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ABSTRACT

The principle of corresponding states has been extended to jnc]ude
techniques which allow the accurate predictién of partial molal
guantities for anions at elevated temperatures and pressures. In
addition, the same relationships have been demonstrated for entropies of
dissociation for fluoride and hydroxide complexes and oxy-acids. The
use of the correspondence principle and equations of state for ions and
aqueous dissociation reactions which explicitly account for
electrostatic and nonelectrostatic contributions to thermodynamic
behévior, allow the thermodynamic properties of reactions and ions to be
predicted at temperatures and pressures up to 600°C and 5000 bars.

These techniques were used to estimate the dissociation constants
for 26 fluoride complexes of alkaline earth ions, divalent first-row
transition ions, divalent tin and lead, and iron (III) and aluminum at
temperatures up to 300°C in steam saturated water. Evaluation of the
stability of these complexes in hydrothermal and geothermal fluids
indicates that fluoride complexing is not important in the transport of
divalent metals at elevated temperatures. However, fluoride complexes
of aluminum are important in the transport of this jon at elevated
temperatures.

Theoretical calculations of the thermodynamic properties of the
molybdate ion coupled with reported thermodynamic properties of

molybdenum minerals allow calculations of equilibrium constants for



reactions involving the molybdate ion at temperatures and pressures of
up to 600°C and 5000 bars. In addition, predicted dissociation
constants of hydrolysis species and chloride complexes of molybdenum (V)
and (VI) as well as fluoride and sulfide complexes of molybdenum {VI)
allow the calculation of mineral solubilities which are consistent with
experimental measurements.

Calculations of molybdenum speciation at elevated temperatures and
pressures indicate that at neutral pH's the bimolybdate ion
predominates. However, MoOSF' becomes the predominate solution species

15 Ccntoride complexes

if the fugacity of hydrogen fluoride exceeds 10
and cationic species of molybdenum (VI) are not important in the
transport of molybdenum. In acid solutions molybdenum (V) species
become significant. Sulfide complexes may be significant if the
molality of hydrogen sulfide exceeds 10713,

Light, stable-isotope and fluid inclusion studies of the 23 million
yvear old Questa molybdenite deposit located in the Sangre de Cristo
Mountains of northern Toas County, New Mexico have been done. The
results of these studies indicate that early, high-temperature (+550°C),

180

hypersaline (40 to 70 eq. wt. % sodium chloride), magmatic fluids (&
= +7.7 per mil) with KC1/NaCl ratios of greater than 0.20 were derived
from a shallow (1000 to 1600 meters deep)_‘crysta11izing granite
intrusive. The reactions of these fluids with the andesite volcanic
focks produced barren quartz and.quartz-biotite veins. In addition,
fluorine-rich biotite and molybdenite ("clotty-moly") mineralization

resulted from wall rock reactions involving the early fluids and the

andesites. Later, quartz-molybdenite vein mineralization occurred as a



result of adiabatic decompression of Tower-temperature (350 to 450°C),
halite-saturated fluids with KC1/NaCl ratios of less than 0.20 and
hydrogen sulfide concentrations of 0.03 molal. These fluids were
mixtures of magmatic and meteoric water (40 to 70 % magmatic) and had
compositions which were consistent with potassic alteration.
Pyrite-quartztmolybdenite vein mineralization associated with sericitic
alteration was deposited from hydrogen sulfide rich (0.4 molal) fluids
at temperatures of less than 350°C., The oxygen-18 composition of these
fluids was similar to the fluids associated with the quartz-molybdenite
mineralization. This similarity implies that the two fluids were
derived from a similar source, but underwent different chemical
histories.

Isotopic disequilibrium between quartz and K-feldspar, as well as
low §D values (approximately -115 per mil) for hydrothermal biotites,
indicate a Tlate 1nffux of surface-derived meteoric waters into the
hydrothermal system. This influx may have been the result of
hydrothermal activity associated with the Deep Granite system which
postdates the mineralization studied,

Theoretical calculations indicate that the reactions of potassium-
and fluoride-rich fluids with the andesities to produce fluorine-rich
biotite would result in molybdenite mineralization due to a decrease in
fluoride activity and a destablization of molybdenum fluoride complexes.
Furthermore, calculations indicate that molybdenite solubility is
retrograde above approximately 450°C which means that mineralization
resulting from a temperatdre decrease, such as the quartz-molybdenite

veins, would occur only at temperatures of less than 450°C. The

iy



calculated solubility of molybdenite is 800 ppm molybdenum at 4OG°C in
fluids such as those associated with the quartz-molybdenite veins, while
fluids such as those associated with pyrite-quartz veins have calculated
solubilities of less than 1 ppm molybdenum.

The results of this study ﬁndicate that models describing the
thermodynamic properties of aqueous species can be used with confidence
in evaluating the traﬁsport and deposition of molybdenum from fluids
associated with porphyry molybdenum deposits. Furthermore, these
techniques can be used for calculations in other hydrothermal and
geothermal systems for which appropriate experimental measurements are

not availablie,
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PURPOSE

CHAPTER 1
SOLUTION CHEMISTRY OF MOLYBDENUM

SIGNIFICANCE OF THE PROBLEM

The formation of geochemical anomalies known as ore deposits

involves complex geologic and geochemical processes. These geochemical

processes may conveniently be divided into three parts. These are:

1)

Source of the metals. Where did the metals of interest come
from? Are they derived from a pluton, leached from
surrounding rocks, or from some other source?

Transport of metals. How did the metal get from the source to
the location of the deposit? In the class of deposits, which
can loosely be defined as 'hydrothermal', the metals were
transported in an aqueous fluid. The question then becomes,
what complexes were important to the transport?

Deposition of metals. What physico-chemical processes brought
about ore mineral deposition? What were the effects of
pressure and temperature changes? What was the role of

boiling or wall rock reactions?

The thrust of this study was to evaluate numbers two and three

1isted above for porphyry moliybdenum deposits.

STATEMENT OF PROBLEM

The primary use of molybdenum is in metallurgical applications for

steels, cast irons and high alloy steels. As of 1978, 90% of molybdenum

consumption was for metallurgical applications, with the remaining



consumption in chemical and non-metaliurgical applications (Elevatorski,
1979). Production figures for the year 1978 1indicated that 50%
(Elevatorski, 1981) of world molybdenum production was from porphyry
deposits in which molybdenum was the primary recoverable metal. Another
46% of world molybdenum production was as a byproduct of porphyry copper
production, with the remaining 4% as a byproduct of lead-zinc production
and Mo-bearing tactites recovered primari]y‘for tungsten (Elevatorski,
1981).

In North America, which accounts for 74% of world production, over
99% of the production was from porphyry deposits. Because of the great
importance of porphyry deposits, this study is devoted exclusively to
the evaluation of wmolybdenum transport in hydrothermal solutions
associated with porphyry deposits.

Porphyry molybdenum deposits may be conveniently classified based
on the rock type. The first group are the granite or Climax-type
deposits. These deposits are associated with hypabyssal granites,
aplites and rhyolite porphyries. In addition, multiple mineralizing
events are commonly recognized in these deposits. Futhermore, these
rocks are rich in fluorine, as evidenced by the abundance of fluorine
bearing phases. The second group is referred to as quartz monzonite
type deposits. This group has also been classified as calc-alkalic-
type deposits (Westra and Keith, 1981). Westra and Keith (1981)
presented trace element and other data which suggests that the quartz
monzonite-type deposits are molybdenum-rich end members of a continuum
of deposits which range from porphyry molybdenum to porphyry copper
deposits. The quartz monzonite-type deposits are characterized by

quartz monzonites, granodiorites and granites. The fluorine content, as



well as the molybdenum grades are lower for the quartz monzonite-type
deposits. Multiple ore events are not common for this type of deposit.

Climax-type porphyry molybdenum deposits, unlike porphyry
copper-molybdenum deposits, are characterized by significant amounts of
fluorine-rich mineralization including fluorite, topaz and fluorine-rich
micas. Gunow et al. {1980) have determined the log fHZO/fHF ratios for
hydrothermal solutions associated with the Henderson, CO molybdenite
deposit from the fluorine content of micas. Their work suggests a steep
gradient of the Tlog szO/fHF ratio, with tHe most fluorine rich
solutions being associated with the highest grade molybdenite minerali-
zation. Furthermore, Munoz (1980) concluded that fHF/fH01 ratios of
hydrothermal fluids associated with the Henderson deposit were ten times
higher than for fluids associated with the Santa Rita, NM porphyry
copper deposit. Thus, assuming fHC] similar for both deposits, these
results suggest that hydrothermal solutions associated with porphyry
molybdenum mineralization may be richer in fluorine than fluids
associated with porphyry copper mineralization.

Although porphyry copper-molybdenum and Climax-type porphyry
molybdenum deposits appear to be similar in some respects (e.g.,
association with intrusive rocks, possibly temperature of formation),
they are undoubtedly different in others. Most importantly here is the
mechanism of hydrothermal transport. The apparent continuum between
porphyry copper deposits and quartz monzonite-type porphyry molybdenum
deposits does not require that the transport mechanism for molybdenum
and copper be the same. The chemistries of copper and molybdenum are
sufficiently different so as to suggest that aqueous speciation of these

elements will not be similarly affected by similar processes. For



example, copper typically exists in solution as a cation (with or
without complexing ligands) at Tow temperatures, whereas molybdenum (VI)
exists as an oxy-acid (M0042', HM004', etc.). The anionic nature of
molybdenum (VI) is not consistent with the formation of chloride
complexes, except in extremely acid solutions (Griffith and Wickins,
1967). In contrast, however, chloride complexes of copper have been
shown to be the most important mechanism by which copper is transported
in hydrothermal fluids.

Crerar and Barnes (1976) have provided the experimental work
necessary to better understand the conditions most favorable for copper
transport and precipitation in hydrothermal solutions. These data can
be integrated with appropriate field measurements to yield useful
information on the mechanism of copper mineralization in, for example, a
porphyry copper terrain. -Analogous data for the molybdenum system,
however, are not available. Thus, numerous, relatively unconstrained
models have been proposed to account for the transport of aqueous
molybdenum species 1in hydrothermal fluids. For example, sulfide
complexes {Arutyunyan, 1966), silica complexes (Khitarov et al., 1965),
fluoride and hydroxide complexes (Smith et al., 1980) and chloride
complexes (Westrich, 1974) have all been proposed as important
mechanisms of molybdenum transport 1n‘ high temperature aqueous

electrolyte solutions.

APPROACH
The use of equilibrium thermodynamics to evaluate the mechanism of
water-rock interactions currently represents one of the most useful

methods to determine how metals are transported in solutions. Helgeson



and Aagaard (1979) have indicated that at temperatures greater than
200°C, equilibrium between an aqueous phase and minerals is on the order
of hours or days, instantaneous compared to the length of tens of
thousands of years (Norton and Knight, 1977) for a hydrothermal event
associated with magmatism. However, in order to use equilibrium
thermodynamics, a complete knowledge of the standard thermodynamic
functions for all solid, aqueous and gaseous phases and species is
required. In addition, the intensive variables (typically temperature
and pressure) must also be defined. |

The thermodynamic properties of a large number of common gases and

minerals have been determined over a wide temperature range (e.g., Robie
et al., 1978). However, the coverage of aqueous ions and solution
species is much more limited. In order to fully evaluate the role of
the aqueous phase in metal transport and precipﬁtation, the thermo-
dynamic properties of solution species must be determined., These
properties may be determined by several methods. Some of these methods
are:

1) Experimentally determining the partial molal heat capacities
and volumes of aqueous electrolytes. This information,
coupled with the thermodynamic relationships among volume,
entropy,&heat capacity, and Gibbs free energy, allows the
desired information to be derijved.

2) Potentiometric titrations.

3) Solubility studies of sparingly soluble salt in solutions of a
complexing Tigand.

4)  Conductivity measurements of solutions of weak electrolytes.

5) Estimation of the property of interest using a model with

valid assumptions.



The first four methods outlined above allow the determinaticn of the
thermodynamic properties of interest from experimental measurements.
Methods based on careful experimental work are much better than
estimates. However, no one experimental method can be used to determine
all the thermodynamic parameters for an aqueous sclution. For example,
the partial molal volume and heat capacity of an ion may be determined
from density and heat of solution measurements, whereas the Gibbs free
energy of an ion is determined from solubility measurements. As a
consequence, several different types of experfmenta1 measurements must
be made to determine the thermodynamic properties of a single ion. The
only method which has the potential to allow the derivation of a large
amount of thermodynamic data over the temperature and pressure range of
hydrothermal ore deposits is the use of estimates. Helgeson (1964)
demonstrated the validity of the approach for several systems of
geologic interest. Furthermore, a through theoretical evaluation of a
hydrothermal system may indicate which complexes are significant in the
transport of metals. This knowledge can be used to plan experimental
hydrothermal solubility studies.

The approach chosen in this study of molybdenum solution species is
the use of estimates based on theoretical evaluations of the behavior of
aqueous electrolyte solutions. For a system such as molybdenum, where
very Tittle experimental work has been done, estimates prove to be the
most valuable technique to derive the large amount of thermodynamic data
needed for a study‘of this type. During this study, the dissociation
constants for over 40 aqueous species at elevated temperatures were
determined. Although these estimates may require some revision as

experimental results become available, the results presented here allow



significant conclusions to be made about the role of both molybdenum and

fluoride complexes in hydrothermal solutions.

ORGANIZATION

This work may be broken into two parts. The first portion,
covering Chapters 2 through 7, deals with the derivation of the
thermodynamic properties of molybdenum minerals and solution species of
both moiybdenum and fluorine. Also presented is an evaluation of the
transport of molybdenum in hydrothermal so]dtions associated with
porphyry molybdenum deposits. Presented in the second portion of this
dissertation (Chapter 8) are the results of a preliminary fluid
inclusion, 1light, stable-isotope and gas study of Molycorp's Questa
mine. Information derived from the observations of Questa material,
along with pertinent chemical information for porphyry molybdenum
deposits presented in the Titerature, allows modeling of nydrothermal

solutions which are consistent with geologic observations,



CHAPTER 2
REVIEW OF THERMODYNAMIC RELATIONSHIPS

STANDARD STATES
The thermodynamic properties of minerals, gases and ions can be
calculated at elevated temperatures and pressures from the relationships
among volume, pressure, temperature and the energetics of the system.
In addition, a clear definition of the standard states for ion, gases,

minerals and water is necessary.

MINERALS
The standard state for minerals and solids of stoichiometric
composition 1is defined as unit activity for the phase at all

temperatures and pressures.

GASES

The standard state for a gas is defined in terms of ideal gas law
behavior at one bar pressure and any temperature. This differs from
solids in that the effects of pressure are not implicitly incorporated

into the standard state definition.

IONS AND ELECTROLYTES

A hypothetical one molal solution with properties at infinite
dilution at any temperature and pressure is defined to have unit
activity. In addition, all thermodynamic properties for the hydrogen

ion are defined as zero at all temperatures and pressures.



WATER

The standard state for water chosen in this study is liquid water
at all pressures above or on the boiling curve. Pure water is defined
as having unit activity at all temperatures and pressures. Water could

alternately be defined in terms of a gas (see above).

APPARENT AND STANDARD FUNCTIONS

Throughout this study, apparent Gibbs free energies and enthalpies
are used at all temperatures and pressures other than 298.15 K and 1
bar. Apparent functions differ from standard functions in that the
Gibbs free energies and enthalpies of formation of the elements are
defined as zero only at 298.15 K and 1 bar (apparent functions), rather
than being defined as zero at all temperatures and pressures (standard
functions). The apparent Gibbs free energy and enthalpy of formation is

defined by (Helgeson et al., 1978):

AGO(T,P) = MG, + (G°(T,P) - G°(Tr,Pr)) 2.1
AH®(T,P) = AHog + (He(T,P) - H°(Tr,Pr)) 2.2
whevre
G°(T,P) - G (Tr,Pr) = -5 (Tr,Pr) X (T—Tr)
T T P
+ Jc"p dT - TJC°p dinT + JV°(T) dp 2.3
Tr‘ TY‘ PY‘
and
T p
H°(T,P) - H°(Tr,Pr) = Jmp dT +J(V°(T) - T(aV°/aT)p) dP 2.4
T P

r r
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where T is the temperature in K and P is the pressure in bars, AH°f and
AGOf are the standard molal Gibbs free energy and enthalpy of formation
from the elements at T]n (298.15 K) and Pr (i bar), G°(T,P), Go(Tr’Pr)’
Ho(Tr’Pr)’ So(Tr’Pr)’ C°p and V°(T) are the apparent molal Gibbs free
energies, enthalpies, entropy, heat capacity and volume at the

subscripted temperature and pressure. The corresponding equation for

standard molal entropy at a given pressure and temperature is:

T p
SO(T,P) - S°(T.P) = Jmp dinT - TJ((BV“/BT)p)TdP 2.5
TY‘ PY'

MINERALS AND SOLIDS

HEAT CAPACITY
The standard molal heat capacities of minerals or gases at one bar
total pressure and temperatures greater than 298.15 K can be represented

by the Maier-Kelley (Kelley, 1960) power function:

2

C° = a + bT + T 2.6

P
where a, b and ¢ are temperature independent fit coefficients derived by

regression of experimental heat capacities. Although higher order power
functions have been employed by some investigators (Haas and Fisher,
1976 and Robie et al., 1978) to represent heat capacity measurements,
equation 2.6 yields fits of experimental heat capacities to within 0.1

-1

cal mole'1 K™ or less for most minerals (Helgeson et al., 1978). The

error resulting from fits of equation 2.6 to heat capacities of minerals

-1

with high Debye temperatures may exceed 1 cal mo]e”1 K However, such

large discrepancies are rare (Helgeson et al., 1978).
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VOLUME

The data of Skinner (1966) indicates that, with the exception of
alkali metal halides, the thermal expansion of minerals is five percent
or 1ess at 600°C. Most silicates have thermal expansions of about one
percent at 600°C. Since temperature and pressure are typically related
in geologic processes, and thermal expansion and compressibility have
opposite effects on volume, assuming the volume of a solid to be
independent of temperature and pressure will not introduce significant

error into the calculated apparent molal Gibbs free energies.

INTEGRATED EQUATIONS
Integration of equations 2.3 to 2.5 using equation 2.6, and the
assumption that standard molal volumes are temperature and pressure
independent, yields:
G°(T,P) - Go(Tr’Pr) = 'So(Tr’Pr) X (T_Tr) + a(T-Tr-T1n(T/Tr))
%)

- LOTT S+ e)(T-T)1/(@TT 8 + v x (P-P) 2.7

a(T-T. ) + b(T2 2)

r /2

HO(T,P) = H°(T,,P) T,
S

. + V° x (P-P.) 2.8

r
and

° o - 2 o -2
$°(T,P) - S°(T,P.) = alnT/T_ + b(T-T) - c(T7°-T "9)/2 2.9

Using equations 2.1, 2.2, and 2.7 through 2.9, the thermodynamic

properties of minerals at any temperature and pressure may be calculated

from room temperature Gibbs free energies and enthalpies of formation,

entropies and volumes using appropriate heat capacities.
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GASES

Equations 2.1 and 2.3 are general equations, and are independent of
the state of matter for a substances. As was menticned earlier, the
Maier-Kelley power function (equation 2.6) may be used to represent the
heat capacity of gases. Evaluation of the last integral in equation 2.3

for real gases yields (Klotz and Rosenburg, 1972):
RT1n[f(T,P)/f(T,Pr)] = JV°dP _ 2.10

where R is the gas constant and f(T,P) and f(T,Pr) are the fugacities at
the subscripted pressures and temperature. The fugacity of a gas is
given by:
f(T,P) = @&(T,P) x P 2.11
where ©(T,P) is the fugacity cbefficient. [f the standard state for a
gas is defined as unit fugacity at any temperature at the reference
pressure, and the standard state partial pressure of a gas is equal to
the reference pressure, then equation 2.10 becomes:
p
RTIn @(T,P) = JV° dP 2.12
Py
Integration of equation 2.3 using equations 2.6 and 2.12 yields:
G°(T,P) = Go(Tr’Pr) = 'So(Tr’Pr) X <T'Tr) + a(T-Tr-TTn(T/Tr))
- L(OTT B (T-T )21/(2TT )+ RTI0Q(T,P) 2.13
Equation 2.13 may be used to evaluate the change in the apparent Gibbs

free energy of formation for gases resulting from a change in

temperature and pressure.
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Evaluation of fugacity coefficients (Y(T,P)) is dependent on the
choice of an appropriate equation of state. The ideal gas law, while
commonly used, is not adequate to describe the P-T-V° propertiesvof real
gases except over a Timited rangé of pressures (less than 100 bars for
most gases) at temperatures greater than 298.15 K, For this reason,
Redlich and Kwong's (1948) modification of the ideal gas eguation was
used in this study to calculate the P-T-V°® relationships for gases. The
utility of the Redlich-Kwong equation in evaluating geologic problems is
evident by the number of investigators who haVe used this equation in
recent investigations (Holloway, 1977; Flower, 1979; and Jacob and
Kerrick, 1981).

The Redlich-Kwong equation can be stated as:

P = RT/(Ve-b) - a/(v°%+bve)T? 2.14
where a is a measure of attractive force between the gas molecules, and
b is a measure of the volume of the molecules of the gas. Iﬁ is more
convenient to cast the equation in terms of compressibility (Z).
Compressibility for a gas is defined as:

Z = PV°/RT 2.15
The value of Z for an ideal gas is one, and Z for real gases is an
indication of the extent of departure from ideal behavior.

Rearrangement of equation 2.14 yields:

7 = 1/(1-h) - (A%/B)h/(1+h) 2.16a
pE = a/RETE® = o.azerT Pe%sp T80 2.16b
B = b/RT = 0.0867T/PT 2.16¢
h = BP/Z = b/V° 2.16d

where TC and PC are the critical temperatures and pressures of the gas
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of interest. Critical constants for a wide variety of gases have been
summarized by Matthews (1972).
The fugacity coefficient for a gas may be calculated from Redlich
and Kwong (1948):
P
Ing = Jf(z-l) dinP = Z -1 - 1n(Z-BP) - (A%/B) x Tn(1+h)  2.17
0
In practice geologic calculations are done at some fixed temperature and
pressure. This requires evaluation of equation 2.14 for V°. This may
be readily accomplished by the use of Newton's method. Once V° is
known, Z can be calculated from equation 2.15 and the integral in

equation 2.12 can be evaluated using equations 2.17 and 2.16a through

2.16d.
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AQUEQUS IONS

Work by Helgeson and others (Helgeson and Kirkham, 1976, Walther
and Helgeson, 1978 and Helgeson et al., 1981) has led to equations of
state describing the volumes and heat capacities of aqueous
electrolytes, individual ions and polar neutral species. These
equations are based on the separation of volume and heat capacity into
electrostatic and nonelectrostatic terms. |

The equation of state developed by Helgeson and Kirkham (1976) to
represent the partial molal volume of an aquéous species at infinite
dilution is:

Ve(T,P) = o(P) + g£(P)T/(T-8) - wQ(T,P) 2.18
where o(P) and £(P) are temperature independent coefficients, w is an
electrostatic coefficient and 6 is a temperature and pressure
independent coefficient. The Born function, Q(T,P), is defined by:

QUTP) = e (T,P)7F x (3lne/ap); 2.19
where € (T,P) is the dielectric constant for water at the subscripted
temperature and pressure.

The pressure dependence of o(P) and& (P) are represented by:
o(P) = a; + aZP 2.20a
E(P) a; t P 2.20b

where a5 8y, A4 and 3, are pressure and temperature independent

coefficients describing the nonelectrostatic volume of an ion or
electrolyte,

The analogous equation for heat capacity is (Walther and Helgeson,
1978 and Helgeson et al., 1981):
+ cZT/(T—e) + wTX(T,Pr) 2.21

C p(T’Pr) = ¢

where c1 and ¢, are temperature and pressure independent coefficients
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analogous to o(P) and £(P) in equation 2.18. The Born function, X(T,P),

is defined by:

X(T,P) = e(T,n)"F x [(3%1n /8T2)P - (Blns/aT)PZ] 2.22
Integration of equation 2.3 using equations 2.18 and 2.21 yié]ds:
(see facing page) 2.23
where
Y(T,p) = <(T,p)"! x (9Tne/aT), 2.24
and
Z2(1,p) = -e(1,p)7 2.25

Integration of equations 2.4 and 2.5 yields:

(see facing page) 2.26
and

(see facing page) 2.27
In addition, the standard molal heat capacity may be expressed as:
1 CZT/(T-G)
- T(2ag(P-P )+a, (PE-P 2))/(T-8)% + WTX(T,P) 2.28

c° (T,P) = ¢
S(T.P)
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EQUATION 2.23

[}

O(T.P) - 62(T,P) = =S™UTLPL) x (T-T ) + ¢y (T-T -TIn(T/T.))

1

I -

T-8) + aiT)(P-P ) + (a,(T-8) + agT)(Po-P_

(1-8
-Cy T-Tr-(T-e)1nhr_e

2(a( 2)

~——t

3
2(T-6

~o(Z(T,P) = Z(T 4P) = Y(T,,P,) x (T-T)))

EQUATION 2.26

0 O _ T-—G
(TP) - HTLPL) = feg # ¢ (T-Tp) + CZGWn{Tr”el i
2 2
al(P-Pr) + aZ(P -Pr /2 o+
2a.T(P-P_) + a,T(P-P )
3 r 4 r

AGPE)] ¥

2,2
20a T(P~Pr) + 6a4T(P P )

3
> +

2(1-8)
w(TY(T,P) - TrY(Tr,Pr) - 2(T,P) + Z(Tr,Pr))

EQUATION 2.27

0 0 - T-6
O(T,p) - 2T ,P) = cqIn(T/T) + Cz‘“[Tr—e} '

p-p ) + 3,(P%-P )

)2

8(2a3(

2(7-9

W(Y(T,P) = Y(T,P))
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EQUILIBRIUM CONSTANTS

The equations presented 1in this chapter, along with the
thermodynamic properties of ions, gases and minerals at 298.15 K
(Helgeson et al., 1978; Walther and Helgeson, 1978 and Helgeson et al.,
1981) and equations describing the electrostatic properties of water
(Helgeson and Kirkham, 1974a), can be used to calculate the apparent
molal propertiéé df'ions, minerals and gases at elevated temperatures
and pressures.

The Gibbs free energy of reaction, AG°r(T,P), may be calculated
from: |

86° (T,P) = ZﬁiAG°1.(T,P) 2.29
where ﬁi is the stoichiometric reaction coefficient (positive for
products and negative for reactants) for the ith species in a chemical
reaction, and AG°1(T,P) is the apparent Gibbs free energy of formation
for the ith species. Calculation of other thermodynamic properties of
reaction (entropy, enthalpy, etc.) are accomplished using expressions
analogous to equation 2.29.

Finally, equilibrium constants may be calculated from:

AG°r(T,P) = -2.303RTlog K(T,P) 2.30

A computer code, SUPCRT (Helgeson et al., 1978), incorporating the
above equations, was used extensively in this study to calculate

equilibrium constants for reactions involving minerals, gases and

aqueous ions at temperatures and pressures of up to 600°C and 5000 bars.



CHAPTER 3
THERMODYNAMIC PROPERTIES OF MOLYBDENUM MINERALS AND THE MOLYBDATE ION

MOLYBDENUM MINERALS
Table 3.1 contains the standard Gibbs free energies and enthalpies
of formation, the third law entropies and the molal volumes at 298.15 K

for the five molybdenum minerals considered in this study. In addition,

the coefficients for the Maier-Kelley heat capacity power function for

these minerals are included in this table.

MOLYBDENITE

The enthalpy of formation for molybdenite is listed in NBS 270-4
(Wagman et al., 1968) as -56.2 kcal mo]e"l. However, fluorine-bomb
calorimetry by O'Hare et al. (1970) has yielded a value of -65.8 = 1.5

kcal mo1e'1 for AH°f. These authors evaluated several high temperature
investigations of molybdenite using estimated Gibbs free energy

functions and found reasonable agreement between their work and previous
investigations. Figure 3.1 indicates that there is excellent agreement
among the enthalpies of formation determined by different investigators.

A value of -66.469 kcal mole"1 (Schaefer and Goken, 1980) was selected

as the enthalpy of formation for molybdenite used in this study.

WULFENITE
The heat capacity of wulfenite at high temperatures has not been
measured. As a result, it was necessary to estimate the temperature
dependence of the heat capacity of wulfenite. The estimates were based
on the assumption proposed by Helgeson et al. (1978):
C°p(PbMoD

= d M - C° (C + ° (PbO 3.1
C p(Ca 00 p( a0) C p( )

) 2



20

Table 3.1

Summary of thermodynamic data for molybdenum minerals at 298.15 K and 1

atmosphere (1.013 bars) pressure.

Name Formula

powellite CaMoO4

Wulfenite PbMoO

4
Molybdite MoO3

Molybdenum

Dioxide MoO2

Molybdenite MoS,

acm3 mole—l.

bcal mole”

b c® Coeffécientsis
y9+13 g% AHOEC AGOEC aP bx10°  ¢x10 Tte

47.0  29.3 -369.50 -344.01 33.52 5.80 =-6.91 1300

53.86 39.7 -247.96 -223.93 37,79 7.13 =6.71 762
- 32.03 8.15 -5.24 1170

30.56 18.58 -178.10 -159.69 17.97 7.80 -2,10 1074

19.58 11.95 =140.50 -127.42 14.11 5.82 =-2.18 1800

32.02 14.95 -66.47 -64.36 17.14 1,78 -2,20 1200

1 1 1

&K', ®kcal mole”!. MMaier-kelly power

function coefficients for equation 2.6. eUpper temperature limit in K

for the heat capacity power function coefficients. ULower limit is

298.15 K except where more than one set of heat capacity coefficients

are given, In the latter case, the lower limit of the first set is

298.15 K, but the subsequent sets correspond to Tt for the preceding

set,

SOURCES OF DATA

POWELLITE: V°-~Robie et al. (1978); S° and AHOE—De11ien et al. (1976);

Cop—Zhidikova and Ruskov (1971).

WULFENITE: ¥° Robie et al. (1978); §%°-Dellien et al. (1976); AGof—from log

K(298.15) = ~-12.98 for the reaction: PbMo0O, = Ph

Lindsay, 1977);

MOLYBDITE: V°-Robie et al. (1978); S

. 2+, MOOAZ— (Vlek and

Cop—estimated, see text,

° Anof and AGOf—Stull and Prophet

(1971); Cop—King et al, (1960).
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Table 3.1 (cont.)
OLYBDENUM DIOXIDE: V°-Robie et al. (1978); s°, AHof and /_\,Gof_smu and
Prophet (1971); CopﬂKing et al. (1960).
MOLYBDENITE: v°-Robie et al. (1978); SO, AH® and AGOf—Schaefer

and Goken (1980); Cop—Fredrickson and Chasanov (1970).
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Fig. 3.1
comparison of experimentally derived standard enthalpies of

formation for molybdenite.
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calculations of heat capacities for wulfenite at elevated temperatures
were carried out at 100 K intervals using the heat capacity of powellite
and the heat capacities of 1ime and the stable form of lead oxide
(1itharge to 762 K and massicot from 762 K to the melting point, 1170 K)

from Robie et al. (1978),
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MOLYBDATE ION

ROOM TEMPERATURE
Zhidikova and Khodakovskiy (1971) reported the log of the
solubility product for powellite as ~8.36 £ 0.22. This corresponds to a

Gibbs free energy of 11.40 + 0.30 Kcal for the following reaction:
CaMo0, = Ca’* 2-

4 4
The Gibbs free energy of formation for the molybdate ion was calculated

+ Mo0 3.2
from the Gibbs free energy of reaction 3.2 and the Gibbs free energies
of formation for powellite (Table 3.1) and the calcium ion (Helgeson et
al., 1981) using equation 2.30. The value of the Gibbs free energy
determined by this calculation is:

27 = -200.45 Kcal mole™*

AG Tr’Pr’MOO4

o
This value is in good agreement with the values of -200.4 Kcal moTe"~1
reported by Dellien et al. (1976) and Ivanova et al. (1975).

Two determinations of the partial molal enthalpy of formation for
the molybdate ion are reported in the literature (Graham and Helper,
1956 and 0'Hare and Hoeksta, 1974). The agreement between these two
studies was excellent. The value of -238.3 = 0.2 Kcal mo]e'l reported
by 0'Hare and Hoesksha (1974) was the value recommended in the review
article by Dellien et al. (1976), and was selected for this study. From
the Gibbs free energy and enthalpy of formation, the entropy of
formation for the molybdate ion was determined using:

AGOf(Tr’Pr‘) = AH°f(Tr,Pr) - TAS°f(Tr,Pr) 3.3

1 ,-1

o 2oy _
AS f(Tr,Pr,MoO4 Y = -126.95 cal mole ~ K
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The partial molal entropy of the molybdate ion was calculated from the
entropy of formation and the entropies of the elements (Stull and

Prophet, 1971):

. 2oy 1,1
S (Tr,Pr,MOO4 ) = 9.1 cal mole ~ K

Olofsson et al. (1978) measured the relative partial molal heat
capacities of aqueous solutions of sodium molybdate at 25°C. The
partial molal heat capacity for the molybdate ion determined by 0lofsson
et al. (1978) is:

C°p(Tr,Pr,MoO42') = -49.4 cal mo]e”1 K"1

The above value is in good agreement with the value of -47 cal mo]e“l

1

K™" estimated using the method of Criss and Cobble (1964a,b).
Millero (1971) reports the partial molal volume of the molybdate
ion as:
o 2-y  _ 3 -1
V (Tr,Pr,MoO4 .) = 28.9 cm” mole

The partial molal compressibility of the molybdate ion has not been

measured. However, the compressibility of sodium molybdate was

3 .3 1 -1

estimated to be 14.3 x 107° cm” mole ~ bar ~ from a compressibility

versus molal volume plot for 2:1 electrolytes (Fig. 3.2). The partial

molal compressibility of the molybdate ion was calculated from;
2-
)

-°(Mo0, - (NayMo0,) - 2-¥°(Na") 3.4

4
and the partial molal compressibility of the sodium ion (Helgeson and

Kirkham, 1976). The value for the partial molal compressibility for the

molybdate ion is:
1 -1

ST P Moo42') = 6.5 x 107 cm® mole”! bar

r*r?
The thermodynamic properties of the molybdate ion at 25°C are

summarized in Table 3.2.
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Fig. 3.2
correlation between the standard partial molal compressibility
and the standard partial molal volume for 2:1 electrolytes at

25° C and 1 atmosphere pressure. The molal volume data are from

Millero (1971) and the compressibility data are from Franks (1973).

Compressibility data for Na2C03 is calculated from the compres-

sibilities of K,C05, NaCl and HC1 (Franks, 1973).



28

O'GY

ojow W9

€

00

o'Gl-

00

Q
10

00l

O'Gl

~0°0¢

0'G¢e

o

(40q 0w Jwo



29

Table 3.2

summary of the thermodynamic properties of the molybdate ion
at 298.15 K and 1 atmosphere (1.013 bars) pressure, See

text for sources of data.

AGOf = -200.45 Kcal mole™t

mo. = -238.3 Kcal mole™

s° = 9.1 cal mole™t k7!
c®, = -49.4 cal mole™ ! k7!
v° = 28.9 cm> mole™t
NS 6.5x10"°> cm> mole” " bar !
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PROPERTIES AT ELEVATED TEMPEéATURES

The Gibbs free energy of formation for the molybdate jon has been
estimated to temperatures of 200°C by Naumov et al., (1974) and Ivanova
et al. (1975). In both these studies the method proposed by
Knhodakovskiy et al. (1968) for estimating the temperature dependence of
partial molal heat capacities was used. This method, which assumes that
heat capacity is linearly reiated to temperature, allows the estimation
of Gibbs free energies of formation for ions up to temperatures of 300°C
that are in agreement with experimental determinations. However, the
heat capacity for the molybdate ion at 25°C used by Naumov et al. (1974)
and Ivanova et al. (1976) differs from the heat capacity measured by
Olofsson et al. (1978) by 30 cal mole™! k™', 1In addition, work by
Cobble and others (Ahluwalia and Cobble, 1964; Gardner et al., 1969) and
more recently be Rogers and Pitzer (1981), leaves no doubt that the heat
capacity of aqueous electrolytes passes through a maximum at about 60°C
and then plummets to large negative values at high temperatures (cf.,
Fig. 3.7).

Zhidikova and Malinin (1972) measured the solubility of powellite
over the temperature range 50-300°C. In their study, the effects of
hydrolysis on solubility were 1ignored. Careful "“second-law"
calculations using the solubility data corrected for the effects of
hydrolysis indicates that the measured solubilities are inconsistent
with the enthalpies and heat capacities for the molybdate ion and
powellite at 25°C reported in Tables 3.1 and 3.2. For these reasons,
the solubility data of Zhidikova and Malinin (1972) were not used to
determine the temperature dependence of the thermodynamic properties of

the molybdate ion.
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Zhidikova et al. (1973) determined the Gibbs free energy of
formation for the molybdate ion at 300°C by measuring the solubility and
mean ionic activity coefficient for sodium molybdate. Their reported
value for the Gibbs free energy of formation for the molybdate ion at
300°C was -154.0 + 3.9 Kcal mo]e'l. The large error associated with
Zhidikova's measurements precluded their use for the accurate
determination of the temperature dependence of thermodynamic properties,

After careful evaluation of the available high temperature data for
the molybdate ion, it was concluded that these data would not allow
accurate determination of the pressure and temperature independent
coefficients of equations 2.20a, 2.20b, 2.21, 2.23 and 2.26 through
2.28. In order to determine the temperature dependences of the
thermodynamic properties of the molybdate ion, the partial molal volume

and heat capacity were estimated at several discrete temperatures.

Estimation of the Born Constant

The equations of state selected for this study are those developed
by Helgeson and co-workers (Helgeson and Kirkham, 1976 and Helgeson et
al., 1981) and are presented in Chapter 2.

The correct Bjertran (1929) or Born (1920) equation for the
absolute partial molal Gibbs free energy of solvation may be written as
(Helgeson and Kirkham, 1976):

(see facing page) 3.5

23

where N° is Avrogado's number (6.02252 x 10 mo]e_l), e is the

10

electrostatic charge (4.80298 x 107" esu), and o is the effective

electrostatic radius.
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EQUATION 3.5

3.5a

3.5b

3.5¢
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Applicaticon of the Born Theory in solution chemistry has been
criticized because of the difficulty in choosing an electrostatic
radius, and the near impossibility of determining the microscopic
dielectric constant of the solvent in the vicinity of an ion.
Nevertheless, electrostatic radii consistent with the bulk dielectric
constant of water can be determined by regression analysis. Helgeson
and Kirkham (1976) have determined the electrostatic radius of several
jons and found the electrostatic radii to be related to the partial
molal entropy of the ion by:

(see facing page) 3.6
where a*1 and a*2 are constants characteristic of the ion type. For
divalent oxy-anions the values of a*1 and a*2 are 160 and -450
respectively. Y(Tr’Pr) is defined in equation 2.24 and has a value of

-5.802 x 1070

at 25°C and one bar pressure.
The value of w(abs) for the molybdate ion was estimated from
equations 3.6 and 3.7. The calculations resulted in a value 3.16 A for

5 cal mole"1 for w(abs). Conversion from the absolute

Ta and 2.053 x 10
to the conventional scale was accomplished by:

w= wlabs) - 7 x w(abs,H+) 3.7
where Z is the integer change. A value of 3.1301 x 105 cal mo]e'1 was
calculated for m(MoO42-) using a value of 0.5387 «x 10° cal mole™t

(Helgeson and Kirkham, 1976) for w(abs,H+).

Partial Molal Volumes at Elevated Temperatures
Several models have béen proposed to estimate the partial molal
volumes of aqueous electrolytes at 25°C from electrostatic,
crystallographic and other considerations (Millero, 1972 and Matteoli,

1980). Attempts to accurately predict the partial molal volume of
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aqueous electrolytes at elevated temperatues are limited by the fact
+that these models are only semi-quantitative at 25°C. Ellis (1966,
1967, 1968) has determined the partial molal volumes of over sixteen
aqueous electrolytes at temperatures up to 200°C. From'these partial
molal volume data, E17is (1968) has used the correspondence principle to
correlate the partial molal volume of individual ions at high
temperatures with their volumes at 25°C. This was similar to the
technique developed by Criss and Cobble (1964a,b) for individual ionic
entropies. ETlis (1968) attempted to fit all fon types to a single line
by adjusting the value of the partial molal volume of the chloride ion.
However, the partial molal volumes for the chloride ion chosen by Ellis
(1968) differ substantially from the volumes later measured by E11is and
McFadden (1968). This indicates that a substantial correction is
necessary to obtain standard partial molal volumes for individual ions
from E11is's (1968) curves. In addition, it is not likely that a single
Tine should fit both anions and cations.

The temperature dependence of the partial molal volume for sodium
sulfate is shown in Fig. 3.3. The partial molal volume passes through a
maximum at about 60°C, and becomes increasingly more negative at
elevated temperatures. This type of temperature dependence for partial
molal volume is typical for both aqueous ions and electrolyte solutions.
The temperature dependence of the partial molal volume of aqueous
electrolytes may be interpreted in light of models proposed by Millero
(1972) and Helgeson and Kirkham (1976). In these models the partial
molal volume is represented by:

Ve = Ve(int) + AV°(col) + AV°(sol) 3.8

where V°(int), &V°(col) and AV°(sol) are respectively the intrinsic
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Fig. 3.3
The standard partial molal volume of sodium sulfate as a function
of temperature at 20 bars pressure (Helgeson and Kirkham, 1976
and Millero, 1972). Curve represents the vo]umeé calculated
using equations 2.18 and the coefficients of Helgeson and

Kirkham (1976).
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volume, the volume of solvent collapse and the solvation volume of the
electrolyte. Equation 3.8 allows interpretation of the terms in
equation 2.18:
Ve = og(P) + E(P)T/(T-8) + wQ(T,P) 2.18

The intrinsic volume, V°(int), 1is assumed to be independent of
temperature and is represented by the first term in equation 2.18 (Fig.
3.3). The collapse volume, AV°{col), is the volume which results from
the loss of solvent structure in the immediate vicinity of an ion. This
effect is most pronounced at low temperatures Wheré the solvent is most
ordered (Fig. 3.3). As temperature increases, AV°(col) approaches a.
constant value and is represented by the second term in equation 2.18.
The solvation volume, AV®(sol), is the volume resulting from the
transfer of the ion from a vacuum into the solvent. The volume of
solvation becomes 1ncfeasing1y important at elevated temperatures were
the dielectric permeability of water is decreased (Fig. 3.3). The
solvation volume is represented by the last term in equation 2.18. At
low temperatures the partial molal volume is dominated by AV°(col). As
the temperature increases the absolute magnitude of AV®{col) decreases,
resulting in an increase in the partial molal volume. At higher
temperatures the solvation volume becomes increasingly negative. The
summation of these three volumes results in the configuration of the
curve in Fig. 3.3.

Separation of partial molal volume into electrostatic and

nonelectrostatic terms results in:

ye = y° + V° 3.9
n e
V°e = wQ(T,P) 3.9
ve o o= ye - oQ(T,P) = ofP) + E(P)T/(T-8) 3.9¢

n
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where V°e and V°n are the electrostatic and nonelectrostatic partial
molal volumes respectively. In this study it was found that a linear
relationship, analogous to the entropy correspondence principle, exists
between V°n at 25°C and V°n at elevated temperatures. This relationship
can be expressed as:

V°n(T,20) = a' x Von(Tr’ZO) + b 3.10
where V°n(T,20) and V°n(Tr,20) are the nonelectrostatic volumes at the
temperature of interest and the reference temperature respectively at a
constant pressure of 20 bars (the only pressufe at which experimental
data is available over a wide range of temperatures). The correlation
between V°n at 25°C and V°n at 100°C for anions is displayed in Figq.
3.4, The coefficients for equation 3.10 for anions at eight discrete
temperatures between 0 and 200°C are given in Table 3.3.

The standard partial molal volumes of the molybdate jon at nine
descrete temperatures and 20 bars pressure were estimated using
equations 3.9a-c, 3.10 and the ccefficients in Table 3.3. The results
of these estimates are presented in Table 3.4.

The estimated partial molal volumes for the molybdate ion from
Table 3.4 were regressed as a function of temperature using equation
2.18, the value of w calculated earlier and the electrostatic properties
of water reported by Helgeson and Kirkham (1974a). Evaluation of the
sensitivity of the fit coefficients to small errors in the standard
partial molal volume data indicated that acceptable fits could be
obtained with values of 6 which range over 70 K. As a result, 8 was set
to 185 K during the regression. This value was chosen because of
similarity of the nonelectrostatic volume of the molybdate fon to the

nitrate (9 = 185.3 K) and iodide (p = 186.5 K) ion (Helgeson and
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Fig. 3.4
Correlation between the none]ectrostatic'pafffa1 molal volume
for anions at 25° and 100° C and 20 bars pressure. Data points
are calculated from the data of Helgeson and Kirkham (1976) and
equation 3.9¢c. The curve is determined from equation 3.10 and the

coefficients given in Table 3.3. Units for volume are cm3 mo]e'].
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Table 3.3

Coefficients for equation 3.10 used to estimate Von for

anions at elevated temperatures and 20 bars pressure.

Temp °C b~* a”

0 -3.57 1.013
50 -0.43 1.062
75 -1.86 1.142
100 -3.02 1.204
125 -4.12 1.259
150 -5.11 1.306
175 -6.02 1.349
200 -6.86 1.385
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Table 3.4

partial molal volumes and heat capacities for the molybdate
ion at elevated temperatures. Volumes are at 20 bars

pressure. Heat capacities are at 1 bar pressure below 100°¢
and at pressures corresponding to steam saturated water at
higher temperatures. Values at temperatures other than 25°g

are estimated (see text).

Temp °C yOra copb
0 26.6

25 29.0 ~49.4

50 29.4 ~43.9

75 28.7 ~44.9

100 26.4 -50.2

125 22.5 -59.6

150 16.3 ~73.3
175 6.6
200 -8.7

qem3 mole~!. Pcal moie~! k71,



45

Fig. 3.5
The conventional standard partial molal volume of the molybdate
son at 20 bars and temperatures to 200° C. The data points are
from Table 3.4. The curve is calculated from equation 2.18 and

the coefficients given in the text.
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Kirkham, 1976). The regression analyses resulted in values of 1.327 cal

I bar ! for 0(20) and £ (20)

mole™t bar™t and -0.1703 cal mole
respectively. The temperature dependence of the partial molal volume of
the molybdate ion at 20 bars pressure is displayed graphically in Fig.
3.5.

The partial molal compressibility of an ion is defined by the
partial derivative of volume (equations 2.18, 2.20a and b) with respect
to pressure at constant temperature:

_K‘o =

a, + a4T/(T-e) - wN(T,P) 3.11
where

N(T,P) = o(T,P)7H x [(8°Tne/aP%); - (3Tne/aP);"] 3.12
Using equations 2.18, 2.20a and b, and 3.11 the value of 15 35, 35 and
3, can be determined by separate or combined regressions of experimental
values of V° and «° as a function of temperature at constant pressure,
However, 1in the case of the molybdate ion, the partial molal
compressibility is known only at room temperature.

In the development of the equation of state for aqueous
electrolytes, Helgeson and Kirkham (1976) found that a Tinear
relationship exists between aq and 2y:

6

- 2x10° - 6.16 x 107

8 33
Furthermore, they found that a4 differed only slightly from £(P) at 20

3.13

bars. These relationships ailowed the estimation of a5 and 3, for the
molybdate ion.

Using equations 2.20a, 2.20b, 3.11, 3.13 and the values of o(P),
E(P), 8, w and -«° determined in this chapter, the values of a5 355 24
and 3 for the molybdate ion were calculated. These values are listed

below:
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a; = 1.331 cal mole"1 bar"1

a, = -20.45 x 10-5 cal mo]e'1 i:)::n"2
a; = -17.25 x 10'2 cal mo]e'1 bar'1
a, = 10.82 x 107 cal mole™" bar™

Partial Molal Heat Capacities at Elevated Temperatures

In this study a correlation between nonelectrostatic partial molal
heat capacities at room and elevated temperature, similar to that
reported for volumes, was observed (Fig. 3.6).. In this case, if the
nonelectrostatic heat capacity of an ion was normalized by its absolute
charge, |Z|, a gross linear relationship for all ions was found. The
relationship between the nonelectrostatic heat capacity at room
temperature and at elevated temperatures is given by:

C°p,n(T)/IZ| = a' xC°_ (T.)/lz| + v 3.14

p,nt'r
where C°_ (T) and C° (Tr) are the nonelectrostatic partial molal heat

PN p.n

capacity for an ion at the indicated temperature. Values of a' and b'
at five discrete temperatures are given in Table 3.5, Estimated values
of the partial molal heat capacity for the molybdate ion to 150°C are
given in Table 3.4.

The values of ¢y and Co in equation 2.21 for the molybdates were
determined using the correlation between 3 and Co reported by Helgeson
et al. (1981):

= -2.90 - 2.30 x 10° a 3.15

“2 4
Using equations 2.21 and 3.15, values of 53.34 and -27.80 cal mo]e'1 K1
were calculated for cq and Co respectively. Heat capacities calculated
using these values and equation 2.21 are in reasonable agreement with

those estimated above (Fig. 3.7).
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Fig. 3.6
Correlation between the nonelectrostatic heat capacities for ions
at 25 and 100° C. Data are calculated from Helgeson et al. (1981).
The curve is calculated from equation 3.14 and the coefficients

given in Table 3.5.
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Table 3.5

Coefficients for equation 3.14 used to estimate Cop . for
' '

ions at elevated temperatures.

Temp °C b” a’
50 4.4 0.982
75 6.61 0.974
100 7.98 0.968
125 8.80 0.966

150 9.47 0.956
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Fig. 3.7
The conventional standard partial molal heat capacity for the
moiybdate ibn at temperatures up to 200° C in steam saturated water.
The symbols are from Table 3.4 and the curve is calculated from

equation 2.21 and the coefficients given in Table 3.6.
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The shape of the partial molal heat capacity curve (Fig. 3.7) is
similar to the partial molal volume curve (Fig. 3.5). The temperature
dependence of partial molal heat capacity reflects the calorimetric
consequence of solvent collapse at low temperatures and ion solvation at
high temperatures.

The equation of state parameters for the molybdate ion derived in

this chapter are presented in Table 3.6.



Equation of state coefficients for the molybdate ion derived

in this study.

0 ] ] T ] ] ]
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Table 3,6

1.331 cal mole”

-20.45 x 107°

~17.25 x 10”2

10.82 x 10”2

53.34 cal mole

-27.80 cal mole”

185.0 K

3.1301 x 10°

1 -

cal mole

cal mole

cal mole~ ! bar”

l.K-

1 K—l

cal mole”

1
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EQUILIBRIUM CONSTANTS

Equilibrium constants for reactions involving molybdenum minerais
and the molybdate ion were calculated from data presented in Tables 3.1,
3.2, and 3.6 using SUPCRT (Helgeson et al., 1978). The results of these
calculations in the tempekature and pressure range of 25° to 600°C and 1

to 5000 bars are presented in Tables 3.7 through 3.11.
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Table 3.7

Log K(T,P) for the reaction:

CaMoO

Calculated from

4

ca?® + Moo 42"

the data in Tables 3.1, 3.2 and 3.6 using SUPCRT

(Helgeson et al., 1978). SAT refers to steam saturated water,

Temp
25

50

75

100
125
150
175
200
250
300
350
400
450
500
550

600

SAT
-8.36
-8.34
~8.40
~-8.53
-8.71
-8.94
-9.21
~9.54

-10.42
~-11.89

~15.36

Pressure (Kb)

0.5 1.0 1.5 2.0 © 3.0 4.0
~8.04 -7.77 ~=7.57 =7.41 ~=7.24 =7,27
~8.04 -7.80 =7.61 =7.45 =7.25 =7.22
-8.12 -7.88 -7.69 -7.53 -7.32 =7.25
-8.25 -8.01 -7.81 =7.65 =7.43 =7.33
-8.41 -8.17 =7.97 =7.79 =7.55 ~7.43
-8.62 -8.35 -8.14 =-7.96 ~-7.69 ~7.54
8.85 -8.56 8.3 -8.14 -7.84 ~7.67
-9.12 -8.79 -8.54 ~-8.33 -8.00 ~-7.80
9.77 -9.31 -9.00 ~-8.74 ~-8.34 -8.08

~10.67 -9.95 -9.51 -9,19 -8.70 -8.39
~12.13 =-10.79 =-10.13 -9.70 =-9.10 -8.72
-15.04 =-12.00 -10.94 -10.33 =9.56 =-9.l1
-13.82 -12,00 =-I11.11 =-10.11 -9.55

-16.48 ~-13.40 -12.06 -10.71 =-10.02

-14.96 ~13.03 -11.23 =10.37

-16.11 -13.57 =-11.32 -10.31

5.0
-7.49
~7.34
~7.31
~7.34
-7.40
-7.49
-7.59
-7.70
=-7.94
-8.20
-8.50
-8.84
-9.23
-9.63
-9.89

-9.76
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Table 3.8

Log K(T,P) for the reaction:

- 2+ 2~
PbMoO4 = Pb + MOO4

Calculated from the data in Tables 3.1, 3.2 and 3.6 using SUPCRT

(Helgeson et al., 1978). SAT refers to steam saturated water,

Pressure (Kb)

Temp
25
50
75

100

125

150

175

200

250

300

350

400

450

500

550

600

SAT
-12.98
-12.49
-12.11
-11.83
-11.64
-11.52
-11.47
~11.50
-11.82
~-12.76

-15.70

0.5
~12.64
~12.16
-11.80
~11.52
-11.32
~11.18
~11.09
-11.06
-11,17
-11.58
-12.57

=-14.99

1.0
-12,.33
-11.87
-11.52
-11.25
~11.04
-10.89
-10.78
~10.72
~-10.70
-10.86
-11.25
~12.04
=-13.45

-15.69

1.5
~12.09
~11.64
-11.29
-11.02
=10.17
-10.65
-10f53
~10.45
-10.37
-10.41
-10.59
-10.99
~11.68
-12.,70
-13.91

-14.75

2.0

~11.87

~11.43

-11.09

~10.81

-10.60

-10.43
-10.30
~10.20
-10.08
~10.06
-10.14
-10.37
-10.79
=-11.39
-12.03

-12.28

3.0
-11.60
~11.13
-10.77
-10.49
-10.26
-10.07

-9.92
-9.80
-9.62
~-9.52
~9.50
-9.58
-9.77
-10.04
~10.24

-10.06

4.0
~11.50
~10.97
-10.58
~10.27
-10.03

~9.82
-9.65
-9.51
-9.28
-9.13
~9.06
-9.07
-9.17
-9.31
~9.36

-9.03

5.0
~11.57
~10.93
-10.49
~10.15
-9.87
-9.65
-9.46
-9.30
-9.04
-8.86
-8.75
-8.73
-8.78
-8.86

~-8.83

~8.44



Log K(T,P) for the reaction:

MoO +

3

H20 =

2-

MOOQ

Table 3.9

-

59

ot

Calculated from the data in Tables 3.1, 3.2 and 3.6 using SUPCRT

(Helgeson et al., 1978).

Temp
25
50
75

100

125

150

175

200

250

300

350

400

450

500

550

600

SAT
-11,63
-11.27
-11.03
-10.90
-10.87
~-10.92
-11.03
-11.23
-11.83
-12.92

-15.52

0.5
-11.49
-11.11
-10.87
-10.74
~10.69
-10.72
-10.80
-10.95
—11.3é
~-12.06
-13.19

-15.39

1.0
~11.33
~10.96
-10.73
-10.60
-10.54
-10.55
-10.62
-10.73
-11.06
=-11.55
-12.23
-~13.20
~14.64

-16.70

Pressure (Kb)

1.5
~11.21
-10.85
~10.62
=-10.49
-10.42
-10.42
-10.47
-10.57
~10.85
-11.23
-11.75
=-12.42
-13.32
-14.46
~15.73

-16.71

2.0
-11.12
~10.76
-10.52
-10.37
-10.31
-10.30
-10.34
-10.41
-10.66
-11.00
~11.43
~11.97
-12.66
-13.47
-14.31

-14.86

3.0

-11.01

~10.63

-10.37

-10.21

-10.13

-10.10

-10.13

-10.16

-10.62

-t

-10.37
-10.96
-11.39
-11.89
~12.45
~12.96

-13.18

SAT refers to steam saturated water.

4.0
-11.00
-10.57
-10.29
~10.10
-10.00

-9.95

~9.94

-9.97
-10.34
-10.10
-10.64
-11.00
-11.43
-11.89
-12.28

~-12.38

5.0
-11.09
~10.59
-10.25
~10.03

=-9.90
-9.83
-9.81
~9.82
-10.13
-9.88
-10.40
-10.73
-11.12
-11.53
-11.85

-11.91



Log K(T,P) for the reaction:

MoO

Calculated from the data in Tables 3.1, 3.2 and 3.6 using SUPCRT

(Helgeson et al., 1978),

Temp
25
50
75

100

125

150

175

200

250

300

350

400

450

500

550

600

2

SAT
11.98
10.25

8.67

7.22

5.87

4.61

' 3.41

2.25
-0.00
=-2.46

-6.20

+ H,O

2

0.5
12.07
10.33

8.75

7.31

5.98

4.74

3.58

2,48

0.46
-1.64
-3.91

~7.07

+ 0.502

SAT refers to steam saturated water.

1.0
12.13
10.38
8.81
7.37
6.05
4.83
.70
2.63
0.66
-1.18
~2.99
-4.93
~7.19

-9.97

60

Table 3.10

2~

MoO4

Pressure (Kb)

1.5
12.15
10.40

8.83

7.41

6.11

4.90

3.78

2.73

0.82
=(.92
-2.56 -
-4.19
-5.91
-7.76
~-9.67

-11.21

+ 24

2.0
12.15
10.41

8.85

7.44

6.15

4.96

3.85

2.83

0.95
-0.73
-2.28
-3.78
-5.27
-6.82
-8.28

~-9.38

+

3.0
12.07
10.36

8.83

7.46

6.18

5.02

3.95

2.95

1.15
=-0.45
-1.91
-3.28
-4.60
-5.87
~-7.00

=7.77

4,0
11.88
10.24

8.75

7.40

6.17

5.03

3.99

3.02

1.27
-0.27
-1.68
~-2.98
-4.22
-4,39
-6.39

-7.04

5.0
11.61
10.05

8.62

7.32

6.12

5.02

4.00

3.05

1.35
-0.16
-1.53
-2.79
-3.99
;5.10
~-6.04

~6.63
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Table 3.11

Log K(T,P) for the reaction:

MoS - 2= *
o 9 * HZO + 1.502 MOOA + 2H + S2
Calculated from the data in Tables 3.1, 3.2 and 3.6 using SUPCRT

(Helgeson et al., 1978). SAT refers to steam saturated water,

Pressure (Kb)
| Temp  SAT 0.5 1.0 1.5 2;0 3.0 4.0 5.0
25 44.30 44,49 44,63 44,75  44.84 44.95  44.94 44,85
50 40,11 40.27 40,42 40,52 40.62 40.74  40.78  40.76
75 36.43 36.58 36.72 36.83 36.92 37.06 37.14 37.17
100  33.15 33,31 33,45 33.56  33.67 33.82 33.92 33.98-
125 30.21 30.38 30.53 30.65 30.76 30,93 31.05 31.14
150  27.54 27.73 27.89 28.02 28.14 28,34 28.48 28.59
175 25.09 25,32 25.50 25.64 25.77  25.99 26.15 26,28
200 22,81 23,09 23.31 23,46  23.61 23.86 24.04  24.19
250 18.64 19.0§ 19.40 19.61 19,80 20.11 20.32 20.51
300 14.60 15.45 15.97 16.28 16.52 16.89 17.16 17.37

350 9.54 11.86 12.82 13.30 13.62 14.08 14.40 14.64

400 7.56 9.74 10.53 10.97 11.56 11.94 12,21
450 6.50 7.82 8.49 9.24 9.70 10.01
500 2.87 5.12 6.10 7.11 7.67 8.03
550 : 2.46 3.88 5.23 5.91 6.32

600 0.26 2.12 3.79 4.59 5.06



CHAPTER 4
COMPLEXING AND AQUEQUS SPECIATION

It has long been recognized that simple solubilities of metal
sulfides are inadequate to account for the level of metals needed in
solution to form ore deposits. In addition, it is not possible to
account for observed metal concentrations in many hot springs and in
deep basin o0il field brines without calling upon complexing. Even so,
the experimental coverage of complexing at temperatures, pressures and
fluid compositions representative of ore deposits is woefully lacking.
A great deal of work to correct this situation has been done in the last
15 years; most notably by Barnes and co-workers at PennVState (Crerar et
al., 1978; Crerar and Barnes, 1976; Romberger and Barnes, 1970; and
Barnes et al., 1967). In addition, work has been done on the compliexing
of non-ore solutions species by Quist, Marshall and others at Oak Ridge
(Quist and Marshall, 1966, 1968a, 1968b, 1969, 1970; Quist et al., 1963,
1965; Yeatts and Marshall, 1969; Dunn and Marshall, 1969 and Marshaltl,
1967) and more recentiy by Frantz and others at the Geophysical
Laboratory (Boctor et al., 1980; Frantz and Popp, 1979 and Popp and
Frantz, 1979).

Evaluation of the distribution of aqueous species in a 'typical'
hydrothermal fluid requires knowledge of 20 to 40 dissociation constants
for aqueous species. This need, when coupled with the poor experimental
coverage, requires that reasonable estimates of dissociation constants

for many aqueous species must be made.
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EQUATION OF STATE FOR AQUEOUS DISSOCIATION REACTIONS

Helgeson (1967) has proposed a model to describe the temperature
dependence of dissociation constants for aqueous reactions. This mode1,
as the models proposed for individual ions (see Chapters 2 and 3), is
based on the separation of thermodynamic properties for a dissociation
reaction into electrostatic and nonelectrostatic terms. The temperature
dependence of the electrostatic contributions can be evaluated from the
Born theory, while the heat capacity of the nonelectrostatic
contributions is linearly dependent on temperature. Equation 4.1 is a
modification of equation 18 of Helgeson (1967):

(see facing page) 4.1
where AS°r(Tr) and AHor(Tr) are the entropy and enthalpy of dissociation
at the reference temperature, AS°e(Tr) is the electrostatic entropy at
the reference temperature, o and B' are the nonelectrostatic heat

~

capacity terms and a, b, ¢, & and Gpare constants with values of

0.01875, - 12.741, 7.84 x 107

, 219.0 and 1.00322 respectively. This
equation adequately reproduces experimentally determined dissociation
constants in steam saturated water to the critical point. The
derivation of Equation 4.1 as well as the fit of this eqﬂation to
several sets of high temperatdre data are given by Helgeson (1967).

The values of a', B ' and AS°e(Tr) for a particular aqueous
dissociation reaction can be determined by regression of experimental
dissociation constants as a function of temperature., However, adequate
data at high temperatures are often not available for regression
analyses. Helgeson (1967) has shown that if Asoe(Tr) is assumed to be

proportional to Asor(Tr) and o' and B' are assigned values of zero,

dissociation constants which are consistent with experimental work, in
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EQUATION 4.1

+

Asoe(Tr) A .
7 303RT | e " 1 T =(1 - exp(exp(b+aT) - € + (I-Tr)/S))]
0 0
) AR (TL) . 8s° (T.)
Z2.303RT 2.303R
OL' B'(T"'Tr)z

7303 (0T - 1+ T/T) + et —
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many cases to temperatures greater the 200°C, may be estimated.
However, in some cases this approximation breaks down at temperatures of
only 150°C. Above these temperatures large deviations between
experimentally derived and calculated values may occur.

‘The occurrence of porphyry mineralization at temperatures greater
than 300°C requires that better techniques be developed to estimate
dissociation constants at elevated temperatures. The remainder of the

chapter deals with development of these estimating techniques,
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ESTIMATION OF THERMODYNAMIC PROPERTIES FOR
AQUEOUS DISSOCIATION REACTIONS

ENTROPY CORRELATION

Entropies of ions in aqueous solutions at 25°C can be estimated by
the use of entropy correlation plots which are bésed on an empirical
correlation between ionic entropy at 25°C and ion charge, size, mass and
geometry (Powell and Latimer, 1951 and Cobble, 1953a,b). Helgeson
(1969) has modified the method proposed by Cobble (1953b) and estimated
the entropy of dissociation for chloride complexes at 25°C. This method
was used to estimate the entropy of some chloride and fluoride complexes
used in this study and is outlined below (Helgeson, 1969).

The sum of the entropies of an aqueous species and its coordinated

water molecules may be defined as:

S*[ML (H,0), “c] = S°[HL T + xS°[Hy0] 4.2
and '

S*[M(H,0) %11 = s°[Mi] + us°[H,0] 4.3
where S° is the conventional partial molal entropy, MLy is a mononuclear
complex involving y moles of ligand L, x and u are the number of water
molecules coordinated to the compliex and the cation respectively, and Z.
and z, represent the respective charges of the complex and the cation.

Subtraction of equation 4.2 from 4.3 yields:

S*[MLy(H O)xzc] - S*[M(HZO)uzi] = oS%, 4.4a

2
as*y = S°[MLch] - S°[MAH] + (x-u)S°[H,0] 4.4b

where AS*d is the entropy change of the cation as a result of the

inclusion of complexing ligands in the hydration sphere; Substitution

of equation 4.4b into equation 2.30 results in:
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8%, = yse[L?1] + (x-u)S°[H,0] - aS*, 4.5

where z, is the charge on the ligand. As a first approximation,
Helgeson (1969) suggested:

X = u-=y 4.6
This assumption requires that a one to one exchange of a complexing
ligand for a water molecule in the hydration shell occurs. Clearly this
would not be an appropriate assumption for compliexes which have more
coordinating ligands than the cation has coordinating waters (1.e. y>u)
or for reactions in which complexing is accomplished without the
exchange of a ligand for a water molecule.

Substitution of equation 4.6 into 4.5 results in:

as*y = y(S°LLA1] - S°[H,01) - ast 4.7

For complexes with a common ligand, Helgeson (1969) proposed:

AS*d = a'1 + a‘z/(ri + r]) 4.8
where a‘1 and a'2 are coefficients characteristic of the ligand
considered, and rs and ry are the ionic radii of the cation and the
Tigand respectively. The values for a‘1 and a'2 for chloride compliexes
are -102.5 and 325 for a chloride radius (r]) of 1.81 A (Helgeson,
1969).

Attempts to fit AS*d of fluoride complexes were unsuccessful.
However, when equation 4,8 was modified to include the charge, Z, of the
central metal ion, the fit was greatly improved. The modified form of
equation 4.8 is given below:

As*d = a'1 + a'2 x Z /(ri + r1) 4.9
Where a‘1 and a'2 have values of -39.1 and 34.1 using a fluoride radius

of 1.33 A. Figure 4.1 is an entropy correlation plot for fluoride

complexes. The average deviation between entropies estimated using
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Fig. 4.1
Entropy correlation pldt fé% fluoride complexes at room temperature.
Entropy data are from Sillen and Martel (1976).. The solid line
represents the values calculated from equation 4.9 and the coef-

ficients given in the text.
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equation 4.9 and their experimental counterparts is 3 cal mole™! K~ ,

with a maximum deviation of 6 cal mo1e'1

K for Bar™.
ENTROPY CORRESPONDENCE PRINCIPLE
Criss and Cobble (1964a) found that empirical entropy correlaticns,

such as the one described in the preceding section, exist for ions at
elevated temperatures. This observation lead Criss and Cobble to
conclude that a series of corresponding states for ionic entropy at
elevated temperatures exist. They found that if the entropy of the
hydrogen ion was fixed at each témperature, a linear relationship
between ionic entropies at elevated temperatures and the corresponding
ionic entropies at room temperature exists. This relationship, which is
referred to as the entropy correspondence principle, may be stated as:

S°(T,abs) = a" x S°(Tr,abs) + b" 4.10
where a" and b" are coefficients dependent on both ion type and
temperature. The absolute entropy, S°(T,abs), of an ion at the
subscripted temperature is defined as:

s°(T,abs) = S°(T) + Z x S°(T,H',abs) 4.11
where Z is the jonic charge, and S°(T,H+,abs) is the absolute entropy of
the hydrogen ion at the subscripted temperature. Criss and Cobble
determined the values of a", b" and S°(T,H+,abs) for several classes of
ions by fitting experimental entropies at room and elevated temperatures
to equation 4.10. In addition, these coefficients were estimated for
temperatures of 200 to 300°C. The coefficients for equation 4.10, as
well as the values of S°(T,H+,abs), at temperatures up to 300°C can be
found in the Tliterature {Criss and Cobble, 1964z and b). A description
of the thermodynamic relationships for discretely spaced entropy data is

given in Appendix A.
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Dissociation Reactions

In this study the entropy correspondence principle has been
extended to include aqueous dissociation reactions. Helgeson (1967)
proposed, based on limited data, that the entropy correspondence
principle should apply to dissociation reactions as well as ions. The
evaluation of aqueous dissociation reactions is easier than the ion

counterparts because no consideration of the absolute-enffbpy of the

hydrogen jon needs be made {see Chapter 2). Hence, a linear correlation

was found between entropies of dissociation at room and elevated

temperatures.

Fluoride and Hydroxide Complexes

Experimentally determined dissociation constants were taken from
the literature (Table 4.1) and regressed as a function of temperature
using equation 4.1. The results of these regressions are reported in
Table 4.2. Smoothed equilibrium constants were used to evaluate the
average heat capacity of reaction at 50° temperature interval in the

range 25 to 250°C:

T
|
AC o = (4G r,(T) - AH r(Tr) + AS r(Tr) x T)/
T
r
(T-T,-TIn(T/T.)) 4,12
The entropy of dissociation was then calculated from the average heat
capacities:
T
AS°P(T) = AS r(Tr) + AC 0 X ln(T/Tr) 4.13
T

r
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Tahle 4.1

Experimental dissociation constants used to determine the

coefficients in equation 4.1 for oxy-acids and fluoride and

hydroxide complexes.

REACTION: HF = HT + 7~

SOURCE: Broene and DeVries (1947)

Log K(T) Temp °C
15 25 35
-3.10 -3.18 -3.25

REACTION: HF = HY + F~

SOURCE: Ellis (1963)

Log K(T) Temp °c
25 50 75 100 125 150 175
-3.18 -3.40 -3.63 -3.84 -4.09 -4.34 -4.58

REACTION: HF = HT + F~
SOURCE: Ryzhenko (1965)

Log K{(T) Temp °c
25 50 100 150 200 218
-3.17 -3.37 -3.85 =-4.,38 ~4.95 -5.02

REACTION: HF = .-HY + F~

SOURCE: Richardson and Holland (1979)

Log K(T) Temp S¢
100 200 260
-4,00 =-4.85 -5.40

REACTION: F + HF = HF,

SOURCE: Ellis (1963)

Log K(T) Temp °C
25 50 75 100 125 150 175
0.53 0.60 0.67 ND.68 0.69 0.76 0.76

200
-4.89
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Table 4.1 (cont.)

REACTION: NaF = Na¥ + F~
SOURCE: Butler and Hudson (1970)

Log K(T) Temp ¢
25
0.80

REACTION: NaF = Nabt + 7~
SOURCE: Miller and Kester (1976)

Log K(T) Temp °c
15 25 35
0.85 0.95 1.04

REACTION: NaF = Na' + F
SOURCE: Richardson and Holland (1979)

Log K(T) Temp ¢

200 260
-0.04 -0.54
REACTION: CaFt = ca?t + r~

SQURCE: Tanner et al. (1968)

Log K(T) Temp °c
2 25 39
-1.04 -1.19 =-1.41

REACTION: CaFt = ca?t + 7~

SOURCE: Cadek et al. (1971)

Log K(T) Temp °C
15 25 35 45
-1.14 -1.26 =-1.25 -1.27

REACTION: CaFt = ca2t + r
SOURCE: Aziz and Lyle (1969)

Log K(T) Temp °C
25
-1.39

60
-1.42
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Table 4.1 (cont

REACTION: CaFt = ca?t + -

SQURCE: Richardson and Holland (1979)

Log K(T) Temp OS¢

200 260
-2.51 -2.98
REACTION: Mgrt = mg2t + ¢~

SOURCE: Tanner et al. (1968)

Log K(T) Temp °c
2 25 39
"'-’-74 ‘-1091 —]_.99

REACTION: MgF® = Mg?t + ¥

SOURCE: Cadek et al. (1971)

Log K(T) Temp OC

15 25 35 45 60
-1.86 =-1.92 =-1.94 -2.,00 =-2.08
REACTION: Mgrt = Mg2t + »~
SOURCE: Richardson and Holland (1979)
Log K(T) Temp °C
200 260
-2.74 -3.57
REACTION: H + OH = H,p0,” + H,O
SOURCE: Mes%er and Baes (1974?
log RK(T) Temp Sc
0 25 50 75 100 125
12.88 11.85 10.98 10.26 9.65 9.13
log X(T) Temp °c
175 200 225 250 275
8.29 7.954 7.65 7.38 7.13

300
6.90
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Table 4.1 (cont.)

REACTION: H,P0,” + OH™ = HPO 2= 4 Ho

SOURCE: Mesfier-and Baes (1974) 2 2

log K(T) Temp °c
0 25 50 75 100 125 150
7.63 6.80 6.08 5.46 4,93 4,47 4,07

log K(T) Temp °c
175 200 225 250 275 300
3.71 3.39 3.10 2.84 2.59 2.36

REACTION: H,CO, = gt + ®HCO,”

SOURCE: HarfedSand Davis (19437

log K(T) Temp °C
0 5 10 15 20 25
-6.58 -6.52 -6.46 -6.42 -6.38 -6.35

log R(T) Temp °C
30 35 40 45 50
-6.33 =~6.31 -6.30 =-6.29 =6.29

4

REACTION: Hzco H + HCOB“

SOURCE: EllrIs %1959) ’

log X(T) Temp S¢c
25 35 45 55 65
-6.38 =~6.32 -6.31 ~6.30 -6.31

REACTION: H.CO., = H' + HCO,~
SOURCE: RyzRenRo (1963)

log K(T) Temp °c
1.00 156 200
-6.46 =~6,81 =-7.14

gt + HCO,”

REACTION: H 3

co, =
SOURCE: Reed (1975)

log K(T) Temp e
25 100 150 200 250
-6.36 -6.42 ~6,76 «7.25 =7.79



Table 4.1 (cont.)

REACTION: HCO.” = HY + co0,%"
SOURCE: ‘Harned and Scholes (1941)

log K(T) Temp °c
0 5 10 15 20 25 30
-10.66 -10.56 -10.49 -10.43 -10.38 -10.33 -10.29

log K(T) Temp °¢c
35 40 45 50
-10.25 -10.22 -10.20 -10.18

REACTION: HCO.™ = HY + co.2”
SOURCE: Cuta and Stafelda (1934)

log K(T) Temp °C
. 60. 70 80 90
-10.18 -10.16 -10.14 -10.14

REACTION: HCO.” = HT + CO

SOURCE: RyzheBko (1963)

log R(T) Temp °C
100 156 218
-10.14 -10.41 -10.96

REACTION: HSO,~ = HT + 5042‘

SOURCE: Kerker (1957)

log K(T) Temp °¢c
18 - 25 50
-1.91 -1.99 -2.28

REACTION: HSO.” = T + 80,2

SOURCE: Nair 4nd Nancollas (1858)

log K(T) Temp Oc
0 5 15 25 35 45
-1.58 -1.64 -1.80 ~1.96 -2.09 -2.22
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Table 4.1 (cont.)

REACTION: HSO,” = ut + s0. 27

SOURCE: Lietzfe and Stoughton® (1961)

log K(T) Temp °C

25 50 75 1060 125

log K(T) Temp °c
150 175 200 225
-3.69 =-4.09 -4.49 -4.94

2=
4

REACTION: HSOo.” = ut + so

SOURCE: Ryzhe%ko (1864)

log K(T) Temp °¢c

100 156 218

-3.04 =3.90 -4,87
REACTION: HSO .~ gt + s0.,%"
SOURCE: Quist?and Marshall (1866)

W

log K(T) Temp Sc
100 200 300
-3.20 -4.67 -6.78

REACTION: MgoH® = mMg?t + om™
SOURCE: McGee and Hostetler (1975)

: log K(T) Temp °C
10 25 40 55 70
-2.18 =-2.21 -2.29 =~2,37 -2.44

REACTION: Al (OH),~ = Al3Y + som~
SOURCE: Helgeson (1969, 1971)

log X(T) Temp ¢
25 100 150
-33.73 -32.3 =32.8

90
-2.54
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Table 4.1 (cont.)

REACTION: H,0 = it + om"
SOURCE: Ackermann (1958)

log KI(T) Temp °c
0 10 20 25 30 40 50 60
-14,95 ~-14,54 -14.16 -14.00 -13.83 -13.34 -13.26 -13.01

log XK(T) Temp Oc
70 80 90 100 110 120 130
-12.80 -12.60 ~-12,42 -12.,27 -12,13 -12.00 -11.90

REACTION: H.0 = H® + OH

SOURCE: Noyés et al. (1910)

log K(T) Temp °C
100 156 218 306
-12.28 =11.57 -11.19 -11.46
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Table 4,2

Fit coefficients for oxy-acids and fluoride and hydroxide complexes
for use with equations 4.1 and 5.1. Sources of data are given in Table

4.1. Coefficient for acetic, formic and nitric acid are from Helgeson

(1967)
Reaction ps0 (T )2 o (T2 asC (T )2 o2 px10® &

HO = K+ OHT ©19.3 13335 -14.24 -153.10  40.38
caFt = ca?t + F~ -13.8  -2514  0.50 -33.89

MgFT = MgZt 4 FT -16.5  -233  -3.49 -19.52
HF = H + F~ -25.5  -3264 1.42  -55.46 3.48
HF,™ = H' + 2F -32.2  -4538 -13.51  -8.69
NaF = Na© + F~ 5.0 276 -7.74 -183.30  42.90
MgoH' = Mgét + oH” -15.7 -1630 ~-15.7
ar(oH)t = a3t + qon” -121.4 8460 -33.77
CH,CO0H = CH3€00™ + H' 22,1 -112 -3.95 -30.20  -0.88
HCOOH = HCOO™ + HT -17.2 -12  -20.59 -135.09  41.48
H,C05 = HCO4™ + H' -22,9 1840 -29.26 -265.20  74.08
HCO,™ = €02 + ' -35.2 3600 -14.70 -145.70  31.95
HP0, = HPO,” + K -16.6 2033 -15.98 -149.90  44.52
HPO,” = HPO,Z™ + HF -30.4 750 -15.98 -173.50  47.40
HSO,” = 50,0 + H' -26.7  -5246 -17.87 -74.20  17.48
HNO, = H' + NOS™ -7.2  -4100  3.74  10.43 -18.76
icé] mole~! k1, bear mole™t. Seal mole™t k2.
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Fig. 4.2
Correlation of the entropy of reaction at 25° and 200° C for fluoride
and hydroxide dissociation reactions. Entropy data are calculated
from dissociation constants listed in Table 4.1 as described in the
text. The solid 1ine represents the values calculated using equation
4.10 and the coefficients given in Table 4.3. Units of entropy are

1 -1

cal mole”™' K




81

00w 00 (€2)'SV
02 O Oph 0L O00- Of-

] w [ I 10¢2¢-
u .m:o:.q,.%
VA —0L1-
>
-
—021-
e
g
~los- =
3
o
@,
-02-
X_

03



82

The entropies of dissociation for fluoride and hydroxide complexes
were evaluated and it was found that they could be represented by
equation 4.10. The coefficients a" and b" for fluoride and hydroxide
complexes are given in Table 4.3. The agreement between the entropies
estimated at 200°C using equation 4.10 and their experimentally derived
counterparts is shown in Fig. 4.2. With the exception of NaF, the
average deviation between the curve and the data points is 3 cal mole'1
K'l. Deviations of this magnitude are similar to the errors associated
with the individual entropies (Richardson and Hé]]and, 1979a).

Evaluation of the values of a" and b" indicated they are both
linear functions of temperature. Equation 4.10 can be rewritten to
describe the entropy of dissociation for fluoride and hydroxide
complexes in the temperature range 25 to 300°C as:

AS°r(T) = ((0.00249 + 0.258/T) x AS°P(Tr)

- 0.0602)T + 17.9 4.14
Differentiation of equation 4.14 with respect to temperature yields the
molal heat capacity of reaction:

AC°p’r(T) = (0.00249 x AS°r(Tr) - 0.0602)T 4.15
Equations 4.14 and 4.15 can be used to evaluate the heat capacity and
entropy of dissociation for both fluoride and hydroxide complexes at
temperatures up to 300°C.

Oxy-acids

The entropies of oxy-acids were determined in a matter analogous to
fluoride and hydroxide complexes. The sources of the experimental data
and the fit coefficients for equation 4.1 are given in Table 4.1 and 4.2

respectively.



Table 4.3

coefficients a" and b" for equation 4.10 used to estimate the

entropy of dissociation of hydroxide and fluoride complexes

at elevated temperatures.

Temp O¢c b" a"
50 -1.97 1.08
100 -5.13 1.22
150 -7.80 o 1.32
200 -10.53 1.45
250 -13.89. 1.56

300 -16.81 1.70
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Modification of egquation 4.10 was required in order to develop
linear relationships between room temperature entropies of dissociation
and entropies at elevated temperature. Technigues which have been
proposed to estimate the entropy of gases, aqueous ions and solids
contain a term related to the formula weight of the substances (Powell
and Latimer, 1951, Latimer, 1952 and Cobble 1953a). Making this
considération, equation 4,10 can be rewritten as:

[AS°r(T) - (3/2)R1nM] = a" x [AS“F(Tr) - 3/2RInM]} + b" 4.16
rearranging: |

AS°r(T) = a" x AS°r(Tr) + b" + (1-a") x (3/2)RInM 4.17
where M is the formula weight of the undissociated species and R is the
gas constant. The coefficients a" and b" determined by regression
analyses for oxy-acids are given in Table 4.4. A graphical comparison
between equation 4.16 and the experimental entropies of dissociation at
200°C indicates, that with the exception of H2C03 and HNO3, the fit 1is
very good (Fig. 4.3). The average deviation between the calculated

entropies and their estimated counterparts was less than 2 cal mo]e“1

kL.

The first dissociation of carbonic acid and the dissociation of
nitric acid do not fall on the curve in Fig. 4.3. Dissociation
reactions for carbonic acid are based on the convention that all
dissolve carbon dioxide is treated as HZCOB' Wissburn et al. (1954)
have demonstrated that, at room temperature, greater than 99% of the
carbon dioxide in solution is present as molecular COZ’ As a
consequence, H2603 is not an oxy-acid, and the dissociation reaction

should be rewritten as:

H,0 + COy(aq) = W+ HCO,™ 4.18



Table 4.4

Coefficients a" and b" for equations 4.16 and 4.17 used
to estimate the entropy of dissociation of oxy-acids at

elevated temperatures,

Temp °¢c b" a"
50 2.66 | 1.18
100 4.26 1.41
150 4.74 1.57
200 4.25 1.70
250 2.74 1.84
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Fig. 4.3
Correlation of the entropy of reaction at 25° and 200° C for oxy-acid
dissociation reactions. Entropy data are calculated from dissocia-
tion constants listed in Table 4.1 and Helgeson (1967) as described
in the text. The solid line represents the values calculated using
equation 4.16 and the coefficfents given in Table 4.4. Units of
1 -1

entropy are cal mole ' K~
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Dissociation constants for nitric acid have been determined at only
three temperatures above 50°C (70, 218 and 306°C). Helgeson (1967)
rejected the values at 70 and 306°C in his regression analyses.
Consequently, the high temperature portion of the dissociation curve for
nitric acid is poorly constrained and the deviation found in this study
Tor the entropy of dissociation of nitric acid may be due to

experimental uncertainties.



CHAPTER 5
STABILITY OF FLUORIDE COMPLEXES AT ELEVATED TEMPERATURES

Chloride complexes are the most important mechanism for the
transport of base and precious metals in ore forming solutions
(Helgeson, 1969). However, mineral assemblages associated with many ore
deposits indicate that fluoride was a significant component of the
mineralizing solutions (Gunow et al., 1980, Richardson and Holland
1979b, Putnam, 1980). The stabilities of fluoride complexes of
potential geologic interest are evaluated in this chapter.

The dissociation constants for hydrofiuoric acid have been measured
by conductivity methods to temperatures of 200°C by E1lis (1963) and
Ryzhenko (1965). Dissociation constants have also been determined at
temperatures of 450 to 650°C and water densities of 0.3 to 0.8 g cm"3 by
conductivity methods (Franck, 1961). R}chardson and Holland (1979a)
have determined the dissociation constants of HF, CaF+, MgF+ and NaF at
100, 200 and 260°C by weight loss solubility experiments using fluorite.
Dissociation constants for NaF at a temperature of 550°C and water
densities of 0.3 to 0.7 g c:m-3 have also been reported (Franck, 1961).

Table 5.1 contains the dissociation constants for 26 fluoride
complexes to temperatures of 300°C. These dissociation constants,
except where noted, were calculated using the entropy correspondence
principle. The dissociation constants for HF, NaF, HFZ_, CaF" and MgF+
were calculated from equation 4.1 and the coefficients given in
Table 4.1. There is good agreement between the dissociation constants
calculated from equation 4.1 and their experimentally determined

counterparts (Fig. 5.1).
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Fig. 5.1
Comparison between experimental dissociation constants for fluoride
complexes (symbols) and those calculated using equation 4.1 and the
coefficients given in Table 4.2. Sources of data are given in

Table 4.7.
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Examination of AS°r(Tr) reveals that both MgF+ and CaF" have values
close to zero. Furthermore, only one nonelectrostatic heat capacity
term, o', is needed to fit the data. This observation suggests that the
fitted coefficients in equation 4.1 can be determined from heat capacity
data. The heat capacity of reaction for equation 4.1 is given by:

(see facing page) | 5.1
where the terms in the equation have values described elsewhere (see
Chapter 4). Acceptable fits of the experimental data for MgF+ and CaF+
were obtained by using an average value of -1.5 cal mo]e'l K'1 for
AS°r(Tr) and solving equation 5.1 for a' at 25°C using heat capacities
of reaction estimated from equation 4.15. This same technique was used
to estimate the dissociation of all one-to-one divalent fluoride
complexes in Table 5.1.

A1l complexes exhibit typical behavior in that complexing becomes
more significant at elevated temperatures (Figs. 5.2a-d). The existence
of a maximum in the dissociation constant curve for a particular
reaction depends on the sign and magnitude of the enthalpy of
dissociation, with positive enthalpies producing maxima. Tabulations of
the dissociation constants, Gibbs free energies, entropies and heat

capacities at 25°C intervals for the complexes listed in Table 5.1 are

given in Appendix B.

HYDROFLUQRIC ACID

The temperature dependence of the dissociation of hydrofluoric acid
exhibits characteristics worth special note. The electrostatic entropy,
AS°e(Tr) of hydrofluoric acid 1is positive (see Table 4.2).
Consequently, the electrostatic heat capacity is also positive, which

results in large positive heat capacities at elevated temperatures.
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EQUATION 5.1

0
TAS e(Tr

Jexp(exp(b+aT) - ¢ + (T~Tr)/8)

A5
{(1+ ﬁeexp(b+aT))2 + &
at o+ BR'T

2g2

exp(b+aT)}

X

4
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Fig. 5.2
Temperature dependence of dissociation constants for fluoride
complexes in steam saturated water. Dissociation constants are

from Table 5.1 and appendix B.

Fig. 5.2a

Alkaline earth element fluoride complexes

Fig. 5.2b

First row transition element fluoride complexes

Fig. 5.2c

Trivalent fluoride complexes

Fig. 5.2d

Lead and tin fluoride complexes
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This behavior is highly unusual for dissociation reactions. In
addition, the supercritical dissociation constants for hydrofluoric acid
reported by Franck (1961) are inconsistent with positive heat capacities
at elevated temperatures.

The possibility that one or both of the data sets are in error
seems unlikely because of the good agreement between experimental work
reported by different investigators. However, it is possible that the
heat capacity reaches a maximum value at temperatures greater than 260°C
(upper limit of experimental data) and then decreases at higher
temperatures. This type of behavior is similar to that reported for HCI
by Helgeson {1967). However, in the case of HC1, the maximum in the
heat capacity occurs at approximately 200°C. This indicates that the
sign of AS°e(Tr) must be negative. As a consequence, great care must be
exercised when - using the coefficients in Table 4.2 to calculate the

dissociation constants of HF at temperatures greater than 300°C.

ALUMINUM FLUORIDE COMPLEXES

Hydroxide complexes of aluminum predominate in alkaline solutions
at lTow temperatures (Baes and Messmer, 1976). At elevated temperatures
these complexes are importént in acid solutions (Helgeson, 1969 and
Sokolava et at., 1977). Fig. 5.3 shows the relative importance of
fluoride and hydroxide complexes at 300°C. Ellis and Mahon (1964), in
an attempt to experimentally evaluate the composition of geothermal

-2.6

waters, found up to 10 molal fluoride in their leaching experiments

-2.9 to 10-3.4

at 300°C. This corresponds to a fluoride activity of 10
at pH's of 5 to 6. Comparison of this resulit to Fig. 5.3 reveals that
aluminum fluoride complexes play an important role in the transport of

aluminum in geothermal systems.
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Fig. 5.3
Activity-activity diagram for hydroxide and fluoride complexes of
aluminum at 300° C in steam saturated water in terms of pH and log

ag-. Thermodynamic data are from Helgeson (1969, 1971) and Table 5.1.
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TIN FLUORIDE COMPLEXES

The high concentrations of fluorine found in tin granites has given
rise to speculation that tin transport occurs by fluoride complexes.
Zhu and Barnes (1981) estimated the dissociation constants of several
- complexes of tin and concluded that chloride complexes are more
important than fluoride complexes in the transport of tin. Extremely

2, Fig. 5.4) are required for

high fluoride activities (greater than 10~
tin fluoride complexes to predominate over chloride complexes at
geologically reasonable chloride activities of about unity. Fluids
similar to those reported by E11is and Mahon (1964) plot in the region
of the diagram in which chloride complexes predominate. This indicates

fluoride complexes are probably not important in the transport of the

stannous ion.

LEAD FLUORIDE COMPLEXES

The presence of fluoride minerals associated with some Mississippi
Valley type lead-zinc deposits suggest a 1ink between fluoride and lead
in the hydrothermal solutions. Putnam {1980) analyzed fluid inclusions
from the Hansonburg mining district in New Mexico and.found fluoride
concentrations of hundreds of ppm associated with the galena. These
analyses correspond to fluoride activities of approximately 10_2‘5 at
150°C. Even at these unusually high fluoride activities (cf., Nordstrom
and Jenne, 1977) the contribution of fluoride complexes to the transport

of lead in 3 molal sodium chloride solutions is insignificant (Fig. 5.5,

Smith and Putnam, 1981).
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Fig. 5.4
Activity-activity diagram for chloride and fluoride complexes of
tin(II) at 300° C in steam saturated water in terms of Tog acq- and
Tog ag-. Thermodynamic data are from Helgeson (1969), Smith and
Martell (1976) and Table 5.1.
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Fig. 5.5
Activity-activity diagram for chloride and fluoride complexes of
lead at 150° C in steam saturated water in terms of Tog acy- and

Tog ag-. Thermodynamic data are from Helgeson (1969) and Table 5.1.
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CONCLUSIONS REGARDING FLUORIDE COMPLEXING

The transport of significant amounts of divalent metals by fluoride
compliexes is not likely. Although fluoride complexes are more stable
than chloride complexes (cf., Table 5.1 and Helgeson, 1969), chloride
complexes predominate because of the high ch10ride-to—f1uorfde ratios
(20-100) associated with hydrothermal systems. Since fluoride activity
in hydrothermal systems is typically limited by mineral solubility,
(Nordstrom and Jenne, 1977) the chloride to. fluoride ration is
determined in large part by the chloride concentrations. As a
consequence, fluoride complexing is likely only in solutions with
unusually low chloride concentrations. However, fluoride transport of
trivalent aluminum in slightly acid solutions may be important as
aluminum fluoride complexes are very stable and aluminum does not

complex with the chloride ion (Helgeson, 1969).



CHAPTER 6
SOLUTION CHEMISTRY OF MOLYBDENUM

THERMODYNAMIC PROPERTIES OF MOLYBDENUM SOLUTION SPECIES

ROOM TEMPERATURE

Several studies during the past 15 years have been made on the
properties of molybdenum solution species at room temperature (Baes and
Messmer, 1976). Although most studies dealt with the hydrolysis of
hexavalent molybdenum, work using other ligands and other oxidation
states has been carried out. Table 6.1 contains the thermodynamic
properties of twelve mononuclear molybdenum species. The standard
partial molal Gibbs free energies of formation were determined from
equilibrium constants. With the exception of M0042' and M0022+, the
partial molal entropies of the ions listed in Table 6.1 were estimated
or determined from the temperature dependence of equilibrium constants.

Auxiliary data used to calculate the thermodynamic properties of
molybdenum solution species at 25°C are Tisted in Table 6.2. These data
are consistent with the thermodynamic properties for water and ions

reported by Helgeson and others (Helgeson and Kirkham, 1974a and
Helgeson et al., 1981).

ELEVATED TEMPERATURES

The thermodynamic properties of the molybdenum species listed in
Table 6.1 have not been measured at elevated temperatures. The
entropies at elevated temperatures of three of these species can be
estimated using the entropy correspondence principle (Criss and Cobble,

1964a,b) outlined in Chapter 4. Table 6.3 contains the estimated
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Table 6.1

The standard partial molal thermodvnamic properties for
molybdenum solution species at 298.15 K and 1 atmosphere
(1.013 bars) pressure in a hypothetical 1 molal solution,

with properties at infinite dilution.

a

cal mole~ 1 K

-1

b

Kcal mole™

1

SPECIES sos2 sm® P 460 P
400, 2" 9.1 ~238.30 -200.45
HMoO , ~ 41.3 -234.40 -206.15
H,MoO, 58.8 ~231.93 ~208.88
Moo, (0H) * 19.7 ~171.70 -153.61
Moo, 2* -18.5 ~110.40 ~97.54
MO0, F~ 38.0 ~252.39 -227.89
MoOzszz— 27.9 -132.34 ~111.60
MoO,C1™ 1.0 -148l15 ~128.51
Mo0,C1, 17.8 -186.46 -159.21
MO0 ,C1,” 34.6 -222.86 -188.01
M002+ ~-1.4 -126.,91 -114.50
MoOC1, 44.0 ~178.40 ~147.58
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Table 6.1 (cont.)

SOURCES OF DATA
M0042-: This study, see Chapter 3.

HM004': AGOf from log K = -4.18 for the reaction: HMoO4— =

ut o+ MoO42— calculated from the hydrolysis data for Na,MoO,
of Maksinova et al. (1976). S° calculated from the
temperature dependences of of log K(T) for the reaction

above (Maksinova et al., 1976)

H2M004: AGOf from log K = -2.00 for the reaction: H2Moo4 =
ut + HMOO4- (Ivanova et al., 1975). 8S° from Ivanova et al.
{1975)

Mooz(OH)+: AGOf from log K = ~1.04 for the reaction:
MoO, (OH) ¥ + H,0 = H,MoO, + H' (Naumov et al., 1974). s°

from ASOr = 22.4 for the reaction above (Ivanova et al.,

1975) .

M0022+: AGOf froﬁ log K = -.45 for the reaction: M0022+ +
H,0 = MoO, (OH)" + H' (Nazarenko and Shelikhina, 1971). ;S
from Naumov et al. (1974).

MoO,F : AGOf from log K = -12.32 for the reaction: MoO;F  +

Hzo = M0042_ + 20t + F~, calculated from the data of

Karyakin and Kryahko (1967). S°© estimated by the method of
Cobble (1953a) using ion size estimated by the method of

Pauling (1952).
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Table 6.1 (cont.)
MOOZSZZ“: AGOf from log K = -7.2 for the reaction: Moozs

+ 2H,0 = Moo, ™ + 2H,S (Tugarinov et al., 1973). S

2
o

estimated by the method of Cobble (1953a) using ion size

estimated by the method of Pauling (1952).

MoO,cl_#"":  4G°. and 5° from log K = .30 (n=1); .80 (n=2)
and 2.69 (n=3) (Sillen and Martell, 1964) and Asor = -6.0
(n=1); -9.2 (n=2) and -12.4 (n=3) (estimated by the method

= Mo0,2” +

of Helgeson, 1969) for the reaction: Mo0,C1, - 4

nCl™.

M002+: AGOf from log K = 15,96 for the reaction: HMoO4“ +

2=

387 = MoO,+ + 2H,0 + e~ (Titley, 1963). S estimated by the

method of Powell and Latimer (1951).

MoOCl,: AGof from log K = 3.20 for the reaction: MoOCl, +

H,0 = MoO,+ + 25t + 3¢1” (Sillen and Martell, 1964). g°

estimated by the method of Cobble (1953b).
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Table 6.2

Auxiliary thermodynamic data at 298.15 K and 1 atmosphere

{1.013 bars) pressure used to calculate the thermodynamic

properties of agqueous molybdenum species,

SPECIES . gor2 8O P

ut 0 0

HZO ) 16.71 ~-68.315

cl™ 13.6 -39,933

F -3,2 ~80,151

H,S (aq) 29. -9.5
2cal mole™' g™1. Precal mole”l.

SOURCES OF DATA

Ht: By definition

H20: Helgeson and Kirkham (1974a)
Cl”: Helgeson et al. (1981)
F: Helgeson et al. (1981)

st (ag): Wagman et al., (1968)

o b

AG £

0
-56.687
-31.380
-67.232

-6.66
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Table 6.3

Average ionic heat capacities for molybdenum cations.
Calculated by the method of Criss and Cobble (1964b). Heat

capacity for 7t is 0.0 at all temperatures.

Average heat capacitya

Temp °C MoOZ(OH)+ M0022+ M002+
60 6 1 _ .15
100 7 0 18
150 4 -3 17
200 6 -2 19
250 6 -3 20
300 7 -2 | 21
35al mole™ 1 k™1,
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average ionic heat capacities of three oxy-cations. Although the
entropy correspondence relationships for cations were developed for
monatomic species, Cobble (1964) suggests these relationships should
also hold for the oxy-cations. The apparent partial molal Gibbs free
energies of the species listed in Table 6.3 were calculated from the
equations summarized in Appendix A and the thermodynamic data presented
in Tables 6.1 and 6.3. The resuits of these calculations are presented
in Table 6.4. Also included in Table 6.4 are the apparent Gibbs free
energies for the molybdate ion (Chapter 3), water (Helgeson and Kirkham,
1974a) and oxygen gas {Helgeson et al., 1978). Equilibrium cbnstants
involving M0022+, M002+, MoO2 (0H)+, and M0042_ were calculated from the
apparent molal Gibbs free energies and regressed as a function of
temperature using equation 4.1 to define values of AS°e(Tr) and o '.
These fit coefficients are presented in Table 6.5.

Dissociation constants for the reactions:

2.

+
2H  + MOO4

H,Mo0 6.1

274

i

and

- + Z2-
HMoO4 = H + MoO4

were estimated at temperatures up to 300°C using equation 4.17 and the

6.2

thermodynamic relationships outlined in Appendix A. The estimated
dissociation constants were used in conjunction with equation 4.1 to
determine the values of AS°e(Tr) and o' (Table 6.5) for the dissociation
of molybdic acid. In addition, dissociation constants of H2M004 via the
reaction:

AT 6.3

HoMo0, = Mo0,
were determined from equation 4.10 and the thermodynamic relationships

outlined in Appendix A. There was less than 0.05 log units difference



Apparent standard molal Gibbs free energies in Kcal mole”
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Table 6.4

1

Water, oxygen gas and the molybdate ion were calculated

using SUPCRT (Helgeson et al., 1978).

All others were

calculated from the average ionic heat capacities presented

in Table 6.3,

Temp
25
60
100
150
200
250
300

MoOz(OH)+

~-153.61
-154.33
-155.18
-156.21
-157.38
-158.53

-159.81

MoO2
-97.54
-96.90
-96.17
-95.19
-94.25
-93.22

-92.31

2+

+
2

-114.50

MoO

-114.49
-114.58
-114.76
-115.13
-115.64

-116.29

Water
-56.69
-57.31
~58.10
-59.19
-60.33
-61..69

-63.07

Moo42‘
-200.45
-200.69
-200.79
-200.65
-200.14
-189.02

-196.,54

Oxvgen
0
-1.73
-3.74
-6.29
-8.89
-11.52

~14.20
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Table 6.5

Coefficients for calculating log K(T) for molybdenum
solution species at elevated temperatures and pressures from
equation 4.1 and 6.5. Two set of coefficients are reported

for H2M004 see text for discussion.

Reaction _ a b c d |
00,2 + 28,0 = M00,%” + 4u' -5.8 8735, -14.98 -40.12
Moo, (0H) ¥ + H,0 = Moo42‘ + 3% -27.3  1712. -15.00 -31.62
H,M00, = 2H' + Moo42‘ (1) -49.7 -6386. ~12.94 -52.20
H,MoO, = 2H' + Moo42‘ (TT) -49.7 -6386. -11.62 -26.91
HM0O,” = H* + Moo, %" -32.2 -3897. -10.43 -38.81
- _ 2- ‘
MoO3F + H2O = Moo4 |
+ 20% + FT -48,8  2256. =-26.21 =39.41
2- _
M00,S,“” + 2H,0 =
MOO42— + 287 + 2ms” -22.2 22273. -16.80 -107.73
+ ——
»M002c1 + 2H20 -
Moo42” + a5 + c1” -11.7 6564, =21.20 -40.10
MOO,CL, + 2H,0 = |
Moo42‘ + 48" + 201” -14.9 4928, -24.40 -40.10
MoO,Cl,” + 2H,0 =
M0042_ + a5t + 3¢1” ~18.1 1395. -27.60 -40.10
Moo42_ + 3" -26.8 -8916. =15.82 -53.57 ‘
_ +
MoOCl3 + Hzo = MOO2
+ 287 + 3c1” -21.0 -10627. -21.00 0.00
38°_(T.) (cal mole™t K™H. Pan® (T.) (cal mole™h).
cASoe(Tr)‘(cal mo].e"1 ™1y, du’ (cal mole™ ! K-l).
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between the Tog K(T)'s calculated for the first dissociation of molybdic
acid by the two methods in the temperature range of 25 to 300°C.
Although this agreement does not require the estimated values to be
correct, it does demonstrate that the methods are self-consistent, as
the hydroxide-fluoride data base and the oxy-acid data base are
independent of each other. Furthermore, no attempt has been made to
force the observed consistency.

The heat capacity for MOOSF_ was assumed to be the same as HM004‘.
The heat capacity of MoOZSZZ' at 25°C was estimated using the method of
Criss and Cobble (1964b). The temperature dependences of the heat
capacity for MOOZSZZ' was estimated from equation 5.1 and the value of
ASOe(Tf) estimated by the method outlined by Helgeson and’Kirkham (1976).

Evaluation of the temperature dependence of the dissociation of
chioride complexes with charges of -1 or more positive'(i.e., MC1+,
MC1°, etc.) for silver (Stweard, 1976), copper (I) (Crerar and Barnes,
1976) and zinc (Sillen and Martell, 1964) using equation 4.1 indicates
that the nonelectrostatic heat capacity for these chloride complexes is
very close to zero at temperatures up to the critical point of water
[1].

In addition, AS°e(T is essentially the same as Asor(Tr)' The

)
above observation suggests, the dissociation constants for chloride
complexes at elevated temperatures may be estimated using equation 4.1
by setting o and B' equa1 to zero, and assuming AS°e(Tr) = AS°r(Tr)
(Helgeson, 1967). The dissociation constants for molybdenum chioride

complexes were estimated using these assumptions.

L1] Evaluation of the dissociation constants for AgC1;%™ AgC143' and
ZnC1 27 (Bourcier and Barnes, 1981 and Bourcier, persn. comm.)
inditates the nonelectrostatic heat capacities for these complexes
is not zero.
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The estimated dissociation constants for molybdenum solution
species calculated using equation 4.1 and the coefficients in Table 6.5
are presented in Table 6.6 and Figs. 6.1a and b. In addition, more
complete tables including entropies and heat capacities of reaction are

presented in Appendix C.

EFFECTS OF PRESSURE ON EQUILIBRIUM

Evaluation of the effects of pressure on the attainment of
equilibrium, and the numerical value of the equilibrium constant
requires knowledge of the change in volume accompanying a chemical
reaction (see Chapter 2). The assumption that the volume of a reaction
is independent of temperature and pressure is adequate to describe
reactions in which all species are solids. In fact, in these reactions
the effects of pressure does not become significant until pressures of
several kilobars are reached. However, the several studies done,
evaluating the partial molal volumes of aqueous electrolytes at elevated
temperatures, leave no doubt that Targe changes in partial molal volume
accompany increases in temperature (E1lis, 1966, 1967, and 1968).

Helgeson and Kirkham (1976) 1indicate that, at elevated
temperatures, the volume resulting from ion solvation AV5(501),
equation 3.18) makes the largest contribution to the total volume of an
ion, with the intrinsic volume (V°{int)) and volume of solvent collapse
(aVe(col)) making less significant contributions. The Born equation
(3.5) relates the Gibbs free energy of solvation to a temperature and
pressure independent constant characteristic of the ion and the
reciprocal of the dielectric constant (E(T,P)'l) of water. This implies

that no explicit considerations of volume change are needed in order to
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species in steam saturated water. Calculated from equation 4.1

and the coefficients given in Table 6.6.

Fig. 6.1a
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evaluate the effect of pressure on the Gibbs free energy of solvation
for an aqueous species. A1l that is required is a knowledge of the
dielectric constant and the appropriate partial derivatives which have
been tabulated by Helgeson and Kirkham (1974a).

The success of schemes to estimate dissociation constants at high
pressure based on isochoric and isoentropic extrapolation are due, in
large part, to the similarity of these curves to iso-dielectric curves.
The models proposed by Marshall (1972) based on the "“absolute"
dissociation constant and molar concentraticn scale are successful
because of the strong dependence of the compressibility of water (8°) on
(a1na/8P)T (Helgeson and Kirkham, 1976).

The approximation proposed by Helgeson (1969) for evaluating the
effect of pressure on dissociation reations does not account for the
electrostatic and nonelectrostatic contributions at elevated pressures.
However, equation 4.1 may be used, along with an "“electrostatic
temperature”, to explicitly account for the electrostatic and
nonelectrostatic consequences of ion dissociation. The "electrostatic
temperature" is a derived temperature which, when used in conjunction
with equation 4.1, yields appropriate electrostatic properties of the
solvent at the pressure and temperature of interest. Values of the
"electrostatic temperature" for pressures and temperatures of 500 to
2000 bars and 250 to 600°C are presented in Table 6.7. In this model
nonelectrostatic volume changes are considered negligible.
Consequently, the use of this model should be limited to the pressure
temperature regime in which electrostatic volume contributions
predominate (T greater than 250°C). Rewriting equation 4.1, using the

"electrostatic temperature", Te’ results in:



Electrostatic temperatures (Te) for equation 6.4.

Temp %c
250
300
350
400
450
500
550
600

0.5
506.16
546.93
586.95

626.16

121

Table 6.7

Pregsure
1.0

493.15

530.84 -

565,23
596.35
623.79
646.86

(Kbars)
1.5
484,83
520.3%8
552.33
580.80
605.87
627.87

643.43

2.0
477.39

511.94

1542.78

570.27
594.25
614.51
630.51

639.12
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(see facing page) 6.4
where the terms have the same values as given in Chapter 4. Estimated
dissociation constants for the reactions given in Table 6.6 at
temperatures and pressures up to 600°C and 2000 bars are presented in

Appendix D.

SOLUTION CHEMISTRY OF MOLYBDENUM

When basic solutions of the molybdate ion are acidified at room
temperature, hexavalent molybdenum polymerizes. This behavior is
similar to other group VIA elements (Cotton and Wilkinson, 1980).
However, whereas the dichromate ion is relativity stable, such stability
is not observed for the dimolybdate ion (Cotton and Wilkinson, 1980).
In fact, heptamolybdates (paramolybdic acid) are the most important
polynuclear molybdenum species in acid aqueous solutions. These species
have been identified on the basis of emf titrations (Sasaki and Sillen,
1964) and by spectroscopic and other techniques (Aveston et al., 1968).
Work by Ivonava et al. (1976) at 200°C suggest that polynuclear species
predominate when molybdite is dissolved. However, the stoichiometry of
the polynuclear species is unlike any found at low temperatures.

Polymerization appears to be important only at low pH's, high
molybdenum concentrations and Tow temperatures. Enthalpy titrations of
paramolybdic acid resulted in large negative enthalpies of formation for
these species from the molybdate ion (Arnek and Szilard, 1968). Using
these entalpies, thermodynamic calculations were done which indicate
that the formation constants for paramolybdate species decrease by about
ten orders of magnitude between 25 and 150°C. This indicates that it is

~unlikely that polynuclear species make a significant contribution to the
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EQUATION 6.4

lTog K(T,P) =
2% (T.) 5
2.303RT_(T|~ - To - p{l - explexp(B+aT) - € + <Te—Tr)/6))}
AHC (T ) as@ (T)) o .
rr r-r / _
>omT * 7R T 7soml /T - 1+ T/
2
B (T-T.)
. r

4.606RT
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transport of molybdenum 1in near neutral solutions at elevated

temperatures, and for this reason they will not be considered further.

HYDROXYL AND CHLORIDE COMPLEXES

The role of cationic molybdenum (VI) species diminishes at elevated
temperatures (Figs. 6.2a-e). In addition, at increased temperatures,
the predominant molybdenum species at neutral pH changes from the
molybdate to the bimolybdate ion. Furthermore, at elevated temperatures
and geologically reasonable oxygen fugacities, molybdenum (V) species
become important in acid solutions. Work by Westrich (1974) indicated a
slight increase in molybdenite solubility by the addition of both acid
(HC1) and chloride (added as NaCl or KC1) to solutions buffered by
nickel-nickel oxide, pyrite-pyrrhotite and granodiorite rock. These
results are consistent with the formation of a chloride complex such as

MoOC1, (Fig. 6.2e).

3
FLUORIDE AND SULFIDE COMPLEXES

The complex M003F' (Fig. 6.3) was used to evaluate the role of
fluoride in the transport of molybdenum. At 400°C and 500 bars
pressure, the fluoride complex is the predominant solution species at

log f,. values greater than -2.0. Fugacities calculated from mica

HF
analyses at Henderson, CO indicate that log fHF values for this deposit
were greater than -1.5 (Gunow et al., 1980), At pH's of 5 to 6 (see
Chapter 8), fluoride complexes are important in the transport of
mo1ybdenum.

The effects of temperature on the stability of MOOSF_ may be

evaluated from the reation:
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Fig. 6.2
Activity-activity diagram depicting the predominate aqueous molybdenum

species as a function of pH and Tog fO at five discrete temperatures
2

and pressures. Calculated from the data in Table 6.6 and Appendixes

C and D.
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Fig. 6.3
Activity-activity diagram depicting the predominate aqueocus species
as a functibn of pH and log ag-. The oxygen fugacity is set at the
nickel-nickel oxide buffer and the chloride activity is set at unity.

Calculated from the data in Appendix D.
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MoOJF™ + H,0 = HMoO,” + H' + F° 6.5
An evaluation of the stability relationships for the above reation
(Fig. 6.4) indicates that at increased temperature M003F_ becomes stable
at Tower fluoride activities. Thus, fluoride compliexes will be
important only at high temperatures.

The sulfide complex evaluated in this study was MoOZSZZ-. Because
this is a divalent complex it becomes increasingly less stable at
elevated temperatures. Undoubtedly, the MoOZSZZ' ion will react with
water in a manner analogous to M0042_ to form HMoOZSZ' and HZMOOZSZ‘
The relative stability of sulfide complexes can be determined by
assuming that the dissociation constants for acid sulfide complexes
(HZMOOZSZ and HMQOZ') are similar to H2M004 and HM004_. These stability

relationships suggest that molybdenum sulfide complexes may be important

1.5 (Fig. 6.5).

in solutions with HZS activities greater than 10
However, the results are tentative and an experimental investigation of
the role of sulfide complexes on molybdenum transport at elevated

temperatures is warranted.

SOLUBILITY OF POWELLITE AND MOLYBDITE

Calculated solubility of powellite as a function of temperature at
infinite dilution, accounting for both hydrolysis and charge balance,
are in close agreement with reported measured solubilities (Fig. 6.6).
This observation indicates that the estimated values for the heat
capacity of the molybdate ion as well as the second disscciation
constant of molybdic acid are correct.

Calculations of the solubility of molybdite at elevated

temperatures are more difficuit because of the formation of polynuclear
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Fig. 6.4
The stability of MoO3 4
of temperature and log fHF' The pH is set at 5.

data in Appendix D and Naumov et al. (1974).

F™ and HMoO,” at 500 bars pressure as a function

Calculated from the
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Fig. 6.5
The stability of M002522' and M0042' at 500 bars pressure as a

function of temperature and log a, - Calculated from the data in
5 _

Appendix D, SUPCRT (Helgeson et al., 1978) and Naumov et al. (1974).
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Fig. 6.6
Comparison between calculated solubilities of powellite and molybdite
and experimentally measured solubilities. Solubility data are from
Zhidikova and Malinin (1972, powellite) and Ivanova et al. (1975,

molybdite).
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molybdenum species. However, calculated solubilities of molybdite at
elevated temperatures assuming only mononuclear species form are
presented graphically on Fig., 6.6. Curve I represents solubilities
calculated using the dissociation constants for H2M004 calculated above.
At temperatures greater than 150°C the calculated solubility of
molybdite due to mononuclear species is greater than the total measured
solubility. This discrepancy may be the résu]t of errors in the
solubility measurements reported by Ivanova et al. (1975), errors in the
estimated dissociation constants for H2M004, or both. Alternate heat
capacity coefficients of -11.6, and -26.91 for AS°e(Tr) and o'
respectively were calculated, assuming that the 300°C data reported by
~ Ivanova et al. (1975) represents dissolution of molybdite to mononuclear
species., Calculated solubilities based on this second set of heat
capacity coefficients are also shown on Fig. 6.6 (curve II). The
results of these calculations are consistent with the assumption that
molybdenum depolymerizes at elevated temperatures. Since the second set
of coefficients yields estimates of molybdite solubility which are more
reasonable in light of the experimental work, this set has been chosen
for subsequent calculations.

Although the estimated log K's for the dissociation of molybdic
acid are highly uncertain, values for dissociation constants derived in
this study are consistent with experimental work (cf., Fig. 6.6). These
preliminary calculations suggest that molybdic acid species are
important in the transport of molybdenum (VI) at elevated temperatures.
In order to better define the role of these acid species, a study of the
effect of acidity on the solubility of a sparingly soluble molybdate

salt, such as powellite, should be carried out.
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ACTIVITY COEFFICIENTS

AQUEQOUS ELECTROLYTES

Because the defined standard state for aqueous ions and
electrolytes is based on the hypothetical one molal solution with
properties at infinite dilution, it is necessary to correct solution
concentrations for departure from ideal behavior. These corrections are
typically accomplished by the use of activity coefficients, which allow
the determination of the relative partial molal Gibbs free energy for
ions, aqueocus electrolytes and neutral species in real solutions. In
dilute solutions where the probability of ion-ion interactions is low,
activity coefficients, Y,k of the kth electrolyte can be estimated from

the Debeye-Huckel equation:

Az |1k
1 + 3BI?

Togyi,k =
where the ionic strength, I, is given by:
2
E i . . 6_7
I i x ) z"my
A~ and By are constants dependent on solvent properties {summarized by

Helgeson and Kirkham, 1974b), Z, and Z_ are the integer charges on the

+
cation and anion, Zj and mj are the molality and the charge of the jth
jon and ; is the "distance of closest approach" for the positively and
negatively charged ion in the solution. The use of the above equation
is adequate to represent the Tong rénge effects in aqueous solutions.

However, at ionic strengths greater than about 0.1, equation 6.6 is not

adequate to describe activity coefficients.
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Several modifications of the Debye-Huckel equation have been
proposed. These are based on a variety of theoretical or empirical
considerations and assume complete or partial dissociation of
electrolytas. However, as Helgeson (1982) has pointed out, "different
theoretical equations commonly yield regression results that satisfy the
same experimental data, which neither suphorts nor denies the validity
of any one of the theoretical models."

The model chosen in this study to estimate activity coefficients of
aqueous electrolytes is the one proposed by Helgeson et al. (1981) and
Helgeson (1982). This model dincorporates explicit provisions for
solvation and Tong- and short-range interactions. Evaluation of
experimentally determined activity coefficients indicates that the
effects of solvation and short-range interactions are linear functions
of the ionic strength if the "true" or effective ionic strength'(i.e.,
corrected for complexing) is used. The equation for mean ionic activity

coefficients is given below (Helgeson et al., 1981):

1
2

logy, | = --._.m_...AYHRZ-” + T+ by,kl 6.8
where:
r, = -log(1 + 0.0180153m*) 6.9a
m = Zm1 6.9b
S W& 6.9¢
B T ZIW e T 5k 6.9d

where o i is the electrostatic radius of the jth ion, vu ik is the

2

stoichiometric number of the jth jon in the kth electrolyte, and bY K

is the extended term parameter characteristic of the kth electrolyte and

is dependent on temperature and pressure. The use of equation 6.9c



139

insures that equation 6.8 meets the requirements of an exact
differential for mixed electrolyte solutions (Helgeson et al., 1981).

Values of b for sodium molybdate at 25 and 295°C have been

Y5k
determined by plotting the differences between the measured activity

coefficients (Zhidikova et al., 1973) and the summation of the first two
terms\of equation 6.8. As may be seen from Fig. 6.7, equation 6.8
adequately represents the mean ionic activify coefficient to an ionic
strength of ten at 25°C. However, at 295°C there is a systematic
departure from linear behavior at high jonic strengths. This behavior
is probably due to the formation of ion pairs at high concentration.

The values of bY Kk for sodium molybdate are equivalent to the slope of the
curves in Fig. 6.7. At 295°C, bY | was determined by calculating the
s

tangent of the curve at zero ijonic strength. The numerical values of

1

bnk are 0.032 and -0.096 kg mole ™ at 25 and 295°C respectively.

INDIVIDUAL IONS
The activity coefficients for individual ions in sodium chloride

solutions may be approximated by (Helgeson et al., 1981):

A 7218

logyj = ———— + T
J A v

+ (w(abs)b b 0.19(|zjl - 1)1 6.10

NaCl * Pna'c1”
is a slope parameter relating the dielectric constant of the

where bNaC1

solution to the molality of sodium chloride and bNa+C1' is a short range

jon interaction parameter for sodium chloride. The electrostatic
coefficient, w(abs), is characteristic of each ion and is described in

Chapters 2 and 3. Values of b and b, _+.. are summarized by Helgeson

NaCl Na Cl1
et al. (1981). Evaluation of the form of equation 6.11 indicates that
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Fig. 6.7
Evaluation of the extended term, b, for sodium molybdate at 25° and
295°C. Experimental data are from Zhidikova et al. (1973).

A |77 |VT
* +-_
p = 1ogyi,k + —1L 0 - T

Y
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the quantity in parentheses is a constant (bY,j)

value of w(abs) and the charge of the ion. Values of the extended term

and depends only on the

parameter for molybdenum ions in aqueous sodium chloride solutions at
four discrete temperatures are presented in Table 6.8. The values of b i
become increasingly more negative with increasing temperature as a
consequence of the dramatic effects of sodium chloride on the properties

of Tow density water.

STOICHIOMETRIC INDIVIDUAL ION ACTIVITY COEFFICIENTS

The calculations of mineral solubilities in solutions of a
concentrated supporting electrolyte may be simplified by the use of
stoichiometric individual ion activity coefficients (Helgeson, 1969).
The stoichiometric individual ion activity Coefficient,i'j, is defined
as:

?j = aj/mj,tot 6.11
where aj and mj,tot are the actual activity and total molality of the
jth ion present in small quantities in the solution.

Methods to ca]cu1ate\3j for aqueous sodium chloride solutions are
reviewed by Helgeson (1969). The details and the equations used to
calculate fj for the molybdate ion are presented in Appendix E. Table
6.9 summarizes the stoichiometric individual ion activity coefficients
for molybdenum ion at elevated temperatures and pressures as functions
of both pH and ionic strength. It is interesting to note that at high
temperatures and low pH's the activity of the molybdate ion may be only
a billionth of its concentration, suggesting, that while the solubility

products of molybdate minerals may be low, the molality of molybdenum in

solution is not necessarily Tow.
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Table 6.8

Calculated extended term for Debeye-Huckel equation for the
calculation of activity coefficients. At 400°C the pressure
used in the calculation was 500 bars. At all other |
temperatures the pressure of steam saturated water was used.

Calculation were done as described in text and Helgeson et

al. (1981).
Temp °C

ION 250 300 350 400
Moo42‘ ~0.298 -0.455 -0.767 -0.799
HMOO,, ~ 0.060 0.044 -0.015 -0.003
MoO,, (0H) * 0.024 -0.021 -0.133 -0.130
M0022+ ~0.338 -0.529 -0.903 -0.944
MO 4F~  0.054 0.034 ~0.033 -0.022
Moozszz— -0.270 -0.404 ~0.675 -0.699
Mo0,,C1+ -0.003 ~0.072 ~0.226 ~0.230
Mo0,Cl4~ 0.049 0.024 -0.052 -0.043
Moot -0.010 -0.085 -0.250 -0.256

2
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Table 6.9

Calculated stoichiometric individual ion activity
coefficients for the molybdate ion at elevated temperatures
and pressures in NaCl solutions. Activity coefficients
included consideration for hydrolysis and chloride
complexes. At 400°C a pressure of 500 bars was used in

the calculations. At all other temperatures calculations

were carried out for steam saturated water.

log Y in 2 molal NaCl

pH
Temp °C 3.0 4,0 5.0 6.0 7.0 8.0
250 ~-4.76 =3.70 =-2.77 =-2.19 -2.05 -2.03
300 -6.01 -4.95 -3.96 -3.10 -2.67 =2.59
350 -8.23 -7.19 -6.19 -5.21 -4,40 -4.06
400 -8.57 =-7.53 -6.53 -5.54 -4.62 -4.06

log Y in 4 molal NaCl

rH
Temp °C 3.0 4.0 5.0 6.0 7.0 8.0
250 -4.73 -3.70 -2.92 -2.62 =-2.58 =-2,57
300 -6.01 -4.96 -4.06 -3.55 -3.44 -3.42
350 -8.35 -7.33 =-6.48 =-6.06 =-5.98 =5,98

400 -8.67 -7.64 -6.71 -6.12 -5.96 -5.95
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Table 6.9 (cont.)

in 4 molal NaCl at 400°C and 500 bars, molybdenum (V)
species considered.
pH
3.0 4.0 5.0 6.0 7.0 8.0

-9.91 -7.71 =-6.71 -6.12 -5.96 -5.95

in 4 molal NaCl at 400°C and 500 bars, molybdenum (V)
species considered, log fHF = 10"1,
pH
3.0 4.0 5.0 6.0 7.0 8.0

-10.05 -~-8.56 -7.56 -6.65 -6.09 -5,96

log Y in 4 molal NaCl at a pH of 5 and 500 bars,

molybdenum (V) species considered.
Temperature ¢
250 300 350 400
-2.80 =3.57 -5.20 -6.71



CHAPTER 7
CALCULATED SOLUBILITY OF MOLYBDENITE AT ELEVATED TEMPERATURES

The solubility of molybdenite is a function of foz, aHgS’ pH
temperature, pressure and solution composition. In this discussion,
attempts will be made to evaluate the effects of the six variables on
molybdenite solubility. |

The solubility of molybdenite at constant temperature and pressure

may be represented by the reaction:
2.

1}

MoS, + 20

5 + 3H20

oM+ Mo0, " + 2H,S(aq) 7.1

2
If the oxygen fugacity is fixed by external buffers, the molal

solubility of molybdenite as a function of pH can be calculated from:

log S = [(log K(T,P,foz) - 1ogyM0042— - Z]OQYHZS

- log 4.0 + 2pH)1/3 7.2
whére S is the molal solubility of molybdenite, ?j is the stoichfometric
fon activity coefficient for the subscripted species. Stoichiometric
ion activity coefficients for the molybdate ion are given in Chapter 6.
The predominant form of reduced sulfur in acidic or mildly alkaline
solutions 1is HZS (Barnes, 1979). A predictive theory, such as the
Debeye-Huckel theory, does not exist for neutral solution species. As a
consequence, there is 1ittle alternative but to assign a value of unity
for the activity coefficient for H,S (Helgeson et al., 1981).

The oxygen fugacities for fluids associated with geological
processes at elevated temperatures are often bounded by the mineral
buffers: hematite-magnetite and nickel-nickel oxide. Equilibrium
constants for the dissolution of molybdenite in aqueous solution buffer

by hematite and magnetite or nickel and nickel oxide are presented in



147

Table 7.1. The equilibrium constants and equation 7.2 were used to
calculate the solubility of molybdenite at elevated temperatures.

The numerical experiments presented in this Chapter represent an

attempt to quantify the amount of molybdenum in hydrothermal sclutions.

Although the calculations can be carried out to a high degree of
precision, the accuracy of the results depends on the coverage and
accuracy of the dissociation constants presented in Chapter 6 and
Appendix D. As has been pointed out earlier, good agreement between
calculated solubilities and their experimental counterparts has been
found. However, such comparisons are not possible for molybdenite
solubility because of the Tack of appropriate experimental work.
Nevertheless, the caiculations presented in the following pages
represent reasonable first approximations. Although the magnitude of
the calculated solubilities may be in error, the conclusions regarding
the effects of temperature, pressure, etc. are insensitive to these

errors.
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Table 7.1

Equilibrium constants for the dissclution of molybdenite at
elevated temperatures and pressures., Calculated from the
data presented in Chapter 3, SUPCRT (Helgeson et al., 1978)

and Naumov et al. (1974). SAT refers to steam saturated

water,.
MoS, + 3H,0 + Nio = 28Y 4 Moo42“ + 20,5 (aq) + Ni
log K(T,P) °C

P (bars) 250 300 350 400

SAT -31.24 ~29.58 -29.64

500 -30.58 -28.53 -27.16 -27.19

: _ + -

MOS, + 3H,0 + 3Fe,0, = 2H + Mo0,*” + 2H,S (ag) + 2Fey0,
, log K(T,P) °C
P (bars) 250 300 350 400

SAT -29.84 -28.11 -28.10

500 ~29.19  -27.07  -25.62  -25.58
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FACTORS AFFECTING MOLYBDENITE SOLUBILITY

PRESSURE AND TEMPERATURE

The results of numerical experiments to evaluate the effects of
temperature and pressure on molybdenite solubility are presented in Fig.
7.1. These results indicate that increasing the temperature at constant
pressure results in a substantial increase in molybdenite solubility.
Molybdenite solubility exhibits pro-grade solubility behavior in the
temperature range considered. However, at higher temperatures ({(above
450°C) this may not be the case (c¢f., Isuk and Carnan, 1981) because of
the decreased density of water at high temperatures.

An increase in the total pressure also resulted in an increase
in molybdenite solubility (Fig. 7.1). The effect of pressure on
solubility is a function of the volume of reaction. Since ions at
elevated temperatures have large negative partial molal volumes, an
increase in solubility at elevated temperatures is expected. The
effects of pressure on solubility increase with temperature because the

volume of reaction becomes more negative.

CONCENTRATION OF A SUPPORTING ELECTROLYTE

Calculated molal solubilities of molybdenite in 2 and 4 molal
sodium chloride solutions at temperatures of 250 to 350°C in steam
saturated water are presented in Fig. 7.2. There is a marked decrease
in molybdenite solubility with a decrease in the oxygen fugacity or the
concentration of sodium chloride. Molybdenite solubility decreases
because a decrease in the solium chloride concentration results in an

increase in the activity coefficient of the molybdate ion.
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Fig. 7.1
Calculated solubility of molybdenite as a function of temperature
at 500 bars pressure and in steam saturated water. The pH is fixed
at 5 and the oxygen fugacity is fixed by the hematite-magnetite
mineral buffer. Calculated using equation 7.1 and the data in

Tables 7.1 and 6.9.
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Fig. 7.2
Calculated solubility of molybdenite as a function of temperature in
steam saturated water in 2 and 4 molal sodium chloride solutions
buffered by nickel-nickel oxide (NNO) and hematite-magnetite (HM).

Calculated using equation 7.1 and the data in Tables 7.1 and 6.9.
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FLUORINE AND pH

Several numerical experiments at 400°C and 500 bars pressure were
carried out to evaluate the effects of pH on solubility. The results of
the first of these experiments are presented in Fig. 7.3. A minimum
solubility of molybdenite occurs at a pH of about four. Westrich (1974)
observed an increase in molybdenite solubility with decreasing pH, which
is consistent with the acid portion of the curves presented here (Fig.
7.3). The numerical experiments indicate that solubilities of over 100
ppm Molybdenum are possible in near neutral solutions (Fig. 7.3).

Numerical experiments to evaluate the vrole of fluorine on the
solubility of molybdenite were conducted. A value of 10"1 was selected
for the HF fugacity, which is consistent with the HF values estimated by
Gunow et al. (1980) for the ore zone at Henderson, CO (see Chapter 8).
The results of these calculations are presented in Fig. 7.4. Comparison
of this figure With Fig. 7.3 indicates that in the pH range of 4 to 6,
molybdenite solubility is increased by a factor of two in fluorine-rich
fluids. This results in molybdenum concentrations of up to 300 ppm at
near neutral pH's. In fluorine-rich solutions molybdenite solubility
increases with increasing pH except in very acid solutions {pH's less

than 3).

DISTRIBUTION OF SOLUTION SPECIES

The distribution of molybdenum solution species at 400°C and 500
bars pressure for a 4 molal NaCl, HF rich fluid and a 2 molal NaCl
solution are presented in Fig. 7.5a and b respectively. In both these
figures molybdenum (V) solution species (M002+ and MOOC13) predominate

at low pH's. Less acid solutions (3.5 to &) favor the formation of
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Fig. 7.3
Calculated solubility of molybdenite at 400°C and 500 bars as a
function of pH in 4 molal sodium chloride solution buffered by
nickel-nickel oxide (NNO) and hematite-magnetite (HM). Calculated

using equation 7.1 and the data in Tables 7.1 and 6.9.
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Fig. 7.4
Calculated solubility of molybdenite at 400°C and 500 bars as a
function of pH in 4 molal sodium chloride solution with a HF fugacity

of 107

buffered by nickel-nickel oxide (NNO) and hematite-magnetite
(HM). Calculated using equation 7.1 and the data in Tables 7.1 and

6.9.
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Distribution of molybdenum solution species at 400°C and 500 bars

pressure as a function of pH.

Fig. 7.5a

_ 1pa-1
4 m NaCl Tog fHF =10

|
|
|
Fig. 7.5
Fig. 7.5b
|

2 m NaCl



a %

a %

160

a)
100 | I | T
400° C
500 Bars
80} M003F’ —
60— -
MoOé"
40p / Moo42' -
20— -
HM004
0 ]
2.0 30 40 5.0 6.0 .0
pH
b)
100

80

60

40

20




161

molybdenum (VI) species. The relative abundance of HM004' (MOO3(0H)—)
and M003F- is dependent on the HF fugacity. These results indicate that
in near neutral solutions, molybdenum transport is by oxy-acid or
fluoro-oxy-acid solution species.

The relative distribution of molybdenum solution species as a
function of ionic strength is strongly influenced by the bulk dielectric
constant of the sodium chloride solution. At Tow temperatures an
increase in the molality of sodium chloride results in a decrease of the
dielectric constant of the solvent (Helgeson et al., 1981). However, at
higher temperatures sodium chloride molality has an opposite effect on
the dielectric constant. An increase in the dielectric constant favors
the dissociation of complexes. This dissociation results in a greater
fraction of the total molybdenum being present as the molybdate ion at

increased jonic strengths and temperatures.
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FACTORS AFFECTING THE DEPOSITION OF MOLYBDENITE

The formation of an ore deposit requires the transport and the
deposition of metals from an aqueous solution. Barnes (1979) has
indicated that 1 to 10 ppm represents the minimum concentrations of base
metals necessary to produce an ore deposit. Examination of Figs. 7.1
through 7.4 indicates that, at temperatures greater than 300°C,
molybdenum concentrations exceed this reqﬁirement. Deposition of
molybdenite is affected by the same factors that affect the solubility.
Barnes (1979) discusses various mechanisms which would result in ore
deposition, Among these mechanisms are temperature change, dilution,
wall rock reactions and changes 1in oxygen fugacity. Results of
numerical experiments designed to evaluate these effects are presented

below.

TEMPERATURE

Decreasing the temperature from 350 to 250°C results in a 98%
decrease in molybdenite solubility. A Tlarger decrease in so]ubj]ity
(+99.99%) is expected for a fluid which is externally buffered for both

H,S and log f02 (Smith et al., 1980).

2
PRESSURE

Decreasing the pressure from 500 bars to 165 bars at 350°C results
in a 60% decrease in molybdenite solubility. The decrease in solubility

becomes more pronounced at higher temperatures.
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DILUTION |

A one-to-one dilution with pure water of a near neutral 4 molal
NaCl ore solution at 400°C and 500 bars results in a 35% decrease in the
solubility of molybdenite. Acid solutions do not show a significant

change in solubility with dilution.

OXYGEN FUGACITY
Decreasing the oxygen fugacity from the hematite-magnetite buffer
to the nickel-nickel oxide buffer results in a 70% decrease in

molybdenite solubility.

WALL ROCK REACTIONS

The effects of wall rock reactions on the deposition of molybdenum
could not be numerically evaluated. Typically wall rock reactions
involve fluids which never equilibrate with the original rock, but
convert the rock to a stable hydrothermal mineral assemblage (i.e.,
pervasive alteration). However, the effects of wall rock reactions on
mineralization can be evaluated in a general way. At Questa, NM for
example, molybdenite mineralization occurs as veins associated with
potassic alteration in andesite volcanics (see Chapter 8). A
generalized reaction of a solution rich in potassium, molybdenum, sulfur

and fluoride reacting with plagioclase and pyroxene would be:

3M9251206 + CaA1ZSi208 + 9H25 o2+ 2H+ + 4M003F—

= 4MOS2 + 2KM93A1513010F2 + 25102 + CaSO4 + 10H20 7.3
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Examination of the above reaction indicates that molybdenite deposition
would occur in response to the formation of fluorine rich micas.
Another reaction involving the wall rocks during potassic alteration
would be the alteration of igneous biotite to magnesium rich
hydrothermal biotite:

3KFeMg

A1S0,5(0H), + 2H,S + H' + HMoO,” = KAISi 0q

pR1510
+ 2KMg3A151'010(0H)2 + Fe304 + Mo_S2 + 4H20 7.4
Examination of reaction 7.4 again indicates that the wall rock reactions

which attend potassic alteration would result in molybdenite deposition.

CONCLUSIONS

The results presented in this chapter indicate that substantial
concentrations of molybdenum may be transported in saline hydrothermal
fluids at elevated temperatures. These results show that molybdenum
transport may be accomplished by molybdenum (V) oxy-cations and chloride
complexes in acid solutions. In near neutral solutions, molybdenum is
transported as hexavalent oxy-acid species. High fluoride activities
enhance the transport of molybdenum, but are not essential. Deposition
of molybdenite occurs from decreases in pressure and temperature and
wall rock reactions. Dilution and decreases 1in oxygen fugacity have
lesser éffects on solubility.

The results presented are limited in that it has not been possible
to consider molybdenum (IV) species. However, in spite of this
limitation, the models for hydrothermal transport presented in this
chapter allow for the transport of mo]ybdenﬁm in both high-fluoride
(Climax-type deposits) and low-fluoride (quartz-monzonite type)

solutions.
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SUMMARY OF PART I

The principle of corresponding states has been demonstrated for
aqueous eletrolytes and dissociation reactions. The partial molal
volume and heat capacity of ions at elevated temperatures are related by
a simple linear function to the corresponding property at room
temperature. If the effects of ion-solvation are considered, the
partial molal volume and heat capacity of aqueous jons may be estimated
to a high degree of accuracy from room temperéture properties. This
allows evaluation of the apparent molal Gibbs free energies at elevated
temperatures which, when coupled with similar data for minerals, allows
calculation of equilibrium constants for solubility and hydrolysis
reactions of geologic interest.

The entropy of dissociation at elevated temperatures for fluoride
and hydroxide complexes, as well as oxy-acids also exhibit a linear
relationship with the room temperature entropy of dissociation. When
‘coupled with proposed schemes which allow the estimation of the entropy
of dissociation for fluoride complexes at 25°C, dissociation constants
for fluoride complexes can be estimated to temperatures of 300°C if the
dissociation constant at room temperature is known.

Application of the correspondence principle to 26 fluoride
complexes indicates that fluoride complexes of divalent metals are not
important in the transport of metals because of the high C17/F  ratios
associated with most hydrothermal solutions. However, fluoride
complexes can be important in the transport of aluminum at elevated

temperatures in slightly acid solutions.
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Application of the correspondence principle to twelve molybdenum
complexes and ions indicates that at elevated temperatures in neutral
solutions, bimolybate (HM004_) is the predominate solution species. In
acid solutions (pH less than 3), molybdenum (V) (M002+, MoOC]S) species
predominate. Fluoride and sulfide complexes are important at high
temperatures (greater than 350°C)‘ and high activities of HZS

'1'5) and high HF fugacities (approximately 10"2).

(approximately 10
At 400°C and 500 bars calculated solubilities of molybdenite are
several hundred ppm (as Mo) in both fluoride-rich and fluoride-poor
solutions. Deposition of molybdenite occurs 1in response to the
following physico-chemical changes: decrease in temperature, decrease
in pressure, decrease in the oxygen fugacity and an increase in pH,

Wall rock reactions attending potassic alteration also result in

molybdenite deposition.



PART 11
CHAPTER 8

MINERALIZATION TEMPERATURES AND SOURCES OF HYDROTHERMAL FLUIDS AT THE
QUESTA, NM MOLYBDENITE DEPOSIT

INTRODUCTION -

The use of fluid inclusion and isotopic data allows evaluation of
the roles and sources of fluids in hydrothermal systems associated with
porphyry metal deposits. For example, fluid inclusions may provide
samples of mineralizing fluids. This, coupled with field observations
and an understanding of the thermodynamic and spatial relationships
among various alteration assemblages, allows interpretations of ore
forming processes which are consistent with hoth geologic and chemical
constraints. Results of a reconnaissance fluid inclusion and stable
isotope study of the Questa molybdenite deposits will be presented. In
addition, results of analyses of fluid inclusion volatiles by mass
spectrometry are presented.

Numerous studies of fluid inclusions and stable isotopes have been
carried out on porphyry copper systems. However, this literature review
will be Timited to studies of porphyry molybdenum mineralization. Fluid
inclusion measurements have been made on material from Questa (Bloom,
1981), Climax, Colorado (Roedder, 1971; Hall et al., 1976), Henderson,
Colorado (White et al., 1981), Boss Mountain, British Columbia
{Macdonald and Spooner, 1981) and Endako and Hudson Bay Mountain,
British Columbia (Bloom, 1981). A summary of fluid inclusion

homogenization temperatures from these works is presented in Table 8.1.
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Table 8.1

Summary of fluid inclusion homogenization temperatures from

porphyry molybdenum deposits of western North America.

Deposit

Boss Mountain,
British Columbia

Climax,

Colorado

Endako,

British Columbia

Henderson,
Colorado

Temperature Oc

Hudson Bay Mountain,

British Columbia

Questa,

New Mexico

1 - Bloom (1981)

2 - Macdonald and Spooner

3 - Hall et al.

(1974)

4 - Roedder (1971)

5 -« White et al.

(1981)

(1981b)

250-370

360+25
340-380
325-450

340-400

360-420

Source
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Although a Tlarge range of temperatures is reported by the different
investigators, a generalized temperature of mineralization may be placed
as 350 to 450°C. The salinities of inclusions measured 1n.these studies
fall into two groups. The first group is saline, typically having a
halite daughter mineral at room temperature and is prevalent at Questa,
Climax, and Henderson. The second group is more dilute, typically less
than 10 eq. wt. % NaCl, and is prevalent at the British Columbia
deposits. In addition, low salinity 1nc1usions also occur in deposits
which have high salinity inclusions. Distribution of fluid inclusion
filling temperatures and salinities for porphyry moTybdenum deposits is
similar to the distributions found in porphvry copper deposits (Nash,
1976).

Light stable isotope studies on porphyry molybdenum deposits have
been 1imited to the Climax deposit (Sheppard et al., 1971 and Hall et
al., 1974), These studies suggest that mineralization at Climax was
associated with at least some magmatic water. In addition, Hall et al.
(1974) demonstrated that potassium feldspars were drastically depleted
in &180 by exchange with heated, surface-derived waters.

LOCATION AND HISTORY

The Questa molybdenite deposits are located in north central New
Mexico between the communities of Questa and Red River along State
Highway 38 in the Sangre de Cristo Mountains (Fig. 8.1). Molybdenite
has been produced from the region since the mid-'20s. Early production
was from Sulfur Gulch, and these old workings are currently referred to
as the "0ld Vein Deposits". Production continued until 1958. The most
comprehensive publication dealing with this early underground activity
is by Schilling (1956), although the first investigations were made by

Larsen and Ross (1920) and Vanderwilt (1938).
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Fig. 8.1

(courtesy New Mexico Bureau of Mines).
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By the mid-'50s renewed exploration for ore had begun. By 1964,
sufficient ore reserves had been cutlined to justify production by open-
pit methods and the first ore was delivered to the mill in late 1965.
In 1977, following heavy rains, the west wall of the pit collapsed,
fi1ling the pit with approximately five million tons of waste which
curtailed normal production.

Joint exploration by Molycorp and Kennecott lead to the definition
of several mineable ore reserves. In 1977, Kennecott sold its interest
in Molycorp to Union 0il Company of Ca]ifornia.. Development of a large
underground mine in the Goat Hill Gulch (Southwest Zone) has continued

to the present time.

GENERAL GEOLOGY

Geologic studies of the Questa-Red River area have been conducted
by Schilling (1956), McKinley (1956, 1957), Clark (1968), Carpenter
(1968) and Clark (1972). At the present time, studies of the area are
being conducted by the U.S. Geological Survey (Lipman, 1981). The
discussion that follows is a summary of this previous work (especially,
Carpenter, 1968 and Clark, 1968). In addition, an unpublished
geological report on the Questa area was used (Martineau et al., 1977).

Precambrian metamorphic rocks and granites form the basement
complex in the Sangre de Cristo Mountains of northern New Mexico. The
Precambrian rock of the Questa area (Fig. 8.2) consists predominately of
amphibolities, schists, gneisses, metaquartzites and foliated granites.

The Precambrian rocks are overlain in places by remnants of the
Pennsylvanian-age Sangre de Cristo Formation (Shilling, 1956 and

McKinley, 1957). Carpenter (1968) reports the occurrence of
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Fig. 8.2
Generalized map of the "Red River Trench" (compiled by Molycorp,

1977).
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Cretaceous~age, fine grained clastic sediment resting on Precambrian
rocks, while Clark (1968) concludes that the sediments are in part
tuffaceous and included them with and considers them as part of the
Tertiary volcanic units.

Up to 2000 meters of Tertiary volcanic rocks have accumulated in
the Questa area. These rocks consist of 0ligocene to lower Miocene
andesites, 1latites and rhyolite tuffs. The basal unit is a
fine-grained, hornbiende andesite flow which occurs immediately above
the Precambrian. Toward the top of the fine-grained andesite in the
area of the mine are fine-grained andesite tuffs which have been
extensively altered by hydrothermal fluids. These are overlain
disconformably by porphyritic, quartz-bearing, hornblende-biotite
latites. The rhyolites unconformably overlie the andesites and the
latites. The Tower unit of the rhyolite series is a course grained
welded rhyolite tuff. The coarse grained tuff grades upward into a
fine-grained, welded rhyolite tuff. The volcanic rocks in the area
yield potassium-argon ages of 36 to 22 million years b.p. (Pillmore et
al., 1973).

Late plutonic to hypabyssal intrusives, ranging from monzonite to
granite in composition, cross-cut the volcanic sequence. These

intrusive rocks exhibit a wide variety of textural types, including

apTites, porphyries and crowded porphyries, and equigranular biotite and

hornblende granites and quartz monzonites. The porphyries are commonly
characterized by potassium feldspar, quartz and biotite in aphanitic to
aplitic ground mass. The bulk composition of these rocks is near the

"granite-minimum" in the quartz-albite-orthoclase ternary.
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Potassium-argon ages for mineralized intrusives are 23 million years
b.p. (Isahara, 1967 and Laughlin et al., 1969). Ages of vein biotites
associated with mineralization are indistinguishable from the intrusive
ages (Isahara, 1967 and Laughlin et al., 1969). A generalized
stratigraphic section for the area is presented in Fig. 8.3.

The major mineralization in the area of Questa is confined to an
east-northeast structure referred to in the literature as the "Red River
Trench”. This feature has been interpreted by Lipman (1981) as being
the southern edge of the Questa Caldera (Fig. 8.4). The geometry of the
caldera has been inferred from the distribution of granitic intrusives
and the presence of thick welded tuffs and massive megabreccias,
interpreted as caldera fill and caldera collapse breccias. The core of
the caldera has been resurgently domed. The age of the silicic
intrusives and volcanics define the age of the caldera as 23 million
years b.p. The western margin of the caldera has been normaliy faulted

into the Rio Grande rift and covered by younger sediments.

ALTERATION AND MINERALIZATION
Mineralization and alteration of the Red River Trench was
controlled to a large extent by the overlap in time and space of
intrusion and fracturing of the rock in the area (Clark, 1968). As a
result, molybdenum mineralization occurs in two styles. The first is
“disseminated" mineralization in host intrusives. The second is vein
and fissure filling in the country rock. Mineralization in the Goat
Hill Gulch (Southwest Zone) area is primarily of the second type, with

extensive mineralization and alteration in the andesite volcanics.
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Fig. 8.3
Generalized stratigraphic section of the Questa area (after |
Carpenter, 1968).
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Fig. 8.4
Generalized geologic map of the Questa Caldera (after Lipman, 1981).
Ti, Tertiary intrusive rocks; Tv, Tertiary volcanic rocks; pT, pre-

Tertiary rocks.
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As with most Climax type molybdenum deposits, interpretation of
paragenesis and alteration mineralogies is complicated by superimposed
intrusive and mineralizing events. At Questa, three mineralizing events
have been recognized (Martineau et al., 1977). The relative ages of
these three events are: the early aplite system associated with
mineralization in the open pit area, followed by the Goat Hill Granite
assocjated with Southwest'Zone system, and fina]ly the deep granite
system. Although the alteration systems overlapped, a generalized vein
paragenesis based on cross cutting relationships for a single
mineralizing event at Questa was determined {Martineau et al., 1977 and
Bloom, 1981). The paragenesis is:

1) barren quartz and quartz-biotite veins;

2) quartz-biotite-K-feldspartmolybdenite veins;
)

(48]

quartz-molybdenite veins;
4) quartz-pyritetmolybdenite veins;
5) quartz-base metal sulfide veins;

' 6) fluorite-carbonate veins.

Potassic alteration, sericization, propyllization and
silicificaiton have all been recognized at Questa. Molybdenum
mineralization, in the form of quartz-molybdenite veins is associated
primarily with potassic, and to a lesser extent, sericitic alteration.
The alteration is associated with the veining, however, locally in areas
with high vein densities pervasive alteration is developed. Although
mineralization and alteration were controlled by the fracturing in the
volcanics, and clear zoning is not developed, there is a tendency for
silicification and potassic alteration to occur towards the center of

the deposit and sericization with a pyrite halo to occur further out,
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EXPERIMENTAL

Materials used 1in this study were selected from drill cores
provided by Moliycorp. Cores from the Southwest Zone were selected
because the mineralization and alteration occurs in the andesites and is
well preserved. The alteration mineralogy of the»Southwest Zone allows
highly constrained vreconstructions of the hydrothermal fluid

chemistries,

FLUID INCLUSIONS

Doubly polished plates of quartz were prepared (cf., Holland et
al., 1978) for fluid dinclusion studies. Heating and freezing
measurements of fluid inclusions were accomplished using a Linkam TH600
(Linkam Scientific Instrument) Programmable heating and freezing stage
(Shepherd, 1981). Calibration of the stage has been described by
Macdonald and Spooner (1981). In this laboratory, calibration of the
temperature range -90 to +7°C was done using the fusion point of six
organic liquids. The fusion point of twelve solids were used to
calibrate the stage in the temperature range +80 to 590°C. Daily
measurements of the ice point varied Tess than 0.2°C. Reproducibilities
of measurements were found to be 0.2°C for freezing énd 2°C at 400°C.
Homogenization temperatures were determined based on the last reversible
phase change observed in the inclusion. Salinities, reported as eq,
wt. % NaCl, were calculated from freezing point depression of the
inclusions and the equations of Potter et al. (1978). Salinities of
fluid inclusions containing halite were determined from a regression of
halite solubjlity as a function of temperature (Int. Crit. Tables, 1928
and Keevil, 1942).



183

STABLE ISOTOPES

Vein minerals (Quartz, K-feldspar and biotite), phenocryst from
samples of the intruvives (Quartz and K-feldspar) and whole rock samples
from Questa were analyzed for stable isotopes of hydrogen and oxygen.
A1l isotope analyses were carried out by Gary Landis at the Branch of
Isotope Geology, U.S. Geological Survey, Denver, Colorado.

The isotopic data in this study are reported as§ D and 5180 in the
standard per mil notation. The § value is the difference in the

isotopic ratio between the standard and the sample normalized to the

standard.

R(sample) - R{standard)

R{standard) x 1000 8.1

d =

where R(sample) and R(standard) are the D/H or ]80/]60 ratio of the
sample and standard respectively. In this study, SMOW (Standard Mean
Ocean Water) was uséd as the standard.for both hydrogen and oxygen
(Craig, 1957, 1961). The uncertainty associated with the isotopic

18O and § D respectively.

ratios is 0.1 and 1 per mil for &
The temperature dependence for isotopic fractionation, Ala-b), is
given by:
5(a-b) = &a -ab = 1000lna = (A/T) x 10° +8 8.2
where a is the fractionation factor, Sa and §b are the 8 values for
phases a and b, and A and B are coefficients describing the temperature
dependence of the fractionation. The coefficients, A and B, for

fractionations used in this study are summarized in Table 8.2.
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Table 8.2

Coefficients for eguation 8.2 describing the isotopic

fractionation between two phases in isotopic equilibrium,

Phases A B Source
quartz-water 3.57 -2.73 Taylor (1974)
feldspar-water 2,91 -3.41 0“Neil and Taylor (1969)

quartz-biotite 2.54 0.85 Shieh and Schwarcz (1974)
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VOLATILE ANALYSES

Fluid 1inclusion volatiles were analysed from selected quartz
samples using an Inficon IQ 200 gquadrupole mass spectrometer. Fluid
inclusions were thermally decrepitated at temperatures of 550 or 600°C
in a high-vacuum line (pressures less than 10_6 torr). The evolved
gases were introduced into the mass spectrometer after separations based
on the vapor pressure of the various gases. Water was collected in
capillaries and weighed. The mass spectrum for each gas fraction was
evaluated using linear least squares techniques and fractionation
patterns for known gases previously determined in this laboratory. This
allowed determination of the relative abundances of gases in the
mixtures. From the relative abundances and measured pressures of the
gas fractions, the mole fraction of each species was calculated. The
estimated relative uncertainty associated with the gas analyses are 31%
for hydrogen, 23% for hydrogen sulfide and sulfur dioxide and 16% for
carbon dioxide., For a more complete description of the techniques used
in this study to determine the composition of volatiles in fluid
inclusions the reader 1is referred to Appendix F. In addition, a
description of the estimated errors is also included in Appendix F.

The molalities of volatile species {other than water) were
calculated from:

m, = Xi x 55.5 8.3

where m. and Xi are the molality and mole fraction respectively of the
subscripted species. The moles of water per kilogram (55.5) is the

conversion factor hetween the two concentration scales,
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Fugacity coefficients for pure gases were calculated from equations
2.13 through 2.16 and the critical constants for the gases (Mathews,
1972) or the equations of Jacobs and Kerrick (1981). Fugacities of the
gases were calculated from the mole fraction of the gases and the
fugacity coefficients using equation 2.11 and Dalton's law of partial

pressures,
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RESULTS

FLUID INCLUSION

Doubly polished plates of quartz were examined in order to select
inclusions suitable for microthermometry. Inclusion generations (i.e.,
primary, secondary, etc.) were determined using the criteria outlined by
Roedder (1979, pp. 689-691). Four types of primary fluid inclusions
were observed in quartz from Questa. These are:

1) Two phase inclusions which homogenize by vapor-bubble
dissappearance;

2) Two phase inclusions which homogenize to a vapor;

3) Three phase inclusions which contained a halite daughter
mineral. In addition, a molybdenite or hematite daughter
mineral was sometimes present in these inclusions. This
inclusion type homogenized by disappearance of the vapor bubble
or by halite dissolution. This type of inclusion was the most
common.

4) Multi-phase inclusions which contained both halite and sylvite
daughter minerals. In addition, these inclusions often
contained one or more of the following daughter minerais;
hematite, molybdenite, anhydrite and another small opague
mineral. In one inclusion of this type, Tiquid carbon dioxide
was observed.

Results of the fluid inclusion microthermometry are presented in

Fig. 8.5. Also included in these temperature and salinity histograms
are measurements made by Bloom (persn.‘comm. and 1981). The fluid
inclusions exhibited a wide range of homogenization temperatures and a

bimodal distribution of salinities. Temperatures and salinities
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Fig. 8.5
Salinity and homogenization temperature histograms for primary fluid
inclusions in quartz from the Questa molybdenite deposit. Data from this

study (shaded) and Bloom (1981).
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observed in this study are similar to those for porphyry copper deposits
(Fig. 8.6), and the observed primary inclusions may be classified as
Tow-salinity, type I and high-salinity, type ILIb porphyry inclusions
(Nash, 1976 as modified by Beane and Titley, 1981). The trend evident
in the high-salinity inclusions {Fig. 8.6) resulted from inclusions
which homogenized by halite dissolution. Inclusions above this trend

contained both halite and sylvite daughter minerals at room temperature.

STABLE ISOTOPES

The results of the determination of 5180 values for eleven quartz
. samples, six potassium feldspar samples, five biotite samples and two
whole rock samples are presented in Table 8.3. Also inciuded in Table
8.3 are 8D values for five biotite samples. The samples are grouped
according to rock type and alteration. Quartz associated with potassic
aiteration have a 5180 range of from 6.8 to 12 per mil, potassium
feldspar ranged from 1.8 to 8.5 per mil and biotite ranged from 1.2 to
5.4 per mil. Quartz samples associated with sericitic alteration have

618

0 values of 9.3 and 9.7 per mil, Potassium feldspar and quartz from
granitic intrusives have 5180 ranges of 0.5 to 1.9 and 7.0 to 7.7 per

mil respectively. SD for the biotites ranged from -110 to -117 per mil.

VOLATILE ANALYSES

Results of the analyses of volatiles from fluid inclusions in vein
quartz associated with both potassic and sericitic alteration, as well
as quartz phenocrysts from the granitic intrusive are presented in Table
8.4 and Fig. 8.7. Two groups of data are prevalent, one associated with
potassic alteration and one associated with sericitic alteration

(Fig. 8.7).
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Fig. 8.6
Relationships between homogenization temperatures and salinities for
primary fluid inclusions from Questa. Type I and type IIIb classifi-
cations are from Nash (1976) as modified by Beane and Titley (1981).

Data from this study and Bloom (1981).
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Table 8.3

Oxygen and hydrogen isotope composition of materials from
the Southwest Zone ore body at Questa, NM. Values are
reported as §180 and 8D in standard per mil notation

(see text).

Whole

Qtz Kspar Biotite Rock

Sample s18  s18 518 5D 5180
Vein Samples Associated with Potassic Alteration
B593 10.3 8.5 5.4 -110
c857 6.8 2.6 2.8 -112
C860 12.8 1.2 ~-111
E1638 7.8 5.3 -117
I1533 7.5 1.8 4.6 -117
11626 9.1
Vein Samples Associated with Phyllic Alteration
B259 9.7
E1188 9.3
Volcanics
Andesite 3.2
Intrusives
Aplite 4.6
Goat Hill Porphyry

cl1000 7.0 1.9
11404 7.6 0.9
K2137 7.7 0.5
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Table 8.4

Analyses of fluid inclusion volatiles in vein quartz associated with

potassic alteration (K.A) and sericitic alteration (S.A) or quartz

phenocrysts from a granite intrusive.

ore body, Questa, NM,

Sample

c857
860
E1638
11533°
115337

11626

B259

E1188

K2137

a,. . . . .
Air contamination in noncondensable fraction,

He

H

0.62

2
0.003 3
0.01
nd 7
nd 20
nd 6
nd 4
nd 4
nd 6
nd 2a

2

83

95

57

220

59

28

49

130

57

Mole Fraction (xlOA)
" Co

O 5,0 H,S N,
K.A.

0.6 5.5 7.2 0.7

-4 5.0 3.0 -

2 1.6 3.2 5

6 14 21 20

2 3.7 5.5 4

0.2 0.6 1.4 0.9

S.A.
2 30 48 9
10 73 120 9
Intrusive
-a 2. 12 -a

unusually low amount of Hzo for K.A. samples.

Mole %

Water

99.0

99.0
99.2
97.0
99.2

99.6

98.6

96.5

99.4

b

Amt. in Sample
Water

mg

5.7

2.6

0.7

5.9

3.5

Samples are from Southwest Zone

size

g

4.55
3.29

4.65

10.13

4.36

Sample E1188 yielded

[

an

This may be the result of

the loss of water during the experimental procedure.

were calculated assuming the sample was 99.2 % water.

of water and size of sample analysed,

The second results

[o4
Recovered amount
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Fig. 8.7
Projection of the fluid inclusion volatile analyses from Questa quartz

onto the anhydrous base of the HZO'H2'C02'H25 quaternary.



196

00°q8

00°qL

00°0a

3014705 NIFJOHOAH

9003

00" qr

000z 00°g2 000

00°¢

U0z HY ONIkYd O
auoZ °{yv oIssDiod ¥
BAIsnu] +

535v8 WN ‘v.1s3nD

ALY



197

In order for the analyses of gases from fluid inclusions to have
any relevance to the formation of an ore deposit, two very important
criteria must be established:

1) The inclusions have not leaked since the fluids were trapped.

2) The composition of the volatile phase was not modified during

the analytical procedures.

Norman (1977) has established, based on the presence of helium in
fluid inclusions, that the first criterion can be satisfied. In this
study helium was detected in some, but not all of the samples (Table
8.4). However, the similar concentration of hydrogen in all gas samples
suggests the inclusions have remained closed.

It was not possible to remove all grains of sulfide minerals from
samples B259 and E1188 because the sulfide minerals were fine grained
and intergrown with the quartz. Both of these samples yie]ded very high
amounts of sulfur gases (Table 8.4). In order to determine if sulfur
gases could be made from sulfide minerals during the analytical
procedures used in this study, a mixture of Georgia kaolinite and
molybdenite was analysed. Kaolinite was chosen for two réasons: 1)
Kaolinite dehydrates to give off water and carbon dioxide between 550
and 600°C; and 2) The kaolinite was formed under oxidizing ambient
conditions and should not contain methane, carbon monoxide or reduced
sulfur species.

The results of the kaolinite dehydration experiment are presented
below.

Moles x 107

S SO co CO H H,0

Ha 2 2 My My
1.2 1.5 3.6 39 5.4 2600
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The molar H28/502 ratio for the above analysis is 0.8 as compared to
greater than 1 for most fluid inclusion samples. In addition, the

amount of H,S produced above (2.5 x 107

umole/mg HZO) is much lower
than the amounts measured for samples B259 (2.7 x 10-4 pumole/mg HZO)
and E1188 (6.7 x 10'4 umole/mg H2 ). These results are similar to work
done by Norman and Palin (1982) in which they found that substantial
amounts of sulfur gases (predominately 502) are not produced from
sulfide minerals at temperatures less than 700°C. These results
indicate that the HZS values reported in this study reflect the
composition of the fluid inclusions.

Work by Norman (1977) dindicates that the presence of sulfate
results in unreliable values for SOZ' Since the cleaning procedures
involve the use of an oxidizing acid, the possibility of creating
sulfate minerals from sulfide minerals is real. Consequently, the
validity of the SO2 measurements is questionable.

The results 6f the kaolinite experiment indicate that substantial

amounts of CO (7.7 x 1073

umole/mg HZO) are produced during the heating
processes. These high CO values cast serious doubt on the validity of
the CO measurements reported in Table 8.4. As a result, CO was not used
in thermodynamic ca]cu1ations.‘

Hydrogen can be produced from water at temperatures greater than
500°C (Norman, 1977). However, Tlarge amounts of hydrogen are not
produced at temperatures less than 600°C. In this study, the fluid
inclusions were decrepitated at temperatures of 550 or 600°C. Since, a

systematic variation between the amount of hydrogeh and temperature was

not observed, the amount of hydrogen produced was probably small
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compared to the amount present in the inclusions. Nevertheless, the
oxygen fugacities calculated from these data should be considered to
represent minimum fugacities.

The evaluation bf the gas data presented above indicates the values
of H2, HZS and CO2 presented in Table 8.4 can be accepted as reasonable
representations of the composition of the fluid inclusions from Questa.

The values reported for 502 and CO are more uncertain.
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DISCUSSION

FLUID INCLUSIONS

The determination of an unambfguous paragenesis of fluid inclusion
types was very difficult because superimposed populations of inclusion
types appeared in most plates. Furthermore, repeated tectonic activity
has resulted in most veins being multiply fractured and healed, often
making the identification of primary inclusions impossible. However, in
spite of these Timitations, some comments may be made on the
relationships among fluid inclusion populations.

Hypersaline, type IIIb, fluid inclusions, containing both halite
and sylvite daughter minerals, appear to represent the earliest fluids
at Questa. The presence of this inclusion type is limited to
quartz-biotite veins which predate molybdenite mineralization or to
isolated quaftz grains which were protected from fracturing by being
enclosed in biotite.

Type IIIb fluid inclusions containing halite daughter minerals are
found in quartz veins associated with both potassic and sericitic
alteration. This type of inclusion may represent fluids which were
generated from the hypersaline fluids by the exchange of potassium for
sodium during potassic alteration. Both halite bearing type IIIb and
liquid rich type I fluid inclusions are associated with molybdenite
mineralization.

Placement of vapor-rich inclusions in the paragenesis was not
possible, as this inclusion type occurred with all other types and did

not appear to predominate in any of the environments observed,
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Observation of a 1imited number of secondary fluid inclusions in
quartz phenocrysts from the intrusives showed only liquid-rich
inclusions at temperatures of approximately 370 and 200°C. Populations
of 200°C secondary inclusions were observed fn essentially every plate.
The fluid inclusion paragenesis observed in this study is very similar
to the paragenesis reported by Bloom (1981) for this deposit.

The presencé of fluid inclusions, which are interpreted as having
formed from boiling solutions (Roedder, 1979), allows estimates to be
made of the pressure of the fluids at the time of trapping. Assuming
that the volumetric properties of the fluid inclusions may be
represented by sodium chloride solution, the pressure of the bailing
fluids was approximately 180 bars (Sourirajan and Kennedy, 1962).

Although evidence of sporadic boiling was observed, most inclusions
were not trapped at P-T-V conditions which allowed boiling. However,
using inclusion salinities and temperatures measured for Questa
material, the minimum vapor pressure at the time of homogenization may
be estimated from data reported by Sourirajan and Kennedy (1962).
Estimates of minimum vapor pressures range frdm less than 100 bars for
halite-saturated type IIIb inclusions (Fig. 8.6) to pressures of
approximately 550 bars for high-temperature type I inclusions.

Many inclusions homogenized by halite dissolution (Fig. 8.6). This
has been cited as evidence for high fluid pressure at the time the
inclusions formed (Klevtson and Lemmlein, 1959 and Lyakhov, 1973).
However, Roedder and Bodnar (1980) indicate that homogenization by
halite dissolution does not indicate high pressures and attribute the

high pressure estimates to the use of inaccurate density data for
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concentrated sodium chloride solutions. Bodnar and Beane (1980,
footnote 3) indicate that the isochores for saturated sodium chioride
solutions between 300 and 400°C have slopes of about 5 bars °C—1. In
this study, fluid inclusions which homogenized by halite dissolution did
so within 40° of the disappearance of the vapor bubble. This
corresponds to pressures of about 330 bars.

Estimated cover at Questa during the time of mineralization was
1000 to 1600 meters (Isahara, 1967) and corresponds to Tithostatic
pressures of 290 to 460 bars or hydrostatic pressures of 100 to 160
bars. Thus, the pressure at Questa was probably less than 500 bars,
although sporadic boiling indicates that the pressure fluctuated. From

the data of Urusova (1975), the pressure correction for most inclusions

is less than 40°C.

STABLE ISOTOPES

Taylor (1979) has presented convincing arguments that hydrothermal
biotites associated with potassic alteration in porphyry copper deposits
were derived from magmatic fluids. However, the biotite associated with
potassic alteration at Questa has much lighter hydrogen than do the
other porphyry biotites (Fig. 8.8). These results are similar to the
results reported for Pre-Main-Stage potassic biotites at Butte, MT by
Sheppard and Taylor (1974). The results from Butte are interpreted as
representing biotites which underwent hydrogen exchange with Tow 8D
water during the Main-Stage alteration event (Sheppard and Taylor,
1974). A similar interpretation is proposed for the Questa biotites.
Martineau et al. (1977), based on observations of overlapping and

superimposed alteration assemblages, concluded that mineralization of
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Fig. 8.8
Comparison of the isotopic composition of hydrothermal biotites from

Questa and other porphyry deposits (Taylor, 1979).
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the Southwest Zone was the second of the three recognized mineralization
events. The occurrence of later mineralization and alteration could
have resulted in the exchange and re-equilibration of the Diotite
deuterium with surface derived water.

Most of the quartz and coexisting K-feldspar analysed in this study
are not in isotopic equilibrium (Fig. 8.9). The isotopic temperatures
calculated from quartz-feldspar pairs yield, in most cases, temperatures
of less than 200°C. These results are similar to the observations of
Hall et al. (1974) for the Climax, CO deposit. They concluded that the
quartz was more resistant to isotopic exchange with late, light meteoric
water than was feldspar. The same conclusion is drawn in this study for
the Questa deposit. The widespread nature of the Tlater, meteoric
hydrothermal exchange is evident by the fact that the three samples of
intrusive K-feldspar exhibited the same dis-equilibrium as the
K-feldspar associated with potassic alteration.

Although most samples yield isotopic temperatures which indicate
the mineral pairs are in gross disequilibrium, one sample (B593) yields
temperatures of approximately 550°C from bio-qtz, bio-K-spar and
K-spar-qtz pairs (Fig. 8.10). The temperature of 550°C is at the upper
end of the fluid inclusion homogenization temperatures. Unfortunately,
the quartz in this sample was not suitable for fluid inclusion
measurements.

The oxygen isotope composition of water in equilibrium with sample
B593 was calculated from the isotopic temperature and the temperature
dependence of the isotopic fractionation between water and the minerais

180

(Table 8.2). Water in equilibrium with sample B593 had a value for §
of 7.7 per mil. This value is similar to that for magmatic waters

(Taylor, 1979) and is interpreted as such.
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Fig. 8.9
Diagram relating A(qtz-K-feldspar) to 618O(qtz). Contours are
isotopic temperatures calculated from the fractionation equations

given in Table 8.2.
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Fig. 8.10
Oxygen isotope temperatures for sample B593 calculated from the fraction-
ation equations given in Table 8.2. Error bars corespond to an

uncertainty of 0.2 per mil in the A(a-b) values.
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The isotopic composition of present day meteoric water in the
Questa area was not determined. However, surface waters (interpreted as
of meteoric origin) from the Jemez Mountains in north-central New Mexico
had 6D values of -76 to -93 per mil, with an average of -88 per mil
(Frieman et al., 1963). Using the meteoric water line of Craig (1961):

p = 8680 + 10 8.4
results in a 6180 range for these meteoric waters of -10.8 to -12.9 per
mil with an average of -12.3 per mil. Taylor and Mararita (1978) state
that the isotopic composition and distribution of meteoric water for
western North America has been grossly similar for the last 100 million
years. It has been assumed in this study that the meteoric component of
the hydrothermal systems at Questa had values similar to those
calculated above.

Values of 618

0 for hydrothermal fluids in equilibrium with vein
quartz were calculated from the f]uid'inciusion temperatures using
equation 8.2 and the coefficients in Table 8.2. The results of these
calculations are presented in Table 8.5. These values are intermediate
between the magmatic values and meteoric values, suggesting a mixing of
the two fluids. The relative abundance of magmatic water may be
calculated if the compositions of the two end members are known. If one
assumes that the surface derived component had the same composition as
meteoric water, the "maximum" hagmatic contribution may be‘ca1cu1ated.
This calculation assumes that there was no exchange of oxygen with the
volcanic pile before the mixing occurred. Alternately, the assumption
that the meteoric water exchanged with the volcanic pile was made.

Assuming that the water-rock fractionation for andesite is the same as

andesine (Taylor, 1979), the composition of water equilibrated at 300°C

l
i
i
i
§
&
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Table 8.5

Calculated wvalues of 518

0 for hydrothermal fluids in
equilibrium with vein quartz from the Southwest Zone ore
body, Questa, NM. Values are reported in standard per mil

notation,

18

Sample Temperature °c § "0 % (SMOW)

Vein Quartz Associated with Potassic Alteration

B593 550 7.8
c857 400 1.6
C860 400 7.6
E1638 400 2.7
I1533 - 400 2.4
I1626 . 400 4.0

Vein Quartz Associated with Sericitic Alteration
B259 320 2.3

E1188: 320 1.9
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with the andesite in Table 8.3 was calculated. This resulted in a 180

value of -1.5 per mil for the exchanged meteoric water, Relative
abundances of magmatic water calculated using both assumptions are
presented in Table 8.6. The relative abundance of magmatic water was
40% to 70%, depending on the model used. The relative abundance of

magmatic water is similar for most samples.

VOLATILE ANALYSES

There is good agreement between oxygen fugacities calculated from
the gas data presented in this study and fugacities calculated from
potassic mineral assemblages found at Questa (Fig. 8.11). In addition,
examination of Fig. 8.11 indicates that the sulfur and carbon should be
present as hydrogen sulfide and carbon dioxide, again consistent with
the composition of the volatiles analysed in this study. The above
observations suggest that the fluid inclusion volatiles analysed in this
study are reasonable representations of the hydrothermal fluids which
were associated with alteration and mineralization at Questa.

Consideration of the volatile analyses and the stability of iron
minerals indicates that the 1iron minerals associated with potassic
alteration should include biotite and magnetite, but not pyrite (Fig.
8.12). In contrast, the gas analyses indicate that pyrite is the stable
iron bearing phase associated with sericitic alteration. In addition,
these fluids (Fig. 8.12) were only slightly undersaturated with respect
to pyrrhotite. Similar calculations for molybdenum minerals indicated
that molybdenite is the stable molybdenum mineral in equilibrium with

the fluids associated with both potassic and sericitic alteration.
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Table 8.6

Calculated fractions of magmatic water in hydrothermal fluids
from the Southwest Zone ore body Questa, NM. Calculations
are based on a two-component mixture of magmatic water (6180
= +7.7) and meteoric water (6180 = =-12.3): or meteoric water
which exchanged with the andesite volcanics (6180 = -1.5).
The composition of the hydrothermal £fluids are from Table
8.5. See text for‘description of assumptions.

Fraction of Magmatic water (%)

exchanged
Sample meteoric water meteoric water

Vein Quartz Associated with Potassic Alteration

B593 100 100
c857 | 70 34
C860 100 99
E1638 75 46
11533 74 42
11623 82 60

Vein Quartz Associated with Sericitic Alteration
B259 73 41

E1188 71 37
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Fig 8.11
Calculated oxygen fugacities for various reactions involving minerals
and gases. The shaded region represents oxygen fugacities calculated
from the gas analyses in Table 8.4, the equations in Chapter 2, and
the equilibrium constants for the reaction:
H20 = H, + %02
Thermodynamic data are from SUPCRT (Helgeson et al., 1978) and

Robie et al. (1978).

ABBREVIATIONS
py - pyrite

po - pyrrhotite
H - hematite

M - magnetite
C - graphite

B - biotite

K - K-feldspar
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Fig. 8.12

The system FeO-HZS-OZ-HZO at 400°C and 500 bars. KAZ and PAZ
represent the conditions calculated from the volatile analyses reported
in Table 8.4 for potassic and sericitic alteration assemblage respectively.
Thermodynamic data are from SUPCRT (Helgeson et al., 1978) and
Naumov et al. (1974).

ABBREVIATIONS

Py - pyrite

Po - pyrrhotite

Hem - hematite

Mag - magnetite

Bio - biotite

Micro - K-feldspar

Soln - solution
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The most notable difference between the gas analyses from samples
associated with potassic alteration and those associated with sericitic
alteration is the concentration of hydrogen sulfide (Table 8.4 and
Fig. 8.7). Fluid inclusion data and fﬁe]d evidence indicates that the
mineralization (quartz-pyritermolybdenite veins) associated with the
sericitic alteration postdates the mineralization associated with
potassic alteration. In addition, the oxygen isotope data indicate that
the fluids responsible for both the potassic and sericitic alteration
have the same oxygen isotopic composition, suggesting a similar source
for both fluids. These data require that the hydrogen sulfide rich
fluids associated with sericitic alteration were derived from the fluids
associated with potassic alteration, or that both fluids were derived
from the same source.

A simple single step model which would allow a hydrogen sulfide
rich fluid to be produced from the earlier fluids would be boiling.
Boiling would create a low density fluid rich fn volatiles such as
hydrogen sulfide and carbon dioxide. Since carbon dioxide is Tess
soluble 1in watér than hydrogen sulfide (Naumov et al., 1974), the steam
phase would have a higher COZ/HZS ratio than the early fluids.
Conversely, the COZ/HZS ratio in the remaining fluid would be decreased.
Since the COZ/HZS ratio for the early fluids (18, Table 8.4) is higher
than the ratio for the fluids associated with sericitic a1teratfon (1,
Table 8.4), the later fluids may have been enriched in hydrogen sulfide
and depleted in carbon dioxide by boiling.

Alternately, the two fluids could have been derived from a similar
source (the stock) and subsequently underwent different chemical

evolutions. For example, the composition of the fluids associated with



219

potassic alteration would have been modified by the precipitation of
molybdenite. Therefore, the hydrogen suifide concentration associated
with these fluids does not reflect the concentration of original
magmatic fluids, but rather magmatic fluids equilibrated with
molybdenite. The hydrogen sulfide rich solutions may more realistically
reflect the composition of the original magmatic fluids. For example,
these fluids may have been explosively re]easéd and were not modified by
earlier mineralization. The HZS/CO2 ratio (about 1) for these fluids
compares favorably to the ratio of sulfur gases to carbon dioxide
observed in some volcanic gases (MacDonald, 1972) and supports the
hypothesis that the sulfur rich fluids reflect the gas composition of
magmatic water.

More complicated, multistage models for the a Tow- and a high-HZS
fluid are possible. For example, in a high temperature (greater than
550° C), magmatic fluid a significant portion of the total sulfur would
be present as SO2 (Ohmoto, 1979). If this fluid is boiled, two phases
would form. Because 502 is much more soluble than HZS (Ohmoto, 1979),
the steam phase would be enriched in H23 and depleted in 802 relative to
the original fluid. Conversely the liquid phase would be depleted in

H,S and enriched in 502. Cooling of the 1iquid would result in the Tloss

2

of 50, by the reaction (Ohmoto, 1979):

2
- +

4302 + 4H20 = 3HSO, + 3H + HZS 8.5

As a consequence, a hypersaline fluid depleted in HZS (represented by

sylvite-saturated type 11lb inclusions) and a Tow salinity, HZS-rich

(Type I) fluid would be produced from a common magmatic source.
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Although it has not been possible in this study to conclusively
determine how the hydrogen sulfide rich fluids were formed, the second
model proposed above is favored. Further work on the composition of
volatiles at Questa, with the goal of deffning the gas composition of
magmatic water is warranted. In addition, analyses of similar

alteration at other porphyry deposits are recommended.
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MINERALIZATION

The fluid inclusion and isotopic data indicate that the earliest
fluids at Questa were high temperature, (greater than 550°C)
hypersaline, magmatic fluids with high concentrations of sodium and
potassium chloride. Salinity measurements indicate that these fiuias
had molal KC1/NaCl ratios of 0.23 to 0.29 (Bloom, 1981 and Fig. 8.6).
Work by Lagache and Weisbrod (1977) indicates that the molal KC1/NaCl
ratio will exceed 0.20 only at temperatures in excess of 500°C for
fluids equilibrated with two alkali feldspars. Assuming the KC1/NaCl
ratio reflects a magmatic fluid equilibrated with granite, these fluids
had equilibrium temperatures of 550 to 640°C (Lagache and Weisbrod,
1977). The upper end of the temperature range is near the temperature
minimum in the granite ternary, while the lower end of the range
corresponds to the oxygen isotope temperatures determined for potassic
alteration. These results are consistent with an interpretation in

(6180 = +7.7 mil) were derived from a

which isotopically heavy fluids
crystallizing granite at magmatic to sub-magmatic temperatures.

The early high temperature fluids also had high fluoride
concentrations as evidenced by the high fluorine contents of the early
hydrothermal biotites (up to 7 wt. %, Bloom, persn. comm., 1982).
Potassic alteration of the volcanic rocks would résult in the loss of
fluoride from the fluids by the formation of fluorine-rich biotite (see,
reaction 7.3). A consequence of the alteration would be to Tower the
KC1/NaCl ratio of the fluids, resulting in fluids similar to the halite
saturated type IIIb fluids observed in this study. In addition, the

loss of fluoride would destabilize molybdenum fluoride complexes and
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result in the precipitation of molybdenite (AB, Fig. 8.13). Although
the bulk of molybdenum mineralization occurs in quartz veins which are
associated with lower temperature and salinity fluids, mineralization in
the form of "clotty-moly" does occur as intergrowths of molybdenite and
biotite. |

Fluorine enhances the transport of molybdenum in hydrothermal
fluids, but is not essential to molybdenum transport (see Chapter 7).
As a consequence, fluids which have interacted with the volcanic rocks
would have lesser amounts of fluoride and potassium, but would still
contain substantial amounts of molybdenum in the form of bimolybdate.
Preliminary calculations (Fig. 8.13) indicate that wmolybdenite
solubility is retrograde at high temperatures. This behavior is similar
to quartz solubility (MWalthers and Helgeson, 1977). Retrograde
solubility would mean that decreasing temperature, either as a result Qf
conductive heat Toss or adiabatic decompression (Bloom, 1981), would not
result in deposition of molybdenite (BC, Fig. 8.13) until the solubility
curve was again intersected (point C, Fig. 8.13). The strong prograde
solubility of molybdenite at temperatures less than about 450°C would
result in the deposition of molybdenite in a confined zone in response
to a temperature decrease.

The quartz-molybdenite wmineralization occurred from fluids
represented by the halite saturated type IIIb fluid inclusions. The
fluids were mixtures of magmatic and meteoric waters and had hydrogen
sulfide concentrations of 0.03 molal. This mineralization is younger
thén the mineralization associated with biotite. The occurrence of this
type of mineralization in fractures and as open space fillings indicates
that mineralization resuited from temperature and pressure decreases

(point C, Fig. 8.13) rather than resulting from wall rock reactions,
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Fig. 8.13
A generalized representation of the effects of temperature and fluoride '
molybdenite deposit.
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The fluid inclusion evidence indicates that pressure fluctuated from
lithostatic to hydrostatic Toad conditions, These observations suggest
that the system was closed to the surface and an accumulation of
hydrothermal fluids occurred. As the fluids accumulated, the pressure
increased until it exceeded the lithostatic Toad and resulted in the
fracturing of the overlying volcanic rocks. The sudden release of
pressure would result in an adiabatic decompression of the fluids.
Mineralization in the form of quartz-molybdenite veins would occur in
the newly opened fractures in response to the temperature decrease
accompanying the decompression. Continued mineralization would
choke-off the fractures and the system would again become closed to the
surface. Multiple mineralization events at Questa may reflect a
repeated cycle of fluid accumulation and fracturing.

Evidence for the accumulation of hydrothermal fluids at Questa has
also been reported by Bloom {1981). In addition, Ganster (1976) reached
similar conclusion regarding the accumulation of hydrothermal fluids at
the Henderson, CO molybdenum deposit.

Later sulfide mineralization in the form of quartz-pyrite veins
with minor molybdenum occurred in association with sericitic alteration.
Although the fluids responsible for this mineralization had 6180 values
similar to the fluids associated with the quartz-molybdenite
mineralization, the hydrogen sulfide concentration was much higher
(0.4 molal). The quartz-pyrite mineralization occurred toward the
outside of the deposit and at lower temperatures (less than 350°C). The
association of this type of mineralization with sericitic alteration

indicates that the solution chemistry was different (probably more acid,
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Beane, 1982) than the fluids associated with earlier mineralization. In
addition, the minor occurrence of molybdenite mineralization associated
with sericitic a]ﬁeration indicates that molybdenite solubility in these
fluids was low,

The isotopic dis-equilibrium between quartz and coexisting
K-feldspars, as well as the low 86D values measured in the biotites
indicates that an influx of meteoric water into the hydrothermal system
occurred after mineralization. This influx may have been the result of
fracturing of the volcanic rocks and a collapse of the hydrothermal
system. However, the unusually Tow SD values of biotites (approximately
-115 per mil) argues for a Tater meteoric hydrothermal event associated

with the Deep Granite mineralization system.



227

MOLYBDENUM TRANSPORT

The techniques used to calculate the solubility of molybdenum in

hydrothermal solution are described in Chapter 7 and Appendix E.

HYDROGEN FLUORIDE FAUACITY
In order to calculate the solubility of molybdenite it is necessary

to know the hydrogen fluoride fugacity for the fluids. Gunow et al.

(1980) have determined the value of fH O/fHF for fluids which were
: 2

associated with mineralization at Henderson, CO from mica analyses.
Although similar data for Questa micas are not published, microprobe
analyses indicate that some biotites at Questa have compositions
approaching stoichiometric fluoro-phlogopite (Bloom, persn. comm.,
1982). As a consequence, the HF fugacities calculated from micas at
Henderson (Table 8.7) are reasonable first approximations for Questa

fluids.

pH

Based on mass transfer calculations, fluids associated with
potassic alteration have pH's which are near neutral or slightly acidic
(Helgeson et al., 1970, Helgeson, 1970 and Beane 1972). At 400°C and
500 bars pressure, neutral pH is 6.0. As a consequence, the pH of
fluids associated with potassic alteration at Questa was probably
between 5 and 6.

Similar calculations for phyllic alteration (sericite-quartz-
pyrite) suggests that fluid pH's were Tess than 4. However, Beane
(1982) indicates that the pH could not be less than about 3. Therefore,
the probable pH of fluids associated with the sericitic alteration and

the quartz-pyrite-molybdenite veins at Questa was between 3 and 4.
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ACTIVITY COEFFICIENTS

The stoichiometric activity coefficients, {j, reported in Chapter
6, are not adequate to account for activity relationships in halite
saturated solutions at elevated temperatures. As a result, new values
of bYQj (Table 6.8) which are consistent with estimated values of the
dielectric constant at 400°C, 500 bars and halite saturation were
estimated. The dielectric constant was estimated using halite
solubility data {Sourirajan and Kennedy, 1962), the ion activity product
for halite (SUPCRT), equation 6.10 and the theoretical considerations
relating bY;j to the dielectric constant (Helgeson et al., 1981). Using

the new values of b , stoichiometric individual ion activities were

Y,J
calculated for the fluids summarized in Table 8.7 and are given in the

table.

MOLYBDENUM

The‘ca1cu1ated molybdenum concentrations for fluids in equilibrium
with molybdenite associated with both potassic and sericitic alteration
are presented in Table 8.7. The fugacities of oxygen and hydrogen
fluoride as well as the activity coefficients, pH's and hydrogen sulfide
concentration presented in Table 8.7 were employed in these
calculations. The results of these calculations indicate that only low
concentrations of molybdenum would occur in the hydrogen sulfide rich
fluids associated with sericitic alteration. The fluids associated with
potassic alteration would transport substantially more molybdenum.
These results are consistent with the association of nmlybdenumr

mineralization at Questa with potassic minerals.
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Table 8.7
Composition of fluids associated with alteration at Questa.

Species Sericitic Alteration Potassic Alteration

NaCl 14 m 14 m

log £, -26.9 -26.9 + 0.9

. ha
log fc02 S 1.3 1.3 + 0.1
log mst -0.4 -1.6 + 0.5
pH 3 -4 5 - 6

log ¥ (M00,%") -13.4 - -10.8 -9.47

log Mo -6.2 - -6.8 -4,1 - =2.1
total Mo 0.06 - 0.02 ppm 8 - 800 ppm

Sources of Data
NaCl: fluid inclusion measurements (this étudy).

log £5 : fluid inclusion volatile analyses (this study).

2

leg fCO : fluid inclusion volatile analyses (this study).
2

log My gt fluid inclusion volatile analyses (this study).
2

log fHF: Gunow et al. (1980) (see text).

pH: estimated (see text).
log (M0042-): calculated as described in text.

log Myo: calculated as described in Chapter 7.
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There 1is a high degree of uncertainty associated with the
calculated activity coefficients used above. Hence the concentrations
of molybdenum presented in Table 8.7 vrepresent only first
approximations. Nevertheless, the reasonable agreement between the
theoretical models and calculation presents in this study, and the
observed mineral associations at Questa and fluid inclusions data,
indicates that in spite of the numerous assumptions made, the approaches
used in this study represent a rapid and accurate technique to evaluate

the role of complexing in hydrothermal mineralizaing systems.
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GENESIS OF THE QUESTA MOLYBDENITE DEPOSIT

The Questa molybdenite deposit is a rift related deposit, as are
all Climax-type porphyry molybdenum deposits (Sillitoe, 1980). The
formation of Climax-type deposits may have reflected the steepening of
the subducting Farallon Plate (Cooney and Reynolds, 1977) as a
consequence of the annihilation of portions of the East Pacific Rise 15
to 30 million years ago as the North American plate overrode the rise
and the plate margin changed from a subduction zone to a transform fault
zone {Atwater, 1970). This change was reflected in the southwestern
United States by a change from compressfon—related calc-alkaline
volcanic activity to bimodal volcanic activity related to rifting
(Christiansen and Lipman, 1972). Christiansen and Lipman (1972) have
suggested that the silicic volcanics at Questa were the consequence of
bimodal volcanic activity.

About 23 million years ago, silicic magmatism gave rise to both
rhyolitic tuffs and shallow (approximately 1600 meters) intrusives.

87Sr/863r ratio for the mineralizing intrusive was 0.707

The initial
(Laughlin et al., 1969). This initial ratio precludes large-scale
assimilation of materials from the surrounding Precambrian rocks, which

87Sr/868r ratios of greater than about 0.74 (Condie, 1982, persn.

have
comm.) and argue for a lower-crustal or upper-mantle source for the
intrusives. The very low molybdenum content of island-arc porphyry
copper systems argues against the source of molybdenum being the upper
mantle, and indicates that some thickness of sialic crust is necessary
to produce a molybdenite deposit (Westra and Keith, 1981). However,
Westra and Keith (1981) point out that the high molybdenum contents of

some carbonatites indicate that the mantle may be locally enriched in
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molybdenum. They further suggest that the fluorine associated with
Climax-type molybdenum deposits is derived from a mantle source. Sulfur
isotope data (Laughlin et al., 1969 and Field, 1966) indicate a
homogeneous igneous source similar to that of copper porphyry deposits.
This source may be interpreted as upper-mantle, 0 per mil sulfur.

The rocks responsible for mineralization had compositions very near
the granite system minimum. A hypersaline - fluid with high
concentrations of potassium, sodium and fluorine and a 6180 of greater
than 7 per mil exsolved from a rapidly crystallizing, shallow intrusive,
This fluid, at temperatures of greater than 550°C, reacted irreversibly
with the intermediate volcanic pile to produce early quartz and
magnesium- and fluorine-rich biotite. As a result of this interaction,
the KC1/NaCl ratio of the fluid decreased and gave rise to halite
saturated type IIIb fluids. In addition, the loss of fluorine resulted
in the precipitation of molybdenite because of decreased fluoride
compiexing of molybdenum.

Mineralization, in the form of quartz-molybdenite veins, occurred
over the temperature range of 450 to 350°C from these saline fluids in
response to a decrease in temperature. Oxygen isotope data indicate
that this mineralization occurred from fluids which were a mixture of
magmatic (40-70%) water and exchanged meteoric (60-30%) water. The
mineralization was associated with potassic alteration and occurred from
near neutral fluids with log f02 between -28 and -24. The
reduced-sulfur concentration of these fluids was approximately 0.03

molal. Theoretical calculations have shown that approximately 800 ppm

molybdenum may have been transported by these fluids, predominately as
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bimolybdate and fluoro-molybdate complexes. The Tow pH and high reduced
sulfur content (0.4 m) of the phyllic alteration zone were not favorable
for molybdenum transport, except perhaps as sulfide complexes or
molybdenum (VI) species.

Subsequent intrusion and alteration associated with the Deep
Granite system reinitiated hydrothermal flow of Tight, meteoric water
through the potassic zone, which resulted in the re-equilibration of the
deuterium in the hydrothermal biotites and oxygen-18 in the potassium

feldspars.
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CONCLUDING STATEMENT

The use of theoretical calculations coupled with field and
laboratory observations of the Questa, NM, molybdenite mine has allowed
several conclusions to be reached regarding the genesis of the Questa
deposit and the transport of molybdenum in high temperature ore forming
fluids.

The molybdenite mineralization occurs in two stages: an early
high-temperature (+550°C) stage characterized by the biotite-molybdenite
assemblagerand a later, lower-temperature (350 to 450°C) quartz-
molybdenite vein stage.

The early stage mineralization is associated with high-fluorine
biotites; these biotites are essentially fluoro-phlogopite and indicate
a high fluoride concentration in the fluids that formed them.

The results of theoretical calculations indicate that molybdenum is
transported in hypersaline, hydrothermal fluids as both a fluoride
complex and the bimolybdate ion. The interaction of these fluids with
the andesite volcanic rocks at Questa resulted in the formation of
fluorine-rich biotites. Solubility calculations indicate that
molybdenite mineralization should occur in response to this alteration
because fluoride complexes will be destabilized by the loss of fluoride
from the solution into the biotites. Futhermore, the retrograde
solubility of molybdenite at temperatures of greater than approximately
450°C indicates that mineralization at these high temperature will not
occur in response to a temperature decrease. These calculated results
are consistent with the observed occurrence of early, high-temperature,
molybdenite mineralization associated with high-fluorine biotites at

Questa.
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The quartz-molybdenum vein mineralization at Questa reflects the
consequences of adiabatic decompression of hydrothermal fluids.
Theoretical calculations have shown that substantial amounts of
molybdenum may be transported in fluids with low fluoride concentrations
at temperatures of 350 to 450°C. In addition, the calculations indicate
that mineralization will occur over the temperature range observed in
fluid inclusions (350 to 450°C) as a resu]f of both decreases in
temperature and pressure.

The calculations conducted in this study indicate that hydrothermal
solutions associated with quartz-pyrite mineralization will transport
only small amounts of molybdenum, chiefly as sulfide or chloride
complexes. At Questa only minor amounts of molybdenite are found in
veins associated with pyrite.

The results of this study demonstrate that theoretical calculations
can be used with confidence in the evaluation of ore-forming ﬁrocesses
associated with molybdenum mineralization. ATthough the calculated
results will require modification as experimental results become
available, the overall consistency between theoretical calculations and
field and 1laboratory studies of the Questa molybdenite deposit

demonstrates the validity of the approaches used in this study.
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APPENDIX A
THERMODYNAMIC RELATIONSHIPS FROM DISCRETE ENTROPY DATA

Given the entropy of an ion, gas, mineral or reaction at two
temperatures, the average heat capacity between those two temperatures
may be calcu]ated from:

T

¢ = (s%(1) - s°(T )/ (n T/T ) | A.l

Ply
r

Evaluation of equations 2.3-2.5 yields:

0 0 - 0
(1) - 61 = =S%(T) (T-T,) ¢
o 1T
C (T-T_-T Tn T/T.) A2
Plp r r
-
HO(T) - HO(T) = ¢° ! (T-T.) A.3
r Pit r )
r
o (T
sO(1) - s%T) = ¢ “In T/T A.4
r p T r
Y

Although the effects of pressure are ignored in equations A.2-A.3,
Helgeson (1969) suggests these effects are small in steam saturated

water at temperatures of less than 300°¢.
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APPENDIX B
Thermodynamic properties of dissociation for fluoride complexes at

elevated temperatures in steam saturated water. All units are consis-

tent with cal mo1e'1 or cal mole'1 K'l.
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THERMODYNAMIC PROPERTIES FOR THE REATION:
HF (aq) = H' + F~

IN STEAM SATURATED WATER.

FREE HEAT

TEMP LOG K(T) ENERGY ENTROPY CAPACITY
0 -3.00 3748 -21.67 -44.36
25 -3.18 4339 -25.50 -43.12
50 —3.40 5020 -28.92 -41.79
75 -3.63 - 5782 ~-31.98 -40.37
100 -3.88 6616 -34.73 -38.79
125 -4.13 7516 -37.19 -36.99
150 -4.38 8474 -39.38 -34.84
175 -4.62 9483 -41.30 -32.11
200 -4.87 10536 -42,95 -28.35
225 -5.10 11628 ~-44.28 -22.71
250 -5.33 12747 -45.19 -13.47
275 -5.54 13882 -45.,47 3.03
300 -5.72 15012 ~44.71 34.98
325 ~5;88 16101 -41.98 102.63

350 -5.99 17077 -35.02  262.11.
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THERMODYNAMIC PROPERTIES FOR THE REATION:

NafF (ag) = Na+ + F

IN STEAM SATURATED WATER.

FREE HEAT

TEMP LOG K (T) ENERGY ENTROPY CAPACITY
0 0.81 ~1015 11.18 -74.84
25 0.89 -1215 5.00 ~66.13
50 " 0.86 -1275 0.01 ~57.87
75 0.77 -1223 -4.02  -50.18
100 0.63 ~1081 ~7.26 -43.30
125 0.48 ~865 -9.88 -37.63
150 0.31 -591 ~12.04 ~33.85
175 0.13 -266 -13.95 -33.26
200 ~0.05 107 ~15.85  -38.24
225 -0.23 530 -18.15 ~53.45
250 ~0.43 1023 -21.51  -88.29
275 ~0.65 1624 -27.13  -162.53
300 ~0.92 2418 -37.44  -320.86

325 -1.31 3576 -57.58 ~-673.36

350 -1.92 5476 -99.81 -1525.27



THERMODYNAMIC PROPERTIES FOR THE REATION:

MgF = Mg

2+

+ F
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IN STEAM SATURATED WATER.

TEMP
0
25
50
75
100
125
150
175
200
225
250
275
300
325

350

LOG K (T)
-1.76
-1.89
~2.05
-2.22
-2.39
-2.58
-2.77
-2.97
-3.16
-3.36
-3.57
-3.78
-4.,00
-4.25

-4.54

FREE
ENERGY

2203
2583
3027
3530
4089
4701
5366
6081
6846
7664
8538
9476
10495
11629

12950

ENTROPY

-13.88
-16.50
~-18,95
~21.25
-23.44
-25.55
-27.59
-29.62
~31.66
~33.80
-36.17
-38.99
-42.73

-48.40

-58.35

HEAT

CAPACITY

-29.,78
-30.18

-30.65
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THERMODYNAMIC PROPERTIES FOR THE REATION:

cart = ca’t + F

IN STEAM SATURATED WATER.

FREE HEAT

TEMP LOG K(T)  ENERGY ENTROPY CAPACITY
0 -1..03 1286 ~11.35 -27.78
25 ~1.17 1600 -13.80 -28.18
50  -1.34 1974 -16.09 -28.65
75 -1.51 2404 -18.24 -29.24
100 -1.69 2886 -20.30 -29.99
125 -1.88 3418 ~-22.27 -30.96
150 -2,07 3999 -24.19 -32.31
t 175 -2,26 4627 -26.10 -34,27
| _ 200 -2.45 5304 -28.04 -37.32
{ 225 -2.65 6030 -30.07 ~42,34
g 250 -2.84 6810 -32.34 ~51.17
| 275 -3.05 7651 -35.07  -67.64
| 300 -3.27 8571 ~38.72  =100.40
325 -3.51 9603 -44.30 -170.79

:

i

| 350 -3,80 10821 -54,18 -337.96
§
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THERMODYNAMIC PROPERTIES FOR THE REATION:

srrt = sr¥t 4§

IN STEAM SATURATED WATER.

FREE HEAT

TEMP LOG K(T)  ENERGY ENTROPY CAPACITY
0 -0.41 513 -11.53 -27.98
257 -0.61 832 -14.00 -28.38
50 "-0.82 1211 -16.30 -28.85
75 -1.03 1646 -18.47 -29.44
100 -1.25 2134 -20.54 ~30.19
125 -1.47 2672 -22.53 -31.16
150 -1.68 3260 -24.46 -32.51
175 -1.90 3896 -26.38 -34.47
200 ~2.12 4579 ~-28.33 -37.52
225 -2.33 5313 -30.38 ~-42.54
250 ~2.55 6100 -32.65 -51.37
275 -2.77 6949 -35.39 ~-67.84

300 -3..00 7877 -39.06 -100.60
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THERMODYNAMIC PROPERTIES FOR THE REATION:

BaFrT = Ba®t + @

IN STEAM SATURATED WATER.

FREE HEAT

TEMP LOG K(T) ENERGY ENTROPY CAPACITY
0 ~0.01 16 -9.66  -26.48
25 -0.21 287 -12.00  -26.88
50 "~0.42 614 -14.18  -27.35
75 -0.62 995 -16.24  -27.94
100 -0.84 1426 ~18.20  -28.69
125 -1.05 1904 -20.09  -29.66
150 -1.26 2430 ~21.94  -31.01
175 -1.46 3001 ~23.77  =32.97
200 -1.67 3619  -25.64  -36.02
225 -1.88 4284 ~27.61  -41.04
250 -2.09 5001 -29.81  -49.87
275 ~2.30 5778 ~32.48  -66.34

300 -2.53 6632 -36.08 -99.10
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THERMODYNAMIC PROPERTIES FOR THE REATION:

Mot = Mn?t 4+ F

IN STEAM SATURATED WATER.

FREE HEAT

TEMP LOG K (T) ENERGY ENTROPY CAPACITY
0 -1.19 1488 -11.26  -27.68
25 ~1.32 1801 ~13.70  -28.08
50 T =1.47 2172 -15.98 -28.55
75 -1.63 2599 ~18.13  -29.14
100 ~1.80 3077 ~20.17  -29.89
125 ~1.98 3607 -22.14  -30.86
150 ~2.16 4184 ~24.06  -32.21
175 ~2.35 4809 -25.96  -34.17
200 -2.53 5482 -27.89  -37.22
225 ~2.72 6205 -29.92  -42.24
250 -2.92 6980 -32.18  -51.07
275 -3.12 7818 -34.91  -67.54

300 -3.33 8733 -38.56 -100.30
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THERMODYNAMIC PROPERTIES FOR THE REATION:

rert = Fe?t + p

IN STEAM SATURATED WATER.

FREE HEAT

TEMP LOG K({T) ENERGY ENTROPY CAPACITY
0 -1.26 1579 -12.47 -28.68
25 -1.41 1923 °©  -15.00 -29.08
50 "-1.57 2328 -17.36 ~-29,55
75 -1.75 2790 ~19.58 -30.14
100 -1.94 3306 -21.70 -30.89
125 -2.13 3874 -23.73 -31.86
150 - =2,32 4492 -25.71 -33.21
175 -2.52 5160 -27.67 -35.17
200 -2.71 5876 -29.65 -38.22
225 -2.91 6643 -31.74 -43.24
250 -3.12 7465 -34.05 ~52.,07
275 -3.33 8349 -36.82 -68.54

300 -3.55 9313 -40.51 -101.30
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THERMODYNAMIC PROPERTIES FOR THE REATION:
cor” = co®t &+ pT

IN STEAM SATURATED WATER.

FREE HEAT

TEMP LOG K(T) ENERGY ENTROPY CAPACITY
0 -0.83 1041 -12.75  -28.88
25 ~1.02 1392 -15.30 -29,28
50 -1.22 1804 ~17.68 ~29,75
75 -1.43 2274 ~19.91 ~30.34
100 -1.64 2799 ~22.04 -31.09
125 -1.85 3376 -24.09 -32.06
150 -2.07 4003 ~26.08 -33.41
175 ~2.28 4679 ~28.05 ~35.37
200 ~2.50 5406 ~30.04 -38.42
225 -2.71 6182 -32.14 -43.44
250 -2.93 7014 -34.46  -52.27
275 -3.15 7909 ~37.24 -68.74

300 -3.39 8884 -40.94 -101.50
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THERMODYNAMIC PROPERTIES FOR THE REATION:

NiFT = NiFT + F

IN STEAM SATURATED WATER.

FREE HEAT

TEMP LOG K(T) ENERGY ENTROPY CAPACITY
0 - -0.93 1166 -13.22 -29.28
25 ~1.12 1529 -15.80 ~-29.68
50 "-1.32 1954 -18.21 -30.15
75 -1.53 2438 -20.48 -30.74
100 -1.74 2977 -22.63 -31.49
125 -1.96 3569 _24.70 -32.46
150 -2.18 4212 -26.72 -33.81
175 -2.39 4905 -28.71 -35.77
200 -2.61 . 5647 -30.73 -38.82
225 -2.83 6442 -32.84 -43.84
250 ~3,05 7292 -35.18 -52.67
275 -3.27 8205 -37.98 -69.14

300 -3.51, 9198 -41,71 =101.90
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THERMODYNAMIC PROPERTIES FOR THE REATION:

curt = cu?t 4+ F-

IN STEAM SATURATED WATER.

FREE HEAT

TEMP LOG KI(T) ENERGY ENTRCPY CAPACITY
0 -1.46 1827 -8.73 ~25.68
25 -1.52 2074 -11.00 -26.08
50 ~1.61 2375 ~13.12 -26.55
75 -1.71 2729 -15.12 -27.14
1.00 -1.83 3130 -17.02 -27.89
125 -1.96 3579 -18.86 -28.86
150 -2.10 4073 -20.66 -30.21
175 -2.25 4612 -22.44 -32.17
200 -2.40 5196 -24.27 ~35,22
225 -2.56 5826 -26.20 -40.24
250 -2.72 6507 -28.36 -49,07
275 -2.89 7248 -30.99 -65.54

300 ~-3.08 8065 -34.55 -98.30
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THERMODYNAMIC PROPERTIES FOR THE REATION:

+

Zny = 2Zn

2+ L F

IN STEAM SATURATED WATER.

TEMP
0
25
50
75
100
125
150
175
200
225
250
275
300

FREE
LOG KI(T) ENERGY

-0.92 1152
-1.15 1569
-1.39 2051
-1.63 2594
-1.87 3196
-2.12 3853
-2.36 4564
-2.60 5327
~2.84 6142
-3.08 7011
-3.32 7937
-3.56 8929

-3.81 10003

HEAT
ENTROPY CAPACITY
-15.28 -30.88
~18.00 -31.28
-20.54 -31.75
-22.92 ~32.34
-25.19 ~33.09
-27.37 -34.06
-29.48 -35.41
-31.56 -37.37
-33.67 -40.42
~35.87 -45.44
-38.28 -54.27
-41.16 -70.74

-44.95 -103.50
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THERMODYNAMIC PROPERTIES FOR THE REATION:

pbrt 4 pp2t 4+ T

IN STEAM SATURATED WATER.

FREE HEAT

TEMP LOG K(T) ENERGY ENTROPY CAPACITY
0 -2,11 2643 -5.64 ~-23,28
25 -2.06 2810 ~7.70  -23.68
50 '-2.05 3027 -9.62 -24.15
75 -2.07 3290 -11.45 -24.74
100 -2.11 3598 -13.19 -25.49
125 =2.17 3949 -14.87 ~26.46
150 -2,24 4343, -16.52 -27.81
175 -2.33 4775 -18.17 -29.77
200 -2.43 5250 -19.86 -32.82
225 -2.53 5769  -21.66 -37.84
250 -2.65 A335 -23.71. -46.67
275 -2.77 6958 -26.23 -63.14

300 -2.92 7654 -29.68 -95.90
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THERMODYNAMIC PROPERTIES FOR THE REATION:
PbF, (aq) = pb2t 4+ o~

IN STEAM SATURATED WATER.

FREE ‘ AVERAGE HEAT
TEMP LOG K{(T) ENERGY ENTROPY CAPACITY
0 -3.21 4015 -24.39 ~36.67
25 -3.42 4666 °  =-27.61 0.00
50 -3.65 5397 -30.83 -40,14
75 -3.90 6211 -34.05 ~47,63
100 -4.17 7112 -37.28 -43.12
125 -4.45 8102 -40.50 ~44.59
150 -4.74 9182 -43,72 -46.04
175 -5.,05 10355 -46.94 -47.46
200 -5.37 11622 -50.16 -48,86
225 -5.70 12984 -53.39 -50.23
250 -6.03 14443 -56.61 -51.59
275 -6.38 16001 -59,83 -52.93

300 ~-6.73 17658 -63.05 -54,24




252

THERMODYNAMIC PROPERTIES FOR THE REATION:

snrt = snlt o+ FT

IN STEAM SATURATED WATER.

FREE HEAT

TEMP LOG K(T) ENERGY ENTROPY CAPACITY
0 -4.92 6151 -9.29 -26.18
25 -4.70 6413 -11.60 ~26.58
50 " -4,55 6730 -13.76 -27.05
75 ~4.46 7099 -15.79 -27.64
100 -4.40 7519 -17.74 -28.39
125 -4.38 7986 -19.61 -29,36
150 -4.39 8499 -21,43 -30.71
175 ~4.,42 9057 -23.25 -32.67
200 -4.46 9661 -25.10 -35.72
225 -4.52 10313 ~27.05 -40.74
250 -4.60 11016 ~29.24 -49.57
275 -4,70 11779 ~31.90 -66.04

300 ~4 .81 12618 -35.48 -98.80
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THERMODYNAMIC PROPERTIES FOR THE REATION:

SnF, (aq) = sn?t + 2p”

IN STEAM SATURATED WATER.

_ FREE AVERAGE HEAT
TEMP LOG K(T) ENERGY ENTROPY CAPACITY
0 -7.66 9568 -27.58 -39.07
25 -7.55 10301 -31.01 0.00
50 =7.52 11119 -34.45 -42.79
75 =7.55 12027 -37.88 -44.37
100 -7.63 13027 -41.31 -45.96
125 -7.75 14121 -44.75  -47.53
150 -7.91 15312 ~48.18 -49,07
175 -8.10 16601 -51,61 -50.58
200 -8.31 17991 -55.05 -52.07
225 -8.55 19483 -58.48 -53.54
250 -8.81 21078 -61.91 -54.98
275 -9.08 22777 -65.35 ~-56.40

300 -9.37 24582 -68.78 -57.81
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THERMODYNAMIC PROPERTIES FOR THE REATION:

SnF., = Sn2+ + 3F

IN STEAM SATURATED WATER.

FREE AVERAGE HEAT
TEMP LOG-K(T) ENERGY ENTROPY CAPACTITY
0 ~10.34 12917 ~46.34  -53.20
25 -10.36 14135 _51.02 0.00
50  10.46 15469 -55.70  -58.35
75 -10.63 16925 -60.38  -60.48
100 ~10.84 18506 ~65.06  -62.64
125 -11.10 20216 -69.73  -64.77
150 -11.39 22058 -74.41  -66.87
175 -11.72 24034 -79.09  -68.93
200 -12.08 26147 ~83.77  -70.96
225 ~12.46 28398 ~88.45  -72.95
250 -12.86 30791 ~93.13  -74.92
275 ~13.29 33325 -97.80  -76.86

300 -13.73 36004 -102.48 -78.77
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THERMODYNAMIC PROPERTIES FOR THE REATION:

alret = a1 + F

IN STEAM SATURATED WATER.

FREE AVERAGE HEAT

TEMP LOG K(T) ENERGY ENTROPY CAPACITY
0 -7.03 8783 -29.45 -40.48
25 -7.01 9564 -33.01 0.00
50 =7.06 10434 -36.57 -44.35
75 -7.15 11397 -40.,13 -45.98

- 100 -7.30 12455 -43.69 -47.63
125 -7.47 13610 ~-47.24 -49.25
150 ~-7.68 14866 -50.80 -50.85
175 -7.91 16225 ~54.36 -52.41
200 - -8.17 17687 -57.92 -53.96
225 -8.45 19254 -61.48 -55.48
250 -8.74 20929 -65.03 -56.97
275 -9.06 22712 -68.59 = -58.,45

300 -9.38 24604 -72.15 -59.90
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THERMODYNAMIC PROPERTIES FOR THE REATION:

A1F2+ = a13% + 2F”

IN STEAM SATURATED WATER.

FREE . AVERAGE HEAT

TEMP LOG K(T) ENERGY ENTROPY CAPACITY -
0 -12.77 15958 -54.78  -59.55
25 -12.75 17394 -60.02 0.00
50 Z12.82 18961 ~65.26  -65.35
75 -12.97 20663 -70.50  -67.73
100 ~13.18 22506 ~75.74  -70.15
125 -13.45 24493 -80.98  -72.53
150 ~13.75 26628 -86.22  -74.88
175 -14.10 28913 ~91.46  -77.19
200 ~14.48 31351 -96.69  -79.46
225 -14.89 33945  -101.93  -81.69
250 ~15.33 36696  -107.17  -83.90
275 ~15.79 39606  -112.41  -86.07

300 -16.28 42678 -117.65 -88.21
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THERMODYNAMIC PROPERTIES FOR THE REATION:
AlF, (aq) = ALt &+ 3T

IN STEAM SATURATED WATER.

_ FREE AVERAGE HEAT
TEMP LOG K (T) ENERGY ENTROPY CAPACITY
0 -17.08 21350 -71.67 -72.27
25 -17.02 23222 -78.03 0.00
50 - =-17.08 25253 -84.39 -79.36
75 -17.23 27449 -90.75 -82.23
100 -17.46 29815 -97.11 -85.16
125 -17.76 32356 -103.47 -88.05
150 -18.12 35077 -109.83 ~90.90
175 -18.52 37980 -116.19 -93.70
200 -18.97 41068 -122.55 -96.46
225 -19.46 44346 -128.90 -99.17
250 -19.98 47814 -135.26 -101.84
275 -20.53 51477 -141.62 -104.48

300 -21.,10 55335 -147.98 -107.08
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THERMODYNAMIC PROPERTIES FOR THE REATION:

alF,” = a13t 4+ ap

IN STEAM SATURATED WATER.

FREE AVERAGE HEAT
TEMP I.OG K(T) ENERGY ENTROPY CAPACITY
0 ~19.78 24718 -83.87  ~81.45
25 -19.72 26905 ~91.04 0.00
50 119,80 29271 -98.20  -89.47
75 -19.98 31823  -105.37  -92.70
100 ~20.25 34568  -112.54  -96.00
125 ~20.59. 37509  -119.71  =99.26
150 ~21.00 40653  -126.88  -102.47
175 _21.46 44002  -134.05 -105.63
200 -21.97 47560  -141.22 -108.73
225 -22,52 51332  -148.38 ~111.79
250 ~23.11 55319  -155.55 ~114.81
275 ~23.73 59524  -162.72 -117.78

300

-24.39

63950

-169.89

-120.71
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THERMODYNAMIC PROPERTIES FOR THE

2=

AlF5 =

Al

3-!-+

5F
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IN STEAM SATURATED WATER.

TEMP
0
25
50
75
100
125
150
175
200
225
250
275
300

-20.96

-20.91

-21.,00
~21.20
-21.49
-21.85
-22,29
-22.78
-23.32
-23.90
~24.53
-25.19

-25.87

LOG K(T)

FREE
ENERGY

26196
28529
31050
33766
36685
39812
43150
46705
50481
54480
58706
63162
67850

REATION:

AVERAGE HEAT
ENTROPY CAPACITY

~-89.50 -85.A9
-97.04 0.00
-104.58 -94.14
-112.12 -97.54
-119.66 -101.0%L
-127.2% -104.43
-134.75 -107.81
~-142.29 -111.13
-149.83 -114.40
-157.37 -117.62
-164.92 -120.79
-172.46 -123.91
-180.00 -127.00
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THERMODYNAMIC PROPERTIES FOR THE REATION:

A1F63” = a1t + eF

IN STEAM SATURATED WATER.

FREE AVERAGE HEAT
TEMP LOG K(T) ENERGY ENTROPY CAPACITY
0 -20.97 26201 -86.68 -83.57
25 -20.86 28461 -94.04 0.00
50 -20.90 30905 -101.39 -91.80
75 -21.06 .33539 -108.75 -95.12
100 -21.30 36371 -116.10 -98.50
125 -21.63 39405 -123.46 -101.85
150 -22.03 42646 -130.81 -105.14
175 -22.48 46098 -138.17 -108.38
200 -22.,99 49765 -145.52 -111.57
225 -23.54 53650 -152.88 -114.71
250 -24.13 57757 -160.23 -117.80
275 -24.76 62088 —i67.59 -120.85

300 -25.41 66645 -174.94 -123.85
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THERMODYNAMIC PROPERTIES FOR THE REATION:

rer?t = pedt 4+ p

IN STEAM SATURATED WATER.

FREE . AVERAGE HEAT
TEMP LOG K({T) ENERGY ENTROPY CAPACITY
0 -6.18 7726 -27.58 -39,07
25 -6.20 8459 -31.01. 0.00
50 -6.27 9277 -34.45 -42.,79
75 -6.39 10185 -37.88 -44.37
100 -6.55 11185 -41.31 -45,96
125 -6.74 12279 ~-44.75 -47.53
150 -6.96 13470 -48.18 -49.07
175 -7.20 14759 -51.61 -50.58
200 . ~7.46 16149 ~55.05 -52.07
225 ~7.74 17641 -58.48 -53,54
250 -8.04 19236 -61.91 -54.98
275 -8.35 20935 -65.35 -56.40

300 -8.67 22740 -68,78 -57.81
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THERMODYNAMIC PROPERTIES FOR THE REATION:

FeF7+ = Fest 4+ oF

IN STEAM SATURATED WATER.

FREE AVERAGE HEAT
TEMP LOG K(T)  ENERGY ENTROPY CAPACITY
0 -11.85 14807 -49.16 -55.32
25 -11.80 16097 -54.02 - 0.00 .
50 ~11.84 17509 ~-58.89 ~60.68
75 -11.96 19047 -63.75 -62.90
100 -12.13 20716 -68.62 -65.14
125 ~-12.36 22518 -73.48 -67.36
150 -12.63 24457 -78.35 -69.54
175 -12.94 26536 -83.21 -71.68
200 -13.28 28757 -88.08 -73.79
225 ~13.66 31123 -92.94 -75.87
250 -14.05 33635 -97.81. ~77.91.
275 -14.47 36295 -102.67 -79.93

300 ~-14.,91 39105 -107.54 -81.92
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THERMODYNAMIC PROPERTIES FOR THE REATION:

FeF, (aq) = Fe3t 4+ 3p”

IN STEAM SATURATED WATER.

|

|

| i

FREE AVERAGE HEAT
TEMP LOG K(T) ENERGY ENTROPY CAPACITY

0 -13.96 17447 -63.23 -65.91
25 -14.00 19101 -69.03 0.00
50 -14,.14 20900 -74.83 -72.35%
75 -14.34 22849 -80.62 -74.98
1.00 -14.62 24954 -86.42 ~77.65
125 -14.94 27218 -92.22 -80.29
150 -15.31 29646 -98.02 -82.89
175 -15.72 32240 -103.82 -85.44
200 -16.17 35003 -109.62 ~87.96
225 -16.65 37939 -115.42 -90.43
250 -17.15 41048 -121.22 -92.87
275 -17.68 44335 -127.02 -95,27

300 -18.23 47800 -132.82 -97.64
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APPENDIX C
Thermodynamic properties of dissociation for molybdenum comp1exes at

elevated temperatures in steam saturated water. A1l units are consis-

tent with cal mo]e"1 or cal mo1e"1 K'l.
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THERMODYNAMIC PROPERTIES FOR THE REATION:

2+ _ 2- +
5 + 2H20 = MOO4 + 43

IN STEAM SATURATED WATER.

MoO

FREE HEAT

TEMP LOG K(T) ENERGY ENTROPY CAPACITY
0 -8.31 10383 -0.65  -56.93
25 =7.67 10464 -5.80  -60.85
50 -7.22 10673 -10.88  -65.60
75 -6.91 11008 ~15.98  -71.48
100 ~6.72 11473 ~21.18  -78.93
125 -6.63 12069 -26.60  -88.70
150 ~6.61 12806 -32.38  -102.15
175 -6.68 13693 -38.76 -121.75
200 ~6.81 14752 -46.13  -152.15
225 -7.03 16013 -55.13  -202.35
250 ~7.32 17531 ~66.97 -290.53
275 ~7.74 19403 -83.92  -454.99
300 -8.32 21807  -110.59 -782.18
325 -9.17 25093  -156.89 -1485,20

350 -10.52 30003 -246.49 -3154.78
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THERMODYNAMIC PROPERTIES FOR THE REATION:

g MoO, (OM ™Y + H,0 = Moo42‘ + 3m*
% IN STEAM SATURATED WATER.
; FREE HEAT
g TEMP LOG K(T) ENERGY ENTROPY CAPACITY
0 -7.38 9224 -22.89  -48.45
25 -7.22 9851 ~27.30  ~52,37
| 50 -7.16 10589 -31.70  =57.14
? 75 -7.18 11437 ~36.17  -63.02
| 100 -7.26 12398 -40.78  -70.48
| 125 -7.40 13478 -45.65  -80.26
% 150 -7.58 14684 -50.92  -93.73
175 -7.82 16029  -56.82 -113.36
200 -8.10 17534 -63.73  -143.79
% 225 -8.44 19230 -72.30 -194.06
| 250 -8.85 21172 -83.74  -282.35
| 275 -9.35 23459  -100.31 -447.02
§ 300 ~10.02 26268  -126.63 -774.62
‘ 325 -10.94 29951  -172.63 =-1478.53
350 -12.36 35251  -261.99 -3150.23

e
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THERMODYNAMIC PROPERTIES FOR THE REATION:

H2Moo4 =

21

+ + MoO

4

2= (1)

IN STEAM SATURATED WATER.

TEMP
0
25
50
75
100
125
150
175
200
225
250
275
300
325
350

LOG K (T)
-5.81
-6.18
-6.59
-7.04
-7.50
-7.99
-8.50
-9.02
-9.57

-10.15
~10.78
-11.48
-12.30
-13.34

-14.80

FREE
ENERGY

7264
8432
9747

11206
12808
14553
16447
18497
120720
23140
25805
28796
32266
36517
42189

ENTROPY
-43.72
~49.70
~55.50
~61.21
-66.92
-72.74
~78.80
-85.32
-92.63

-101.31

-112.39

-127.86

-151.67

-192.40

-270.50

HEAT
CAPACITY

-66,72
-70.10
-74.21
-79.29
-85.72
-9%4.16
-105.78
-122.70
-148,95
-192.31
-268.45
-410.48
~-693.03
-1300.15

-2741.98
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THERMODYNAMIC PROPERTIES FOR THE REATION:

_ + 2~
H2M004 = 2H + Moo4 (II)

IN STEAM SATURATED WATER.

FREE HEAT

TEMP LOG K(T) ENERGY  ENTROPY CAPACITY
0 ~5.79 7235  -46.08  -39.94
25 -6.18 8432 ~49.70  -42.98
50 -6.57 9720 -53.30  -46.67
75 -6.97 11097 ~56.94 -51.23
100 -7.36 12567 ~60.68  -57.00
125 -7.76 14133 ~64.61  -64.58
150 -8.16 15801 -68.84  -75.01
175 -8.57 17579 -73.55  -90.20
200 -9.00 19484 -79.03 -113.77
225 ~9.45 21541 -85.79  =152.70
250  -9.94 23792 ~94.77  ~221.07
275 -10.49 26312  -107.72 -348.59
300 ~11.15 29240  -128.21 -602.28
325 -12.00 32847  -163.93 -1147.39

350 -13.23 37709 -233.23 -2441.96
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THERMODYNAMIC PROPERTIES FOR THE REATION:

HMOO4 =

H

+

+ MoO

4

2-

IN STEAM SATURATED WATER.

TEMP
0
25
50
75
100
125
150
175
200
225
250
275
300
325

350

LOG K (T)
-3.96
-4.18
-4.44
-4.73
-5.04
-5.38
-5.74
-6.11
-6.51
-6.93
-7.40
~7.93
-8.55
-9.36

-10.50

FREE
ENERGY

4955
5703
6564
7534
8613
9802
11106
12531
14090
15805
17713
19880
22430
25606
29924

ENTROPY
-27.66
-32.20
-36.61
—40.97
-45.35
~-49.83
-54.52
-59.59
-65.30
-72.13
-80.91
-93.23
-112.28
-144.99

-207.84

HEAT
CAPACITY

-50.52
~53.25
-56.56
-60.65
-65.84
-72.65
-82.01
-95.66
-116.83
-151.80"
-213.20
-327.74
~555.60
-1045.,20

-2207.95




THERMODYNAMIC PROPERTIES FOR THE REATION:

MoOBF' +

H,O

2

MoO

4
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2=

+

IN STEAM SATURATED WATER.

TEMP
0
25
50
75
100
125
150
175
200
225
250
275
300
325

350

LOG K(T)

~12.53
-12.32
-12.25
~12.28
-12.42
-12.63
-12.92
~13.29
-13.73
-14,27
~14.93
-15.76
~16.86
-18.42

-20.84

FREE
ENERGY

15665
16806
18106
19568

-21200

23013
25021
27249
29732
32530
35739
39530
44216
50412

59417

24

+ F

ENTROPY

-42.49
-48.80
-55.21
-61.84
-68.80
-76.28
-84.53
-93.93
-105.14
-119.30
-138.51
-166.74
-212.02
-291.72

-447 .22

HEAT
CAPACITY

-68.83
-75.68
-84.00
-94.29
-107.31
-124.42
~147.,95
-182,24
-235.42
-323.26
-477.53
-765,27
-1337.71
-2567.72

-5488.81
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THERMODYNAMIC PROPERTIES FOR THE REATION:

2- _ 2~ + -
Mo0,S,, + 2H,0 = MoO, + 20T + D2HS

IN STEAM SATURATED WATER.

s - e - e b

TEMP
0
25
50
75
100
125
150
175
200
225
250
275
300
325
350

LOG K(T)

-22.79

-21.18

-20.01
-19.17
-18.60
~18.23
-18.04
~18.00
-18.10
-18.32
~18.67
~19.18
~19.90
-20.94

-22,56

FREE
ENERGY

28477
28892
29582
30536
31748
33212
34932
36915
39176
41748
44686
48097
52175
57310

64332

ENTROPY

-10.93
-22.20
-32.95
_43.34
-53.52
-63.67"
-73.97
-84.73
-96.39
-109.71
-126.06
-148.00
-180.69
-235,29

=-338.31

HEAT

CAPACITY

-126.58
-130.97
-136.30
~-142.89
-151.24
-162.20
-177.28
-199.,25
-233.33
-289.62
-388.48
-572.87

-939.70

-1727.90

-3599.79
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THERMODYNAMIC PROPERTIES FOR THE REATION:

M00201+ +

2H20 =

MoO

2-

1 +

IN STEAM SATURATED WATER.

TEMP
0
25
50
75
100
125
150
175
200
225
250
275
300
325

350

LOG K (T)
-7.87
-7.37
-7.05
~6.86
-6.79
-6.82
-6.93
-7.12
-7.39
~7.75
-8.22
- -8.84
~9.69
-10.91

-12.84

FREE
ENERGY

9833

10052

10418
10931
11596
12420
13416
14602
16006
17674
19686
22179
25404
29860
36597

4H+ +

c1”

HEAT

ENTROPY CAPACITY

-5.87
-11.70
-17.55
—23.52
-29.72
-36.31
-43.48
-51.55
-61.07
-72.,95
-88.88

-112.10
-149.09
-213.91

-340.02

-63.90
-69.44
-76.17
-84,49
-95.,02
-108.85
-127.89
-155.63
~198.64
-269.69
~-394.47
-627.20
-1090.21
~2085.08

~-4447,77
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THERMODYNAMIC PROPERTIES FOR THE REATION:

_ 2~ + -
M002C12 + 2H20 = Moo4 + 47 + 2C1

IN STEAM SATURATED WATER.

k

FREE HEAT

TEMP LOG K(T) ENERGY ENTROPY CAPACITY

0 ~7.26 9075 -8.72  -67.49

25 ~6.87 9370 -14.90  -73.86

50 ~6.64 9821 -21.14  -81.61

75 ~6.55 10429 ~27.57  -91.19

100 ~6.56 11202 -34.29  -103.31

125 -6.67 12147 ~41.47  -119.23

150 -6.86 13281 ~49.36 -141.14

175 -7.13 14624  -58.30 ~-173.06

| 200 ~7.49 16210 -68.92 -222.57
; 225 ~7.94 18093 -82.29 -304.34
é 250 ~8.51 20363  -100.33 -447.96
| 275 -9.24 23178  -126.77 -715.82
| | 300 -10.23 26831  -169.08 -1248.72
' 325 -11.65 31894  -243.4] -2393.76
350 ~13.88 39575  -388.32 -5113.08
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THERMODYNAMIC PROPERTIES FOR THE REATION:
2- +

| M002013_ + 2H,0 = MoO, + 42 + 3c1”
§ IN STEAM SATURATED WATER.
|
'. : FREE HEAT
TEMP LOG K(T) ENERGY ENTROPY CAPACITY
: 0 -5.14 6421 ~11.57 ~71.08
| 25 -4.98 6792 -18.10 ~78.29
50 -4.96 7327 -24.74 -87.06
§ 75 -5.04 8030 -31.61 -97.89
| 100 -5.22 8910 -38.85 -111.60
| 125 -5.48 9977 ~46.64 -129.61
§ 150 -5.81 11249 -55.23  -154.39
| 175 -6.22 12749 -65.05 -190.50
| 200 - -6.71 14517 -76.78 -246.50
% 225 ~7.29 16614 ~91.62 =339.00
é 250 . =8.00 19142 -111.78  -501.45
? 275 -8.88 22281 -141.44 -804.44
300 -10.05 26361 -189.06 -1407.23
325 -11.70 32030 ~272.92 =-2702.44

350 -14.26 40655 -436.61 -5778.39
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THERMODYNAMIC PROPERTIES FOR THE REATION:

+ _ 2- +
2 + 1.5H,0 + 0.250, = Moo, + 3"

"IN STEAM SATURATED WATER.

MoO

FREE HEAT

TEMP LOG K(T) ENERGY ENTROPY CAPACITY
0 1.21  -1516 -20.38  -71.33

25 ~0.68 -926 -26.80 —75.46"
50 0.12 -177 -33.07 -80.49
75 -0.46 727 -39.29 -86.69
100 -1.05 1788 -45.56 -94.56
125 -1.65 3007 -52.00 -104.88
150 -2.27 4391 -58.79 -119.08
175 -2.90 5951 -66.18 -139.78
200 ~3.56 7708 -74.56 -171.88
225 -4.25 9693 -84.64  -224.90
250 -5.00 11965 -97.69 =318.01
275 ~5.83 14622 -116.12 -491.69
300 -6.81 17855 -144.78  -837.20
325 -8.05 22031 -194.16 -1579.61

350 -9.80 27933 -289.24 -3342.73
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THERMODYNAMIC PROPERTIES FOR THE REATION:

MoOCl, + H,0 = Moo,” + 2u" + 3c1”
IN STEAM SATURATED WATER.
FREE
TEMP LOG K(T) ENERGY ENTROPY
0 3.89 -4862 -18.71.
25 3.20 -4366 -21.00
50 2.58 -3809 -23.60
75 2.00 -3183 ~26.55
100 1.45 ~2478 -29.94
125 0.92 ~1681 -33.89
150 0.40 -777 -38.57
175 -0.12 256 -44.29
200 -0.67 1450 -51.56
225 -1.25 2854 -61.28
250 ~1.90 4548 -75.12
275 -2.66 6670 -96.27
300 -3.61 9474 -131.14
325 -4.92 13452 -193.64
350 -6.89 19649 -316.94

HEAT
CAPACITY

-23.57
-29.06
~35.73
-43.97
-54.40
-68.11
~86.96

-114.44
-157.04
~227.42
-351.03
~581.57
~1040.21
~2025.69

-4366.09
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APPENDIX D

Dissociation constants for molybdenum complexes in supercritical water,
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LOG K (T,P) FOR
2+

MoO2 + 2H20
TEMP
250
300
350
400
450
500
550

600

278

THE REACTION:

= Mo0,2” + ;"

4

PRESSURE (KB)

0.5 1.0 1.5
-7.08 -6.92 -6.83
-7.67 -7.38 -7.22
-8.67 -8.04 -7.75

-10.56 -8.96 -8.44
~10.27 .32

-12.11 -10.41

-11.64

2.0
~6.75
-7.11
-7.57
-8.16
-8.87
-9.70

-10.58

-11.23
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LOG K (T,P)

MoOZ(OH)+

TEMP
250
300
350
400
450
500
550
600
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FOR THE REACTION:

+ H,0 =

2-

MoO4

-+

3gt

PRESSURE (KB)

1.0
~8.44
-9.08
~9.87

~10.90

-12.30

-14.20

1.5
-8.35
-8.92
~9.59

-10.38
—11.34
-12.50

-13.78

-8.27
-8.81
-9.41
-10.10
-10.89
-11.79
-12.72

-13.40



LOG K (T,P)

H2MOO

4

TEMP
250
300
350
400
450
500
550
600
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FOR THE REACTION:

287+ Moo
4
0.5
-9.75
-10.65
-11.79

-13.56

2= (IT)

1.0
-9.62
-10.43
-11.30
-12.32
-13.59
-15.24

PRESSURE (KB)

1.5
~9.55
~10.30
~11.08
~11.91
-12.85
~13.92

-15.06

2.0

-9.50
-10.21
-10.94
-11.70
-12.50
-13.37
-14.24

-14.91



LOG K(T,P)
HMOO4— =
TEMP

250

300

350

400

450

500

550

600

FOR

THE REACTION:
+ Moo42_
PRESSURE
0.5 1.0

-7.23 -7.12

-8.10 -7.90

-9.20 -8.76

-10.88 -9.76

-11.00

-12.57

281

(KB)

1.5
-7.05
-7.79
-8.56
-9.40

-10.34
-11.39

-12.51

~7.00
-7.71
-8.44
-9.21
-10.02
-10.90
-11.77

-12.46



LOG X(T,P)

MoO.F  +

3

TEMP
250
300
350
400
450
500
550

600
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FOR THE REACTION:

H.,.O = Mo0O

2

0.5
-14.50
-15.73
~17.60

'=-20.96

4

= 4

2H

-+

+ F

PRESSURE (KB)

1.0
-14.22
-15.22
-16.49
-18.186
-20.47
-23.68

1.5
-14.06
-14.95
-15.99
-17.25
-18.81
-20.71

-22.81

2.0
-13.93
-14.75
~-15.68
-16.76
-18.02
-19.47
-20.96
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LOG K(T,P) FOR THE REACTION: |
2~ + -

% M00,S,%7 + 20,0 = Mo0,*” + 2" + 2ms
% PRESSURE (KB)
| TEMP 0.5 1.0 1.5 2.0
§ 250 ~18.39  -18.21  -18.11  -18.03
‘ 300 -19.17  -18.85  -18.67  -18.54
' 350 -20.48  -19.77  ~19.46  ~19.26
{ 400 -22.85  -21.05  -20.47  -20.16
g 450 ~22.81  -21.74  -21.24
| 500 -25,18  -23.28  -22.48
: 550 -24.97  -23.79
600 ~24.85
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LOG K(T,P) FOR THE REACTION:

Moo.c1t

2

TEMP
250
300
350
400

450
500
550
600

+

2H,0 =
0.5
-7.87
-8.78
'—10.21
-12.88

Moo, 2~

4 +

PRESSURE
1.0
-7.65
-8.36
-9.32
-10.62
-12.46
-15.03

gt o+ c1”
(KB)

1.5 2.0
~7.52 -7.42
-8.14 ~7.98
-8.91 -8.66
~9.88 -9.49

-11.11 -10.47
-12.63 -11.62
-14.32 -12.82

~13.68
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LOG K(T,P) FOR THE REACTION:

M002012 +
TEMP

250

300

350

400

450

500

550

600

2H20 =
0.5
-8 -1.0
-9.18

-13.95

2...
MoO4 +

PRESSURE
1.0

-7.84
-8.71
-9.83
-11.34
-13.46
-16.42

(KB)

-7.70
~8.45
-9.37
-10.49
~11.91
-13.66

-15.59

-7.58
-8.26
-9,07
-10.04
-11.18
-12.50
-13.87

-14,85
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LOG K(T,P) FOR THE REACTION:

MoO.Cl,"

2

3

TEMP
250
300
350
400
450
500
550

600

+

2H20 =

MO, 2=

4 +

PRESSURE
150
-7.25
-8.33
-9.68
-11.45
-13.90

-17.28

4H +
(KB)

1.5
-7.08
-8.04
-9.15

-10.49
—12.14
-14.15

-16.37

3c1l”

2.0

-6.95
=7.83
-8.82
-9.97
-11.31
-12.84
-14.42

-15.55
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LOG K(T,P) FOR THE REACTION:

MoO

"2

+

+

TEMP
250
300
350
400
450
500
550

600

1.5H2O +

0.2502 =

2~
MoO4

PRESSURE (KB)

1.0
-4.57
-5.82
-7.17
-8.72

-10.61

-13.01

1.5
~4.47
~5.65
-6.87
-8.17
~9.61

-11.22

~12.92

+

3H

2.0
-4.40
-5.53
-6.68
-7.87
-9.13

-10.47
-11.80




LOG K(T,P)
MOOC13 +
TEMP

250

300

350

400

450

500

550

600

FOR

H,O

288

THE REACTION:
+

= Moot + 287 + 3c1”

2

PRESSURE (KB)

0.5 1.0 1.5
-1.55 -1.33 -1.20
-2.71 -2.30 -2.08

- —4.29 -3.40 -3.01
-7.02 -4.78 -4.05
-6.63 ;5.29

-9.16 -6.79

-8.41

-1.10
-1.92
-2.76
-3.66
-4.66

-5.79

-6.93

-7071.
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APPENDIX E
STOICHIOMETRIC INDIVIDUAL ION ACTIVITY COEFFICIENTS

The total molality of molybdenum, IMo, is given by:

2+) +

2= -
Mo = (M0,"7) + [HMoO,") + (H,Mo0,°) + (MO,

+ - E.1
(Mo0,CT7) + (Mo0,CT,°) + (Mo0,C1,7)

where the brackets denote the molal concentrations of the individual
species.
Five hydrolysis reactions and corresponding mass action expres-

sions may be written:

(OH)F72 + (n-2)H

RalCel
(M0, (OH)$ %)

- M0 2 s i
MOO2 o0 = Mo, + H E.2

(MoO

= Kh,n forn = 0 to 4 ‘ E.3

where the parentesis denote the activity of the individual species

(i.e., (i) = yi-{i}). The species; M002(OH) " - H,0 and MoOZ(OH)42'

3 2

—‘2H20 are HM004_ and M0042' respectively. The equilibrium constants
Kh n are given in Appendices C and D, with Kh 0 being equal to one

at all temperatures and pressures.

Three chloride dissociation reactions may be written as:

M002C1m2_m + 2H0 = Moo42' P £.4
(M00,%7) (HH) *(c17)"
5T = KC] m form = 1 to 3 E.5
(Mo0,CT my ’
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Substituting equations (E.3) and (E.5) into equation (E.1)
using the relationship (i) = s 1 yields:
4 +\n 3yt 47 ~q-m
CIRLBI (W () -
=1

.
IMo = (Mo0,“" )| J7—— -
4 n=OKh,n Yh,n m=1"C1,m YC1,m

where Ye1.m and Y. 2re the activity coefficients for the subscripted
;] ]
species (Yh,n = YM0042')'
The stoichiometric individual ion activity coefficient for the

molybdate ion is given by:

. (M0042")
YM0042' = TIMo
T TE S Py e E.7
(H") (H)'(€17)
ZT("—.Y-—*' % -y
n=0"h,n "h,n m=1"Cl,m 'Cl,m

Similar expressions may be derived which include fluoride, sulfide

and pentavalent molybdenum complexes.




291

APPENDIX F

EXPERIMENTAL TECHNIQUES FOR ANALYSES OF FLUID INCLUSION
VOLATILES BY MASS SPECTROMETERY

The analyses of fluid inclusion volatiles by mass spectrometery
introduce two uncertainties not associated W1th typical gas analyses.
These result from the small amounts of total volatiles available in the
sample and the possibility of modifying the voiatile composition during

the analytical procedure.

EQUIPMENT

Mass Spectrometer - AnInficon 10200 (Leybold-Heraeus, Inc.)
quadrupole mass spectrometer equipped with an electron multiplier
detection system was used in this study. The instrument was operated at
an electron multiplier potential of 1200 volt, an emission current of 2
milliamps and in constant M mode.

Capacitance Manometer - Pressure measurements were made with a
Baratron 221AHS Absolute Pressure Transducer (MKS Instruments, Inc.).
The instrument has a reported sensitivity of 0.5 to 1.5% and a
resalution of 0.001 torr.

Furnace - The furnace used to dry and decrepitate samples was a
vertically mounted 1.5" x 8" (3.8 x 20 cm) resistance tube furnace which
was closed at the lTower end. A model 50 on-off temperature controller
(Omega Engineering, Inc.) was used in conjunction with a Chromel-Alumel

(type K) thermocouple to regulate the temperature.
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Glass line - The vacuum 1ine was all glass and is diagramed in Fig.
F.1., The quartz sample container as well as the weighed capillary were
attached to the 1ine using 1/2" and 1/16" Cagon Ultratorr fittings

(Cagon Company) respectively.

Chemicals - A1l chemical use in this study were reagent grade. The
water used was distilled and deionized and had resitivities of greater

than 250,000 ohm cm™~.

SAMPLE PREPARATION

Samples of quartz were crushed and hand picked to be as free from
other mineral impurities as possible. These samples were fumed in
concentrated perchloric acid for four hours to remove surface organics
and oxidize any sulfide minerals. The perchloric acid was discarded and
the samples were washed with ten portions of water. The samples were
then twice treated with concentrated hydrofluoric acid for ten minutes
to remove feldspars and clay minerals. They were again rinsed with :
water and were crushed in a precleaned alumna mortar and pestle. j
Sieving of the sample followed and the -8 to +30 fraction was collected. |
The sieved fractions were retreated with perchloric acid, rinsed with 10

portions of water, dried and stored in closed containers.

SAMPLE ANALYSES

A previously cleaned sample (5 to 8 grams) was placed in a quartz
furnace and attached to the gas line (see Fig. F.l). The sample was
degassed to a pressure of 3 X 10'6 torr at a temperature of 150°C.
Liquid nitrogen baths were then placed on the traps (T1 and TZ) and the

valves (VZ’ V3 and V8) to the vacuum pumps were shut. Decrepitation of
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Fig. F.1
Diagram of high-vacuum glass line used in this study for the determination

of the composition of fluid inclusion volatiles,
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the inclusions was accomplished by heating the sample to 550°-600°C for
five minutes. The volatiles, except for the noncondensable fraction
(H2, Ny» CHys and CO) were frozen into the traps. The pressure was
measured and the gases introduced into the mass spectrometer. The
system was re-~evacuated, the liquid nitrogen bath were removed and an
alcohol-dry~-ice (solid COZ) bath was placed on trap T1 (see Fig. F.1).
Only the water remained frozen in the trap (Tl Fig. 1.1). The pressure
of the condensable gas fraction (COZ’ NH3, HZS’ 502 and Tight
hydrocarbons) was measured and the gas fraction was introduced into the
mass spectrometer. Finally, the system was re-evacuated, a liquid
nitrogen bath was placed on the weighed capillary and the water was
quantitatively transfered into the capillary by removing the alcohol-
dry-ice bath. The capillary was sealed with a torch and weighed.

Net mass spectra were calculated by subtracting the measured
backgrounds from the sample spectra. If a peak intensity in the sampile
spectra was not three times the background, the peak was not used. The
composition of each gas fraction was determined using a computerized
lTeast squares routine which compared the spectra to previously
determined spectras of known gases. The compositions were combined with
the pressures, the know volumes of the glass line and the amount of

water to calculate mole fractions of each gas.

ANALYTICAL UNCERTAINTIES

Pressure - Typical pressures for the noncondensable gas fraction
were 0.006 torr. In light of the resolution of the capacitance
manometer given above, this corresponds to an uncertainty of 17%. The
condensable fractions had much higher pressures, typically 0.050 torr.

This corresponds to an uncertainty of 2%.
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Water measurements - The absolute uncertainty in measuring the
water was 0.4 milligrams. Samples in this study yielded about 3.6
milligrams of water, corresponding to a relative uncertainty of 11%.

Interpretation of spectra - Replicate analyses of air dissolved 1in
tap water by Norman and Bernhard (1982) indicated a relative uncertainty
of approximately 10% for gases which made up greater than 2% of the
total mass spectra. They also found that gases which make up a large
portion of the spectra have uncertainties of Tless than 5%. The
estimated relative uncertainty for solution of the spectra is 5% for
carbon dioxide and hydrogen and 10% for hydrogen sulfide and sulfur
dioxide. In the case of nitrogen and carbon monoxide spectral overlap
precluded the accurate determination of either of these gases.

Over all uncertainties - Evaluation of the above uncertainties
allows the analytical uncertainties associated with each gas to be
estimated. These estimates result in relative uncertainties of 23% for
SO2 and HZS’ 16% for CO2 and 31% for HZ‘ The uncertainties given above
reflect only the analytical uncertainties and do not consider the

modification of the gas composition by the decrepitation process.
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