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ABSTRACT

Fluoride concentration in excess of a few milligrams 
per liter is a potential health hazard yet its geochemical 
relationships are ill-defined. Ground water of many south
western states contain fluoride in excess of recommended 
drinking water standards. Chemical and physical data ob
tained from 44 water samples from wells tapping the confined 
aquifer of the San Luis Valley, Colorado, were used to 
determine the solid-phase control on fluoride concentration. 
Maps were compiled showing the distribution of selected con
stituents in the confined ground water of the closed basin 
from statistics relating these selected constituents with 
fluoride concentration. Appropriate solubility products 
and equilibrium constants of nine solid phases in the car
bonate, phosphate, aluminum, and silico-aluminum systems were 
evaluated. Because of the potential health hazard a decision 
making tool was derived which gives the maximum expected 
fluoride concentration from the temperature and pH of a 
ground water. Graphical relationships suggest that the clay 
minerals control the fluoride concentration.

iii



T-1436

TABLE OF CONTENTS
Page

Abstract..................    . iii
Introduction.  ......................  1

Purpose and Scope..................  3
Acknowledgments.  ....................  5

Geography ..........     6

Geology ............  . . . . . . . . . . .    9
San Juan Mountains............................  11
Bonanza-Poncha Pass A r e a ......................  15
Sangre de Cristo Range............   15
Valley Fill................................   16

Hydrology  ..................................... 18
Data Collection and Chemical Analysis . . . . . . . .  22
Water Chemistry ....................  . . . . . . . .  30
Geochemistry.  ............................   47

Fluorite....................................   47
Apatite......................................... 53
Cryolite . . . . . . . .  ......................  64
Kaolinite and Montmorillonite. .  ............  6 8

Conclusions............  77
Appendix I..........    80
Appendix II  ................................  83
Appendix III........     84
Literature Cited..................................... 8 6

iv



T-1436

ILLUSTRATIONS
Page

Figure 1. Map showing location of study area and 
sampling points in the closed basin,
San Luis Valley, Colorado........... . 7

2. Generalized geologic map of the San Juan
Mountains and Sangre de Cristo Range
adjacent to the closed basin of the
San Luis Valley......................  12

3. Reconnaissance piezometric map of the
closed basin. ........................  2 0

4. Map showing specific conductance of
confined ground water in the closed
basin . . . . . . . ..............  33

5. Map showing fluoride concentration in the
confined ground water of the closed
basin  ..............  34

.6 . Map showing field pH of the confined
ground water of the closed basin. . . .  35

7. Map showing calcium concentration in the
confined ground water of the closed
basin  ..................  37

8 . Map showing total orthophosphate con-
cnetration of the confined ground water 
in the closed basin.............. 38

9. Graph showing relationship between the
ionic strength and the activity
coefficients for fluoride^ calcium^
and orthophosphate for 10 C and 45 C. . 43

10. Graph showing fraction of orthophosphate 
ion of the total orthophosphate con
centration, P,p, from pH 7.5 to 9.5 for 
the temperature range 10°-45°C.... 45

v



T-1436

ILLUSTRATIONS— Continued
Page

2 _Figure 11. Graph showing fraction of (HPO4  ) of
the total orthophosphate concentration,
PT, from pH 7.5 to 9.5 for the temper
ature range 10°-45°C............   46

12. Graph showing effect of temperature on 
the solubility product constant for 
fluorite............   49

13a. Graph showing the comparison between the 
calculated fluoride for fluorite equi
librium and the measured fluoride 
activity..................  50

13b. Graph showing the comparison between the 
calculated fluoride activity using the 
uncomplexed calcium activity for fluo
rite equilibrium and-the measured 
fluoride activity ................  50

14. Graph showing the comparison between
calculated fluoride activity from
fluorite and calcite equilibrium and
the measured fluoride activity........  54

15. Graph showing the relationship between
calculated solubility product for the 
surface complex of hydroxyapatite and
pH....................................  59

16. Graph showing relationship between sodium
fluorcarbonate-apatite and both the 
fluoride activity and pH. . . . . . . .  61

17. Graph showing the comparison between the
calculated fluoride activity using 
sodium fluorcarbonate-apatite and the 
measured fluoride activity. . . . . . .  63

vi



T-1436

ILLUSTRATIONS— Continued
Page

Figure 18. Graph showing relationship between fluo
ride and hydroxide complexes of 
aluminum and their relationship to 
fluoride activity ........    6 6

19. Triangular diagram showing the relative
activity of kaolinite, calcium mont- 
morillonite, and sodium montmoirllonite 
in contact with the confined ground 
water................................  72

20. Graph showing relationship between
measured fluoride activity and the 
percent relative activity of kao
linite........................  73

21. Graph showing relationship between
measured fluoride activity and the 
percent relative activity of calcium 
montmorillonite....................  74

22. Graph showing relationship between
measured fluoride activity and the 
percent relative activity of sodium 
montmorillonite......................  76

23. Graph showing the maximum expected fluo
ride concentration as a function of pH 
and temperature......................  78

TABLES
Table 1. Chemical analyses of water from selected 

wells in the closed basin, San Luis 
Valley, Colorado......................  24

2. Additional chemical analyses of water 
from selected wells in the closed 
basin, San Luis Valley, Colorado. . . .  26

vii



T-1436

TABLES— Continued

Table 3. Comparison of chemical constituents and 
physical properties between water 
samples from the initial 85 wells and 
the 44 resampled wells..............

Page

31

viii



T-1436

WINTRODUCTION
Fluorine is one of the critical elements in human 

metabolism as it constitutes one of the ,rbone-seeking,r 
elements. Drinking water is generally considered the 
principal source of fluorine. The difference between 
essential and toxic concentrations is only a few milli
grams per liter; and therefore, the concentration of fluo
rine has received much attention by public health officials 
(U.S. Public Health Service, 1962). Fluoridation of public 
water supplies has become a generally accepted practice in 
the United States because of the beneficial anticariogenic 
effect of 1 mg/ 1  (milligram per liter) fluoride with 
minimum toxicity. Recommended limits have been based on 
the "annual average maximum daily air temperatures"
(Federal Water Pollution Control Admin., 1968). Decreasing 
average temperatures have higher recommended limits with a 
maximum recommended limit of 1.7 mg/1 for a 50.0° to 53.7°F 
(Fahrenheit) temperature range.

Confined ground water of the San Luis Valley contains 
up to 13 mg/1 fluoride. Because the annual average maximum 
daily air temperature at Alamosa is 59.6°F, the recommended 
limit is 1.3 mg/1 fluoride. A greater concentration indî - 
cates a potential health hazard.
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A comprehensive and conflicting review of effects of 
a range in fluoride concentration in water on man, live
stock, and fish can be found in McKee and Wolf (1963). An 
adult averages approximately 0.038 g (grams) of fluoride 
per kilogram body weight (U.S. Public Health Service, 1970). 
A fatal dose has been reported as low as 0.5 g per kg 
(kilogram) of body weight (McKee and Wolf, 1963). Recent 
surveys of crippling fluorosis and noncrippling osteoscler
osis have shown that other constituents dissolved in water 
protect against the toxic effect of fluoride (Loughman and 
Sargent, 1968). Higher calcium, magnesium, alkalinity, and 
chloride occur in the "nontoxic" water than in the "toxic" 
water. The range in fluoride concentration for both types 
is 1.5 to 4.0 mg/1.

The concentration of the fluoride ion is determined by 
both solubility maximums (solubility products) and equilib
rium relationships with alteration products (ion exchange). 
Fluorite, carbonate hydroxy-apatite, and cryolite are the 
most common fluoride minerals.

Fluorite (CaF2) or fluorspar is probably the major 
inorganic mineral of fluoride, but recent work has shown 
that fluorite is also biologically precipitated (Broder 
and Whitehouse, 1968). Carbonate hydroxy-apatite,
Caio(po4 * CO^)g(OH,F) 2 3 (Altschuler, Clark, and Young,
1958), is not only essentially similar to bone and teeth
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minerals (McConnell, Frajola, and Deamer, 1961) but also 
the principal mineral of phosphorites— a major basic source 
of fertilizer. Cryolite (Na3 AlF£) is an essential indus
trial fluoride mineral. Anomalous amounts of silicon have 
been found in active calcification sites in bone (Carlisle, 
1970) and, therefore, may be added to the essential trace 
element list. Agricultural research has been both exten
sive and intensive on the behavior of phosphate in the soil. 
Voluminous literature shows a definite association between 
phosphate, calcium, iron, and aluminum. The list of prob
able fluoride element associations therefore includes 
calcium, alkalinity (bicarbonate, carbonate, silica, phos
phate), iron, and aluminum. Electroneutrality and essential 
aqueous composition should include sodium. The associations 
between calcium, magnesium, sodium, potassium, and silica 
have been described for the San Luis Valley confined ground 
water system (Klein, 1971).

Purpose and Scope 
Fluoride concentration in ground water of much of the 

western and especially southwestern United States is above 
recommended limits (Fleischer and Robinson, 1963). Popu
lation pressure in many of these areas has caused the use 
of these ground-water supplies to supplement surface-water 
supplies. The purpose of this study was to outline some of 
the geochemical associations between fluoride and other
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dissolved constituents in the ground water. The ability to 
predict fluoride concentration in a ground water of a 
specific geographical area would greatly aid resource and 
development planners. The San Luis Valley, Colorado, was 
chosen as the study area because of the closed basin nature 
of the valley, as well as the potential fluoride hazard 
present in the confined ground water.

The approach assumes equilibrium conditions between 
ions in a liquid phase (water) and a solid phase (valley- 
fill materials). Equilibrium constants for minerals common
ly found in sedimentary deposits are used to describe the 
limits of ionic concentration present in the water. The 
approach has been successful in geochemical exploration and 
soil nutrient studies. Determining the solid phase(s) which 
seemingly control(s) the solubility of the fluoride ion 
would allow a prediction of fluoride concentration in
ground water as a result of changing a flow distribution.
One application would be the expected concentration of
fluoride in ground water drawn from one solid-phase equilib
rium to another by heavy pumping. Another would be the 
expected life and result of a subsurface waste disposal well 
in which a high fluoride waste was to be disposed.
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GEOGRAPHY
The San Luis Valley is a north-south-trending broad 

flat depression, approximately 50 miles wide at its maximum 
width and 115 miles long, bounded by the San Juan Mountains 
on the west and the Sangre de Cristo Range on the east 
(fig. 1). The San Juan Mountains, which contain peaks 
having altitudes of 14,000 feet or greater, are the head
waters of the Rio Grande. As much as 40 inches of annual 
precipitation (U.S. Dept. Commerce, 1964) supplies water for 
irrigation to the arid San Luis Valley. The valley itself, 
which has an average altitude of about 7,700 feet, receives 
between 7 and 10 inches of annual precipitation. Agricul
ture, the major industry of the valley, is concentrated 
around the surface water sources principally on the alluvial 
fans of the Rio Grande, Alamosa, and Conejos rivers. Crops 
include barley, oats, potatoes, lettuce, and a few other 
vegetables. The surface-water supplies are supplemented by 
ground water. Flowing artesian wells supply domestic, 
stock, and irrigation water to the central part of the 
valley.

The closed basin section of the San Luis Valley is the 
area of interior drainage north of the Rio Grande. Irriga-
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tion, surface, and shallow (unconfined) ground water drain 
to the low point of the valley south of San Luis Lakes at 
an altitude of about 7,500 feet. Sand is the dominant soil 
a few miles west of this low point, forming dunes at the 
low point, and forming Great Sand Dunes National Monument 
along the eastern edge of the closed basin on the steep 
flanks of the Sangre de Cristo Range. Sand grains are a 
mixture of the volcanics from the San Juan's and metamorphics 
of the Sangre de Cristos. The dune area has been mapped 
and described in detail by Johnson (1967).

Mining in the closed basin section is dominated by the- 
Bonanza Mining District above the north end of the valley.
The district has produced lead, silver, and copper princi
pally from fissures and faults in andesite (Burbank, 1932). 
Fluorite and fluorapatite are two gangue minerals in the 
district. The small Orient Mine north of Great Sand Dunes 
in the Sangre de Cristo Range produced principally iron ore 
from the lower part of the Leadville Limestone (Litsey,
1960). The primary ore may have been siderite containing 
small amounts of chalcopyrite and gold. Limestone forms a 
very small proportion of the rock types that have furnished 
valley-fill material to the San Luis Valley.
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GEOLOGY
The San Luis Valley is part of the Rio Grande Trough, 

a rift system over 500 miles long, extending from the upper 
Arkansas Valley through New Mexico and into Mexico (Kelley, 
1955). The trough is characterized by volcanism and deep 
grabens. Estimates on the inception of the San Luis Valley 
range from early to late Miocene. Once the San Luis Valley 
was thought to be separated from the upper Arkansas Valley 
by a barrier of Precambrian rocks, evidence has now been 
presented that a structural trough 3 to 4 miles wide filled 
with late Tertiary volcanic rocks and sediments connects 
the San Luis and upper Arkansas Valleys (Van Alstine, 1968).

The San Luis Valley exhibits the deep graben structure 
of the rift system. Gaca and Karig (1966) produced gravity 
data showing a graben and horst structure beneath the fill. 
The fill is at least 10,000 feet thick in a graben on the 
western side of the closed basin. On the eastern side of 
the closed basin a major fault concealed by the coalescing 
alluvial fans extends from Poncha Pass along the foot of 
the Sangre de Cristo Range to the foot of Mt. Blanca where 
it is offset to the east. On the assumption that the fill 
in the eastern half of the closed basin has a density similar 
to that of the western half, the fill may be as much as
2 0 , 0 0 0  feet thick in a graben beneath the eastern half.
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These two major grabens are separated by a complicated 
horst structure covered by about 6,000 feet of fill. The 
6 ,0 0 0 - and 1 0 ,0 0 0 -foot depths are proven by oil wells 
(American Stratigraphic Co. Log Nos. D-1410 and D-1415).
The confined ground-water system dealt with in this study 
involves only the upper 4,000 feet of valley fill.

The valley fill is an extremely heterogeneous, poorly 
sorted mixture of sedimentary debris laid down by coalescing 
alluvial fans, and contains volcanic units and debris from 
the San Juans; sedimentary, metasediments, metamorphic, and 
igneous debris from the Sangre de Cristos; and clay lenses 
of probably lacustrine origin. There are no stratigraphic 
units that can be traced reliably across the valley. Early 
attempts at subdividing the fill into two units (Santa Fe 
Formation of Miocene and Pliocene age and the Alamosa 
Formation of late Pliocene to Holocene age) has been 
abandoned as untenable. The most recent work in the closed 
basin section of the valley has concentrated on the defini
tion of a "clay series'1 (Emery, et al, 1971). The clay 
series is apparently continuous and ranges from 1 0  to 80 feet 
thick. The top of the series ranges from 50 to 130 feet 
below land surface. It is probably responsible for confine
ment of the ground water because it restricts the vertical
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movement. Drillers' logs report shell fragments and wood 
fragments from the clay series interval. This evidence, 
plus the dark brown water, rich in humic acid, found near 
the series as well as the reduced condition of the indi
vidual clay lenses together suggest a lacustrine origin. 
Particle sizes of the valley fill range from subrounded 
cobbles to clay on the western alluvial fans, and from 
medium sand to clay on the eastern alluvial fans.

San Juan Mountains 
The San Juan Mountains are carved from great thick

nesses of Tertiary volcanic flows, tuffs, and breccias.
Larsen and Cross (1956) produced on of the first comprehen
sive geologic and petrologic studies of the San Juans.
Their subdivision of the volcanic rocks into Units has been 
a base for more recent work (Ratte and Steven, 1967; Epis, 
1968, Lipman, Steven, and Mehnert, 1970). The San Juan 
portion of the generalized geologic map (fig. 2 ) and 
description in this report is that of Lipman, Steven, and 
Miehnert (1970) . (

The early lavas and breccias, which formed approximately 
35 to 30 million years ago, are mainly alkali andesite, 
rhyodacite, and mafic quartz latite with an original volume 
of approximately 4,000 km^ (cubic kilometers). They contain
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phenocrysts of augite, calcic andesine, altered olivine, 
and brown hornblende. Green clinopyroxene is the dominant 
pyroxene. Aphanitic material (groundmass) surrounding 
phenocrysts constitutes 70 to 99 percent of any unit.

The ash-flow tuffs intertongue with intermediate 
composition lavas. The ash-flow tuffs are composed of 
quartz latite and low-silica rhyolite; the lavas are prin
cipally quartz latite. The estimated original volume is

q
2 0 , 0 0 0  km, with an age range of 30 to 26 million years. 
Biotite is common to all rocks. The amphibole is generally 
hornblende and the pyroxene is diopside. Plagioclase 
dominates the phenocrysts and is mostly andesine, zoned to 
either calcic oligoclase or to sodic labradorite* Ground- 
mass constitutes 60 to 80 percent of any rock unit.
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The bimodal association of late basalt and rhyolite 
coincides approximately with the development of the San Luis
Valley. These widespread intermittently deposited olivine 
basalts, basaltic andesites, and high silica rhyolites once 
spread a veneer over the older volcanics. The original

volume may have been between 10 and 20 km . Ages range from 
23 to 3.6 million years. Rhyolite is light-colored with

phenocrysts of sanidine constituting between 10 and 15 per
cent, plagioclase (An30) about 5 percent, and biotite about 
1 percent of the rock. Groundmass ranges from 80 to 90 percent.

Basalt has the larger volume of the two rock types. Plagio
clase (An55-An 6 6 ) and augite are the principal phenocryst 
types at-approximately 20 percent. Olivine makes up an 
additional 10 percent. Groundmass ranges from 70 to 90 
percent.

The relative contribution of any one unit to the valley 
fill is extremely difficult to estimate because drill cut
tings are not distinctive. Such an estimate would be in
valuable for both a geochemical census and the history of 
the valley. The transition area, from Bonanza to Poncha Pass, 
is receiving much attention at the present time.
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Bonanza-Poncha Pass Area 
The geology of the northern part of the valley is under 

intensive study at this time by the U.S. Geological Survey 
and the Colorado School of Mines. The structural relation
ships between the San Juan Mountains and the Sangre de Cristo 
Range north of Mineral Hot Springs are concealed by valley 
fill but are being revealed by the above studies. Burbank 
(1932) described the geology and ore deposits of the Bonanza 
area. On the basis of the sedimentary rocks Gabelman (1952) 
described the structural relationships between the San Juan 
Mountains and the Sangre de Cristo Range. More recently,
Van Alstine (1968) described a trough connecting the upper 
Arkansas and the San Luis Valleys. The area is a transition 
zone between the volcanic rock types of the San Juan Moun
tains and the metamorphic, igneous, and sedimentary rock 
types of the Sangre de Cristo Range.

Sangre de Cristo Range 
Precambrian metamorphic and igneous rocks and Paleo- 

zoic sedimentary rocks with complex structural relation
ships make up the Sangre de Cristo Range. The generalized 
geology shown on the map (fig. 2) was compiled principally 
from Litsey (1958) and Karig (1964) for the northern half
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of the range and from Johnson (1969) for the southern half 
of the range. Precamibrian rock types dominate the major 
areas of interest. Rock types include fine-grained horn
blende gneiss, quartz-biotite gneiss, hornblende-biotite 
gneiss, alaskitic granite, gneissic granodiorite, amphibo- 
lite, metasedimentary schist# and biotite hornblende schist. ' 
The major rock-forming minerals include hornblende, biotite, 
microcline, plagioclase feldspar, and quartz. The Paleozoic 
rocks are dominated by approximately 14,500 feet of Pennsyl
vanian and Permian frocks (Litsey, 1958) . Pennsylvanian 
rocks are poorly stratified drab sandstones and conglomer
ates. Permian rocks are principally red sandstones and 
arkosic conglomerates.

Valley Fill

From the above descriptions the valley-fill material 
principally consists of volcanic sediments on the western 
side of the closed basin, a middle area of a mixture of 
volcanic, metamorphic, igneous, and sedimentary sediments, 
and metamorphic igneous and sedimentary sediments localized 
on the eastern side. In view of the examination of drill 
cuttings, sand grains of Great Sand Dunes, and both the 
spread and steepness of the alluvial fans, the volcanic
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sediments dominate the mineralogy of the valley-fill debris. 
The mineralogy of the aquifer skeleton consists largely of 
intermediate plagioclase feldspar, orthoclase, sanidine, 
microcline, biotite, amphiboles (principally hornblende),
pyroxenes (principally augite), and volcanic glass in

/various states of devitrification. Water flowing through 
this mineral assemblage increases in dissolved salts through 
all the mechanisms of chemical weathering creating princi
pally montmorillonite clay as an intermediate product. More 
intensely weathered parts of the aquifer produce a kaolinite 
clay as the end product. Water from all stages of chemical 
weathering supplies much of the valley's domestic needs.
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HYDROLOGY
The San Luis Valley annual water supply has been 

estimated at 2,500,000 acre-feet (Emery et al, 1971). 
Approximately two-thirds of this water is derived from 
streamflow. The remaining one-third is from precipitation. 
Evaluation of.pan evaporation data shows that annual 
potential evaporation exceeds annual precipitation by 
approximately one order of magnitude. Irrigation is 
necessary for agriculture and most of the irrigation water 
is supplied by surface sources supplemented by ground water. 
Most wells near the rim of the valley use the unconfined 
ground water for this purpose, but in the area of artesian 
flow the confined ground water becomes the major source not

4tonly for irrigation but also for domestic and stock use. 
Emery et al (1971) estimated ground-water withdrawal for the 
years 1962-67 at about 750,000 acre-feet per year, of which 
77 percent came from the unconfined aquifer and 23 percent 
from the confined aquifer.

Carpenter (1891) reported that the confined ground
water system was discovered by accident in 1887 and that 
within 4 years there were 2,000 flowing wells in the valley. 
Carpenter's map (1891) of the area of flow shows an area of 
approximately 1,400 square miles. Siebenthal (1910) re
ported 3,234 wells and about the same area of flow. White 
(1916) estimated 5,000 flowing wells. He also recognized
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crop failures in areas where the artesian water was used 
exclusively for irrigation. Robinson and Waite (1938) 
estimated 6,074 flowing wells and the limit of flow area 
of 1,430 square miles. Powell (1958) estimated 7,500 flow
ing wells. Powell's piezometric map revealed that the 
confined ground water not only leaks upward into the un
confined ground-water system but also moves southward and 
discharges into the Rio Grande (fig. 3). Furthermore, 
the piezometric surface roughly parallels the ground sur
face. The gradient is about 25 feet per mile on the Rio
Grande fan, tapering to a minimum of about 2 feet per mile
along the trough of the valley and is about 50 feet per 
mile on the steep alluvial fans at the base of the Sangre 
de Cristo Range.

The principal source of recharge to the confined 
ground-water system is seepage from the streams at and near 
the mountain front where the clay series is absent (Emery 
et al, 1971). A seepage loss on Deadman Creek (near Crestone) 
of about 1.6 cubic feet per second per mile within 3.7 miles 
of the mountain front has been reported by Emery et al (1971).

Most of the discharge from the confined aquifer is by
wells, springs, and probably upward leakage into the un
confined ground-water system (Emery et al, 1971). Most of 
the wells and springs are used for domestic and stock pur
poses.
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Land,, in the closed basin is being developed at the 
present time as homesites. Most of the homeowners will use 
the confined ground water for domestic purposes. Therefore, 
the chemical quality of the water, particularly fluoride 
concentration, should be known in detail.
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DATA COLLECTION AND CHEMICAL ANALYSIS
A survey of the water resources of the San Luis Valley 

by the U.S. Geological Survey in 1969 showed that fluoride 
concentrations ranged from 0 . 2  to 13 mg/ 1  in the confined 
ground water. The data resulting from this survey (Emery 
et al, 1971) was plotted and contoured to discern trends of 
ionic association. From these trends 44 wells were selected 
for resampling as representative of both areal and depth 
trends (fig. 1 ).

A 1-liter sample and one 250-milliliter sample of the 
confined ground water was collected at each of the 44 wells 
in September 1970. Both sample bottles were rinsed with 
sample water before collection to remove any washing residue 
and to pretreat the polyethylene walls of the sample con
tainers. The 250-milliliter sample was filtered through a 
Millipore 0.45-micron filter in a syringe-type holder and 
acidified to a pH of 2 to 3 with concentrated hydrochloric 
acid.

Bicarbonate, carbonate, pH, Eh, temperature, and 
specific conductance were determined at each sample site. 
Bicarbonate and carbonate were determined by an alkalinity 
titration with 0.01639N sulfuric acid monitored by a Sargent 
combination pH electrode on a Sargent portable, battery- 
powered pH meter. The bicarbonate end point is at approx
imately pH 4.5 and the carbonate at pH 8.3 (Barnes, 1964).
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The pH was measured prior to titration. The Eh (oxidation- 
reduction potential) was measured by a Corning thimble-type 
platinum electrode versus a standard calomel electrode 
monitored on an Orion Specific Ion Meter, Model 407, 
standardized by Zobell's reagent (Zobell, 1946). Tempera
ture was measured with a mercury-filled thermometer gradu
ated in 0.5°C intervals. Specific conductance was measured 
on a Beckman portable conductivity meter. Except for 
specific conductance, the field values of the above constitu
ents are the reported values (tables 1 and 2). Specific 
conductance was more accurately measured in the laboratory 
on an L&N bridge. The values were compared to ascertain 
any gross changes which may have taken place between sam
pling and laboratory analysis; however, none were noted.

Water from the 1-liter sample was used for the fluoride, 
silica* sodium, potassium, sulfate, chloride, phosphate, and 
color determinations. Fluoride activity was measured by an 
Orion Fluoride electrode and reference electrode. Fluoride 
was analyzed twice, once with and once without an ionic 
strength and pH buffer (pH 5.5) (Brown, Skougstad, and 
Fishman, 1970). The buffer masks relatively minor varia
tions in ionic strength between samples with 26 g/1 . (grams 
per liter) sodium chloride. Complexing with ferric and 
aluminum ions is at a minimum at pH 5.5. Citrate in the 
buffer solution also complexes the ferric ion freeing any
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bound fluoride. Fluoride determined without the buffer was 
corrected for ionic strength only (Kielland, 1937). The 
two analytical values were essentially identical. This 
indicates that little complexing was taking place with 
other ions in solution. Silica was determined by the molyb- 
date blue method with the use of a Bausch and Lomb Spec- 
tronic 20 spectrophotometer. Sodium and potassium were 
determined by atomic absorption through a Perkin-Elmer 
Model 303 atomic absorption spectrophotometer. Sulfate 
was determined by titration with thorin, and chloride by 
titration with mercuric nitrate monitored on the Spectronic 
20. The above and following methods are those of Brown, 
Skougstad, and Fishman (1970) unless otherwise indicated.
The phosphate corresponds to their dissolved orthophosphate 
but was a single-solution determination based on the bolyb- 
denum blue method (Fishman and Skougstad, 1965, Watanabe 
and Olsen, 1965). Color was determined by absorption 
through a 25-mm cell at 345 millimicron wavelength with 
the blue tube on the Spectronic 20.

Water from the acidified sample was used for calcium, 
magnesium, iron, and aluminum determinations. Calcium and 
magnesium were determined by atomic absorption after adding 
lanthanum chloride to mask interferences. The iron concen
tration was determined by atomic absorption by use of an
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experimental direct aspiration technique (oral commun., M.
J. Fishman, 1971). Acidification causes the almost complete 
precipitation of the compound(s) that impart(s) the brown 
color to the water. This is the major criterion used in the 
definition of humic acid, and therefore, color may be assumed 
to be caused by humic acid. Orthophosphate values deter
mined with the clear acidified sample water were slightly 
higher than those of the unacidified. This suggests that 
some of the orthophosphate may be complexed or may even be 
part of the structure of humic acid.

With the exception of the field determinations the 
results of the above analytical work agree very well with 
the previous analyses. Field determinations showed an 
average increase of 0.1 of a pH unit; therefore, there is 
more carbonate present than the laboratory analyses 
indicate. The total alkalinity, however, as bicarbonate 
and carbonate, are essentially identical. The change in pH 
is a complex and, at the present time, unpredictable result 
of changed environment. This re-enforced the principle 
that pH values must be determined as near to the aquifer 
environment as possible if hydrolysis reactions are to be 
an integral part of any study.
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WATER CHEMISTRY 
The analytical data from the selected 44 wells and 

from the 85 wells analyzed by the U.S. Geological Survey 
were compared. Chemical analyses of water samples from 
the 44 wells are given in tables 1 and 2. The data indi
cate that the fluoride concentration in the confined ground 
water ranged from 0.1 to 12.2 mg/1 (table 2). Concentration 
ranges for other ions dissolved in the water are listed on 
table 3. Constancy of most constituents (within the analyt
ical accuracy), indicate both an almost constant ionic 
association and ionic load for a period of at least 1 year 
between sample collection periods. Furthermore, the ranges 
indicate that sodium and bicarbonate ions constitute most 
of the ionic load. This should have a significant effect 
on the ions dissolved in the water. Another significant 
indicator is the high pH range. The combined effect of 
these two observations is reflected in the low calcium con
centration range perhaps from supersaturation of a solid 
carbonate phase, and perhaps, the high fluoride concentra
tion range because of undersaturation of a solid fluoride 
mineral. The analytical data have supplied the individual 
concentration dimension, but significant trends in ionic 
association should be evident on a physical dimension.
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Table 3.— Comparison of chemical constituents and physical 
properties between water samples from the 
initial 85 wells and the 44 resampled wells

(Chemical constituents in milligrams per liter,
•unless otherwise noted.)

Range in concentration
Initial Resampled
wells Wells

Fluoride 0.2 - 13.4 0 . 1  - 1 2 . 2

Specific conductance 
(micromhos at 25°C) 82 -3980 84 -3970

Calcium .4 - 70 .7 - 36
PH i/6 . 8  - 9.6 2/8 . 0  - 9.5
Or thopho spha te .00- 4.06 -.00- 3.94
Aluminum — .0 0 - .30
Sodium 6 .8 - 1 0 0 0 6.4 -1020
Bicarbonate 14 -2460 38 -2560
Carbonate 0 - 7 1 0  - 1 1 2

Depth (feet) 91 -4200 91 -4200
Temperature (°C) 10 - 45 11 - 45

-^Laboratory determinations.
2/ .—'Field determinations.
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Wells were selected on the basis of the generalized 
individual concentration maps of the closed basin. The 
most general characteristic is the specific conductance 
which is directly related to the ionic load, i.e., the total 
ionic concentration (fig. 4). The effect of the major 
recharge from the Rio Grande is shown by the large zone of 
low specific conductance radiating into the valley about 
20 miles, with Del Norte as the locus point. The remaining 
recharge areas are approximately equal. The highest specif
ic conductance corresponds approximately with the lowest 
part of the valley and the area with the lowest piezometric 
gradient (fig. 3). The lowest fluoride contour (fig. 5) is 
roughly parallel to the lowest specific conductance contour. 
The northern part of the closed basin shows some important 
exceptions. Fluoride increases at a great rate away from 
the sedimentary rocks of the Sangre de Cristo Range, and at
an even greater rate where the metamorphic and igneous rocks 
of the Sangre de Cristos are shallow. The highest fluoride 
content, however, does not coincide with the highest specif
ic conductance. The fluoride concentration is low in the 
area of highest specific conductance.

The pH has a much less regular trend than does either 
fluoride or specific conductance (fig. 6 ). Fluoride appears 
to increase with decreasing pH but follows the highest pH 
range in the direction of flow. This is most evident
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Figure 4.— Specific conductance of confined ground water in theclosed basin.
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Figure 5-— Fluoride concentration in the confined ground water
of the closed basin.
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Figure 6 .— Field pH of the confined ground water of the closed basin.
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between Center and Hooper where the flow is from west to 
east. The fluoride concentration is indirectly related to 
the pH.

Calcium appears to have a directly opposing concentra
tion trend to that of fluoride (fig. 7). Calcium decreases 
from the valley rim toward the center/ becomes a minimum 
where fluoride concentration is greatest/ and approaches 
rim concentration where fluoride concentration decreases.

Orthophosphate is more general in trend but increases 
from the valley rim to a maximum in the same area that 
calcium increases in the central part of the valley (fig.
8 ). A comparison of the orthophosphate concentration with 
calcium and fluoride concentrations suggests that ortho
phosphate is directly related to calcium and indirectly 
related to fluoride.

The maps illustrate the general trend in fluoride
concentration, its general associations, and the areas of

\

potential health hazards. The quantitative estimate of 
ionic associations, however, is lacking.

The first quantitative estimate of possible ionic 
association was the calculation of the simple correlation 
coefficients between fluoride and all determined ion con
centrations and physical properties with the use of the 
85 well sampling set. This approach yielded the following 
estimates:
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T-1436

T46N

RiOE

EXPLANATION
Range in concentration

0 . 0  - 0 . 1  mg/ 1  

0 . 1  r- 1 . 0  mg/1

1 . 0  - 2 . 0  mg/ 1  

> 2 . 0  mg/ 1

R8E
RIIE

T44N

RI2E

T42N

T40N

Moffat

£ SAGUACHE
OS A . COR10 GRANDE Hoppftf

Monte ■ 
Vista

T 38 N
4

41 MQ
Alamosa

T 36 N
10 MILES

T27S
Dei

Norte

Sampled well
%  r  ✓

Figure 8 .— Total orthophosphate concentration of the confined 
ground water in the closed basin.
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Parameter
Correlation
coefficient

Temperature 0.73
Carbonate 0.66
Sodium 0.63
PH 0.58
Bicarbonate 0.56
Calcium -0.56
Depth 0.46
Specific conductance 0.42
Or thopho spha te 0.29

Even though the correlation coefficient simply indicates the

several important implications are indicated. The highest 
direct relationship is that of temperature but even this has 
too much scatter to be a single indicator of fluoride con
centration. From this fact, fluoride concentration probably 
depends on more, than one chemical or physical property. 
However, it does indicate that fluoride concentration 
generally increases with depth because temperature is 
directly related to depth. Though carbonate is strongly 
pH dependent it may relfect the low calcium concen
tration. The sodium relationship indicates that fluoride
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increases with increasing ionic load. Silica is also 
strongly pH dependent. The position of the pH relationship 
indicates again a multi-parameter association. Bicarbonate 
and calcium are equally but oppositely related ions indi
cating a better association between the two than with 
fluoride. Depth and specific conductance are approximately 
equally related to the fluoride concentration with depth 
and ionic load. Finally, the fluoride concentration is not 
directly related to the orthophosphate concentration.

To summarize the above observations, the fluoride con
centration increases with increasing temperature, and there
fore is depth dependent; increases with increasing ionic 
load, and therefore is ionic-strength dependent; increases 
with increasing concentration of pH-dependent ions, and 
therefore is pH dependent; and increases with decreasing 
calcium concentration and therefore is indirectly related 
not only to calcium, but also bicarbonate and orthophosphate 
concentrations.

The combined effects of temperature and total ionic 
load on the dissolved fluoride is at least partially com
pensated for by the Debye-Huckel expression:
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(1)

where y  ̂is the single ion activity coefficient,
I is the ionic strength,
z is the charge on the ion,
a^ is the effective diameter of the hydrated ion, and

A and B are temperature-dependent functions of the dielectric

Effective diameters used are essentially those of Kielland
(1937). Values for A and B for the temperature of the
sample were those of Hamer (1968), but are not significantly
different from those of Garrels and Christ (1965).

The Debye-Huckel expression adequately corrects for
ionic strengths up to 0 .1 , well within the ionic strength
of the highest ionic load carried by the confined ground

— 2water (5.25 x 10 ). The ionic strength is calculated from
the expre s s ion

where m^ is the molality of individual ion concentration, and 
z^ is the charge.

The summation includes all ions in solution. Ionic strengths 
were calculated for each sample, and then used to calculate

constant and viscosity (Garrels and Christ, 1965, 
p. 61).

i ■ h £  miZi2 (2)

the activity coefficient. A temperature difference of 35°C
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(10°-45°C) changes the activity coefficient of ions by 
about 0.01 (fig. 9).

The individual ionic concentrations in milligrams per 
liter were converted to moles per liter (H l̂) and then mul
tiplied by appropriate activity coefficients to determine 
the effective ionic concentration or activity. Except for 
the orthophosphate concentration, individual ionic activ
ities were calculated as outlined. Orthophosphate concen
tration is reported as (PO^"") but, as in the carbonate 
system, it occurs in solution as several protonated ions 
dependent on pH. The analytical value is the sum of the
ions H3 PO4 0, ^PO^”, HPÔ "̂", and P O ^ -. The ions H2 PO4 ",

2- 3- . . .HPO4  , and PO4  are the only significant orthophosphate
ions in the pH range of the confined ground water. Equilib
rium constants (K̂ , K2 / K3 ) between the ions for the temper
ature range 10°C to 45°C were obtained from graphical plots 
of stability constants from Sillen and Martell (1964). The 
equilibrium values and the derivation of the following 
expression are given in Appendix I. Each ionic concentra
tion (*4/1 ) was calculated from the equilibrium expression:

(PO. ) K-1 K,K,
2 3    (3)

(P°4>t K iK 2 w
K 1 K 2 K 3  +  2 + —  +

K 3

(OH ) (OH ) 2 (OH- ) 3
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where is the ionization constant for water at the sample 
temperature. The fraction of (PO4 3 -) ions in the total 
orthophosphate concentration (PC>4 )T is calculated from the 
expression.

The individual equilibrium expressions used to calculate 
the fraction of the other two orthophosphate ions are:

(HPO2-) (PO.3-) (H3 0+)  and (4 )(po4)t " (po4)t k3

(h2 po4-) (po43_) (h3 o+ ) 2

(po4)T “ (P04)T k2 k3 (5)

The results are shown on figures 10 and 11. The (PC^S-) ion 
is particularly sensitive to temperature. . The activity of 
each ion was then calculated in the same manner as the 
other ions. The activity coefficient of the silica ion 
was assumed equal to one as it occurs as the (H4 S1 O4 ) ion 
within the pH range 7.00 to 9.50. Bicarbonate and carbonate 
concentration was assumed to be accurately determined by 
titration.

Each ion was thus converted to its "effective" con
centration or activity (W/l) which at the present state of 
the art compensates for the concentration of other ions in 
solution and for the temperature. All calculations in the 
following part of the study are made on the basis of the 
calculated activity as the concentration.
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Figure 10.— Fraction of orthophosphate ion (PO^-) of the 
total orthophosphate concentration, PT, from 
pH 7.5 to 9.5 for the temperature range 
10°- 45°C.



hp
o4

T-1436 46

0.90

0.70

0.50 8.0 8.5 9.07.5 9.5

2 _Figure 11.— Fraction of (HPO4  ) of the total orthophos
phate concentration, P^, from pH 7.5 to 
9.5 for the temperature range 10°-45°C.
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GEOCHEMISTRY
The controlling mechanisms being considered to explain 

the geochemical behavior of fluoride in the San Luis Valley 
are other ions in solution through the formation of a solid 
phase or ion exchange on an existing solid phase. Aqueous 
geochemistry studies have concentrated on the formation of 
solid phases from solution. These solid phases include the 
most abundant fluoride minerals— fluorite, fluorapatite, and 
cryolite. These are studied by the use of appropriate solu
bility product and equilibrium constants. These minerals 
however, would not necessarily be present in detectable 
quantities in drill-cutting samples because of.the trace 
quantities involved. Following the simple solubility product 
analysis, ion exchange on existing solid phases is studied. 
These include calcite, apatite, kaolinite, calcium montmoril- 
lonite, and sodium montmorillonite.

Fluorite
Because fluorite is perhaps the most common fluorine 

mineral, much work has been done on its solubility. The sim
plest expression for solubility is that of the solubility prod
uct. The solubility product for pure ideal fluorite is ex
pressed by the equation

(Ca2+) (F-) 2 » Kf. (6 )
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Therefore, with the known solubility product constant and 
the calcium concentration, the fluoride concentration can be 
calculated. The value for the constant expressed as the 
negative logarithm ranges from 10.4 to 10.6, depending on 
temperature (Sillen and Martell, 1964). Increasing the 
temperature increases the solubility. The results of a 
plot of the constant versus temperature is shown on figure 
12. The fluoride concentration calculated by the above 
method is shown,graphically in figure 13a. Only water 
from well 6 indicates oversaturation although water from 
wells 38 and 22 are near saturation. Furthermore, the 
approach from least saturation to near saturation indicates 
that this simple relationship is not controlling the fluoride 
concentration.

Two probable controls on the fluoride and calcium con
centration are complexing and ion exchange, but since the 
first approach is that of solubility in solution, complexing 
is considered first. The analytical method used for the 
determination of fluoride showed that the fluoride is not 
complexed to the extent of altering the activity. Calcium
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Figure 12»— Effect of temperature on the solubility product 
constant for fluorite.
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Unsaturated Saturated
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(F“) M/l MEASURED
Figure 13a.---The comparison between the calculated fluoride

for fluorite equilibrium (equation 6 ) and 
the measured fluoride activity. (Points on 
graph are results of calculation for indivi
dual samples.)
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Figure 13b.— The comparison between the calculated fluoride
activity using the uncomplexed calcium activity 
for fluorite equilibrium (equation 6 ) and the 
measured fluoride activity.
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has a well-known capability for complexing with carbonate, 
bicarbonate, the phosphate ions and hydroxide. Even though 
complexing of the calcium ion reduces the saturation calcu~ 
lated by the fluoride solubility product, complexing would 
indicate the possibility of error in the constant. Garrels 
and Thompson (1962) gave equilibrium constants for (CaC0 3 °) 
and (CaHC03+) complexes of 3.2 and 1.26 (negative logarithms) 
at 25°C. Chughtai, Marshall, and Noncollas (1968) gave 
equilibrium constants for (CaHP04°) and (CaP04“) complexes 
of 2.7 and 6.5 (negative logarithms) at 25°C. Langmuir
(1968) used 0.05 (negative logarithm) for the equilibrium

/

constant for the complex (CaOH+). The fraction and then 
the activity of each of the above complexes were calculated 
in the same manner as the phosphate ions beginning with the 
expression:

(Ca2+) T = (Ca2+) + (CaHC03+) + (CaC03°)
(7)

+ (CaHP04°) + (CaP04  ) + (CaOH+)
The (Ca2+) activity resulting from the above calculation 
was again used in the calculation of fluoride activity 
with equation 6 . The results of this calculation are
shown on figure 13b. The alignment of the calculated values
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indicates a positive relationship to the calcium ion activity. 
However, since the same well samples indicate saturation and 
because of the wide scatter of values in the unsaturated 
zone, the fluorite solubility product constant is not con
sidered in error.

Another possibility is that of equilibrium between 
fluorite and calcite. Such a calculation would include 
carbonate which is one of the ions more highly correlated 
with fluoride. An expression relating the two pure-product 
solubility products can be expressed as the ratio:

Also, because the carbonate activity of a few samples was 
below detection and because bicarbonate is the major anion in 
the water, the carbonate is calculated from the equilibrium 
constant, K^, which relates bicarbonate and carbonate and 
results in the expressions

The expression also adds the pH dimension to the calculated 
fluoride activity. All of the constants were corrected for

(Ca2+) (F ) 2 ^ ^f
(Ca2+) (C032) (8)

where Kf = fluorite solubility product, and
= calcite solubility product; 

and thus eliminate the calcium activity from the calculation.

(9)
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temperature (Wigley, 1971). The results are shown on figure
14. Calculated fluoride activities are essentially the same
as those for fluorite (equation 6 ). Because calculated fluo
ride activities are only slightly lower than fluorite values, 
they provide a tetter alignment but increase the scatter.
A plateau of calculated values has formed at about 10”  ̂*4/1 
fluoride. This plateau covers one complete order of magni
tude of measured fluoride activity.

In summary, the fluorite solubility product, either 
with or without complexing, and fluoride in equilibrium 
with both fluorite and calcite do not appear to control . 
fluoride activity in the confined ground water. There is 
an indication, however, that calcium activity does influence 
the fluoride activity. This influence must be either 
through the phosphate system, ion exchange in the aluminum 
system, or a combination of the two.

Apatite
The possibility of fluoride associated with the phos

phate system has been known since at least 1938 (Adler,
Klein, and Lindsay, 1938; Maclntire and Hammond, 1938).
Both reports showed that tricalcium phosphate removed 
fluoride from potable water. Maclntire and Hammond sug
gested that fluorine was necessary to render phosphate 
insoluble enough to be preserved. A great volume of work 
has been published on the solubility product of the apatite
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Figure 14.— The comparison between calculated fluoride
activity from fluorite and calcite equilib
rium (equation 9) and the measured fluoride 
activity.



T-1436 55

series and its structure. The linkage between the carbonate 
and phosphate in the apatite structure is still controver
sial (McConnell/ 1970), but Ames (1959) states that carbon
ate apatite is due to incomplete replacement of carbonate 
by phosphate. Ames (1960) found that calcite is directly 
altered to fluorite only in the absence of phosphate in 
alkaline solution. Ames (1961) found that carbonate did 
not substitute for the fluoride or hydroxide in apatite.
He also found that the difference between original and final 
product (calcite or apatite) depended on anion concentra
tion, extraneous ion concentrations, temperature, and pH. 
Significant effects were noted for solution pH, carbonate, 
and orthophosphate. Simpson (1964) continued the caicite- 
apatite series. He found that above pH 6.2 brushite 
(CaHP0 4 “2 H2 0 ) was not formed in the reaction of sodium phos
phate solutions on calcite. A gel-like apatite formed 
between pH 6.2 and 7.2 and formed crystalline apatite above 
pH 7.2. Simpson (1968) formed fluorapatite with 10”  ̂M 
fluoride solution at 25°C and showed that fluoride content 
in the product increased with increasing fluoride in solu
tion. Simpson's (1969) experimental data on the uptake of 
fluoride by hydroxylapatite (Ca^Q(PO^)gOH2) at 25°C resulted 
in a sodium carbonate fluorapatite with a structural formula 
essentially that of Kramer (1964) for fluorcarbonate-apatite 
but with excess water-. Mikhaylov (1968) confirmed Simpson's
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work; that is, brushite and tricalcium phosphate hydrolyze 
to hydroxylapatite. Furthermore, he lists solution ion 
concentration in equilibrium with fluorapatite and 
fluorcarbonate-apatite. In every case in the above reac
tions the pH increased with the formation of the fluorapa
tite. Excess water, implies a large surface area and the 
increase in pH suggests a surface ion exchange. A surface
complex has been formulated for hydroxylapatite, but nothing 
is known about its exchange properties.

Most of the experimental work has dealt with hydroxyl
apatite with the idealized formula Ca^Q(PO^)6 (OH)2• The 
solubility-products "constant" for the formation of hydroxyl
apatite ranges from 108 to 120 (Valyashko, Kogarko, and 
Khodakovskiy, 1968) at approximately 25°C with most values 
falling at about 110, all as negative logarithms (Sillen and 
Martell, 1964). With a range this wide it Would be diffi
cult to miss saturation. The mean solubility product 
calculated from the activities by the following expression

(Ca2 + ) 5 (P043“) (OH) 2 = Khap^ (10)

with a value of about 108 indicates that at leaist some 
oversaturation with hydroxylapatite (hap) is probable. In 
summary, fluoride has a lower free energy of formation than 
hydroxide with phosphate and therefore, should react more 
readily than hydroxide with any phosphate in solution. 
Ferguson and McCarty (1971) found the solubility product
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to be pH dependent, increasing from -100 to -90 in the pH 
range 8  to 9, a change in solubility product of 10 orders 
of magnitude.

Much less work has been done on pure fluorapatite and 
its solubility product. A solubility product for fluor
apatite calculated in the same manner as the above but with 
a substitution of fluoride activity for the hydroxide, 
resulted in a mean value of about 106 (negative logarithm). 
This clearly indicates supersaturation with respect to the 
reported range for fluorapatite 118 to 133 (Sillen and 
Martell, 1964).

Rootare, Deitz, and Carpenter (1962) as well as LaMer 
(1962) postulate the formation of a surface complex on 
hydroxylapatite. They postulate that the surface phosphate • 
ions of hydroxylapatite undergo hydrolysis. The release 
of ions by the surface reaction and the formation of the 
surface complex result in an apparent solubility. In the 
case of the confined ground-water system only the surface 
complex reaction should be evident.

[ca2  (HPO4 ) (OH) 2 1 *= (Ca2+) 2 (HP042_) (OH-) 2 (11)

The solubility product constant for this reaction is 27.48 
at 25°C and 25.72 at 40°C (negative logarithms from Rootare, 
Deitz, and Carpenter, 1962). Values calculated for the sol
ubility product of the 44 samples have a mean of 25.0, which 
for a mean temperature of 20 C would indicate near saturation
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with respect to the surface complex. The range of values 
from 26.60 to 24.62 indicates near-saturation for all the 
water samples. The values are plotted against pH in figure
15. From this graph there also appears to be a relation
ship between the constant and pH as well as temperature. 
This could be expected from the hydroxide in the solubility 
product calculation. There are no specific data on the 
reaction of the surface complex and other ions in solution, 
notably fluoride. If the series and the surface complex 
exists, the function would have only fluoride and hydroxide 
ions as the dependent variables. Both fluorapatite and 
hydroxylapatite can be expressed by the ratio:

(Ca2+) (P043-) (F- ) 2--------- ---------- * K, (12)
(Ca2+) (P04 3 ) (0H~) 2

in which the fluoride and the hydroxide are the only vari
ables. Any surface complex forming on any member in the 
series would similarly be a function of fluoride and hydr
oxide activities. As pointed out in most of the literature, 
fluoride has approximately the same radius as that of the 
hydroxide ion, and therefore ion exchange should not be 
hampered by size.

Simpson's data (1969, p. 1715 and 1717) include both 
the precipitation of a sodium fluorcarbonate apatite and 
the solution fluoride and pH concentration in a ball milled 
sample of Durango fluorapatite. The value for the constant
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Figure 15.— Relationship between calculated solubility product for 
the surface complex of hydroxyapatite and pH.
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in the expression
(f“) e K(0H“) (13)

calculated from Simpson's data ranqed from 1.30 to 1.96 
(logarithm) for an average of 1.71 in the pH range 7.71 to 
9.40. The above constant is 1.91 as calculated from data 
reported by Mikhaylov (1968, p. 735) . This constant was 
used to calculate the fluoride activity indicated by the 
solid line on figure 16. Fluoride activity of all samples 
is plotted versus pH. The dashed lines are the lower and 
upper ranges of Simpson's data. Only the fluoride activ
ities of samples 6 , 22, 24, and 38 exceed the upper range 
line. Twenty-five percent of the samples fall between the 
average and upper value for the constant. Half of the 
samples fall within the upper and lower values for the 
constant. The phosphate system would appear to allow a 
maximum range for the fluoride concentration to be pre
dicted on the basis of a pH measurement with a 50 percent 
probability that the fluoride activity will be within the 
range, and only a 1 0  percent probability that the range will 
be exceeded.

The solubility product constant calculated from Simp
son' s data represents reaction at room temperature. The 
fluoride-hydroxide ion exchange should also depend on 
temperature. Because of the activity of water, a pH 
measured at a low temperature would indicate less hydroxide 
than that of the same pH measured at a high temperature.



(F
“) 

M/
1

T-1436 61

II 12

10“  5

8.0 8.5 9.0 9.5
PH

Figure 16•— Relationship between sodium fluorcarbonate-apatite 
and both the fluoride activity and pH. (Solid 
line, mean; dashed lines, lower and upper limits 
to experimental constants.)
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A least square-fit calculation of fluoride with pH and 
temperature for all 44 samples resulted in the expression:

(F”) « -6.524 x 10" 5 - 1.023 (0H~) +1.204 (T°C) (14)
Figure 17 shows fluoride activity calculated from the above 
expression plotted versus the measured fluoride activity.
It can be seen that the fluoride activity of almost half of 
the 44 samples can be predicted from the expression. The 
spread of the samples indicates that the hydroxide ion alone 
does not control the fluoride activity.

Even though the phosphate system does not directly 
control the fluoride activity, a relationship between the 
fluoride activity and the hydroxide activity developed 
fr.om phosphate mineralogy does give an expression which 
predicts almost half of the sample fluoride activity. A 
similar relationship should exist in the aluminum system.
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Figure 17.— The comparison between the calculated fluoride 
activity using sodium fluorcarbonate-apatite 
(equation 14) and the measured fluoride 
activity.
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Cryolite
The knowledge that the fluoride ion is associated with 

aluminum precedes the knowledge of the phosphate association 
by several years (Kempf, Greenwood, and Nelson, 1934, and 
McKee and Johnston, 1934)o Both studies showed that alumi
num sulfate alone or in conjunction with a sodium silicate 
as a coagulation aid removed fluoride from solution. The 
reaction of aluminum with hydroxide, fluoride, and sulfate 
ions in solution has been investigated more thoroughly since 
that time by Hem and Roberson (1967), Hem (1968), and Rober
son and Hem (1968, 1969)• The prime concern has been the 
reaction of aluminum in solution with the above three ions 
in solution, and their complexing equilibrium and solubility 
products. This approach is sufficient for water in which 
the pH is less than 6 and greater than 9.5, where aluminum 
is soluble, and therefore occurs in an analytically deter
minable concentration. The aluminum in solution in the 
confined ground water of the San Luis Valley has 0.3 mg/1 
as a maximum concentration, barely within the accuracy of 
the method used (±0.1 mg/1). There are not enough analytical 
data to make a cryolite solubility product calculation 
meaningful. A calculation based on cryolite solubility,
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however, may help explain the low aluminum concentration.
If cryolite controls the aluminum concentration, the uncom-

_ nplexed aluminum activity would be approximately 1.4 x 10 
M/1 or about 4 ftg/1 (micrograms per liter) on the assumption 
of an average sodium activity of 10 M/1, fluoride of 10
M/1, and a solubility product for cryolite (Na3AlF£) of 
10-34.

An alternate approach would be the consideration of a 
surface complex. With this approach the aluminum would not 
necessarily be in solution, but the exchange between fluoride 
and hydroxide is assumed proportional to the complexing 
equilibrium constants for each ion. Forming a ratio bet
ween the two equilibrium constants (Roberson and Hem, 1968) 
results in the following expression:

(aif2+) = 107 • 0 1  (Al3+) (F~)
(aioh2+) io9 , 2 3  (ai3+) (oh")

A second assumption, that the aluminum-fluoride activity 
equals the aluminum hydroxide activity, results in an 
expression similar to that for the phosphate system.

(F-) = 102 * 2 2  (OH-) (15)

The trace of this expression placed on the same graph pro
duced for the phosphate system (fig. 18) indicates that no
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Figure 18.— Relationship between fluoride and hydroxide complexes 
of aluminum and their relationship to fluoride 
activity.
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sample exceeds values calculated from this expression. This 
implies that the hypothetical surface complex may function 
as a control on the fluoride activity with the maximum 
fluoride activity at a point where the fluoride complex 
equals that of the hydroxide. Fluoride activity less than 
that calculated from the expression would then be related 
to a lack of an adequate supply of fluoride ion. This 
surface complex should be a better control than the phos
phate because aluminum is far more abundant than either 
fluoride or phosphate. The ability of such a surface com
plex to function as a control would depend on' the availabil
ity of the aluminum ion in the complex. The clay minerals, 
kaolinite and montmorilIonite are both plentiful. They 
are also two major end products of chemical weathering.
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Kaolinite and MontmorilIonite 
Romo and Roy (1955, 1957), using a neutral fluoride 

solution, experimented with the fluoride-hydroxide exchange. 
Their studies showed an extensive release of hydroxide from 
the lattice of several clay minerals with a proportional 
decrease in fluoride ion in solution. Using 0.1 to 1.5 N 
sodium fluoride solutions, they definitely identified 
cryolite in the product of the exchange. Huang and Jackson 
(1965), using a IN potassium fluoride solution, showed 
essentially the same characteristic of exchange, but with 
this strength lattice aluminum was actually brought into 
solution. Finally, Bower and Hatcher (1967) experimented 
with 2 to 16 mg/1 fluoride solutions. They determined that 
the amount of fluoride adsorbed was a functipn of the fluo
ride concentration. The adsorption capacity of kaolinite 
was 4 to 6  times the capacity of montmorillonite. No 
distinction was drawn between sodium and calcium montmoril
lonite. When the ideal pure kaolinite formula (Al2 Si2 0 5  

(OH)4 ) is applied, there is approximately 0.26 M of hydroxide 
per mole of kaolinite. On extrapolation of Bower and 
Hatcher's data on fluoride adsorption capacity, approximately 
0.12 M of fluoride is adsorbed at a pH of 9.5. Almost half
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of the hydroxide is released at this pH. This pH is also 
the maximum pH observed for the confined ground water in the 
San Luis Valley. This suggests a definite association 
between fluoride concentration in solution and the clay 
minerals kaolinite and montmorilIonite.

The task of calculating the amount of kaolinite in 
contact with the confined ground water of only one well 
would be formidable. Such a calculation would include such 
detailed data on the hydrology and mineralogy that it would 
be prohibitively expensive. The value needed, however, is 
not the total amount of kaolinite but rather the effective 
amount or the activity of kaolinite in contact with the 
ground water. An accurate value for the activity of kaol
inite could be arrived at with an accurate value for the 
aluminum concentration. In the absence of such a value and 
in view of the difference in adsorption capacity between 
kaolinite and montmorilIonite, equilibrium relationships 
should suffice. Two assumptions are basic to this approach\ 
(1 ) equilibrium reactions between kaolinite and montmoril- 
lonite are adequately reflected by the activity of the 
necessary constituents in solution; and (2 ) kaolinite and 
montmorilIonite are at least the major clay minerals con-
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trolling the activity of these constituents in solution. 
The equilibrium reactions for kaolinite and both 

sodium and calcium montmorilIonite are those of Kramer 
(1964)• The expression for equilibrium between kaolinite 
(Ka) and sodium montmorilIonite (NaM) is:

The comparable expression for calcium montmorillonite (CaM)

with a literal application of the activity ratios of (Ka) to 
(NaM) and (Ka) to (CaM) can be calculated from the activity 
of silica, sodium, calcium, hydronium, and water. Silica is 
assumed to have an activity coefficient of one regardless of 
temperature, but the activity of sodium, calcium, and hydro
nium ions were corrected for temperature. The activity of 
water was corrected for both temperature and depth (Garrels 
and Christ, 1965)0 Solving the two ratios for the activity 
of kaolinite on the basis that

(Ka) 3 - 5  (H4 SiQ4 ) 4  (Na+)
(16)

(NaM) 3 ' 0  (H3 0+) (HaO) 1 1 ' 5

is:

(Ka) 3 * 5 (H4 Si04 ) 4  (Ca2 + ) 0 , 5
(17)

(CaM) 1 ' 5 (H3 0+) (HjO) 1 1 ' 5

(NaM) + (CaM) + (K) = 1 (18)
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results in the equation

A0 - 6 6 7  (Ka) 2 - 3 3  + b° * 3 3 3  (Ka) 1 * 1 7  + (Ka) = 1 (19)

where A is the ratio of (CaM) to (Ka) and B is the ratio of 
(NaM) to (Ka). Solving this equation for each sample results 
in the relative activity of kaolinite from which the rela
tive activity of both calcium montmorillonite and sodium 
montmorillonite can be calculated. The results of the above 
calculations on the 44 samples are shown in figure 19. 
Kaolinite approaches a maximum of 34 percent relative 
activity in water from well 36. Calcium montmorillonite 
approaches a maximum of 41 percent in water from well 16. 
Sodium montmorillonite has the dominant relative activity 
for all samples.

The relationship between fluoride activity and the 
relative activity of kaolinite is shown on figure 20. The 
fluoride activity definitely decreases with increasing
relative activity of kaolinite*

\

The relationship between fluoride activity and calcium 
montmorillonite (fig* 21) also shows a decrease. The fluo
ride activity decreases with increasing relative activity of 
calcium montmorillonite. The spread of points covers more 
than one order of magnitude of the fluoride activity. The



T-1436 72

Percent (NaM)

90

80

60

50

4 0

PercentPercent
(Ka) (CaM)

Figure 19.— The relative activity of kaolinite (Ka), calcium
montmorillonite (CaM), and sodium montmorillonite 
(NaM) in contact with the confined ground water 
(calculated from equations 16-19).



(f
“) 

m
/
i

T-1436 73

-410

10 15 20 3025 355
PERCENT RELATIVE ACTIVITY (Ka)

Figure 20.— Relationship between measured fluoride activity and 
the percent relative activity of kaolinite.
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Figure 21.— Relationship between measured fluoride activity 
and the percent relative activity of calcium 
montmorillonite.



T-1436 75

relationship between fluoride activity and the relative 
activity of sodium montmorillonite (fig. 2 2 ) shows much 
less scatter and is a direct relationship. Fluoride activity
increases with increasing relative activity of sodium

/

montmorillonite.
In view of the number of variables unaccounted for in 

the relatively simple calculations, the relationships cal
culated by the relative activity expressions are remarkably 
good. With the sodium montmorillonite graph a reasonable 
upper and lower limit for fluoride activity could be esti
mated. This approach is given further credence by (1) the 
fact that most ground water analyses contain less than 
1 mg/1 fluoride (Hem, 1970) and (2) that graphical equilib
rium diagrams of the type generally used indicate silica is 
in equilibrium with kaolinite rather than sodium montmoril- 
lonite.
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CONCLUSIONS
For the determination of probable solid-phase control on 

the fluoride concentration of the ground water in the closed 
basin of the San Luis Valley, the following solid-phase 
systems were evaluated: 1 ) fluorite, 2 ) fluorite-calcite
equilibrium, 3) fluorite-calcite equilibrium with uncomplexed 
calcium, 4) hydroxyapatite, 5) surface complex on hydroxy- 
apatite, 6 ) fluorapatite, 7) cryolite, 8 ) kaolinite, 9) cal
cium montmorillonite, and 1 0 ) sodium montmorillonite.

The fluorite and calcite systems show little control 
on fluoride concentration. The apatite system shows an 
apparent control involving only fluoride and hydroxide 
activities. However, these activities are controlled prin
cipally by the aluminum activity through the weathering of 
the silico-aluminum minerals to clays.

Maximum expected fluoride concentrations can be calcu
lated from the relationship between fluoride and hydroxide 
in equation 15. This relationship is shown graphically on 
figure 23. By measuring the temperature and pH of the 
ground water the maximum expected fluoride concentration 
can be derived from the graph. The optimum fluoride con
centration for health benefits is shown at 1 mg/1. At 2 mg/1 
and above the ground water should be sampled for a fluoride 
analysis because of the possible health hazard if the water 
is to be used for domestic purposes. In most instances the
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Figure 23.— Maximum expected fluoride concentration as a 
function of pH and temperature (Ionic 
Strength 0.000).
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analysis will be between the 10° and 45° limits shown on 
the graph but below the extrapolated temperature-pH indicated 
concentration. The graph should be used only as a decision
making tool. That is, the graph indicates whether an anal
ysis should be made to determine a potential health hazard. 
The expression should be useful in most of the southwestern 
United States and should definitely be used where the ground 
water flows through volcanic sediments of Tertiary age.

The control appears to be the relative activity of the 
clay minerals. The graphical relationship between the 
relative activity of kaolinite, calcium montmorillonite, 
and sodium montmorillonite shows that sodium montmorillonite 
is probably the major control. Thus, an approach for the 
calculation of an upper and lower limit to the fluoride con
centration involves the calculation of a relative activity 
for sodium montmorillonite. Although the approach is prob
ably closer to the natural system controlling the fluoride 
concentration, it will require further verification before 
acceptance. Further verification should include good 
experimental values for the equilibrium between the clay 
minerals under controlled conditions of both temperature 
and pressure. In addition, further verification should 
include ion-exchange constants between fluoride and hydrox
ide with the clay minerals under controlled conditions of 
temperature and pressure.
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APPENDIX I 
Values for equilibrium constants

10°C 25°C 45°C
pKi 2.09 2.15 2.25
pk2 7.25 7.20 7.18
pk3 12.56 12.35 12.17
P*w 14.53 14.00 13.40

Derivation of equation 3
(h ,po4") (h ,o+)

H 3 PO4  = h2 po4  + h Kl - (h3 po4) ---

2 - 0 .  (HP042-) (H,0+)
h2 po4  hpo4  + h+ k2 . ---(h2 po4~)---

3 - 0. (P043-) (H3 0+)HP04  = P04  + H+ K, = -------r— ---
(HP04  )

(po4)t = (po43-) + (hpo42-) + (h2 po4“) + (H3 PO ) 
From the above:

(P04)T = (po43-) + — — -----+
(poa 3 )(h3 0 +) (po4 3 )(h3o ) 2

Kl K.1 1 2  
(po4 3 _)(h3 o+ ) 3

+ w i

Removing the (PO^”) from the right hand side of the equation* 
multiplying through by K1 K2 K3 , and inverting results in:

(P043~) K1K2K3 _____
(p°4)T k1 k2 k3 + (h3 o+)k1 k2 + (h3 o+)2 k1 + (h3 o+ ) 3



T-1436 81

for the hydrolysis of water: = (OH ) (H3 0 +) ; and
substituting for (H3 0 +) results in:

(p043~>   *1*2*3

(P04>T K.K.K. * i l i *  *1 2  3 - - o _ o(OH ) (OH ) 2 (OH ) 3

Sample calculation
Temperature 25°C
pH = 8.5 POH 5.5
Equilibrium constants as above

Substituting into the equation
3-(PO ) -21^704 10

P̂0 4^T 1q-21.70 + IQ 23.35 ^ 1Q“~3 0  * 1 5  + 10 4 2

10"~5,5 lO” 1 1  io“16*5
results in:

(P043“) _ 4* = 1.35 x 10 *(po4)t
'<Derivation of equation 4 

since:

(P04 3 -)(H,0+) (HP04 2-) , — 4 - K 3  3

then:

(HP042-) (po43-) (h3 o+)
(po4) T “ (po4)t k3
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Sample calculation
substituting from the problem above

(hpo42“) 1 0 " 8 - 5  --- = 1.35 X  10 4  -==----(P04)T “ A ^  10-12.35

(hpo42-)
I p o *  '°-95



T-1436 83

APPENDIX II 
Solubility product calculation

for the surface complex on hydroxyapatite 
Surface complex (Ca2 HPO^OH2 )

Kgc . (Ca2+) 2 (HP042_) (OH-) 2  
where:

Ksc is the solubility product constant for the surface 
complex,

(Ca^+) is the calcium activity,
2 —(HPO4  ) is the phosphate activity, and 

(OH”) is the hydroxide activity.
For

(Ca2+) - 10- 4  M/1 
(HP042-) = 10“5 M/1 
pH b 8.5 and therefore pOH = 5.5 
Ksc = (10-4 )2 (10-5) (10- 5 - 5 ) 2  

Ksc = 1 x 10" 2 4
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APPENDIX III
Calculation of relative activity of clay minerals 
From equation 16

(NaM) 3 - 0  109 ' 1 (H4 S3.O4 ) 4  (Na+)-4---- L----  g.   ^ g
(Ka) 3 ‘ 5 (H3 0+)(H2 0) 1 1 , 5

and from equation 17

(CaM) 1 ' 5 IQ7 ’ 7 (H4 Si04 )4 (Ca2 + ) 0 - 5

(Ka) 3 , 5  (H3 0+) (H2 0) 1 1  • 5

and from the analysis of well no. 36:
(Na+) = 3.05 x 10” 4  

(Ca2+) = 2.29 x 10" 4

(W Qin.1 — -5 Q x IQ-4 '“4---4' - ~ ~
(H3 0+) =1.58 x 10” 9  

(H2 0) «= 1.03
Substituting into the above equations/ solving for A and B, 

and solving for (NaM) and (CaM) , we have

(NaM) = 2.320-333 (Ka) 1 - 1 7  and

(CaM) = 6.67°•667 (Ka)2-33.
Substituting into equation 19

3.55(Ka) 2 - 3 3  + 1.32(Ka)1 * 1 7 + (Ka) = 1 
and solving for (Ka), we have 

(Ka) = 0.34.



T-1436 85

Substituting this into the above equations for (NaM) and 
(CaM), we have

(NaM) e 0.37 and 
(CaM) t= 0.29.
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