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Silica in hot-spring waters* 

DONALD E. WHITE, W. W. BRANNOCK, and K. J. MURATA 
U.S. Geologi"al Sun'cy, \Vashillgtoll 25, D.C. 
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Abstract-The silica in hot·spring waters and in a few cold waters was studied by means of the colori. 
Itletrtc ammonium-molybdate method of analysis. ::\!t:-RATA found in 1947 that only a part of the total 
'!hca in aged samples of high-silica waters was determinable by the colorimetric method. VVEITZ, 
hANCK, and SCHUCHARD later showed that ammonium molybdate reacts readily with the monomeric 
fonn of silica (probably H.SiO,) but very slowly with polymeric silica. If the colorimetric measurement 
18 COmpleted in two or three minutes, only the monomer is determined. 
. Nearly all silica of hot, springs is in the monomeric form. Solubility equilibrium exists between 

'hs.~olved (monomeric) and amorphous silica. For the hot springs that were studied, the solubility is 
a
1
bout 315 p.p.m. at OO°C and 110 p.p.m. at 25"C, which is very similar to KRAUSKOPF'S experimental 

I IIta. 
::\Ionomeric silica polymerizes so slowly to colloidal silica that many waters are supersaturated with 

respect to amorphous silica. The rate of polymerization is influenced by pH, temperature, degree of 
~upersaturation, presence of previom!ly formed colloidal and gelatinous silica, and contact with opal 

* Publication authorized by the Dil'eptor, U.S. Geological Sl1l'\·ey. 
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and ot,her substances. Suporsnturatod ncid waters uIHI alkaline Wl!terB with less than I OO'~;. ElJ • 

sntumtion tend to romain supcrsaturat,ed almost illdefillitcl~-, with little or no change. Preci]>itul~ t, 
of colloidal silica is favoured by high temperat,ure gild COlltuct wit" opal, lu" 

Many connate and other ground waters, including som~ thermal springs, are much below snturat' 
with respect to amorphous silica, probably because low-solubility quartz and chalcedony hu\'(> l){~:l' 
precipitating. " 

Quartz is favoured by relatively high temperat,ure, slow rate of precipitation, and low degr,'{. 
supersaturation, and is believed to form by deposition of monomeric molecules. Chalcedony is probol ~f 
deposited when the degree of supersaturation is moderately high and the rate of deposition is relativ:'l~ 
fast. The ranges oLtemperature over which quartz and chalcedony deposit no doubt overlap, but '1 
other factors ere equal, quartz is favoured by high temperature. . t 

Opal is favoured by relatively low temperature and rapid rate of precipitation. Although 0 J 
has probably been deposited at temperatures as high as 140°C, it is unstable and is slowly convertedr~ 
chalcedony or quartz. \Vater that is saturated with respect to opal is highly supersaturated with resp.:: 
to quartz. Opal is probably formed from monomeric or more probably, the smaller polymeric molecul 
of silica, retaining some of their water content. Evidence is Jacking for the direct conversion of gelatinn:;: 
silica to opal. Some differences in solubility probably exist between amorphous opal and opal thaI 
shows X-ray pat,terns like that of cristobalite. 

The suggestion is made that cla~' minera),; form by combination of monomeric silica and a comporahl,. 
form of monomeric alumi11a, which must have vpr,\' low solubility in waters within the pH range of 5 to!l 
Because of the abundance and relatively high solubility of silit'a, the proposed reaction, dissoh't-d 
nlumina + dissolved silica "'" c1a~'. is ordinarliy displaced strongly to the right in hydrothermal aheratio, 
and in or(linary soil formation. \Vith removal of free silit'a, aided by tropical rainfall and temperatul"t.,: 
the reaction may be displaced to the left by dissolution and removal of silica from thc system. AhnnilJa' 
because of it~ very 10"" solubility, remains as bauxite. . 

INTRODUCTION 

History of the investigation. In 1947, K. J. MURATA found that the quantity of 
silica determinable by standard colorimetric methods in aged-water sample>, 
from Steamboat Springs, Nevada, was much less than total silica determined 
gravimetrically. A few measurements by MURATA and 'WHITE at the spring~ 
with a visual comparator demonstrated the fact that colorimetrically determinabll' 
silica in fresh samples was approximately equal to the gravimetric determinat.ions. 
BRANNOCK and 'WHITE then made a series of detailed measurements in 194R 011 

fresh and aged samples, using a, portable battery-operated colorimeter. 
In samples of high-silica ,vaters that were aged at room temperature, some of 

the silica became nonreacting to the colorimetric reagent, molybdate, but tIl(' 
nature of the reacting silica remained uncert.ain until \VEITZ, FRANCK, and 
SCHUCHARD (1950), and ALEXANDER, HESTON, and ILER (1954) demonst.rat{'d 
that monomeric silicic acid reacts completely with molybdate in about 75 S{'t'. 

but that dimeric and polymeric silicic acids require 10 min or more. 
In 1954 KONRAD B. KRAUSKOPF started laboratory experiments that wpn· 

designed to clarify some of the relationships we had found in natural watel'~. 

His results, published in a separate paper (1956), agree strikingly with Olin;, 

His paper should be consulted for a review of previous work, for definition of 
terms, and for general principles applicable to our study, which is conce\'Jl{'d 
largely with the behaviour of silica in nature. 

lIiethods. The values for dissolved (monOlneric) Rilica and most total silica reported by tl" 
authors were obtained colorimetrically by methods based on t.he formation of the yeJlO\\ 
silicomolybdate complex. The measnrements were first madc by \'isual comparison with a sori", 
of empirical standards, and in later work with a portable photo-electric colorimeter that WIl' 

taken into the field. 
For those determinations of dissolved silica in 'which the photo-electric colorimet.er was uh,·d. 

measurements were made on solutions which contained 10 ml of water sample and 10 ml of 
reagent solution dilut,ed to a total volume of lIO 1111 with distilled water. The reagent solutioll 
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Silica in hot-spring waters 

was ,\ 5% solution of ammonium molybdate in 2 N hydrochloric acid. The tomperatLlre of the 
distilled water was adjusted prior to mixing ~o that, upon mixing, the temperature of the 
r!'BlIlting solution was approximately 32°0 (90°F). vVithin three minutes after mixing, the 
yellow colour of the solution reached maximum intensity and remained constant for about 5 min. 
The reading at maximum intensity was referred to a stanclard curve, and after a blank correction 
was made for silica in the reagents and the distilled water, the concentration of dissolved silica in 
the sample was obtained. 

The standard curve was based on readings obtained when a series of solutions containing 
known amounts of silica, prepared by fusion of quartz powder with sodium carbonate, were 
"al'ried through the procedure described above for the determination of dissolved silica. 

In the determination of total silica, 150 mg of soriium hydroxide was added to 10 ml of water 
sample, and the resulting solution was boiled for 5 min, neutralized with hydrochloric acid, and 
"!llTie" through the same procedlU'e as that used in the determination of dissolved silica. 

The determination of dissolved silica was generally reproducible within 5 p.p.m. Fifteen 
"'lI11pnl'isons were made between dissolved silica in fresh samples and total silica in the same 
"'mples, determined colorimetrically within two days after collection. Only four of the fifteen 
differpd by more than 5 p.p.m. and two by more than 7 p.p.m. Total silica was also determined 
III eight aged samples by gravimetric as well as by colorimetric methocL"l. On the average, the 
1.'1·I1\-imetrie value was 1;~ p.p.m. greater than the colorimetric. As discussed later, the reason for 
the discrepancy is not known, but it may be a lessening of colour intensity with increasing 
"Hlinity. A salt-factor correction of 1-23 times the apparent content is necessary for sea water 
(CHO\\' a.nd ROBr~soN, 1953). 

RELATIONSHIPS AT HOT-SPRING VENTS 

Dissolved silica. The content of dissolved silica (here used synonymously 
with monomeric silica or monosilicic acid, in contrast to polymeric or colloidal 
,;ilica) in vent samples is identical to total silica determined colorimetric ally, 
within the limits of accuracy of the methods (see Tables 1 and 2). 

Colloidal silica. WHITE has observed colloidal silica in vent samples from two 
"IJI'ings in Norris Basin of Yellowstone Park and also at Haukadalur and H veravellir 
in Iceland. The waters are slightly opalescent in sunlight, but not turbid. They 
.Ire all exceptionally high in total silica, ranging from 500 to 700 p.p.m. Upon 
'tanding, they become much more opalescent, in contrast to acid springs of 
sOO1e,,-hat similar appearance that become clearer with settling of suspended 
da\-_ 

-'Ieasurements at Porcelain Terrace, Yellowstone National Park (see Table 2), 
pr(H-e that, even in the highest-silica waters, most of the silica of fresh samples is 
dissolved in the monomeric form, but a little is colloidal. In other springs, when 
('olloidal particles form at high temperature, they generally grow rapidly to super
tolloidal size and precipitate as gelatinous silica. 

Gelatinous silica. Total silica as used in this paper includes silica in solution 
"_n~l in colloidal suspension. A few springs at Steamboat Springs' contain gelatinous 
Silica that is transported in mechanical suspension but that settles when rate of 
tnovement is sufficiently slow. This siliceous sediment is notable for its high 
tf)ntent of antimony, mercury, gold, and silver (BRANNOCK et al., 1948, p. 222-223) 
lIlld is flushed out of the spring system in abundance at times of high discharge. 
. Of the Steamboat Springs shown in Table I and Fig. 1, springs 21, 24, and 50 
~re depositing much gelatinous silica in or immediately below the spring vents; 
. ''ler amounts were depositing from springs 2, 3,4,8, 16, 18, 19n, 23, and 44. 
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Solubility and te1npemtu1·e. In Fig. 1, the dissolved silica of vent sampleB 
been plotted against temperature when collected. Although many points sugg

eRI 

random scattering, only three are significantly above the solubility of amor]lh~ 
silica as indicated by the compilation of ALEXANDER et al. (1954, p. 453), and ill 1-

are somewhat lower. An approximate solubility curve for hot springs is indicat~d Oilt 
Fig. 1. This curve was drawn through the equilibrium point for samples aged: 
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Fig. 1. Relation of diHsolved silica and temperature of water at time of collection. 

room tempera,ture (discussed later in detail), and the points for springs 23. IS. Hl"; 
21, which are depositing gelatinous silica. All springs known to discharge gelatilllill~ 
silica at their vents are believed to be sa,turated or supersaturated with respPC't \fo 

amorphous silica. All waters above the approximate solubility curve were prohn);!:, 
supersaturated, even though some were not depositing gelatinous silica; most .. ( 
the ... vaters below the line were probably unsaturated with respect to amorpho ll ' 

silica, although some may have been slightly supersaturated. It should l~ 
emphasized that a precise solubility curve cannot be determined by this IllP! h(J{\ 
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Silica in hot-spring waters 

hib The indicated solubility for amorphous silica in. hot-spring water is slightly 
sLI l"wer than the solubility found by KRAUSKOPF (1956)_ In the hot-spring samples, 

Olh 110 correction has been made for the salt effect described by CHOW and ROBINSON 

lOot 
[lillie I. Silica content of hot springs and miscellaneo~s waters, Steamboat Springs area, Nevada. 

lOll 

I at 
lli",nlved silica determined by the colorimetric method within five minutes after collection 

of the samples. 

I Date 
i I D' : Ttl IS-

"pring 
Temp. pH2 CI, I:::; ~o a solved COInlnents 

3 ,1 2' I S'O I Collected °Cl p.p.m. I 4 1 2' ,p.p.m·i 
I IP ·p ·m . 

-------~--------
---~~--~--

9/24/48 88 7·98 868 I 332 
In 9/24/48 92 6·37 872 331 
2 9/24/48 87 6·28 912 339 Some gelatinous Si02 in spring 

:1 9/24/48 72 6·46 918 327 Some gelatinous Si0 2 in spring 

4 9/24-/48 49 5·82 996 254 Some gelatinous SiO 2 in spring 
Some drainage from 5 

;) 9/24/48 93 6·96 972 324 
:; 10/2/48 95 7·34 926 330 324 
6 9{24{48 79 6·91 924 256 Discharge pt. for 7 
7 9/24/48 92 6·59 906 266 
S 9{22{48 72 7·54 850 313 Some gelatinolls Si0 2 in spring 
\} 9/22/48 67 6·10 844 298 

to 9/22/48 72 5·85 840 316 
14 9/14a/48 80± 5·10 566 258 
1+ 9/22/48 68 5·03 572 247 
14 10/2/48 92 5·99 456 223 226 
16 9/14/48 88± 6·2 896± 341 Some gelatinous Si02 in spring 
16 9/22/48 88± 6·21 896 331 
17 9/22/48 90 6·62 908 301 
l:l 9/16a{48 90 6·45 916 316 0930; some gelatinous Si0 2 

in spring 
IS 9/22/48 92 6·54 908 331 Some gelatinous Si0 2 in spring 
IS 10/5148 89 331 Some gelatinous SiO 2 in spring 
19n 9/22/48 76 6·90 882 308 Some gelatinous Si0 2 in spring 
20 9{22/48 86 6·14 872 317 
21 9/17a/48 83 6·15 888 296 293 0940; much gelatinous Si0 2 

in spring 
21 9/17b/48 295 1350; much gelatinous Si0 2 

21 9/24/48 84·6 6·17 884 291 292 in spring 
21 9/30/48 84·2 6·62? 888 288 289 

[ 
21 10/5/48 84 297 
2:1 9/22/48 94 7·21 928 331 Some gelatinous Si0 2 in spring 
2:111 9/13/48 7·66 924 325 Small active geyser 
2:1n 9/22/48 93 7·8 924 328 
23n 10/2/48 94 8·19 922 320 322 
24 9/13a/48 93 7·05 924 348 1430; much gelatinous Si0 2 

in spring 
2{ ! 9/14/48 94 7·43 932 345 
:?{ 9/22/48 93 331 
2{ 10/2/48 94 7·54 920 335 335 

31 



Hpring 

25 
25s 
26 
26 
32 
33 

44 
46 
50 

50 
St.eam

boat well 
Sout,h 

St.eam
boatwell 

Tachino 
-} well 

Tachino 
-2 well 

DmTIonte 
Zolezzi 
Bowers 
Moana 

well 

St.eam
boat 
Creek 

'Yhites 

Creek I 
Steam-

boat. cold I' 
well 

DONALD E. 'VHITE, "". "". BRANNOCK, aud K. J. MURATA 

Table} (continued) 

'I 'I 
! I ! 1 i Dis 
I, I I Total ! - i 

Date I 'I emp'l W 2) I CI. . \ solved I 
collected °C(l) p IP.Jl.m.(3) 81°2' 8'0 

I 
p.p.m.I') ,1 2' 

._.~ __ .,-__ I I Jl.p.m. I 

Comments 

9/24/48 
9/24/48 
9/24/48 
10/2/48 
9/24/48 
9/13/48 
9/24/48 
10/2/48 
9/24/48 
9/24/48 
9/24/48 

10/2/48 
9/24/48 
10/2/48 
9/13/48 

10/1/48 

10/1/48 

10/1/48 
10/1/48 
10/2/48 
10/1/48 
10/4/48 
10/6/48 
9/13/48 

9/13/48 

10/1/48 

7·39 892 
7·27 890 
7·53 888 

88 
80 
94 
96 
94 
54 
38 
35± 
50 
76 
59 

7·97 880 273 
7'16' 888 
5'87 784 
5·90 724 
5·8± 700 
5'89 848 
5·95 856 
5·57? 848 

6·07 848 
8·31 624 

59 
88+ 
94 
43 

8'76 668 209 
8·35 7·6 

33 7·48 5·6 89 

1O± 7·25 5·6 

54 6·73 
42 7·57 
47 9·37 
88 8·02 

15± I 7·41 I 

15 ± 7·71 

19 7·06 

532 
84 

7·6 
52 

5·2 

2·8 

6·4 

175 
122 
45 

ll8 
ll7 

61 

293 
316 
297 
300 
291 
2}0 
189 
186 
288 Somc gelatinous Si02 ill sprill/: 
294 
279 Considerable gelatinous SiO! 

in spril\~ 
277 
233 Erupting well 
219 Erupting well 

4 'Yarm. meteoric water 

90 \Yarm meteoric ,vater 

74 Cold met.eorie wat.er 

182 
122 

46 

118 
116 

48 

10 

56 

"'arm spring 
'''arm spring 
"T arm spring 
Hot well 

1 Vent temperatures. 
2 Determined by Beckman pH meter in the laboratory when sample bottle was first opened. 
3 Determined by titration with silver nitrate. 
• Determined within hvo days after sample was collected. Sample heated with NaOH, HUrl 

determined colorimetrically. 

(1953). The colour intensity of the molybdate reaction is lessened by high ~alillit), 
CHOW and ROBINSON found a salt factor of 1· 23 for sea water and KRA {'sKlirf 

(1956) found that the solubility of amorphous silica in sea water was the sam(' 
dilute water if the salt factor was applied. 

As described elsewhere, total silica was determined by both gravimct ric 
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Silica in hot-spring watfll's 

colorimetric methods in eight samples of Steamboat Springs water that had been 
aged for about three months (see Table 7). On the average, the gravimetric 
quantities exceed the colorimetric by about 13 p.p.m, or about 5%. A close 
agreement is obtained if a salt factor of 1·05 is applied to the colorimetric quantities; 
the solubility of silica in hot-spring waters is also in closer agreement with 
KRAUSKOPF'S solubilities. Whether or not the discrepancies are actually explained 
bv a salt effect is not known . 
• Influence of pH. ALEXANDER et al. (1954) and KRAUSKOPF (1956) conclude 

from experimental evidence that the solubility of amorphous silica is largely 
ill dependent of pH within the range of about 1 to 9. The silica content of natural 
waters supports this conclusion. The content of all acid waters included in Tables 1 
;lIld 2 is as much or more than that of most alkaline waters. There is also no clear 
rt'lation between pH and degree of supersaturation. Amorphous silica appears to 
be at least as soluble' in acidic as in slightly alkaline water, in sharp contrast to 
opinions that have been held in the past by most geologists and chemists. 

DEPOSITION OF SILICA ON HOT-SPRING APRONS AT STEAMBOAT SPRINGS 

The behaviour of silica downstream from the spring vents was studied to 
dnrify the roles of algae, aeration, agitation, and sinter in precipitating silica. 
Al.LEN (1934b, p. 373-389) had stated that the silica of Yellowstone hot springs 
Ifall precipitate}llargely by inorganic processes. To test this conclusion, samples 
'ere collected from the discharge stream of spring 21, which flowed over a promi
nent algal apron. The stream was then diverted to a new channel over dry opaline 
linter, where algae were absent. For comparison with these samples, water from 
the same spring was cooled and evaporated by pouring the water back and forth 
fr(Jfll a sprinkling can to a metal bucket, in a control experiment designed to 
'!iminate influences of algae and sinter. 

Control experiments. A large sample from spring 21 was cooled and evaporated 
pouring from a sprinkling can. Small samples were removed at the time

-Mervals shown in Table 3 and Fig. 2. 
In Fig. 2 and following figures, silica is plotted against chloride, which permits a 

comparison of the curves. Chloride is merely concentrated by evaporation, 
Jl1Jdergoing no chemical change. It is therefore possible to calculate a reference 

for total silica. The difference between calculated and measured total silica 
due to precipitation of gelatinous silica, assuming no analytical errors. 

'*' As the sample evaporated, soluble silica became concentrated at a rate approxi
;,l\tely equal to that of chloride, and was not affected by the rapid lowering of 
""lllperature. Some of the samples contained 200% more silica than the saturation 
., with respect to amorphous silica at the temperature of collection. The 
~~e~ence between measured total and calculated total silica was due to formation of 
~ l4tlUous silica or to analytical errors. Dissolved silica was pro ba bly identical to total 
. ~<l.except in the final sample, in which colloidal silica had probably started to form. 

Aeration and agitation had surprisingly little influence, within the first two 
of the experiments, in polymerizing monomeric silica. Some differences were 

in the dissolved silica content of samples aged for three days, but the 
effects are discussed later in this paper. 
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Table 2. Silica content of Yellowstone Park amI California hot springs. Content whpn collectecl 
not accurately known 

Sample 

Norris, Yellowstone 
Green Dragon 

Yermillion Spring 

'W. of Korris drill-hole 

Porcelain 'l'!,rracc 

Spring 200 ft SW of Pearl 

Upper Basin, YellowRtone 
Daisy geyser 

rth"f"J·:4idp gPY8pr 

Date 
co]\ockfl 

8/27/54 

9/28/47 
S/25/54 

S/25/54 

1930 ct 
9/28/47 
R/25/54 

9/28/47 
8/3/51 

10/1/47 

1!l30 -I 
1 nfl/Ii 

Approx. '1' I CI Total Dissolvod 
t · mnp'l 'R ' 0'0 o·() 'Ime cC Jl 01 2' ,'>1 o· 

I I 
o. p.p.In. 1 - 0 

e apge( p.p.m. p.p.m." 

Si0 2 analyst 
and COlnment. 

"-~---~'---'~---

90 days I 87 
305 days 

o 90:1:: 
90 daYR 90 

307 daYR 

90 <lays I 70 
307 days 

? days 
o 94 :4,: 

90 <lays 94 
307 days 

o 
3 yrs 

o 

o 

91 
S4 

92 :±: 

94± 

? dn~'R 93,5 
() n,,·;; 

2·47 408 496 369 
2·5 419 332 

1·86 
]·97 
2,1 

2·20 
2·3 

8·08 
7·68 
7·6 

(l·47 
7·45 

7·64 

8·77 

12 
14·5 

6·0 

742 
748 
708 

752 
744 

:3n2 

:1l8 

115 
110 

364 
281 

717 

693 

529 

2·12 

280 ::I: 20 
109 
llO 

259 
270 

50n :I: 3n. 
113 
ll:~ 

450 + 3n i 

280 ± 20 

240 + 20 

H. KRAMER 

K. KRAUSKOPF 

D. E. 'WHITE3 

H. KRAMER 

K. KRAUSKOPF 

H: KRAMER 

K. KRAUSKOPF 

E. T. ALLEN4 

D. E. "WHTTE 3 
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·Sapphire Pool lO30± ? days 94·5 307 :321 E. T. ALLEN4 
10/1/47 0 95·4 9·15 309 320 1: 20 D. E. VVUITE 3 

Midway Basin, Yell<,Hl!stone 

I' 
1930 ± ? days 91 271 237 E. T. ALLEN4 

Excelsior geyser 9/30/47 0 845 278 280 ± 30 D. B. VVHITE3 

Lower Basin, Yellowstone 1930 ± ? clays 324 218 • E. T. ALLEN4 
Ojo Caliente 9/30/47 0 95·7 240 :130 D. E. WHITE3 

,Mammoth, Yellowstone 1930 ± " 162-175 2U-72 K T. ALLEN4; range of 
6 springs 

9/29/47 I 72-73 6·5-6,6 J68 50 ± 10 D. E. ,"VUlTE3; two springfl 
8/25/54 UO day" I 70·5 6·\1 169 56 H. Kf.L-l-MER g; 

;\Iorgan Springs, California 
;:;. 

I ., 
Growler 7/29/4U 100 days 95 7·83 2427 233 'V. 'V. BRANNQCK ~ 

9/7/54 75 days 96 7·42 2400 III H. KRAMJ~R ::r 
0 

~ 290 days 7·7 232 109 K. KRAUSKOPF "" w 
Ql 'C 

Spring 6 H/7 (54 75 days H6 6·64- 2160 152 15U H. KRAMER 
~. 

OQ 

290 days 8·2 155 ll6 K. KRAUSKOPF :; 
~ 
'" Spring 12 9/7/54 75 clays I 76 6·48 2340 163 H. KRAMER 
~ 
'r. 

290 clays I 7·3 197 140 K. KRAUSKOPF 

Wilbur Springs, California 8/3/49 75 days \ 57 7·24- 11030 190 vV. vV. BRANNOCK 
3(25/54 15 mos: .. : .~3 9·2 10400 1:38 113 K. KUAUSKOPF 

Oil test neal' Wilbur 4/24/55 4- mos; 121 7·2 11000 13 H. ALMOND 

Tuscan Springs 6/9/54 62 clays 130 8·3 11800 40 H. KRAMER 

1 Determined calorimetrically after conversion to'the monomeric form by boiling in NaOH. 
2 Determined colorimetrically without preliminary treatment by reaction with molybdic acid. 
3 Determined colorimetrically by visual method. 
• Gravimetric determination, ALLEN and DAY, 1935, pp. 249,268,277,373, 46D. 



DONALD E. "'RITE, \V. \\T. BHANNOCK, and K. J. MUHATA 

Table 3. Silica cont.ent. of sampleR from spring 21, Steamboat Springs, collected 30 fiel)tci I 
lJ "or 

1948; wat.er cooled and evaporated by pouring from one container t.o another. ---I Calculated 
Measured I Dissolved Si0 2, P·P.I 

No. and Temp. 
pH 

Cl, 
total Si~2'1 

total Si0 2, 

I 1 -
Time DC p.p.li. p.p.m. 

p.p.m. 9/30/482 /9/30/48 10/3/4811/2 
, 

n.~ 

-----~~ 

I I I I I 
I 

21-1 1007 84·2 ! 6·62 I 888 289 288 289 286 I 11 , , 

I 
I 21-2 1019 62 7·72 I 910 

, 
296 288 289 1665 I 

I 
i 

21-3 1032 43 8·01 I 926 I 302 298 290 i 160 I , 
21-4 1053 27 8·16 I 944 i 308 299 3'126 I 154 I I I I 
21-5 1106 23 8·22 I 950 

I 

310 ! 302 3186 154 

21-6 1135 17 I 8·27 I 956 312 i 298 3186 154 , I , I 

21-7 1203 14 8·34 
I 

976 318 309 312 156 I 

I 

I 
i 

21-8 1316 17 ! 8·43 1074 350 331 
I 

312 163 

I 'I I 

01 

" 1 TheoretIcal total SIO. as mfluenced by evaporatIOn; calculated from chloride dat.a and 9/24 s;o 
measurements. I 

• In solut,ion and colloidal suspE>n"ion; determined colorimetrically on day of collection after boilil,tl 
sample with NaOH. • 

3 Determined colorimetricallv bv reaction with ammonium molvbdate. 
• Total SiO., 10/2/49, 277 p.p.~. . 
• Total SiO., 10/4/48, 261 p.p.m. 
6 Exceeds calculated theoretical t.otal SiO., presumably due to error in det,ermination of CI or :-;iO, 
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Fig. 2. Changes in tht' Hilie. 
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Silica in hot-spring wuteIH 

Table 4. Silica content of samples from spring 21, Steamboat Springs, collected 24 September 
1948, from discharge stream diverted to a new channel without algae. 

--.--~! --~----~I ----~II----~----~--------------
Measured Dissolved Si02, p.p.m. 3 

DI!.;t- I I Calculated 
mce Temp. I total8i0 2, I 

I 0c PH. 1 CI, p.p.m. total Si0 2, 
from I p.p.m. l p.p.m. 9/94 9/25 9/26 

Feb. 
10±, 
1949 

vent, ft 9/26/482 
- I 

I .! I 
_~ ___ ~ ______ ~ ____ ~_~____ _~ _____ ~ __ ~. ______ ~ ______ ~ _____ C-__ __ 

I 84.6 I 6·17 I 884 292 I 291 292 I 292 I 289 o 
50 

100 
1.10 
:WO 
:100 
400 

63 I 7·11 I 908 300 286 I 
47 7.61,' 936 309 302 286 i 
27 I 7'73 980 322 I 280 ,J 

24 I 7·79 i 1000 330 276 259 II 

18 7 ·90 I 10·10 345 255 246 
12 I 7·96 : 1080 357 224 212 I 

292(?) 

197 
212 
223 

157 

/

1 161 
169 
193 

I 

108 

1 TheoretICal total SID. as mfiuenced by evaporatIOn; calculated from chlorIde data and 9/24 SID. 
IflPtL'iUrenlents. 

• In solution and colloidal suspen5ion; determined colorimetrically two days after collection by 
hoiling sample in NaOH. 

3 Determined colorimetrically by reaction with ammonium molybdate. 
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Q 

fig: 3. Samples from a new f-:" 
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DONALD E. \VHITE, \V. \\'. BHANNOC]" f1IHI K. J. :"IUHATA 

Table 5. Silica eontent of samples from RjJring 21, Steamboat, Springs, collected 17 i->oPtP1lll 
194H. froJTl diRcharge st.ream runnillg over an established algal eo]oI1Y. h·t 

Dist-
Temp. I 

ance 
pH CI,p.p.m. 

from I °C 

vent, ftl 
I 

--I I 

I MeaRured I 
Calculated Itt I S·O i 

Dissolved Si0 2, P.P.1l1.3 

I S ·O ,0 a "I 2" 
tota ,I 2'1 I-----~--

1 p.p.m. I I 
p.p.m. I 9/19/482 I 9/17 I 9/18 9/25 1/:!4[ 

4!1 ,~--~I~ I,~~I __ ~ __ I 
--~~~- ~~----- ----" 

0 83 
50 63 

100 38 
150 33 
200 21 
500 17 
800 18 

6·15 
7·29 
7·73 
7·80 
7·97 
8·14 
8·81 

888 
914 
952 
964 
994 

1064 
1936 

293 
301 
314 
318 
328 
351 
639 

I 287 
294 
291 
288 
216 
196 
704 

i 

293 
295 
293 
285 
223 
197 

72 

289 
254 
199 
211 
221 
204 

72 

195 114 
134 
130 
129 
186 
199 

75 

1 TIll'tll'etical t.ot.al SiO. as influenced by e\'aporation; calculated from chloride data and !l/l7 ~: 
Il1CaSnft"l.111onts • 

• In "()Iution and colloidal suspension; determined colorimetrically t.wo days after collectiol l L, 
boiling "ample wit.h NaOH. 

3 DCl<'1'll1ined colorimetrically by reaction with ammonium molybdate . 
• D,'tl'l'mined 20/9/48. 
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Fig. 4. Samples from "" ,,' I 
discharge "ha1111('1 \\ It L 
ahundant, algae. ~,.nr., 
21, Steamboat ~Jln"~· 
17 S"ptcmber 1945. 
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i;ilica in hot.spring waten 

Sillter channel without algae. The measurements of 24 September 1948, when 
discharge stream of spring 21 was diverted to a new channel without established 

illgae, are shown in Table 4 and Fig. 3. Measured total silica at first increased 
with chloride as a result of evaporation, as in the control experiment described 
"hove. but some polymerization of dissolved silica started to occur immediately 
downstream from the vent. Colloidal silica remained in suspension in 
,ignificant q.uantity, but began to precipitate about 100 ft from the vent, at least 
ill part as gelatinous silica that was actually observed in the lower part of the 
channel. 

The behaviour of dissolved silica was very different from that in the control 
{·xperiment. The degree of supersaturation became high, but 'not nearly as high as 
ill the control samples. The extent of agitation and aeration was probably similar 
for the two series of samples. The most obvious difference was the fact that tile 
watcr of the 24 September series was in direct contact with previously deposited 
opaline sinter . 

.vormal channels with sinter and algae. Table 5 and Fig. 4 demonstrate the 
hehaviour of silica in water on a normal spring apron. At Steamboat Springs, 
algae flourish in particular at temperatures between 30 and 60°C. They have been 
oll;;erved in water as hot as 69 oi' 70°C, but because of daily and seasonal fluctuations 
they are not conspicuous at temperatures above 65°C. 

When the samples in Table 4 were obtained, spring 21 flowed over a well 
developed algal colony extending from about 50 to 240 ft below the vent and 
ranging up to 10 ft in width. Nearer the vent, the water was too hot, and at 
greater distances diurnal fluctuations ill temperature were probably too great for 
algae to flourish. 

For the first four samples, the curve for dissolved silica is similar to that of 
Fig. 3, but from 150 to 200 ft below the vent, dissolved (monomeric) silica was 
polymerized more rapidly than where algae were absent. 

Table 6 and Fig. 5 contain the results of a similar study on spring 18, which 
flowed over a normal algal apron extending from about 25 to 150 ft below the vent. 
Conditions were similar to those of spring 21 when flowing over an algal apron, 
but the results were more nearly comparable to those of spring 21 when flowing in a 
new cHannel without algae. For the four series of measurements, dissolved silica 
attained a maximum of 376% of the equilibrium amount (about 83 p.p.m. at 
l-!°C, according to Fig. 1) in sample 7 of the control series (see Table 3). Corre
sponding figures for the other series are: Spring 21 on sinter without algae; 272% 
of the equilibrium amount of 78 p.p.m. at 12°C at 400 ft; spring 21 on sinter and 
algae, 223% of the equilibrium amount of.lOO p.p.m. at 21°C at 200 ft; spring IH 
on sinter and algae, 315% of the equilibrium amount of 100 p.p.m. at 21°C at 
75 ft. The measurements on spring 21 suggest that algae were somewhat effective 
in increasing the rates of polymerization and precipitation of silica, but this 
conclusion is not clearly supported by measurements on spring 18. 

The evidence is clear that algae are, at best, only a minor factor in causing 
polymerization and precipitation of silica. at Steamboat Springs. Contact with 
sinter, on the other hand, is definitely a major influence in inducing both poly
merization, as indicated by the decrease in dissolved (monomeric) silica, and 
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Table 6. Silica content of samples from spring 18, St.camboat Springs, collected 16 Septernh~r 
1948 from discharge stream running over an established algal colony. 

Dist-
ance 
from 

vent, ft, 

o 
50 
75 

100 
200 
400 

Temp. 
°C 

90 
39 
21 
17 
13 

7 

pH 

'6·45 
7·84 
8·01 
7·98 
8·00 
8·02 

Calculated 
Cl, p.p.m_ total SiOz' 

p.p.m. l 

916 
984 

1020 
1028 
1128 
1220 

315 
339 
351 
354 
388 
420 

d I
, Dissolved SiO z' p.p.m.3--

Measure 
total SiO z, --",----,-----c--

p.p.m.z I 9/16 9/17 

323 
338 
331 
297 
244 
179 

315 
331 
315 
279 
241 
176 

I 

229 
167 

170 
223 
170 

9/18 9/25 

170 130 
148 1 123 
150 12; 
161 I 131 
211 140 
180 ISO 

1 Theoretical total SiO. as influenced by evaporation; calculated from chloride data and 9/16 l';iO, 
measurements. 

• In solution and colloidal suspension; determined colorimetrically three days after collection hy 
boiling sample with NaOH. 

a Determined eolorimetrically by reaction with amrnonium molybdate. 
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Silica in hot-spring waters 

W'cipitation, as indicated by the decrease in total silica. This conclusion IS 

:',pported by data from samples that were aged in contact with sinter. 

SILICA IN AGED SAMPLES 

Polymerization of soluble silica. Many samples from the Steamboat Springs 
were aged at room temperature ill stoppered bottles with plastic linings in 

rdt-r to determine rates of polymerization and precipitation (see Table 7). In most 

24-9/J4(pH 7'4d) 
x-o 

0 15-9/14 (pH 6'2) 

5-10/2 (PH 7'34)+ 

x 
x-4j18-10/5(PH 6'54) 

Stored in contact with- \ ,'i.:23n-JO/2(pHS'19Y 
opaline sinter 26-10/2 (pH 7'97) 18-9/16b (PH 6'45) 

x 

x----<l21-9/17a(PH 6'15) 
I ' 

l>X 050-10/2(pH 6'07~ 

I 
t>-x o 14-9/14a(PH 5'10) 

6--X-O 14-10/2 (PH 5'99) 

X--oSteomboat we1HO!2 (PH 8'7S) 

I 
Damonte 10/1 (pH 6'73) 

24-9/14(P)7'43) spring number, 
.-0 

date of collection, and initial pH 

o Initial dissolved SiOz (also 
.., ... 

-- 'approximate initial total Si02 ) -

x Total silica 125t days after 

x-&Zolezzi 10/1 (PH 7'57) 
collection 

b<Moana-l0/6 (pHS"02) 
I:!. Dissolved Si02 125 days after 

collection 

.6. Trhino HO/J(PH 7' 4S) 

100 200 300 
Silica content, p.p.m. -..-

Pig. 6. Xet changes in the content of'dissolved and total silica in thermal waters of the 
Steamboat Springs area during four months after time of eollection .. 

with time, some dissolved silica polymerized to colloidal silica, and at still 
.... rates some colloidal silica pr~cipitated as gelatinous silica. 

~ .. 'g. 6 shows the net changes that occurred in the 4 months following the time 
~lIection. In most samples soluble silica decreased to about 110 p.p.m., and a 

Part of the newly-formed colloidal silica precipitated as gelatinous silica. 
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DONALD E. "'RITE. 'V. ,,'. BHANNOC'K, and K. J. l\lCHAT}. 

Rates of p~l?,I.l1eriza~ion of.som.e represeJ~t.ative sampl~s are sho\~11 in' Fig. 7 
Some waters 111ltIally hIghest 111 dIssolved sIlIca polymerIzed extensIvely \':it . 
twenty-four honrs, but others with an i~1termediate content showed no signifh .. , 
change in four months. Sample 24-9/13a was polymerizing yery rapidly t\\'ell~II,' 
four hours after collection. A similarly rapid change in sample 21-9/24, howe\· j 
did not occur until at least the fifth day. . ~. 

0.05 01 001 
350 

~H7.051 

0,5 
TIME IN DAYS 

5 ,10 50 100 

300 

250 

200 

150 

100 

50 

-~ 16-9/14IpH6,2/ .. -
~ 

----. 
~ IB-9/16b IpH 6A) -... 

~ 26-10/2 (pH 7.97) 

21-9/24 (pH 6.17) 

~ \ ~ 50-10/2 (pH 6,07) , 

\ ~40 (pH 5.10) 

---'-'-r- "'\ 14-10/2 (pH 599) ~\ ~ :-J 
Ir I---

SteomboOI "ell No.Y10/2 (pHB761 .-~ \ \ 
21-9117- 500 (pH B.14) \ ~ 1\\ \ _ 
Domonte-IO/I (pH 6. 3) 

~-~ ,,~ ~ 
~ ~ ~ Zoleni-IO/I (pH 7571 ~ 

Moono-10/6 (pH 8.oyl .j ~ ~ 
I 

'",.,~. ,. ''''''" r 
Fig. i. Changes in content of dissolved silica \\'ith time in some representat,ive sampll" 

from the Steamboat Springs area. 

-

KRAUSKOPF (1£)56) has shown that rate of polymerization is most rapid at L 
pH and high salinity. Evidence from hot springs suggests that the dpgn" 
supersaturation, the presence of previously-formed colloidal particles, alld l 

nature of foreign substances also influence the rate of polymerizatioll. Tk 
factors are discussed in the following paragraphs. 

Equilibri1wl. in neutral and alkaline waters. The content of dissolved silica hi 
alkaline vent samples decreased with time when stored at room tempernl;W 
event.ually attaining approximate equilibrium at 106 to llS p.p.m. Fifl{"'y, 
nineteen samples in Table 7 \vith initial silica above llS p.p.ll1. and pH's ahoH 
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Silica in hot-spring ",utel'~ 

attained this range within fonr months. The average of the fifteen samples is 
I!O p.p.m. of dissolved silica. This is very close to the content of dissolved silica 
of a sample from spring 27 that had aged at room temperature for more 
than nine years (Table 7), suggesting that four months is sufficient for most 
neutral and alkaline waters to reach equilibrium. The exceptions are discussed 
,eparately. 

Fig. 6 shows the relationships between initial and final total silica in samples 
that had aged about 125 days. The difference between these two quantities is 
precipitated or gelatinous silica. Most samples that showed a significant decrease 
in dissolved silica also showed a decrease in total silica of a smaller magnitude. 
fll the alkaline samples, most of the polymerized silica remained in suspension as 
colloidal particles, but there were a few samples in which as much as 20% 
tio('culated. 

J[ etastabil1:ty of acid waters. The three most acid waters of Table 7 and Fig. 7, 
samples 50-10/2, 14-9/14a, and 14-10/2, ranged in pH from 5·10 to 6·07. The 
content of dissolved silica did not fall below 220 p.p:m. in 125 days when stored at 
room temperature. These waters, however, were also lower in silica than most 
Steamboat samples, and were therefore not as strongly supersaturated. Slightly to 
moderately supersaturated waters, as will be seen, do not attain equilibrium 
as rapidly as waters that are highly supersaturated. Effects of pH and degree 
of supersaturation could not be distinguished clearly in the acid Steamboat 
samples. 

Two strongly acid springs from the Norris Basin of Yellowstone Park contained 
{HI} alld 364 p.p.m. of total silica ninety days after collection (see Table 2). When 
the samples were first collected, dissoLved silica was probably at least as high as the 
total silica found ninety days later. Even though the samples were aged for more 
than ten months, they did not re~ach the equilibrium attained by most alkaline 
samples in four months. 

T he difference in origin between the high - and low-chloride acid springs should 
be noted. The latter, called acid-sulphate springs, consist of steam condensed near 
the ground surface and mixed with rain and snow-water (VVHI'l'E, SANDBERG, and 
BRAXXOCK, 195:3, p. 493).· The acidity is caused by surface oxidation of H 2S. 
Silica is dissolved from the immediate borders of the spring pools, and, depending 
on precipitation and rate of discharge, may show a wide range in concentration 
from time to time, as indicated by the two analyses of Vermillion Spring (Table 2). 
'I'lle acidity of springs high in chloride, called acid-chloride springs, is of less 

/',rrtain origin (WHITE, 1955, pp. 106-7). Some springs, including the Green Dragon 
i'l I'able 2), are relatively high in discharge. Chloride and silica are transported 
(UPward in solution from depths where temperatures are much higher than the 
r~lJrface boiling-point. Because of this difference in origin, acid-chloride springs 
rfnay be supersaturated with respect to amorphous silica at vent temperatures 
~hecallse of the rapid drop in temperature near the surface, but acid-sulphate springs 
~are commonly unsaturated. 
r . ILER (1955, p. 46) and KRAUSKOPF (1956) have shown that equilibrium with 
f~Hsolved sil~ca is attained much more slo:vly at l.o,~ p~ than a~ high p~~" ~ata 
: om hot sprmgs are for the most p:u·t conSIStent WIth thIS conclUSIOn. EqUlllDrInm 
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Table 7. The effect of ageing on the silica content of wat,er samples from the ::-iteamboat Kill' 
area, Italieized quantities were determined gravimetrically. 11Ji;'i 

S
· , Dat,p I' Time I: Temp: H I ell I 's]·'~~al II s~;~~d e-------

,'prmg i collected I d l °e - I p 1m 2' S·O omment!; e apse I \ p.p. 'I 2' I 2' ,p.p.m p.p.m. 3 i 
--'----

5 

14 

14 

14 

16 

18 

18 

18 

10/2/48 

Ujl4a/48 

9/14b/48 

] 0/2/48 

9/14/48 

9/16a/48 

9/16b/48 

10/5/48 

o 
28h 
18 d 

114 

o 
Ih 
2h 

25h 
2d 
3d 
9d 

20d 
132 d 

20 

o 
28h 
18d 

114 d 

o 

Ih 
24 h 
2d 
3d 
9el 

] 32 el 

o 
5h 
6h 
7h 

29h 
54h 
3d 
9d 
o 
1h 

27h 
9d 

130d 

o 
112d 

[I ! 
95 I 7·34 926 

I 
80 ± 5·10 I 566 

80± 5·]0 

92 5·99 

'I 

I 

I 

1

,566 

I 456 

I 

330 

304 
320 

226 

221 

I 220 

223 

22] 

88 ± 6·2 896±' 

90 6·45 916 

89 

44 

312 

302 

323 

115 

300 
3]3 

324 
308 
134 
107 

258 
243 
233 
233 
223 
222 
228 
217 
215 

218 

226 
220 
213 
213 

341 

;331 
317 
306 
302 
157 
110 

316 
316 
316 
316 
229 
170 

130 
317 
317 
224 
165 
118 

331 
108 

Rubber bottiI'. 

Some gelat,jlloliS 
Si0 2 in spring 

0930; SOllW gel. 
atinolls Si0 2 ill 
spring 

1540; eooled and 
bottled in ('"ntH"! 
with sinter fl'llf.(' 
Inent,s. 

~pJ'jng 

IS 

]8 

]S 

2] 

2] 

21 

21 

23n 

24 

24 9 

24 



Silica in hot-spring waters 

t Spl-ill~ Table 7 (continued). 

~--------; 

I ! 

r ! i Dis-
I 

Time Temp.! I Cl, I Total I solved 
.'ipring I Date pH Comments 

.cnt" 
collected elapsedl I ac. I !p.p.m. Si0 22 i Si0 23 

Ip·p·m I p.p.m. 

18 1/5/50a 112 d I 77·7 6-90 908 I 303 I ll6 Control sample for 

! 
I 

following. 

18 1/5/50b 112d 77·7 161 I 120 Opaline sinter 
I I added. 
! I 

It> 1/5/50c 112d ! 77·7 221 

I 

168 Chalcedonic sinter 
added. 

18 1/5/50d 112 cl 77·7 280 114 Calcite added. 

:!l 9/17a/48 0 83 6·15 888 I 29:J 0940; much gela-

3h I 286 tinous Si02 in 

Id 296 I 289 spring 

8d 287 ! 195 

129 d 273 I 114 

I 
21 9/24/48 0 84-6 6·17 884 I 292 

28h 292 

54h 291 289 
tIl'. 5el 274 

122d lOS 

21 9/30/48 0 

I 
84·2 6·62 888 288 289 

3d 286 

117 d 277 110 

tlOtl~ 21 10/5/48 0 84 6·7 297 
'ing IJ.2 d 268 112 

281 

23n I 10/2/48 0 94 8·19 922 322 

Id 320 227 

18d 126 

115 d 298 107 
326 

~el-
12 in 24 9/13a/48 0 93 7·05 924 348 1430; much gel-

24 h 220 atinolls Si0 2 in 

SOh 

I 
164 spring 

3d 151 

4d 342 146 

10d 128 

and 24 9/13b/48 19 d 333 130 1750; rubber bottle. 
onlHC! 20d 335 
fnlg-

24 9/14/48 0 94 7·43 932 345 

31 h 178 

54h 155 

3d 346 150 

9el 129 

18d 130 

132 d 337 108 

45 
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'}'[1ble 7 (colllinued). 

I .. i ITt 11 Dis- ----. 
Date Time ITemp. CI 0 a 1 solved I "nlll bili 

i'>pring pH I ' S'O I ComlTIpnt~ 
collected I elfl.psed

1 I °C 
,1 2 Si0 2 

or a III or I p.p.m. z 
: iP·p·m I 3' 1l1'IJafm 1 I p.p.m'l 

~ilica. 

24 10/2/48 0 94 7·54 920 335 The 
Id 335 277 tlN'reaS! 

18 d 126 
115d 311 106 "cry sot 

336 1:1'(,('11 1 

27 7/30/45 0 96 7·2± 949 317 !~c(' Tal 
?~ 1/14/46 0 94 6·76 910 II/fll -I 

9~ Y 7·6 300 106 SiO z byK. B. .1Ilt! flo! 

9! y 

KRAUSKOPI" ,;Iudies 1 
8·4 319 116 SiO z by P. s('on 

\Y. \V. BI\A~~' Ihi,~ obsl 
• , tl¥)t 

9 p.p.In. of ;:,1'\", rldll of ('I 
tinous SiO •. llq!! (Ime;; as/ 
included it;hl,,) 'Illll of d 

50 10/2/48 0 59 6·07 848 277 
. IIIfll1 

Id 263 ·:;"rc th!r 

18d 225 turc. Vii i 
115 d 221 218 Illt lilt i 

220 .lic<l at I 
St.camboat 10/2/48 0 94 8'76 668 219 Erupting \\dl 

.-lIt ~ali 

\Vell 24h 209 ill~t'd b 

29h 202 212 The 

19d 127 Till,£! 01 

128d 208 ll8 !J;f.'t of. 
209 1 

, I il.<ltic 

Tachino-l 10/1/48 0 33 7·48 5·6 89 90 v\' firm \\ ,,\I ,'\al1' 

116d 90 91 llllH'ral 

,(lIgc i 
Darnonte 10/1/48 0 54 6·73 532 182 \r [\1'111 hl'r;"..: ·,\dd () 

2d 175 : nl1ti io' 
116 d 176 176 

;\0 }l 

Zolezzi 10/1/48 0 42 7·57 84 122 'YOI'Ill "I" I'P of 

2d 122 !"tal 
116d 110 119 \ I;;!\( 

/'Ill' 
::\Ioana well 10/1/48 0 88 8·02 52 163(?) Hoi art' 

1 d 118 117 
ii!;jIlP 

3d 117 118 11!l'ri: 

10/6/48 0 116 iii 

14 d 107 Illifinl 

III d 114 lIS II 11m i 

"Poison" 6/12/52 It Y 20± 2·45 6'0! 98 ::'\011 tb, d(, 
Spring nrrH. 

HHfI':';t'> 

Steamboat, 9/4/54 90 15± 6·93 4·5 57 65 

coldspring 
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Silica in hoto-spring wah'rs 

;1JllIbility is either almost independent of pH between the range of I and nearly!) 
ur amorpholls silica is more soluble in acid than in alkaline waters. Supersaturation 
"pparently persists almost indefinitely in acid waters that are high in dissolved 
,iliea. 

The slightly acid samples from springs 14 and 50 and from Damonte spring 
.I,'creased only a little in dissolved silica, but colloidal silica apparently flocculated 
Il'ry soon after polymerization. The same relationship probably holds true for the 
{;rcen Dragon and the Norris drill-hole pool of Norris Basin, Yellowstone Park 
!,('(' Table 2), as indicated by the decrease in total silica. 

Inflilence af salinity. KRAUSKOPF (1956) has shown that rates of polymerization 
.!lld flocculation are increased with increasing salinity. Because time-change 
,tiulies were not made in detail on hot-spring waters that differed much in salinity, 
tliis observation cannot be tested rigorously by the hot-spring data. The floccula
lioll of colloidal silica in the 'Wilbur Springs sample (see Table 2), which is about ten 
limes as high as that in the Steamboat waters, may be a result of its high concentra
!ioll of electrolytes, though other samples are needed to confirm this suggestion. 

Influence af degree a/supersaturatian. Sample 24-9/13a (Table 7 and Fig. 7) was 
fIllll'e than 200% supersaturated with dissolv-ed silica after cooling to room tempera
ture. 'Within twenty-four hours about half of the excess silica had polymerized. 
lJamonte spring, only slightly lower in pH but only 50% supersaturated with 
'ilica at room temperature, showed no significant polymerization I'll four months. 
relit samples from springs 14 and 50 also showed little change, but this could be 
!'allRed by low pH as well as by low degree of supersaturation. 

The influence of degree of supersaturation is particuhi,rly well shown in the 
.1geing of downstream samples (Figs. 3, 4, and 5), all of which are alkaline. The 
,lata of Fig. 5 and Table 6 have been replotted in Fig. 8. Initial rates of poly
IIlt'l'ization fl,re clearly related to initial content of dissolved silica. Sample 18-400. 
iol' example, was only about 60% supersaturated with amo~'phons silica at room 
I('lllpel'ature, and was the only sample of the series that showed no significant 
change in nine days. It was also the highest in pH and salinity, both of which 
,llOuld otherwise favour polymerization. This suggests that degree of super
qturation more than outweighs the other factors in some circumstances. 

~o previous experimental evidence had demonstrated the significance of the 
!!egl'ee of supersaturation. After the hot-spring work had demonstrated persistent 
':Ietastability of dissolved silica in solutions less than 100% supersaturated, 
KICl.eSKoPF (1956) confirmed the effect in laboratory experiments. 

The dissolved silica of a supersaturated solution is polymerized on to 
'pontaneously formed or pre-existing nuclei of amorphous silica. The rate of 
PolYmerization is a direct function of the number of nuclei per unit volume, each 
IHl~leus serving as a site of deposition. Solutions devoid of pre-existing nuclei show 
~I Initial induction period of nucleation which is discussed in the following section. 

he number of nuclei formed per unit volume and unit time is strongly dependent 
Of! the degree of supersaturation (OVERBEEK, 1952, p. 64). Thus, in the absence of 
~n appreciable number of pre-existing nuclei, solutions of highest degree of super
~"turation would form the greatest number of nuclei and polymerize at the highest 
fatA Cf I' +' I ' , . ... " 0 d 00 ~. DO utlOl1S 0, lower supenmljUraljlOll l11<e samples 18-:::0 an 1 R-4 . 
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16 September 1948 (see Table 6 and Fig. 8), contain much smaller numbers ofnuelc' 
both pre-existing and newly formed, and consequently polymerize much 1l10~ 
slowly. 

Solutions only moderately supersaturated with respect to amorphous silk. 
involve an additional factor of the solubility of amorphous silica being dependell~ 
on particle size in the range of the smallest particles (hER, 1955, p. 11). Partiell'S 

TIME. IN DAYS 

o 2 4 6 8 10 
350+-------4-------~------~------~------~ 

300+;~----~------_+------~--------~----~ 

50ft (pH 784) 

I 
:::e 
0. 

100ft (pH 7.98) 
0. 

250 
...... 
z 
W 
I-
Z 
0 (pH 8.00) 
U 

<t 200 u 
...J 
(/) 

400 fl (pH 8.02) 
......... ~ •. _ •. -...::.;.",-:. _ .. _ .. _ .. _ ._ •. ...9 

150;--------h~--~~~----~~----~~----~ 

----- -- --. 

100J-______ ~ ________ ~ ______ _L~ ____ ~L_ __ -----

Fig. 8. Changes in the' content of dissolved silica in vent and downstream' samples of 
spring 18, Steamboat Springs, with time. 

with diameters less than about 10 millimicrons have several-fold higher solubility 
compared to la,rger particles. Thus nuclei formation may be impossible in solutioll' 
of only moderate supersaturation with respect to macroscopic amorphous siJicll 
and the rate of polymerization on to a, few pre-existing nuclei that might be prrs f 'll! 

may be imperceptible. 
hijlnence of eX1:sting polyl1wric molecules. The vent samples' of Figs. 2 to Ii nil 

showed slower initia.l rates of polymerization than samples from which ,wnw 
silica had precipitated prior to collection. See, for example, Fig. 8, in which dnll! 
from spring 18, Fig. fi, are shown in a different way. A certain interval of tillll" i' 
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Silica in hot-spring Wgtf~I';; 

""('~"ary for polymerization to attain a maximulll rate ili'the vent sa,mples, in 
hi('h all silica is present in the dissolved (monomeric) fOI'II1. Downstream samples, 

previously shown, generally contain some colloidal silica, and these samples 
l?'dVlllerize more rapidly after collection than the vent samples. Initial rates of 
;:,j,~ing of the samples may have played a minor role, but the data are more 
(1)llsistent with the theory that at high degrees of supersaturation "seed cry",tals" 

('('ntres of nucleation are formed relatively rapidly ill alkaline solutions, but 
·,nt instantaneously. 

IllJluence of introduced 8ub8tance8. Sample 18-9/16b (see Table 7 and Fig. 6) 
as bottled with a smaJI handful of porous fragments of opaline ~inter a few hours 

~ft<'r sample 18-9/16a had been collected in the normal manner. The sample 
containing sinter changed in dissolved silica at about the same rate as the control 
<.llliple, but all polymerized silica precipitated, either as gelatinous silica or as opal. 
}lost of the polymerized silica of other neutral and alkaline samples remained in 
fulloidal suspension. 

In the hope of clarifying this difference in behaviour, a suite of four samples was 
n)/Iceted from spring 18 on 5 January 1950 (see Table 7). The total and dissolved 
,llk'a could not be determined at the time of collection, but both concentrations 
were probably from 310 to 330 p.p.m. The control sample behaved as expected, 
ilttaining an equilibrium value of 116 p.p.m. of dissohed silica in 112 days. 

Sample el, containing 20 g of powdered optical calcite in about 375 ml of water, 
II as similar to the control sample in its content of dissolved silica after 112 days, 
hilt the calcite ,vas effecti'-e in precipitating more than 10% of the colloidal silica. 

Sample b, containing an equal amount of powdered opaline sinter, was very 
,illli/ar to sample 18-9/16b/48 with opaline sinter, except that 20% of the poly
nterized silica was still in suspension as colloidal silica. 

Sample c contained 20 g of powdered chalcedonic sinter and a little fine-grained 
'Iuartz, but no opaL This sinter precipitated more than half of the polymerized 
,i1ica that formed, and was at least 50% as effective as opaline sinter in this regard. 
The rate of polymerization, however, was much slower than in the other three 
"1lllples, failing to reach equilibrium in nearly four months. The supersaturated 
'll/tltion was actually partially stabilized, in contrast to expected results. In view 
'If the fact that the solubility of quartz is only a few p.p.m. at room temperature, 
*~l/llple c is enormously supersaturated in relation to the solid phase with which it 

in contact. The behaviour of this sample points to the need for much more study 
,f the influence of quartz and other minerals on dissolved and colloidal silica. 

'rhe effect of opal in increasing rates of polymerization and flocculation is 
'Ilpported by KRAUSKOPF'S experimental evidence (1956, Table 2) for a similar 
~lfeet by silica geL 

NOTABLE UNSATURATED THERMAL 'VATERS 

~r- Some Steamboat wateT8. A sample demanding special comment is the final one of 
,.ble 5 and Fig. 4, collected 800 ft from the vent of spring 21. This sample 

~~)ntained only 72 p.p.m. of dissolved silica when collected, although the water 
'>elow the vent was highly supersaturated. Its silica content was significantly 

than the equilibrium quantity of about 90 p.p.m. at 18°0, the temperature of 
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collection (see Fig. 1), and the pool from which it was collected contained gelatillou~ 
silica. Activity of diatoms and relatively high salinity of the sample may h.: 
contributing factors, but the behaviour of the silica is definitely anomalou~' 
A sa.lt fa,ctor such as discussed by CHOW andR,OBINSON (1953), would have to I~ 
unreasonably large for the observed salinity to account for the difference. 

Some of the values for spring samples shown on Fig. 1 lie below the solubilit . 
curve. \Vere these waters never higher in silica, even at depths where temperatul'(~ 
were much higher, or has sufficient silica precipitated as chalcedony or qt1ali~ 
which is the most stable phase, for the water to be unsaturated with respect h: 
amorphous silica? The rate of movement through subsurface channels and tl 

. . 
rate of decrease in temperature probably differ greatly from spring to spring 
High rates should favour supersaturation at vent temperatures, and yery 1'1(,\\ 

rates should favour un saturation with respect to amorphous silica. 
.J11 eteoric springs. Some thermal springs appear to consist entirely of met('ori, 

water that has circulated to considerable depth 'where the geothermal gradient 
"normal," or that acquires its heat by conduction from a volcanic source, withr.m 
volcanic water or mineral matter (\~THITE et al., 1953, pp. 491,492.) Silica in SII, . 

water is derived from weathering or from alteration and solution of rocks throll'" 
fcH 

which the water migrated. 
Of the thermal waters of Table 1 and Fig. 1, Bowers hot spring. 

46 p.p.m. of dissolved silica, and the South Steamboat well (see WHITE 

BRANNOCK, 1950, pp. 569-572), with only 4 p.p.m. of dissolved silica, are IwIiPYh] 
to be meteoric in origin with no more than traces of other water. Moana 
(Table 1 and Fig. 1), with lIS p.p.m. of dissolved silica, is relatiyely high 
temperature and contains a little more chloride, fluoride, and boron than lIurn.~J 
ground 'vater, and may have a very small amount of volcanic water. All of t 
waters were notably low in silica relative to their vent temperatures, alld 
considerably below saturation with respect to amorphous silica when ('()IIt'd,.~~ 
All springs except the South Steamboat well, however, have more fiili(,H 
normal streams of the area (see Steamboat and Galena Creeks, Table I). 
silica is dissolved by ground wa,ter, but generally in less than saturation nmotH 

with respect to amorphous silica, except where t.he water is acid and !'tw!, 
composition rapid. 

The silica content of the South Steamboat well is extraordinarily low, 
been determined to be 4 to 5 p.p.m. by gravimetric as well as by colorill" 
methods. The water is believed to be derived from Steamboat or Galt-nn ( 
entering al1uvium a mile or more upstream from the well. All stream 
of the region that have been analysed contain at least 10 p.p.m. of silicll. 
average of the surface waters is probably about 30 p.p.m. All are ('oll,i,k; 

below saturation with respect to amorphous silica, and when helltt'd 
migration to the South Steamboat well, they should become even more \lli~a\ 
Instead of dissolving silica, however, the water of this well appearfi to 111," 
cipitated most of its original silica. 

It is possible that, with mild heating, quartz or chalcedony is iwi, 
cipitated, and that dissolved silica trends towards an equilibriulJ1 \\ 
low-solubility minerals rather than with opal or other forms of amorphn'H 
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Siliea in hot· spring waters 

Why, then, do other heated ground waters such as Bowers hot spring contain 
as much or more silica than the surface streams? Ground waters may normally 
deposit some silica as chalcedony cement or as overgrowths on quartz, but con
temporaneolis chemical weathering or alteration of silicate minerals may supply 
as much or more soluble silica than the amount deposited. Renewal of supply 
IIHty be lacking for the water of the South Steamboat well, perhaps because the 
water is sufficien11y high in temperature to precipitate chalcedony but is too 
high in pH, without enough free CO 2 to attack silicate minerals. Although the 
relationships are not clear, this water is of special interest because its silica content 
definitely trends away from the equilibrium indicated by other thermal waters. 

Calcium bicarbonate springs. Thermal springs of the calcium-bicarbonate 
type have been discussed by ALLEN (19:34a, pp. :345-:349), ALLEN and DAY (19:35, 
pp. 360-:376), and WHITE, SANDBERG, and BRANNOCK (1953, p. 49:3). This type 
of water deposits calcium carbonate, and differs from the sinter-depositing alkali
hicarbonate-chloride waters of the Yellowstone geyser basins and Steamboat 
Springs. Travertine-depositing springs are probably always associated with 
sedimentary rocks and no doubt owe their characteristic features to solution of 
limestone at depth. Large volumes of meteoric water may mix at relatively 
low temperature, permitting relatively high concentrations of dissolved calcium 
hicarbonate. As ALLEN and DAY (1935, p. 375) have.pointed out, Norris Basin 
water contains abundant free CO 2 and, upon contact with limestone, should 
dissolve CaC03 (if temperatures are sufficiently low) and should change to the 
calcium-bicarbonate type. These authors, however, did not explain the silica 
relations of the two types of water. 

All travertine-depositing waters are notably low in silica, seldom containing 
Illore than 50 or 60 p.p.m., which is within the range of normal cold ground-water, 
but is far below that of other volcanic thermal waters not in contact with limestone. 
Fig. 1 indicates that Mammoth water at its vent temperature and with 50 to 
.i6 P.p.lU. of dissolved silica is farther from saturation with respect to amorphous 
silica tlian any other analysed thermal water. If the volcanic component of the 
\Iammoth water was as high in silica at depth as that of the major geyser basins, 
Illuch silica has actually been precipitated. It appears that, in contact with 
limestone, silica may precipitate while calcium carbonate dissolves. Silicification 
of limestone is geologically an attractive possibility, but if this occurs at depth, 
the silica content of the water is trending away from saturation with amorphous 
silica and towards equilibrium with quartz or chalcedony. The effect of calcium 
nlugnesiulll, and CO 2 on the solubility of the different forms of silica, and on 
rates of precipitation, deserves further study. 

Connate springs and oilfield brines. Tuscan springs (see Table 2) and the water 
of an oil-test well one mile south-east of Wilbur springs (included in Table 2, 
even though not a thermal spring) are believed to be typical of many connate 
Waters. Most oilfield brines contain from 20 to 60 p.p.m. of total silica (see, 
~or example, MEENTS et al., 1952, pp. 22-37; CLARKE, 1924, pp. 184-185), which 
III far below saturation with amorphous silica, probably because the waters are 
trending toward equilibrium with quartz and chalcedony. 

Wilbur Springs (Table 2), Colusa County, California, are believed to consist 
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of connate water that rises through serpentine and pre-Cretaceous rocks. It 
content of total silica, 190 p.p.m., indicates probable saturation with amorphou" 
silica at the vent temperature, particularly in view of the fact that no salt fact(J" 
has been applied. The high silica content may result from extensive alterati()tt 
at depth, or may reflect high solubility of olivine or serpentine through Whh'~ 
the water has probably flowed. 

The only other connate water reported to lie near the saturation cur,,{' f
ot 

amorphous silica was found by EMERY and R,ITTENIlERG (1952, p. 746), wlJ
Q 

determined the silica content of pore ,vater by colorimetric methods in reC('llt 
ocean-basin sediments (pp. 743-752). Approximate temperatures in sif11 a~ 
also indica,ted (p. 739). J\Iost of the pore waters are approximately 50% saturat{'d 
with dissolved silica but those of the Santa Cruz Basin (p. 746) contain as lllll('h 

as 68 p.p.m. (without a salt factor) which, at 4°C, is on KRAUSKOPF'S solUbility 
curve for dilute water (Fig. 1) and is a little above the cune for sea water. . 

Ocean water after burial in sediments is out of contact with silica-secretilln 
organisms such as diatoms, radiolaria, and siliceous sponges. If the sediment: 
contain a sufficient quantity of the opaline hard parts of these organisms, and if 
quartz, chalcedony, and authigenic silicate minerals are not formed too rapidh·, 
the water should in time become saturated with respect to amorphous sili('~, 
After the supply of amorphous silica is eventually cOJwerted to more stahl.. 
silica minerals, the silica content of connate water should in time come to equi, 
librium with quartz. 

The lack of saturation with amorphous silica for most connate waters, and 
also for old ground-waters, cannot be ascribed to lack of time nor, as far as known. 
to the activity of silica-secreting organisms. The more probable reason for the 
low silica content of these old waters is that equilibrium is gradually being at. 
tained 'with respect to quartz, which is the stable form of silica at low tempel'llt1ll1', 
with a solubility of only a few parts per million. In a ,Yater unsa,turated with 
respect to amorphous silica, opa.line organic remains should dissolve. The tiallH' 
water is supersaturated with respect to quartz or chalcedony, and these mineral" 
should precipitate. At low temperatures, however, the rates of precipitatioll 
of quartz and chalcedony may be exceedingly slow. 

Hot waters with high CO 2 content attack suticeptible silicate minerals. wilL 
monomeric silica as a probable by-product. Oxidation of some silicate minprah. 
may a.Iso provide monomeric silica. At some stages in the history of cort aill 
ground waters, the content of dissolved silica may increase; after the COllII'll! 
of CO 2' and oxygen is exhausted, the content of dissolved silica may trend down
ward toward equilibrium with respect to quartz and chalcedony. 

ORIGIN OF THE SILICA MINERALS 

General remarks. Gelatinous silica is the most soluble form of silica, and iI, 
solu bility at different temperatures is now known within narrow limits. SaInt iOil' 
sat.ura,ted 'with respect to gelatinous silica are supersaturated with respect to 
quartz, cristobalite, and other polymorphs, and this supersaturation may I ... 
exceedingly high. The degree of saturation of a solution with respect to any form 
of silica is an important factor in determining whether that form :will grow ill III! 
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Silica, in hot-spring waters 

Mderly manner into coarse aggregates or crystals, whether abundant nu'cleation 
¥ulllead instead to many small crystals or crypto-crystals of that form, or whether 

entirely different form will be deposited. 
Because quartz ((I. modification) is the stable form of silica, at temperatures 

twlnw ;')/:3°e, all other forms deposited below this temperature are metastable 
;\lId should change to quartz at varying rates depending on temperature, purity 
Ilf! he deposited material, presence or absence of water, and other factors. 

Opal. Opaline sinter is formed at and near the vents of springs that are 
,;,ttl/rated with respect to amorphous silica. Not all precipitated silica, however, 

<let tlally deposited as opal. Direct evidence for deposition of opaline sinter at 
i'tt'alllboat Springs, for example, is surprisingly scanty. Much gelatinous silica 
i'd! les in quiet pools and on the discharge aprons of springs, but most if not all 
(If this silica eventually dries to a powdery dust when activity ceases at that spot, 
alld is cal'ried away by wind or water. Masses of gelatinous silica that have 
remailled for a year or more "in pools at 800 to gOoe show no obvious evidence of 
CUIl\"cr:-;iOll to opal. Other samples have been stored in water at room temperature 
for as much as tell years without apparent formation of opal. Gelatinous masses 
of hut-spring algae, if desiccated as a result of shifting activity, also become 
light and powdery and are seldom preserved as sinter. If preserved under favour
ahle circumstances, however, some masses harden after a few years. Repeated 
wetting and drying is probably essential to the hardening process. Dissolved 
silica precipitates when the water evaporates, and presumably cements the large 
polymeric molecules. The exact nature of the process is not yet known. Thesc 
Oh;;el'\"ations suggest that opal generally forms by direct precipitation of mono
Illnic or, more probably, the smaller polymeric molecules of silica. Opal is 
proba hly not formed directly from large polymeric molecules, except where small 
ntolecllles are also precipitated. 

The type of sinter called geyserite provides some evidence for this hypothesis. 
(;ey;;crite is characterized by an irregular, knobby, or colloform surface, and 
ilCeul';; near the vents of geysers and spouting springs. As compared to other 
type;.; of sinter, it forms rapidly by evaporation of near-boiling water that is very 
Iligh in silica. The silica of such waters, as previously shown, consists entirely 
)1' largely of the dissolved (monomeric) form. Evaporation and precipitation 
llay be so rapid that the larger polymeric molecules do not have. time to form. 

Hard opal is also deposited below water-level in the vents of some springs 
hat are" supersaturated with respect to amorphous silica. Such opal has been 
Ibserved in the Porcelain Terrace springs and the' unnamed spring south-west 
{Pearl geyser ofN orris Basin (see Table 2). No conspicuous opal is being deposited 
~ nor'mal spring vents at Steamboat, but active geyser vents contain some new 
pal. It seems probable that the sinter lining of many geyser vents is deposited 
lll'ing the steam phase following eruption, when water-level is low and films 
f Water on rock surfaces are rapidly evaporated. 

Opal has. been found in veins and veinlets in drill core from a few sinter
epoHitillg hot-spring areas (V1HITE, 1955, p. 104). At Steamboat Springs, vein opal 
as found in drill core at depths as much as 75ft, where temperatures are as high 
\ 110°C. In places, opaline sinter has been found at greater depths, but is being 
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converted slowly to chalcedonic sinter. In Yellowstone Park, opal is also ordina '1 
restricted to shallow depths and to temperatures not much above boiling. A. ~:\ 
veinlets were found by WHI'fE ('1955, p. 104) in Norris Basin drill core pre"iou:t 
studied by FENNER (H)36, pp . 282-310) , from depths as much as 220 ft a . 
temperatures close to 140°C. At the higher temperatures, opal is being convel'led'lt! 
chalcedony. For amorphous opal to precipitate at 140°C, the concentrat.ion I:.{ 
dissolved silica must be at least 550 p .p.m. , jUclging by extrapolation of Fig. I ; 
this temperature. This suggests that the restriction of opal to 10wer-temperatlJ b 

environments may be due in part to the scarcity of waters saturated at h ig~ 
temperatures with respect to amorphous silica. 

Opal of some hot-sprin~ areas is also a characteristic end-product of !lear. 
surface leaching of silicate min erals by sulphuric acid. The acid is produced abo\ 
the water table by oxidation of H 2S. The leached rocks are residually enl'i ch\~ 
in titania and silica, the latter rema.inin g as opal. With sufficient time, eYen tl t 

. opal is r emoved because of its appreciable solubility in acidified r ain- water or 

condensed steam. Because this acid type of alter ation is related to the 1I'[lt ('t 
table, replacement or residual opal is probably nev er formed at tempel'atll l1 .. 
above 100°C. . 

The solubility of opal is assumed to be approximately the same as th at flf 

amorphous silica. This is suggest ed by KRA USROPF'S (1956) few experiments wi th 
opal and diatomite. Some opals are apparently amorphous, but X-ray stllcii\ 
have shown that some have a poorly developed structure, like th at of cristoblllite. 
It is likely ' that some differences in solubility, corresponding to differencrs ill 
crystallinity, 'will be found . 

Chalcedony. Cha.lcedony, a. fibrous form of quartz , has not been recogni z\·t! 
in primary hot-spring sinter or near-surface veins. Cha.lcedonic sinter, howen'r, 
is abun dant at Steamboat Springs in old sinters and those form ed at dcpth . 
and has b een recognized also at a few other hot-spring localities. All chalccdonir 
sinter was originally opaline; with sufficient time, temperature, and depth of 
burial, the opal was converted largely to chalcedony and in small part to gllal't z 
The amount and type of impurities in the opal, a.nd the rate of l110yemcnt "I 
wa.ter t hrough the porous opa.line mass m ay also be factors in determining tI ll' 
rate of conversion . The porosity of cha.lcedoni c sinter is generally much less thaH 
t hat of opaline sinter in spite of the differences in d ensities of chalcedonic qUflrl 1 
and opa.l, because additional silica is deposited from the migrating water. Th.· 
density of chalcedony is given in the li terature (BERMAN, 1942) as 2·55 to ~ · (i:l 

and that of opal as 1·9 to 2·3. The bulk density of opaline sin ter at St.ram1l11at 
Springs is generally of the order of 1·7. ' Vhen op aline sin ter is converted to eh ll l· 
cedon ic sin ter without ch ange in volume, t he bulk density is in creased to a buut 
2'5, by in troduction of more si lica. 

The reconstitution · of opa.l into chalcedony probably ta.kes place thl'o ll ch 
dissolution of opal and precipitation of the resnltant monomeric silica as fibr(lll ' 
quartz . This l'ecoll sti tutio~l is for t he most part a. localized phenomenon , bill 
migrating wat ers and diffusion may account for chalcedony t hat is deposit ill ).! 
at some distance from the place where opal is b eing dissolved. 

Compared to quartz, chalcedony shows a lower index of refraction (w) IIlld 
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v density, and an appreciable content of water. Studies by HOFF}IAX (1942) and 
'" hy FOLK and VVEA VER (1952) have clearly demonstrated that these differences 
\' are not ascribable to admixed opal but rather are due to the presence of large 
I numbers of submicroscopic, water-filled vacuoles within the microcrystals of 

I) quartz. Factors that induce the fibrous habit of chalcedony are not known, but 
during crystallization much mother liquor becomes entrapped within the quartz 

I) fibres, probably because the degree of supersaturation and the rate of crystalliza
tion are somewhat higher than for macroscopic quartz. 

Chalcedony may also form by sufficiently slow precipitation of small poly
meric molecules of silica with simultaneous rearrangements to attain the quartz 
strllcture. Some irregular cavities in" chalcedonic sinter are lined with bands of 
ehalcedollY that parallel the cavity walls on all sides except the bottop1. Here, 
the layers are horizontal (except where disturbed by later deformation), and are 
thicker than elsewhere. The difference between bottom and sides must be due 
to influence by gravity. This points to the settling of colloidal particles of sufficient 
size. The particle size may be very small and the rate of settling may be ex
ceedingly slow. There is no evidence to indicate whether these particles pre
cipitated directly as chalcedony, or were first gelatinous silica that dissolved 
and crystallized as chalcedony. 

Quartz. There is no evidence for direct precipitation of quartz in near-surface 
sinter or veins. The distributions of quartz and chalcedony are very similar 
at Steamboat Springs, except for the greater abundance of chalcedony. Both 
\'arieties of silica may result from reconstitution of opaline sinter, or from direct 
precipitation of silica in veins at depths of 50 ft or more. Fine-grained crystals 
with a mosaic habit grade from chalcedony to true quartz. Quartz of euhedral 
habit or with euhedral growth-lines is essentially restricted to cavities. Some 
cavities contain interbanded quartz and chalcedony as well as, rarely, opal. 
~l'he last mineral to be deposited is nearly always quartz, and the last crystals 
are commonly the largest, ranging up to about I cm in length. Coarse crystals 
of quartz probably form from a solution that is only moderately supersaturated 
~"ith respect to quartz at the temperature of deposition. Such a low-silica water 
IS probably derived from the nOrl1ial high-silica water by precipitation of chal
cedony, after all available opal has been reconstituted. 

Consider, for example, water that migrates from a major channel into hori
Zontally-bedded sinter at a depth of about 75ft and an initial temperature of 
about 130°C. If the water is supersaturated with amorphous silica, containing 
Illore than :375 p.p.m., a little opal can precipitate until equilibrium is attained. 
!f the water, however, is unsaturated with respect to amorphous silica or if it is 
JUst saturated, chalcedony rather tha:n opal will be precipitated. Any opal of 
buried sinter that is accessible to the water will go into solution, while chalcedony 
PreCipitates in open spaces. A part of the silica is derived directly from the water, 
""hich is still strongly supersaturated with respect to chalcedony; After all 
accessible opal has been reconstituted, and the permeability of the sinter has 
!iecreased greatly by deposition of chalcedony, the through-going water may 
~come only moderately supersaturated with respect to quartz. Quartz will then 

deposited rather than chalcedony. 
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Temperature, rate of precipitation, and degree of supersaturation wil,h 1'081>( 

to the different forms of silica are believed to determine which silica tl)illoral"-'t 
deposited. Q,uartz is generally favoured by moderately high temperatut·o, bllt . 
possibly also forms below 100D C if the degree of supersaturation and the rate !~ 
precipitation are sufficiently low. (F 

Oristob'alite and tridymite. Some hot-spring opal, with indices of refraC'!in, 
as low as 1'46, has been called cristobalite because of its X-ray pattern. A to 
amount of definite cristobalite, with indices of refraction close to 1'4 kil, 

formed below the water table at Steamboat Springs at temperatures not Illlld 

above lOO°C. The relations of amorphous opal, of opal with an X-ray l)att('h: 
of cristobaJite, and of true cristoba.Iite are not clear. " 

TridY.mite in the Norris Basin drill core was ascribed by FENNER (1936, p. 
to a hydrothermal origin. FENNER'S drill core has been restudied by VVHl'l'E (I 
pp. 108-110) who found the tridymite and associated sanidine to be pneumatoj\ti~ 
and related to extrusion of the rocks as welded tuffs. . 

At Mount Lassen, California, ANDERSON (1935, pp. 242-248) found tridYlllilf' 
forming in lavas that were being altered by sulphuric acid at temperatures (,j(J,{ 
to 90°C, and DAUBREE (1876) described the alteration of R,Qll1an bricks to Z(>ojill'; 
opal, a,nd tridymite at temperatures as low as 73°C at Plombieres, France. . 

The origin of cristobaJite and tridymite in hot springs is not clear. The mill!'r:;l~ 
have formed metastably, at temperatures far below equilibrium temperatllrt.~ 
and in contact with waters that were strongly supersaturated in silica with rrSptT; 
to the stable mineral quartz. 

ORIGIN OF THE CLAY MINERALS 

Hydrothe1'lnal clay minerals. Clay minerals are usn ally assumed to fOI'l]} 1,\ 
selectiye leaching, for example, of calcium from calcic feldspar, fol1ow~~d \;~ 
reconstitution of the remaining silica and alumina in some unspecified manll!'; 
Although the origin of clay minerals is not within the main scope of this p:ll'tt 
the properties of silica suggest a possible explanation. It seems likely that !lin!! •• 

meric alumina as well as monomeric silica are the fundamental "building blo(·I,~. 
In the past, alumina as well as silica has usually been considered colloidal. hilt 

some alumina, may be monomeric. In view of the fact that total alumina is ~(·Id,% 
more than 1 p.p.m. in most. near-neutral wa.ters, the concentrat.ion of "diRRohc<l 
alumina must necessarily be very low. The slow rate of dissolution of silica 
perhaps alumina at low t.emperat.ure, and t.he yery low solubility of alulllilia 
pH 5 to 9, the range in which most clays are formed, can account for the fililtlff 
to synthesize clearly-identifiable clay minerals at low temperature (GRnl. I!I:,] 
pp. 321-322). 

The moderat.ely high temperatures of many hot springs probably fa,"!!! 
rela,tively high rates of reaction in the formation of hydrothermal clay mill!'1 

Olay and bauxite m.inerals of soils. The geochemistry of silica is aPl)licabl,' 
other geologic problems. If hydrotherma.l clays are formed in the malllwr 
proposed, a similar origin is indicated for clays formed by weathering. 

The origin of bauxite may be a simila,r problem. Ordinary rocks and 
contain much silica, so t.hat 10 to 50 p.p.m. of soluble silica is ordinarily---t 
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Silica in hot-spring waters 

. .,lowly-dissolved in rain water that percolate" into the ground. The 
,di"a content, relative to alumina, is probably sufficient under usual conditions 

the proposed reaction, dissolveu siliea + dissolved alumina ~ clay, 
strongly to the right. vVith sufficient time, all susceptible minerals 

w,·athcred to clays, and excess free silica is removed from the soil zone. Under 
,;.!itioIlS of tropical rainfall and temperature, the proposed reaction could then 
lli,plaeecl significantly to the left by dissolution and removal of silica from the 
.hLd alumina in an open system. Alumina, because of its much lower solubility 

neutral solution, remains as bauxite. 

CONCLUSIONS 

11111' eonclusions, wherever on common ground, are in almost complete agree
with those of KRAUSKOPF (19;')0) that were ba?ed on laboratory 

llIentation. 
I. Xearly all silica of hot springs is in true molecular solution, probably as 

.. "i() l' Solubility of amorphous silica at Steamboat Springs, as determined by 
<'OloI'imetric molybdate method, is about 31.5 p.p.m. of SiO z at 90°C, and 

:/,d sil1llples of neutral and alkaline waters attain equilibrium at about 110 p.p.m. 
!.i ('. If the colour intensity is decreased somewhat by salinity, as has been 

,1;0\\ II for sea water, the actual solubility curye for hot springs is somewhat 
and is very closc to KRAUSKOPF'S curve. Solubility is at least as high 

avid as in alkaline springs, but equilibrium is attained, in acid solutions, at 
v\(·t'cdingly slm.v rates. 

~. In supersaturated solutions at low temperature, monomeric silica poly
IlInizl'!-l slowly to colloidal silica. The rate may be almost iufinitely slow in acid 
,Iter and in solutions that are only moderately supersaturated. The rate of 

pnlymerization is increased by high pH, high temperature, high degree of super
qtut'ation, the presence of previously formed colloidal silica, and contact with 
'''Ille other substances. Opaline sinter is particularly effective, but chalcedonic 
'Ilitet' appears to have the opposite effect. Algae are, at best, only a minor factor. 

:l. Precipitation of colloidal silica is favoured by high temperature and, to 
'Ollie degree, by all substances that were tested, notably opaline sinter, but 
"/;alcedonic sinter is also influential. 

-t. }Iany connate and other ground waters, including llonvolcanic thermal 
'prillgs and volcanic springs of the calcium-bicarbonate type, are notably un
',lturated with respect to amorphous silica. Precipitation of quartz and chalcedony, 
i he common low-solubility forms of silica, is belieyed to be the principal explanation . 

ti. Opal and gelatinous silica are formed when silica is deposited with relative 
r'~pidity. Opal is favoured by low temperature. It occurs at temperatures as 
high as l40°C, but it is unstable and is converted slowly to chalcedony or quartz. 
! lpal is probably formed from monomeric or, more probably, the smaller polymeric 
!llolecules of silica. Evidence is lacking for the direct conversion of gelatinous 
silica to opal at room temperature. . 

6. Formation of quartz is believed to be favoured by relatively high 
(e'rnperature, slow rate of deposition, and low degree of supersaturation, and is 
Probably formed directly from monomeric molecules. 
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7. Chalcedony is probably formed from waters that are rather strongly stlper. 
saturated with respect to quartz. The rate of deposition may be too rapid fo

t 
attainment of the well-ordered structure of quartz. 

8. Clay minerals may form from monomeric silica and monomeric alulllilll\ 
as the fundamental "building blocks." Dissolved alumina, if it exists, does not 
exceed I p.p.ill. in near-neutral solution at low temperature. Slow rates of di". 
solution of soluble alumina, comparable to those of silica, could account for 
failures to synthesize clay minerals at low temperatures. Because of the abundan('~ 
and relatively high solubility of silica, the proposed reaction, dissolved silica 
dissolved alumina ~ clay, is ordinarily displaced strongly to the right. With 
dissolution and removal of silica in an open system, a.ided by tropical rainfall 
a.nd temperature, the reaction may be displaced to the left. Alumina, be('all~~' 
of its very low solubility, remains as bauxite. 
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