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ABSTRACT

The San Luis Valley of south-~central Colorado is a
broad structural depression which contains ground water in
unconfined and confined aguifers. This investigation is
concerned with water from the confinéd (artesian) ground
water system in the northern portion of the valley, a
cloged basin with no surface drainzge outlet,

Analysis of sodium bicarbonate water from the closed
basin artesian ground water reveals silica cencentrations
up to 136 milligrams per liter and pH values approaching

10. These high concentrations of silica can be attributed

i

to reactions of surface and ground waters with their res-
pective geochemical environments: major drainage areas

are underlain by fine grained to glassy volcanic seguences
and sedimentary deposits, and the valley fill deposits are
essentially composed of debris from the volcanic 1i}h010w
gies. The geochemical evolution of the water is related to
the mineralogy it contacts, dissolution of soluble silicates
and cations, and precipitation of authigenic gsilicate miner-
als, all a function of the basin hydrology. Thus the water
chemistry of the San Luis Valley is related to the petrology

and hydrology of the region,
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The concentration of silica contained in the artesian
water is found to increase with increasing temperature and
depth. An inverse relationship between silica and magnesium
was found to control silica concentrations in areas of high
pHe.

Laboratory investigations indicate that a relaticnship
exigsts among magnesium, silica, and pH. Experiments con-
ducted with waters of varying Si0p and Mg0 mole ratios to
determine the extent of SiOZ and Mg0 interaction, have
indicated precipitation of a magnesium silicate in about 3
weeks in samples with an initial pH equal to or greater
than 10. Contlrol of precipitation of this product is a
function of magnesium and silica concentration and pH. As
the precipitates aged, decreasing silica and magnesiunm
concentraticns were noted in the test solutions,

In the central portion of the valley, pH is governed
by orgsnics present in the watér, and on the periphgryG by
silicate hydrolysis.

Chemical data obtained in this investigation were
applied to standard mineral stability diagrams in order to
represent phase eguilibria in the various major cation-
silica-water systems. Graphical representation of this
type reveal that most of the waters fall in the fleld of

thermodynamic stability with kaolinite., As silica increases
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in concentration toward the valley center, montmorillonite

is suggested as a stable phase. In the magnesium system

several analysis show stability in the sepiolite field, and

magadiite appears as a stable assemblage in the sodium system.
The formation of these alteration products accounts

for the release of large concentrations of sodium and bicar-

bonate to the water.
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INTRODUCTION

Pollutien hazards in natural waters due to the activi-
ties of man have received much concern in recent years. As
a result, research in the field of water chemistry has
become oriented toward detecting and controlling pollution
of this type. Little work has been done with the natural
factors affecting water chemisiry. Knowledge of the natural
factors that affect and control the ccmposition of water 1is
a prerequisite to a complete understanding of the chemical
behavicr of natural water systems.

The chemical composition of natural water is controlled
by many interrelated processes which take place in the geo-
lJogic and hydrologic environments. "Natural waters are
complex systems whose chemistry cannot be described without
considering many variables" (Stumm, 1967, p. vii).

This study of the chemist;y of natural water is con-
cerned principally with reactions that occur in the
relatively dilute aqueous solutions of the artesian ground-
water of the San Luis Valley of Colorado. The chemical
composition of the groundwater is inherited partially from
rain aznd snow, is influenced by the activities of man, and
is affected primarily by solution and/or precipitation re-

actions occurring within the aquifer. The dominating
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influence on the composition of the groundwater is therefore
the solid phase and the water which it contacts. Bricker and
Garrels (1967) conclude that several important constituents
of natural waters are actually controlled by equilibrium
between stable and metastable silicate minerals and the
waters that are in contact with them.

The most cbvious source of the major cations, Na+,

+ +
ca’?, ug'?

+ . .
s and K , in an aqueous system 1s the great
variety of silicate minerals that make vp 70 percent or
more of the rocks in contact with underground waters and

streams (Hem, 1970). Silicate minerals, considered as bulk

0

phages, are rapidly rcactive, and aizy waler constltuents
are controlled by equilibrium with one or more of these
phases. Headden (1903) recognized that water draining feld-
spathic terrains are dominantly sodium-calcium-bicarbonate
in type and are rich in silica. The chemical reactions
affecting and maintaining the éomposition of natural ground
water is a relatively complicated process such as the weath-

ering of sodium feldspars and other silicate minerals as

shown in the following reaction:
(1)
+ +
\1Si + i = 2N:= 3 NS , e
2NaAlu1308(C) 2H + 9H20 ZNa + HHSIOQ HuA1281209

(2lbite) (kaolinite)

The artesian ground water of the San Luis Valley of

south central Colorado contains anomalously high concenirations
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of silica. Davis (1964) states the average silica content
of surface waters in the United States is 14 milligrams per
liter and the average figure for ground water is 17 milli-
gramns per liter. Streams that drain the lithologies
surrounding the valley carry up to 40 milligrams per liter
of silica and up to 136 milligrams per liter of silica is
found in the ground water. The artesian groundwater is
principally a sodium bicarbonate type of water and has an
alkzline pH. Therefore, based upon these factors, an
attempt was made to delineate and account for the water
composition and some of its peculiar compositicn in the
arvesian gooulid waler sysiem of the northern portion of the

San Luis Valley.

Purpose and Scope

The primary purpose of this investigation has been to
study the behavior of silica in the artesian closed basin
ground waters of the San Luils Valley. The data and knowl-
edge thus derived from this phase of the total water
chemistry can be applied to planning water utilization for
the agriculturally oriented economy of the San Luis Valley.

A secondary purpose of this investigation has been to
apply phase equilibrium diagrams in an -attempt to detect

the degree and type of alteration products that might be
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contained in the aquifers. Brief and general descriptions
of well cuttings from driller's logs at best indicate
changes only in physical appearance, and thus the mineralogy
of the valley fill of the San Luis Valley is poorly known.
Since natural waters indicate, through their chemical char-
acter and type, the nature and composition of strata through
which they flow, the chemical composition of these waters
can be used to obtain a thecoretical picture of the general
valley fill sediments.,

To define and describe the composition of the closed
basin artesian groundwaters, guantitative treatment of
rclatively simple chemical models in the form of mineral
stability diagrams will be employed to predict what altera-
tion products are at equilibrium in the artesian aquifer.

Water chemistry was considered in the following major

silica-cation-water systems:

K,0-510,~H,0
Mg0-510,-H,0

These systems are represented graphically in terms of
log K/H, log Na/K, log Mg/H, log Ca/H, and log Si0, at 25°C

and 1 atmosphere.



By using available free energy data for naturally
occurring silica mineral assemblages and the chemical data
from this investigation, the construction of the mineral
stability diagrams 1s possible.,

Incorporation of these two main purposes allows one
to quantitatively and qualitatively describe the geochemical
evolution of the water as it moves into the closed basin
area and thus derive a better understanding of silica in
the natural aqueous environment.

Gecchemical relationships between silica and several
of the variables which appear to control the concentration
f silica were investigated in both the laboratory and the
field. The observations of both environments will not only
relate a better understanding of the geochemical behavior of
silica, but enable one to infer, in a very general way, the
mineralogy of a portion of the artesian aquifer,

-

Description of Area Investigated

The San Luis Valley cof south-central Colorado is a
structural, intermountain basin that lies between two north-
erly converging mountain ranges, the Sangre de Cristo Uplift
to the east and the San Juan Veolcanic Field to the west.

The valley is 115 miles long and at its greatest width

is 50 miles wide. The valley floor, which displays little
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topographic relief, has an average elevation of 7700 feet
and an area of 3200 square miles (Emery, 1969). The valley
is divided by a low topographic divide which parallels the
Rio Grande River, The area north of this divide, cutiined
in figure 1, is known as the closed basin, Within this
area, interior -drainage to the low spot in the valley,
termed the "sump,” takes place not only with the surface
water, but with the ground water as well. This same sump
area is also postulated to contain the largesst sequence of
valley fill deposits, Glanzman (1969) and Gaca and Karig
(1966) have postulated approximately 30,000 feet of valley
£111 overlying the Precambrian basement yock {{ioure 2},
The topograrhic gradient from the sump area to the east
rises steeply, while to the west the gradient increases
only at the rate of 3 to 6 feet per mile, gradually in-
creasing at the valley margin (Robinson and Waite, 1937),

The climate of the San Luis Valley is arid, with an
average annual precipitation on the floor of the villey of
7 to 10 inches, primarily from July to September. The
winters are cold.

A moisture deficiency exists in the valley (figure 3)
in that comparison of pan evaporation with precipitation

shows that 52,2 inches represented an average annual pan

evaporation, while for the same pefiod, April through
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September, £he average precipitation was 5.02 inches (Emery,
1969).

The éurrounding mountains provide a watershed area of
about 4700 square miles and form the chief source of water
for the valley. Precipitation increases with elevation,
and 40 inches per year is not unusual for the higher moun-
tains. The San Juan Mountains, with less relief and greater
surface area, contribute about 80 percent of the total
stream flow to the valley.

The general eccrnomy is agriculturally oriented; hence
a greatl emphasis must be placed on water as a resource. As

T oshown, precipltation is deficient, and as surface water

8]

Jju
becomes deficient the ground water resource must be facili-

tated.
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Geology

A complete geologic description will include separate
discussions of the valley deposits, the San Juan Volcanics,

and the Sangre de Cristo Uplif+®.

San Lvis Valley

Structurally, the San Luis Valley resembles a huge
trough that has been filled with alluvial sands and gravels,
clays, and volcanic materials. Blatz (1965, p. 2068) states
that the valley represents the northernmost of a series of
linked, echelon, tilted blocks and complex grabens that are
cailcea collectively, the Kilo Grande Trough or Depression.
The Ric Grande Depression extends for more than 500 miles,
from central Colorado to Mexico. Blatz (1965, p. 2068)
states that this trough was formed in middle and late Ter-
tiary time and structural adjustments have continued to the
present. ‘

The structurally complex graben features of the valley
have resulted from block faulting in which the eastern side
was dropped against the Sangre de Cristo Mountains, The
volcanics of the San Juan kMountains have been tilted, along

a northerly bearing hinge-line, beneath the alluvial fill of

the valley.
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Attempts have been made to separate the Tertiary and
Quaternary sands, gravels, clays, volcanic flows and weath-
ered volcanic debris, into the Sante Fe and Alamosa
formations. The Sante Fe Formation is composed of debris
similar in composition to the veolcanic range to the west.
The younger overlying Alamosa Formation, of lacustrine
origin, includes the valley fill above the last persistent
lava flow. Within the San Luis .Valley, however, it is
impossible to differentiate these two formations; hence
this report will deazl with everything above the Precambrian
basement as valley fill. Figure 2 indicates postulated
depths tc the Precambrian bLascument throughoutl the valley.

The general stratigraphy of the San Luis Valley is
obtained from well cuttings only, and is therefore poorly
known. Much of the gravels and sands found in the upper
portion of the valley fill contain well rounded fragments,
up to 12 inches in diameter, iﬁdicating alluvial deposi-
tion. Many areas, as reported by Powell (1958, p. 19), have
a secondary calcareous cement which gives rise t¢ a hardpan
layer 4 to 50 feet thick. These calcareous deposits are
sometimes found interbedded with loose sands and gravels.

Lenticular beds of clay in the lower portion of the
valley deposits are firm, hard, and blocky, ranging in color

from pink to brown and blue. Clays encountered in the upper
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portions of the valley fill are often brown, green or bluish-
gray, soft and sandy, and may contain small localized lenses
of sand (Powell, 1958). Wells encountering clay beds at one
locality are not an indication that the same clay bed will
be found a mile away, since the extent of the clay beds
varies as does their thickness.

Beds of lava that were deposited concurrent with the
valley subsidence are enccuntered at various depths. The
shallowest such deposit has been found north of the Rio

Grande in a zone 1950 to 3645 feet in depth (Powell, 1958).

The San Juan Volcanics

The San Juan Mountains, which lie to the west of the
San Luis Valley, are a dissected dome of Tertiary volcanic
lithologies more than 100 miles across. At the northeast
end of the range, near Saguache, a body of older rocks, Pre-
cambrian granites, schists, and gneiss with some Paleoczoic
limestone, sandstone, and shale, is exposed (figure U4).
Larsen and Cross (1956, p. 1) state that in the San Juan
Volcanic field there is no evidence of volcanism in the
Paleozoic and Mesozoic. Upper Cretaceous and lower forma-
tions of the Paleccene sands show evideﬁce of some volcanism,
however; "the main volcanic eruptions began in middle

Miccene time and continued, with ihterruptions. into the
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Quaternary" (Larsen and Cross, 1956). Recent potassium-
argon age determinations indicate the most probable age of
eruptions of the San Juan Field to be Oligocene (Stevens and
Epis, 1968, p. 241).

It is postulated that volcanic activity and deposition
in the valley were colncident with the depression of the
structurazl trough. The volcanics are hinged and buried
under the valley while yet other discrete flows of the
Potosi series dip east from the San Juans and pass beneath
the Quaternary sediments in the basin., A well about 24
miles northwest of Alamosa encountered a sequence of mainly
vojcanic conglomerates and breccias between the depths of
5210 feet and 8023 feet (Powell, 1958).

Larsen and Cross (1956) have grouped the eastern San
Juan Volcanics into the Potosi Volcanic Series. This series
covered an area of more than 10,000 square miles and had an
estimated volume of about 4,006 cubic miles. The Pqtosi
Series is essentially light-colored quartz latites, with
some rhyolite, dark olivene-guartz latite, basalts, tuffs,
breccias, pumice, and andesite flows. Because of the vary-
ing lithologies, the Potosi Series can be broken into several«
general groups, the basaltic lavas, the intermediate lavas,

and the silicic ash-flow tuffs.
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Pre-Potosi rocks are also found in various outcrops
along the western rim of the valleys however, the lithologic
character of these localized outcrops is essentially the same
as the Potosi Series.

The main silica producing minerals are all abundant
in the lavas of the San Juans. Quartz is present in the
lavas as phenocrysts, while in the dark rocks the pheno-
crysts are essentially plagioclase and sanidine.

Plagioclase is the chief mineral of the phenccrysts
of the San Juan lavas. In the basalts, plagioclase pheno-
crysts are generally absent. The feldspars found in the
San Juun reglon vecome wmore sodic from the center to the
border (Larsen and others, 1938).

Orthoclase and related alkalic feldspars are not abun-
dant in the lavas of the San Juans but have occassionaly
been observed in the groundmass. A typical groundmass from
the Potosi Series is commonly éade of tablets of sodic
plagioclase in a matrix of glass. Some sanidine varieties
of orthoclase are present as phenocrysts in about one-half
of the rhyolites and rhyolitic gquartz latites of the Potosi
Volcanic Series (Larsen and others, 1938).

Biotite is present in all.of~the rhyolitic rocks that
possess sanidine phenocrysts and it is commonly the chief

ferromagnesium silicate in such rocks. Hornblende zasscciated
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with biotite, and rarely with augite and blotite, is present
in most of the quartz latites that carry sanidine.

Lipman (1968, p. 220) makes the following observations
concerning the volcanic rocks north of Del Norte. All the
intermediate rocks are porphyritic, generally containing 20
to 40 percent total phenocrysts. The phenccrysts are typi-
cally greater in number in the light-colored silicic-appear-
ing rocks, and lowest in the dark mafic-appearing rocks., The
dominant phenocryst everywhere is plagioclase, mostly andes-
ine which, in places, is zoned to calcic oligoclase or to
sodic labradorite. Brown or green-brown hornblende is
precent in mont vocks. DBiotlte 1s present du @bout one-
third of the rocks, especially those with the high phesnocryst
content.

Typical mineral analyses from the Potcsi Volcanic
Series have been tabulated in table 1. This mineralogy of
the eastern portion of the volcanic field is of maip interest
to this investigation since it is these lithologies that
form the drainage basins for streams which drain into the
San Luis Valley and recharge the artesian aguifer. It must
also be assumed that the valley fill is composed in a large
part of weathered debris of this same mineralogy. Thus the

water composition, in particular the large concentrations of
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silica contained in the ground water, is directly related to

the petrology of the volcanic flows of the San Juan Mountains,

The Sangre de Cristo Mountains

The Sangre de Cristo Mountain Range, which borders the
valley to the east, is a narrow belt of metamorphic, igneous,
and ccmplexly folded and faulted sedimentary rocks. The
mountain range, which is consid;red to form the southernmost
high range of the Rocky Mountain system, trends along a
north-northwest bearing, convex to the east, and terminates

against the Arkansas River Valley. The west slopes of the

log
bk

Lenas
4

R
QALY LIl

m

£ -y 4= 1
range are extremely stecp, because of recent ck

0
O

and downfaulting of the San Luis Valley, which occurred
before and during the extrusion of the lavas of the San Juan
Mountains. Gabelman (1952, p. 1610) feels late uplift of the
Sangre de Cristo range may have been contemporaneous with

the downfaulting of the valley:

Johnson (1968, p. 25) reports a wide variety of Pre-
cambrian metamorphic and igneous lithologies, Paleozoic and
Mesozoic sediments, and a few Tertiary igneous intrusive and
extrusive volcanic flows. The western side of the Sangre de
Cristos, which provides drainage to the eastern portion of

the valley, 1is composed essentially of Precambrian gneiss,
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granites, and granodiorites. Figure 4 shows the generalized

geology of this area.

Methods of Investigation

Water samples from selected flowing artesian wells were
obtained and analyzed. The results critical for this inves-
tigation are tabulated in table 5.

The following determinations were performed in the

field: pH, specific conductance, temperature, total alka-

. - -2
linit HCO.. + CO
inity ( 3 3

abtove parameters, a complete water analysis was made at
<D 4

), Eh, and H?S(gas). In addition to the

v

.

. . ! - s )
TR RO B R S o o - N <

later datec and included: $510 Ca Mg , Na , K , 50,7,

2!
-2 .
3, POu , Fe, and color.

c1”, 7, a1
Samples were collected and contained in 8-o0z. polyeth-
ylene bottles with plastic caps. Each bottle was rinsed
well with the water that was to be contained in that bottle.
Two samples were collected at each well; one sample was
untreated, the other was filtered through a syringe-type,
O.45-micron filter, directly into a rinsed sample bottle and
then immediately acidified with 4-5 drops of concentrated
HCL.
Temperature readings were all made with mercury, pocket-

size thermometers, accurate to the nearest 0.500. All

temperature readings were made implementing the same
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procedure so that the readings represent the temperature at
the point of discharge and would not therefore be affected by
conditions other than thcse in the well itself.

Specific conductance, which is a measure of the ionic
concentration based on the property of natural water to
conduct an electric current, represents & direct relation-
ship to the dissolvecd solid load. As ionic concentrations
increase, the conductance of the water increases. The meter
used in the field wasg standardized with known standard solu-
tions, and the reported values are accurate to within 2-3
percent,

The eifective concentration (activiity) of {ihe hydrogen
ions, expressed as pH, was determined by incerporating a
Sargent-Welch, model PREL, portable pH meter combined with a
combination glass electrode. To insure accurate readings,
the instrument was standardized with pH 7 buffer prior to
each reading. During the day; the air temperatures would
often exceed the water temperature; thus it was necessary to
allow a thermal equilibrium to be established between the
electrode and the sample prior to making a reading.

Alkalinity (HCOF + co?) is defined by Hem (1970,
pP. 152) as the capacity of a solution to neutralize acid.

In natural water, alkalinity is the capacity of water to

react with bhydrogen ions to pH 4.5 (Brown and others, 1970,
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p. 41). For a discussion of the equilibria inveolved, refer-
ence is made to Weber and Stumm (1963), Barnes (1964), and
Langelier (1946).

Alkalinity is determined by an electrometric titration
of a water sample to pH 8.2 for the carbonate end point, and
then to pH 4.5 for the bicarbonate end point. Alkalinity
determinztions were made in the field since COp, adsorption
will result in a change in the individusl alkalinity conmpo-
nents between the time of collection and the time of analysis.

The alkalinity determinations were performed on water
samples immediately after collection. The titration was
done with a standard C.0LO9ZN Robuy, solution. “The samples
were not filtered, diluted, or altered in any way prior to
titration,

Sodium, potassium, calcium, and magnesium were deter-
mined in the laboratory with a Perkin-Elmer model 303
atomic~adscrption spectophotométer. Sodium and potassium
samples were aspirated directly, with no preparation other
than the necessary dilution. Calcium and magnesium samples
had lanthanum chloride added to mask interferences.

Silica reacts with ammonium molybdate in an acid medium
to form a yellow-colored siliceomolybdate complex. Reduction
of this complex with sodium sulfite results in the molybdate

blue color, the intensity of which is preportional to the
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Si0p concentration. A Bausch and Lomb Spectronic 20
spectrocphotometer was used to obtain optical densities.
Standard control samples indicate there is a 2 milligram
per liter error in this method when facilitating the highest
dilution (1:10). Small dilutions show excellent precision.

Chloride was determined using the mercurimetric titra-
tion method (Brown and others, 197C, p. 71). A Bausch and
Lomb Spectronic 20, especially designed for this method was
used to detect the titration end point.

Color intensity was determined by obtaining the optical
density on a Spectronic 20, using the blue tube with no
filters at 345 millimicrons.

Sulfate concentrations were cbtained by incorporating

the methyl thymol blue method on a Technicon Auto Analyzer.

Experiments

Eaton and others (1968) ngted a relationship between
silica and magnesium in a study with surface water from the
Rio Grande River of the San Luis Valley. Figure 5 indicates
the relationship that exists between the sclubilities of
magnesium and silica according to Eaton's study.

Early awareness of the Mg0-5i0, reactions 1s visible in
the works of de Jong in 1886 as cited by Vail (1952), Kelley

and Arany (1928), and Gracie and cthers (1934). Eaton and
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others (1968) rnotes “precipitation reactions of Mg0 with
silica are strecnger than the reactions of calcium with
silica. Calcium with carbonate and magnesium with silica
precipitation reactions can proceed almost quantitatively in
paralliel.” 1In general, the extent of magnecium precipitation
in the presence of silica is influenced by concentration, pH,
and time.

The reaction of aqueous silica as contained in the
artesian ground water with varying amounts of magnesium,
was performed in order to see whether a hydrated magnesium
silicate precipitate could be produced.
Procedure

Magnesium, in the form of Ie‘fg,Clzﬁ was added in varying
amounts to water from well #6, which contained 136 milligrams
per liter of silica. Initially an approximation of the
aguifer chemistry was desired, and the largest magnesium
concentration added to a samplé was 10 milligrams per liter,
the mean magnesium value for the artesian closed basinwaters.

Twelve samples, each with an initial volume of 250
milliliters, were prepared in teflon bottles. These twelve
samples were then divided into 4 sets of 3 samples each.
Magnesium was added to set 1 at a concentration of 10
milligrams per liter, to set 2 at 6 milligrams per liter,

to set 3 at 5 milligrams ner liter, and to set 4 at 4
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milligrams per liter. The first sample of each set was
then allowed to remain at its natural pH of 8.3, the second
sample of each set was buffered to pH 9, and the third
sample of each set was buffered to pH 10. Table 2 summa-
rizes this procedure. The samples were then allowed to

sit for a month, and the silica concentration was periodi-
cally determined.

The pH changes were made with a 0.)JM NaOH. A slight
dilution factor was noted on those samples buffered to
pH 10.

At the end of a month's time, only those samples which
had been vullered to an initizl pil of 10 showed any changes.
The remaining ¢ samples showed no change. A fine, white,
colloidal-appearing precipitate was noted in sample 3 at
24 days, and in 6 at 30 days. A noticeable precipitate was
rrot observed in 9 and 12. The final conditions are summa-
rized in table 2. Note that sémples 3 and 6 showed the
greatest decrease in silica for this time period, and all
those samples at the initial pH 10 showed total precipita-
tion of magnesium (figure 6).

The effect of the magnesium concentration is readily
visible. Sample 3, with the largest initial concentration
cf magnesium, shows a much faster and larger reaction than

the others at pH 10. The rate decreases as the magnesium
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TABLE 2
Run 1
Initial(y) Final
Sample  pH Mg, pH  $i0, Mg
1 8.3 10 8.08 134 10
2 9.0 10 8.87 132 10
3% 10.0 10 9.57 93 0
b 8.3 6 8.07 136 6
5 9.0 6 9.05 135 6
6* 10.0 6 9.65 108 0
7 8.3 5 8.08 135 5
8 9.0 5 8.92 134 5
S 10.0 5 .75 110 0
10 8.3 by 8.20 136 L
11 9.0 L 8.65 136 4
12 10.0 b 9.66 117 0
1) Initial Silica concentration 136 milligrams
per liter.,
2) Concentration in milligrams per liter.
#¥) Precipitate noted in sample bottle.

28
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cenicentration is decreased. Corresponding changes in pH
were also noted with sample 3 showing the largest, sample 9
the least.

Siffert (1967) studied the synthesis of triocctahedral
clays and found that they are very easily formed at normal
temperatures and pressures. The critical factor in deter-
mining the type of magnesium clay that he could produce was
the ratio of S5i0,:Mg0 in the solution.

To each sample was then added an additional amount of
magnesium to give predetermined ratios of S5i0,:Mg0. The
same procedure was then followed. The initial and final
condlivions are shown 1n figure 7 and summarized in table 3,
Precipitation was noted in all four of the samples with an
initial pH value of 10. As in the first run, precipitation
and decreasing silica concentrations ceased when magnesium,
which was also monitored, attained a zero concentration,

“

figure 8. .
Sample 6 was buffered to pH 11 to note the effect.
Precipitation and reaction occurred at a much faster rate
and had ceased at the end of 10 days. The pH was apparent-
ly buffered to such an extent that it could not decrease.
A mechanism for the control of sili¢a in the ground
water of the San Luis Valley has thus been arrived at., Sil-

jca concentrations appear to be related not only to pH and

temperature but to the concentration of magnesium as well.

’,
’
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Of interest are the large areas of zero magnesium
concentration in the artesian waters (figure 19}, It is
entirely feasible that precipitation is proceeding in the

aquifer, decreasing the magnesium to zero.
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TABLE 3
Run 2
Initial Final
Sample Si0, pH Mg $i0,/Me0 Si0, pH  Hg
1 128 8.12 46 0.70 129 8.06 46
2 129 8.90 46 * 128 8.93 46
3 85 10.20 32 . 26 8.88 8.2
i 132  8.11 33 1.00 128  8.10 33
5 131 0.08 32 " 125 8.96 32
6 77 11.53 26 " 51 11.45 0.5
7 131 8.07 25 1.25 130 8.09 25
8 131 8.94 26 " 130 8.82 256
9 101 10.22 22 . L3 9.21 5.7
10 131 8.15 22 1.50 i31 B.12 2z
11 133  9.05 22 " 131  8.77 22
12 112 10.03 19 " 55 8.99 6.7

All concentration figures are in milligrams per liter.
The SiOpMg0 ratio is a molar ratio.

Run 2 initial Si02 values are slightly less than Run 1
final values because of dilution of added MgCl, solu-
tion. )

The pH 10 values were obtained by adding solid NaOH
pellets to prevent further dilution.
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HYDROLOGY

The total hydrologic system in the San Luis Valley is
a complex physical system. This report is concerned only
with the water as surface water draining the surrounding
mountains, recharging the ground water system in the upper
portions of the alluvial fans, and becoming a part of the

artesian system.

Surface Water

The largest river draining the San Luis Valley is the

¥ ~ 3 e B o n g A
be uced s tho south-

Rio Grande, which in thisg report wi
ern boundary of the closed basin. Figure 1C shows the
location of the other major drainages which direct water to
the valley floor. The San Juan drainages are longer than
those of the Sangre de Cristo because of the steeper topog-
raphy of the latter. Many of the drainages are intermittent
and are therefore subject to precipitation at the higher
altitudes or melting snow.

The major surface water drainages on the valley floor
are manmade canals for irrigation diversiocn of the Rio
Grande water. Large volumes of the surface water runoff
disappear into the valley fill upon coming in contact with

the alluvial fans of the perimeter.

35
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Ground YWater

The fundamental principles governing the occurence and
movement of ground water have been covered in detail by
Davis and De Wiest (1967), Todd (1959), and Meinzer (1949).
Only a few essential statements will be made in this report
concerning the occurrence of grocund water.

Ground water is the water in the. zone of saturation
beneath the land surface and exists in many openings, which
are called voids, pores, or interstices, in the rock or
material it occupies (Bjorklund and Brown, 1957. p. 34).
The ground water in the San Luils Valley is derived from

N N T T P )
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ranges, runs off into streams which flew into the valley,

0y

)]

and passes through pore spaces into the soil and underlying
valley fill to the water table.

If the ground water is confined under pressure by an
overlying impervious sitratum, the water is said to be con-
fined or under artesian conditions, If it is not confined
under such pressure and is in free hydraulic connection
with the atmosphere, the water is unconfined.

Ground water is found in both an unconfined and a con-
fined system in the San Luis Valley. Initial discovery of

the arteslan water was made in the late 1800's and within

L years there were about 2000 flowihg wells in the valley.

4
I3
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To date, there are approximately 10,000 flowing wells. The
combination of the unconfined and confined aquifers amounts
to a storage capacity of 2 billion acre-feet of water (Emery,
1969, p. 7). The unconfined and confined systems are sepa-
rated by clay beds and a series of volcanic flows which
extend from the San Juan Mountzins out intc the valley 1ill
(figure 9). The clay beds are lenticular and discontinuous
as shown in the diagram (figure 9); thus hydraulic connection
exists to varying degrees between the two aguifers (Emery,
1969, p. 2). The fact that a definite line of separation
therefore does not exist between the two aguifer systems in

the San Luls Valley thus complicates the picture.
Kobinson and Waite (1937, p. 80) describe the San ILuis
Valley as an almost ideal example of an artesian system.
The velley fill is composed of alternating layers of water-
bearing sands and gravels, and lenticular, discontinuous,
rather impermeable clay beds that confine the water within
the agquifers. At the valley perimeter the strata are
inclined toward the interior of the closed basing therefore,
water draining the surrounding lithologies is received in
the upper portion of the alluvial fans and transported
through the aquifer to the lower elevation in the valley.

The direction of ground water movement is therefore toward

the sump area. Penetration of the confining beds vroduces
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flowing wells because of sufficient hydrostatic pressure
induced by the higher elevation recharge.

Clay beds from a few feet to several hundred feet
thick separate water-bearing sands, which also vary in
thickness frem 1 to 20 feet thick. The number of these
water-producing horizons varies from place te place., A
well drilled to a depth of 897 feet was reported to have
encountered 10 different flows,. lany wells receive water
from 6 to 8 producing zones.

The Rio Grande River is the largest contributor te
the artesian aquifer. Bureau of Reclamation records for

o~ et
LYY

e periud

-

indicate & monthly loss of waler
between Del Norte and Monte Vista (12 miles) to range fron
200 acre~-feet in March, 1949 to 7400 acre-feet in June,
1949,

Another source of supply to the artesian aguifer is

surface water applied for irrigation on the lower slopes
§ S +

of the Rio Grande alluvial fan (Powell, 1958, p. 32). This

water will slowly percolate downward and eventually mix

with the water of the artesian aguifer.
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Varer Chemictry

Investigation of the geochemical behavicr of any onc
species or element comes after the total water quality is
known for any given area, This section will include a
history of past investigations, water quality of surface
water-rim inflow, and water quality of the artesian closed-
basin system,

Past Invectieations

The chemical quality of ground water in the San Luis
Valley was first investigated in 1893, about 6 years after
discovery of the capability of flowing wells, Since that
time, various agencies and groups have conducted investi-
gations in order to describe and define the complex and
multidimensional hydrologic system and its effects on
humans, stock, vegetation, and soil. Out of this work has
come little interpretation in relating water quality to any
of the physical parameters or mineralogy of the surrounding
lithologies or the valley fill,

The sodium bicarbonate character of the artesian water
was first reported by Holmes (1903) and further described
by Siebenthal (1910). Siebenthal recognized the harmful

effect of the highly alkaline, sodium bicarbonate water,

40
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Headden (1909) was the first to describe the existence of
colored waters in the valley. Scofield (1938) investigated
the upper part of the water table and river inflow to the
valley for the Rio Grande Joint Investigation. Powell
(1958) emphasized data useful to the proposed closed basin
drain project, and therefore was also interested in the
unconfined ground water.

Surface Water-Rim Inflow

The water entering the valley is chemically typical of
high mountain streams, is generally of excellent guaelity--

total dissolved solids range from 25 to 489 milligrams per

“

liter--and is generally calclum bicarvouste in tyve. The
main exceptions are those streams draining areas of miner-
alization which are characterized by a calcium sulfate fype
of-water, have a lower pH, anéd have conductivities of as
high as 600 micromhos. The lowest observed pH has been 4.0,

Figure 10 shows the sampling locations of the major
streams which enter the valley. Typical analyses have been
tabulated in table 4 in order to indicate the general type
of recharge water.

It should be noted that rim inflow derived from snow-
melt has a conductivity of less than 100 micromhos; this

same type of water associated with more advanced chemical
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Stream Name

Rio Grande near Lobatos
Rio Grande at Alamosa

Rio Grande near Monte Vista
Rio Grande near Del Norte
01ld Woman Creek

Carnero Creek

Lime Creek

Beidell Creek

Saguache Creek

Ford Creek

Kerber Creek

Alder Creek

Raspberry Creel

Hayden Pass Creek

Cotton Creek

Wild Cherry Creek

Rio Alte Creek

San Isabel Creek

North Creston Creek
Cottenwood Creek near Crestone
Medano Creek

Mosca Creek

Zapata Creek

Scuth Zapata Creek
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weathering such as hot springs and mine drainage will
average better than 100 micromhos.

The streams flowing into the valley can. be divided
into groups characteristic of the lithologies they are
draining. The chemical load these streamg carry as they
flow out onto the valley fill represénts artesisn recharge.

Most noticeable 1s the variability in the silica
content in comparing waters draining the Sangre de Crigcto
terrains as opposed to those from the San Juans. Even
within the San Juans, differences in the concentration of
silica in the surface waters are indicative of different

S S B LARR SN | VR S B T2 e e e e s o o P B Al 2 et .
L0080 L. Thie hilghor silica woaters are charactieristic

'_J

of the silicic ash flow tuffs. Waters of lower silica
concentrations are generally characteristic of the inter-
mediate lavas.

Confined Svstem

The confined system is reéharged almost exclusively
from points near the valley perimeter, and since the system
is not recharged by water subjected to repesated and contin-
uous exposure to evapotranspiration, the water generally
contains a low concentration of total dissolved solids,

In general, concentration, composition, and temperature are

more uniform, changes more gradual, and seasonal fluctuations

are not detectable.
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The general quality of the confined system is indicated
by examining the specific conductivity map in figure 12.
Exzmination shows the extent of water low in dissclved
solids on the Rio Grande Fan area, Water from the Rio
Grande, Rock, La Garita and Carnero Crecks apparently
recharge the confined system directly from their channels.
This area of low dissolved solids eXtends to the east 10
miles farther than comparable water in the unconfined
system. The dissolved soliids gradient is approximately 15
milligrams per liter per mile.

The composition of the water changes as the water
movees Gowil gradient across the fans snd into the aguifer,
Because of ion exchange, calcium is readily remcved from
the system, sodium ig released from the clays and weathering
volcanics, the pH becomes alkaline and the water rapidly
acquires a sodium-bicarbonate character, Composition
changes more rapidly than concéntration, ag little ghange
is noted in the conductivity during this transition. Sul-
fate concentrations are generally very low, figure 13,
possibly because of the presence of sulfate reducing
bacteria., The associated Eh values for these low sulfate
concentrations range from -100 to -180 millivolts. Higher

sulfate concentrations are present at the northern end of
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the closed basin, showing the effect of surface water
recharge from the mineralized Bonanza mining area.

Gases and a brownish color are noted in water from
the artesian aquifer in the central portion of the closed
basin. Part of the gas is flammable and a portion is an
odifercus hydrogen sulfide., In the colored waters the
conductivity increases to approximately 3200 micromhos.
The color is noticeable in water from the depths of 200
to 800 feet but is absent in water from depths of 9C0 feet
or greater. Peat beds in old lake deposits are believed
to account for the humic acid derivatives which so strongly

Ay s B O G e &
CYrue Chnemiidury C1

(6]

ccler the water and greatly affccet th
the water. There is often a large imbalance of the cations
relative to the anionsg in water containing detectable color,
indicating the organic compound contained in the water must

possess a net negative charge.

w

Between the depths of 1000 to 4000 feet the water is
clear, sodium bicarbonate in type, may contain some gas,
and the conductivity ranges from 200 to 400 micromhos.

The average temperature gradient for the closed basin
was determined to be approximately 2.2°F per 100 feet of
depth. Temperature is a major control over the solubility
of silicate minerals, and as a result 2 relationship exists

between temperature and the silica concentrations (figure 14).
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It should be emphasized that field readings most accurately
apprcach the temperature of the water in wells of higher
yields., Wells low in yield are subjected to.a changing
temperature environment as the waler moves up from depth
and cools prior to its discharge. To illustrate this point,
a3 well 4200 feet deep (#6) would be éxpected to have a
temperature of approximately 45°C; however, due to a low
yield of % gallon per minute, the water temperature at the
well outlet is 10°C,

Not only is the temperature from this deép well
anomelous but the overall character of the water is differ-
ent Ifrom thet of the wrieslian waler Tirom shallowelr depihs.

The well, which 1is perforated between 3900 and 4000 feet,

n

has a conductivity of 1200, is sodium sulfate in type, and
has a pH of 8.6 and a silica concentration of 136 milligrams
per liter.

Because of a lower recharée and steeper gradiepts on
the east side of the valley, the changes in salinity and
composition take place at a much faster rate and in a

shorter distance.

Geochemistry of Silica in the San Luils Valley
Silica occurs in large concentrations in the closed-

basin ground waters of the San Luié Valley. The concernration



of silica is a function of mineralogy of the source rock,
the valley fill, depth, temperature, and pH.

cocurrence

Figure 15 describes the areal concentration of silica
in the artesian system. The high area of 90 to 110 milli-
grams per liter coincides with a portion of the assumed low
sump area of the closed system. Mocgt of the Sangre de Cristo
drainages contribute low concentrations to the system, while

the area Jjust south of Saguache Creek on the west side of

O

the valley contributes concentrations of betwesen 60 and 90
milligrams per liter. An examination of the geology of the

San Juan area, where the headwaters oi these drainages

w»

originate, indicates that the drainages are in the silicic
ash-flow ruffs and intermediate lavas., Other areas of low
concentration are encountered from the mouth ¢f the Rio
Graride River well out onto the Rio Grande alluvial fan.
The same 1s true for Saguache éreek, The effect of a dilute
water front can be observed as the water rapidly moves down
the fan. As the water acquires depth and pressure, the
temperature increases, calcium is exchanged for sodium as
indicated in figure 16, hydrolysis of the silicates contin-
ues, and an alkaline solution is produced.

The presence of the high value contours in a southerly

direction past Alamosa, with the river as an axis, indicates
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that the topographic divide which does affect surface
drainage and water table conditions, is not present in the
artesian system, The high values of silica in the ground
water in this direction indicate the topographic divide and
the clocsed basin in general may not exist for the artesian
aguifer.

Temperature

Temperature appears to be a main factor in the control
of the concentration of silica in the artesian water.
Correlation ccefficients, table 6, list a silica versus
temperature coefficient of 0.72. Figure 14 shows the
relaticnshlp that dees exist between silica and temperature.
It should azgain be mentioned that the temperature plotted
represents the temperature of the water at the point of
discharge, not necessarily the temperature of the water in
the aquifer. Many of the large and deeper artesian wells
flow with a large velocity, and little temperature change
between the aquifer and the point of discharge 1s expected.
The wells with low flows are those with suspect tempera-
tures. Well 6 has been previously cited as an example.

The water in this well 1is moving very slowly up from depth
and obviously being cooled as 1t passes through the cooler
environment of the water table. The silica concentration

in this well, 136 milligrams per liter, is the largest such
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TABLE 6

CORRELATION COEFFICIENTS

Si0,

vs.

vs.

VSe.

vs.

V5.

Vs,

Depth

Temp

0.48
0.72
0.63

LN

O
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concentratiocn encountered in the valley. A concentration
of this magnitude is explained when one realizes that at
the correct temperature of approximately 45°C for this
depth the concentration of silica would be expected to be
quite similar to well 19 (111 milligrams per liter) since
it is of the same depth and expected temperature. Hcwever,
as the water in well 6 is cooled, it is also supersaturated
with respect to the silica concentration contained in the
water at the deeper depth and higher temperature. The
silica contained in this water has not, however, polymer-
ized, as only the monomeric form is present. It was
thought thzt since ihis value (136 milligrams per liter) is
so close to the limit of solubility of amorphous silica,
perhaps an analysils for total silica would indicate the
presence of polymeric species, However, several analyses
for the polymeric species indicated that they were not
present. Digestion of the watér in Na2003 for 1 hour did
not increase the optical density of the sample upon forma-
tion of the molybdate blue complex. Had polymeric forms
been present, this digestion would have made all the silica
available for reaction with the molybdate reagent.
pH

The pH exerts little control upon-the solubility of

silica below a pH of about 9.5. If, however, this pH is
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exceeded, the polymerization of the monomeric forms would
proceed, and the formation of silicate ions would allow a
much larger dissolution of silica to take place. In the
San Luis Valley, the natural conditions have buffered most
of the pH values to below 9.5, and little correlation 1is
noted between silica and pH (correlation coefficient 0.41).

Figure 17 shows the areal values of pH in the study
area. 1%t can be seen that the high silica area (figure 15)
does not coincide with the area of highest pH, 9.5 to 10.0.
Several other parameters affecting silica concentrations in
the valley must first be examined before an explanation to
the above observation is Teasible.

Other Parameters

Water, colored to varying degrees, 1is encountered in
the artesian aguifer btetween the depths of 500 and 900
feet. The color, which ranges from a light yellow or pale
green to a very dark murky broén, may possibly be dgrived
from humic acids. The humic acids are the result of the
artesian water coming in contact with old peat beds which
accumulated in some of the early lakes and marshes during
formation of the valley. The buffering capacity of the
water with noticeable color, was first noted when the field
pH values showed excellent agreement with the lab pH

values. Normally, the lab pH valuve is 1 to 3 a pH unit
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lower than the field value. Note in table 7 the agreement
between field and lab pH values for those samples with

noticeable color,

Table 7. Agreement between field and laberatory
"pH values in samples with noticeable

color
Sample Color* Field pH Lab pH
7 1.250 8.3 8.2
10 0.640 8.5 8.5
11 0.056 9.k 9.3
12 0.130 9.5 9.5
32 0.085 8.2 8.2
L3 0.310 8.3 8. L
Lb 1.320 8.0 8.0

¥ Absorbance at 345 millimicrons

The agreement between field and lab pH readings
suggests a buffering capacity for the organically colored
waters. An attempt was made iﬁ the laboratory to cpange
the pH in water of high coclor. To a sample of highly
colored water was added 25 milliliters of 0.104 NaOH.
Little change in pH was noted. One would therefore not
expect then a noticeable pH effect due to any bicarbonate
added in the silicate hydrolysis reaction.,

The relationship between silica and magnesium was of

primary interest and was therefore investigated in the
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laboratory through the previously discussed series of time
controlled experiments.

Figure 19 shows the areal concentration of magnesium.
Cf interest are the areas of zero concentration which, when
compared to the pH map (figure 17), can be seen to be
contained in the pH range of 8.5 to 10. Laboratory results
indicated a pH of 10 was essential for precipitation, but
yvet field observations agree well with Eaton's results in
which he uses a pH of 8.4 as the minimum pH at which precip-
itatieon can occur.

Implimenting the data derived from the lab investiga-
tions for megnesium and pl and the observations concerning
the pH control by the organics in the colored water, the
following theory is proposed to explain the overall control
of the agueous chemistry of silica in the valley.

Water draining the surrounding lithologies becomes
high in silica. Continued hydfolysis with silicate mineral
assemblages as the water moves across the valley resuvlts in
an increase in pH, cation concentrations, and silica con-
centration. Water draining the San Juan Volcanics shows a
rapid c¢limb in pH up to 9.5 and 10. In these areas of high
pH magnesium will precipitate. The exact mode of precipi-
tation yet remains in doubt. Magnesium may precipitate

initially as a brucite and then react further with the

-t
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solution and take up silica into the brucite lattice, or a
hydrous magnesium silicate similar to sepiolite in composi-

tion may be precipitating within the aquifer.

(2)  mg*® + 21,0 = mg(oW), + 2n"
(brucite)

BMg(0H), *+ 12510, (,.) + 6H,0 =

3) | .
8H20-Mg8(H20)4(OH)QS112030 + 16H

(sepiolite)

(4)  8Mg + 12510, + 22H,0 = 81,0 Mgg (Hy0)) (0H) 53, ,04,

U S F RS Y
(sevicliie)
! J

2

Mineral Stability Diagrams

Equilibrium data for silicate mineral and water
systems have been coupled with the analytical data for
the artesian-closed basin waters, in order to construct
mineral stability diagrams tha% will serve as equilibrium
models. The mineral phase diagrams can serve as a frame-
work for quantitative conclusions regarding modification
and alteration of silicate mineral assemblages.

Aqueous chemistry data are plotted in the diagrams to
determine which silicate mineral assemblages are approach-
ing or at equilibrium. "Such mineral stability diagrams

facilitate prediction and interpretation of the chemica
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environments in which mineral assenblages form in geochemi-
cal processes” (Helgeson and others, 19G69).

The thermodynziiic reactions and methods used in
construction and interpretation of these activity diagrams
have been summarized by recent workers (Garrels and Christ,
1965; Helgeson, 1968, 1970; Helgeson apd others, 1970; Hess,
1966; Feth, Robertson, and Polzer, 1964).

The activities of the cationic species are used as
the descriptive variable in the equilibrium activiity dia-
grams and plotted versus the activity of H;SiO;. The
stability fields and their boundaries on a logarithmic
activity diagram are represented by a reversible chemical
reaction between the natural waters of the valley and the
various solid silicate phase. The equilibrium constant
for such a reaction defines the intercept of the stability
field boundary corresponding to the coexistence o¢f various
silicates and the aqueous phase (Helgeson, 1970).

The activity values are dependent upon the ionic
strength of the water. The ionic strength is calculated
from the chemical analysis according to the equation
1=1/2 Zciz%. where Cy is the concentration of each
species and z; is the charge of that species. Figure 20
indicates the relationship between ionic strength and

conductivity for the artesian water. The ionic strength
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wag substituted into the extended Debye-Huckel law
{equation 5 ), from which the activity coefficients for
each of the primary ionic species for each individual
sample were calculated. The molar activity of each of

these ions was then determined.

FA
-0.5(2%) 1%,

(5
}  LoG A L ICINE.

I

il

activity coefficient of ion
ionic strengt

charge of ion

relative size of ion

0N >

itouou

Molar activity = Ascs

Because the activity diagrams were constructed on a
peripheral Calcomp plotter, the labels for the abscissa and
crdinate are printed in computer notatien. The source for
ezch individual diagram is listed under that diagram. It
should be noted that although %he aqueous phase is not
shown in all of the diagrams, it is a coexisting phase in
all of the stabllity fields.

A general assumption one must make in the application
of the diagrams is that silicate minerals are in equilib-
rium with the pore waters that bathe them and the interre-
lations of the minerals can be shown to be a function of

the activities of the ions dissolved in the water (Garrels
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and Christ, 1965). Proper use and application of these
diagrams result in an approach to a description cof the
chemical environment of the valley in which geochemical
processes are occurring., Prediction of mass transfer in
the system can be made by observing the evolution of
artesian water as it moves out into the valley and noting
how this changing water quality shifts positions en the
stability diagrams,

Correct interpretation would involve the necessary
temperature and pressure corrections applied to the
thermodynamic data and calculations for the mineral
stability boundaries. The diagrams are constructed for
2500 and 1 atmosphere total pressure, the predominant
conditions under which much of the analytical work was
performed.

The mineral stability diagrams are plotted in figures
21, 22, 23, 24, and 25. Observation of the diagrams indi-
cates that the low end member for each of the systems seems
to predominate, with the calcium system (fig. 21) being the
main exception. In the calcium and sodium systems, mont-
morillenite is also a stable phase. K-feldspar, K-mica,
analcite and Ca-feldspar are unstable phases in the potas-
sium and calcium systems. These diagrams do not say

positively that the indicated stable minerals are present
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indicated system at 259C and one stw total

prassure., Data points represent chemical

analysis of water from the artesizn system of
the closed basin,
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Figure 23 - Stability relations of some phases at one atm
and 25°C for the indicated system. Data points
represent chemical analysis of water from the
artesian system of the closed basin, San Luis
Valley.
(Diagram after Wollast and others, 1968, p. 1657.)
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Figure 24 - Stability relations of some phases at 1 atmose
phere and ZJCC for the indicated system., Data
points represent analysis of water from the
artesian system of the cloesed basin, San Luis
Valley, .

(Diagram after Bricker and Garrels, p. 464, 1967,)

SYSTEM-NAZB-ALZAS-518Z-HZ0

12.20

ANARLLCITE

10.00
i

oo

]
1]

8

J.

5.0

GIBBSITE

KABLINITE

|
|
|
DJ
|
(e
i
e }
&l
|
|
|
|

LAG RINR+J/AlH+]

4.Q0
L
SAT
+

2.00

e o G Ges G o am  Gen -

D.Q0

L6.00 -5.00 ~4.00 | -3.00 -2.00 -1.00
LBG H45124



T«1405

Figure 25 « Stability relations of some phases at one

76

atnosphere and 25°C for the indicated system,
Data points represent analyses of water frowm
the artesian system of the closed basin, San
Luis Valley,
(biagram after Garrels and Christ, 1965, p. 36l.)
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in the aquifer, only that the Na/H and K/H ratios and/or

77

the H48i04 activities are at equilibrium between kaolinite

and the higher end-member clay minerals. The actual forma-

tion of kaolinite, or montmorillonite, or bhoth, during

weathering of a plagiocclase takes place according to the

following reactions:

(6)  3Nay ¢¢ Cay, 39817, 33512,6608 + 14H,0 + LCO,
(andesine)

_ . + +2 L
= 2H4A1251203 4+ 2Na  + Ca + Uﬂusloh b H003
(kaolinite

(7) 6N30,66C80.33A11.33Si2¢6608 + 6002 + 18H20
(andesine)

_ . '+2

T 3Na0.66A12066813.33010(0}{)2 + 2Ca

(montmorillonite) +

GHCO3

It can be seen that the weathering of potassium

feldspars to form kaolinite, montmorillonite and mica

readily accounts for the release to the water of sodium,

potassium and calcium, as well as accounting for the

presence of these clay minerals in the valley fill envi-

+ 2Na® + 64,510,

ronment. If minerals falling outside the area in which a

particular water is in equilibrium are brought in contact
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with this water, there will be a tendency toward degradation
of that mineral species.

The mineral stability diagram in figure 22 shows the
stability of magadiite and kenyaite as functions of Na+,
pH, and HySiOy. Magadiite and kenyaite, two new hydrous
sodium silicate minerals, have been described by Eugster
(1967). Their occurrence has been noted in Pleistocene
saline lake deposits in the Lake Magadi, Kenya. Bricker
(1969) is of the opinion magadiite appears zs a direct
precipitate from alkaline brines, while kenyaite is a meta-
stable intermediate product formed in the transformation of
magadiite to chert. This process would involve only the
chemical transition of magadiite to kenyaite to chert
during which Na+ ion would be removed and the product
partially dehydrated.

Applying the eguilibrium values for the artesian data,
it is seen several of the poinés plot in the magadiite
kenyaite fields, indicating the waters are in equilibrium
with these mineral phases. This indication of egquilibrium
does not say anything about actual precipitation or forma-
tion of these minerals, only that one could predict the
possibility of the products actually being observed.
Bricker (1967) has observed that the precipitation of
magardiite in the Alkali Valley takés place in water that
plots in the stability field of kepyaite.

’
’
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CONCLUSIONS

This study is a modest beginning in an effort to
understand the geochemical relations of the artesian
groundwater of the San Luis Valley. From this investiga-

tion may be drawn the following conclusions:

1) The major portion of the silica in the
artesian groundwater system is derived fronm
hydrolysis of the Sar Juan Volcanics and
their derivatives,

2) As water moves into the groundwater system
and toward the valley center, it acquires
more sodium and bicarbonate because of silica
hydrolysis and ion exchange.

3) Silica concentrations in general are found to
increase with depth and temperature.

k)  An inverse relationship exists between silica
and magnesium because of the fermation of a
lMg-510o precipitate at high pH's. Laboratory
investigations show the pH must be greater
than or equal to 10. Field cobservations
indicate this pH may bHe as low as 9.0 to
initiate precipitation. .

5) Organics derived from buried peat beds have
imparted a buffering capacity to the water.
Silicate hydrolysis causes little change in
pH, and Mg-S5Si0p precipitation will not take
place in water with significant organic
centent.

6) Application of mineral stability diagrams
suggests equilibrium with kaolinite, Na-
montmorillonite, and Ca-montmorillonite.
Montmorillonite appears to predominate in
the central portion of the valley, and
kaolinite shows equilibrium with the water
from the perimeter of the valley.
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A portion of the processes involved in the acquisition

of chemical substances by the artesian ground water and the

processes prompting compositional changes in this water
have been examined. A knowledge of these processes and
factors will contribute to an understanding of the total
artesian water chemistry and will aid future studies and
methods of pretreatment for water users in industrial and
agriculture enterprises in the San Luis Valley,

This study has opened and suggested many other areas

of necessary investigations of the natural water system in

the San Luls Valley:

1) Physical data in the form of well cores and
cuttings from variocus localities and depths
in the valley may be used to substantiate
predictions of thermodynamic stabllity of the
various waters.

2) The magnesium-silica systems and their role
in affecting the water composition are of
importance. As shown., in this study, & defi-
nite relationship does exist, and authegenic
precipitations are postulated as taking
place. Physical data obtained at these
localities will prove this theory. If
precipitation is proceeding, what effect is
this process having on the physical portion
of the aguifer? 1Is sealing of the aguifer
locally taking place or are new clay deposits
presently being formed?

3) Organics are undoubtedly one of the major
controls over the water composition in the
valley and definitely need the consideration
of future investigators.
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APPENDIX A

GEOCHE LHVYRY OF S1LICA

A discussion of the behuavior of silica in the arteslian
closed basin water is more meaningful if we first briefly
review some of the basic fundamentals concerning silica and
the factors affecting its geochemical characteristics in an
agqueous solution.

. Geometry

Dana (1959) lists over 100 relatively ccmmon silicate
minerals which occur in a great variety of igneous, meta-
morphic, and sedimentary rocks. Iler (1955) reports that
silicon dioxide comprises 60 percent of the earth's crust,
either in the free form or combined with other oxides in
the form of silicates.

Silicon, element number 14, is a nonmetal, has an
atomic weight of 28,09, and displays a valence of 4. The
most probable coordination is 4; therefore, the chemical
structure that silicon forms with oxygen is a tetrahedron.

The sit¥

ion 1s the rignt size to fit closely within the
space at the center of a group of 4 closely packed oxygen
atoms, and one can therefore say silicon is tetrahedrally

coordinated with respect to oxygen. This tetrahedral

arrangement always exlists, either as independent anions or
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linked in a variety of ways (Hem, 1970, p. 103). 1In
alkaline solutions OH™ ions are attached to the Si+4 and
the silicon ion 1is postulated to take on a coordination
number of 6. Polzer (1967) postulates that the penetration
of an electron cloud of O ions by a H+ ion will, by polar-
ization, reduce the diameter such that the resulting OH
ion is similar to the F~ ion in size. SiFg is known to

exist.

Agueous Chemistry of Silica

The behavior of silica in natural water is controlled
by thc lawg of polymerization and depolymerization.
(Millot, 1970, p. 279). The solubility of silica in an
agueous medium can then be discussed as functions of
polymerization, pH, temperature, initial silica concentra-
tions, and selected silica-cationic relationships.

“«

Polymerization

Dissolved silica is unique from other inorganic soclutes
in that it readily forms a colloid. When a silica solution
becomes supersaturated, the silica prefers to polymerize
and stay in suspension as a colloid rather than to form an
amorphous precipitate. Supersaturation can result from
sudden cooling, neutralization, or evaporation. The poly-

merization process proceeds with the two H,S5i0), molecules
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joining to form the dimeric species, two silicon atoms
octahedraley surrounded by six hydroxyl groups. Continued
polymerization results in higher nmultimeric forms, and
eventually branched chains or ringed polymers will form and
continue to grow in size, forming gels and/or colloical
particles.

Krauskopf (1956) believes that dissolved silica in
natural waters is in the form of monosilicic or monomeric
silicic acid, HySiOy, a silicon tetrahedrally coordinated
to 4 OH  groups, analogous to silicate mineral structures.
This agueous form is generally considered as SiOz(aq)e a
silicon combined with two water molecules.

At concentrations exceeding the solubility of amor-
phous silica (120 to 140 milligrams per liter), silica has
a tendency to polymerize and form polynuclear species, in
which two, three, or more atoms of silicon are contained in
each molecule. Sillen and Mar%ell (1964, p. 145) have
suggested polynuclear species of the type Siuou(OH)ig, and
as previously mentioned, various investigators, including
Iler (1955), have proposed and suggested the existence of a
6~coordinated silicon-OH molecule on the basis of the known
existence of SiFg. This formation allows a mechanism for

the polymerization of silica, in that a change of the
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coordination number from & to 6 of a hydrated silica, is

effected through catalysis by a OH  ion (Polzer, 1967).
Figure 26 shows the distribution of the ionic forms of

silica in an aqueous solution. The general formula for the

dissociation of silicic acid is as follows:
(8) HuSiOy = H' + H.Si0]
.u’».. L‘, 13 3 Lur

Sillen and Martell (196, p. 145) 1list the equilibrium
0*901"’1

congstant for this reaction at 2500 to range from 1 1o

10779L,

Dissclution of Silicates

The chemical weathering of silicate minerals, as
enhanced by physical processes, is the primary source of
silica in solution on the surface of the earth. "In the
chemical degradation of these minerals by water solution,
varying amounts of silica are contributed at varying rates,
depending on climate, relief, and the nature of the origi-
nal material® (Siever, 1957).

The largest supply of H,Si0O, is the silicate minerals
of igneous and metamorphic origin, feldspars, amphiboles,
and pyroxenes, that break down rapidly when exposed to the
weathering process. Quartz, because of its low solubility,

would be expected to contribute less significant amounts,



=2

ol

Figure 26 -~ Distribution diagram for aguecus silica

100
80
60
%
1o

20

species as a function of pii.

HS10,,

-+ . -10
K, =[] [HgS8i0, )/[11,510,] = 2x10

et R B -12
K, = [17] [1, 810, )/[H,810, ] = 2x10

- =3 frer e 2 -
K,y = [H'] [HSiOg ]/[stlo4 ]=2x10

12

3 12

K, =[H") [3104'4]/[1—13105 ]=2x10"




T-1405 86

Morey and others (1962) found that the rate of solution
of guartz grains of 100-140 mesh in quiet, distilled water
to be extremely slow. Vigorous shaking and tumbling was
found to increase the rate of solution. They concluded
that the solubility of quartz does not necessarily control
the quantity of silica found in most natural waters. De-
compesing silicates such as feldspzars and clay precipitation
were designated as being more important in the regulation
of silica. Morey and others (1962) concluded that quartz
had a solubility of about 6 milligrams per liter at 25°C
and 1 atmosphere total pressure. Tie rate of solution was
postulated to be controlled by the rate of diffusion of
dissolved silica away from the parent material. Quartz
grains with internal stresses and surficial structural
irregularities were found to dissolve at a2 faster rate than
graing with fewer surficial st}esses when subjecteq to
vigorous agitation to promote rapid diffusion.

Siever (1957) reports that lab determinations of
guartz solubilities at low temperatures are difficult
because of the long time necessary to achieve equilibrium.
He found it was also necessary to remove all traces of
metals from the test solutions. By employing thermodynam-

ics quantities he was able to establish a value for the
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Figure 27 - Solubility of Quartz and Amorphous Silica
as functions of temperature.
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Silicates

Bricker (1967) has shown in figures 28, 29, and 30 the
change in composition of water in contact with labradorite
zlbite, and other silicates, as a function of time. Bricker
notes that the reaction between the feldspars and water is
rapid, H+ is consumed, and silica and other cations are
released to solution. Silica conceritrations became con-
stant at 4 milligrams per liter, far below the 115 to 140
milligrams per liter figure reported for the solubility of
amorphous silica. This low figure was attributed to the
formation of a residual aluminum hydroxide which coated the
silicates and prevented further increases in the silica

concentration.

. 4+ . .
(9) Naa1Sig0g + 7Hp0 + H' = Na® + AL(OH), ) + 3HySi0y

3

(10) AL(OK) 5 oy + H,Si0, = _%_ AL,S1,0,(0H)y (o) + _g_ H,0

Millot (1970) speaks of other early investigations of
the solubilities of silicate minerals which showed that the
powder of a silicate rock, left in a container with dis-
tilled water, imparted an alkaline reaction to the water.
Since silicates are essentially salts of weak acids and
strong bases, hydrolysis reactions would be expected to

impart an alkaline character to the solution.
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solubility of quartz. A range of 7 to 14 milligrams per
liter silica is obtained by varying certain variables in
the calculations. The lower value agrees well with an
extrapolated value of 6 milligrams per liter given by

Kennedy (1950).

Amorphous Silica

The most extensive solubility studies have been
performed with amorphous silica;

Alexander and others (1954) found the solubility of
amorphous silica to be a function of temperature and pH.
Figure 27 shows the solubility of amorphous silica has a
linear relationship with temperature.

Krauskopf (1956) studied the eqguilibrium attained
between the silica in solution and a solid form. Equilib-
rium was attained at concentrations of 100 to 140 milligrams
per liter.

Morey and others (1964) found that solutions in
contact with solid amorphous silica at room temperature
tended to become supersaturated and reach equilibrium at
115 milligrams per liter. Siever (1957) concludes from the
available data, that amorphous silica has an eguilibrium

solubility from 120 to 140 milligrams per liter.
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Soclubility Factors

Temperature

The change in solubility of amorphous silica and
quartz with temperature is shown in figure 27. At 25°C
the solubility of qguartz is listed by Krauskopf (1959) and
Siever (1957) as being 7 milligrams per liter. Krauskopf
(1959) explains that not only the solubility is affected by
changing temperature, but the rate of attainment of solu-
bility equilibrium is increased by a rise in temperaturec.
In two determinaticns Krauskopf found that silica gel
reached its maximum solubility within 8 days at 9000 but
required 40 days at 25°C. Various other workers Investi-
gating the effect of temperature on the solubility of
silica and silicates are Alexander, and others (1954),
White and othemr (1956), Krauskopf (1956), Okamato and
others (1957), and Morey and others (1961, 1964).

B

i .

When the concentration of molecularly dispersed silica
exceeds the solubility of amorphous silica, silica under-
goes polymerization to form a colloidal solution. Various
pH measurements at which the optimum polymerization takes
place have been reported. Iwasaki and others (1954) state

the pH to be 7, Merrill and Spencer (1950) and Heald and

others (1955) came to similar conclusions. Brady and
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others (1953) concluded this pH value to be pH 8, while
Greenberg and Sinclair (1955) reported a pH value of 8.6
for the maximum polymerization rate.

Alexander and others (1954) showed that the solubility
of amorphous silica increased above pH 9.0 because of a
silicate ion formation, the silicate ions being in equili-
brium with & solid phase not being dffected by a change in
pH. Morey and others (1964) reports that the silica content
at various pH values show that in the pH range of 6.0 to
8.5 the colorimetric silica approached 115 milligrams per
liter. Siever (1957) reports that at pH values greater
than 958 and higher, Husioq becomes dissoclated to a signif-
icant extent. The solubility therefore increases greatly,
and various other species appear in solution, such as
silicate ions, and dimeric and higher polymeric forms of
silicic acid (Iler, 1955). Figure 31 describes the silica

4

pH solubility relationship.

Relation between Particle Size and Solubility

The rate of silica hydrolysis is dependent not only on
the original silica bearing phase, but the grain size of
that phase. "Glasses and fine-grained silicates formed at
high temperatures are more soluble than quartz or clay
minerals, and are more reactive than coarse-grained sili-

cates®” (Jones, 1966).



> ]

|

g

T-1405

5000

2000 |- .

1000 | .

500 |- ‘.

i0,(mg/1)

200 |- -

100 |

-
—

20 l | |

pH

Figure 31 - Change in the solubility of silica with pH.
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Work by Alexander (1957) and Iler (1955) relates the
solubility of amorphous silica to particle size. Iler
gives an equation which describes the manner in which the
solubility ¢f a given form of silica must vary with parti-

cle size.

(11) 1 S _ _2EV-
n-=g— = RT.

Sp is the solubility of a particle of radius r, S is the
solubility of a large particle, E is the surface energy in
ergs/bmz, V is the molar volume in cubic centimeters, R is
the gas constant, 8.31 x 107 ergs/mole/oK, and T is the
absclute temperaturc. Iler using 6 milligrams per liter as
the solubility of massive quartz, approximated E to be 416
ergs/cmz. Iler (1955) notes that below about 5 millimicrons
the solubility of quartz exceeds the solubilities for
various silicates, including massive amorphous silica.
Lucas and Dolan (1939) a2lso reported an abrupt increase in

the solubility of quartz when the particle size was reduced

below 5 millimicrons.

Mechanism of Weathering
The dissolution of solid silica in water invelves

simul taneous hydration and depolymgrization (Iler, 1955).

(12) (S10,) + 2n(H,0) = nSi(OH),
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The primary chemical process in the weathering of
silicates 1is hydration. At the surfzce of a silica parti-
cle an oxygen bond is broken by attaching to a hydrogen ion
that is provided by the water molecules. By breaking an
oxygen bond in the silicate network an incomplete tetra-
hedra 1is formed. Contact with moisture allows an OH ion
to complete the tetrahedron. Frederickson (195)) describes
the H ion as penetrating the mineral lattice, disrupting
the electric neutrality. To compensate, metal ions such as
Na+ and k¥ are replaced, as 1s silica, disrupting the
crystal such that new surfaces are exposed.

Devore (1956) theorizecd thai the OH hydruxyls oi an
agqueous solution replaces the oxygens associated with the
Si-0 tetrahedron. Since the Si-OH bond is stronger than
the Si-0 bend, SiOH formation will proceed. As the alka-
line bonds (Si-OH) increase in number, they become more
weakly bound and available for‘exchange of the H oqvthe
solution.,

It is sensible to consider both the above processes as
feasible and possible as proceeding together. However,
these two processes are only the first step of hydration.
The small, monovalent, H+ ion is the influencing partici-
pant in initiating the final process. In considering the

weathering of a sodium clay, the H+ ions attract the oxygen
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iong of the clay due to the effective nuclear charge of the
H+. As oxygen 1is attracted away from the larger more dif-
fuse sodium ion, sodium ions are released to the solution
causing a distortion in the c¢lay structure. New chamnels
are thereby opened for the sodium ions to migrate through
the distorted tetrahedrons of the clay to the lower sodium
ion concentration of the solution. Agitation facilitates
migration of the sodium ions away from the surface thus
maintaining a low sodium ion concentration in the sclution.

The availability of CO, gas is believed to be a prin-

2
cipal contrecl over dissclved mineral content of an agueous

systeiw. The initial partial pressure of CO, is acquired

2
during the time in which water is in contact with the
atmosphere and the soils. The water 1s continuously replen-
ished with air and CO2 in the soil and can therefore remain
aggressive with respect to the minerals during the time of
contact. Thus the amount of mineralization is dependent on
the supply of reactive gases in the water involving the
following equilibria:

(13) COp(g) + Ha0 = CO, + H,0

aq)

14 -
(14) CO,(aq) *+ Hp0 = HCO4

15 = y¥ -
(15) HyCO3 = H' + Hco3
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The H+ ion thus derived from this reaction will then
control the weathering ability of the water to obtain
mineral constituents from the rock as previously discussed.

Hydrolysis of feldspars, hornblendes, and biotites
accounts for the origin of the common cations. Potassium
and sodium are preferentially released during early stages
of water to rock contact while the pH is low. As the
reaction continues with the hydrogen ions and mineral con-

stituents the total mineral content of the water increases,.
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APPENDIX B
COMPUTER PROGRAM
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