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ABSTRACT

The development of numerical modeling of reactive transport relies on the availability of thermody-
namic properties for the solid, surface, aqueous, and vapor species stable at the conditions of interest.
The lack of experimental studies and comprehensive activity-composition models severely limits the
predictive capabilities of these models in systems involving highly saline fluids or low-density volatile-rich
fluids. X-ray absorption near-edge structure spectroscopy (XANES) is a powerful technique to study the
speciation of transition metals in aqueous fluids: it is element specific; sensitive to the oxidation state of
the metal, the ligand field and the coordination geometry of the complex; and it is suitable for measuring
trace amounts of metals (<1 wt%) in solutions over a wide pressure and temperature range.

Formation constants for the aqueous complexes of transition metals can be determined from a
series of XANES spectra obtained on solutions containing a constant amount of the metal of inter-
est and variable concentrations of a ligand. The method relies on a non-linear, least-squares-fitting
approach, with full distribution of species calculations based on a complete thermodynamic model
for the experimental system under consideration. The technique is particularly suitable for following
octahedral to tetrahedral transitions among weak chloride complexes of transition metals. The log K
for the reaction Znfsunedrary + 4C1 = ZnCl (eiraneara at 25 °C is retrieved to be 0.1(6), within error of the
accepted literature value. The same method applied to Fe**-chloride complexes shows that the log K
for the reaction Feunedray + 4C1 = FeCli (equhearay IncCreases from —6.2(6) at 25 °C to —2.9(3) at 150
°C. This study confirms that tetrahedral chloride complexes play an important role in Fe transport in
hypersaline brines especially at elevated temperatures, and shows that XANES is well suited to study

systems that may be difficult to study with other techniques.
Keywords: Fe and Zn chloride complexes, XAS, XANES, stability constants, thermodynamics,

hydrothermal solutions

INTRODUCTION

Speciation of metals in aqueous solution

Reactive-transport modeling is a powerful tool for under-
standing and predicting the distribution of elements in the Earth’s
crust. Applications vary from contaminant transport around waste
deposits, to the formation of ore deposits, to high-temperature
corrosion in power plants (e.g., Heinrich et al. 1996; van der Lee
and De Windt 2001). Reactive-transport modeling requires an
understanding of the nature of all aqueous complexes, surface
species, minerals, melts and gases present, and relies on the
accuracy of thermodynamic models accounting for activity-
composition relationships over the P, 7, and composition range
of interest (e.g., Anderson and Crerar 1993; Bethke 1996). Yet,
speciation and activity-composition relationships are still poorly
understood under some important conditions, including highly
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concentrated brines and low-density volatile-rich hydrothermal
fluids. The improvement of the scope and accuracy of reactive-
transport modeling relies on the development of experimental
techniques suitable to obtain quantitative information on mineral
solubility and aqueous speciation over a wide range of conditions
(P, T, composition).

Conventionally most thermodynamic properties for aqueous
metal complexes at elevated temperatures have been derived
from mineral solubility measurements, with some from UV-Vis
and potentiometric measurements. The past decade has seen
dramatic improvements in the spectroscopic techniques available
for studying aqueous speciation and solubility. Among these, X-
ray absorption spectroscopy (XAS) appears particularly suitable,
because it allows concurrent studies of mineral solubility and
speciation quantitatively in-situ to high pressure and tempera-
ture (e.g., Pokrovski et al. 2005; Testemale et al. 2005). The
technique can provide direct information on the nature, number,
and distances of the nearest neighbors around a metal center or
around a ligand such as Br (e.g., Seward et al. 1999; Simonet
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et al. 2002). The technique has also been used to study metal
speciation in natural fluid inclusions to high temperature (e.g.,
Anderson et al. 1998; Mavrogenes et al. 2002).

The use of the two main XAS techniques, X-ray absorption
near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS), for quantitative studies of element speciation
in complex samples such as soils is well established (e.g., Isaure
etal. 2002), but few studies have used these techniques to retrieve
quantitative thermodynamic properties for aqueous complexes.
A pioneering study of Inada and Funahashi (1999) showed that
it was possible to measure the formation constant for ferric
FeCI** complex from EXAFS data at room temperature. The
advantages of XAS are multiple: (1) the coordination structure
and thermodynamic properties can be determined from the same
experimental data; (2) the high brightness of third generation syn-
chrotron sources makes XAS suitable for measurements on dilute
systems (metal concentrations <1 wt%) through thick windows,
enabling in situ spectroscopy at high P-7 (e.g., Fulton et al. 2001;
Testemale et al. 2005); (3) XANES is particularly sensitive to
coordination changes in aqueous complexes, which effect a first-
order control on the solubility of many metals in saline brines
at room temperature and at elevated P-7 (e.g., Susak and Crerar
1985); (4) in comparison with UV-Vis-NIR spectrophotometry,
XAS is not affected by deviations from the Beer-Lambert law
related to the change in the refractive index of solvent, which
may affect the accuracy of UV-Vis studies of metal speciation in
concentrated electrolytes (e.g., Vinokurov and Kankare 1998);
and (5) XAS is element specific, hence interference from other
constituents of the experimental system are limited.

Zn** chloride complexes

Chloride complexes of Zn?*are the main species responsible
for the transport of Zn in hydrothermal systems, and the stability
of Zn?* chloride complexes has been studied experimentally over
conditions ranging from room temperature to supercritical aque-
ous solutions (e.g., Ruaya and Seward 1986; Bourcier and Barnes
1987; Barrett and Anderson 1988; Cygan et al. 1994; Uchida et
al. 1998; Wesolowski et al. 1998). There is good agreement for
the room-temperature speciation (Fig. 1a), however, there still
appears to be some controversy regarding the geometry and stoi-
chiometry of Zn?" chlorides at elevated 7. Experimental studies
(generally limited to salinity <1 m; Ruaya and Seward’s (1986) to
3.5 m Cl,,,) suggest that the neutral octahedral ZnCl,,, is the most
stable form of Zn in hydrothermal fluids at 7>400 °C, but studies
from natural fluid inclusions show that tetrahedral ZnCl3 is the
dominant species in hypersaline brines up to 430 °C (Anderson
et al. 1995, 1998). This result was also confirmed qualitatively
by Mayanovic et al. (1999), who showed that ZnCl3 was pre-
dominant at up to 660 °C in solutions containing 8 m CI.

The speciation of Zn*" at room temperature is dominated
by octahedral Zn?* and tetrahedral ZnCl3-, with low-order Zn**
chlorides existing only in small proportion (<30 mol%; Fig. 1a).
This makes retrieving properties for these intermediate species
particularly difficult.

Fe?* chloride complexes

Ferrous iron is very mobile in near-surface environments,
and is the most stable aqueous form of Fe in crustal fluids. Fe**
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chloride complexes are widely acknowledged to be predominant
in many hydrothermal fluids; however, the nature and thermo-
dynamic properties of Fe?-chloride complexes in hypersaline
brines are still poorly understood, and there is no consensus
about the speciation of Fe? in brines. There have been a few
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FIGURE 1. XANES study of Zn?>" chloride complexes at 25 °C.
(a) Distribution of species for Zn?" in acidic NaCl solution, using
thermodynamic properties from Ruaya and Seward (1986). (b) XANES
spectra of solutions (compositions listed in Table 1) with varying NaCl
concentrations. (¢) Principal Component Analysis for data in b. Two
components explain 99% of the variance. (d) Extracted spectra for the
individual species.
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experimental studies to investigate the stability of Fe?* chloride
complexes at elevated temperatures and pressures, including
solubility measurements (Chou and Eugster 1977; Crerar et al.
1978; Boctor et al. 1980; Wood et al. 1987; Ding and Seyfried
1992; Fein et al. 1992; Ohmoto et al. 1994), potentiometric stud-
ies (Palmer and Hyde 1993), and UV-Vis spectrophotometric
studies (Po and Sutin 1968; Koplitz et al. 1987; Heinrich and
Seward 1990; Zhao and Pan 2001). Most of the solubility stud-
ies suggest that FeCl" and FeCl,,, are the dominant species in
solution, which is supported by the potentiometric measurements
of Palmer and Hyde (1993) and the UV-Vis study of Heinrich
and Seward (1990). However, the chloride concentrations used
in these studies were too low (<3 m) to allow for unambiguous
detection of the higher-order chloride complexes presumably
present in hypersaline brines. In contrast, two UV-Vis-NIR spec-
trophotometric studies (Koplitz et al. 1987; Zhao and Pan 2001)
conducted using chloride concentrations up to 16 m suggest that
the tetrahedral FeCl3~ complex becomes important with increas-
ing temperature or increasing chloride concentration.

Many studies have used Fe K-edge XAS to determine the
oxidation state and speciation of Fe in compounds, minerals,
and glasses (e.g., Waychunas et al. 1983; Bajt et al. 1994; Westre
et al. 1997; Dyar et al. 1998; Galoisy et al. 2001; Wilke et al.
2001; Isaure et al. 2002; Berry et al. 2003; O’Day et al. 2004).
In contrast, comparatively few studies have used XANES and
EXAFS to investigate Fe*" complexes in hydrothermal solutions,
and in particular Fe*" chloride complexes. Apted et al. (1985)
conducted EXAFS measurement for aqueous Fe*" and Fe?' chlo-
ride complexes, but they were not able to observe the existence
of tetrahedral Fe*" chloride complexes as their experiments
were limited to room temperature and chloride concentrations
of 4 and 8 m.

Fe-K XANES is particularly sensitive to the oxidation state
and coordination geometry of Fe in dilute samples (<1 wt% Fe).
Typically, Fe K-edge XANES spectra display a small pre-edge
peak attributed to the 1s — 3d electronic transition, a shoulder to
the edge attributed to the 1s — 4s transition, and the edge crest
due to the 1s — 4p transition (Waychunas et al. 1983; Berry et
al. 2003) (Fig. 2). Octahedral Fe** complexes show a low-in-
tensity 1s — 3d transition, because the electric dipole transition
is forbidden in the centro-symmetric octahedral coordination,
and the weak intensity is due to quadrupole coupling effects. In
contrast, this transition has a high probability in non-centro-sym-
metric tetrahedrally coordinated Fe** compounds (Waychunas
etal. 1983; Westre et al. 1997; Galoisy et al. 2001). The inset in
Figure 2 illustrates this effect for the minerals siderite (FeCOs;
Fe in octahedral coordination with 6 O atoms) and hercynite
(FeAl,O,; Fe in tetrahedral coordination with 4 O atoms). The
edge and after-edge features also reflect the differences of the
two coordination structures.

This paper aims to show how XAS—specifically XANES—
can be used to retrieve equilibrium constants for the formation of
aqueous complexes. The method is illustrated using a series of
XANES spectra of acidic aqueous solutions containing ~1 wt%
Zn** or Fe** and different concentrations of chloride introduced
as NaCl or LiCl. This paper also reports the first value for the
formation constant for the tetrahedral FeClj- complex measured
at elevated temperature (150 °C).
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FIGURE 2. XANES spectra of siderite (FeCO;), hercynite (FeAL,O,),
0.4 m and 15.6 m total chloride solutions at 150 °C. The pre-edge range
is shown in the insert.

EXPERIMENTAL SETUP

Sample preparation

Analytical grade Zn?* chloride (ZnCl,), Fe** chloride tetrahydrate (FeCl,-4H,0),
lithium chloride (LiCl), and sodium chloride (NaCl) were purchased from Sigma
Aldrich and used without further treatment. All solutions were prepared using
doubly deionized water, to which 0.1 m hydrochloric acid was added to prevent
hydrolysis. For Fe*', the water was boiled and flushed with nitrogen gas, then
introduced into a glove box filled with nitrogen gas. Inside the glove box, the acid
and salts were added and the solution was loaded into the spectroscopic cell. The
amount of Fe** in the sample solutions is considered negligible (<0.5%), as deter-
mined by examining UV-Vis spectra of solutions prepared in an identical manner.
UV-Vis spectrophotometry is very sensitive to even trace amounts of Fe**, as the
molar absorptivity of Fe*" chloride complexes is up to 1000 times higher than that
of Fe?* chloride complexes (e.g., Heinrich and Seward 1990). The compositions of
the sample solutions are listed in Tables 1 (Zn) and 2 (Fe). XANES spectra of two
minerals containing Fe?* in octahedral (siderite, Fe,CO;) and tetrahedral (hercynite,
FeAl,O,) coordination were also measured. The solid samples were crushed and
diluted with boron nitride to around 1% by weight prior to measurement.

TaBLE 1.  Composition of Zn-bearing NaCl solutions used for Zn K-
edge XANES measurements
Sample no. Clir (M) Nayo: (M) Znyo (M)
1 0.716 0.000 0.308
2 1.203 0.485 0.309
3 1.667 0.967 0.300
4 2,013 1.303 0.305
5 2.201 1.481 0310
6 2477 1.749 0314
7 2671 1.965 0.303
8 2976 2.260 0.308
9 3.215 2.503 0.306
10 3.705 2.993 0.306
11 4.387 3.669 0.309
12 4715 3.995 0310
TABLE 2. Composition of Fe-bearing LiCl solutions used for Fe K-edge
XANES measurements

Sample no. Clior (M) Lii (M) Few: (M)
1 0.392 0.00 0.146
2 3.39 3.00 0.145
3 4.956 453 0.163
4 6.242 5.85 0.146
5 7.542 7.04 0.201
6 8.43 7.97 0.180
7 9.646 9.12 0.213
8* 10.438 10.06 0.139
9 11.29 10.73 0.230
10* 12.038 11.55 0.194
11 13.082 12.45 0.266
12 15.614 15.04 0.237

*Not used in 150 °C data fitting.
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Experimental cell

The cell used for measuring the solutions is built from grade 2 titanium, with
a 100 um thick Kapton film as an X-ray window (Fig. 3). The cylindrical titanium
cell body has an internal volume of approximately 0.5 cm?’, and is heated by an
aluminum block with two cartridge heaters (Fig. 3a). The cell body and heater were
enclosed in a ceramic insulator to reduce heat loss (Fig. 3b). The temperature is
controlled by a solid-state relay unit and is measured using two type-K thermo-
couples located near the level of the X-ray windows.

XANES measurement and preparation

Iron (7112 eV) and Zn (9659 eV) K-edge XANES spectra of the ions dis-
solved in acidic chloride solutions containing up to 15 m LiCl (Fe) and 4 m NaCl
(Zn) were measured at 25 °C (Fe, Zn) and 150 °C (Fe) using beamline BL-20B
(Australian National Beamline Facility, ANBF) at the Photon Factory, Japan.
BL-20B is a bending magnet beam line equipped with a water-cooled channel cut
Si (111) monochromator with 1.87 eV energy bandpass of the monochromator
at Fe K-edge. Combined with the FeKo. core-hole width of 1.25 eV, this results
in an energy resolution of 2.2 eV for Fe-K edge. Zinc has a core-hole width of
1.94 eV at the Ko edge resulting in an energy resolution of 3.6 eV. The ring was
operating in uniform-bunch mode with a beam size of 2.5 X 0.5 mm (Fe edge) and
in single-bunch mode with a beam size of 3.0 X 0.2 mm (Zn edge). The incident
beam intensity I, was measured with an ionization chamber using a N, fill gas at
atmospheric pressure. Data were measured in fluorescence mode with a Canberra
GLO110S 10 element array Ge solid-state detector and collected from 7094 to 7292
eV, using 0.25 eV steps from 7094 to 7109 eV; 0.1 eV steps from 7109 to 7117
eV; 0.25 eV steps from 7117 to 7137 eV; and 2.5 eV steps from 7137 to 7292 eV.
Similarly, the Zn data were collected from 9640 to 10200 eV, using 0.125 eV steps
from 9640 to 9655; 0.05 eV steps from 9655 to 9665 eV; 0.125 ¢V step from 9665
to 9685; and 3.2 eV steps from 9685 to 10200 eV. The Fe and Zn edge energies
were calibrated using a Fe or Zn foil, respectively.

Self-absorption effects were assessed using the Fluo code (Haskel 1999). This
correction increased the amplitude of the white line by up to 14% (Zn) and 7% (Fe)
of the normalized edge-height. We ran the data analysis on both corrected and uncor-
rected spectra, but found that the values of the thermodynamic properties retrieved
using the raw or corrected data were well within the quoted 90% confidence level
error (see below). Consequently, we show only the raw data in the figures.

XANES spectra were background-corrected and normalized using the AU-
TOBK program (Newville et al. 1993). For the Fe-K edge data, the pre-edge region
of the XANES spectrum was extracted using an inverse tangent function coupled
with a linear background to model the edge jump. In this procedure, the pre-edge
peak was modeled using pseudo-Voigt curves. Although theoretical predictions
show that there are three electronic transitions for octahedral Fe?* complexes and

FIGURE 3. Hydrothermal cell with Kapton windows used for XAS
measurements at elevated temperature. (a, left) Titanium cell, with the
X-ray out window at the front; (a, right) aluminum block containing the
cartridge heaters and thermocouple shafts. (b) Cell in working condition,
with ceramic insulator mounted. The beam path for fluorescence
experiments is indicated.
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four transitions for tetrahedral complexes (Westre et al. 1997; Galoisy et al. 2001),
it was found that the pre-edge peak in all spectra could be modeled using two
pseudo-Voigt peaks: one at 7112 eV and another at 7114 eV (Fig. 4). The inclusion
of more Voigt peaks did not decrease the residuals. Wilke et al. (2001) similarly
found that only two peaks are required to fit the pre-edge feature of 4-coordinated
Fe?" minerals. This is probably a result of the relatively poor resolution of the
experiment (2.2 eV for our data).

DATA INTERPRETATION

XAS data can be interpreted using the Beer-Lambert law
(e.g., Chantler et al. 2000, 2001), and this forms the basis of our
quantitative interpretation to retrieve thermodynamic properties.
The Beer-Lambert law relates the observed total molar absorption
(4,) at a certain wavelength (1) to the molarity (M) and molar
absorptivity of individual species (g;;). For a transmission experi-
ment, assuming that absorbance by the solvent is identical for all
solutions, the Beer-Lambert law can be written as:

4, = Zi MiEi,x
=1

where / is the path length of the sample cell in centimeters. For
fluorescence XANES data, the spectra are normalized to a unit
step height. In this case the Beer-Lambert law can be written
as:

(1)

A =0xE, (1b)
i=1

where 4 is the normalized fluorescence at wavelength A, € is
the normalized individual spectrum of the i contributing spe-
cies, and x; is the fraction of the i species contributing to the
XANES spectrum. In our case the contributing species are the
metal chloride complexes XCE-, X = Fe or Zn, with i = 0 to 4,
and the mole fraction x; is expressed as:

m :
xce xcr
X =

LM Dmye
T xCr —xer

Note that concentrations in Equation lc can be expressed
either in molarity (M) or molality (m)—we use the molality scale
throughout this paper.

Brugger et al. (2007) developed an algorithm to derive ther-
modynamic properties of aqueous complexes from UV-Vis-NIR
data for metal complexes based on the Beer-Lambert law. This
approach has been applied to UV-Vis experiments of aqueous
Cu?" chloride (Brugger et al. 2001), Cu(I) chloride (Liu et al.
2001), and Fe** chloride complexes (Liu et al. 2006). The data
interpretation used here is similar to the previous works, so only
a brief introduction is given.

(Io)

The thermodynamic model

The following aqueous species are included in the model: H',
Li*,Na*, CI', LiCl ), NaCl,q, HCl ), X**, and four X** chloride
complexes (X = Fe, Zn). Hydroxide species are not included in
the model as under the acidic conditions (0.1 m HCI) used in
these experiments, little deprotonation of water coordinated to
X? is expected [pKal for Fe(H,0)? is 9.31 at 25 °C and 6.63
at 150 °C; pKal for Zn(H,O)?" is 7.84 at 25 °C (Shock et al.
1997)]. The concentrations and activities of aqueous species
were calculated by solving simultaneously the following mass
action, mass balance, and charge balance equations:
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m _
K _ HCl(dq) ’\{HCIW‘ 2
HCl,, — mom N~ ( )
H' C]"\{H‘ ﬁ{cr
m .. . ~
K _ LlCuaq"\‘LlChN' or K _ ”lNaCIm“’\{NaCl(nq) (3)
LiCly, — m om A A~ NaCl,, — m m N N
Li' Cl'f\{Li‘ ’\{cr Na'Cr ’YNa' ﬂ{cr
m_ N
MCI 'MCL! .
L= L M (=110 4) 4)
xcr m, N (m A ’
X Nxz‘ cr A‘cr
my = me‘zr, , (Fe mass balance) 5
i

total HCI(N? Licl(:«l)

my =my, +m +m, + Zimmvz,, , (Cl mass balance) (6)

My = M O My S ey (Na or Li mass balance)
0
m+m. +m .+ 2(2 —im .. =m, ., (Charge balance) ®)
My
x =% (for Eq. 1b) )

izm

i

XCI

where K, m, and ¥ refer to the formation constant, molal con-
centration, and activity coefficient for the subscripted individual
species, respectively, and 7 in Equations 29 refers to the number
of chloride ligands.

A model enabling calculation of activity coefficients to high
ionic strength is needed to solve the above equations and calculate
thermodynamic formation constants for X** chloride complexes.
Unfortunately traditional activity coefficient models based on the
Debye-Hiickel equations (e.g., B-dot equation, Helgeson 1969)
are only valid in dilute solutions. Here we follow the empirical
method suggested by Brugger et al. (2001), which extends the
B-dot equation of Helgeson (1969) to high salinity (up to 18 m
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FIGURE 4. Deconvoluted spectra of the Fe pre-edge peak for the
Fe**-bearing 0.4 m Cl solution (a),and 15.6 m Cl solution (b) at 150 °C.
Crosses represent measured data and solid lines stand for the fitted values
using two Voigt peaks that are shown as dashed lines.

LiCl) by adding a quadratic term. This approach allows us to
describe accurately the experimental mean molal stoichiometric
activity coefficient data for LiCl and NaCl solutions (i.e., Hol-
mes and Mesmer 1983), and yields internally consistent activity
coefficients for the X** chloride complexes. The main advantage
of this method is that at low salinity (<2 m), it is identical to the
extended Debye-Hiickel formalism used in most studies of metal
transport and deposition under hydrothermal conditions. Note
that the formation constants obtained for species stable at high
salinity should be treated as apparent only, as their values depend
upon the choice of the activity model. The following extended
form of the Debye-Hiickel equation was used:

2712
N n T T2 10
IOg("f,,) == 1 +WBﬁa°n G + bw,SALTI + b’,‘sq,SALTI + Fa, (10)

where 4, and B, are the Debye-Hiickel solvent parameters taken
from Helgeson and Kirkham (1974), and b, s, is the extended-
term parameter (b-dot coefficient) for LiCl or NaCl dominated
solutions, &, is the distance of closest approach of ion n, and is
given a value of 5 A for divalent and trivalent ions, and 4.0 A for
monovalent ions, except for H" and Fe**, which are given a value
of9and 6 A, respectively (Kielland 1937). Tis the effective ionic
strength using the molal scale. I, is a mole fraction to molality
conversion factor and bysq_SALT is a quadratic term added to the
Debye-Hiickel equation to extend its validity to high chloride
concentrations. The activity coefficient of the neutral species
NaClyg), LiClg), FeClyyg), and ZnCl,,,, was estimated with the
Setchénow equation (see Brugger et al. 2001):

log

Auier,, | = Oywia, THT (11)

For LiCl solutions, values of the b-dot coefficient (bypicy),
Setchénow coefficient [b, (aq)] and the extended quadratic co-
efficient (bquA,uu), at each experimental temperature were taken
from Brugger et al. (2001). For NaCl solutions, fitting to the
mean stoichiometric activity coefficients values from Oelkers
and Helgeson (1991) yields the following values: b, NCI25C) =
—0.000299 and b«,,NaCl@q) = 0.317, while the value for byy,c was
taken from Helgeson and Kirkham (1974). Setchénow coef-
ficients for ZnCl,,q and FeCl,,, are set to 0.1, as in Brugger et
al. (2001). Dissociation constants for NaCl,g), LiCl g, and HCl
were taken from the SUPCRT database (Johnson et al. 1992)
(Table 3). Dissociation constants for FeCI* and FeCly, are from
apolynomial fitting of log K values of Zhao and Pan (2001), and
for ZnCl", ZnCly,), and ZnCl; from Ruaya and Seward (1986)
(Table 3). The activity coefficient for HCl,,, was assumed to be
unity, as accurate pH estimates are not required.

TaBLE 3.  Dissociation constants for aqueous species included in the
speciation calculation
25°C 150 °C Data sources

HClg 0.71 0.52 Johnson et al. 1992
LiCliq 1.51 0.88 Johnson et al. 1992
NaCl(,q 0.78 0.21 Johnson et al. 1992
ZnCl* -0.42 -2.86 Ruaya and Seward 1986
ZnClyg) -0.62 -291 Ruaya and Seward 1986
ZnCl; -0.34 -2.10 Ruaya and Seward 1986
FeCl* 0.37 -0.86 Zhao and Pan 2001*
FeClyuq 1.74 0.03 Zhao and Pan 2001*

* Polynomial fitting results of the data from Zhao and Pan (2001) of 10-100 °C.
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Error analysis

The uncertainties in the fitted log K values can come from the
following three sources: (1) experimental errors related to sample
preparation and data collection, together with uncertainty result-
ing from colinearity between the concentration profiles and spec-
tra of the contributing species; (2) uncertainty in the calculation
of the activity coefficients; and (3) uncertainty in the speciation
model, in particular the values of the stability constants for the
reactions that are not refined. For example, the uncertainties for
the formation constants for FeCl" and FeCl,(aq) quoted in Zhao
and Pan (2001) range from 0.02 to 0.16 log units, which will also
affect the uncertainties in the fitted log K values for FeCl3~. The
choice of the parameters used in the activity coefficient model
(Eq. 10), particularly the ion size parameter &, will also result in
errors in the fitted log K values, as discussed in Liu et al. (2002).
It is difficult to quantify accurately the total errors in the fitted
log K values, as they are not the linear sum of the uncertainties
from different sources. Here we have chosen to report only the
uncertainty related to (1), neglecting the model-specific error
sources (2) and (3). The errors are obtained by examining the
values of the residuals as a function of the value for the optimized
log K values, as in previous studies (Brugger 2006; Brugger et
al. 2001; Liu et al. 2001, 2002). This also allows determination
of'the nature of the minimum (global vs. local) and identification
of possible alternative local minima. The residual R in percentage
is defined as the difference between the observed values (y;) and
the calculated values (y):

R—100 |22 =) Zy)z
V>

The range of uncertainties in the optimized log K values are
then estimated based on the residual maps at 90% confidence
level using the nonlinear-regression calculation method of Draper
and Smith (1998).

(12)

FITTING RESULTS

Zn* chlorides at 25 °C

The XANES spectra of Zn?" in chloride solutions are shown
in Figure 1b. With increasing salt concentration, the intensity
of the edge crest decreases and shifts toward lower energy. Two
nearly isosbestic points are observed at 9662 and 9672 eV, indi-
cating that only two major components with distinct spectra in
the solutions contribute to the observed spectra. Principal com-
ponent analysis (PCA; Fig. 1¢) also shows that two factors are
sufficient to explain the spectra with 99% accuracy. The fitting
procedure in this case is made especially difficult by the strong
underdetermination of the problem, resulting from the fact that:
(1) five species are probably present, but statistically the data
displays only two linearly independent components; (2) three
species occur only in minor proportion (Fig. la); and (3) the
octahedral species (Zn**, ZnCl*, ZnCl,,), and ZnClL) are likely
to have very similar spectra. To circumvent these difficulties, we
applied the following constraints during the fitting: (1) the log K
of all species except ZnCl3 were fixed to the literature values;
(2) the spectrum of Zn*" was fixed to be equal to the spectrum
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FIGURE 5. Fe K-edge XANES spectra of Fe?* bearing LiCl solutions

at 25 °C (a) and 150 °C (b). The pre-edge range of 150 °C data is shown
in the insert.

of the solution containing the least amount of chloride (solution
1, Table 1); (3) the spectra of all three “octahedral” Zn?**-chlo-
ride complexes were constrained to be equal. During the fit,
the spectra of the octahedral Zn**-chloride complexes and that
of ZnCl,*>* were optimized together with the log K for ZnCl3.
A similar approach was also applied to the fit of Fe*" chloride
systems. The optimized spectra shown in Figure 1d confirm that
the octahedral species (Zn** to ZnCl;) have similar spectra. The
log K for ZnCl; retrieved using the above procedure is 0.1(6)
using the data corrected for self-absorption), very close to the
0.19 value from Ruaya and Seward (1986). Based on the residual
map, the uncertainty in the derived log K for ZnCl3 is +0.6.

Fe** chlorides at 25 and 150 °C

The normalized Fe K-edge XANES spectra for Fe-bearing
LiCl solutions are shown in Figure 5a for 25 °C and Figure 5b for
150 °C. The 150 °C data show a more pronounced change with
increasing Cl concentration, compared to the 25 °C data. The
pre-edge peak is centered at ~7112 eV, and its intensity increases
with increasing chloride concentration; this is accompanied by
a shift in the edge position toward lower energy and a decrease
of edge intensity (Figs. 5 and 6). In the after-edge region we
can also see a systematic change in the spectra: with increasing
chloride concentration, the intensity of the band at 7140-7160 eV
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increases and that of the band between 7170-7180 eV decreases
(Figs. 5 and 6).

Three isosbestic points are observed at energies of 7138,
7162, and 7185 eV for the 150 °C data (Fig. 5b), indicating that
only two major components with distinct spectra in the solutions
contribute to the observed spectra. The isosbestic points for the
25 °C data are less obvious (Fig. 5a).

The normalized Fe K-edge XANES spectra of the two end-
member solutions with chloride concentrations of 0.4 and 15.6
m are shown in Figure 2 together with minerals containing Fe**
in octahedral and tetrahedral coordination. The XANES spectra
of siderite and the 0.4 m CI solution show a broad main edge
peak, with an edge crest of 7121 eV for siderite and 7126 ¢V
for the 0.4 m Cl solution. The XANES spectra of tetrahedral Fe
in hercynite shows 1s — 3d transitions at 7112 eV, and 1s —
4p transitions at 7121.5 and 7125.5 eV. These two features can
also be seen in the 15.6 m Cl solution, but the 7130 eV peak of
hercynite is absent in the spectrum obtained from the 15.6 m
Cl solution. The extracted pre-edge spectrum (insert in Fig. 2)
clearly shows that the pre-edge feature of the 1s — 34 transi-
tion is stronger for hercynite and the 15.6 m chloride solution,
compared to siderite and the 0.4 m chloride solution, as expected
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FIGURE 6. Normalized X-ray fluorescence at a fixed energy as a
function of chloride concentrations at 150 °C, (a) at 7112 eV and (b) at

7128 eV. The circles show the measured absorption and the lines represent
fitted values using log K values generated from this study.
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for tetrahedral and octahedral geometry, respectively. Therefore,
the systematic change of the pre-edge, together with the features
of the edge, qualitatively reveal the change of structure of Fe**
chloride complexes from octahedral to tetrahedral coordination
with increasing chloride concentration at a given temperature.
The two absorbing species responsible for the observed isosbestic
points are thus interpreted as octahedral and tetrahedral Fe**
chloride complexes.

Previous studies showed that three Fe** chloride complexes
may exist in aqueous chloride solutions: octahedral FeCl" and
FeCly,q and tetrahedral FeCl3 . Based on UV-Vis spectroscopic
data, Heinrich and Seward (1990) identified FeCI"™ and FeCl,,,
in solutions containing up to 3 m CI at temperatures up to 200
°C. They observed that FeCl,,q becomes more important with
increasing temperature. This result was subsequently supported
by the solubility experiments of Fein et al. (1992), Ding and Sey-
fried (1992), and Ohmoto et al. (1994), and by the potentiometric
measurements of Palmer and Hyde (1993). However, the UV-Vis
studies of Koplitz et al. (1987) and Zhao and Pan (2001) found
FeCl7 in concentrated LiCl solutions with Cl concentrations up
to 15 m. Zhao and Pan (2001) also estimated thermodynamic
properties for FeCl3 at 60, 80, and 90 °C. Therefore Fe?*, FeCl’,
FeClyg), and FeCli are included in the speciation model. As
the changes in the XANES spectra are mainly attributed to the
change of coordination from octahedral to tetrahedral, and the
formation constants of the octahedral FeCl" and FeCl,,, are well-
known, only the formation constant (log K) for the tetrahedral
species (FeCl%) is optimized in the fitting (Eq. 13):

Fe* +4Cl = FeCl} (13)
and the log K values for FeCI" and FeCl,,,, were fixed to those
determined by Zhao and Pan (2001). Alternative fitting proce-
dures including optimization of FeCl; were tested, but resulted
in unrealistic spectra; therefore this species is not included in the
fitting. This is consistent with the speciation model of Zhao and
Pan (2001), in which they also found no evidence for FeCl;.

Three different data sets constructed from different parts of
the XAS spectra were fitted to derive log K values for FeClj at
150 °C. Data set A is the normalized XANES spectra including
pre-edge and after-edge range, data set B contains only the pre-
edge range, and data set C includes pre-edge spectra that are
weighted by a factor of 10, plus the after-edge range. The fitting
results are compiled in Table 4. It is encouraging that all three
data sets give very similar log K values, which indicates that
the octahedral to tetrahedral transition is well reflected by both
pre-edge and after-edge spectra. The log K value (-2.92) fitted

TABLE 4. Fitted logarithm of formation constants (log K) for FeCl3
from Fe K-edge XANES spectra of Fe**-bearing LiCl solutions

at 25 and 150 °C

Temperature Data set Energy range Fitted log K
(eV) for FeCl3~
150 °C A: pre-edge + 7102-7220 -292+0.3
after-edge -2.90 +0.3*
B: pre-edge only 7102-7117 -3.05+0.4
C: after-edge + 7102-7220 -2.99+0.3
10 X pre-edge
25°C Pre-edge + 7102-7220 -6.22+0.6
after-edge -6.27 + 0.6*

* Using self-absorption corrected spectra.




768

log K for FeClZ"
[}

-4 35 -3

-2.5 -2

-1.5 -1 05 0

log K for FeCly5q

log K for FeCIZ

3.75

-2 -1.5 -1 -0.5 0 1.5

log K for FeCly4q)

FIGURE 7. Calculated residuals as a function of log K values for
FeCly,q and FeCli~at 25 and 150 °C. The circles represent the location of
fitted log K values. An approximate 90% confidence region is defined by
the dashed contours (1.53% at 25 °C and 1.41 at 150 °C, respectively).

from the total spectra (data set A) was chosen as final result.
As the pre-edge peak for 25 °C data is less intense, the whole
spectra (7102-7220 eV) were included in the fitting. Given that
the self-absorption correction increased the amplitude of the
white line, the log K values were determined for these spectra.
The difference in fitted log K values between uncorrected and
corrected data are less than 0.15 log unit (Table 4), well below
the estimated errors (0.3-0.6, Table 4).

Although a few studies have qualitatively revealed the ex-
istence of the FeCl3~ complex (Susak and Crerar 1985; Koplitz
et al. 1987), only one study (Zhao and Pan 2001) reported the
formation constants for FeCl3at 60, 80, and 90 °C (log K of 4.1,
—3.45, and —2.96 at the respective temperatures). Our values for
log K are —6.2(6) at 25 °C and —2.9(3) at 150 °C, slightly lower
than the extrapolation of their values. Note that the values of Zhao
and Pan (2001) are considered as the first-order approximation, as
their log K values are based on the slope of FeCl3~ concentration
vs. Fe and Cl concentration and the assumption that the activity
coefficient terms cancel out (Zhao and Pan 2001).

Figure 7 shows the residual mapped as a function of log
Keecig- and log Krecng) at 25 °C (Fig. 7a) and 150 °C (Fig. 7b).
It can be seen that the log Ke.ci3- and log Kreciy() are correlated,
which means values and uncertainties of log Kr.c2- depends on
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the choice of log Kreciy,q used in the calculation. The reported
uncertainties in fitted log K values (Table 4) are derived from
the extent of the confidence region defined by the contour at 1.3
times the absolute minimum (1.53% at 25 °C and 1.41% at 150
°C, Fig. 7), corresponding approximately to the 90% confidence
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level using the nonlinear-regression calculation method of Draper
and Smith (1998).

Figure 8 shows the calculated speciation of Fe?* chloride
complexes based on our new log K values for FeCl? at 25 and
150 °C. It can be seen from the figure that the predominance field
of FeClj shifts from 10 m LiCl at 25 °C to 7 m at 150 °C. It is
expected that at temperatures above 150 °C, the predominance
field of the FeCli~ complex extends to even lower chloride
concentrations, which agrees with the trend that the tetrahedral
complexes of transition metals become important with increas-
ing temperature and/or chloride concentrations, as described
by previous studies (e.g., Susak and Crerar 1985; Koplitz et al.
1987; Zhao and Pan 2001).

DISCUSSIONS AND CONCLUDING REMARKS

This study demonstrates that XANES spectra can be used to
derive formation constants for aqueous transition-metal com-
plexes in a way analogous to UV-Vis-NIR spectrophotometry.
XANES is particularly well suited for systems in which the
metal of interest displays changes in coordination geometry.
This, however, also indicates the limitation of this method.
When there is no change in coordination, the change observable
in the XANES spectra may be small, and it may not be possible
to derive log K values. As shown in the Fe*" and Zn*" systems,
the successive replacement of water by chloride ligands in an
octahedral complex has little effect on the XANES spectra, and
all octahedral chloride complexes show similar XANES spectra.
Therefore, it was impossible to derive formation constants for
these species, and it was necessary to use the properties derived
from other techniques in the analysis of the XANES data. This
means that XANES is particularly powerful as a complement
of the methods that are not sensitive to coordination changes,
e.g., solubility or potentiometric studies. Note that EXAFS data
can be treated in the same way as XANES, and are more sensi-
tive to stepwise ligand substitution (e.g., Inada and Funahashi
1999); this will become increasingly attractive as “fast EXAFS”
techniques, which allow the collection of many spectra within a
reasonable time frame, become more routine.

The present study confirms the increasing stability of tet-
rahedral species relative to octahedral species with increasing
salt concentration and increasing temperature for Fe?" and Zn*";
the significance of such a trend was first noticed for transition-
metals chloride complexes by Susak and Crerar (1985) using
UV-Vis measurements. Such coordination changes mark steep
gradients in solubility curves (e.g., Fig. 9), indicating that dilu-
tion or cooling may result in efficient precipitation of the met-
als as the octahedral complex replaces a high-order tetrahedral
complex (Fig. 9).

The possibility to conduct XAS experiments at elevated
pressure and temperature (e.g., Bassett et al. 2000; Fulton et al.
2001; Testemale et al. 2005) opens new opportunities for the
study of metal transport and deposition under conditions typical
of magmatic-hydrothermal ore-forming environments (>500 °C,
>1 kbar). The XANES spectra can further be complemented by
EXAFS spectra, to increase the amount of information both for
speciation and thermodynamic analyses. XANES appears to be
well suited to track coordination changes among transition metals
quantitatively under magmatic hydrothermal conditions.
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