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Abstract-The dissolution of amorphous silica as monosillcic acid and the establishment of solubility 
"'1uilihrium with silica gel and with colloidal silica have been demonst,ratecl in recent chemical papers. 
The rates of dissolution and precipitation are slow at ordinary temperatures; at temperatures near the 
IH,iling.point both solubilities and rates of dissolution are much higher. The solubility is little affected 
by pH between values of 1 and 9, but rises rapidly at pH's over 9. 

On the basis of this work and supplementary experiments, the geologic literature on the low-tempera­
till" solubility of silica is reviewed and various geologic applications are suggested. Nluchofthe confusion 
'II the literature can be traced to failure to recognize the slowness with which silica dissolves and precipi­
tlllt'S or polymerizes. Opal dissolves in hot water to about the same extent as other forms of amorphous 
R,liea; probably it has a comparable solubility also at lower temperatures, but the rate of dissolution 
iM so extremely slow that massive opal and di~tomite can exist almost indefinitcly in the presence of 
lI1ltural waters. 

In sea water amorphous silica has about the same solubility as in fresh water. Silica in true solution 
iM not precipitated by electrolytes; colloidal silica may be precipitated by electrolytes, the rate and 
l'OInpleteness of precipitation depending on pH and on the kind and concentration of the ions. 

:'tIost of the silica in natural waters is in true solution rather than in colloidal dispersion. This means 
thllt silica brought to the sea by streams cannot be coagulated by the electrolytes of sea water. The 
fll("tors that keep the concentration of silica below its equilibrium solubility (with respect to amorphous 
.. Iiea) in most natural waters are not completely understood; the slowness of dissolution, the use of 
"hplt by organisms, and slowly-established equilibria with crystalline silica or with authigenic silicates 
doubtless all playa part. The origin of sedimentary chert may be plausibly ascribed to dissolution of 
rPlIln.ins of siliceous organisms ancl reprecipitation of the silica (initially itS amorphous silica), but not in 
~t"H'ral to direct inorganic precipitation. 

INTRODUCTION 

behaviour of silica in water solutions ;t low temperatures remains one of the 
stubborn problems of geochemistry. The solubility at high temperatures is 

known, through the work of MOREY and HESSELGESSER (1951), KENNEDY 
(1950), HITCHEN (1945), and others, but study of the low-temperature solubility 

been difficult because of the sluggishness of the reactions and the great 
of silica sols. 

recurrent question is the state of silica in dilute solutions. Is it in 
. solution" (synonyms often used are "crystalloid" or "in molecular 

dtspersion"), or in the form of a colloid, or both? Another familiar query concerns 
the mechanism of precipitation: can silica be flocculated from dilute natural 
!l<llutions by simple admixture with electrolytes, or does precipitation require 

poration or the activity of organisms? Many other questions are derivatives 
f thes.e two; for example, what limits the amount of silica natural waters can hold? 
low IS the silica content of natural waters affected by changes of pH and 

perature? What is the origin of the various kinds of chert and opal? All of 
are questions to which contradictory answers can be found in geologic 

tet-ature. 
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Much of the difficulty in such questions has been cleared up by recent chen' . 
~tudie~, especiall~ the work of ALEXA:-'~~R, ~E.STON, and ~LE:r: (1954). 1'~~ 
mvestlgators, havmg shown that monosIliClc aCId III true solutIOn IS uneqUivoC: 
determined by the colorimetric test with ammonium molybdate, use the tellt r 
measure silica solubility under a variety of conditions. The purpose of the p tG 
paper is to follow up the geologic consequences of these measurements, both ~ 
attempt to reconcile them with geologic literature and by an extension or' 
experimental work. 

To avoid ambiguity, the following terms will be used in reference to the varia 
forms of silica: ~ 

Silica. Si02 in any of its crystalline or amorphous forms. 
Crystalline silica. Quartz, tridymite, or cristobalite. 
AIIlQrphou~ silica. A general term for any form of silica lacking crystal structure. It incltld 

the follo"~ing: '*. 
(a) S£lica gel. Hard amorphous silica containing 20-30% water, prepared comlUp"";1I1' 

either as a chemical reagent or as a desiccant. I, 
(b) Gelatinous silica. Amorphous silica which appears in solution as gelatinous floes (It 

a continuous gel, formed either by evaporation of a silica solution, by allo\\';no 

supersaturated solution to stand, or by acidifying a fairly concentrated solutiol~ 
an alkali silicate. 

(c) Silica sol or colloidal silica. Silica dispersed in water in particles of collui<illl 
dimensions. ' 

(d) Opal (including the silica of diatomite and radiolarite). Katmally-occurring amorph",,, 
silica, generally with less than 12% water. Some varieties of opal appear to I., 
transitional to crystalline material (cristobalite), as shown by X-ray diffra('ti,~ 
patterns. 

(e) Silica glass. Amorphous silica prepared by the rapid cooling of a silica melt. 
Dissolved silica. Silica, in the form of monosilicic acid; the silica that reacts with ammOn;lJI!j 

molybdate within two minutes after the solutions are mixed. Strictly speakil'!:, 
"dissolved silica" should include also polysilicic acids with molecules smaller than !I,p 
colloidal range, but for present purposes it is convenient to restrict the term to II" 
n10nomer. 

_H onosilicic acid or monomeric silicic acid. H 4Si04 ; this is the principal fonn of silica ill diltll' 
solutions (less than 100 p.p.m.) and in freshly prepared solutions of high'1 
concent.rat.ions. 

Polysilicic acids. Silicic acids containing two (disilicic), three (trisilicic) or 1110re atOll/s "f 

silicon per molecule. The simpler polysilicic acids react. slowly with ammOn;llI!! 
molybdate (or dissociat.e slowly to the monomer), but. were not found in apprt't'inl.l. 
quantity in the experiments described in this report. 

HISTORY OF THE< INVESTIGATION 

In 1947 K. J . .MuRATA, working with water samples collected by D. E. \VHm: 
at Steamboat Springs, Nevada, noted that the concentration of colorimetrically 
determinable silica in many samples decreased markedly on standing, whereas the 
total silica decreased only slightly. Following up this observation, during the next 
year 'W'HITE and \iV. V\T~ BRANNOCK made detailed measurements of temperature. 
silica content, salinity, and pH, both at the springs themselves and in water 
samples allowed to stand in bottles for periods of several weeks_ These measure, 
ments led WHITE, BRANNOCK, and MURATA to several tentative generalizations 
of which the following are pertinent to the present work: 
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Dissolution and precipitation of silica at low temperatures 

1. Amorphous silica establishes a solubility equilibrium in water with 105-120 
p.p,m. of silica in true solution (determinable colQrimetrically) at ordinary tempera­
tures. 

2. The rates of reaction are slow, permitting supersaturation and undersatura­
lion to exist for considerable times. 

3. The solubility is not much infl,uenced by pH in the range 2-9; if anything, 
the solubility is greater in acid than in weakly alkaline solutions. 

In 1954 the author, in collaboration with WHITE, began a series of experiments 
designed to test these conclusions in the laboratory. The experimental work fully 
ronfirmed the deductions from hot-spring data. In the meantime ALEXANDER 
and his co-workers published their 1954 paper, arriving at similar conclusions 
independently on the basis of experimental work alone. 

The present report is based chiefly on the laboratory work, and as such is 
e~Rentially a geologic supplement to the chemical data of ALEXANDER et al. 
The hot-spring measurements are discussed in a separate paper by VVHITE, 
.\hIRATA, and BRANNOCK (1956). 

To WHITE the author is greatly indebted for suggesting the investigation, for 
continual helpful discussion as the work progressed, and for criticism of the 
manuscript. To BRANNOCK he would express appreciation for permission to take 
up and complete a study for which BRANNOCK had already laid the groundwork. 
The author also wishes to thank the Shell Oil Company for a grant for fundamental 
"'search which supplied much of the equipment used in the experiments. 

REVIEW OF PREVIOUS WORK 
The literature on the geologic role of silica at low temperatures is exceedingly voluminous, 

bllt four excellent critical summaries of recent years (HITCHEN, 1945; Roy, 1945; KENNEDY, 
1950; and EITEL, 1954) make it unnecessary to cite any but the most important of the older 
f"lpers. HITCHEN'S review marshals fairly convincing evidence for a definite solubility of 
iltllorphous silica and for the colloidal nature of the "dissolved" silica. This seemingly anomalous 
<Y'tnbination of properties HITCHEN attempts to explain by postulating a "peptization 
"'luilibrium" involving solid gel, silica in true solution, and silica in the form of a sol. HITCHEN'S 
~ for colloidal silica rests on experiments showing that mono- and disilicic acids polymerize 
flIpidty on standing, and on MOORE and MAYNARD'S (1929) well-known demonstration that 
.. lil'a is partly coagulated by electrolytes from "solutions" containing as little as 30 p.p.m. of 
«'ra. In the second review article, Roy calls attention to evidence amassed by chemists 
~')\l;ing that dissolved silica is stable in dilute solutions, emphasizing the detailed study of 
'(IRlfAN(1925, 1926, 1927) and an observation of DrENERT and VVANDENBULCKE (1924) that 
'''Iloidal silica in dilute (salinity 2%) sea water breaks down spontaneously into dissolved 

Less cogent evidence leads Roy to guess further that silicate ions rather than neutral 
~J!<'eUles make up the bulk of silica in solution. KENNEDY, in the third summary, agrees with 
, ITcIIEN that available data indicate a "rather definite equilibrium solubil'ity in water" for 
'tt\Qrphous silica, but follows Roy in finding the evidence favourable to molecular rather than 
"'}Uoidal silica in the equilibrium solution. EITEL'S more noncommittal review adds modern 
'lit, cOnfirming the continuous change on standing of low-molecular-weight sols to high­
~ ~ular-weight sols, and notes also that silica sols are relatively stable in acid solution but are 

lily flocculated by electrolytes in alkali . 
., 1'0 the argument as to whether silica in dilute solutions has a colloidal or a molecular character, 
-:llERICKSON and Cox (1954) added a statement favouring the colloidal side, based on electron 

dr.ographs of solutions resulting from high-temperature bomb experiments on the mechanism 
~ lSaolution of quartz. BRUEVICH (1953), on the other hand, argues for true solution in sea 

r because of the rapid reaction with ammonium molybdate, and un-ionized rather than 
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ionized silicic acid because of the small dissociation constant. IWASAKI, TARUTANI, KATSU • 
and TACHIBANA (1954) report an observation similar to that of MURATA, WHITE, and BRANNOll~. 
at. Steamboat Springs: hot-spring water on standing contains progressively less colorimetri<:a~" 
determinable silica, presumably because part of the silica in true solution changes gradually in ) 
colloidal silica. • I" 

The related controversy over the manner of formation of bedded and nodular chert fro 
silica solution has been ably summarized by PETTIJOHN (1949, pp. 328-332). Experiment; 
data on the inorganic precipitation of silica by electrolytes are reviewed, as well as the fanlili 4i 

geologic evidence for the origin of some cherts by reworking of siliceous organic remains and :. 
later replacement. PETTIJOHN feels that geologic evidence favours replacement during diagen(./ 
as the mode of origin of most cherts. BRAMLETTE (1946, p. 43) also has reviewed ideas about I\:~ 
origin of chert, especially in relation to the opaline cherts of the Monterey formation; as ll.! 

argument against direct inorganic precipitation from sea water, he notes the variability i' 
concentration of silica at different depths in the sea. BRUEVICH (1953) notes that sea ... \'at~r :~ 
undersaturated with silica (because silica is more concentrated, hence closer to its solubility. it, 

the int.erstitial water of bottom sediments), and concludes that deposition of silica from N • ., 

water must be due to organisms rather than to inorganic precipitation. 
The recent work of ALEXANDER (1953), ALEXANDER, HESTON, and ILER (1954), and IU:l! 

(1955) is concerned with strictly chemical problems of solubility equilibrium and the form 'Jf 
silica in solution. Having developed met.hods for preparing and identifying silicic acids of lOll 
mqlecular weight, ALEXANDER et al. then verified the statement of 'WEITZ, FRANCK, UIIt! 

SCHUCHARD (1950) that the molybdate colo1U' reaction is a valid test for the monomeric ueid. 
This test, although widely used since it was first publicized by DIENERT and Vir ANDENBt:U');1; 
(1923), has had a somewhat dubious status because the precise form or forms of silica whid. 
responded to it were l.U1Certain (see Roy (1945) for a SUDU11ary of opinions; CORRENS (1941). 
and TOURKY and BANGHAlIf (1936) in particular have doubted its validity), The difficulty is 
resolved by the demonstration of ALEXANDER et al. that the molybdate reaction is rapid with'th,. 
monomer but slow for the dimer and all higher polymers, and that the difference in rat.e mnk .. , 
the test a reliable method for determining the monomer if the colour is measured within 2 Illill 
aft.er formation. Using the test, ALEXANDER et al. meaS1U'e the am01.U1t 'of monosilicic ueid 
present in solutions of different. forms of amorphous silica, including colloidal silica, and find tllIll 
with time such solutions (at pH's below 9 and at 25°0) approach a constant concentration in th.· 
range 100-140 p.p.m. To see if this represents a true solubility equilibrium, they prepart· II 

more concentrated solution of monosilicic acid and test the amount of monomer present II! 

interva.Is, finding that. the concentration faUs slowly t.o the same range as before. Thl'~" 
e}'.'periments, corroborat.ing the exploratory work of DIENERT and 'YANDENBULCKE (1924). slulII 
conclusively that solubilit.y equilibrium with respect to amorphous silica is reached; tI,1' 
eqnilibri1.l11l concentration is not det.ermined more precisely because of the extreme slown .. " 
of both the dissolution and polymerization reactions. Regarding the effect. of pH, ALEXAxnEH ,I 
al. find t.hat the solubility is practically unaffected by pH changes below 9, but climbs rapi,lI.1 
as this figure is exceeded. Such behaviour is eonsistent with the postulate that silicic aei,} j, 

practically un-ionized in acid and neutral solutions, .but dissociates in alkali. In these rt\'PI~·tA 
silicic acid is exactly analogous t.o carbonic acid, except t.hat. the latter (because of a Inri!"r 
dissociation constant) dissociates appreciably at pH's as low as 6. 

ALEXANDER et al. thus show clearly that. the colloidal-versus-molecular argument 0\1', 

silica in dilute solution must be decided in favour of true solution, at. least for solutions Illlll" 
than a few weeks or months old. The slowneAls of reaction, however, makes it possible on 11,. 
one hand for solutions far more concentrated than the equilibrium value to exist tempororil~. 
and on the other hand for sols to have a brief existence at concentrations far below the ('quill 
brium value. These apparently anomalous solutioIlS, which approach equilibrium only slowly. 
probably account for much of the confusion and contradiction in the older papers on silir'" 
solubility. 

EXPERIMENTAL METHODS 

Experiments were set up to ext.end t.he work of ALEXANDER et al. in two principal directioll' 
the effect of temperature on the solubility equilibrium. and the conditions under which sill .. " , 
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id precipitated by sea water. Because the slowness of reaction makes accurate solubility 
measurements difficult at best, and because the work was intended to apply to complex natural 
dystems where a nmnber of factors may influence solubility, great precision was not attempted in 
the analyses or in the control of external conditions. Effort was directed toward obtaining many 
~erni-qllantitative results of geologic significance rather than a few strictly quantitative data. 

The colorimetric method depending on the yellow colour developed on addition of ammonium 
molybdate was used exclusively for the analyses, except for a few gravimetric determinations 
run as a check. Details of procedure were based on methods used by the U.S. Geological Survey 
lind the U.S. Public Health Service. Concentrations of dissolved silica to be determined were 
brought into the range 5-25 p.p.m. by dilution; HCI and (NH4lzMo04 solutions were added to 
give final concentrations of about 0·02 M acid and 0'5% molybdate; colour standards were made 
up by mixing and diluting solutions of potassium chromate and borax. Concentrations of acid 
Hnd molybdate may vary over a considerable range without markedly affecting the colour; 
the molybdate solution must be prepared fresh every few days to insure reproducibility. Total 
silica (colloidal plus dissolved) may be found by heating a sample with pellets of sodium 
hydroxide before making the colorimetric test. The colour intensity at 420 mu was measured 
with a Kruger spectrophotometer. Values for dissolved silica should be accurate to within I or 
~"~. and for total silica to within 3 or 4%. 

Experiments were conducted in Pyrex flasks and bottles, previously cleaned with hot 
diehrornate solution. Dissolution of silica from the glass was troublesome in only a few runs, 
lind could be satisfactorily allowed for by using blanks. Temperatm'e control was crude: for 
low· temperature work the solutions had the prevailing laboratory temperature, 22-27°C, and 
!'Ir high temperatures an oven was used which kept temperatures in the range 85-95°C. Acidities 
\\we adjusted by adding NaOH or HCI, and were measured with a Beckman pH meter. The 
water-glass used in making up solutions was a commercial product, and the silica gel was a 
('ommercial dehydrating agent containing about 24% water. 

The silico-molybdate colour was obtained under conditions similar to those employed by 
.\LEXAXDER, HEST.oN, and ILER (1954), conditions which (according to these authors) insure 

of at least 98% of the monomeric silicic acid within two minutes from the time when the 
are mixed. In most of the experiments the colour intensity increased steadily for the 

two minutes and thereafter remained approximately constant, indicating that the dissolved 
was almost exclusively in the monomeric form. In a few runs the intensity continued to 

but perceptibly after the first two minutes, betraying the presence of small 
hoi-irmo of the lower polymeric acids. In such runs only the readings taken at the end of 

first two minutes were used. 

THE SOLUBILITY OF AMORPHOUS SILICA 

General. In accord with general physic.o-chemical principles, the least stable 

of silica (amorph.ous silica) shows the greatest solubility and the m.ost 

f.orm (quartz) the least. This is analog.ous t.o the greater solubility of 

as compared t.o its more stable dim.orph calcite, but silica is unique in the 

difference in solubility among its polym.orphs. F.or quartz at ordinary 

the solubility in near-neutral soluti.ons is no higher than 6 p.p.m. 

1938) and may be much less (G. C. KENNEDY, pers.onal communication), 

amorphous silica has a solubility over 100 p.p.m. The.oretically quartz 

crystallize from a s.olution saturated with respect to am.orph.ous silica, but 

to do so in any humanly reasonable time, apparently because of the extreme 

of the reaction. Hence, silica may be carried indefinitely in solution in 

waters at concentrations far in excess of the solubility .of quartz (or of 

or tridymite). 
Previous measurements of the solubility of am.orphous silica are well summar­

by lLER (1955, pp. 6, 7). He shows that the measurements are fairly consistent, 
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regardless of the kind of amorphous silica used by different experimenters-... 
anhydrous silica, silica gel with various degrees of hydration, and colloidal silica. 
The uniformity of solubility measurements seems surprising, inasmuch as these 
different forms of amorphous silica might be expected to have vastly different 
surface areas and hence different solubilities (KENNEDY, 1950, p. 652). ILER (p. 10) 
attempts to explain the apparent lack of relationship between surface area and 
solubility on the basis of the probable (but as yet not measured) low' interfacial 
surface energy between amorphous silica and water. Some differences in solubility 
among the various forms of amorphous silica are not excluded by the experimel1t~1 
data, and differences of some sort would certainly be expected, but experiments t(} 
date suggest strongly that the differences are not large. Thus one can speak without 
ambiguity of a possible "solubility equilibrium" between amorphous silica ill 
general and silica dissolved in water. 

!LER also comments (pp. 14 and 16) on the pronounced decrease in the solubilih 
of amorphous silica effected by traces of aluminium or magnesium ions. Presumahl~ 
the decrease is due to formation of a protective surface layer of aluminium ~ 
magnesium silicate, and hence can be ascribed to an effect on the rate of dissolution 
rather than on ultimate solubility. Nevertheless, the rate effect is large enough Ie, 
change laboratory measurements of apparent solubility markedly. 

Because the solubility of amOl:phous silica is influenced by certain cation .. 
because it probably is somewhat affected by particle size, and because the molyl,' 
date colour reaction is responsive both to monomeric and low-polymeric form; 
silicic acid, measurements of the solubility cannot be made precise 'without elaborll!t 
attention to the nature and purity of reagents. For present purposes it will l!It 
sufficient to record the solubility as a range of values rather than a single figlll1"ij 
procedure also adopted in much of the previous work. 

A morpho1U3 silica at room temperature. Two solubility measurements older th~lI> 
the work of ALEXANDER et al. nee.d brief discussion because of-the frequent 
ences to them in geologic literature. 

,LENHER and MERRILL (1917), using silica gel in triply distilled water in plat 
bottles, obtained a reproducible value of 160 p.p.m. at 25°C. This is SOll\p\t.'1!7 

higher than the range found by ALEXANDER et al. (100-140 p.p.m.), and til(' 
for the discrepancy is not clear. LEN HER and :MERRILL measured gravinH'trit~ 
all the silica that passed through a fine filter paper, and hence would haye 
any of the lower polysilicic acids that might have been present either in 
solution or as colloidal particles; but no colloidal material should han 
unless the original gel contributed fine suspended particles or unless the 
varied during a run. (A rise in temperature would tend to dissolve llHlf(' 

which would then become colloidal as the temperature falls.) The ~"r •• ''''''~ 

whatever its origin, is not large enough to be serious. 
More troublesome are the solubility data reported by CORRENS (J 941 

gravimetrically determined silica in solutions that had stood for eight. Ill"""""'''' 
various pH's in contact with silica gel (prepared by hydrolysis of SiCI 4) 

glass, CORRENS obtained: 

pH 0 3 5 6 II 
Si0 2 99 39 109 219 378 p.p.ln. 
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Dissolution and precipitation of silica at low temperatures 

The figures for pH 0, 5,and 11 are consistent with the data of ALEXANDER et al., 
but 39 p.p.m. at pH 3 is far too small, and 219 p.p.m. at pH 6 is much too high. 
Like LENHER and MERRILL, CORRENS by his method would have determined fine 
colloidal silica as well as dissolved silica, but there is no obvious reason for colloidal 
material to be present U'i:lless the temperature varied considerably during the 
experiment. In any event, the more detailed study by ALEXANDER et al. casts 
;;erious doubt on CORRENS'S conclusion that the solubility of amorphous silica 
/luctuates greatly with the pH, passing through a minimum near pH 3. 

The work of. ALEXANDER et al. is an advance over previous studies in that the 
solubility is determined not only by dissolving amorphous silica (prepared by 
hurning SiH4) but also by allowing supersaturated solutions to polymei-ize, so that 
the existence of a definite solubility equilibrium is established. This conclusion is 
(ully corroborated by experiments in the present study. The concentration of 
,ilica in water standing over silica gel gradually increased to a maximum of about 
too p.p.m., and supersaturated solutions prepared by neutralizing water-glass 
,<!towed a gradual decrease in dissolved silica as colloidal pat-ticles formed, the rate 
of change becoming imperceptible after concentrations of 100-140 p.p.m. were 
reached (Fig. 1 and Table 1). Times required for the range 100-140 p.p.m. to be 
reached (in neutral and alkaline solutions) ranged from several days to a few weeks. 

In acid solutions the rate of polymerization of supersaturated solutions is 
f'~pccially slow (the last three solutions in Table 1 and the first solution in Table 3 

Table 1. Polymerization of dissolved silica. 

I II III IV V 

pI( during run 7·7-8·3 7·3-7·9 4·8-5·:~ 6·9-7·3 8·0-9·1 
Ilri~iIlnl total SiO, , 320 975 

. - I 
"rl~illHl dissolved Si0

2 
i 284 544 

l'""h'ed Si0 2 after 

171 171 171 
162 162 164 

I day 172 16;3 163 164 
2 days 167 
:l days 173 
8 days 164 163 166 

to days 148 
12 days 1:35 
19 days 165 163 161 
24 days 131 
26 days 130 
as days 122 
:19 days 130 
52 days 115 
68 days 113 

128 days 156 149 160 

----1_ ~f!mperature 22-27°C. Pyrex bottles with glass stoppers. Sample I: hot-spring water boiled 
';c,IJ.<;.qolve most of the silica (Curve I, Fig. 1). Sample II: Na 2Si0 3 solution neutralized with 
'it I (Curve II, Fig. 1). Ramp!es III, IV, V: Na2Si03 solution boiled, diluted. and neutralized .tn Hel. 
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illustrate the contrasting rates in acid and base), or possibly the equilibl'ill 
solubility is higher, since at pH's less than 6·5, the change in silica concentl'ati~ 
showed a levelling off at values ofl60-180p.p.m. rather than 100-140. ALEXANllt­

et al. unfortunately do not report polymerizati~n experiments at pH's below 7, bll' 
solubilities obtained by dissolution experiments were in the ,normal range. ILl:' 
(1955, p. 46) emphasizes the slowness of polymerization in acid, and this seems t~ 
most probable explanation of the apparent anomaly. Geologically, the import~llt 

o 
.~ 
~ 

" 61 
> 

~ o 

250 

ppm 

200'~------~---------+--------~--------+---~ 

1001~----~~4---------~=----

20 40 
Time 

60 80 Days 

Fig.!. Represent.ative runs showing approach to the so]ubilit,y equilibrium from both sid"" 
DfLshed lines show the solubility range for 25°C, 100-140 p.p.m. Si0 2 , as given b~. ALEXANDEH. 

HESTON, and ILER (1954). 
Curve I: Hot-spring water boiled to dissolve most of the silica. Initial total Si0 2 

320 p.p.m.; initial dissolved Si0 2 284 p.p.m.; pH during run 7·7-8,3. 
Curve II: Na 2Si0 3 solution neutralized with HC!. Initial total Si0 2 975 p.p.m.; 

initial soluble Si0 2 544 p.p.m.; pH during run. 7,3-7·9. 
Curve III: Na 2Si0 3 solution neut.ralized with HCl, aged and diluted. Initial total 

Si0
2 

187 p.p.m.; initial dissolved Si0 2 25 p.p.m.; pH 8,3-7,4. Same as Curve I 
in Fig. 2. 

Curve IV: Silica gel in distilled wuter. pH 5·2-5·6. 
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Dissolution and precipitation of silica at low temperatures 

conclusion is that the solubility of amorphous silica is at least as great in acid as in 
dilute alkali, so that leaching of silica need not be ascribed only to alkaline solutions. 

Another observation of ALEXANDER et al., that silica sols (with most of the 
dissolved silica removed) slowly disaggregate on standing-in other words, that 
amorphous silica in the form of colloidal particles dissolves just as it does in other 
forms-was likewise confirmed in the present experiments. The dissolved silica 
after a few weeks reaches a constant value in the range 100-140 p.p.m. (provided, 
of course, that at least this much silica was present originally). Representative data 
are shown in Table 2 and Fig. 2. Why the rate of dissolution should be greater for 
olle set of sols than for the other is not clear; the slower rate is for hot-spring 
water, in which other dissolved material is present and in which the sol particles 

Table 2. Disaggregation of silica sols 

/
1 Initial concentra- 'II 

Dissolved silica after 
pH I tions of silica !___ j ! i ! 

I Total Dslvd.!, 3 days 10 d~~~124 day~_! 38 days I 52 days I 68 days L~days 

~.~-1-15-0--"---O-~3-- .59 66 78 I 90 
93 95 98 

j'9! 75 27 31 36 51 I 62 64 68 70 

First run: Temperature 22-27 c C. Erlenmeyer flasks with cork stoppers. Solutions are 
diluted hot-spring water. All concentrations in parts per million of Si0 2• 

I 
i Initial concentra-

Dissolved silica after 

I 
tions of silica Total 

pH after 

15 days 1 26 days 135 days 144 days 1151 
I 35 days 

I Total Dslvd. 7 days days! 
i I 

I I 
;.{ ! 

187 25 99 108 109 I 112 113 180 
;'1 94 13 60 67 67 I 70 71 90 
6·{) 47 6 30 34 36 I 37 39 46 --
Second run: Temperature 22-27°C. Pyrex bottles with glass stoppers. Solutions made by 

~!{"ing and diluting a Na2Si03 solution neutralized with HCI. 

h;n-e had a much longer time to age (9~ ye;'rs versus a few weeks). The similarity 
In solubility between silica gel and silica sols indicates a similarity in structure 
Il{·tween these two forms of amorphous silica, as ALEXANDER et al. have pointed out. 
, . A solubility equilibrium is clearly set up between dissolved silica and colloidal 
~Ihca, and between dissolved silica and hydrous gelatinous silica. It is not altogether 
re:tain, however, that a true equilibrium is established wit.h partly dehydrated 
;'Ihca gel, in the sense that silica coming out of solution deposits in partly dehydrated 
Qrrn on the gel surface. Quite possibly the reverse reaction in the equilibrium 
tQl1sists of silica coming out of solution in the form of colloidal particles which 
~Qalesce to form hydrous gelatinous masses. Such a postulate would explain the 
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appearance of gelatinous flakes in solutions that have stood in contact 
dehydrated gel for several weeks. It is even less certain that a true 
equilibrium would be set up under laboratory conditions between opal and 
silica. ILER (1955, p. 15) expresses the opinion that under conditions 
evaporation, silica may deposit on a solid surface in "a continuous dense layer 

12or---------+--------~----------r_--------+_--~ 

ppm 

o 
.!:! 
Ui 
~6C~.~~~--~~+_--------~f_----------+_----------r_--~ 
too 
> 

~ 
Ci 

o 20 40 60 80 Days 
Time 

Fig. 2. Disaggregation of silica sols on st.anding. Data ill Table 1. Curves I, II, and III 
represent. solutions made by ageing and diluting a Na 2Si0 3 solution neut.ralized with HCI. 
Curves IV and V represent solutions made by diluting hot-spring wat.er which had stood in 

a glass bottle for nearly ten years. 
Curve I: Total silica 187 p.p.m. initially, 180 near end of run; pH 7·4~8·3. Final 

dissolved silica is in t,he solubility range of ALEXANDER, HESTON, and ILER (1954) . 
. Curve II: Total silica 94 p.p.m. initially, 90 near end of mn, pH 7-1~7·8. Final 

dissolved silica only 80% of total. 
Curve III: Total silica 47 p.p.m. initiall~., 46 near end of run; pH 6·!l~7·8. Final 

dissolved silica only 85% of total. 
Curve IV: Total silica 150 p.p.m., pH 8·2. Final dissolved silica is close t.o solubility 

range of ALEXANDEH, HESTON, and ILER. 
Curve V: Total silica 75 p.p.m., pH 7·9. Final dissolved silica is !J3% of total. 
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Dissolution and precipitation of silica at low temperatures 

anhydrous Si0 2," but that if evaporation is rapid the silica will probably polymerize 
in the solution ,and deposit as a hydrated gel. 'Whether evaporation occurs or not, 
it seems probable that the deposition or nondeposition of anhydrous silica will 
depend on the rate of reaction and on the constancy of temperature, pressure, and 
concentration of electrolytes. . 

Table 3. Effect of gel on precipitation of silica, and influence of pH on rates of polymerization 
and precipitation. 

Original 
1 day 
4 days 
8 days 

14 days 
H days 

H days 
2!l days 
28 days 
:1.5 days 

Total 

332 

320 
I , 

320 

312 

Filtered solution 

I 

I 

I 

Dslvd. 

332 
330 
326 
296 
296 
300 

300 
268 
210 
150 

, 

I 

I 
I 

i 

pH 

6·6 

6·2 

8·6 
8·0 
8·0 
7·8 

I Total 

332 

198 
177 

177 

. 138 

Solution with gel 

I 

j 
I 
I 

I 
I 

Dslvcl. 

332 
304 
262 
214 
189 
172 

172 
169 
148 
133 

i 

i 
I 

: 
I 

I 

pH 

6·8 

6·9 

8·3 
7·5 

• 7·5 
7·9 

-

Temperature 22-27°C. Erlenmeyer' flasks with cork stoppers. Solution obtained from 
!i,,~()lution of silica gel at 90°. First sample filtered, second left in contact with gel. pH changed 

on t he twenty -fourth day by addition of N aOH solution. All concentrations in parts per million 
lIfSi02· ' 

An experiment bearing on this problem is summarized in Table 3. The two 
solutions are identical except for the presence of grains of partly dehydrated gel in 
the second; the gel obviously speeded up the coagulation of the supersaturated 
dissolved silica. On the other hand, a few hydrous gelatinous floes collected as the 
solution stood, so deposition of silica directly on the gel is not conclusively demon­
~trated. 

. Rates of dissol~ltion and polymerization. No attempt was made to study rates 
In detail, but the apparent effects of various faotors described in the preceding 
paragraphs are worth noting: 

I. Dissolution of colloidal silica is faster than dissolution of silica gel (Curves 
HI and IV, Fig. 1). ' 

2. Disaggregation of aged sols is slower than disaggregation of freshly prepared 
~Olll (Fig. 2). 

3. Polymerization of dissolved silica is speeded up by the presence of silica gel 
ITable 3, first two solutions). 

4. Polymerization of dissolved silica is slower in acid than in base (Table 3, first 
!(}Iution, and Table 1, solutions III, IV, V). 
l' Another effect on rate of polymerization is illustrated by Samples I, II, and V in 

able 1. These solutions are all alkaline, and differ principally in the amounts of 

II 
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silica present initially; evidently, the greater the original degree of supersaturati . 
the faster is polymerization. In a solution only slightly supersaturated (Sample~; 
the equilibrium concentration of dissolved silica had not been reached in OVer fo J 
months, whereas in a strongly supersaturated solution (Sample II) the equilibriullt 
concentration was attained in less than two weeks. A similar relation bet".~ 
rate and degree of supersaturation has been noted by VVHITE and BRANNOCK (I !l5rn 
in hot-spring waters. . 

It will be shown presently that rates of both dissolution and polymerization a'1' 
increased at high temperatures, and are faster in sea water than in fresh Watet 

Silica gel at other temperatures. By plotting the data of previous workel\;' 
ALEXANDER et al. show that the solubility of amorphous silica has a roughl~ 
linear relation to temperature. The graph is drawn through the points 400 p.Jl.~. 
at 94°C and 135 p.p.m. at 25°C, and is extrapolated to 40 p.p.m. at O°C. The prE's('l!t 
experiments give 300-380 p.p.m. for the range 85-95° and 60-80 p.p.m. for tht: 

Table 4. Solubility of amorpr_olls silica at 90 ± 5°C and at 0-5°C. 
--------------------------------------------------------------------~I-------

Total I pH 
I I 

Dissolved silica after 

, I day 4 days 8 days 12 days I 18 daya 26 days 1~8 days t--;:;!~\~>i· 
.. ____ i .. ____ ~ ________________________ __'. ______ ___;_ _____________ I~ __ •. 

Blank 
Gel 
Opal 

2 
193 
79 

4 
264 
136 

9 
355 
161 

39 
375 
165 

43 
330 
194 

60 

334* 

43 
330 
194 

8 ~ ./ 

7·1l 
8·:1 

* The bottle containing opal leaked excessively after IS days, so that the last high reading ma)' },,' &1. 

effect of concentration by evaporation more than of dissolution. 

At 90 ± 5°C: Finely crushed opal and commercial silica gel placed in ordinary distill,,! 
water in glass-stoppered Pyrex bottles. Bottles shaken once daily. All concentrations in )lllna 

per million of 8i0 2 • 

Dissolved silica after I ! i 
o days 8 days 15 days 23 days 32 da~'H 

I 

Gel + distilled water 0 22 

I 
36 46 56 

Na2Si0 3 solution 312 96 88 85 

I 
84 

At 0-5°C: First solution commercial silica gel in distilled water. Second solution pr(ljlllr"j 
by neutralizing with HCI a Na28i03 solution containing initially 1440 p.p.m. 8i0 2• Soc'o"d 
solution clear for 15 days; then a heavy gelatinous mass collected on the sides and bott.om "I 
the bottle. Both solutions in glass-stoppered Pyrex bottles. 

range 0-5°C (Table 4), and indicate 115 or 120 as a better average than 135 for 21n' 
These figures would give a temperature-solubility curve lying a little below that of 
ALEXANDER et al., and flattening markedly at its lowel"end. 

LENHER and MERRILL'S (1917) early determination of solubility at 90°C, 4:?' 

p.p.m., is somewhat higher than any of these figures, and the discrepancy is JURI 3' 
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Dissolution and precipitation of silica at low temperatures 

mysterious as for the figures at 25°C. HITCHEX's (1953) acceptance of LEN HER and 
)IERRILL'S figures on the grounds that they lie on an extrapolation of his curve 
for higher temperatures is not adequate substantiation, because the smaller values 
tit the extrapolated curve equally well or better. 

Silica gel in sea water. Applicability of the ammonium molybdate reaction to the 
determination of silica in sea water has been studied by CHOW and ROBmsoN' 
(1953). They find that the test is valid, but that for experimental conditions 
similar to those used in the present work apparent concentrations of silica must be 
multiplied by a "salt factor" of 1· 23. The factor is the same in artificial and natural 
,;ell water, and is constant over a wide range of pH and silica concentrations. 
111 values in Tables 5-9 for silica concentrations in sea water have been corrected 
by this factor. 

Table 5. Solubility of amorphous Hilica in sea water. 

Dissolved silica after Total pH 

I-~-i~~-! 
I.! I 
11 day I :3 days i 7 days 

At 22-27CC:'~-- I I 
Uel + artificial I 

S.W. II 37 65 
Gel + artificial 

s.w. + CaCOa 59 92 
(;1'1 + natural 

s.w. 

\t 85--95°C: 
Blank (artificial 

s.w.) 
(;e1 + artificial 

s.w. 
Diatomite + 

artificial s.w.: -

85 101 

12 49 

a05 286 

59 89 181 

--I ----- i----- ----!-~-

13 days 1 20 days i 28 days 20 clays i 7 days 

~, ---~~I---i~~ 

101 102 105 I 105 5·9 

106 103 105 8·0 

107 104 102 106 7·4 

49 69 82 7·9 

308 28a 304 6·9 

244 

, Artificial "sea water" prepared by dissolving 24 g N aCl, 11·5 g N a 2SO 4 • lOH20, and 10·5 g 
'!;">{'1 2 • 6H02 to make one litre of solution. Natural sea water contains 35 p.p.m. Si0 2 dissolved 

the soft-glass bottle in which it had stood several months. Experiments were carried out 
r't,j i(h".'l-stoppered Pyrex bottles. Stirred once daily. Bottle with diatomite leaked after 20 days. 

ft The solubility of silica gel in sea water (Table 5) is not significantly different 
lorn that in fresh water: 100--110 p.p.m. at 22-27° and 280-310 at 85-95°. 
Rhe speed of dissolution is markedly greater, as was also observed by CHOW and 
'tJnrxSON (1953). No significant differences in rate of dissolution or in equilibrium 
~)l1eentration were noted between artificial sea water, natural sea water, and sea 
ttllter with CaC0 3 added to keep the pH near 8. 

Dnl:NERT and WANDENBULCKE (1924) note that a silica sol containing 120 p.p.m. 
:;;i0 2 becomes dissolved silica when placed in a 2 % solution of marine salt 
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(roughly half the concentration of sea water), rapidly at 90° and over a Peri 
of more than seven days at 37°. TOURKY and BANGHAM (1936), although argUi~ 
for the existence of colloidal silica in very dilute solutions, record that sea w .'" 
"appears to exert a peptizing action," for the silica in a dilute sol added to at~ 
water gradually became colorimetric ally determinable on standing. BRUEVI 
(1953) also emphasizes that sea water, far from acting as a coagulant for sili (11 
causes dilute sols to disaggregate. ~, 

Opal. Opal dissolves much more slowly than silica gel or, colloidal sili('a 
might be expected from its smaller surface area. At room temperature, crush~ 
opal in contact with distilled water dissolved only to the extent of 3 p.p.m. in 6d 
months, whereas silica gel reached its equilibrium solubility (110 p.p.m.) in 
month and a half. At 90°C, crushed opal in distilled water yielded 194 p.p.ro. aft 
eighteen days, and diatomite in sea water yielded 244 p.p.m. after twenty dll~ 
(compare with equilibrium solubility of silica gel, 300-380 p.p.m.; see Tables' ~ 
and 5). At the ends of these periods bottles containing the opal and diatolllil!' 
developed leaks, so that the runs were not carried to the establishment of equilibrilllll 
The observed quantities in solution are large enough, however, to suggest tlia; 

ultimate solubilities would be at least comparable with those for silica gel. 'fh~ 
extrapolation also seems reasonable for lower temperatures. ILER'S (1955) ('OIIl. 

pilation of solubility data, as mentioned above, gives further justification f('f 

assuming that all forms of amorphous silica, regardless of degree of hydration (It 

surface area, have equilibrium solubilities within the same order of ~agnitll(h: 
Opal occurs naturally in many different forms, and some of these forms gi\~ 

sufficiently definite X-ray patterns to suggest that the material has a crude regularit\ 
of structure approaching that of cristobalite. Very possibly, therefore, opal lllig';1 
show a greater range of solubility than other forms of amorphous silica, perhlll'> 
ranging all the way from that of silica gel to that of cristobalite (unknown). Fur 

the present, since no other data are known to the writer, the experiments descriht'(j 
above will be taken to indicate that much opal at least has a solubility differing from 
that of silica gel by no more than a factor of 2. 

The fact that diatomite is soluble in hot sea water implies that tests of r\Pllti 
diatoms and radiolaria are preserved in conta,ct with sea water only by the extn'lllf 
slowness of reaction at low temperatures (possibly even slower than normal becIIII'" 
of adsorption of magnesium and/or aluminium on the surfaces). MURRAY nnd 
IRVINE (1891), in fact, have shown tha,t siliceous remains are appreciably soluhlr 
in cold sea water containing CaC03 and decaying organic matter. The solubilit.y (If 
opal lends support to the hypothesis suggested by BRAMLETTE -(1946, p. 54) fflr 
converting diatomite to opaline chert by dissolution and redeposition of the silica: 
dissolution and deposition in approximately the same place can be explained by 
assuming a slight difference in solubility, due to difference in surface energy, 
between the delicate diatom structures and massive opal. The mystery is not hOIl 

opaline chert forms, but why it does not occur more commonly in diatomite bed~. 
Silica glass. The low-temperature solu bility of silica glass has not been recordl"d 

Extrapolation of KENNEDY'S (1950) results at high temperatures would indicat{> 
much lower solubility than for other forms of amorphous silica; but KENNEllY 
himself (p. 653) questions whether equilibrium was attained toward the low end of 
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Dissolution and precipitation of silica at low ternpel'Otures 

his temperature range. Silica glass, having the least surface area of the different 
forms of amorphous silica, would be expected to dissolve most slowly and to have 
the smallest solubility (!LER, 1955, p. 14); the difference in solubility probably 
would not be large, but prediction is hazardous from present data . 

Silicate ion or silicic acid? The demonstration that silica in dilute solution is 
present largely as particles of molecular size leaves open a question as to which 
"i!ieic acid makes up the particles and a fur.ther question as to how extensively the 
add is ionized. The most reasonable formula for the acid is H 4Si0 4, rather than 
the often-suggested H zSi0 3 , simply because silicon in most of its compounds shows 
a co-ordination number of 4 (for a complete discussion, see e.g. !LER. 1955, p. 11-13, 
I S-l 9). Additional evidence is derived by l\'IOSEBACH (1955) from KE~NEDY'S data, 
Oil the grounds that at higher temperatures the ratio (concentration of SiO z vapour)/ 
(concentration of water vapour)2 is constant, suggesting an equilibrium reaction 
of the form Si0 2 + 2H20 = H 4Si0 4 • BRADY (1953), also on the basis of published 
data regarding the volatility of Si0 2 in steam, concludes that in the vapour state 
II ISiO 4 predominates at high pressures and Si20(OH)6 at low pressures. The fact 
that the equilibrium solubility is little affected by pH up to values as high as 
!I indicates that the acid is largely undissociated, an assumption consistent with the 
,mall first ionization constant of silicic acid (ca. 10-1°, according to several investi­
gators: see ALEXANDER et al., 1954). In solutions more alkaline than pH 9 the 
1011 H 3Si04- becomes important, exceeding H 4Si0 4 at a pH somewhat over 10 
(itER. 1955, p. 25). Other ions of the acid playa role only in solutions too alkaline 
10 he of geologic interest. 

Summary. Amorphous silica dissolves in water to the extent of roughly 
70 p.p.ll1. at O°C, 120 p.p.m. at 25°C, and 350 p.p.m. at 90°C. The solubility in sea 
"ater is not substantially different. A true solubility equilibrium is set up between 
11 lSiO 4 molecules in the solution and either gelatinous silica or the colloidal 
tl'lI'ticles of a sol. The reactions leading to equilibrium from either side are slow, 
'-') that nonequilibrium solutions can persist for days or weeks, or even for years 
~t low pH's. Opal probably has about the same equilibrium solubility as other 
forms of amorphous silica, but its dissolution is extremely slow, especially at 
,jrdinary temperatures. The dissolved silicic acid is un -ionized except in fairly 
I!lkaline solutions. 

fn natural waters silica may be either colloidal or in true solution, but the 
tnlloidal particles are unstable and will disappear spontaneously in the course of 

feW,clays or weeks (provided total silica is less than about 100 p.p.m.). Hence 
great majority of natural waters should have silica in true solution only, a 

t'iflclusion corroborated by reports of commercial analysts that silica determined 
"'>lo f ill1etrically nearly always coincides with total silica (WEITZ, FRANCK, and 

III:CHARD, 1950; see also references cited by Roy, 1945). 
The problems of dissolution of silica are by no means entirely solved, as witness 
the necessity for stating solubility at a given temperature as a rq,nge rather 
a specific value, (2) the inadequately explained differences in rate of dissolution 
one solution to another, as illustrated by Figs. 1 and 2, and (3) the uncertainty 

establishment of true reversible equilibrium with nonhydrous forms of 
~Ill 
"Orphous silica. Despite these gaps III present knowledge, the geologically 

15 
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important conclusion that silica at low concentrations forms a true solution rather 
than a colloid seems established beyond reasonable doubt. 

THE PRECIPITATION OF SILICA 

General. When an alkaline solution of silica is neutralized, or when a saturated 
solution at a high temperature is cooled, the silica normally does not precipitat{. 
but remains in supersaturated solution. Over a period of weeks or months th~ 
supersaturated solution changes to a sol, until the amount of silica left in molecular 
form is equal to the equilibrium solubility of amorphous silica at the preyailillg 
temperature. If the original solution is very concentrated or if the solution lat{,t 
becomes concentrated by evaporation, gelatinous silica will separate but Or the 
entire solution may set to a gel. Fluid sols at concentrations of a few hundn'd 
parts per million, however, are remarkably stable. 

In nature, the precipitation of silica by cooling and evaporation is obserYed 011 

the aprons of many hot springs. Gelatinous silica is sometimes found in pools fl'd 
by such springs, and also has been reported from cavities and fissures undngroulld 
(see references in HITCHEN, 1935). Of more general interest is the possibility of 
precipitation from cool, fairly dilute sols or from solutions containing only 11101(., 

cular silica; it is this kind of precipitation, presumably, which must account for 
the formation of most cherts and other siliceous sediments. 

Since sea water contains much less silica than river water and since silica ill 
known to form sols very readily, an attractive hypothesis can be set up according 
to which silica brought to the sea by streams is coagulated on contact with 1 he 
electrolytes of sea water. From the preceding discussion one would hardly eX]ll'et 
such a mechanism to playa sigl'lificant role, except possibly locally where f;ili,'& 
is brought to the sea in unusual amounts. Many geologists, however, af'sllmilig 
that most of the silica carried by rivers is colloidal, have tried to test experimentally 
the effect of sea water on various kinds of silica solutions. The results han hI'.'!. 
ambiguous and often contradictory, as might be expected if the slow changes tlll,t 
occur in laboratory solutions are not recognized. In an effort to clarify the situat ion, 
some of the older work will be discussed before the present experiments al~. 

described. 

Pl'evioU811JOrk. TARR (1917) was the first to investigate in deta.il and to advocate str()II"I~ I 

hypothesis of origin ofchcrt. through coagulation of silica by clectrolytes. He based the hYI"'1 
on expcrinlents in which gelatinous silica precipitated imnlediately when a silica Dolllt I .. " II 

poured into sea watcr. Unfortunatcly, the experimcnts are only sketchily described, :-;ili,·,. 
added" at the ra,te of 27 p,p.m.," but whether this figure rcfers to the original silica ~()l\lt j",. 
to the final sea-water m.ixture is not, clear. No later invcstigator has been able to dlll'\" 

TAlm's rcsults; MOORE and MAYNARD (1929), after thorough discussion, conc!IH!<' til;\! 

silica solutions must have bcen more concentrated t.han he t,hought. 
LOVERING (1923) found that sea. water had no effect on Na'2SiOa sollltions (·ontl1l1l11,.' 

p.]).111. Si02, but that silica was precipitated from morc concentrated solutions unt il :!:.II 

p.p.111. was left. in solution (or suspension), provided t.hat the amount, of sea watpr IIdd,"! 
in excess of 1 ml per 0-15 g of silica. The pH and time of standing are not record.,,!. 
LOVERING'S results may well mean that his more-concentrated solutions had 250-2801'-1',111 
silica in true solution, cit,hcr because the pH was above 9 or because equilibrium ha.d n·d 
reached, and that the colloiual remainder of the silica was coagulated. 
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DissolutlOll auel precipitation of silica at low temperatures 

CORRENS (1926) used silica both in the form of "reine verdiinnte Kieselsiiuresole" (presumably 
purified by dialysis; concentration, pH, and time of standing not specified) and ~a2Si03 
,;olutions. The pure silica sols could not be flocculated by sea water (eithel' natural or artificial) 
Ilt pH's less than 10. \Vhen Na 2Si03 solution was added drop by drop to sea water, immediate 
lIocculation occurred after each drop for solutions more concentrated than 3000 p.p.m.; slight 
flocculation was visible after five days when solutions containing 2300 p.p.m. were added until 
the final concentration was 46 p.p.m.; and no flocculation occurred on adding solutions with 570 
p.p.m. Details of preparation of the N a 2Si03 solutions are not given, so the proportion of silica 
pn·sent as colloid cannot be guessed; nor is the time of standing speeified for the more dilute 
,;olutions. CORRENS has apparently proved that solutions with many times more silica than 
ordinary strearns show no floeeulation in sea water, but has not perhaps made adequate allowanee 
for a possible slow precipitation oyer a long period of time. 

The most diffieult of the previous work to reconcile with the present study is the often-eited 
l"ll)('r of MOORE and .i\L~YNARD (1939). Using solutions containing 30 p.p.m. Si02, both as 
XIl 2Si03 and as dialysed sols, and various electrolytes including sea salt (added as solids), 
tlH'se investigators report agreemEnt with LOVERING and COlmENs that no precipitate forms 
imlllediately, but note the slow formation over periods of twenty-five and seventy-five days of a 
flocculent precipitate containing silica. The eoagulation was never eomplete, mostly only a few 
I~'rcent, but in two experiments amounted to two-thirds of the original silica. The reaetions were 
I'llrri,'d out in test tubes, and some reaetion with the glass is indicated by the slowly inereasing 
lotal silica (dissolved' + preeipitated). Other important experimental details are lacking-pH, 
kmjJel'ature, amount of stirring, miUiller of preparing the silica solutions. But the details ·are 
hardly needed to make it evident that the silica was not behaving like a O'imple solution of 
monomeric silicie acid. MOOHE and .i\IAYNAHD'S conelusion seems amply justified, that the 
,dim in these very dilute solutions was mostly or entirely colloidal. 

To anticipate a little, experiments in the present study have confirmed iYIOOIlE and ~IA YN ARD' S 

.. h'l'l'\·ation that a small amount of preeipitate appears in mixtm'es of dilute silica solutions 
(SiOz less than 100 p.p.m.) and sea water, but have failed to eonfirm a progressive removal of 
"Ii"a from the solutions on standing. Up to the equilibrium solubility for amorphous siliea at a 
~ivl'n temperature, silica appears to be perfectly stable in sca water for periods of at least 
,,'vera I months. The tiny floes of gelatinous preeipitate that form in such experiments remain a 
rnystery. Aecording to MOOHE and MAYNARD, they increase in amount over a period of time; in 
Ih,· present experiments they appeared within a day or two, probably representing the coagulation 
.. r a precipitate that formed immedifttely on mixing, and thereafter did not change. ~ow, 
"fh~ may assume that the original solutions in both sets of experiments contained some colloidal 
.diea, and that this was precipitated before its normal slow disaggregation could take plaee; but 
~ft('r several weeks the precipitate should redissolve, sinee the total silica in solution is well below 
Ill,· equilibrium concentration. Qualitative experiments deseribed below suggest that the' 
prl't'ipitate is in part a magnesium silicate rather than pure siliea, hence less easily dissolved. 
hilt for present purposes the precipitate is a minor complication, and its nature was not studied 
'Il detail. The discrepaney with MOORE and :MAYNARD'S results remains unexplained, hut 
C"rtainly the present experiments give no indieation that siliea in true solution is affeeted by the 
ekqrolytes of sea water. 

One other earlier paper needs discussion here. FRONDEL (1938), although not directly 
""fll'erned with coagulation by sea water, argues for the eolloidal nature of very dilute silica 
';fl the basis of experiments in whieh a cIialysed sol eontaining 2000 p.p.m. of silica is diluted to 

(14) P.p.ill. and remains colloidal. Proof of the eolloidal nature rests on observation of partieles 
~lth an ultra-microscope, and on eoagulation of the silica when the solution is saturated with 
'$ ~Cl. The original dialysed sol was of course almost exclusively colloidal, and dilution would not 
:nrnediately alter the colloid, so that FRONDEL'S observations are entirely consistent with the 
:4'<'eding discussion. If he had allowed the 100-p.p.m. solution to stand for a few weeks before 
.:--:ing itg colloidal nature, however, his eonclusions would doubtless have been very 
'''IBrent. 

'f 11'hlIS the discordant obscrvations in previol;s papers can be partly reconeiled on the basis of 
41 'Ire to take account of the slow reactions involved in the silica solubility equilibrium. :YIOORE 
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and MAYNARD'S report of slow removal of silica from dilute solution by electrolytes CUIll) 

be so explained, but this observation could not be confirmed by the present experimen!)\ 
E:cperiments. The general behaviour of silica solutions when added to sea water is illllstrat~~ 

by Tables 6 and 7. In each experiment a part of the silica was dissolved and a part eolloidal; th,. 
salt coneentration was adjusted to make the final quantity equivalent to that in sea wntl.t. 

Table 6. Silica solutions added to sea water. -Initial total Si0 2 264 264 264 132 132 66 
Initial dslvd. Si0 2 234 234 234 1I7 1I7 59 
Initial pH 4·9 7·1 9·2 5·6 7·8 8·2 
pH after 74 days 5·3 6·9 7·6 6·1 7·1 i·a 
Dslvd. SiO z after 

1 hour 234 206* 148* 104 108 5:3 
6 hours 224 203 123 II 4· 114 5:1 

48 hours 224 194 III 114 114 58 
14 days 224 153 III 1I7 112* 60· 
40 days 209 142 120 113 III 60 
74 days 199 132 129 III 108 60 
95 days 201 132 123 113 III 59 

Total Si0 2 after 
74 days 275 141 129 138 1I6 63 

Till 
cOJ1 

"iii, 
hig 
.'qll 
,;Jlt1 

tim, 
J~ .,.1 
"I l~ 

,;olt1 

1t'111 
III s! 

pre} 
of 81 

Init: 
Init 

* Asterisks indicate that formation of a gelatinous precipitate was noted, copious in first two and \WI Dis;:; 
slight in last two. . Oi;;." 

Temperature 22-27°C. Erlenmeyer flasks with cork stoppers. Silica solutions prepllr"j Tot~ 
by adding HCI to Na'2SiOa solution. Salt concentration (NaCI + MgCl2 + Na2S04 ) eqlliyul"nl DisJ 
to sea wat,er. All concentrations in parts per million of Si0 2. 

Table 7. Silica solutions added to sea water. 

Theoret-ieaI total Si0 2, 

including precipitate 464 232 Il6 58 
Initial dissolved Si0 2 230 1I5 58 29 
Measured total Si02, not 

including precipitate 172 165 96 46 
Measured dissolved Si02 157 142 74 38 

Changes in most concentrated solution on standing 

Total Si0 2 
Dissolved SiO z 

Initial 

172 
157 

I day 10 days 

165 134 
146 128 

29 
14 

25 
20 

25 days 

127 
127 

15 
j 

14 
)(l 

Temperature 22-27°C. Large Pyrex test tubes. Na2Si03 solutions made up by di'lltinl! 
solution containing 928 p.p.m. total Si02 and 460 p.p.m. dissolved Si02. Artifical sea WIl!''!' 
prepared as in Table 5, but twice as concentrated. At each dilution, 10 ml. Na2Si0 3 solution 
added to 10 m!. concentrated sea water, so final salt eoncentration equals that of sea \\"lItl'f. 
pH's all adjusted to 8·0-8·4. First tlu·ee solutions analysed within one hour after precipitn!inlL 

last three after five hours. Visible precipitate in aJl except last sample. 
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Di8solution and precipitation of silica at low temperatures 

The experiments show clearly that the dissolved part of the silica is not affected unless its 
concentration is greater than the equilibrium value (100-140 p.p.m.). All or part of the colloidal 
silica is coagulated, the fraction being greater if the initial concentration is large and if the pH is 
high. In solutions at pH's over 7, high concentrations of dissolved silica are reduced to the 
t'quilibrimu solubility in a day or so, but at pH's less than 7 the solution may remain super­
;laturated for months (see, for example, the first column of Table 6). In acid solutions the coagula­
tion of colloidal silica is also very slow. These results are consistent with observations cited by 
ILElt (1955, p. 46) that both the polymerization of monosilicic acid and the gelling of colloidal 
~ilica are slow at low pH's. Once the amount of dissolved silica has reached the equilibrium 
,;olllbility, it, shows no fm-ther change (except for minor fluctuations probably in response to 
tempentture changes), in disagreement with MOORE and MAYNARD'S statement that the silica 
in solution steadily decreases. 

To try experiments more closely similar to those of MOORE and MAYNARD, samples were 
prepared containing 35-45 p.p.m. of Si0 2 in solutions with a salt content and pH equal to those 
of sea water, and differing in the initial ratio of dissolved to colloidal silica (Table 8). Over a 

Table S. Dilute silica solutions added to sea water. 

High dissolved silica Low dissolved silica 

Initial total .39 19 .39 
Illitial dissolved 39 19 6·4 
Dissolved after 6 hours 39 19 15 
Dissolved after 24 hours 39 20 23 
To/al after 24 hours 40 21 25 
Dissolved after 5 days 38 20 39 

Three similar solutions allowed to stand 40 days 

Initi 
Mte 

al 
r 40 days -

I 
I 
I 

Total 

49 I 59 
i 

Dslvd. Total Dslvd. 

5 50 33 
54 53 44 

19 
3·2 
6·S 

12 
11 
20 

Total 

55 
56 

NaCI 
solution 

19 
3·2 
6·S 

13 
12 
20 

Dslvd. 

4S 
49 

Temperature 22-27°C. Glass-stoppered Pyrex bottles. Final salt concentration equivalent to 
"", water. Solution with low dissolved silica prepared by ageing and diluting a neutralized 
Xa 2Si03 solution. Solution with high dissolved silica prepared by boiling and diluting an alkaline 
XaaSi0 3 solution. Slight precipitation visible in all bottles; more abundant in solutions with 
lijW initial dissolved silica. All pH's in range 8·O-S·4. 

""riod of two days a very small amount of gelatinous precipitate formed in each bottle, more 
.1{lWly in the ones with least colloidal silica initially. On standing for several weeks, there was 
~change in the amount of precipitate; the total silica appeared to increase slightly, presumably 
~:'nllsc of reaction with the glass; the colorimetric silica increased to 85-100% of the total 
'!j lea, and thereafter remained constant. 

The nature of the precipitate was investigated only by a few qualitative tests. The amount 
tho precipitate appears to be larger if a considerable fraction of the original silica is colloidal, 
the solutions -are mixed rapidly, and if the pH of the mixture is permitted to rise above 10 

adjustment; by boiling the silica to insure complete depolymerization of the colloid and 
it slowly while the pH is maintained in the range 7 ·S-S'8, the precipitate can be reduced 

amOunt, but not eliminated completely. If the precipitate (from a fairly concentrated silica 

19 



KONRAD B. }{nAVSJ(o)'l-

"Intion) i' flU""d, w",,,d, and plaond in di,Wlod "",,,"". il ,.i,,'d, ,iliM '0 tho wat' 
mo<O ,lowly t.han doe' ,ilioo gal. If ,omo i,f ,.ho waah"d ''''''''il'''nt'' i, hoa,,,d with -;;;,""' , 
H,SO" 0,0,1 ifth"""idua i, di,wlved and to,t.~l with NH" ""d '"H,pO" a white pre,"· 
ahow' tha 1 ,,'o,ono

a 
of magn"ium. The'" oham'VOt.i,,,,' ind i,'o' " ,liot tho p,aoiI,iI". i, ,0 ',ot" 'bl . 'T at ijlh 

alone, bnt. 1'0'" y a m~turo of ,i1iaa and a hydw
no ",0>,"""''''" ., "ata, "' '''gg'''' .. 

,imil., p,.,:",pitatoo by MURRAY and IRV,NE (1,.1) ond h): M"o'~': 0",1 'IAYN~D th_al~! f~ 
t.he 1"'0",1",.0," obt.o""d on adding magn""h,m ,al" tn d,Ii"" "lioa .olohon', Th~ ~, , r" 
do," not ""mplat,ly explain t,I" bohaviour of "'" lm'"'l'i"''''' 'o,t hntl ... , invo'tigationg~::;,,,, 
eo"," p",·t i"ont, to t.l" p""",nt ,tody, , '" 

Table 9. Effect of calcite, clay, and fOl'l'ic oxilh' ,1\1 tIll' l'oaguhnion of silica. 

-----------"~ 
\ 

Distilit'd water 

! 

______ -------------- I 
___ ~------1~----- ---

Fel)3 \ Kaolin 

Artificial sea water 

i 
SnbslJ\llee added 

Initial tpt lll Si0 2 

Initial d~"'11. Si0 2 

Initial pl1 
pH aftpr ,10 days 
DissolY"d :-;i0 2 after 

2 dll~'" 
14 dllYs 
40 dllYs 
71 dllYS 
95.l ll Ys 

Total nft"!' 40 da,ys 

\ 

\ 

\ 
I 
I 

CaC0 3 

132 1 :~~ 

111 III 
8·1 7·8 

8,1 

113 
114 
117 
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102 

114 10-1 

116 
123 

105 
104 

i 1 __ 

1060 
1 a:1 
7,4 
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1:10 
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12f) 
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1270 

\\)(\0 

l:la ' .... " ' .. ) 
~,O 
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\.,.) ,,-
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t·):W 
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124 
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8·1 * I 

1088t' 
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1032* 

I 

-

12iO 
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8,1) 

488t 
115 

540· 

* Aftl'I' 14 days, 
t Tol til 8i02 • Tt'IlI\'I'l'atnre 22-27
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Dissolution and precipitation of silica at, low tcmp<'raturc,; 

ex.planation for the behaviour of colloidal silica, ErTEL (1954, p. 317) 
the alkaline sols, which are more easily precipitable by electrolytes, as 

+\\!Irophobic," and the acid sols, which are little affected by electrolytes but 
, gels more readily when concentrated, as "hydrophilic"; but these terms are 

more than names for the phenomena observed. ILER, (1955, pp. 41, 42), on 
hasis of more recent work, suggests that the colloidal particles in alkaline 

",lutiOI\ are negatively charged, hence susceptible to neutralization by cations. 
in acid solution the particles are largely uncharged but kept from precipitating 

! hI' :icarcity of ° H - to act as a catalyst. 
,\ qnestion which the ex.periments leave unanswered is whether colloidal silica 
<ollltion with only traces of electrolyte is indefinitely stable. Solutions contain-
1000 p.p.m. or more of Si0 2 showed a very gradual decrease in total silica on 

",'lIlding, at a rate of the order of a few tens of parts per million in several months, 
1Il()~t of the hot-spring samples described by WHI'l'E, MURA'l'A, and BRANNOCK 

also showed a slight falling off in total silica. On the other hand, laboratory 
lutiolls with pH's below 7 containing a few hundred p.p.m. of colloidal Si0 2 

/lot change detectably, and a few of the hot-spring samples retained nearly 
original amount of colloicbl silica after several years' standing. While the 

!/w!Jretical question about the stability of colloidal silica remains unanswered, 
observations suggest that its coagulation in the absence of fairly concentrated 

%;"drolytes is so very slow that transportation of silica in this form may locally be 
gl'ulogic importance. 
The experimental results agree with most previous work, the outstanding 

~\t'('ptions being CORRENS'S (1926) statement that colloidal silica is not precipitated 
sea. water at pH's below 10, and MOORE and MAYNARD'S (1929) conclusion that 

',lil'il eyen in very dilute solutioll is progressively coagulated over a period of 
'<"I'ol'al weeks. On these points the experiments simply disagree, and the discrepancy 
it'mains unexplained. Also unexplained are certain details in the present experi­
~H'nts. such as the small amount of apparently insoluble precipitate that appears 

dilute solutions and the common failure of colorimetric ally determined silica 
be quite equal to total unprecipitatecl silica. But the important conclusion for 

pre~ellt purposes-and about this the experiments leave no room for doubt except 
appeal to unknown processes acting over periods longer than several weeks-is 

lhat silica in concentrations up to several tens of parts peI: million is completely 
'table in contact with the electrolytes of sea water. 

CONTROL OF SILICA IN NATURAL SOLUTIONS 

If amorphous silica is soluble to the extent of 100 p.p.m. at ordinary tempera­
hires and 70 p.p.m. at 0°, and if colloidal silica is stable enough so that it can readily 

transported in excess of its solubility, then how does it happen that silica 
l:illlcentrations in most surface waters are so small? River water and ordinary 
~Ot1ndwater have silica contents in the range 5-30 p.p.m., occasionally higher 
(CLARKE, 1924, pp. 68-109 and 184-201); connate water commonly has 20-60p.p.m. 
if>. E. WHITE, personal communication). These waters are in contact with silica 
~nd with weathering silicates much of the time, so one might expect that they 
~ollld normally be saturated or more than saturated. 
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The explanation must depend on many factors, some of them difficult t{j 
evaluate. The only kind of silica that dissolves with appreciable speed at ordinal',. 
temperatures is silica gel, which is probably not common in nature. Any crystal\ill~. 
form of silica would give much less than 100 p.p.m., even if contact were prolongt'Q 
until equilibrium was established. Opal would (probably) provide on the order of 
100 p.p.m. eventually, but the reaction is exceedingly slow, and opal is not of 
common occurrence. The wea,thering of silicates presumably results in soluble 
silicic acid (CORRENS, 1949) but this again is a very slow process: also significaut 
is the formation of monomeric silica by the action of salt solution on sen-raj 
silicate minerals (GARDNER, 1938) and by the action of HCI on olivine (WEI17.. 
FRANCK, and SCHUCHARD, 1950). Silica is extracted from solution at least locally 
by fresh-water diatoms; the role of fresh-water sponges in removing silica fro~ 
Lake Baikal is emphasized by BO'l'INTSEV (1948). The com bination of slow reactiol)S 
dilution by rainwater, possible approach to equilibrium with crysta.lline silira' 
and removal by organisms is proba,bly sufficient to explain the scarcity of satnrat{.d 
silica solutions in nature. 

A more difficult problem is the extremely low concentration in sea watt'f, 
Experiments show that the electrolytes of sea wa,ter have no effect on s()llJhl~ 
silica; why then does not silica brought to the sea simply accumulate to a ('Oil. 

centration of 70-100 p.p.m.? Diatoms and radiolaria a,re an obvious answer 
near-surface waters, where the silica content is known to fluctuate seasonalh 
(0·5-2 p.p.m.) as the plankton population waxes and wanes. The capacity' 
diatoms for removing silica is impressively demonstrated by the experiments 
JORGENSEN (1953), in which two species reduced silica concentrations from inil 
valnes of 0·65-125 p.p.m. to the range 0·065-0·085p.p.m. The silica-i'l'('J'(,til'f 
plankton build their shells out of opal, and evidently have a ca,pacity fol' main 
taining this materia.] in contact with a medium which should dissolve it: 
(1955, p. 16) guesses that this is accomplished either by the adsorption of Mg' 
by the formation of organo-silicon complexes on the surface. The a,bility to 
opal from dissolving is presumably lost when the organisms die, and tIl!' 
should start to dissolve as they sink into the sea. But the dissolution of olml 
exceedingly slow at ordinary temperatures and still slower at the neal'·fn·(·lil'l 
temperatures of the deep ocean, so that dia,tom and ra,diola,rian remains ' 
accumulate on the ocean floor; that some dissolution does occur is indicalNI 
the a,bsence of the more delicate shells of diatoms from deposits below a dp)I!h 

5700 metres (SVERDRUP et al., 1946, p. 978). Deep-ocean water has a 
silica content (5-10 p.p.m.) than surface wa,ter, which is another indicatioll 
siliceous shells dissolve. But seemingly the concentration should be highpL 
ocean remains in contact with diatom and radiolarian deposits for geologie 
and surely this should be long enough for even the slow dissolution of 
approach equilibrium. 

Three factors, none of which can be quantitatively evaluated, may J)la~' t1 

in keeping the silica content low. (1) If the circulation of the ocean is 
compared with the rate of dissolution of opal, the silica may be steadily 
the deep water is brought up into the plankton-rich surface layers. (2) 
sponges, which are not limited to the zone of light penetration, may relllOn ' 
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Dissolution and pl'ccipitation of silica at low temperatul'es 

amounts of silica; an indication of the importance of sponges is giveu by the 
abundance of sponge spicules in some European cherts (CORRE:N"S, 1949) and in 
cherts of the Phosphoria formation (CRESSMAN, 1955, p. 25). (3) Some silica 
is removed in the formation of authigenic silicates, such as glauconite, phillipsite, 
and illite. Whether silica in the clay fraction of marine sediments is largely 
deriyed from sea water or from detrital clay particles is not known, but there is 
no clear evidence against the assumption that large amounts of silica could be 
remo,'ed in this manner. A similar suggestion regarding the possible removal of 
dissolved silica by reaction with AI(OH)3 has been made by :MURRAY and GRAVENOR 
(I !l5:3). 

These considerations have an obvious application to the old problem of the 
origin of chert. TARR'S (1917) hypothesis of inorganic origin by the flocculation 
of silica colloids must be abandoned, except locally where concentrated silica 
solutions were poured into the sea during volcanic episodes (e.g., the cherts 
commonly associated with pillow lavas). The hypothesis of diagenetic alteration 
of deposits initially composed of siliceous organic remains, elaborated by 
BR.-DILETTE (1946) for the specific example of the opaline cherts in the Monterey 
formation and suggested in more general terms by CORRE:N"S (1926, 1949), is in 
good agreement with the behaviour of silica as here outlined. Some chert is 
dearly of later replacement origin, as is emphasized by VAN TUYL (1918) and by 
hTTI.JOH:N" (1949, p. 328-332). The relative importance of diagenesis ai1d later 
replacement is still a matter of argument. 

SUMMARY 

Experiments on natural and artificial silica solutions, together with experimental 
results reported in recent chemical literature, lead to the following conclusions 
about the behaviour of silica in geologic environments; 

(I) Amorphous silica is soluble to the extent of 60-80 p.p.m. at 0°, 100-140 
p·p.m. at 25°, and 300-380 p.p.m. at 90°. This is true solution (molecular dispersion), 
Hot colloidal dispersion. Most or all of the dissolved silica is in the form of mono­
silicic acid, H 4SiO 4' The crystalline forms of silica have lower solubilities, quartz 
!"i\st of all. 

(2) The solubility of amorphous silica is little affected by changes of pH in the 
, range 0-9, but increases rapidly as the pH rises above 9. In other words, silica is 

!ll) Blore soluble in very dilute alkali than in acid, contrary to a common geologic 
"'.stllllption. Silicate ion is present in appreciable amounts only at pH's over 9; in 
IHore acid solutions the silicic acid is essentially un-ionized. 

(3) When a supersaturated solution of silica is prepared, either by cooling a 
llrated solution or by neutralizing an alkaline silicate solution, the silica ordin­
Y does not precipitate, but in time becomes a colloid. In concentrated solutions 
colloid may eventually precipitate out as flocculent masses (in weakly basic 
tions) or may set to a gel (in weakly acid solutions). In dilute solutions the 

oid is a colourless, transparent sol, remarkably stable with respect to long 
ding, to temperature changes, and to mechanical disturbances. 

I (~) A silica sol with a total Si0 2 content less than the solubilities given iu 
I <\hove gradually disaggregates until all the silica is in true solution as H 4SiO 4' 
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A sol with total SiO z greater than these solubilities disaggregates until the 
brium amount of H 4Si0 4 is in solution together with the remainder of the sol 
other words, equilibrium is established between sol particles and silica in . 
solution, the equilibrium amount in solution being the same as that for other 
of amorphous silica. 

(5) The processes of dissolution and polymerization of silica in dilute solun . 
are slow. At ordinary temperatures silica gel requires several weeks to ~ 
solubility equilibrium; opal dissolves so slowly that equilibrium probably is tI 

reached for years. Supersaturated solutions require days or weeks to form ot 
and to establish equilibrium between the dissolved and colloidal fractions. . 
acid solutions the perjod may be months or years. The sluggishness of rea;tj III 
means that non-equilibrium solutions-both supersaturated solutions and solutic: 
containing colloidal silica well below the equilibrium solubility-may exist lOll' 
enough to be of geologic interest. All the rates are enormously faster, of cOIJ~1 
at temperatures near the boiling-point. ? 

(6) Colloidal silica may be precipitated by evaporation, by co-precipitat 
with other colloids, and by fairly concentrated solutions of electrolytes. Precipitll' 
tion by electrolytes is fastest in basic solution and extremely slow in solutions wittl 
a pH less than 6. Silica in true solution is not affected by either electl'olYhlt 
(except for possible precipitation of metal silicates) or other colloids, unless'thl' 
solution is supersaturated; in this case only the amount of silica in excess of til" 
equilibrium solubility is precipitated. 

(7) By comparison with the other rates, the coagulation of a silica sol h" 
electrolytes is fast. This means that a silica precipitate may appear in a mixt U;t. 
of solutions containing far less than the saturation concentration, provided thaI 
a part of the silica originally was colloidal. Herein lies the explanation foJ' SOIll!' 

alleged "proofs" that silica in very dilute solution is always colloidal. . 
(8) Amorphous silica has about the same solubility in sea water as in fr('.~h 

water. Silica below the equilibrium solubility is in true solution, and is not ]1I'(!, 

cipitable by the electrolytes of sea water, or by suspended solids lilre cal('ih,; 
iron oxide, kaolinite or montmorjJJonite. The dissolved silica may, howen,,!'. lu· 
used by organisms, and under favourable conditions may be reduced by t hi. 
means to a figure only a thousandth of the equilibrium concentration. 

(9) Silica is added to natural waters by (I) volcanoes and springs associall'!1 
with volcanic activity, and by (2) dissolution of silica and silicates durillg 
weathering. Proba,bly most of the silica from wea,thering is in true solution, 
Volcanic and hot-spring silica may be initially in true solution, but, if the com'pl)' 
tration is high, will partly change to the colloidal form as the solutions coot 
Colloidal silica may also form in natural '\vaters by partial evaporation. Thus hotl1 
dissolved and colloidal silica may be expected In natural waters, but the [o!'IllH 
is by far the more common. 

(10) The silica in most stream water, being in true solution, is not coagulal<·d 
on contact with sea water. ,,,There hot springs supply silica to· the sea in largl' 
amounts, precipitation of the colloidal part of the silica will take place, but thiJ' 
should be a rare and local phenomenon. 

(II) The undersaturation of most terrestrial waters with silica can be attribll\('(1 
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Dissoltlt,iol1 aIHI precipitation of silica at low temperatures 

"IOWIll'Sd with which silica and the silicates dissolve and to the activity of 
IWl which me silica. The very great undersaturation of sea water may also 

11:4ihly ascribed to organisms, particularly diatoms, radiolaria, and siliceous 
Extremely slow attainment of solubility equilibrium with crystalline 

of Milicl1 and with authigenic silicates may also playa role. 
TIll' origin of chert in marine sediments cannot be accounted for by 

precipitation, except locally near volcanic centres. The accumulation of 
organic remains, followed by partial dissolution and redeposition of the 

il~ consistent with the properties of silica just outlined. Later introduction 
from widely circulating solutions is also a possible mechanism for some 

REFERENCES 

\:-;PEIt. C:. B. (HJ53) Preparation of monOflilicic acid. J. Amer. Ohem. Soc., 75, 2887-2888; 
~t"ildi"n of low molecular weight silicic acids with molybdic acid. Ibid., 5655-5657. 

\\IlI';II. G. B,. RESTON, vV. M., and ILER, H. K. (1954) The solubility of amorphous silica 
,,<It"I·. J. l'hys. Ohem., 58, 453-455. 
r.~EV, K. K. (1948) Role of sponges in the dynamics of silicic acid in Lake Baikal. Dokl. 

A,hd. Sauk SSSR, 62, 661-663. 
li'Y. Eo L. (1953) Chemical nature of silica carried by steam. J. Phys. Chem., 57, 716-710 . 

.\1. ~. (1946) The Monterey formation of CalifOluia and the origin of its siliceous 
f'~k~. U.S. Geol. Sun·ey Prof. Paper. 212, 1-55. 

S. V. (1953) K geokhimii kremniya v morye. In·est. Akad. Nauk SSSR, Sel'. Geol., 
,",n, 1. li7-79 . 

. D. T. \V., and ROBINSON, R. J. (1953) Forms of silicate available for colorimetric 
'!"{''I'lnination. Analyt. Ohem., 25, 646-648. 

F. W. (1924) The Data of Geochem.istry. U.S. Geol. Survey Bull. 770. 
C. W. (1926) Beitriige zur Petrogra phie uncl Genesis del' Lydite CKieselschiefer). Preuss. 

(/n>l. Landesanstalt, J/Iitt. d. Abt. f. Gesteins-, Erz-, Kohle- 'und Salz-Untersucllllllgen, Heft 
I. 1 S-:38. 

C. \V. (1941) Uber die L6slichkeit von Kieselsaure in schwach sauren uml alkalischen 
I.'i~llngen. Ohemie del' Erde, 13, 92-B6. 

1''''mEXs, C. ,V. (1949) Einfiihrung in die .1Iinemlogie. Springer, Berlin. 
E. R. (1955) Physical Stratigraphy of the Phosphoria Formation in Part of 

'~lllthwefltern lVlontana, U.S. Geol. Swv. Bull, 1027-A, 31 pp. 
IJIl';);EHT, F., and VVANDENBULCKE, F. (1923) Sur Ie dosage de la silice dans lcs eaux. Oompt. 

Rnul., 176, 1478-1480. 
lJl!(~ERT, F., and VVANDENBULCKE. F. (1924) Sur Ie dosage de la silice dans les eaux. Compt. 
, Re/Ill., 178, 564-566. 
~rn:L, \V. (1954) Physical Chemistry of the Silicales. Univ. Chicago Press. 

!n;llERICKSON, A. F., and Cox, J. E. (1954) Mechanism of "solution" of quartz in pure water 
r at elevated temperatures and pres,mres. Amer. Jlin., 39, 886-BOO. 

HOXDEL, C. (1938) Stability of colloidal gold under hydrothermal conditions. Econ. Geol., 
33, 1-20. 

flARDXER, L. U. (19:38) Reaction of the Living Body to Different Types of Jiineral Dusts. Amer. 
1 In.,t, Min. lVletallurg. Eng., Tech. Pub!. 929, 1-1.5. 
hH~IAN, R. W. (1925, 1926, 1927) Aqueous solutions of sodium silicates. J. Phys. Chem., 29, 

H 1l55-1168; 30, 359-368, 917-924, 1l00-1l1l; ibid., 31, 355-373, 511-518, 616-625. 
lTCREN, C. S. (1935) A method for experimental investigation of hydrothermal solutions, with 

II notes on it~ application to th~ .so~~lbi~it.Y. of silica. Tmn8. Iru;t. ,Min. jVlet., 44, 255-280. 
[/T!'HEN', C. S. (! 945) T~e "SOIU?lhty Of. ~Iltca. E;~r:' Geol., 40, ~~1-3~5. '. 

,En, R. K. (1955) CollolIl C'heml8tl'Y of Sdlcn awl 8dlcates. Cornell UIlIVerHI"Y Press. 

:?5 



KONHAD H. KUAUKl(OPF 

IWASAKI, 1., TAUUTANI, '1'., KATSURA, '1'., and TACHIBANA, K. (1953) Geochemical investigat.io'l 
of hot..spring deposit.s. J. Ohem. Soc. Japan, Pure Ohem. /:>ect., 74, 857-859. 

JORGENSEN, E. G. (1953) Silicate assimilation by diatom'l. Physiol. P1AJ,nf,arum, 6, 301-3IG. 
KENNEDY, G. C. (1950) A portion of the syst.em silica-wat.er. Econ. Geol., 45, 629-653. 
LENHER, V., and MERRILL, H.B. (1917) Solubilit.y of silica. J. Amer. Ohem. Soc., 39,2630-2640 
LOVERING, T. S. (1923) Solution and precipitation of silica in cold wat.er. Econ. Geol., l~ 

523-540. 
MOORE, E. S., and MAYNARD, J. E. (1929) Solut.ion, transportat.ion and precipitation of iron 

and silica. Econ. Geol., 24,272-303, 365-402, 506-527. 
MOREY, G. "r., and HEsSELGESSER, J. M. (1951) Solubilit.y of ,!ome minerals in superheatoo 

steam at high pressures. Eeon. Geol., 46, 629-653; Amer. Soc. Engrs. Trans., 73. 
865-875. 

MOSEBACH, R. (1955) Die hydrothcrmale L6sliehkeit des Quarzes als heterogenes Gasgleidl. 
gewicht. Ns. Jb. Mineral., Abh. 87,351-388. 

MURRAY, H. H., and GRAVENOR, C. P. (1953) Colloid-size Rilica in sediments. Science 118, 25-2s. 
MURRAY, J., and IIWINE, R. (1891) On Rilica and siliceous remains of organisms in modern S('a, 

Royal Soc. Edinburgh Proc., 18, 229-250. . 
PETTIJOHN, F. J. (1949) Sedimen/,(l1'y Rocks. Harper, Rew York. 
Roy, C. J. (1945) Silica in natural waters. Amer. J. Sci., 243, 393-403. 
SVERDRUP, H. U., JOHNSON, M. 'V., and FLEMING, R. H. (1946) The Oceans. Prentice·Hali. 

New York. 
TARR, ''IT. A. (1917) Origin of chert in the Burlington limestone. Amer. J. Sci., 194, 409-45~. 
TOURKY, A. R., and BANGHAJI1, D. H. (1936) Colloidal silica in natural waters and tIl!' 

"silicomolybdate" colour test. NatuTe 138, 587-588. 
VANTuYL, F.1IL (1918) The origin of chert. Amer. J. Sci., series 4, 44, 4;19-456. 
'VEITZ, E., FRANCK, H., and SCHUCHARD, M. (1950) Silicic acid and silicates. Ohem. Ztg., 

74, 256-257. 
WHITE, D. E .. BRANNOCK, 'V. "-., and MURATA, K. J. (1956) Silica in hot-spring walt·n;. 

GeocMm. et Oosmochim. Acta, 10, 27-59. 

26 

,\hsti 
Intrq 

Hi! 
~l( 

Ht'lal 
Di! 
CD! 
(~e 

:'01 
Jlli 

pepo 
CO'; 

~iJ} 
;\0 

:'ilic!l. 
Pol 
Eq! 
:\1,,' 
Infi 
Inft 
Inti 
Illff 

\otal. 
~Ol 

'Ie: 
Cali 
COl: 

Origil: 
Gel; 
Op!' 
Chi 
Qui 
('1'i{ 

(Irigil: 
Hyi 
('I~l 

( 'o!JeIl 
H,·feri 

Abstri 
IIlI't ri/ 
,iii,,!!, 
FItA>.;( 

fOrln (' 
'" ('(liT 

Xc 
,Ii~:.;;ol,; 

"hont' 
dlltll. 

'lei 
h'spec; 
"\1JJl{'T~ 

-1 
• i 


