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Abstract—The silica in hot-spring waters and in a few cold waters was studied by means of the colori-
Metric ammonium-molybdate method of analysis. MuraTa found in 1947 that only a part of the total
*ihcn. in aged samples of high-silica waters was determinable by the colorimetric method. Wetirz,
RANCK, and ScuUcCHARD later showed that ammonium molybdate reacts readily with the monomeric
'orm of silica (probably H,SiO,) but very slowly with polymeric silica. If the colorimetric measurement
'8 eompleted 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
Hissolved (monomeric) and amorphous silica. For the hot springs that were studied, the solubility is
Sbout 315 p.p.m. at 90°C and 110 p.p.m. at 25°C, which is very similar to KrRauskops’'s experimental
ata,

Monomeric silica polymerizes so slowly to colloidal silica that many waters are supersaturated with
"spect to amorphous silica. The rate of polymerization is influenced by pH, temperature, degree of
Spersaturation, presence of previously formed colloidal and gelatinous silica, and contact with opal

* Publication authorized by the Director, U.S. Geological Survey.
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and other substances. Supersaturated acid waters and alkaline waters with less than 1009 Supe
saturation tend to remain supersasturaled ahmost indefinitely, with little or no change. Preci],hmi‘r“
of colloidal silica is favoured by high temperature and contact with opal. o

Many connate and other ground waters, including some thermal springs, are much below sat uratiy,,
with respect to amorphous silica, probably because low-solubility quartz and chalcedony have b‘:*‘
precipitating. ”

Quartz is favoured by relatively high temperature, slow rate of precipitation, and low degree
supersaturation, and is believed to form by deposition of monomeric molecules. Chalcedony is Probaby,
deposited when the degree of supersaturation is moderately high and the rate of deposition is l'elati\v,.l‘\ )
fast. The ranges of temperature over which quartz and chalcedony deposit no doubt overlap, by i}
other factors ere equal, quartz is favoured by high temperature. ’

Opal is favoured by relatively low temperature and rapid rate of precipitation. Although o,
has probably been deposited at temperatures as high as 140°C, it is unstable and is slowly converteq 1
chalecedony or quartz. Water that is saturated with respect to opal is highly supersaturated with respogy
to quartz. Opal is probably formed from monomeric or more probably, the smaller polymeric molecyle,
of silica, retaining some of their water content. Evidence is lacking for the direct conversion of gelatingy,,
silica to opal. Some differences in solubility probably exist between amorphous opal and opal th,,
shows X.ray patterns like that of cristobalite.

The suggestion is made that clay minerals form by combination of monomeric silica and a comparaty,.
form of monomeric alumina, which must have very low solubility in waters within the pH range of 514 4
Because of the abundance and relatively high solubility of silica, the proposed reaction, dissolveq
alumina + dissolved silica = clay, is ordinarliy displaced strongly to the right in hydrothermal alteratiq,,
and in ordinary soil formation. With removal of free silica, aided by tropical rainfall and temperatyre
the reaction may be displaced to the left by dissolution and removal of silica from the system. Alumin,
because of its very low 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 samples
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 determinable
silica in fresh samples was approximately equal to the gravimetric determinations,
Bran~yoor and WaITE then made a series of detailed measurements in 1948 on
fresh and aged samples, using a portable battery-operated colorimeter.

In samples of high-silica waters that were aged at room temperature, some of
the silica became nonreacting to the colorimetric reagent, molybdate, but the
nature of the reacting silica remained uncertain until Werrz, FraNcxk, and
ScavcHARD (1950), and ALEXANDER, Hzsrow, and ILer (1954) demonstrated
that monomeric silicic acid reacts completely with molybdate in about 75 sec,
but that dimeric and polymeric silicic acids require 10 min or more.

In 1954 Koxrap B. Krauskorr started laboratory experiments that were
designed to clarify some of the relationships we had found in natural waters.
His results, published in a separate paper (1956), agree strikingly with ours.
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 concerned
largely with the behaviour of silica in nature.

Methods. The values for dissolved (monomeric) silica and most total silica reported by the
authors were obtained colorimetrically by methods based on the formation of the yellow
silicomolybdate complex. The measurements were first made by visual comparison with a series
of empirical standards, and in later work with a portable photo-electric colorimeter that was
taken into the field.

For those determinations of dissolved silica in which the photo-electric colorimeter was used,
measurements were made on solutions which contained 10 ml of water sample and 10 ml of
reagent solution diluted to a total volume of 110 ml with distilled water. The reagent solution
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Silica in hot-spring waters

was a 5% solution of ammoninm molybdate in 2 N hydrochloric acid. The temperature of the
distilled water was adjusted prior to mixing so that, upon mixing, the temperature of the
resulting solution was approximately 32°C (90°F). Within 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 standard curve, and after a blank correction
wag 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
carried through the procedure deseribed above for the determination of dissolved silica.

In the determination of total silica, 150 mg of sodium hydroxide was added to 10 ml of water
sample, and the resulting solution was boiled for 5 min, neutralized with hydrochloric acid, and
earried through the same procedure as that used in the determination of dissolved silica.

The determination of dissolved silica was generally reproducible within 5 p.p.m. Fifteen
romparisons were made between dissolved silica in fresh samples and total silica in the same
samiples, determined colorimetrically within two days after collection. Only four of the fifteen
differed by more than 5 p.p.m. and two by more than 7 p.p.m. Total silica was also determined
i eight aged samples by gravimetric as well as by colorimetric methods. On the average, the
yravimetrie value was 13 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
slinity. A salt-factor correction of 1-23 times the apparent content is necessary for sea water
(CHOW and Rosixson, 1953),

Rerarionsuips aT Hor-sprivg VENTS

Dissolved silica. The content of dissolved silica (here used synonymously
with monomeric silica or monosilicic acid, in contrast to polymeric or colloidal
silica) in vent samples is identical to total silica determined colorimetrically,
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
springs in Norris Basin of Yellowstone Park and also at Haukadalur and Hveravellir
n 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
‘;’mewhat similar appearance that become clearer with settling of suspended

o Hlay,

- Measurements at Porcelain Terrace, Yellowstone National Park (see Table 2),
_ Prove 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
*d in colloidal suspension. A few springs at Steamboat Springs contain gelatinous
lica that is transported in mechanical suspension but that settles when rate of
TO‘-"Ement is sufficiently slow. This siliceous sediment is notable for its high
“Mtent of antimony, mercury, gold, and silver (BRANNOCK et al., 1948, p. 222-223)
*d is flughed out of the spring system in abundance at times of high discharge.
N Of the Steamboat Springs shown in Table 1 and Fig. 1, springs 21, 24, and 50
i::*% depositing much gelatinous silica in or immediately below the spring vents;
Ser amounts were depositing from springs 2, 3, 4, 8, 16, 18, 19n, 23, and 44.
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Solubility and temperature. In Fig. 1, the dissolved silica of vent sample b
been plotted against temperature when collected. Although many points SUZgreg .
random scattering, only three are significantly above the solubility of amorpy, (;s‘
silica as indicated by the compilation of ALEXANDER ef al. (1954, p. 453), and lllu:z
are somewhat lower. An approximate solubility curve for hot springsisindicateq
Fig. 1. This curve was drawn through the equilibrium point for samples ageq ;gk
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® Yellowstone Park
® Equilibrium of aged hot spring samples )
© @®SiO; deposited conspicuously in spring vent;
water definitely saturated /
400 — <
|
Solubility of amorphous SiQO, (compilation
by Alexander, et al, 1954) e A4
8
I © %@%
/@ o4 el
g 300 ' 7o o7 cOTgT
a ‘ © pd Y ®
a © L _ e ?
£ © S
k3 Solubility of amorphous T © &
£ silica {Krauskopf) P e o
(e}
o % L’
g 200 OV
= PR
@ 7 Approximate solubility of amorphous
~ silica, as indicated by SiOp~
depositing hot springs
4 A
100
ry [:4
o ]
¢) 20 40 60 80 100
Temperature ——s - °C

Fig. 1. Relation of dissolved silica and temperature of water at time of collection.

room temperature (discussed later in detail), and the points for springs 23, I8, aud
21, which are depositing gelatinous silica. All springs known to discharge gelatinous
silica at their vents are believed to be saturated or supersaturated with respect t+
amorphous silica. All waters above the approximate solubility curve were probabls
supersaturated, even though some were not depositing gelatinous silica; most o ¢
the waters below the line were probably unsaturated with respect to amorphous
silica, although some may have been slightly supersaturated. It should I*
emphasized that a precise solubility curve cannot be determined by this methed

i
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Silica in hot-spring waters

The indicated solubility for amorphous silica in_ hot-spring water is slightly
sawer than the solubility found by Krauskorr (1956). In the hot-spring samples,
40 correction has been made for the salt effect described by Crow and RoBINSON

‘fable 1. Silica content of hot springs and miscellaneous waters, Steamboat Springs area, Nevada.
pissolved silica determined by the colorimetric method within five minutes after collection
of the samples.

Total | DS

Comments

} Date Temp. Cl, solved
| Collected °ct ; p.p.m.2

Si0O,,
p-p.m.}

i

spring

Si0,,
; | p.p.m.

9/24/48 | 332
9/24/48 | 331
9/24/48 | 339 | Some gelatinous Si0O, in spring
9/24/48 | 327 Some gelatinous Si0, in spring
9/24/48 | 254 | Some gelatinous SiO,inspring
f Some drainage from 5
9/24/48 | 324
10/2/48 324
9/24/(48 _ . 256 | Discharge pt. for 7
9/24/48 . 266
9/22/48 313 | Some gelatinous SiO, in spring
9/22/48 298
9/22/48 316
9/14a/48 258
9/22/48 247
10/2/48 226
9/14/48 . 341 | Some gelatinous SiO, in spring
9/22/48 331
9/22/48 301
9/16a/48 316 | 0930; some gelatinous Si0,
in spring
9/22/48 . 331 | Some gelatinous Si0, inspring
10/5/48 331 | Some gelatinous 8iO,inspring
9/22/48 308 | Some gelatinous SiO, in spring
9/22/48 p 317
9/17a/48 . 293 | 0940; much gelatinous SiO,
) in spring
9/17b/48 295 | 1350; much gelatinous SiO,
9/24/48 . 292 in spring
9/30/48 627 289
10/5/48 297
9/22/48 331 | Some gelatinous 8i0, in spring
9/13/48 325 | Small active geyser
9/22/48 - 328
10/2/48 322
9/13a/48 348 | 1430; much gelatinous SiO,
in spring

- T L T

9/14/48 - 345
9/22/48 331
10/2/48 : 335
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Table 1 (continued)

WHiTE, W. W. Brannock, and XK. J. MUraTa

| Date | Temp al Total D]is'di
- > . 1. solve
Spring collected | °Ct pH® o ® splg%,“ Si0,, Comments
] i l p.p.m.
E T
25 9/24/48 | 88 | 7-39 | 892 293
255 9/24/48 | 80 7-27 | 890 316
26 9/24/48 | 94 | 753 | 888 | 207
26 | 10/2/48 | 96 | 797 | 880 | 273 | 300
32 i 9/24/48 | 94 7-16°| 888 291
33 [ 9/13/48 | 54 5-87 | 784 210
| 9/24/48 | 38 590 | 724 189
| 10/2/48 | 35+ | 5:8x) 700 186
44 ‘ 9/24/48 | 50 589 | 848 288 Some gelatinous 8i0, in SpPring
46 9/24/48 | 176 595 | 856 204 :
50 9/24/48 59 5-577| 848 279 Considerable gelatinous SiQ,
n sprh;g
50 10/2/48 | 59 6-07 | 848 277
Steam- 9/24/48 88+ | 831 | 624 233 | Erupting well
boat well| 10/2/48 94 876 | 668 209 | 219 | Erupting well
South 9/13/48 43 8-35 7-6 4 | Warm meteoric water
Steam-
boat well
Tachino 10/1/48 33 7-48 56| 89 90 | Warm meteoric water
-1 well
Tachino 10/1/48 10+ | 725 56 74 | Cold meteoric water
-2well
Damonte 10/1/48 | 54 673 | 532 175 | 18 ! Warm spring
Zolezzi 10/1/48 42 7-57 84 122 | 122 | Warmspring
Bowers 10/2/48 47 9-37 7-6| 45 46 | Warm spring
Moana 10/1/48 88 802 | 52 118 Hot well
well 10/4/48 117 | 118
10/6/48 | 116
Steam- 9/13/48 | 15+ 4 741 52 48
boat
Creek
Whites 9/13/48 154 | 771 2-8 10
Creek g
Steam- 10/1/48 19 7-06 64| 61 | 56
boat cold f 5 |
well i 1

1 Vent temperatures.

2 Determined by Beckman pH meter in the laboratory w

3 Determined by titration with silver nitrate.

4 Determined within two days after sample was collected. Sample heated with N

determined colorimetrically.

(1953). The colour intensity of the molybdate reaction is lessened by high salinity.
Crnow and RopixnsoN found a salt factor of 1-23 for sea water and Krav wm
(1956) found that the solubility of amorphous silica in sea water was the same as i

dilute water if the salt factor was applied.
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Silica in hot-spring waters

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
by a salt effect is not known.

Influence of pH. ALEXANDER et al. (1954) and Kravuskoprr (1956) conclude
from experimental evidence that the solubility of amorphous silica is largely
independent 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
and 2 is as much or more than that of most alkaline waters. There is also no clear
; relation between pH and degree of supersaturation. Amorphous silica appears to

he 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.

DxrosirioNn oF SiLicA oN HoT-SPRING APRONS AT STEAMBOAT SPRINGS

The behaviour of silica downstream from the spring vents was studied to
carify the roles of algae, aeration, agitation, and sinter in precipitating silica.
ALLEN (1934b, p. 373-389) had stated that the silica of Yellowstone hot springs
#as precipitated largely by inorganic processes. To test this conclusion, samples
were collected from the discharge stream of spring 21, which flowed over a promi-
tent algal apron. The stream was then diverted to a new channel over dry opaline
“#inter, where é,lgae were absent. For comparison with these samples, water from
the same spring was cooled and evaporated by pouring the water back and forth
from a sprinkling can to a metal bucket, in a control experiment designed to
Himinate influences of algae and sinter. .
) Control experiments. A large sample from spring 21 was cooled and evaporated
*F pouring from a sprinkling can. Small samples were removed at the time-
“tervals shown in Table 3 and Fig. 2.
In Fig. 2 and following figures, silica is plotted against chloride, which permits a
‘feet comparison of the curves. Chloride is merely concentrated by evaporation,
“dergoing no chemical change. It is therefore possible to calculate a reference
“Ive for total silica. The difference between calculated and measured total silica
Fiue to precipitation of gelatinous silica, assuming no analytical errors.
. As the sample evaporated, soluble silica became concentrated at a rate approxi-
~;te’y equal to that of chloride, and was not affected by the rapid lowering of
“Mperature. Some of the samples contained 200%, more silica than the saturation
'¢ with respect to amorphous silica at the temperature of collection. The
_, “fence between measured total and calculated total silica was due to formation of
“*tinoussilica or to analytical errors. Dissolved silica was probably identical to total
h ”&aerept in the final sample, in which colloidal silica had probably started to form.
_ “eration and agitation had surprisingly little influence, within the first two
'™ of the experiments, in polymerizing monomeric silica. Some differences were
"iTent in the dissolved silica content of samples aged for three days, but the
"8 effects are discussed later in this paper.
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Table 2. Silica content of Yellowstone Park and California hot springs. Content when collected
) not accurately known

Sample

Date
collected

Approx.
time
clapsed

Cl,
p-p.m.

Total
Si0,,
p.p.m.

1 .

Dissolved
Si0,.
p.p.m.?

Si0, analyst
and comment

Norris, Yellowstone
Green Dragon

Vermillion Spring

W. of Norris drill-hole
Porcelain Terrace

Spring 200 ft SW of Pearl

Upper Basin, Yellowstone
Daisy geyser

" Riverside geyser

8/27/54

9/28/47
8/25/54

8/25/54

1930 +
9/28/47
8/25/54

9/28/47
8/3/51

10/1/47

1930 4.
10/1/47

=

90 days
305 days

0
90 days
307 days

90 days
307 days

? days

0
90 days
307 days

0
3 yrs

? days f 93-5

0

048

09-02

296
288

496
419

369
332

280
109
110

H. KrAMER
K. KRAUSKOPF

D. E. WHITE?
H. KraMER
K. KRAUSKOPF

H. KRAMER
K. KRAUSKOPF

E.T. AnLent
D. E. Warre?
H. KRAMER
K. KRAUSKOPF

D. E. Warre?
W. W. BRANNOCK;
colloidal 810, at vent:

D. E. Write?; before
eruption

D. E. Warre3; during.
eruption

E.T. ALLENY
D. K Whrre?

VIVAO ‘P 3 puB ‘MOONNVHY M M ‘ILIHAY L aTvNo(d




Sapphire Pool
Midway Basin, Yellowstone
Excelsior geyser

Lower Basin, Yellowstone
Ojo Caliente

Mammoth, Yellowstone

Morgan Springs, California
Growler

Spring 6
Spring 12

Wilbur Springs, California

Oil test near Wilbur

-~

. Tuscan Springs

1930 +
10/1/47

1930 + -
9/30/47

1930 +
9/30/47

1930 +

9/29/47
8/25/54

7/29/49
9/7/54

8/3/49
3/25/54

4/24/55

6/9/54

90 days
100 days
75 days
290 days

73 days
290 days

75 days
290 days

75 days

15 mos. .

4 mos.

P

62 days

|
|
{
)
|
i 11030
|
|
!

162-175

168
169

2427
2400

2160

2340

10400

11000

11800

29-72

40

\
5
i
|
{
|
|
J

T. ALLEN?
E. WHxire?

T, ArLen?
E. Winre?

T. ALLEn?
. E. Wurre?

E. T. ArLen?; range of

6 springs
D. E. Warre?; two springs
H. Kramer

W. W. BranNgck
H. KraMER
K. KRAUSKOPF

H. KrRAMER
K. KraUSKOPF

H. KraMER
K. KRAUSKOPF

W. W. BranNock
K. Krauskorr

H. ALMOND

H. KrRAMER

1 Determined colorimetrically 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.
4 Gravimetric determination, ALLEN and Day, 1935, pp. 249, 268, 277, 373, 469.
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Table 3. Silica content of samples from spring 21, Steamboat Springs, collected 30 Septemb‘
*

1948; water cooled and evaporated by pouring from one container to another.

1/25/4g

TT—

110

I
) Caleulated Measu'red ’ Dissolved SiOy, p.p.ip 3
No. and Temp. ClL, . total SiO,,
Time oC pH total 8i0,, .
p.p.m. 1 P-
p-p-1m. 9/30/48% |9/30/48 | 10/3/48
| |
| l
21-1 1007 84-2 6-62 888 | 289 288 289 286
21-2 1019 62 7-72 910 296 288 289 1665
21-3 1032 43 8-:01 926 302 298 290 160
21-4 1053 27 8-16 944 308 299 3128 154
21-5 1106 23 8-22 950 310 302 318¢ 154
21-6 1135 17 8-27 956 312 2908 3188 154
21-7 1203 14 8-34 976 318 309 312 156
21-8 1316 17 | 843 1074 350 331 312 163
i t

1 Theoretical total Si0, as influenced by evaporation; calculated from chloride data and m
t

measurements.
2 Tn solution and colloidal suspension; determined colorimetrically on day of collection after boiliy,.
2

sample with NaOH.

3 Determined colorimetrically by reaction with ammonium molybdate.

4 Total SiO,, 10/2/49, 277 p.p.m.
5 Total SiO,, 10/4/48, 261 p.p.m.
6 Fxceeds calculated theoretical total SiQ,, presumably due to error in determination of Cl or 80,
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Silica in hot-spring waters

tember ‘fable 4. Silica content of samples from spring 21, Steamboat Springs, collected 24 September
1948, from discharge stream diverted to a new channel without algae.
. |
1.3 3 . is i P .3
p.In Dist.- } Measured Dissolved SiO,, p.p.m
o * - Calculated total SiO
. ;_*;(‘)crﬁ e:gp' pH Cl, p.p.m. | total SiO,, p.p.m 2 ’ Feb.
1 .p.m.
1/25/49 vent, ft ‘ P-P-m-= | grog1ag2 | 9/24 | 9/25 | 9/26 | 10+,
T i ' 1949
- o o
110¢ ! ‘ {
0 , 846 6-17 884 292 291 292 | 292 289 108
50 - 63 7-11 908 300 286 |
o 47 7-61 936 309 302 | 286 L2092(7)] 157
150 | 27 7-73 980 322 | 280
200 24 779 | 1000 | 330 | 276 | 259 197 | 161
300 118 790 | 1040 | 345 | 255 246 | 212 | 169
00 12 796 1080 357 { 224 212 } 223 193
| i f !
i ! ! ! ! I
TS0 ! Theoretical total Si0, as influenced by evaporation; calculated from chloride data and 9/24 SiO,
24 5i0, measurements. ;
boiling * In solution and cotloidal suspension; determined colorimetrically two days after collection by
oty hwiling sample in NaOH.
3 Determined colorimetrically by reaction with ammonium molybdate.
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Table 5. Silica content of samples from spring 21, Steamboat Springs, collected 17 Septey,,
1948, from discharge stream running over an established algal colony. “

1’ ‘ i I i
Dist- ! | Measured | Dissolved SiO,, p.p.m.3
ance | Temp. & | Ca.lcula‘.tedimml 810, » Pbm
from o | pH Cl, p.p.m. | total 81102, ppm. | T
vent, ft | PPIT 0 9)19/482 | 917 | 918 | 9j2s 12y
| | f | 4y
0 83 615 888 293 ; 287 293 289 195 ¢y,
50 . 63 7-29 914 301, 204 205 254 134
100 38 773 952 314 | 201 203 199 130
150 33 7-80 964 318 288 285 | 211 | 129
200 21 7-97 994 328 | 216 | 223 221 186
500 | 17 8:14 1064 351 196 | 197 | 204 | 199
800 | 18 8-81 1936 . 639 00 12 | 72 75
; ‘ :

T Theoretical total Si0, as influenced by evaporation; calculated from chloride data and 9/17 Ny

measurements.
2 In solution and colloidal suspension; determined colorimetrically two days after collection ..

boiling sample with NaOH.
3 Determined colorimetrically by reaction with ammonium molybdate.

1 Determined 20/9/48,
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Silica in hot-spring waters

Sinter channel without algae. The measurements of 24 September 1948, when
the discharge stream of spring 21 was diverted to a new channel without established
algae, 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
ahove, but some polymerization of dissolved silica started to occur immediately
downstream from the vent. Colloidal silica remained in suspension in
significant quantity, but began to precipitate about 100 ft from the vent, at least
in part as gelatinous silica that was actually observed in the lowel part of the
channel. :

The behaviour of dissolved silica was very different from that in the control
experiment. The degree of supersaturation became high, but not nearly as high as
in 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 the
water of the 24 September series was in direct contact with previously deposited
opaline sinter.

Normal 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
observed in water as hot as 69 or 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 in temperature were probably too great for
algae to flourish.

For the first four samples, the curve for dissolved sﬂlca 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 3769, of the equilibrium amount (about 83 p.p.m. at
14°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; 2729
of the eéquilibrium amount of 78 p.p.m. at 12°C at 400 ft; spring 21 on sinter and
algae, 2239 of the equilibrium amount of 100 p.p.m. at 21°C at 200 ft; spring 18
on sinter and algae, 3159, 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 (monemeric) silica, and
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Table 6. Silica content of samples from spring 18, Steamboat Springs, collected 16 Septembe,
1948 from discharge stream running over an established algal colony.

Dist- L

|
ance Temp.
from °Cp ! pH
vent, ft :
l E
0 | 90 | 645
50 | 39 ~‘ 7-84
75 21 | 801
100 17 | 1798
200 13 800
400 7

| 802

Caleulated | Measured Dissolved 810, p-p.m.*

Cl, p.p.m. | total Si0O,, | total SiO,, T
1 2

ppm 4 PPIT A gng o917 | 9/18 | 9/25

L
{ 1 | | ;
916 315 323 | 315 229 170 | 13p
984 339 338 | 331 167 148 | 123
1020 351 331 315 150 | 127
1028 354 297 279 170 161 | 13)
1128 388 | 244 241 223 211 | 149
1220 420 | 179 176 170 180 | 189

! i

1 Theoretical total Si0, as influenced by evaporation; calculated from chloride data and 9/16 8io,
measurements.
2 In solution and colloidal suspension;
boiling sample with NaOH.
3 Determined colorimetrically by reaction with ammonium molybdate.
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Silica in hot-spring waters

srecipitation, as indicated by the decrease in total silica. This conclusion is
g”,{)l)()lte(l by data from samples that were aged in contact with sinter.

Sinica IN AGED SAMPLES

Polymerization of soluble silica. Many samples from the Steamboat Springs
sen were aged at room temperature in stoppered bottles with plastic linings in
-aler to determine rates of polymerization and precipitation (see Table 7). In most

. ]
24-9/14(pH 7:43)
74 -
16-9/14 (PH 6-2) ot : 0
tp )] T 4518-10/5(pH 6:54)
“4ored in contact with——%— Y 0%.23n-10/2(pH8-19)

opaline sinter . 26-10/2 (pH 7-97) 18-9/16b (pH 6:45)

A

e 02,1-9/17a(pH 6'15)
S0 50-10/2(pH 6:07)

Loxm———0 14-9/14a(pH 5'10)

£x0 14-10/2 (pH 5-99)
©Steamboat well-10/2 (pH 878)

Damonte 10/1 (pH 6'73)
%O

24-9/14(pH7-43) spring number,
date of collection, and initial pH

o Initial dissolved Si0, (also
‘approximate initial total SiOp) ~—

x Total silica 125% days after

Zolezzi 10/1 (pH 7-57) collection
x—0Zolezzi pH7 )
B \oana-10/6 (pH802) A ?;j_:c;lggg SiOp 125 days after
A Tachino 1-10/1(pH 7- 48)
100 200 300 400

Silica content, p.p.m. —»

Fig. 6. Net changes in the content of dissolved and total silica in thermal waters of the
Steamboat Springs area during four months after time of collection.

%P!os with time, some dissolved silica polymerized to colloidal silica, and at still
;‘“ rates some colloidal silica precipitated as gelatinous silica.

4. 6 shows the net changes that occurred in the 4 months following the time
j* tction. In most samples soluble silica decreased to about 110 p.p.m., and a
Part of the newly-formed colloidal silica precipitated as gelatinous sxhca.
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Rates of polymerization of some representative samples are shown in'Fjy .
-Some waters initially highest in dissolved silica polymerized extensively “'.if.l:i:
twenty-four hours, but others with an intermediate content showed no signiﬁ(za,j:
change in four months. Sample 24-9/ 13a was polymerizing very rapidly t“’en(:‘
four hours after collection. A similarly rapid change in sample 21-9/24, howe\»ﬁ;
did not occur until at least the fifth day.

TIME IN DAYS
00! 005 0Ol 05 | 5 .10 50 100

24-9/130(pH7.05] | ) [,

16-9/141{pH 6.2 ]

18-9/16b (pH 6.4)
26-10/2 (pH 7.97)

21-9/24 lpH6.4T)

50-1072 (pH6.07) | ~
14-9/140 (pH 5.10)

\

14-10/2 {pH 5.99)

L4102 (o =

Steamboot well No.4-10/2 (pHB8 76}

]

\“y\
\

)] 2

\ u
»‘%%égi

_&21-9/17-500 tpH a.mﬁ ' \

Domante- 1071 (pH 6.73) \ - | o
~) \\

g =z

Zolezzi-10/1 {pH 7.57)

Moano-10/6 (pH 8.0

Tochino-1- 10/1 (pH 7.48)

Fig. 7. Changes in content of dissolved silica with time in some representative samples
from the Steamboat Springs area.

KRraUsgoPF (1956) has shown that rate of polymerization is most rapid at by
pH and high salinity. Evidence from hot springs suggests that the degree
supersaturation, the presence of previously-formed colloidal particles, an_di
nature of foreign substances also influence the rate of polymerization. The-
factors are discussed in the following paragraphs. ,

Bquilibrium in neuiral and alkaline waters. The content of dissolved silica i &
alkaline vent samples decreased with time when stored at room temperatas
eventually attaining approximate equilibrium at 106 to 118 p.p.m. Fifteen
nineteen samples in Table 7 with initial silica above 118 p.p.m. and pH's abuse ®
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Silica in hot-spring waters

attained this range within four months. The average of the fifteen samples is
110 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 e\ceptlons are discussed
separately.

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.
In 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 209,
Hoeeulated.

Metastability 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
496 and 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 reach the equilibrium attained by most alkaline
samples in four months.

The difference in origin between the high- and low-chloride acid springs should
he noted. The latter, called acid-sulphate springs, consist of steam condensed near
the ground surface and mixed with rain and snow-water (WHITE, SANDBERG, and

: Brixvock, 1953, p. 493). The acidity is caused by surface oxidation of H,S.
Nilica, is dissolved from the immediate borders of the spring pools, and, depending
O 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).
L The acidity of springs high in chloride, called acid-chloride springs, is of less
tertain origin (WHaiTE, 1955, pp. 106-7). Some springs, including the Green Dragon
(Table 2), are relatively hlgh in discharge. Chloride and silica are transported
Y“Pward in solution from depths where temperatures are much higher than the
Surface boiling-point. Because of this difference in origin, acid-chloride springs
May be supersaturated with respect to amorphous silica at vent temperatures
®ause of the rapid drop in temperature near the surface, but acid-sulphate springs
e commonly unsaturated.

ILER (1955, p. 46) and Krauskopr (1956) have shown that equilibrium with
issolveq sﬂlca is attained much more slowly at low pH than at high pH. Data
-Tom hot springs are for the most part consistent with this conclusion. Equilibrium
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Table 7. The effect of ageing on the silica content of water samples from the Steamboat. §

2 . R . . Prin,
area. Italicized quantities were determined gravimetrically. ke

? ! | Total | IS
Soring | Date Time | Temp, H | g0 solved | Co
PPINE 1 gollected | elapsed! | °C P p.p.m.} 1 8i0,, | mments
| | PP ppm.d |
T - f ] ! T
5 10/2/48 0 95 | 7-34 | 926 324 |
28 h | | 330 | 308 |
18d ! i 134 t
114 304 | 107 |
220
18
14 9/14a/48 0 804! 510 | 566 258
1h 4 243 2 ‘
2h . 233 - ;
25h 233 |
2d : | 223 |
3d 226 222 |
9d ; 298 |
20d § 217 ; 9]
132d ? 221 | 215 -
14 9/14b/48 20 80| 510 | 566 | 220 218 | Rubber bottle.
14 10/2/48 0 92 | 599 | 456 226
28h 223 220 21
184d P 213
114d % 221 218
|
16 9/14/48 | 0 88+ 62 | 896+ 341 | Some gelatinous 21
! 1 T 8i0, in spring -
1h ; 331
24 h | 317
2d ! 306 5
. 34d | L 312 | 302 23n
- 9d : 157
132d i 302 | 110
18 9/16a/48 0 90 6-45 | 916 316 | 0930; some gel-
5h 316 | atinousSi0,in 24
6h ! 316 spring
7h 316
20h 229
54h 170 |
3d ! | 323
9d i 130
18 9/16h/48 0 ; | 317 1540; cooled and 24
1h : ; P 317 bottled in contact
27h : 1 224 with sinter frag: |
9d 1 ‘ - 165 ments. 24 9/
130d | ; L1l 118 |
{
18 10/5/48 0 89 | 331
112d ;. 300 | 108
? 313 |
. ‘ |
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Table 7 (continued).

Silica in hot-spring waters

- Dis-
- Date Time |[Temp. H Cl, |Total| solved C b
SPINE 4 eollected | elapsed!} °C. p p-p-m.| Si0, | SiO, ornments
! p.p.m?| p.p.m.?
18 | 1/5/50a . 112d | 777 | 6:90 | 908 | 303 | 116 | Controlsample for
following.
18 1/5/50b 112d | 777 161 120 Opaline sinter
added.
18 1/5/50¢ i12d | 777 221 168 Chalcedonic sinter
i - added.
18 | yssed | 12d | 77 280 | 114 | Caleite added.
21 9/17af48 0 83 6-15 | 888 293 0940; much gela-
| 3h 286 tinous Si0, in
\ id 296 289 spring
8d 287 195
129d 273 114
21 9/24/48 0 84-6 | 6-17 | 884 292
28 h 292
54h 291 289
5d 274
122d 108
21 9/30/43 0 84-2 | 6-62 | 888 | 288 289
3d 286
117d 277 110
21 10/5/48 | 0 84 | 67 297
112d 268 112
' 281
23n 10/2/48 0 94 | 819 | 922 322
1d 320 227
18d 126
115d 298 107
325
2¢ 9/13a/48 0 93 | 706 | 924 348 | 1430; much gel-
24 h 220 atinous 8i0, in
50h 164 spring
3d 151
4d 342 146
| lod 128
24 9/13b/48 | 19d 333 130 | 1750; rubber bottle.
[ 20d | 335
H H
2 9/14/48 | 0 | 94 | 743 | 932 345
I 31h 178




Table 7 (continued),

Doxarp E. WHitE, W. W. Brannock, and K. J. Murara

. Total | DI
Sprin Date Time |Temp. H 1, S0 solved Commme
pring collected |elapsed!| °C 1 p-p-mo. 2| 8i0, ments
p.p.m 3
1 P.pome
| ? !
24 10/2/48 0 94 | 7-54 | 920 335
1d 335 2717
18d 126
115d 311 106 |
336 ‘
27 | 7/30/45 0 96 | 7-24| 949 | 317 |
27 i 1/14/46 0 94 | 676 | 910 | P ,
| 9y 7-6 | 300 | 106 | SiO,byK.B.
| } Kravskorpy,
93y 84 319 | 116 | Si0,by P.Seors
| i i | | W. W, BI{A){}“},E
j U 9ppamiofp,,
!  tinous Si0,, ys
i included i!;ir;g;
50 10/2/48 0 59 | 6-07 | 848 277 |
1d 263 |
18d 225
115d 21 218
220
Steamboat 10/2/48 0 94 876 | 668 219 % El'upting well
Well 24h 209 Lo
20h 202 212
19d 127
1284 208 118
209
Tachino-1 10/1/48 0 33 748 5-6/ 89 90 Warm well oz
1164 90 91 -
.
Damonte 10/1/48 0 54 673 | 532 182 Warm spring §
2d 175 -
116 d 176 176 g
]
Zolezzi 10/1/48 E 0 42 | 757 | 84 192 | Warmspring
| 2d 122
Moana well | 10/1/48 0 88 | 802 | 52 163(7)) Hot artesist
1d 118 117
3d 117 118
10/6/48 0 116
14d 107 |
| [ 111d 114 118 |
“Poison” | 6/12/62 | 1}y | 20| 2:45 6-0 98 Nonther
Spring " aren, b
Rungs
Steamboat | 9/4/54 90+d] 15| 693 45 57 65  Analyst.
cold spring H. ks

i Elapsed time when dissolved Si0, determined; nearest interval for total Si0;.
determined colorimetrically after boiling «s

2 In solution and colloidal suspension;
except italicized values, which are gravimetric.

3 Determined colorimetrically by reaction with ammonium molybdate.
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Silica in hot-spring waters

whuibility is either almost independent of pH between the range of 1 and nearly 9
or amorphous silica is more soluble in acid than in alkaline waters. Supersaturation
spparently persists almost indefinitely in acid waters that are high in dissolved
silica. :
~ The slightly acid samples from springs 14 and 50 and from Damonte spring
deereased only a little in dissolved silica, but colloidal silica apparently flocculated
very soon after polymerization. The same relationship probably holds true for the
tireen Dragon and the Norris drill-hole pool of Norris Basin, Yellowstone Park
isee Table 2), as indicated by the decrease in total silica.

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

Influence of degree of supersaturation. Sample 24-9/13a (Table 7 and Fig. 7) was
more than 2009, supersaturated with dissolved silica after cooling to room tempera-
ture.  Within twenty-four hours about half of the excess silica had polymerized.
Damonte spring, only slightly lower in pH but only 509, supersaturated with
dlica at room temperature, showed no significant polymerization in four months.
Vent samples from springs 14 and 50 also showed little change, but this could be
caused by low pH as well as by low degree of supersaturation.

The influence of degree of supersaturation is particularly well shown in the
igeing of downstream samples (Figs. 3, 4, and 5), all of which are alkaline. The
data of Fig. 5 and Table 6 have been replotted in Fig. 8. Initial rates of poly-
merization are clearly related to initial content of dissolved silica. Sample 18-400,
tor example, was only about 60%, supersaturated with amorphous silica at room
tfemperature, 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
*hould otherwise favour polymerization. This suggests that degree of super-
‘“wturation more than outweighs the other factors in some circumstances.

No previous experimental evidence had demonstrated the significance of the
degree of supersaturation. After the hot-spring work had demonstrated persistent
fetastability of dissolved silica in solutions less than 1009, supersaturated,

Ravskopr (1956) confirmed the effect in laboratory experiments.

The dissolved silica of a supersaturated solution is polymerized on to
‘Poutaneously 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
Q“(:!eus serving as a site of deposition. Solutions devoid of pre-existing nuclei show
“Winitia] 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
71 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-
“uration would form the greatest number of nuclei and polymerize at the highest

ey . , L. gy N P
te. Solutions of lower supersaturation like samples 18-200 and 18-400,
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16 September 1948 (see Table 6 and Fig. 8), contain much smaller numbers of Nuclej,
both pre-existing and newly formed, and consequently polymerize much mOre

Solutions only moderately supersaturated with respect to amorphous silj,
involve an additional factor of the solubility of amorphous silica being dependey,
on particle size in the range of the smallest particles (ILER, 1955, p. 11). Palheles

Brannock, and K. J. Murata

TIME . IN DAYS
0 2 4 6 8 10
350
<
‘ ent (ot 6.45)
300
\ 50ft (pH 7.84)
‘ \‘
= \ | 100t (pH 7.98)
a \
[
z Ny
E N
. . 200 ft (pH 8.00)
3 ‘\\\ g P
\
4 A
o 200 v
= \ 400 ft (pH 8.02)
G o IS USRI S
\§
\\\
150 T
- ~e
RS R
| =g
T e————
100
Fig. 8. Changes in the content of dissolved silica in vent and downstxeam sa,mpleq of
spring 18, Steamboat Springs, with time.

with diameters less than about 10 millimicrons have several-fold higher solubility
compared to larger particles. Thus nuclei formation may be impossible in solutions
of only moderate supersaturation with respect to macroscopic amorphous silica.
and the rate of polymerization on to a few pre-existing nuclei that might be presen!
may be imperceptible.

Influence of existing polymeric molecules. The vent samples of Figs. 2 to 5 all
showed slower initial rates of polymerization than samples from which some
silica had precipitated prior to collection. See, for example, Fig. 8, in which dats
from spring 18, Fig. 5, are shown in a different way. A certain interval of time 3
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Silica in hot-spring waters

wecessary for polymerization to attain a maximum rate inithe vent samples, in
«hich all silica is present in the dissolved (monomeric) form. Downstream samples,
1« previously shown, generally contain some colloidal silica, and these samples
solymerize more rapidly after collection than the vent samples. Initial rates of
ooling of the samples may have played a minor role, but the data are more
consistent with the theory that at high degrees of supersaturation “seed crystals”
ar centres of nucleation are formed relatively rapidly in alkaline solutions, but
sot instantaneously.

Influence of introduced substances. Sample 18-9/16b (see Table 7 and Fig. 6)
was bottled with a small handful of porous fragments of opaline sinter a few hours
sfter sample 18-9/16a had been collected in the normal manuner. The sample
containing sinter changed in dissolved silica at about the same rate as the control
«ample, but all polymerized silica precipitated, either as gelatinous silica or as opal.
Most of the polymerized silica of other neutral and alkaline samples remained in
colloidal suspension.

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

Sample d, containing 20 g of powdered optical caleite in about 375 ml of water,
was similar to the control sample in its content of dissolved silica after 112 days,
hut the calcite was effective in precipitating more than 109, of the colloidal silica.

Sample b, containing an equal amount of powdered opaline sinter, was very
“milar to sample 18-9/16b/48 with opaline sinter, except that 209, of the poly-
merized silica was still in suspension as colloidal silica.

Sample ¢ contained 20 g of powdered chalcedonic sinter and a little fine-grained
‘artz, but no opal. This sinter precipitated more than half of the polymerized
ffiica that formed, and was at least 509, as effective as opaline sinter in this regard.
lhe rate of polymerization, howéver, was much slower than in the other three
‘imples, failing to reach equilibrium in nearly four months. The supersaturated
“lution was actually partially stabilized, in contrast to expected results. In view
“f the fact that the solubility of quartz is only a few p.p.m. at room temperature,
“imple ¢ is enormously supersaturated in relation to the solid phase with whick it
S contact. The behaviour of this sample points to the need for much more study
*l'the influence of quartz and other minerals on dissolved and colloidal silica.

The effect of opal in increasing rates of polymerization and flocculation is
“Ipported by KraUSKOPF’'S experimental evidence (1956, Table 2) for a similar
“Mect by silica gel.

NoraBreE UnsaTuraTED THERMAL WATERS

Some Steamboat waters. A sample demanding special comment is the final one of
»able 5 and Fig. 4, collected 800 ft from the vent of spring 21. This sample
“Mtained only 72 p.p.m. of dissolved silica when collected, although the water
'fe!o“’ the vent was highly supersaturated. Its silica content was significantly
" than the equilibrium quantity of about 90 p.p.m. at 18°C, the temperature of
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collection (see Fig. 1), and the pool from which it was collected contained gelatin(mﬁ Why
silica. Activity of diatoms and relatively high salinity of the sample may y,, s m
contributing factors, but the behaviour of the silica is definitely anoma]()uS‘ J“]’“
A salt factor such as discussed by CHOW and.RoBiNsox (1953), would have t b{: femy
unreasonably large for the observed salinity to account for the difference. s M

Some of the values for spring samples shown on Fig. 1 lie below the solubiljg,. n;ﬂ\’
carve. Were these waters never higher in silica, even at depths where temperatyy, water
were much higher, or has sufficient silica precipitated as chalcedony or quarg, nih
which is the most stable phase, for the water to be unsaturated with respect i ‘; 1_(,};“-(
amorphous silica? The rate of movement through subsurface channels and the Jofini
rate of decrease in temperature probably differ greatly from spring to Spl‘ing‘ i ‘a
High rates should favour supersaturation at vent temperatures, and very g, e b
rates should favour unsaturation with respect to amorphous silica,. ‘;]l 26

Meteoric springs. Some thermal springs appear to consist entirely of metegy;, i( ;\'at
water that has circulated to considerable depth where the geothermal gradient g Licarbe
“normal,” or that acquires its heat by conduction from a volcanic source, withy, - ;‘]n'ing.«
voleanic water or mineral matter (WHITE et al., 1953, pp. 491, 492.) Silica in sn(g :mlime:
water is derived from weathering or from alteration and solution of rocks througs, qmesto
which the water migrated. ' e ter

Of the thermal waters of Table 1 and Fig. 1, Bowers hot spring, with Hicarbo
46 p.p.m. of dissolved silica, and the South Steamboat well (see WHite 54 water ¢
BraNNOCK, 1950, pp. 569-572), with only 4 p.p.m. of dissolved silica, are belicy. Hesolve
to be meteoric in origin with no more than traces of other water. Moana v ;f _g](.imnf
(Table 1 and Fig. 1), with 118 p.p.m. of dissolved silica, is relatively high i § :-;!;nionfi
temperature and contains a little more chloride, fluoride, and boron than nor % Al
ground water, and may have a very small amount of voleanic water. All of 1} ‘ th

waters were notably low in silica relative to their vent temperatures, and «
considerably below saturation with respect to amorphous silica when colleet
All springs except the South Steamboat well, however, have more silica t!
normal streams of the area (see Steamboat and Galena Creeks, Table 1), !
silica is dissolved by ground water, but generally in less than saturation amouss:
with respect to amorphous silica, except where the water is acid and rock

Hpapaa
wlien th
Yanme

sweh s

composition rapid. st or

The silica content of the South Steamboat well is extraordinarily low, aud  limes
been determined to be 4 to 5 p.p.m. by gravimetric as well as by colorii e silia
methods. The water is believed to be derived from Steamboat or Galena ¢ hea ag)

-

entering alluvium a mile or more upstream from the well. All streawm w
of the region that have been analysed contain at least 10 p.p.m. of silicu, a:
average of the surface waters is probably about 30 p.p.m. All are consic
below saturation with respect to amorphous silica, and when heated 4
migration to the South Steamboat well, they should become even more unxatu
Instead of dissolving silica, however, the water of this well appears to hs
cipitated most of its original silica.

It is possible that, with mild heating, quartz or chalcedony is heing
cipitated, and that dissolved silica. trends towards an equilibrium ith
Jow-solubility minerals rather than with opal or other forms of amorphotiz

z;m._\vi
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- 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-

~temporaneous chemical weathering or alteration of silicate minerals may supply
as much or more soluble silica than the amount deposited. Renewal of supply
may be lacking for the water of the South Steamboat well, perhaps because the
water is sufficiently high in temperature to precipitate chalcedony but is too
high in pH, without enough free CO, to attack silicate minerals. Although the
relationships are not elear, this water is of special interest because its silica content
definitely trends away from the equilibrium indicated by other thermal waters.

Calcrum bicarbonate springs. Thermal springs of the calcium-bicarbonate
type have been discussed by ALLeN (1934a, pp. 345--349), AvrEx and Day (1935,
pp. 360-376), and WHITE, SANDBERG, and Braxvock (1953, p. 493). This type
of water deposits calcium carbonate, and differs from the sinter-depositing alkali-
bicarbonate-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
bicarbonate. As ArLeN and Day (1935, p. 375) have pointed out, Norris Basin
water contains abundant free CO, and, upon contact with limestone, should
dissolve CaCO, (if temperatures are sufficiently low) and should change to the
caleium-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
more 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
36 p.p.m. of dissolved silica is farther from saturation with respect to amorphous
silica than any other analysed thermal water. If the volcanic component of the
Mammoth water was as high in silica at depth as that of the major geyser basins,
much 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
Magnesium, and CO, on the solubility of the different forms of silica, and on
fates of precipitation, deserves further study.

Connate springs and oilfield brines. Tuscan springs (see Table 2) and the water
°f an oil-test well one mile south-east of Wilbur springs (included in Table 2,
“ven 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,
for example, MEENTS ef al., 1952, pp. 22-37; CLARKE, 1924, pp. 184-185), which
" far below saturation with amorphous silica, probably because the waters are
t‘“eﬂding toward equilibrium with quartz and chalcedony.

Wilbur Springs (Table 2), Colusa County, California, are believed to consist

51




DoxaLp E. Waire, W. W. BraxxNock, and K. J. Murara

of connate water that rises through serpentine and pre-Cretaceous rocks, Tts
content of total silica, 190 p.p.m., indicates probable saturation with amorphg,,,
silica at the vent temperature, particularly in view of the fact that no salt fae or
has been applied. Thé high silica content may result from extensive altera“[m
at depth, or may reflect high solubility of olivine or serpentine through Whic,
the water has probably flowed.

The only other connate water reported to lie near the saturation curve for
amorphous silica was found by EMERY and RITTENBERG (1952, p. 746), y,
determined the silica content of pore water by colorimetric methods in recey,
ocean-basin sediments (pp. 743-752). Approximate temperatures in sity are
also indicated (p. 739). Most of the pore waters are approximately 509, saturatey
with dissolved silica but those of the Santa Cruz Basin (p. 746) contain as myg,
as 68 p.p.m. (without a salt factor) which, at 4°C, is on KrAUSKOPF’S solubiljs
curve for dilute water (Fig. 1) and is a little above the curve for sea water. )

Ocean water after burial in sediments is out of contact with silica-secreti,,
organisms such as diatoms, radiolaria, and siliceous sponges. If the sediment:
contain a sufficient quantity of the opaline hard parts of these organisms, and jy
quartz, chalcedony, and authigenic silicate minerals are not formed too rapidiy.
the water should in time become saturated with respect to amorphous silicy
After the supply of amorphous silica is eventually converted to more stall.
silica minerals, the silica content of connate water should in time come to equj.
librium with quartz.

The lack of saturation with amorphous silica for most connate waters, ang
also for old ground-waters, cannot be ascribed to lack of time nor, as far as knowy,
to the activity of silica-secreting organisms. The more probable reason for th
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 temperature,
with a solubility of only a few parts per million. In a water unsaturated with
respect to amorphous silica, opaline organic remains should dissolve. The same
water is supersaturated with respect to quartz or chalcedony, and these mineral
should precipitate. At low temperatures, however, the rates of precipitation
of quartz and chalcedony may be exceedingly slow.

Hot waters with high CO, content attack susceptible silicate minerals, witl
monomeric silica as a probable by-product. Oxidation of some silicate minerals
may also provide monomeric silica. At some stages in the history of certain
ground waters, the content of dissolved silica may increase; after the content
of CO, 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 its
solubility at different temperatures is now known within narrow limits. Solution
saturated with respect to gelatinous silica are supersaturated with respect to
quartz, cristobalite, and other polymorphs, and this supersaturation may b«
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 in an
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Silica in hot-spring waters

anderly manner into coarse aggregates or crystals, whether abundant nucleation
#ill lead instead to many small crystals or crypto-crystals of that form, or whether
~an entirely different form will be deposited. :

Because quartz (¢ modification) is the stable form of silica at temperatures
below 573°C, all other forms deposited below this temperature are metastable
and should change to quartz at varying rates depending on temperature, purity
of the deposited material, presence or absence of water, and other factors.
 Opal. Opaline sinter is formed at and near the vents of springs that are
saturated with respect to amorphous silica. Not all precipitated silica, however,
i actually deposited as opal. Direct evidence for deposition of opaline sinter at
Steamboat Springs, for example, is surprisingly scanty. Much gelatinous silica
settles in quiet pools and on the discharge aprons of springs, but most if not all
of this silica eventually dries to a powdery dust when activity ceases at that spot,
and is carried away by wind or water. Masses of gelatinous silica that have
semained for a year or morve in pools at 80° to 90°C show no obvious evidence of
ronversion to opal. Other samples have been stored in water at room temperature
for as much as ten years without apparent formation of opal. Gelatinous masses
of hot-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-
able circuunstances, 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. These
observations suggest that opal generally forms by direct precipitation of mono-
eric or, more probably, the smaller polymeric molecules of silica. Opal is
Probably not formed directly from large polymeric molecules, except where small
molecules are also precipitated.

The type of sinter called geyserite provides some evidence for this hypothesis.
leyserite is characterized by an irregular, knobby, or colloform surface, and
ceurs near the vents of geysers and spouting springs. As compared to other
t-‘jpes of sinter, it forms rapidly by evaporation of near-boiling water that is very
igh in silica. The silica of such waters, as previously shown, consists entirely
t largely of the dissolved (monomeric) form. Evaporation and precipitation
Nay 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
bserved in the Porcelain Terrace springs and the unnamed spring south-west
{Pear] geyser of Norris Basin (see Table 2). No conspicuous opal is being deposited
! normal spring vents at Steamboat, but active geyser vents contain some new
Pal. [t seems probable that the sinter lining of many geyser vents is deposited
ing the steam phase following eruption, when water-level is low and films

Water on rock surfaces are rapidly evaporated.

Opal has been found in veins and veinlets in drill core from a few sinter-

"Positing hot-spring areas (WHITE, 1955, p. 104). At Steamboat Springs, vein opal

FVUTS G ALTAS VY ol

48 found in drill core at depths as much as 75 ft, 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 ordingy;,
restricted to shallow depths and to temperatures not much above boiling, A f("‘
veinlets were found by WHITE (1955, p. 104) in Norris Basin drill core pre"iouqf
studied by FeNxNER (1936, pp. 282-310), from depths as much as 22( f and
temperatures close to 140°C. At the higher temperatures, opal is being convepy,
chalcedony. For amorphous opal to precipitate at 140°C, the concentratig,, of
dissolved silica must be at least 550 p.p.m., judging by extrapolation of Fig )
this temperature. This suggests that the restriction of opal to lower-tempemh“;
environments may be due in part to the scarcity of waters saturated at higl,
temperatures with respect to amorphous silica. '

Opal of some hot-spring areas is also a characteristic end-product of y,,
surface leaching of silicate minerals by sulphuric acid. The acid is produced al,,
the water table by oxidation of H,S. The leached rocks are residually enric),,,
in titania and silica, the latter remaining as opal. With sufficient time, evey ),
opal is removed because of its appreciable solubility in acidified rain water
condensed steam. Because this acid type of alteration is related to the way,,
table, replacement or residual opal is probably never formed at temperatyy.,
above 100°C. ' .

The solubility of opal is assumed to be approximately the same as that
amorphous silica. This is suggested by Krauskoprr’s (1956) few experiments wit,
opal and diatomite. Some opals are apparently amorphous, but X-ray studj.
have shown that some have a poorly developed structure, like that of cristobalite.
It is likely that some differences in solubility, corresponding to differences j,
crystallinity, will be found.

Chalcedony. Chalcedony, a fibrous form of quartz, has not been recognizi
in primary hot-spring sinter or near-surface veins. Chalcedonic sinter, however,
is abundant at Steamboat Springs in old sinters and those formed at deptl
and has been recognized also at a few other hot-spring localities. All chalcedoni
sinter was originally opaline; with sufficient time, temperature, and depth f
burial, the opal was converted largely to chalcedony and in small part to quart:
The amount and type of impurities in the opal, and the rate of movement of
water through the porous opaline mass may also be factors in determining the
rate of conversion. The porosity of chalcedonic sinter is generally much less thay
that of opaline sinter in spite of the differences in densities of chalcedonic quart:
and opal, because additional silica is deposited from the migrating water. Th
density of chalcedony is given in the literature (BErMAN, 1942) as 255 to 2-61
and that of opal as 1-9 to 2:3. The bulk density of opaline sinter at Steamboat
Springs is generally of the order of 1:7. When opaline sinter is converted to chal
cedonic sinter without change in volume, the bulk density is increased to about
2-5, by introduction of more silica.

The reconstitution- of opal into chalcedony probably takes place throngh
dissolution of opal and precipitation of the resultant monomeric silica as fibron
quartz. This reconstitution is for the most part a localized phenomenon, hu!
migrating waters and diffusion may account for chalcedony that is depositing
at some distance from the place where opal is being dissolved.

Compared to quartz, chalcedony shows a lower index of refraction () and
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Silica in hot-spring waters

density, and an appreciable content of water. Studies by Horramax (1942) and
by Forx and WEavER (1952) have clearly demonstrated that these differences
are not ascribable to admixed opal but rather are due to the presence of large
numbers of submicroscopic, water-filled vacuoles within the microcrystals of
quartz. Factors that induce the fibrous habit of chalcedony are not known, but
during crystallization much mother liquor becomes entrapped within the quartz
fibres, probably because the degree of supersaturation and the rate of erystalliza-
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
structure. Some irregular cavities in.chalcedonic sinter are lined with bands of
chalcedony that parallel the cavity walls on all sides except the bottom. 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 clialcedony, 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
varieties 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.
The last mineral to be deposited is nearly always quartz, and the last crystals
ate commonly the largest, ranging up to about 1 cm in length. Coarse crystals
of quartz probably form from a solution that is only moderately supersaturated
With respect to quartz at the temperature of deposition. Such a low-silica water
18 probably derived from the normal 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-
ontally-bedded sinter at a depth of about 75 ft and an initial temperature of
about 130°C. If the water is supersaturated with amorphous silica, containing
More 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 than 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 js still strongly supersaturated with respect to chalcedony. After all
ccessible opal has been reconstituted, and the permeability of the sinter has
decreased 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 wit), respocy
to the different forms of silica are believed to determine which silica mii ey i
deposited. Quartz is generally favoured by moderately high temperature, but j

possibly also forms below 100°C if the degree of supersaturation and the rat, of
4,

precipitation are sufficiently low.

Cristobalite and tridymite. Some hot-spring opal, with indices of refractiy,
as low as 1-46, has been called cristobalite because of its X-ray pattern. A Smaiif
amount of definite cristobalite, with indices of refraction close to I-4x;5

. 15
formed below the water table at Steamboat Springs at temperatures not muc;:
above 100°C. The relations of amorphous opal, of opal with an X-ray paty,,

of cristobalite, and of true cristobalite are not clear.

Tridymite in the Norris Basin drill core was ascribed by FENNER (1936, . 35,
to a hydrothermal origin. FENXER’S drill core has been restudied by Wrire (jq;:
pp- 108-110) who found the tridymite and associated sanidine to be pneumatol\-ti;
and related to extrusion of the rocks as welded tuffs. '

At Mount Lassen, California, ANDERsON (1935, pp. 242-248) found tridy i,
forming in lavas that were being altered by sulphuric acid at temperatures clg.,
to 90°C, and DAUBREE (1876) described the alteration of Roman bricks to zooliug
opal, and tridymite at temperatures as low as 73°C at Plombiéres, France, \

The origin of eristobalite and tridymite in hot springs is not clear. The mineyyl,
have formed metastably, at temperatures far below equilibrium temperatures,
and in contact with waters that were strongly supersaturated in silica with respec
to the stable mineral quartz.

Origin or THE Cray MINERALS

Hydrothermal clay minerals. Clay minerals are usually assumed to form by
selective leaching, for example, of calcium from caleic feldspar, followed l-.;
reconstitution of the remaining silica and alumina in some unspecified manner
Although the origin of clay minerals is not within the main scope of this paper.
the properties of silica suggest a possible explanation. It seems likely that mone
meric alumina as well as monomeric silica are the fundamental “‘building blocks "
In the past, alumina as well as silica has usually been considered colloidal. hut
some alumina may be monomeric. In view of the fact that total alumina is seldom
more than 1 p.p.m. in most near-neutral waters, the concentration of “dissolved’
alumina must necessarily be very low. The slow rate of dissolution of silica ai
perhaps alumina at low temperature, and the very low solubility of alumina at
pH 5 to 9, the range in which most clays are formed, can account for the failuse
to synthesize clearly-identifiable clay minerals at low temperature (Grin. 1953
pp. 321-322).

The moderately high temperatures of many hot springs probably faveu
relatively high rates of reaction in the formation of hydrothermal clay minerals

Clay and bauwzite minerals of soils. The geochemistry of silica is applicable
other geologic problems. If hydrothermal clays are formed in the manner ju+
proposed, a similar origin is indicated for clays formed by weathering.

The origin of bauxite may be a similar problem. Ordinary rocks and
contain much silica, so that 10 to 50 p.p.m. of soluble silica is ordinarily—theouz?

H
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Silica in hot-spring waters

s slowly—dissolved in rain water that percolates into the ground. The
iea content, relative to alumina, is probably sufficient under usual conditions
wop the proposed reaction, dissolved silica 4 dissolved alumina = clay,
aced strongly to the right. With sufficient time, all susceptible minerals
weathered to clays, and excess free silica is removed from the soil zone. Under
Jitions of tropical rainfall and temperature, the proposed reaction could then
o ddisplaced significantly to the left by dissolution and removal of silica from the
Jual alumina in an open system. Alumina, because of its much lower solubility
war-neutral solution, remains as bauxite. ) .

CoNCLUSIONS

t1ur conclusions, wherever on common ground, are in almost complete agree-

(o wnt with those of Krauskopr (1956) that were based on laboratory
vt superimentation. ~

. I. Nearly all silica of hot springs is in true molecular solution, probably as
nit- = i 80, Solubility of amorphous silica at Steamboat Springs, as determined by
[eie. the volorimetric molybdate method, is about 315 p.p.m. of SiO, at 90°C, and
tes zed samples of neutral and alkaline waters attain equilibrium at about 110 p.p.m.

23 (' If the colour intensity is decreased somewhat by salinity, as has been
shown for sea water, the actual solubility curve for hot springs is somewhat
e ¢ higher and is very close to KraUskopr's curve. Solubility is at least as high
aoacid as in alkaline springs, but equilibrium is attained, in acid solutions, at
sweedingly slow rates.

2. In supersaturated solutions at low temperature, monomeric silica poly-
serizes slowly to colloidal silica. The rate may be almost infinitely slow in acid

by sater and in solutions that are only moderately supersaturated. The rate of

by polymerization is increased by high pH, high temperature, high degree of super-

er “uration, the presence of previously formed colloidal silica, and contact with

er “ime other substances. Opaline sinter is particularly effective, but chalcedonic

o ‘nter appears to have the opposite effect. Algae are, at best, only a minor factor.

i 3. Precipitation of colloidal silica is favoured by high temperature and, to

ut ‘ome degree, by all substances that were tested, ndtably opaline sinter, but

m “haleedonic sinter is also influential.

! 4. Many connate and other ground waters, including nonvolcanic thermal

il “Prings and volcanic springs of the calcium-bicarbonate type, are notably un-

it “tturated with respect to amorphousssilica. Precipitation of quartz and chalcedony,

re the common low-solubility forms of silica, is believed to be the principal explanation.

3. 5. Opal and gelatinous silica are formed when silica is deposited with relative

fpidity. Opal is favoured by low temperature. It occurs at temperatures as ’

i 5?'&”1 as 140°C, but it is unstable and is converted slowly to chalcedony or quartz.

3. Opal is probably formed from monomeric or, more probably, the smaller polymeric

Molecules of silica. Bvidence 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
*mperature, 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 supe,.
saturated with respect to quartz. The rate of deposition may be too rapid for
attainment of the well-ordered structure of quartz.

8. Clay minerals may form from monomeric silica and monomeric alumj,,
as the fundamental “building blocks.” Dissolved alumina, if it exists, does not
exceed 1 p.p.m. in near-neutral solution at low temperature. Slow rates of gj,.
solution of soluble alumina, comparable to those of silica, could account f,,
failures to synthesize clay minerals at low temperatures. Because of the abunday,
and relatively high solubility of silica, the proposed reaction, dissolved silieg .
dissolved alumina = clay, is ordinarily displaced strongly to the right. Wiy,
dissolution and removal of silica in an open system, aided by tropical rainfuy
and temperature, the reaction may be displaced to the left. Alumina, becays,
of its very low solubility, remains as bauxite.
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