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Abstract

Thermal water samples from Yellowstone National Park (YNP) have a wide range of pH (1–10), temperature, and high con-
centrations of fluoride (up to 50 mg/l). High fluoride concentrations are found in waters with field pH higher than 6 (except those
in Crater Hills) and temperatures higher than 50 �C based on data from more than 750 water samples covering most thermal
areas in YNP from 1975 to 2008. In this study, more than 140 water samples from YNP collected in 2006–2009 were analyzed
for free-fluoride activity by ion-selective electrode (ISE) method as an independent check on the reliability of fluoride speciation
calculations. The free to total fluoride concentration ratio ranged from <1% at low pH values to >99% at high pH. The wide
range in fluoride activity can be explained by strong complexing with H+ and Al3+ under acidic conditions and lack of complex-
ing under basic conditions. Differences between the free-fluoride activities calculated with the WATEQ4F code and those mea-
sured by ISE were within 0.3–30% for more than 90% of samples at or above 10�6 molar, providing corroboration for chemical
speciation models for a wide range of pH and chemistry of YNP thermal waters. Calculated speciation results show that free

fluoride, F�, and major complexes (HF0
ðaqÞ, AlF2+, AlFþ2 and AlF0

3) account for more than 95% of total fluoride. Occasionally,

some complex species like AlF�4 , FeF2+, FeFþ2 , MgF+ and BF2ðOHÞ�2 may comprise 1–10% when the concentrations of the
appropriate components are high. According to the simulation results by PHREEQC and calculated results, the ratio of main
fluoride species to total fluoride varies as a function of pH and the concentrations and ratios of F and Al.
Published by Elsevier Ltd.
1. INTRODUCTION

Fluorine is the lightest element of the halogen group, the
most electronegative, and the most reactive of all the chem-
ical elements (Pauling, 1970, p. 217). Fluoride is not only an
important component in natural waters in relation to metal
complexation, but an essential element for life with the opti-
mal concentration in a narrow range between beneficial in-
take and toxic exposure. It is generally believed that
fluoride deficiencies can arise at low concentration, but at
high fluoride concentrations other detrimental effects can
occur such as dental and skeletal fluorosis (Edmunds and
Smedley, 2005). Most previous studies on the aqueous geo-
chemistry of fluoride were focused on factors controlling
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fluoride enrichment in groundwater because a huge popula-
tion across the world has suffered from endemic fluorosis
because of long-term ingestion of high-fluoride groundwa-
ter (Edmunds and Smedley, 2005; Kim and Jeong, 2005;
Jacks et al., 2005; Chae et al., 2007). The maximum concen-
tration of fluoride in groundwater is often controlled by the
solubility of fluorite (Nordstrom and Jenne, 1977; Edmunds
and Smedley, 2005) and associated with high pH in sodium-
bicarbonate type waters (Cederstrom, 1946; Foster, 1950;
Zack, 1980), or hydrothermal waters, especially in arid
and semiarid environments (Nordstrom and Jenne, 1977;
Reardon and Wang, 2000; Smedley et al., 2002; Edmunds
and Smedley, 2005; Chae et al., 2007; Ozsvath, 2009; Wang
et al., 2009). Besides fluorite, fluorapatite is also known to
be a natural mineral source of fluoride in groundwater.

It is important for fluoride concentrations to be deter-
mined as part of comprehensive groundwater chemistry
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surveys and studies. Routine techniques for fluoride
concentration determination in waters include fluoride
ion-selective electrode (ISE) and ion-chromatography
(IC). The fluoride ISE, a solid-state electrode, was origi-
nally found to be a robust, highly sensitive technique that
responded with Nernstian quantitation to the activity of
free fluoride (Frant and Ross, 1966; Butler, 1969; Daghetti
and Tasatti, 1981). The linear working range becomes non-
linear at or below 10�6 m (limited by the solubility of LaF3)
although lower concentrations are still measurable
(Barnard and Nordstrom, 1982). Although simple standard
procedures have been developed for the fluoride ISE meth-
od (Midgley and Torrance, 1991), it is not as widely used as
the IC method. Fluoride concentrations determined by ion
chromatography are susceptible to errors from the “water
dip,” a dilution of the eluent at the leading edge of the injec-
tion, and from overlapping organic-acid peaks, such as for-
mate, and shifts in retention times caused by high
concentrations of Cl or SO4 (Ball et al., 2006; Noh and
Coetzee, 2006).

Fluoride ion, as a strong ligand in water, can form a ser-
ies of soluble complexes with polyvalent cations such as
magnesium (Mg2+), iron (Fe3+), aluminum (Al3+), and cal-
cium(Ca2+) depending upon the pH of the medium (Nord-
strom and Jenne, 1977). Fluoride also forms strong
complexes with minor components such as boron, beryl-
lium, silica, uranium, vanadium, and REEs (Hem, 1985;
Lewis et al., 1998; Serrano et al., 2000). Because of the
low concentrations of iron and aluminum in neutral waters,
fluoride would not be bound to those cations to any signif-
icant extent. Therefore, free fluoride is generally the pre-
dominant species of fluorine in most natural waters, with
minor amounts of complexes occurring with major cations
and some minor or trace constituents (Edmunds and
Smedley, 2005; Ozsvath, 2009). A few previous studies only
determined concentrations of free fluoride ion in rain water
(Barnard and Nordstrom, 1982; Hara et al., 1998), thermal
waters (Nordstrom, 2001), and aqueous suspensions of
montmorillonite and kaolinite (Agarwai et al., 2002). Little
attention has been given to fluoride speciation analysis
Table 1
Thermodynamic data in the WATEQ4F code for modeling aqueous spe
reaction under standard-state conditions (25 �C, 1 bar pressure, in kilocal
reaction.

Aqueous species Reaction

MgF+ Mg2+ + F�¡ MgF+

CaF+ Ca2+ + F�¡ CaF+

NaF� Na+ + F�¡ NaF�
AlFþ2 Al3+ + F�¡ AlF2+

AlFþ2 Al3+ + 2F�¡ AlFþ2
AlF3� Al3+ + 3F�¡ AlF3�
AlF�4 Al3+ + 4F�¡ AlF�4
FeF2+ Fe3+ + F�¡ FeF2+

FeFþ2 Fe3+ + 2F� ¡ FeFþ2
FeF3� Fe3+ + 3F�¡ FeF3�
SiF�6 H4SiO4� + 4H+ + 6F�¡ SiF2�

6 + 4H2O
HF� H+ + F�¡ HF� Log KHF� = �2.033 + 0.012645T
HF�2 H+ + 2F� ¡ HF�2
H2F2� 2H+ + 2F�¡ H2F2�
except by aqueous speciation calculations using geochemi-
cal modeling codes. Although aqueous speciation models
have been used extensively to interpret water–rock interac-
tions, reactive-transport processes, and solute–biota inter-
actions (Nordstrom and Munoz, 1994; Langmuir, 1997),
little work has been done to evaluate their reliability (Nord-
strom and Ball, 1989; Nordstrom, 1996). In fact, different
techniques used for the determination of inorganic or or-
ganic speciation often give varying results (Temminghoff
et al., 2000; Nordstrom, 2004), and analytically derived spe-
ciation results have seldom been compared with computed
results (Nordstrom, 1996).

Hydrothermal chemistry at Yellowstone National Park
(YNP) was first documented by Gooch and Whitfield
(1888) during the Hague expeditions of 1883–1886
(Fournier, 2005; Rodman and Guiles, 2008). The thermal
activity is unique among presently active systems in regard
to its unparalleled geysers, tectonic environment, and mag-
nitude of volcanic activity (Fournier, 2005). Investigations
into the water chemistry of hot springs, geysers, streams,
and rivers in YNP have been conducted by the US Geolog-
ical Survey (USGS) and others since 1888 (Ball et al., 2006).
Hydrothermal waters undergoing rapid decreases in tem-
perature and pressure and discharging to ground surface
provide a wide variety of water chemistry and chemical
and biological transformations which accompany these
physical changes (Nordstrom et al., 2005). Hydrothermal
water samples from Yellowstone have a wide range of pH
(1–10), temperature, and water composition (Nordstrom,
2001; Ball et al., 2001, 2002, 2006; McCleskey et al.,
2005), which offer an opportunity to study the geochemistry
and speciation of fluoride in hydrothermal systems.

This paper is our first in a series on the geochemistry of
fluoride in Yellowstone National Park using a greatly ex-
panded analytical database with improved QA/QC (quality
assurance/quality control) and a major update since our
earlier publication (Nordstrom and Jenne, 1977). This pa-
per focuses on aqueous fluoride speciation and a compari-
son between free fluoride-ion activities measured with the
fluoride ISE and those computed with the WATEQ4F
ciation and mineral solubility of fluoride species; DH�, enthalpy of
ories per mole; Log K, logarithm of the equilibrium constant for the

DH Log K Reference

3.2 1.82 Nordstrom and others (1990)
4.12 0.94 Nordstrom and others (1990)
0 �0.24 Nordstrom and others (1990)
1.06 7.0 Nordstrom and May (1996)
1.98 12.7 Nordstrom and May (1996)
2.16 16.8 Nordstrom and May (1996)
2.2 19.4 Nordstrom and May (1996)
2.7 6.2 Nordstrom and others (1990)
4.8 10.8 Nordstrom and others (1990)
5.4 14 Nordstrom and others (1990)
�16.26 30.18 Ball and Nordstrom (1991)

+ 429.01/T 3.18 3.18 Nordstrom and others (1990)
4.55 3.76 Nordstrom and others (1990)
0 6.768 Ball and Nordstrom (1991)



Table 2
Chemical compositions and aqueous fluoride species distribution of selected geothermal waters in Yellowstone National Park (2006–2008).

Sample location Units Sulfur Caldron Lifeboat Spring Tantalus Creek Sulphur Spring Cinder Pool Beryl Spring Ojo Caliente

Sampling date 9/19/08 9/13/07 9/14/06 9/19/08 9/12/07 5/17/06 9/16/06
Temperature �C 73.2 69.4 23.6 87.5 86.8 90.7 91.4
pH (field/lab) 1.60/1.58 2.48/2.39 3.02/3.02 3.75/3.46 4.28/3.96 6.71/8.22 7.52/8.33
SC lS/cm 6640 2550 2290 3440 2090 2040 1495
Eh V nd 0.124 nd 0.11 �0.042 �0.030 nd
Ca mg/L 36.8 4.19 4.09 5.63 5.22 3.67 0.867
Mg mg/L 9.12 0.264 0.231 0.3 0.020 0.012 <0.007
Na mg/L 317 282 310 576 409 409 323
K mg/L 8.91 35.9 56.3 117 41.4 17.5 9.18
SO4 mg/L 3490 405 155 425 63.7 62.2 21.6
H2S mg/L nd 0.08 nd 1.03 2.12 0.39 0.96
HCO3 mg/L nd nd nd nd nd 97 232
Cl mg/L 2.86 412 490 802 633 523 318
F mg/L 4.45 3.36 4.27 48.6 6.83 17.1 34.5
NH4-N mg/L 86.6 1.8 1.4 16.8 6.77 0.697 <0.07
SiO2 mg/L 291 369 364 743 383 46.1 257
B mg/L 3.28 5.98 7.63 23.5 9.7 7.14 4.13
Al mg/L 81.6 2.86 2.47 5.92 0.95 0.16 0.26
Fe mg/L 20.4 37.1 1.27 0.141 0.012 <0.002 0.007
As mg/L 0.0037 14.6 1.85 5.57 2.35 2.90 1.43
Charge imbalance % 8.2 3.6 �0.2 �5.3 3.7 2.9 �1.4
Free F� % 0.04 1.66 6.63 39.81 59.02 98.94 99.32
HF0

(aq) % 2.77 16.59 8.07 29.87 13.5 0.09 0.01
AlF2+ % 93.08 27.17 6.77 0.04
AlFþ2 % 4.08 52.36 58.97 1.24 6.06
AlF

�

3 % 2.2 12.66 16.87 18.56 0.02 0
AlF�4 % 0.1 9.32 2.13 0.01 0
FeF2+ % 0.03 3.96
FeFþ2 % 2.72
FeF0

3 % 0.07
NaF0 % 0.01 0.04 0.38 0.44 0.74 0.60
BFðOHÞ�3 % 0.06 0.04 0.05 0.03
BF2ðOHÞ�2 % 1.76 0.07
BF3ðOHÞ� % 0.17
CaF+ % 0.06 0.11 0.14 0.03
MgF+ % 0.02
SiF2�

6 % 0.03

SC: specific conductance; nd: not determined.
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Fig. 1. Map of Yellowstone National Park showing the main areas of sample collection with solid circles. Most acid waters are found in or
near Norris Geyser Basin, Mud Volcano, or Crater Hills.
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aqueous speciation code (Ball and Nordstrom, 1991). The
supporting analytical data for dissolved constituents (other
than free fluoride-ion activity measurements) used in this
study are found in Thompson and Hutchinson (1981),
Thompson and Demonge (1996), Ball et al. (1998a,b,
2001, 2002, 2006, 2010), and McCleskey et al. (2005) data
are given in Table 2.

2. MATERIALS AND METHODS

2.1. Sample locations

Yellowstone water samples were collected from thermal
features at Mammoth Hot Springs, Norris Geyser Basin,
Upper, Lower, and Midway Geyser Basin, Gibbon Geyser
Basin, Potts Hot Spring Basin, Heart Lake Geyser Basin,
Washburn Hot Springs, Crater Hills (includes Sulphur
Spring), Mud Volcano (includes Sulphur Caldron), Sho-
shone Geyser Basin, Lemonade Creek, Nymph Lake, West
Nymph Creek Thermal Area (WNCTA), Mirror Plateau
Hot Springs, Bechler Canyon, and Boundary Creek
(Fig. 1). The majority of acidic samples come from Norris
Geyser Basin, Mud Volcano, or Crater Hills with a few
samples from other basins. The samples were collected from
springs arising from a variety of major rock types found in
Yellowstone and a wide range of pH, temperature, chemical
composition, and fluoride concentration.

2.2. Sample collection and field measurements

Water samples from springs, geysers, and large pools
were collected with specialized equipment and filtered and
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preserved on site, the details of the processes and precau-
tions were described by Nordstrom et al. (2009) and
McCleskey et al. (2005). Samples for the determination of
major cations and trace elements (As, Al, B, Ba, Be, Ca,
Cd, Co, Cr, Cu, Fe, Hg, K, Li, Mg, Mn, Mo, Na, Ni,
Pb, Sb, Se, SiO2, Sr, V, and Zn) were placed and stored
in polyethylene bottles, which had been soaked in 5%
HCl and rinsed three times with distilled water before col-
lection. And then 1% (v/v) concentrated redistilled HNO3

was added to stabilize the samples. The HNO3 is high pur-
ity made by sub-boiling distillation and the HCl is high pur-
ity trace-metal free from GFS Co. Samples for major
anions (Br, Cl, F, NO3, and SO4), alkalinity (HCO3), and
acidity were stored in polyethylene bottles with no chemical
agents added. Container preparation and stabilization
methods for samples analyzed for special redox species,
stable isotopes, and organic carbon were summarized in
Nordstrom et al. (2009). Water samples collected and
documented from other reports used similar collection
and preservation methods.

Measurements of electromotive force, used to calculate
redox potential (Eh), pH, temperature, specific conduc-
tance, and H2S were performed on-site. Measurements of
Eh were checked against ZoBell’s solution at the beginning
of each day (Nordstrom, 1977). Measurements of Eh and
pH were made on unfiltered sample water pumped from
the source through an acrylic plastic flow-through cell,
Fig. 2. Fluoride concentrations plotted with respect to pH values
for Yellowstone hydrothermal waters (1975–2008). Data from
Thompson and Hutchinson (1981), Thompson and Demonge
(1996), Ball et al. (1998a,b, 2001, 2002, 2006), McCleskey et al.
(2005), and Ball et al. (2010) data (see Supplementary material 1).
which minimized sample contact with air (Nordstrom
et al., 2009). Field measurement of pH in thermal waters
is challenging because of high-temperatures, complex sam-
ple matrices which are often supersaturated with CO2, and
surging water resulting from gas discharge. The details of
measurement and calibrations can be found in Nordstrom
et al. (2009). Lab measurements of temperature were very
nearly 22 �C and the pH scale was based on the NBS con-
ventions (Bates, 1973).

2.3. Analytical methods

2.3.1. Major ions

Major cations and most trace elements were determined
by inductively coupled plasma-atomic emission spectrome-
try, major anions by ion chromatography except for alka-
linity, which was determined by titration, and total and
free fluoride, which were determined by ISE potentiometry.
Most determinations had errors of about 5% or less and
most detection limits were in the range of 1–100 ppb.
Charge imbalances were commonly less than 5% and nearly
all were less than 20% (Nordstrom et al., 2009). The analyt-
ical data were reported in Ball et al. (1998a, b, 2001, 2002,
2006, 2010) and McCleskey et al. (2005).

2.3.2. Fluoride ISE method

Both total dissolved fluoride and free fluoride were
determined by ISE potentiometry. The fluoride ISE is
highly sensitive, precise, and accurate for the measurement
of fluoride-ion activity. The method for total dissolved fluo-
ride uses a 10:1 mix of sample or standard with commer-
cially available “total ionic strength adjustment buffer”

(TISAB III) to eliminate aqueous complexes of fluoride,
Fig. 3. Free-fluoride activity variation with pH for Yellowstone
hydrothermal waters (1975–2008) calculated with WATEQ4F.
Data from Thompson and Hutchinson (1981), Thompson and
Demonge (1996), Ball et al. (1998a,b, 2001, 2002, 2006), McCleskey
et al. (2005), and Ball et al. (2010, 2006) data (see Supplementary
material 1). (Legends are the same as Fig. 2, but samples were not
included for the calculation in which the Al concentration was
missing).



Fig. 5. Measured vs. calculated free fluoride ion activity distin-
guished by time of sample measurement. Data from 2006–2008
(Ball et al., 2010).
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buffer the pH, and keep the ionic strength constant. The TI-
SAB III concentrate with CDTA (1, 2-diaminocyclohexane-
N, N, N0, N0-tetraacetic acid, Orion 940911 reagent) was
used. In addition, the reagent contains ammonium chloride,
cresol red, and deionized water. Efforts have been made to
evaluate the effect of matrix composition and some ele-
ments that could interfere with the fluoride determination
with different methods (van den Hoop et al., 1996; McCleskey
et al., 2004; Ball et al., 2006; Noh and Coetzee, 2006). High
concentrations of aluminum in mine waters form strong
complexes with fluoride, likely causing false results of low
fluoride determination by ISE, which only measures free-
fluoride ion (McCleskey et al., 2004). This interference
can be eliminated by increasing the proportion of TISAB
added to eliminate aqueous complexes of fluoride and
ionic-strength effects (Midgley and Torrance, 1991).

Aqueous fluoride in Thompson and Hutchinson (1981),
Thompson and Demonge (1996) was determined by ISE
after 1:1 mixing with CDTA of lower concentration for
decomplexing, 1 M NaCl for constant ionic strength adjust-
ment, and acetate buffer to pH of 5.5 or after mixing
with1 M NaCl, 0.058 M HCl, and 0.1 M tris-(hydroxy-
methyl) aminomethane. All of these reagents serve the same
purpose.

The measurement of free F� activity must be obtained
without any added reagents, except to determine the effect
of ionic strength on the standards by the addition of NaCl.
The electrode was calibrated against a series of 5 or more
KF standard solutions (Robinson et al., 1971) covering
the linear working range of the electrode (about 100 ppb
to at least 50 ppm). The activities of the standard solutions
were calculated with the same code used for the speciation
calculations, i.e. WATEQ4F (Ball and Nordstrom, 1991).
The electrode was then used to measure the electromotive
force of the sample solutions. Kinetic problems and non-
linearity of the electrode response begin to be noticeable
Fig. 4. The standard curves of free fluoride activity measurement
by ISE method considering the effect of ionic strength by the
addition of NaCl.
below 100 ppb fluoride (or the equivalent activity, about
10�6 molar, for a mixed electrolyte solution) and the uncer-
tainty increases substantially. To consider the ionic strength
effect, 0.02 M, 0.05 M, and 0.1 M NaCl were added to the
standard solutions sets to make the ionic strength of sample
and standards comparable.

2.3.3. Speciation computations

For the speciation calculations, the pH and temperature
of the sample needs to be the same as those for which the
fluoride ion-activity measurements were made, i.e. ambient
lab conditions. Results of the complete water analysis with
ambient lab temperature (22 �C) and lab pH values were
input data to the WATEQ4F speciation code (Ball and
Nordstrom, 1991). Lab pH values can be found in Ball
et al. (2001, 2002, 2006, 2010) and McCleskey et al.
(2005). The main complexes of fluoride are given in Table
1 with the basic thermodynamic data (and references) used
in WATEQ4F to calculate speciation. The PHREEQC code
(Parkhurst and Appelo, 1999) was used for computations of
speciation needed to prepare speciation diagrams. This
code uses an ion-association aqueous model based on the
original WATEQ code (Truesdell and Jones, 1974) and
computes saturation indices, mass transfer, transport, equi-
librium and irreversible reactions, kinetics, solution mixing,
effects of temperature changes, and inverse modeling. The
same database from WATEQ4F was used for the PHRE-
EQC computations.

3. RESULTS AND DISCUSSION

3.1. Fluoride and water chemistry in Yellowstone

Hydrothermal water samples from Yellowstone Na-
tional Park have a wide range of pH (1–10), temperature
(25–95 �C), high concentrations of fluoride (up to 50 mg/
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l), silica (up to 800 mg/l), arsenic (up to 15 mg/l), boron (up
to 50 mg/l), and hydrogen sulfide (up to 8 mg/l) (Fig. 2 and
Table 2) based on our data and those of Thompson and
Hutchinson (1981) and Thompson and Demonge (1996).
Numerous biotic and abiotic redox reactions, degassing
processes, and mineral-precipitation occur in this hydro-
thermal system (Nordstrom et al., 2005).

Fig. 2 shows that the total aqueous fluoride concentra-
tion for most of major thermal areas in Yellowstone varies
with pH. Generally, the occurrence of high fluoride concen-
trations is restricted to waters with field pH values higher
than 6 and temperatures higher than 50 �C. These condi-
tions are found in Lower, Midway, Upper and West
Thumb Geyser Basins, and parts of Bechler Canyon and
Boundary Creek. An exception is in Crater Hills where 7
samples in or near Sulphur Spring have high fluoride
concentrations and low pH values. These samples are also
unusually enriched in boron (23.5–28.5 mg/l), arsenic
(3.79–5.89 mg/l), silica (694–743 mg/l) and lithium (5.67–
7.78 mg/l). In Mammoth Hot Springs area, the total dis-
solved fluoride concentration of the water samples are typ-
ically less than 5 mg/l with pH ranging from 6 to 8. Water
samples with pH less than 6 commonly contained less than
10 mg/L of fluoride and were generally found in Norris
Geyser Basin. High concentrations of fluoride were gener-
ally associated with temperatures greater than 50 �C.

For thermal waters in YNP, both fluoride concentration
and free-fluoride activity are pH dependent. Calculated
free-fluoride activity is lower in acidic water and higher in
alkaline water. The fluoride activity is nearly zero when
Fig. 6. The deviation between measured values of free-fluoride activity an
difference relative to measured free-fluoride acitivity, (b) frequency plot
frequency plot for % difference for 2009 samples (Supplementary material
±30% when the free fluoride activity at or above 10�6 molar).
pH is less than 3. As pH increases from 6 to 8, fluoride
activity increases sharply (Fig. 3) and some of the outliers
in Fig. 2 (Crater Hills samples) are now more in line with
the general trend.

3.2. Comparison of measured vs. calculated free fluoride ion

activity

The effect of ionic strength on the standard solutions
was considered by adding increasing amounts of NaCl
(Fig. 4) and recomputing the activity of free fluoride with
WATEQ4F. Free-fluoride activities were determined from
the appropriate standard curve which had comparable ionic
strength to the water samples. With an increase in ionic
strength, the slope of the standard curve decreases.

The results of the comparison between free-fluoride
activities measured by ISE and those calculated with
WATEQ4F are summarized in Fig. 5. It should be pointed
out that the free-fluoride activity in water samples collected
in 2006–2008 were measured in 2008, while the samples in
2009 were measured 2 weeks after collection. The values
of free-fluoride activity cover a broad range of about 5 or-
ders of magnitude. The results of the comparison are gener-
ally good, for such a wide range of pH and composition.

A deviation plot is a more sensitive measure of the var-
iance. The deviations in percent difference vs. measured val-
ues of free-fluoride activity are shown in Fig. 6. The
agreement varies by 0.3–30% in more than 90% of the
2006–2008 samples with free-fluoride activity at or above
10�6 molar. The deviation becomes greater than 50% when
d WATEQ4F-calculated results in percent difference. (a) Percent of
for % difference for 2006–2008 samples (Ball et al., 2010) and (c)
1; The grey box shows that more than 90% of the samples fit within



Table 3
Temperature, pH, Cl concentration, fluoride concentration, measured free-fluoride activity (molal scale), and calculated free-fluoride activity (molal scale) for 2009 samples. Basin designations are
NGB = Norris Geyser Basin, CH = Crater Hills, WNCTA = West Nymph Creek Thermal Area, FR = Firehole River, LGB = Lower Geyser Basin.

Sample ID Location Basin Temperature (�C) pH Cl (mg/L) F (mg/L) Free F activity (measured)** Free F activity (calculated)**

09WA102 Lifeboat Spring*** NGB 51.0 3.67 627 5.47 1.11 � 10�4 1.39 � 10�4

09WA103 Persnickety Geyser*** NGB 82.1 5.14 630 5.80 2.44 � 10�4 2.38 � 10�4

09WA105 Cojones I*** NGB 76.8 2.48 540 4.44 3.14 � 10�6 3.16 � 10�6

09WA106 Cojones II*** NGB 67.2* 3.61 678 6.28 9.42 � 10�5 1.11 � 10�4

09WA107 Unnamed NGB 89.2 6.57 547 6.27 3.10 � 10�4 2.89 � 10�4

09WA108 Cinder Pool NGB 90.6 4.23 643 6.56 1.85 � 10�4 1.94 � 10�4

09WA109 Bathtub Spring NGB 89.7 4.18 512 6.01 1.26 � 10�4 1.28 � 10�4

09WA110 Emerald Spring NGB 83.8 4.31 596 6.64 2.62 � 10�4 2.69 � 10�4

09WA111 Minute Geyser NGB 92.3 7.26 592 6.24 2.99 � 10�4 2.80 � 10�4

09WA112 Branch Spring NGB 78.5 4.18 404 4.05 1.39 � 10�4 1.47 � 10�4

09WA113 Second Eruptor*** NGB 91.2 8.03 665 6.34 2.99 � 10�4 2.89 � 10�4

09WA114 Unnamed NGB 83.4 4.10 282 3.23 1.44 � 10�7 2.11 � 10�7

09WA115 Unnamed NGB 68.0 4.10 90.4 0.63 7.59 � 10�8 1.19 � 10�7

09WA116 Unnamed NGB 72.9 2.33 248 2.78 6.12 � 10�7 7.46 � 10�7

09WA117 Nymph Lake NGB 89.6 3.70 114 3.30 2.96 � 10�6 3.51 � 10�6

09WA118 Unnamed NGB 82.4 2.33 212 3.63 4.01 � 10�7 5.69 � 10�7

09WA119 Unnamed CH 81.2 2.21 2.0 0.64 3.26 � 10�8 6.67 � 10�8

09WA120 Sulphur Spring CH 88.2 3.93 1001 37.9 7.21 � 10�4 8.77 � 10�4

09WA121 Unnamed CH 86.1 2.21 1.6 0.26 2.04 � 10�8 2.58 � 10�8

09WA122 Cistern Spring NGB 83.1 4.80 536 5.64 2.55 � 10�4 2.47 � 10�4

09WA123 Unnamed WNCTA 61.9 5.57 9.9 5.93 2.90 � 10�4 2.70 � 10�4

09WA124 Steamboat Geyser NGB 82.0 6.27 571 5.77 2.72 � 10�4 2.47 � 10�4

09WA125 Green Dragon Spring NGB 90.2 2.87 488 5.40 9.22 � 10�6 1.36 � 10�5

09WA126 Unnamed NGB 77.6 2.72 503 5.71 1.97 � 10�5 2.80 � 10�5

09WA128 Chocolate Pots I CP 52.2 5.96 32.2 4.48 2.19 � 10�4 2.00 � 10�4

09WA129 Chocolate Pots II CP 62.0 6.24 33.4 4.96 2.43 � 10�4 2.26 � 10�4

09WA131 Lonestar Geyser FR 36.7* 9.14 534 17.4 7.87 � 10�4 7.95 � 10�4

09WA132 Quagmire Group Spring LGB 89.3 8.72 318 27.7 1.23 � 10�3 1.29 � 10�3

09WA138 Ojo Caliente LGB 93.5 7.52 330 32.7 1.41 � 10�3 1.57 � 10�3

* Flow cell temperature.
** At 22 �C 594.

*** Unofficial name.
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Fig. 7. Change of free- to total-fluoride concentration ratio with
field pH under field (field pH and temperature) and lab conditions
(lab pH and 22 �C).

Fig. 9. Fluoride speciation vs. pH in hydrothermal water samples
calculated by WATEQ4F.
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the fluoride activity is below 10�6 molar. This increased
variance is related to the non-Nernstian response of the
ISE as it approaches the detection limit and to differences
in ionic strength and solution composition between samples
and standards.

The deviation between fluoride activities obtained by the
two methods for the 2009 samples was much less (0.3–10%
for 95% of samples with free-fluoride activity greater than
10�6 molar; Table 3) than the 2006–2008 data. It provides
excellent corroboration for chemical speciation models.

Laboratory pH measurements are made typically near
22 �C which can be as much as 70 �C lower than the tem-
perature at which the sample pH was measured in the field
and this difference will affect fluoride activities. To evaluate
these effects the calculated results under field conditions
Fig. 8. Free- to total-fluoride ratio and complexed F to total fluoride r
(field pH and field temperature) were compared with those
under lab conditions (lab pH and 22 �C; Fig. 7). Results
show that the difference is associated mostly with samples
that have lower field pH (<4) and higher temperature
(>50 �C).

In Fig. 7, the data in the dashed square that have bigger
differences of free- to total-fluoride concentration ratio be-
tween results under field and lab conditions mostly have
lower concentrations of fluoride (0.5–5.5 mg/l), higher alu-
minum concentrations, and lower free- to total-fluoride ra-
tio (0.1–50%). Free-fluoride activity is sensitive to the
variation of pH at the range of 1–4. The free- to total-fluo-
ride ratio becomes relatively constant at pH > 6. Further-
more, differences in pH values between field and lab
measurements are the results of Fe oxidation and
atio affected by (a) lab pH and (b) Al concentration, respectively.
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hydrolysis, the oxidation of reduced S species, CO2 degas-
sing, and the change in temperature (Nordstrom et al.,
2009). The differences are greatest at field pH < 3 and high-
er temperature (Ball et al., 2006).
Fig. 10. Fluoride speciation in water varies with pH in the absence
of Al. These speciation boundaries were calculated with the
PHREEQC code and the WATEQ4F database.
3.3. Fluoride speciation in hydrothermal waters under various

pH conditions

The free- to total-fluoride concentration ratio varied as a
function of pH, ranging from <1% free fluoride at low pH
values to >99% free fluoride at high pH. The ratio is greater
than 90% with pH values >6 (Fig. 8a), because elevated
concentrations of OH� ions will outcompete F� in com-
plexes with cations. Only 10% of the fluoride occurred as
free-fluoride ion when pH is less than 4 because of the for-
mation of HF0

ðaqÞ and aqueous complexation with alumi-
num. Similar trends in speciation for fluoride were
described by Kraynov et al. (2004) for non-thermal ground-
waters. At lower pH, some fluoride might be partially lost
from volatilization of HF gas. Acid waters at Yellowstone
consist mostly of sulfuric acid. When this water makes con-
tact with a mineral like fluorite then HF gas is produced
which will separate into the volatile steam phase (Ellis
and Mahon, 1977).

A positive correlation was observed between aluminum
concentration and complexed-F concentration which is
equal to the difference between the free- and the total-fluo-
ride concentration (Fig. 8b). Complexing can often be the
single most important factor determining the total concen-
tration of dissolved fluoride. Complexes with fluoride
(AlF2+, AlFþ2 , AlF0

3, AlF�4 , AlF2�
5 and AlF3�

6 ) are stable
and significantly influence the solubility of aluminum com-
pounds. Matin (1996) stated that the presence of fluoride
will reduce the toxicity of Al3+ in relation to plants, fish,
and human. Numerous studies have been done previously
because of concern about the potential toxic effects of alu-
minum-fluoride complexes (Matin, 1996; Stevens et al.,
1997; Frankowski et al., 2010) and on their rate of forma-
tion (Plankey et al., 1986).

Aqueous fluoride speciation is mainly controlled by
pH and the concentrations of other components that
can form complexes with fluoride. In addition to Al, fluo-
ride may be associated with other metal ions to form
complexes: NaF(aq), CaFþðaqÞ, MgFþðaqÞ, and FeF3�n

n (aq)
ðn ¼ 1; 2; 3Þ. Another component which complexes with
F�ðaqÞ is boric acid, forming BFnðOHÞ�4�nðaqÞ which need
to be considered, because the boron content of thermal
waters can be high.

Fluoride species distribution were calculated with WA-
TEQ4F code using the data of 106 hydrothermal waters
samples collected from YNP in 2006–2008 (Ball et al.,
2010). The results show that free fluoride and major com-
plexes (HF0

ðaqÞ, AlF2+, AlFþ2 and AlF0
3) account for more

than 95% of total fluoride. In a few samples complexes spe-
cies of AlF�4 , FeF2+, FeFþ2 , MgF+ and BF2ðOHÞ�2 com-
prised 1–10% of the total dissolved fluoride (Table 2). For
example, BF2ðOHÞ�2 species generally accounted for less
than 0.1% of total fluoride. But it increased up to 1.76%
in acidic Sulphur Spring, which contains abnormally high
concentrations of boron (23.5 mg/l). The SiF2�

6 species only
appears in Sulphur Spring with extremely high concentra-
tions of SiO2 (743 mg/l).

3.4. Controlling factors on aqueous fluoride species

distribution from speciation simulations

Free F�, H–F complexes, and Al–F complexes are the
main fluoride species in hydrothermal waters. These species
are shown as a function of pH for 2006–2008 samples in
Fig. 9 using field pH and temperature and output from the
WATEQ4F code. This figure allows us to visualize the
change in predominant fluoride species with pH. Under
the most acidic conditions the AlF2+ complex predominates
and under the most basic conditions, free fluoride predomi-
nates. The range is from <1% free fluoride at low pH values
(pH < 3) to >95% free fluoride at high pH (pH > 7). The
proportion of AlF2+ decreased from 99% to <1% when
pH increased from 2 to 4. At a pH near 3, AlFþ2 predomi-
nates peaking at 66% of the speciation, and at a pH near
3.5 AlF0

3 begins to increase just before free-fluoride ion be-
comes predominate for pH > 3.5. The species HF0

ðaqÞ also
competes with the AlFþ2 and AlF0

3 species in the pH range
of 3–4. The activity of free fluoride continues to predomi-
nate from pH > 3.5 but makes a small jump from about
92% of the speciation to effectively 100% of the speciation
above a pH of 7. This jump is caused by some persistence
of aluminum-fluoride complexes up to this pH value.

This complex display of speciation can be interpreted
with the aid of speciation simulations using the PHREEQC
code (Parkhurst and Appelo, 1999). In the absence of Al,
HF0

ðaqÞ is the predominant species in water at lower pH
(<3) with a small proportion of HF�2 . Free fluoride ac-
counts for 90% when the pH is greater than 5 (Fig. 10).
Generally, in the absence of aluminum in acid solution with
pH < 3, fluoride occurs predominantly as weakly dissociat-
ing hydrofluoric acid HF0

ðaqÞ (Bebeshko, 2004; Ozsvath,



Fig. 11. Fluoride aqueous speciation varies with pH and F, Al concentration simulated by PHREEQC.
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2009, Fig. 10). However, high concentrations of aluminum
(up to 12 mM) occurred in most YNP hydrothermal waters
with pH less than 3.

When Al is considered, the speciation of fluoride be-
comes more complicated. Based on our modeling results,
the main fluoride species (free F, HF, and Al–F complexes)
are controlled not only by pH but also by the ratio of F and
Al concentrations. The fluoride aqueous speciation varia-
tion was simulated using 0.1 and 1 mM concentrations of
F and 0.01, 0.1, and 1 mM concentrations of Al and ratios
of 10, 1 and 0.1 (Fig. 11a–d).

When Al is included but less than 0.1 mM, HF0
ðaqÞ is the

predominant species in the range of pH 0–3. As the Al
concentration increases above 0.1 mM, the AlF2+ species
predominates up to a pH of 6 where free-fluoride ion
predominates. In Fig. 11a the small step increase in free
fluoride at a pH of 7 is observed just as in Fig. 10 and it
is related to the continued stability of a few percent of
the AlFþ2 and AlF0

3 species up to pH 7. As the Al
concentrations increases at constant F concentration
(Fig. 11a–c), the species AlFþ2 becomes a more prominent
proportion but limited to a narrow pH window close to
6. With an increase in both Al and F concentrations
(Fig. 11d), the AlF3

o species increases in importance briefly
at pH 7. These simulations help to decipher the fluoride
species distribution found in field samples but some differ-
ences will occur because the simulations were done at
25 �C whereas the water samples were at higher tempera-
tures and there may be some ionic strength effects.

4. CONCLUSIONS

Hydrothermal water samples from Yellowstone Na-
tional Park (YNP) have a wide range of pH (1–10), temper-
ature, and high concentrations of fluoride (up to 50 mg/l).
High fluoride concentrations are found consistently in
waters with field pH higher than 6 and temperature higher
than 50 �C.
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More than 140 water samples from YNP collected in
2006–2009 have been analyzed for free-fluoride activity by
ion-selective electrode (ISE) method. Agreement between
analytical and calculated aqueous free-fluoride activities
was within 0.3–30% for more than 90% samples at or above
10�6 molar, indicating a generally high reliability of the cal-
culated speciation for fluoride by the WATEQ4F code. The
deviation becomes greater than 50% when the fluoride
activity is below 10�6 molar, which could be related either
to slow rates of equilibration for fluoride ISE at low activ-
ities or the effect of ionic strength and compositional differ-
ences between samples and standards.

The range of the free- to total-fluoride concentration
ratio was from <1% at low pH values to >99% at high
pH. Such a wide range could be explained by strong com-
plexing with H+ and Al3+ under acidic conditions. Specia-
tion calculation results show that free fluoride and major
complexes (HF, AlFþ2 , AlF2+ and AlF0

2) account for more
than 95% of total fluoride in YNP hydrothermal waters.
Occasionally, some complexes species like AlF�4 , FeF2+,
FeFþ2 , MgF+ and BF2ðOHÞ�2 may comprise 1–10% when
the concentrations of Fe, Mg or B were high. The ratio of
main fluoride species (free F, HF, and Al–F complexes)
to total fluoride varies as a function of pH, also controlled
by F/Al ratio and F, Al concentration.

ACKNOWLEDGEMENTS

The authors are grateful for the support of the National Research
Program of the Water Resources Discipline, USGS, and to the Biotic
Surveys and Inventories program of NSF Grant DEB 02030677
awarded to Cristina Tackas-Vesbach and Anna-Louise Reysenbach.
We are particularly appreciative of the NPS staff of Yellowstone Na-
tional Park who have been generous in their time and helpful in all
our endeavors to obtain hot water samples in dangerous places.
The visit of Dr. Yamin Deng at USGS was financially supported
by MOE 111 project and NSFC (40830748). She appreciates the sug-
gestions and encouragements from Prof. Yanxin Wang of China
University of Geosciences and Prof. Shemin Ge of University of Col-
orado, who have improved the manuscript. We appreciate greatly the
review comments from David Susong and David Roth of the USGS.
Any use of trade, firm, or product names is for descriptive purpose
only and does not imply endorsement by the US Government.

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.gca.2011.
05.028.
REFERENCES

Agarwai M., Rai K., Shrivastav R. and Dass S. (2002) Fluoride
speciation in aqueous suspensions of montmorillonite and
kaolinite. Toxicol. Environ. Chem. 82, 11–21.

Ball J. W. and Nordstrom D. K. (1991) User’s manual for
WATEQ4F, with revised thermodynamic data base and test
cases for calculating speciation of major, trace, and redox
elements in natural waters. US Geol. Surv. Open-File Report

91-183. <http://pubs.er.usgs.gov/djvu/OFR/1991/ofr_91_183.
djvu>.
Ball J. W., McCleskey R. B. and Nordstrom D. K. (2010) Water-
chemistry data for selected springs, geysers, and streams in
Yellowstone National Park, Wyoming, 2006–2008. US Geol.

Surv. Open-File Report 2010-1228. <http://pubs.usgs.gov/of/
2010/1192/>.

Ball J. W., McCleskey R. B., Nordstrom D. K. and Holloway J. M.
(2006) Water-chemistry data for selected springs, geysers, and
streams in Yellowstone National Park, Wyoming, 2003–2005.
US Geol. Surv. Open-File Report 2006-1339. <http://pubs.usgs.-
gov/of/2006/1339/>.

Ball J. W., Nordstrom D. K., Jenne E. A. and Vivit D. V. (1998a)
Chemical analyses of hot springs, pools, geysers, and surface
waters from Yellowstone National Park, Wyoming, and vicin-
ity, 1974–1975. US Geol. Surv. Open-File Report 98-182.
<http://wwwbrr.cr.usgs.gov/projects/GWC_chemtherm/pubs/
ofr%2098-182.pdf>.

Ball J. W., Nordstrom D. K., McCleskey R. B., Schoonen M. A. A.
and Xu Y. (2001) Water-chemistry and on-site sulfur-speciation
data for selected springs in Yellowstone National Park,
Wyoming, 1996–1998. US Geol. Surv. Open-File Report 01-49.
<http://wwwbrr.cr.usgs.gov/projects/GWC_chemtherm/pubs/
ofr%2001-49.pdf>.

Ball J. W., McCleskey, R. B., Nordstrom D. K., Holloway J. M.
and Verplack P. L. (2002) Water-chemistry data for selected
springs, geysers and streams in Yellowstone National Park,
Wyoming, 1999–2000. US Geol. Surv. Open-File Report 02-382.
<http://wwwbrr.cr.usgs.gov/projects/GWC_chemtherm/pubs/
ofr%2002-382.pdf>.

Ball J. W., Nordstrom D. K., Cunningham K. M., Schoonen M. A.
A., Xu Y. and DeMonge, J. M. (1998b) Water-chemistry and
on-site sulfur-speciation data for selected springs in Yellow-
stone National Park, Wyoming, 1994–1995. US Geol. Surv.

Open-File Report 98-574. <http://wwwbrr.cr.usgs.gov/projects/
GWC_chemtherm/pubs/ofr%2098-574.pdf>.

Barnard W. R. and Nordstrom D. K. (1982) Fluoride in precip-
itation I. Methodology with the fluoride-selective electrode.
Atmos. Environ. 16, 99–103.

Bates, R. G. (1973) Determination of pH: Theory and Practice,
John Wiley & Sons, New York.

Bebeshko G. I. (2004) Thermodynamic analysis of fluorine–metal–
water systems for improving the selectivity of the potentiomet-
ric determination of fluorine in raw minerals. J. Anal. Chem. 59,

528–531.

Butler J. J. N. (1969) Thermodynamic studies. In Ion-Selective

Electrodes, Chap. 5 (ed. R. A. Durst). Nat. Bur. Stand. Spec.

Pub. 314, 143–190.
Cederstrom D. J. (1946) Genesis of ground water in the coastal

plain of Virginia. Econ. Geol. 41, 218–245.

Chae G. T., Yun S. T., Mayer B. and Kim K. H. (2007) Fluorine
geochemistry in bedrock groundwater of South Korea. Sci.

Total Environ. 385, 272–283.

Daghetti A. and Tasatti S. (1981) Determination of single ion
activities by relying on the electric double layer model: NaF
aqueous solutions. Can. J. Chem. 59, 1925–1932.

Edmunds M. and Smedley P. (2005) Fluoride in natural waters. In
Essentials of Medical Geology – Impacts of the Natural

Environment on Public Health (ed. O. Selenius). Elsevier,

Amsterdam, pp. 301–329.

Ellis A. J. and Mahon W. A. J. (1977) Chemistry and Geothermal

Systems. Academic Press, New York.
Foster M. D. (1950) The origin of high sodium bicarbonate waters

in the Atlantic and Gulf coastal Plain. Geochim. Cosmochim.

Acta 1, 33–48.

Fournier R. O. (2005) Geochemistry and dynamics of Yellowstone
National Park hydrothermal system. In Geothermal Biology and

Geochemistry in Yellowstone National Park (eds. W. P. Inskeep

http://dx.doi.org/10.1016/j.gca.2011.05.028
http://dx.doi.org/10.1016/j.gca.2011.05.028
http://www.pubs.er.usgs.gov/djvu/OFR/1991/ofr_91_183.djvu
http://www.pubs.er.usgs.gov/djvu/OFR/1991/ofr_91_183.djvu
http://www.pubs.usgs.gov/of/2010/1192/
http://www.pubs.usgs.gov/of/2010/1192/
http://www.pubs.usgs.gov/of/2006/1339/
http://www.pubs.usgs.gov/of/2006/1339/
http://www.brr.cr.usgs.gov/projects/GWC_chemtherm/pubs/ofr%2098-182.pdf
http://www.brr.cr.usgs.gov/projects/GWC_chemtherm/pubs/ofr%2098-182.pdf
http://www.brr.cr.usgs.gov/projects/GWC_chemtherm/pubs/ofr%2001-49.pdf
http://www.brr.cr.usgs.gov/projects/GWC_chemtherm/pubs/ofr%2001-49.pdf
http://www.brr.cr.usgs.gov/projects/GWC_chemtherm/pubs/ofr%2002-382.pdf
http://www.brr.cr.usgs.gov/projects/GWC_chemtherm/pubs/ofr%2002-382.pdf
http://www.brr.cr.usgs.gov/projects/GWC_chemtherm/pubs/ofr%2098-574.pdf
http://www.brr.cr.usgs.gov/projects/GWC_chemtherm/pubs/ofr%2098-574.pdf


4488 Y. Deng et al. / Geochimica et Cosmochimica Acta 75 (2011) 4476–4489
and T. R. McDermott). Thermal Biology Institute, Montana

State University, Bozeman, MT, pp. 3–29.

Frankowski M., Ziola-Frankowska A. and Siepak J. (2010) New
method for speciation analysis of aluminium fluoride complexes
by HPLC-FAAS hyphenated technique. Talanta 80, 2120–2126.

Frant M. S. and Ross, Jr., J. W. (1966) Electrode for sensing
fluoride ion activity in solution. Science 154, 1553–1555.

Gooch F. A. and Whitfield J. E. (1888) Analyses of waters of the
Yelllowstone National Park with an account of the methods of
analysis employed. US Geol. Surv. Bull. 47.

Hara H., Yabuuchi K., Higashida M. and Odawa M. (1998)
Determination of free and total fluoride in rain water using a
continuous-flow system equipped with a fluoride ion-selective
electrode detector. Anal. Chim. Acta 364, 117–123.

Hem J. D. (1985) The study and interpretation of the chemical
characteristics of natural water, third ed. US Geol. Surv. Water-

Supply Paper 2254.
Jacks G., Bhattacharya P., Chaudhary V. and Singh K. P. (2005)

Controls on the genesis of some high-fluoride groundwaters in
India. Appl. Geochem. 20, 221–228.

Kim K. and Jeong G. Y. (2005) Factors influencing natural
occurrence of fluoride-rich groundwaters: a case study in the
southeastern part of the Korean Peninsula. Chemosphere 58,

1399–1408.

Kraynov S. R., Ryzhenko B. N. and Shvets V. M. (2004)
Geochemistry of Ground Waters: Theoretical. Applied and
Environmental Aspects, Nauka, Moscow (in Russian).

Langmuir D. (1997) Aqueous Environmental Geochemistry. Prentice
Hall, Englewood Cliffs, NJ.

Lewis A. J., Komninou A., Yardley B. W. D. and Palmar M. R.
(1998) Rare earth elements speciation in geothermal fluids from
Yellowstone National Park. Geochim. Cosmochim. Acta 62,

657–663.

Matin R. B. (1996) Ternary complexes of Al3+ and F� with a third
ligand. Coord. Chem. Rev. 149, 23–32.

McCleskey R. B., Nordstrom D. K. and Naus C. A. (2004) Questa
baseline and pre-mining ground-water-quality investigation. 16.
Quality assurance and quality control for water analyses. US

Geol. Surv. Open-File Report 2004-1341. <http://pubs.usgs.gov/
of/2004/1341>.

McCleskey R. B., Ball J. W., Nordstrom D. K., Holloway J. M.
and Taylor H. E. (2005) Water-chemistry data for selected hot
springs, geysers and streams in Yellowstone National Park,
Wyoming, 2001–2002. US Geol. Surv. Open-File Report 2004-
1316. <http://pubs.usgs.gov/of/2004/1316/>.

Midgley D. and Torrance K. (1991) Potentiometric Water Analysis,
second ed. John Wiley and Sons, NY.

Noh J. H. and Coetzee P. (2006) An inter-laboratory comparative
study of fluoride determination in water. Water SA 32, 365–

370.

Nordstrom D. K. (1996) Trace metal speciation in natural waters:
computational vs. analytical. Water Air Soil Pollut. 90, 257–

267.

Nordstrom D. K. (1977) Thermochemical redox equilibria of
ZoBell’s solution. Geochim. Cosmochim. Acta. 41, 1835–1841.

Nordstrom D. K. (2001) A test of aqueous speciation: measured vs
calculated free fluoride ion activity. In Proceedings 10th

International Symposium Water–Rock Interaction, WRI-10,
Villasimius, Sardinia, V1, pp. 317–320.

Nordstrom D. K. (2004) Modeling low-temperature geochemical
processes. In Surface and Ground Water, Weathering, and Soils

(ed. J. I. Drever) vol. 5 of Treatise of Geochemistry (eds. H. D.
Holland and K. K. Turekian) Chap. 5.02, pp. 37–72.

Nordstrom D. K. and Ball J. W. (1989) Mineral saturation states in
natural waters and their sensitivity to thermodynamic and
analytic errors. Sci. Geol. Bull. 42, 269–280.
Nordstrom D. K. and Jenne E. A. (1977) Fluorite solubility
equilibria in selected geothermal waters. Geochim. Cosmochim.

Acta 41, 175–188.

Nordstrom D. K. and May H. M. (1996) Aqueous equilibrium data
for mononuclear aluminum species. In The Environmental

Chemistry of Aluminum, 2nd ed. (ed. G. Spostio). CRC Press/

Lewis Publishers, Boca Raton, pp. 39–80.

Nordstrom D. K. and Munoz J. L. (1994) Geochemical Thermody-

namics, second ed. Blackwell Scientific Publications, reprinted
Blackburn Press, Caldwell, NJ (2005).

Nordstrom D. K., Ball J. W. and McCleskey R. B. (2005) Ground
water to surface water: chemistry of thermal outflows in
Yellowstone National Park. In Geothermal Biology and Geo-

chemistry in Yellowstone National Park (eds. W. P. Inskeep and
T. R. McDermott). Thermal Biology Institute, Montana State

University, Bozeman, MT, pp. 73–94.

Nordstrom D. K., McCleskey R. B. and Ball J. K. (2009) Sulfur
geochemistry of hydrothermal waters in Yellowstone National
Park: IV acid-sulfate waters. Appl. Geochem. 24,

191–207.

Nordstrom D. K., Plummer L. N., Langmiur D., Busenberg E., May
H. M., Jones B. F. and Parkhurst D. L. (1990) Revised chemical
equilibrium data for major water-mineral reactions and their
limitations. In Chemical Modeling in Aqueous Systems II (eds. D.
C. Mechlor and R. L. Bassett). Am. Chem. Soc. Symp.,
Washington, DC 416, pp. 393–413.

Ozsvath D. L. (2009) Fluoride and environmental health: a review.
Rev. Environ. Sci. Biotechnol. 8, 59–79.

Parkhurst D. L. and Appelo C. A. J. (1999) User’s guide to
PHREEQC (Version 2) – A computer program for speciation,
batch-reaction, one-dimensional transport, and inverse geo-
chemical calculations. US Geol. Surv. Water-Resour. Invest.

Report 99-4259.
Pauling L. (1970) General Chemistry, third edition. W.H. Freeman,

New York.
Plankey B. J., Patterson H. H. and Cronan C. S. (1986) Kinetics of

aluminum fluoride complexation in acidic waters. Environ. Sci.

Technol. 20, 160–165.

Reardon E. J. and Wang Y. (2000) A limestone reactor for fluoride
removal from wastewaters. Environ. Sci. Technol. 34, 3247–

3253.

Robinson R. A., Duer W. C. and Bates R. G. (1971) Potassium
fluoride – A reference standard for fluoride ion activity. Anal.

Chem. 43, 1862–1865.

Rodman A. and Guiles C. (2008) Greater Yellowstone Science
Learning Center and the Yellowstone Thermal Inventory. In
Geothermal Biology and Geochemistry in Yellowstone National

Park (eds. W. Inskeep and J. Peters). NSF Research Coordina-
tion Network and Montana State University Thermal Biology
Institute 2008 Workshop, January 10–13.

Serrano M. J. G., Sanz L. F. A. and Nordstrom D. K. (2000) REE
speciation in low-temperature acidic waters and the competitive
effects of aluminum. Chem. Geol. 165, 167–180.

Smedley P. L., Nicolli H. B., Macdonald D. M. J., Barros A. J.
and Tullio J. O. (2002) Hydrogeochemistry of arsenic and
other inorganic constituents in groundwaters from La Pampa.
Argentina Appl. Geochem. 17, 259–284.

Stevens D. P., McLaughlin M. J. and Alston A. M. (1997)
Phytotoxicity of aluminium–fluoride complexes culture by
Avena sativa and Lycopersicon esclentum. Plant Soil 192, 81–

93.

Temminghoff E. J. M., Plette A. C. C., Van Eck R. and Van
Riemsdijk W. M. (2000) Determination of the chemical
speciation of trace metals in aqueous systems by the
Wageningen Donnan Membrane Technique. Anal. Chim. Acta

417, 149–157.

http://www.pubs.usgs.gov/of/2004/1341
http://www.pubs.usgs.gov/of/2004/1341
http://www.pubs.usgs.gov/of/2004/1316/


Fluoride in thermal waters of Yellowstone 4489
Thompson J. M. and DeMonge J. M. (1996) Chemical analyses of
hot springs, pools, and geysers from Yellowstone National
Park, Wyoming, and vicinity, 1980–1993. US Geol. Surv. Open-

File Report 96-68. <http://pubs.er.usgs.gov/djvu/OFR/1996/
ofr_96_68.djvu>.

Thompson J. M. and Hutchinson R. A. (1981) Chemical analyses
of waters from the Boundary Creek Thermal Area, Yellowstone
National Park, Wyoming. US Geol. Surv. Open-File Report 81-
1310. <http://pubs.er.usgs.gov/djvu/OFR/1981/ofr_81_1310.
djvu>.

Truesdell A. H. and Jones B. F. (1974) WATEQ, a computer
program for calculating chemical equilibria of natural waters. J.

Res. US Geol. Survey 2, 233–248.

Van den Hoop M. A. G. T., Cleven R. F. M. J., van Staden J. J.
and Neele J. (1996) Analysis of fluoride in rain water:
comparison of capillary electrophoresis with ion chromatogra-
phy and ion-selective electrode potentiometry. J. Chromatogr.

A 739, 241–248.

Wang Y., Shvartsev S. and Su C. (2009) Genesis of arsenic/fluoride
enriched soda waters: a case study at Datong basin. Appl.

Geochem. 24, 641–649.

Zack A. L. (1980) Geochemistry of fluoride in the Black Creek
aquifer system of Horry and Georgetown Counties, South
Carolina – and its physiological implications. US Geol. Surv.

Water-Supply Paper 2067.

Associate editor: Robert H. Byrne

http://www.pubs.er.usgs.gov/djvu/OFR/1996/ofr_96_68.djvu
http://www.pubs.er.usgs.gov/djvu/OFR/1996/ofr_96_68.djvu
http://www.pubs.er.usgs.gov/djvu/OFR/1981/ofr_81_1310.djvu
http://www.pubs.er.usgs.gov/djvu/OFR/1981/ofr_81_1310.djvu

	Fluoride geochemistry of thermal waters in Yellowstone  National Park: I. Aqueous fluoride speciation
	1 Introduction
	2 Materials and methods
	2.1 Sample locations
	2.2 Sample collection and field measurements
	2.3 Analytical methods
	2.3.1 Major ions
	2.3.2 Fluoride ISE method
	2.3.3 Speciation computations


	3 Results and discussion
	3.1 Fluoride and water chemistry in Yellowstone
	3.2 Comparison of measured vs. calculated free fluoride ion activity
	3.3 Fluoride speciation in hydrothermal waters under various pH conditions
	3.4 Controlling factors on aqueous fluoride species distribution from speciation simulations

	4 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data
	References


