimensions of the channels, 
strength of wallrocks, and impedance provided by 
condensate and suspended clays. Other parts of 
zone 3 (3b, Fig. 7) are dominated by downflowing 
condensate and some surface water, with tempera
tures that are likely to be somewhat lower than those 
along reference curve A of Figure 6. As tempera
ture gradients in general increase outward and up
ward through zone 3, more of the heat of vaporization 
in the rising steam can be transferrcd by conduction, 
so water vapor is continuollsly condensing and the 
rate of mass flow of vapor therefore decreases up
ward. A part of the heat in rising vapor is trans
ferred through local horizontal gradients to heat the 
downward-percolating condensate, which must ab
sorb heat as it descends into hotter ground. The 
dashed line bounding the outer part of zone 3 marks 
the gradation in mode of heat transfer from domi· 
nantly con\'ecti~1A~9;, dominantly conductive. 

The lower ~iI'liil:- 6r "pinch-out" of zone 3 is at a 
depth where the hydrostatic pressure of water in the 
reservoir margins exceeds the total vapor ~reof 
~esin the resenoir. Be~ow tl~ ~fJ?th, 
vapo~ can no longer effectively peneFr~1e;fe refet~ . 
111argm. 

\Vells drilled into parts of zone 3 may produce 
liquid dominantly, but if drilled and cased into deeper 
parts they probably yield wet steam and some \Yater 
when first produced (as in Y -11 drill hole). If an 
uncased section of hole intercepts channels of upflow
ing steam and zones of cooler do\\"nflo\\"ing conden
sate, the temperature and pressure of the steam will 
c01111110nly dominate the hole. This occurred in Y -11 
below 72 111. 

(4) Zone 4 is characterized mainly by conductive 
heat flow, with heat being supplied fr0111 condensing 
steam within zone 3. \\Tells bottomed in zone 4 may 
fill with water, and 111ay erupt hot water and some 
steam, but discharge rates are likely to be low and 
the wells noncommercial. 

(S) Representative channels of intermediate-level 
recharge are deep enough at points of entry for 
hydrostatic pressure to exceed the vapor pressure of 

• 
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about 31 to 35 kg/cm2 in the main reservoir (zone greater than that of liquid water, and specitic flow) ) 
11). resistance of a two-phase mixture is greater than a \ 

Channels of inflow tend to be enlarged by solution linear com!Jination would indicate (1. G. Donaldson ( 
of SiOz as the inflowing water is heated by conduc- and Gunnar BodYarsson, oral C0l11111un., 1970). Be
tion (indicated by heat-flow arrows in Fig. 7). cause of evaporatiye concentration by boiling and 
Channels are diminished, however, by deposition of because of decreasing temperature, quartz and other 
CaCOa and CaS04 , which are rather unusual in minerals are now deposited, further impeding the 
decreasing in solubility with increasing temperature flo\\' of the t\Yo-phase mixture. The result of all Of)' 
(see, for example, Holland, 1967). In all rocks these processes is to decrease the rate of recharge 
with recharge waters relatively high in CaCOa and through the deeper channels. / 
CaSO., channel permeabilities are especially likely (8) The deep subsurface water table recedes as 
to decrease rather than increase with time. These long as the heat supply is sufficient for net loss of 
considerations may be important in understanding liquid water and vapor from the system to exceed 
Larderello, which involves anhydrite-bearing lime- net inflow (water table shown in Fig. 7 is horizontal, 

r V'\t.i.~ 
stone and shales, and The Geysers, wher~t{l1:1IJC lavas but it may be very irregular in detail). As mentioned 
and serpentine are associated with graywacke and above, recharge tends to decrease with time as re
shale. .._ n ~ ---~ sistance to flow of H 20 through individual channels 

(6) Zone 6 cOVSists of reservoir margins wher~ increases. As the water table recedes and liquid 
temperatures decrease toward the reservoir. The\\ water in the reservoir is largely replaced by yapor 
depth of the top of zone 6 is not easily predicted. at nearly constant pressure throughout the reservoir, 
If there were no convective heat flow, the' depth \ the driving pressure on the deeper channels of inflow 
would be near that of the 240 0 C isotherm of the I increases, offsetting in part the increasing impedances. 
original conductive gradient from the surface to the I A crude steady state may be attained in some sys
magma chamber. If 600 0 C is assumed at 4 km, I tems, especially as rate of heat flow eventually starts~ --.J. 

for example, and the rocks are homogeneous, 240 0 C I to decline. 
would be at 1.6 km depth. The development and i (9) With time, if not initially, the water boiling 
downward penetration of the main vapor-dominated I below the deep \vater table becomes a brine as re
reservoir as excess pore water is vaporized result in I charging \\"ater boils off and as dissolved substances 
extensh'e convective modifications of temperature III' of low \'olatility are residually concentrated. Vapor 
that greatly change the relationships. Convective from brine is superheated with respect to pure water 
cooling frol11 downflowing meteoric water increases at the same pressure. Steam boiling from 25 percent 
this depth, and a shallower intrusion at higher tem- I N aCl brine at 3S kg/cl112

, for example, is superheated 
perature decreases it. These reservoir margins con- I by about 12 0 C with respect to saturated steam and 
tain channels of inflowing water at pressures that are I pure water (2540 vs 242 0 C, Haas, 1970). The 
close to hydrostatic and much greater than ---33 kg/ i critical temperature of a salt solution increases above 
cm 2 of the rcscrvoir. Sharp pressure and tempera- . that of pure water (374 0 C) as salinity increases; 
tll re gradients decreasing toward the rcservoir must that of a 1 percent NaCI solution is about 384 0 C 
therefore exist in zone 6. In contrast to zone 3, heat (Sourirajan and Kennedy, 1962, p. 134); that of a 
is transmitted through zone 6 by conduction (and 10 percent solution is about 480 0 C; and that of 
in flowing H 20) to the rescrvoir. The tempcratures a 25 percent solution is about 675 0 C. Thus, brill( 

I of zone 6 ~rade downward into, and are maintained can be a very effective agent for convectve transfer 
\.by conductIOn from zone 10.' of heat and dissolved matter at temperatures mucl~ 

(7) Channels of in flowing water are narrowed by above 374 0 C. Note that 'Figure 7 has no vertica. 
precipitation of calcite and anhydrite as zone 6 is scale; the depth of zone 9 may be 1,000 m or more. 
approached; clogging of channels by these minerals and through all or 1110st of this depth, pressures an 
of decreasing solubility may be offset entirely or in lower than hydrostatic pressures outside the systen 
part by solution of quartz, which increases in solu- ('Fig. I, curve C, increases downward in slope). 
bility .. s long as the liquid water continues to rise in (10) Conductive heat flow from the magma pre 
temperature. At the outer edge of zone 6, however, dominates deep under the resenoir where rock pla~ 
pressures and temperatures in the recharge channels ticity due to increasing temperature prevents th 
attain their maxima; with further flow toward the maintenance of open channels. On the outer mar 
reservoir, boiling commences and temperatllre de- gins of zone 10 where convective disturbance is n(;' 
cl illes as the pressure drops to that of the reservoir. so sevcre, conductive heat flow predominates j. 

The fluid in these channels is now a two-phase mix- higher levels than under zonc 9, grading upwar,; 
ture of steam and water. Specific ·resistance to flow without distinct boundaries into zones 6 and 4. T1:· 
(resistance per unit of mass) of steam is much ' amount of convective circulation may evcntually ell 
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crease beneath the vapor-dominated reservoir by 
decreased permeability from deposition of minerals, 
and possibly as a stable salinity gradient becomes 
established. 

11) The main yapor-dominated reservoir contains 
liqllid 'loafer alld vapor coexistillg, except possibly 
in major channels of steam discharge and locally just 
above the brine water table. Stearn and other gases 
rise in the largest channels where resistance to flow 
is lowest. Steam starts to condense on the outer 
borders of the reservoir and continues to condense 
frol11 all vapor escaping into zone '3, where tempera
tures decrease outward and provide a thermal gradi
ent for conducth'e transfer of the heat of vaporization 
of stearn. The condensate from zone 3 percolates 
down into the reservoir, favoring narrow channels 
and pore spaces between mineral grains because of 
surface tension and the lower specific resistance to 
flow of liquid water relative to steam. 

Edwin Roedder (personal commun., 1970) has 
suggested that our model for vapor-dominated sys
tems is similar in many respects to recently-devel
oped remarkable devices that have been called "heat 
pipes" (Eastman, 1968). These devices may be 
"several thousands of times more efficient in trans
porting heat than the best metallic conductors." They 
consist of a closed chamber with inside walls lined 
by a capillary structure or wick, and saturated with 

Table 5.--Saturation temperatures of water calculated 

for ideal steam-gas mixtures at constant vapor 

pressure, 31.8 kg/cm2• 

Percent Percent Pressure, Saturation 

b':j 
steam 
v,,-t , 

other gases 
'b~ llll\ 

kg/cm2 temp.,·e 

100 0 31.8 236 

99 1 31. 5 235.5 

98 2 31.2 234.9 

95 5 30.2 233.1 

90 10 28.6 230.1 

80 20 25.4 223.7 

70 30 22.3 216.9 

50 50 15.9 200.1 

30 70 9.5 176.8 

10 90 3.2 134.7 

5 95 1.6 113.0 

1 99 0.3 68.0 

a volatile fluid. Heat is transferred by vapor from some steam can condense and other gases are residu
the hottel' to the cooler end, where the vapor con- ally concentrated. Pressure of the remaining water 
denses. The liquid condensate returns by capillary vapor requires lower saturation temperatures, as 
act iOIl to the evaporator section; temperature grad i- shown in Table 5. This table suggests that tempera
ents in the pipe may be extremely low. The top end hIres in isolated parts of the reservoir differ little 
may be the hotter, with capillary return of liquid (to frol11 236 0 C until the residual gases are enriched 
some limited height) being opposed by gravity. Our above 5 percent. vVith higher residual lias contents, 
natura.l "heat pipes" are not completely closed sys- illnperatme ,eracijents and conductive heat flow il~ 
tems, and their depth has no theoretical limit because crease. 
gra vity assists rather than opposes the return flow .- The above-described relationships may explain the 
of condensate. relatively high pressures and low temperatures of 

Parts of the subsurface reservoir such as l1a of the vapor-dominated fields of Bagnore and Piancas
Figure 7 Illay be isolated from direct outflow of tagnaio near Monte Amiata (Burgassi and others, 
\'apor and may be representative of parts of the 1965; Cataldi, 1967). Initial pressures were 22 to 
Larderello and The Geysers systems that have no 40 kg/cm2 and gas contents of the vapor were as 
apparent direct discharge in fumaroles. pressure

3 
high as 96 percent, but reported temperatures did 

th!'ollghout the re.s.ervoir are controlled pri;l~Y not exceed about 150 0 C (Burgassi, 1964; Burgassi 
the total vap..QLpreSSU(L'!.Lthe boiling water table, I and others, 1965; Cataldi, 1967). Pressures and gas 
modified by frictional resistance to the upward flow contents of the vapor decreased rapidly with pro-
of vapor and by the weight of the vapor. Near the ductiol1. cpw\ -D\.v}-
t?ty 0L.~lls"l~~~~ \'a~~~~::;;l- Si~ni1ar reasoni~g. indic~~es .th~t high contents of1 \'yv\?\'l-QIv\ 
rIC led 1~1 ,,,tlgS, 3:£~)J~~~sJl1»,t~~~U2t gas 111 vapor coexlsttng WIth. hqUid water at a tem-

J 
; 1 

flt1jlle~,h~_~1~<\Szw~::s1~'!l.!1~i1~OP. perature n~ar that of the maxImum ~nt~lalpy of steam v~ l 
of the 111;!lll~JJ~~iJ:..,,,11l). ~'fuch water vapor can result 111 total vapor pressure slgl11ficantly above 
cot1demes helow theK\56(i~ldary of the vapor-domi- 31.8 kg/cm 2 at 236 0 C (Table 6). These data indi-
natcd rescnoir near 11a. In contrast to the flushed cate that, as contents of other gases increase in the 
part of the main resen'oir, significant thermal gradi- vapor phase at constant temperature of liquid and / 
ents exist in the poorly flushed parts. : Consequently, vapor, total pressures must increase. The least ___ - /' 

t ~ tM- V'/lA-\ ~/Vvld- }/v"C;'Sf.1} c...... IA;::C-i: ~o±o·~b~ 
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I.ijV, vf" ~?, 0 CVV" (v/\-"- ,,',.\J4\r, (}Jb<)\..,QLvv<.4, 



,~ClA "'~ Vvv'V~.0.f\. /\"-. 'Iv~'l' 
! 'if'. ~ ~. 5~ Vo~~ 

-y~ ~, ~OV"\.-~~~-"A. vvpw t.,)", 

94 WHITE, MUFFLER. AND TRUESDELL 

Table 6.--Total vapor pressures of steam-gas 

mixtures coexisting with liquid water at 236°C 

Vol. percent H20 Pressure Total 

gas in pressure other gases, pressure, 

vapor kg/em2 kg/cmZ 

° 31. 8 0 31.8 

1 31.8 0.3 32.1 

2 31.8 0.7 32.4 

5 31.8 1.7 33.5 

10 31.8 3.5 35.3 

20 31. 8 7.9 39.8 

50 31. 8 3i.8 63.6 

:t\ ate: Pressures 32.4 and 39,8 in column 4 should read 
32,S and 39,7 respectively, 

actively flushed extensions of The Geysers field that 
ha\'e recently been discovered are likely to have 
hio-her cras conte~ts and initia.l prei'isur~ ,than the 

b b . Dt .t \ \9A b ~ f, 
original field. ~ ~" ' n~~<:J/oA.\;v.:~~: <TV] "'''\7 

Table 6 also suggests a ~sslble tnggenng mecll~
nism for some hydrothermal explosions and phreatic 
eruptions (Muffler and other, 1970) in gas-rich hot
spring and volcanic systems where escape of vapor 
and flushing of residual gases are inhibited by bar
riers of low permeability, Local accumulatons of 
gas-rich vapor can attain pressures that exceed hy
drostatic and perhaps even lithostatic, finally result
ing in rupture and explosive eruption. 

The tentative model described above has additional 
support from thermodynamic calculations and com
parison of actual production data with prodt:cti~n 
predicted 'on the basis of our model manllscnpt ~n 

re aration). Vl e are hopeful that t le 1110 e WIll 
prove to e of value in predicting the behavior of 
individual wells, in detecting interference between 
wells, in detecting inhomogeneities within the reser
voir, ill calculating reserves of steam in the original 
vapor-dominated reservoir, and in detecting a major 
influence by increased boiling below the water table 
as a result of declining reservoir pressures. 

Speculations Relating Vapor-dominated Systems 
and Ore Deposits 

Some mercury deposits may have formed in the 
upper parts of vapor-dominated systems. \ \' c also 
suggest, more tentatively, that porphyry copper de-

posits may have formed in the deep brine zO:les 
hypothesized to underlie vapor-dominated res~rvolrs 

M crclIry Deposits.-r.Iany mercury depOSits ap
pear to have formed near the surface in ~e1atively 
recent time. Furthermore, mercury depOSits occur 
on the periphery of two active vapor-dominated geo
thermal systems: The Geysers in California and 
Monte Amiata in Italy (White, 1967b; Dickson and 
Tunell, 1968). Recent geothermal exploration for 
extensions of The Geysers field disclosed dry steam 
2} km to the west under the Buckman mercury 
mines. Other wells yield dry steam near Anderson 
Springs, only Ii km from the Big Chief a~ld Big 
Injun mercury mines (White, 1967b), wInch are 
10 km southeast of the original steam field. A num
ber of other mercury mines in the district are within 
3 km of steam wells. 

Vapor-dominated systems of high g~s content, pre
viotlsly discussed, have recently been discovered from 
3 to 10 km south and southwest of the major Monte 
Amiata mercury mine (Burgassi and others, 196?; 
Cataldi, 1967), the largest Ital ian mercury depOSIt. 
No vapor-dominated reservoir has been found. to 
prove a genetic relation to the mercury depOSits, 
although abnormally high temperatures (63 0 C at 
440 m depth) and notable concentrations. of CO~ ~nd 
H S characterize these Italian depOSIts (\\' lute, 
1967b). Dall'Aglio and others (1966) have showll 
that mercury occurs in anomalous amounts (> 1 
ppm) in stream sediments in and around. the, Larde
rello-Monte Amiata fields. The anomaltes 111 some 
stream drainages may be related to specific merc.ur) 
deposits, but many clearly are not. . These \\'lde
spread anomalies ,instead seem more directly r~lat~(' 
to the geothermal fields and their broad anomalles I: 
temperature gradient (Burgassi and others, 196.~ 
Fig. 7). 

Krauskopf (1964) has emphasized the high vol~ 
tility of mercury, which provides an attractive mech: 
nism for separating this metal from most other 
The vapor-dominated geo:hermal syst:ms, as \' 
now understand them, provide a mechamsm for shal 
low, moderately high temperature vapor-phase ser 0.. 

ration of mercllfY from other metals. i\Iercury \ S 

kno\\'n to occur in vapor from The Geysers steaM 
field (White, 1967b, p. 590, and unpub. ?ata) , and 
large mercury anomalies have been found 111 '\ eHow 
stone Park in l11uclpots of the i\1 ud Volcano area a 1\0. 
elsewhere, that are maintained by steam flo\\' [lYlci 

condensation (VV. Vi. Vaughn, U. S. Geo!. SIlf\,('Y. 
written commUI1" 1969). Especially attractiYe is the 
possibility that Hg and H 2S dissolv~ in the sU-,o~ 
condensate of zone 3 of our model (Fig. 7), prec; <1-

tating as HgS as temperature decreases an? as ,;Ie 
pH of the condensate increases from reaction \1 ,iil 
silicates. 
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\\'e cIo not claim that all mercury deposits form in 
this \\'ay. The Sulphur Bank and Abbott mines east 
of The Geysers, for example, are associated with 
discharging thermal chloride waters that may be, 
respectively, metamorphic and connate waters being 
forced out of their source rocks by litho static pres
sure (White, 1957b, 1967b). During peak minerali
zation at high temperatures, similar water was almost 
certainly being discharged, perhaps with more abun
dant vapor than now. 

Porphyry Copper Dcposits.-The possibility that 
porphyry copper deposits may be forming in the zone 
of boiling brine below vapor-dominated systems 
(zone 9 of Fig, 7) should be tested in these systems 
by looking for copper minerals in core and cuttings 
from the deepest drill holes. The model provides 
attractive possibilities for explaining many aspects 
of these deposits: 

1. Recent isotope studies (Sheppard, Nielsen, and 
Taylor, 1969) demonstrate that water of meteoric 
origin probably is dominjlnt \.&veli water", of...., other 
.. d' . I' \(,t'.(J CA t U0J+ I"", (1"\ 'l.\ . ongms unng mmera 12atlOI1 s -ages. 
2. Temperatures of filling of fluid inclusions are 

most commonly above 250 0 C and exceptionally 
range up to 725 0 C (Edwin Roedcler, oral and 
written commun.). The salinities of many inclusions 
are exceedingly high, probably ranging up to 60 per
cent of total fluid by weight. However, many inclu
sions are largely vapor, probably indicating boiling 
of the &'lline fluid at the time of entrapment. 

3, Fluid relationships and the geologic setting of 
Copper Canyon, Nevada, are considered to be gen
erally similar to porphyry copper deposits (J. T. 
Nash, written COI11I11Un" 1970). Extensive fluid
inclusions studies by Nash and Theodore (1970) 
demonstrate that a) temperatures are most commonly 
in the range of 315 0 to 375 0 C; b) salinities of the 
ore fluids are commonly in the order of 40 percent (or 
higher, if CaCl2 is abundant), with highest salinities 
in and near the porphyry intrusion and with lower 
salinities (2 to 15 percent) in peripheral gold-bear
ing deposits; c) vapor bubbles were trapped in many 
inclu~ions, demonstrating the prevalence of boiling 
or near-boiling conditions. The copper deposits -are 
largely dispersed in the intruded rocks adjacent to 
the porphyry, and thus are within the spectrum of 
deposits that have been called porphyry copper de
posits (Lowell and Guilbert, 1970). 

4. High-salinity brines can develop from residual 
concentration of dilute (or saline) recharge water, 
providing a satisfactory system for transferring heat, 
metals, sulfur and CO~ from the large magma body 
that presumably underlies the smalll11ultiple porphyry 
intrusions of most deposits, The c~itical temperatl11'e 
of water increases with salinity; with sutlicient con-

tents of alkali and calcium chlorides, water can re
main liquid at temperatures as high as those of the 
magma body. Copper and other metals could be de
rived from the local porphyries, a larger underlying 
magma chamber, and from surrounding rocks. 

5. The return flow of condensate through the 
vapor-dominated reservoir is relatively dilute, but is 
normally saturated in Si02 (with respect to quartz, 
440 ppm at 240 0 C, Fournier and Rowe, 19(6). 
Reevaporatioll of this water may account for much of 
the abundant hydrothermal quartz of porphyry cop
per deposits. 

6. Condensate from the discharge areas of vapor
dominated systems is high in sulfate. Some and 
perhaps much of this condensate may drain down
ward to the deep water table and account for the 
abundant anhydrite of many porphyry copper de
posits. 

7. The most commonly quoted range in depth for 
the tops of porphyry copper deposits is from 1.000 
to 3,000 meters (Lowell and Guilbert, 1970). The 
shallower depths seem too low for attaining the indi-
cated temperatures and salinities, but may be possible 
in a brine below a shallow vapor-dominated reser-
voir ('Fig. 1, curve C, can be at shallower as well as 
greater than plotted depth). 

ttwl-. ",4 l 

t'n,,-~l- O'\-..ll 
h\..bl~' , 
:»..4ow~1 
\N(.h" h\o ~ l 

I 

8. If porphyry copper deposits were indeed formed __ I' \ 

at depths of 1,000 to 3,000 meters, iLL~e ~\:,~\.\!\;". 

water of the ore fluids is of s~in, as indi-
cated by isotopes, and if near-magmatic temperatures 
and excess heat flow were maintained close to the 
surface for thousands of years, some type of hydro-
thermal activity mllst have characterized the then-
existing ground surface. Hot-water systems are 
numerically far more abundant than vapor-dominated 
systems, and may be the surface expression of some 
kinds of ore generation (\ Vhite, 1967b, 1968a), but 
dissolved salts are dispersed by discharging water, 
and extreme sal inities are not ordinarily attained, 
The highest salinity yet known in active hot-water 
systems is about 25 percent, characterizing both the 
Salton Sea and the Red Sea geothermal brines 
(\iVhite, 1968a). Chemical evidence indicates 
strongly that the high salinities of these two systems 
result from the solution of NaCl-rich evaporites. 
\Ve doubt that evaporites are also involved in the 
generation of all porphyry copper deposits; some 
other mechanism for attaining extreme salinity is 
indicated. Our proposed mechanism for residual 
concentration of salts by boiling below vapor-domi-
nated systems is a feasible and attractive possibility, 

9. The postulated water below a vapor-dominated 
reservoir may be characterized by high positive tem
perature and salinity gradients extending downward 
from the deep water table (Fig. 1), thereby provid
ing a favorable environment for upward transport and 

. '\-9 S-cJ.\ft\ \ ~'\ '1 - t r::ry-;;l'J;:;-Jv\. J~noJY\ ~( 
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