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The spring waters of the Sierra Nevada result from the
attack of high CO, soil waters on typical igneous rocks and
hence can be regarded as nearly ideal samples of a major
water type. Their compositions are consistent with a model
in which the primary rock-forming silicates are altered in a
closed system to soil minerals plus a solution in steady-state
equilibrium with these minerals. Isolation of Sierra waters
from the solid alteration products followed by isothermal
evaporation- in equilibrium with ‘the earth’s atmosphere
should produce a highly alkaline Na-HCO,-CO, water;
a soda lake with calcium carbonate, magnesium hydroxy-
silicate, and amorphous silica as precipitates.

\#ﬂ natural waters circulate in the water cycle, their compositions change

‘continuously. Evaporation occurs, solid materials react, gases are
gained or lost; differential diffusion of components occurs through per-
meable and semipermeable media, and organisms absorb or lose con-
stituents. .Our only hope of gaining some insight into the genesis of
various types .,”.m water bodies is to study some carefully chosen systems
in which relatively few processes are involved and which can be isolated
sufficiently from their surroundings to make some approximate mass
balances.

We have chosen to study the genesis of the spring waters of the
Sierra- Nevadal because of the availability of a careful set of analyses of
the waters plus determinations of the primary igneous rock minerals’and
of the s~ minerals derived from them (3). As we will demonstrate,

the Sier ,m.fms, emerges as one in which a few primary igneous rock
S
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- diorite to quartz microcline gneiss.
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minerals are- being attacked by soil waters high in dissolved CO,, but
otherwise nearly pure, to yield soil minerals plus spring water, The
system is apparently “closed”; there is little loss or gain of H;0 or CO.,
during the interaction- of soil water and primary silicates. ‘Furthermore,
the chemical composition.of the igneous rocks of the Sierra is reasonably
representative of rocks of the continental crust; consequently, relations
in the Sierra system may have widespread application to rock-water
systems important .in space and time, v .

Weathering. hnwatean

Feth et al. (3) carefully studied the Sierra Nevada spring waters,
We  will “summarize their results before extending some of their
interpretations. :
*  The granitic rocks from which the- springs issue range from quartz
Feldspars and quartz are the major
minerals in_the rocks, with accessory hornblende and biotite. The
K-feldspar and .plagioclase feldspars, although. differing widely from
place to place, are about equally abundant; the plagioclase ranges in
composition from oligoclase (Anzy minimum) to andesine (An maxi-
mum). Andesine is the dominant plagioclase. The dissolved content of
the springs comes almost entirely from attack of CO,-rich soil water on
these silicates, especially on the plagioclase. ‘An aluminosilicate residue,
stripped of alkali and alkaline earth metals, is left behind. Traces of
gibbsite are found as well as some mica and montmorillonite, Although
kaolipite was identified as an important alteration product in almost all
instances, the bulk of the residue apparently averages out near the com-
position of kaolinite. Table I gives the mean values for the compositions
of ephemeral and- perennial springs.- .

. The ephemeral springs are on the average aggressive waters with a
calculated CO.. pressure of about 101* atm. (as compared with 103
atm. for ordinary air) and have reacted sufficiently with the rock minerals
to use.up about half of the original dissolved CO, picked up while the
waters pass through the soil zone. The perennial springs ‘apparently
average about the same initial CO. pressure, but about three-fourths of
the CO, has been changed into HCO,~ by reaction. Figure 1 (1) shows
that the sodium content and the PH of the ephemeral springs are con- .
sistent. with the reaction of CO-containing water with a plagioclase feld-
spar to.form kaolinite in a closed system, . .

Reconstruction of Original Minerals. To test the conclusions of Feth
(3) concerning the weathering reaction, allow an-average spring water
to back-react with kaolinite, the chief weathering product, »~d see if
the original rock minerals can be formed. The reactions a; . joducts
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" “Table I - Mean Values for Compositions of Ephemeral and
' Perennial Springs of the Sierra Nevada”

Ephemeral Springs ~ - " Perennial Springs

————

. 2.2..“... molality X 108 p.p.m. molality X .3... )

Si0, 16.4 2.73- 24.6 4.1
Al .. 0.03 — 0.018 —_
Fe - 0.03 — - 0.031 L —
Ca . .11 0.78 104 2.6
Mg © 7070 0.29 - 170 0.71
Na: - = - -3.03 1.34 5.95 - 2.59
K 1.09 0.28 157 0.40
11CO, 20.0 3.28 54.6 8.95
SO, .. Lo0 0.10 . 238 - 025
Cl 050 . 014 1.06 0.30
F 007 — 0.09 —_
NO, 0.02 — 0.28 —
" Dissolved solids - 36.0 -.- : o 75.0 - :
pH _ 6.2* - o 6.8"

“Ref. 3, p.’16. -~ *Median Value,

35 -3 -~_,.u
log _”m_ouu

Figure 1. Logarithm: of the ratio of Na' to
1 in Sicrra spring waters vs. logarithm of
silica content. Solid circles are based on
water analyses; dashed lines are theoretical
o compaositions that should result from the
attack of COy-bearing water on plagioclase
to yield solution plus kaolinite
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are shown in Table IL First the cations and anions in snow water were
subtracted from-the spring water solutes to..determine the materials
derived from the rock. Because mean compositions were used, a slight

~ deficiency of anions resulted; this. was corrected by giving HCOy™ a

slightly higher value than that realized by subtracting the mean concen-
tration of HCOy™ in snow from that of the springs. Otherwise no correc-
tions were made. Then enough Na’, Ca?", HCOy, and $i0; reacted with
kaolinite to make plagioclase, using up all the Na‘ and Ca?. The
resultant calculated plagioclase does in fact have a composition similar
to that found in the rocks. ’

Next all Mg** and mﬁo:mr K, HCOy', and SiO, reacted with kaolinite

" to make biotite, leaving a small residue of K*, HCOjy, and SiO, to form
. K-feldspar. Some silica remained—about 4% of the original concentra-

tion. Thus, the mass balance i3 probably within the jimits of error of the

original values of concentration used for the median composition of spring
waters. .

The reactions work out too well to leave much doubt that we are
indeed dealing with a closed system reacting with CO, and that the
weathering product is kaolinite or a material with a composition close
to kaolinite in terms of the Al to Si ratio and the balance of alkali or
alkaline earth cations. :

4 ‘Some Quantitative Aspects of the Weathering Process. The success
of namozm::o:.._m the original rock.minerals leads te several important

conclusions.

First, there is at most a slight excess of silica over that needed to
form the original silicates. Thus, the conclusion of Feth et al. (3) is
re-emphasized—i.e., the silica in the water came from the breakdown of
the silicates and an insignificant amount from direct solution of quartz,
The silica represents CO,, changed into HCO5 by the weathering process.

Second, Feth et al. (3) observe that the waters gain much of their
silica in a few feet of travel, showing that it is the action of the high CO.
water that produces: “kaolinite.” The rock minerals react, forming “kao-
linite” continuously in the system, and the “kaolinite” controls the water
composition by its-presence. If the aluminum analyses were not so low,
and hence analytically suspect, an attempt could be made to calculate an
equilibrium constant for the substance formed. All that can be said at
the moment is that the values of SiO, and Al concentrations and of pll
are reasonable for those controlled by an aluminosilicate of the approxi-
mate stability of kaolinite, .

Third, Table II illustrates that about 80% of the rock-derived dis-
solved - constituents in'the ephemeral springs can be accounted for by
the breakdown of plagioclase alone. Even though K-feldsp—3s abundant
in the rocks, little breakdown occurs; the high Na to K 0 in these
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waters apparently is related to the differential rate of weathering of the
feldspars Ez_a.....:_u: to K'. adsorption after release upon clay minerals,
as is often assumed. In the Sierra; the residual material left after initial
attack of the aggressive waters on the rock minerals should be chiefly a
mixture of quartz, K-feldspar, and kaolinite, and perhaps small amounts
of aluminum oxide hydrates. ; :

Some insight into: what happens. after -the original strong attack on
the silicates can be.gained. by subtracting the.ephemeral spring analyses
from those of the perennial springs. - The perennial springs circulate
decper and have. higher pH values when they encounter the rocks. Table
111 shows the “pick up” of constituents _uw.nom.::.:mm ‘circulation.

It is immediately apparent that the .o.o:&::o.::n added by deeper
circulation are” different from those derived by initial attack ‘in. some

- important ways. The ratio of 8i0. to Na’ in the increment is nearly 1 to 1.

Because weathering of ‘plagioclase to kaolinite releases dissolved Si0.
and Na' in a ratio of 2 to 1 (see Table I1) and plagioclase is the only
reasonable source of Na*;-a solid other than kaolinite is being produced.
Table 1V is an attempt to deduce the reactions that occur during deeper

>

".,.-..»_v.._o 11. me.:mnn gmron»?

. Ephemeral Springs

L TORE
mw.:wm,&...:: R@wﬂ&aw:,«_x 104) ;.. Na .,m.,,,Q,a“:.
.._w:.m..”.r._,,.nc..._.cm.z.q,:.,m.mc._.uw.m: M—...m_rm waler . ) .. L34 078
Minus. no:.nn.-::_w_..w.sﬂ in snow water : L10 068
, _ Change kaolinite back into plagioclase
. Knolinite )

1.23 ALSi,O0;(OH), + 1.10 Na* + 0.68 Ca*

+ 2.44 HCO," 4 2.20 5i0, — 0.00  0.00
S - Plagioclase
177 Nay 42Cag 1nAly 34Sis 420 + 2.44 Co, +
3.67 H,0 -~ '
“Change kuolinite back into biotite .
Kaolinite N : L
0037 ALSI,O,(Ol1), +0.073 K" + 0.22 Mgz :

- +0.15 Si0, +'0.51 11CO, = 0.073 0.00  0.00

:Biotite S
KMg,AlSi,0,,(0H), + 0.51 CO, + 0.26 H.O
Change kaolinite _.x.n.rqm_zo.._a..?_%—un..,
0.065 >_umm.u.o...A0=f + 0.13K* + 0.13 HCO;~  0.00 0.00
+0.28Si0, = - - oL .
. K-feldspar
0.13 KAISi,O, + 0.13 CO, + 0.195 .0
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circulation. With the thought that CI- s derived from NaCl, and SO,*-
from CaSO,, enough Na* and Ca?* are removed to balance these anions.
This assumption is weak, but fortunately the concentrations of SO and
CI are so low that this step is not important,

Next it seems reasonable to use up Mg* and K* along with kaolinite
to ‘make biotite,  inasmuch as the ratio of K* to Mg? in the waters is
nearly that of a K-Mg biotite. This leaves Na’ equal to SiO,, so the
remaining SiO, was apportioned between the reconstruction of kaolinite
to plagioclase and that of montmorillonite to plagioclase. The montmo-
rillonite composition chosen was that of a calcium beidellite of average
cation exchange capacity. Beidellites seem to be prevalent under weather-
ing conditions, and at such low concentrations of Na* and K* it is almost
certain that the exchange positions are primarily occupied by Ca?,

After these steps, a considerable amount of Ca? and HCO;™ remain,
and we believe that with deep circulation, the waters which have lost
much of their original aggressiveness, pick up Ca?' {(and perhaps some
Mg?*) from minor amounts of carbonates encountered en route.

for mmn-..n» Nevada Springs

(concentrations moles/liter X 104)

e R Products
Mg* K' HCO, 50~ ClI- sio, moles/liter
o . X 104
029 028 3.28 010 0.14 2.73 . :
022 020 310 — _ 270 Derived from rock '

- minus plagioclase

0.22 020 064 000 000 050 L77 Nag 6;Cag s
feldspar
minus biotite

000 013 013 0.00. 0.00 035 0.073biotite

minus K-feldspar
0.00 . 0.00 0.00 O.s 0.00 9_.&. 0.13 N-hﬂ_n—.m.ﬁn_.
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Table II1. ,m.w..mn.‘m.nm.....uwﬁu..o.nann ,,Ommn:_»n.mc:,o.:;mml.dw Waters"
Si0, . Ca" Mg® Ne K HGO, SO CF

Perennial Spring 4.10 2,60 071 259 ° 0.40 895 025 030
Ephemeral Springs  “2.73 078 029 134 028 328 0.10 0.14
Increment . .u..n..u.w ‘. 182.--042 125 012 567 015 016

* Analyscs are mean <==5%...= moles/liter X 104,

The over-all picture. of ‘what happens to the soil waters, as illustrated
by Tables II .and 1V, ‘is-that initially they rapidly attack the rocks,
kaolinizing, chicfly plagioclase‘plus biotite and K-spar. As they penetrate
more deeply, the reaction rate slows down, and both kaolinite and mont-

morillonite are weathering products. Also, an important part of the Ca®
comes from solution of small_ amounts of carbonate minerals. .

Before attempting to document the formation of montmoritlonite,

a few remarks on weathering rates are of interest. Roughly one-half the
initial CO, seems to be expended in the soil zone, and most of the rest
alters rock mincrals at deeper levels. The total reacting capacity is about

Table IV. Source Minerals and
- Concentrations in

P S R TP [N B .

Reaction (coefficients X 10%) Na' ~ Ca*
initial concentrations (perennial minus ephemeral) 1.25 1.82
Remove Ca** = 50,*, and Na* =CI 109 167

7 Adjust HCOy = total electrical charge of cations  1.09  1.67

© 7 " Ghange kaolinite back into biotite . .
0.07°ALSi,0; (OH), +0.42 Mg + 014 K* + 109 167
+ 0.28 §i0y + 0.98 11CO;- = 0.14 :

KMg,AlSi,0,,(OH), + 0.98 CO, + 0.49H,0
L Change kaolinite back into plagioclase .
.c..maS_ummgo...ao:r+__.c.§m.z=.‘_+o..E.»o=u._

+ 0.47 Si0, + 0.52 HCO,~ = 0.38 0.85 153
Nay 42Cag a4Aly 3450z 0205+ 0.52 CO, +
078 1,0 :

" ‘Change montmorillonite back'into plagioclase ,
U 08Y Cag iAK 0Sis 11040 (OH) , + 0.85 Na* 4" - =~ -
< 0.38 Ca® + 0.61.5i0, + 1.:62 ICO; =1.37 ~0.00 1.15

2m_.....F_Om:..uzb_ruum.mu.._uo,n.+ 1.62 CO, + 1.62

H.O
: . Precipitate €aCO; o .
7 L15Ca® + 230 1ICO, = 1.15.CaCO, + 115 0.00 000
: CO, + 115 H,0

o
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9 X 10° equivalents per liter and corresponds to the destruction of about
3.5 X 10 moles of plagioclase, 0.2 X 10 moles of biutite, and about
0.2 X 10™* moles of K-spar. The annual precipitaticu in this part of the
Sierra averages about 100 cm./year. Therefore, the rate of chemical
weathering, is about 3.6 X 10 moles/yenr/sq. cm. If the rock consists of
one-third plagioclase by volume, the rock should be disintegrated to
an average depth of one meter in about 9000 years, and the residue
would be chiefly a rubble of quartz, K-feldspar, and kaolinite.

Phase Control of Water Composition. The conclusion that kaolinite
forms quickly and continuously during weathering, plus the strong sug-
gestion that the deeper circulating waters are forming montmorillonite
as well, can be tested qualitatively by predicting the compositional
genesis of the waters, especially in terms of Ca?* and Na‘. If one assumes
that the CO.-bearing waters continuously react with plagioclase to form
first “kaolinite” and then “montmorillonite” and that these phases main-
tain equilibrium with the waters as they are continuously fed from the
feldspar, then observed compositions can be compared with those based
on these assumptions. ..

dﬁonnronm-..m Products of Decper Circulation
moles/liter X 104 .
. o _ . - Mineral altered
Mg K' HCO, SO, Cl- 'sio, and product

. : © (moles/liter X 10%)
042 012 567 015 016 137
042 0.J2 567 000 000 1.37
.042 012 539 000 000 1.37.

0.00 0.02 441 000 0.00 109 0.14 biotite
. 0.07 kaolinite

0.00 0.00 389 0.00 0.00- 062 0.38 plagioclase
. 0.26 kaolinite

0.00 0.00 227 000 000 0.01 137 plagioclase
: * 0.81 montmorillo-
nite

0.00 0,00 003 000 0.00 001 115 calcite -
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For the reaction of montmorillonite to kaolinite,

21 I + qu? .h.»r...,.amr_.uaouiO_m.c. + TH:0 =
.N>—Mmmu05 A OH—. v.- + mm.NOu-a + Oﬂn.

the equilibrium constant is

[Ca?][SiO,]®

[H])?

Thus, for a montmorillonite of the average composition shown and
:m.m_on::m changes in the activity of water, a water undersaturated with
respect to montmorillonite but saturated with respect to kaolinite should
have a value for the quotient less than K, and all waters saturated with
respect to both phases should have a constant value of the quotient.
Figure 2 shows a plot of the compositions of Sierra springs, in which the
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Figure 2. pK’ for equilibrium between-Ca-beldellite and kaolinite plotted as a
" function of Na content of Sierra Nevada spring waters. Arrow ABC is the path

of water evolution caleulated for the reaction from Na, 4,Ca, ;5 plagioclase to

kaolinite in a closed system with an initial dissolved CO; of 0.0008 moles per
liter. A- ABD s the expected path if evolution is also controlled by the

two-phase equilibrium kaolinite-montmorillonite
Nk

‘abundance and high weathering rate of plagioclase, as
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nen® .
h:uel.h»..w“ % (pK’) is plotted against p.p.m. Na’,
The arrow ABC is calculated assuming that only kaolinite results from
decomposition of plagioclase, whereas the arrow ABD is the predicted
evolution if kaolinite is formed first, but that montmorillonite also forms
when the waters gain sufficient 5i0s, Ca®, and a high enough- pH. The
position of the arrow for kaolinite-montmorillonite equilibrium has been
estimated from the boundary on Figure 3 and the exchange constants for -
Na-Ca montmorillonites. Despite the scatter, it is clear that the ephemeral
springs alter feldspar chiefly to kaolinite and that many of the perennial
springs, although their evolution is to kaolinite, have compositions that
suggest a halt in that path of evolution-and possible control by equilibra-
tion with. both phases. :

If this is true, and it must,be regarded as a highly tentative conclu-
sion, then the upper limits of silica content of many natural waters, which
are far less than saturation with amorphous silica (= 115 p.p.m.), may
well be controlled by equilibrium between the waters and various silicate
phases. This does not mean that the controlling solids are well-crystal-
lized, clearly distinguishable substances, but there is definitcly an inter-
play between the waters and solid aluminosilicates. Furthermore, the
aluminosilicates apparently differ from each other in important compo-
sitional steps, and are not simply continuous gradations resulting from
progressive adsorption and alteration as water compositions change. This
generalization- from the Sierra studies is more strikingly shown by
Bricker and Garrels (1). Figure 3 is adapted from their work and shows
that the compotitions of dilute ground and surface waters in silicate-
bearing rocks are contained within a set of phase boundaries derived
from equilibrium relations among silicate phases, . :

An idealized water, derived from the attack of CO.-bearing water
on a’typical felsic rock to produce only kaolinite, should have the fol-
lowing characteristics, expressed in terms of miolar concentrations:

_omw_,:..r:_ of the ar.cze...ﬂ

(1) HCOy should be the only anion, except for small concentrations
of CI" and SO,* from fluid inclusions in the minerals, oxidation of pyrite,
and other minor sources.

(2) Na' and Ca? should be the aiam cations, and the ratio of Na*

- 1to Ca?* should be the same as that in the plagioclase of the rock.

(3) The total of Mg* and K* should be less than about 20% of the
total of Na' and Ca?. The ratio of Mg* to K' should range around
1 to 1, with higher values related to higher percentages of mafic minerals,
and lower values to higher ratios of K-feldspar to mafic minerals.

(4) The ratio of SiO. to Na* should be about 2 to 1, with somewhat
higher ratios from rocks unusually high in K-spar and/or mafic minerals.

(5) The ratio of Na* to K' should be 5 to 1 or higher * -ause of the
; sed to the

e
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S\ anawoTE o -
10t NaAl Si,0¢ - H,0

AMORPHOUS
~ SILICA
$10,
. on -
2 wse
KAOUINITE
| | mysipoat0m |
6 -5 -4 -3 -2 _
log[Si02 ]

F ..n:vn 3. Stability ficlds of some minerals in the

Na,0-AL0,-5i0,-H,0 system at 25°C. as a func-

tion of Na*, H*, and dissolved silicd. Points are
from ground tater analyses of siliceous rocks

0 = E.am.:a.. -.~E==€ B = andesite, ‘diorite
A = Jamaican bauxites X = basalt, gabbro
o = sea waler. -@ = siltstone, clay, shale

+ = sandstone, arkose, graywacke

low weathering rate of K-feldspar and the generally low abundance of
micas or other K-hearing phases.

Table V compares the Sierra waters with some waters from other
felsic rocks. The fundamental similarities are clearly apparent as well as
the minor variations that show:. the imprint of the details of rock miner-
alogy and small additions of constituents from various other sources.

Evaporative Concentration of Sicyra Waters

The_alteration of the igncous rocks of the Sierra was treated as an
exam; ¥ the genesis of waters in an essentially closed system. There

.
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Table V. Compositions of Waters from Various Igneous Rocks

(mole %)
o Springs from Ground
Slerra Sierra Sterra Ground  Water from

Ephemeral  Perennial Volcanic © Water from  Rhyolite,

Springs* Springs* Rocks®  Granite, RI® N.M.*
§i0, ' % 338 2L.0 19.5 19.9 38.6
Ca?*t - "85 7. 130 10.3 9.6 4.6
Na' . 13.8 13.0- © 103 15.6 20.0
Mg?* 2.8 i 3.5 8.0 . 68, 2.5
K* 25 2.0 1.4 12" 13
1HCO,- 38.7 45.0 48.5 38.0 28.0
Cl —_ 15 1.4 84 25
SO% —_ 15 0.2 0.6 0.8
pH 6.2 - 88 7.0 7.6 72

* Data from Ref. 3. * Data from Ref. 8.

was no indication from an analysis of the processes involved that a
“final” equilibrium had been attained. Although the rates of altering
the primary silicates diminished as CO, was used up and the concentra-
tion of dissolved solids increased, primary rock-forming silicates definitely
are unstable in any waters produced. It would be interesting to attempt
to deduce the final composition of waters and solids if a given quantity
of CO,-charged water were permitted to react indefinitely with a felsic
rock, but the real situation seems to be that the waters emerge from the
closed system when they have reached compositions similar to those of
the Sierra and begin to lose and gain constituents from other sources.

Perhaps the next step in trying to understand the. complexities of
the genesis of natural waters is to see what might happen if the Sierra
springs were isolated from the. parent rock and solid alteration products
and permitted to evaporate isothermally in equilibrium with the CO, of
the earth’s present atmosphere. In terms of a natural situation, this proc-
ess might resemble the fate of waters discharged to the east of the Sierra
and evaporated in a playa of the California desert. Ii is, of course, impos-
sible to have a real situation without adding reactive solids from some
source, but such interference could be treated afterwards in terms of
additional variables. Also, this particular situation might shed some light
on the effects of the “igneous rock component” of natural waters during
the evaporative processes that change stream waters into oceans.

Table, VI gives the mean composition of the perennial springs of
the Sierras. We have chosen to ignore Fe, Al, NO,, and F and restricted
ourselves to the following analysis (Table VI).

Calculations and Procedures.” The general procedure we have used

is to calculate the effects of concentrating the waters br  "+ious factors
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i .u. able VL:iComposition of Sierra Spring Water - .-
Used in-Evaporation Study (3) .
o B p.p.m. . . moles/liter x 104
Sio, 24.6 . 4.10
' Ca® 104 ’ 2.60
Mg , 170 0.71
“Na*t o ’ '5.95 2.59
K’ e T ©L57 . 0.40
1CO,- - 546 : 8.95
50,2 : 2.38 0.25
cr * 106 0.16*

plt (median) = 6.8; jonic strength = 0.0013

“ CI" has heen diminished by 0.14 from the caleulated 0.30 derived from 1.08 p-p.m.
given in the analysis to correct injtial clectrical imbalance hetween anions and cations.
This change is important in the compositions caleulated but not in the general pattern
of change to be presented.

up to ,moco-.no_n_. determining the stages at which various, solids should

_precipitate from the system, and determining the effects of removing

solids on composition and pH. .

The conditions imposed .are that the water remains in_equilibrium
with a CO, —inmz..:.g.bm 1043 atm,, that the temperature remains constant
at 25°C., and that pure water (except for a little CO0.) is continuously
removed from the system. It is further assumed that any solids formed
remain in equilibrium.  As it turns out, the question as to whether pre-
cipitated solids are isolated after formation or continue to react is not
important here, although it is important in many comparable systems.

To keep track of the minerals that might-form, we tried to assess the
possible combinations of dissolved species to form solids. Table VII

Table VI Solids Considered as Possible Precipitates
in Concentrated Spring Water

Species - "Solid - -

. Equilibrium Constant
Na2* ~##None' « - None
K* None = . None
Ca2* :
L gyvpsum | CaSO, - 2H,0 Aep2tGgo2— = 10402
-aleite CaCOy Ay 2+lpggr— = 107843
Mg » , :
brucite Mg(OI1), Ayp24 0%y~ = 1071115
magnesite MgCO, - - Ayt Ay~ = 1074
_..ei..:::.n:cm:‘e Mg, (CO,),(0O11), 3 240% g 2-a2 g — = 1071
sepiolite MgSiz04(OI1), A2+ gy 007 — = 10724
$i0, - it it

amorp’  ssilica Si0, - 2H,0 g5y = 10727

Swis
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shows the species we considered and some data concerning them. The
values for the equilibrium constants, except for sepiolite, have heen caleu-
lated from the free energy values given by Garrels and Christ (4). The
value for sepiolite is discussed in the text.

A few notes on our m@_mo:o.zm and on some of the other mineral
possibilities ‘may help to clarify the use of these particular species.

"Gypsum seems to be. the most likely sulfate phase. It is stable with

respect to anhydrite, is a common precipitate from low temperature

natural waters, and except in highly concentrated brines, double sulfates
would not be expected. Calcite was chosen in preference to aragonite

-or possibly a whole variety of magnesian calcites because it is the stable

phase and commonly precipitates directly from dilute solution. Also, the
difference in solubility between calcite and aragonite is not great enough
to influence the general picture. Dolomite is certainly a possibility in
the system, as is the metastable mineral huntite (CaMg,(COy),), but
even at 1000X concentration of these waters the conditions apparently
necessary in nature to precipitate dolomite (evaporation of sea water to
a dense brine, gypsum precipitation, and M-“.-.»P. ratio > 30 (2) are not
approached). The low Al (Table I) precludes more than traces of
aluminosilicates, and Mg is the only cation. likely to make a silicate
species. Ilostetler (5 ), after reviewing the occurrence of the Mg-silicates,
concluded that sepiolite tends to form in most natural solutions at room
temperature in preference to serpentine or talc, especially in a high silica
environment, and he cites many occurrences of sepiolite plus magnesite
and amorphous silica. Fi urthermore, Siffert (7) synthesized sepiolite
within a day at room temperature at pH values of about 8.8 in high’
5i0,/MgO solutions. Qur greatest difficulty was in assigning an equi-
librium constant for sepiolite. From Siffert’s work. and using the formula
in Table VII, we get a K value of about 10°%% for the reaction:

3H,Si0, + Mg? + 20" = MgSi;04(OH); -+ 6H,0

On the other hand, we precipitated a magnesium silicate from sea water
by adding sodium metasilicate that gave-an approximate K of 1024 after
aging. Siffert’s material was freshly precipitated and could be expected
to age significantly, like other poorly crystalline silicates. Consequently,
the value chosen is open to considerable doubt. :

Some other phases considered were nesquchonitc (MgCO, - 3H,0),
artinite (Mg,CO,(OH), - 2H,0), and lansfordite (MgCO, - 511,0), but
all are rare and according to Iostetler (5) are not stable.

Our procedure was to follow the changes in concentiations and ionic
strength as the water is evaporated, and by correcting ior molalities by
activity coefficients, keep track of the jon activity product  he various

—
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Table <=.~. Calculated lon Activity Products of Various
: - Concentration

Calcite Gypsum Brucite
CaCO,  CaSO, - 21,0 MgOII),
Initial water

- in equilibrium 8.8 8.3 15.7
with atmosphere

Concentrated by )
a factor of )

' 1.25 . Saturated. 8.1 15.5
2.0 " Saturated - 8.0 15.1
5.0 Saturated 17 15.9
10,0~ Saturated 79 15.9
100.0 - ; Saturated - 8.3 : 15.9
1000,0 . Saturated 8.8 154

- . Equilibrium . . L .
’ Constant . 8.35 . 4.62 11.15

_ * Products are expressed:as negative logarithms (pK’). -

solids as shown in Table VIIL. If an ion activity product reached the
equilibrium constant value, we.then maintained. equilibrium with that
solid during continuing concentration. Smmple calculations show the

_procedure used.

Sample .On_m..-_m:.o.m:.. .—.._.E first step was to determine . if the water
analysis represents a solution in equilibrium with the atmosphere. For
the reaction

- COs + Hy0 = HCOy~ + H*

the equilibrium constant is

Quco,” ant

.= Kgo, = 1077 (1)
aAco@iz0

Rearranging, and writing in terms of activity coellicients and molali-
ties and- assuming the pll is a measure of ay+ .

. —m = at B
NCO; 1nco; au .
deus = r 2 ' ANV

Kcoy@ugo

In all solutions considered, the activity of water is greater than 0.99
and was considered -unity. throughout. The ionic strength (I) of _the
original water:is only.0.0013 and that of the final: water 0.408, so that
individual jon activity coefficients calculated from Debye-1liickel equa-
tions £4) were used throughout to estimate jon activities. “The calculated
leoy. coy» using the median pH of 6.8 is shown in Equation 3.

—

B
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Possible Solid Compounds in Sierra Water as 2 Function of
by Evaporation” o

Magnesite:  Hydromagnesite ©  Sepiolite Silica Gel
MgCO, - Mg(CO,),(OH), Mg(Si0,)(OH), 5i0,

3t

94 426 259 3.4

- BB ot 4950 . 25.3 ‘3.3
87 .. . 40.2 ' -24.3 ’ 3.1

- 96 44.6 : Saturated 3.0
96 489 . Saturated Saturated
9.6 44.0 ' Saturated’ Saturated
9.0 42.5 Saturated Saturated
8.0 : 3.9 - 240 - .27

97 5 103981088
Pgyy = 0.97 X_“v..vb.a 10 = 1029 atm, (3)

The CO; pressure of the water is considerably above the atmospheric
value of 10" and therefore the initial water is not in equilibrium with
the atmosphere. - : o

The next step, which is representative of.all pH calculations, is to
find the pH and the accompanying changes in dissolved carbonate species
when the water comes to equilibrium with the atmosphere with respect
to Pgo,. As COg is lost, the pH will rise.

The equation for electrical neutrality ,mm“
2mgor+ + 2my .m)L + Myt + myt + mp+ =
2meo- + mo— 4 Mucos— + 2mcogt- + mon— (4)
Rewriting to put pH-dependent species on the right
s ;mio_m+.+ 2mm it 4 Myt 4 Mgt — 2mpo2- — M- =
) ::..cc.n +.N%a$~i + mopn— — my +- (3)

- The terms on the right of Equation 5 can be expressed in terms of
pH, equilibrium constants, Py, and jonic activity coefficients; the terms
on the'left are known from the water analysis (Table VI ). Rearranging
Equation 2 gives Equation 6. : E




and neglecting m;, +

o
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B ‘KcosPcor jO-182§()-2.5 _cu.:..._u -
Mieer” = T = = - . .. (8)
tncoy—an+ f1ncm~an+ tHCco3—an+
‘The parallel equation for CO.?" is _ :
Kicos=KcmPewm'  10-1031(-182]g-a.80 10-21 .55 .
Meogy= = et T2 012 —_——— = - — (7).
Tem2-ay+2 (Coz2—ap+? . Ycogi—apte
and for OII
K 10-1 . N
Mmaoy—- = 0 = Amv

Tou-ant+ Tou—a@ut CH s 25
Substituting analytical values of molality for the terms on the left
of Fquation 5 Debye-Iliickel activity coefficients in the right-hand terms,

0.00052 -+/0.000142'+0.00026 10.00004 — 0.000050 — 0.000016 — -

; TR -u
T 2(10 ) 10

N :-::.un.w
C\.m‘ﬂﬁ :+ R c.maa.:..,n + 0.97a n+

collecting terms,

—CI:.un —:I»_ .28 1()—14.0
+ + .

an+ an+? ap+

0000896 =
solving for ay+,

ant = 1072 hH = 8.26.

From this 5.:.5 of pH, the values for Muco,—, Mco,2—, and meop- are
obtained from Equations 6, 7, and 8, and the total water analysis can be
determined. The only important change is in pIl, which rises from 6.8
to 8.26; the change is accompanied by a loss in dissolved CO, and a
slight increase in CO*—actually not enough to be worth showing in the

analysis,” ) L .
is to-determine whether or not the water as a result

- The next ‘step A
of the pH ‘change has'become saturated with respect to :any of the solid .
phases considered (Table' VH \
puted for each phase and. compared with, the.equilibrium value (Table

VII1). ‘The calculation for calcite s given to illustrate the procedure.
The ion activity product is )

TCattMentramt-Mont— = K’ -
The value of yeo,2-meay-is obtained from the pH and Equation 7:
R R 10-21.5 .

- TO2=MGhyt— = = |51

{NEEDE
The Debye-1liickel equation yiclds 0.88 ?n.#..i. and nig,2+is 2.60 X
10" or 105 (Table V1). Thus K’ is (0.88) (10°37) (103.13) — 10-*18,

]
S

For this, jon activity products are ‘com- "
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Consequently, because the equilibrium value
uct is 1035, the water s slightly undersaturated
its Ca® content is fixed by CO; pressure and PH; in other words, because
the product of "oyt and aegp2- is a constant, ag2+ and hence mg,2+ can
be expressed as a negative term on the right side of the electrical ._un_ssnn
equation. After sepiolite precipitates, it can be handled similarly. The

of the ion activity prod-
with respect to calcite,

1000{-

T

Q
£
9
A
(o]
2
%
2

- [

. . . ,

Calcite pptes COy P
W m%.a_i \ Pples=precipitales
E Do v.ﬁ 3.-
00001 |2 y Co** Joooot
‘” -
D
) Mg**
000001 ot - 0.00001
gﬂ.’
1 1 1 . - R
10 20 50 0o 30 100 1500

Concentration maonﬁ

Figure 4. Calculated results of .acanawnaa: a typical
spnng water at constant temperature in equili
co,

Sierra Nevada
rium with atr - eric
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analytical expression,~after the water becomes saturated with calcite,
sepiolite, and silica, is

miyat 4 om K+ — 2ot — mor- = m :ooul.. + 2mcoyr-
+ mon- — n.im-...r — 2my 24,
) or :
. 4...§z-+ +....~.r=+ q.....w.a.-ao.u..‘ - M- .
IR R R TO 1 L WS (1 2 .|..anec=..un=+uv _ w%—c:w_.nn_.tv

Yoogt=anu+¥ iygp-and

AN ._vﬂ’n.*w,,.. - c s .K.zw.la‘?

" “'In"calculating ‘for a ‘given degree of water concentration, the ionic

““strength is estimated, and tentative activity coefficients for the ions are

“‘obtained. After an approximate pH is obtained and values can be as-
‘signedfor the molalities of the pH-dependent species, new values .-o_.
the ionic strength and activity coefficients are obtained, and the electrical
balance equation is solved. again. One such iteration -_m:.w:w, M:Eomm to
E.oi&o»»»??ngg results. Using the Debye-Hiickel activity nomﬁn_m.:nm
obviously leads to an increasing uncertainty in y; values with increasing
ionic strength, and the values calculated for 1000 concentration should
be regarded as rough approximations.

Discussion. A summary of the calculated changes in water composi-

tion during evaporation is shown in Figure 4. In essence, m<=coz..zo=
changes the water from a nearly neutral Na-Ca-HCO; water to a highly
alkaline Na-HCO;-CO, water. Calcium and magnesium are removed by
early precipitation of calcite and sepiolite, and their concentrations dimin-
ish to small values as the values of CO.* and OH- rise. Because of the
initial high silica, .there is enough silica to permit the imnm....ﬁc precipitate
silica gel at about 10X concentration. Na*, K*, CI", and $O,2" concentrate
without forming solids.

Lt s

ue‘m ¢r.n.o=-

. . .H»r_n Ch Irr_wuou

Na' K*  Ca*

Yoo Sierra 100 X 595 159 0.2
. Lower. Alkali Lake, Eagleville; Calif.* 370 . 11 69
Amargosa River, Nev.* 423 17 2.0

Kurusch Gol, Iran® ) 730 29 11

Keene Wonder Spring, Calif.* 1040 25 23

Sierea 1000 X 5950 1590 0
~ Soup Lake, Wash.* 12,500 12500 39

Lenore Lake, Wash.* 5360 5360 .u.c

- * Analyses from Rel. 6, Chapter mu
* Analyses from Ref. 8, Chapter F.

P
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Buffering of pH during_the early heavier precipitation of calcite and
sepiolite is clear and is reflected in a near constancy of HCO, and CO,*".
However, after Ca* and Mg?* are substantially reduced, the PH again
rises with further concentration. Because the Sierra waters are so low
in sulfate, gypsum does not precipitate; abstraction of Ca? as calcite
never permits the solubility product of gypsum to be exceeded,

The 100X and 1000X waters resemble some natural waters. Table

IX compares, in p.p.m., the hypothetical Sierra waters with several
natural water bodies. . )

m:a..:mh-.v...e\ Genesis and Evaporation of Sierra Waters

The preceding study of the origin of the composition of spring waters
in felsic rocks and the results of evaporating the waters in the absence
of the solid weathering residues show that the processes are highly asym-
metric. The weathering study showed that dissolved silica comes chiefly
from the .incongruent solution of silicate minerals rather- than from
congruent solution of quartz; and as a result the univalent and bivalent
cations in solution derived from these silicate minerals are balanced by
HCOy". During evaporation in. equilibrium with the atmosphere, the
bivalent ions tend to form insoluble carbonates or hydroxysilicates, and
the pH of the evaporating solution remains relatively. constant until the
silicates have been largely removed. The univalent -ions, on the other
hand, do not form similar compounds of low solubility, and concentrate
continuously with a concomitant increase in HCO,~, CO,%, and pll.
Therefore, waters maintained in equilibrium with the atmosphere and
separated from decomposition products, with univalent ions originally
derived from incongruent solution of silicates will inevitably become
highly alkaline if concentrated greatly.

Saline Waters, p.p.m.

Mg® HCOy COs SO CF S0, pH
0 990 . 212 240 - 567 120 " 9.45

09 1200 1200 307 1160 - 63 ?

" 02 639 639 257 109 70 ?

25 - 1200 1200 3086 342 ? P

8 - 1070 29 796 567 57 8.4 .
0 4250 4500 2400 560 120 10.02

23 11,270 5130 6020 4680 101 ?

20 © 6090 3020 - 2180 1360 : 22 P
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It is obvious that the silica present in these waters, il denied the

“opportunity to react with aluminous minerals, must precipitate as amor-

phous silica or as silicates of the bivalent cations, as illustrated by sepio-
lite in the example chosen. In nature the silica may be removed hy
organisins, such as diatoms, but they do not change the gross chemistry.
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