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Abstract

Estimates of standard molal Gibbs energy (∆G◦
f ) and enthalpy (∆H◦

f ) of formation, entropy (S◦), heat

capacity (C◦
P) and volume (V ◦) at 25 ◦C and 1 bar of aqueous phenanthrene (P) and 1-, 2-, 3-, 4- and 9-

methylphenanthrene (1-MP, 2-MP, 3-MP, 4-MP, 9-MP) were made by combining reported standard-state

properties of the crystalline compounds, solubilities and enthalpies of phenanthrene and 1-MP, and rela-

tive Gibbs energies, enthalpies and entropies of aqueous MP isomers from published quantum chemical

simulations. The calculated properties are consistent with greater stabilities of the β isomers (2-MP and

3-MP) relative to the α isomers (1-MP and 9-MP) at 25 ◦C. However, the metastable equilibrium values

of the abundance ratios 2-MP/1-MP (MPR) and (2-MP + 3-MP)/(1-MP + 9-MP) (MPI-3) decrease with

temperature, becoming <1 at ∼375-455 ◦C. The thermodynamic model is consistent with observations

of reversals of these organic maturity parameters at high temperature in hydrothermal and metamorphic

settings. Application of the model to data reported for the Paleoproterozoic Here’s Your Chance (HYC)

Pb-Zn-Ag ore deposit (McArthur River, Northern Territory, Australia) indicates a likely effect of high-

temperature equilibration on reported values of MPR and MPI-3, but this finding is contingent on the

location within the deposit. If metastable equilibrium holds, a third aromatic maturity ratio, 1.5×(2-

MP + 3-MP)/(P + 1-MP + 9-MP) (MPI-1), can be used as a proxy for oxidation potential. Values of

logaH2(aq) determined from data reported for HYC and for a sequence of deeply buried source rocks are

indicative of more reducing conditions at a given temperature than those inferred from data reported

for two sets of samples exposed to contact or regional metamorphism. These results are limiting-case

scenarios for the modeled systems that do not account for effects of non-ideal mixing or kinetics, or ex-

ternal sources or transport of the organic matter. Nevertheless, quantifying the temperature dependence

of equilibrium constants of organic reactions enables the utilization of organic maturity parameters as

relative geothermometers at temperatures higher than the nominal limits of the oil window.
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1. Introduction

Hydrocarbons, in particular aromatic compounds, can persist in hydrothermal conditions and in the

early stages of rock metamorphism. Price (1993) reported the presence of naphthalene and biphenyl

at 450 ◦C in aqueous-pyrolysis experiments and predicted that aromatic hydrocarbons might be found

at low concentrations at higher temperatures, possibly preserved as inclusions in minerals that have

undergone the early stages of rock metamorphism, potentially making organic compounds useful as

geothermobarometers. Indeed, the relative abundances of specific aromatic compounds, known as ma-

turity parameters, can be used to infer effects of past igneous and hydrothermal activity on organic-rich

systems (George, 1992) and the history of possible ore-forming fluids (Püttmann et al., 1989; Chen

et al., 2003; Mackenzie et al., 2008; Williford et al., 2011), but observed reversals or unexpectedly low

values of these ratios at high maturity and/or temperature (George, 1992; Raymond and Murchison,

1992; Bechtel et al., 1995; Brocks et al., 2003a, and others) are not accounted for by existing theoretical

models. The goal of the present study is to better understand the applications of the aromatic maturity

ratios of phenanthrene (P) and methylphenanthrene (MP) in hydrothermal systems by estimating the

high-temperature standard Gibbs energies of the species involved and comparing predictions made by

thermodynamic calculations with published observations.

The thermodynamic modeling of maturity parameters actually invokes a metastable equilibrium, in

which transformations are limited to certain classes of compounds, for example between P and MP.

In a metastable equilibrium scenario (Shock, 2000), the organic molecules persist and react with each

other over the time scale of interest, instead of transforming to the globally more stable methane, carbon

dioxide, water and graphite in the system C-H-O (Shock and Helgeson, 1990; Holloway, 1984). It has

already been established that metastable equilibrium states are attainable in hydrothermal systems con-

taining organic molecules (Helgeson et al., 1993; Shock, 2000; Seewald, 2001; Helgeson et al., 2009).

The thermodynamic parameters reported in this study can be used to predict the metastable equilib-

rium abundances of isomers of MP as a function of temperature as well as the abundance ratios for

metastable equilibrium among P and isomers of MP by specifying oxidation-reduction potential in addi-

tion to temperature. The hypothesis of metastable equilibrium between isomers is tested using aromatic

maturity ratios reported in bitumens extracted from the mineralized zones of the Here’s Your Chance

(HYC) Pb-Zn-Ag deposit at McArthur River, Northern Territory, Australia (Chen et al., 2003; Williford

et al., 2011) and in samples from unmineralized but heated areas associated with regional metamorphism

(Brocks et al., 2003a), near igneous intrusions (George, 1992), or in deeply buried sediments (George

and Ahmed, 2002).
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The metastable equilibrium model that is proposed provides a potential explanation for observed

reversals of some aromatic maturity parameters at high temperature; to our knowledge such a model and

its applications have not been described before. The equilibrium model is not applicable to all situa-

tions. For example, migration and transport from different sources and mixing of fluids on time scales

shorter than those required for metastable equilibrium may be more important in particular samples.

Even at high temperatures, alteration of the aromatic compounds during thermal cracking of reservoired

petroleum may be primarily kinetically driven (Fusetti et al., 2010a,b). Where equilibration is possible,

attainment or progression toward metastable equilibrium can occur through multiple mechanisms. It

must be emphasized that the predictions of the equilibrium model carry no implications for mechanisms.

Besides interconversion between isomers (transmethylation), preferential degradation or demethylation

are other possible pathways by which a metastable equilibrium distribution can be obtained.

The organic matter in some ore deposits, including the HYC deposit, likely results from hydrother-

mal alteration and transport in aqueous fluids, including potential ore-forming fluids (Brocks et al.,

2003b; Chen et al., 2003; Williford et al., 2011; Greenwood et al., 2013). Despite the condensed or

surface-bound nature of much sedimentary organic matter, quantifying the behavior of aromatic com-

pounds dissolved in high-temperature aqueous fluids is important for understanding the sources and

reactions of organic species in hydrothermal fluids (Price, 1993; Konn et al., 2012), the formation of

petroleum in some environments by hydrothermal alteration of organic matter (Kawka and Simoneit,

1990; Ventura et al., 2012), possible formation via abiotic processes on other planets (Zolotov and Shock,

1999), and reactions occurring in hydrous pyrolysis experiments (Kawka and Simoneit, 1994; McCol-

lom et al., 2001, 1999) and in industrial processes (Karásek et al., 2007). Therefore, the thermodynamic

properties of aqueous solute species of P and MP are considered in this study. “High temperature” is

used here to refer to temperatures exceeding the maximum for the oil window, which in this study is

nominally taken to be 130–160 ◦C, as no single value is applicable to all systems (Hunt, 1996; Giże

et al., 2000). Existing estimates of the high-temperature thermodynamic properties of pure crystalline

and liquid isomers of MP are limited to the isomers denoted as 1-MP, 2-MP and 4-MP (Richard and

Helgeson, 1998), but recent quantum chemical results for the aqueous species (Szczerba and Rospon-

dek, 2010) also include 3-MP and 9-MP. Based on a these and other available data, a compilation of

thermodynamic parameters is presented here that may be used for estimates to ∼500 ◦C of the aqueous-

species standard Gibbs energies.
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2. Background

The structures of the species of interest in this study are shown in Fig. 1. In studies of organic

maturation, these aromatic hydrocarbons are sometimes referred to as geomarkers (Simoneit, 2005),

because the methylated products are formed through geosynthetic pathways, even though the precursor

compounds may ultimately be derived from biological sources. Fig. 1 includes a simplified depiction of

the major geosynthetic pathways. Geosynthetic pathways of methylation and isomerization of phenan-

threne depend to varying extents on mineral catalysts and the energetics of the different isomerization

reactions (Smith et al., 1995); in most cases the starting material is likely to be an α-methylated isomer

(1-MP or 9-MP). 9-MP is an initial product of some geosynthetic pathways (Alexander et al., 1995). Ap-

plication of the free valence number technique of Burkitt et al. (1951) shows that alkylation at position

1 is highly kinetically favored over 2 and 3 (Karr et al., 1967). 2-MP and 3-MP follow either by rear-

rangement (methyl shift) or are more susceptible to being formed by methylation at higher temperatures

(Alexander et al., 1995; Smith et al., 1995).

2.1. Thermal maturation and aromatic maturity indices

The original definitions of maturation of kerogen come from the coal literature, where thermal mat-

uration was defined in terms of the rank of coals or kerogen (Philippi, 1974; Dow, 1977). In kerogen,

increasing maturity is associated with increasing reflectance of vitrinite (R0) (Dow, 1977). Vitrinite

reflectance and corresponding paleotemperatures vary between systems, but R0 = 1.3% (Sweeney and

Burnham, 1990) and ∼130–160 ◦C (Hunt, 1996; Giże et al., 2000) can be taken as nominal upper limits

to the liquid oil window. At higher temperatures a system may become overmature, signifying the onset

of degradation reactions and the end of the liquid oil window (Radke et al., 1982a). However, changes

in vitrinite reflectance continue well into the dry gas zone, at temperatures of at least 250 ◦C, where R0

may range from 4–5% (Hunt, 1996). Various biomarker and geomarker proxies for maturity have been

identified, often with attempts to reference them to the original scale of vitrinite reflectance. Biomarker

ratios described by van Graas (1990) were calibrated up to a vitrinite reflectance equivalent (RE
0 ) of

1.0%, corresponding to the oil/condensate threshold. At higher-maturity conditions, beyond the liquid

oil window, aromatic maturity ratios remain useful (Willsch and Radke, 1995; Boreham et al., 1988).

The definitions of aromatic maturity parameters often take account of the degree of conversion from

α-methyl (e.g. 9-MP, 1-MP, 4-MP) to β -methyl isomers (2-MP, 3-MP). Three maturity parameters that

are considered in our study are the MPR, MPI-3 and MPI-1. See Radke (1987) and George and Ahmed

(2002) for more complete lists, including ratios for aromatic compounds other than phenanthrene. The

MPR (methylphenanthrene ratio) is defined as (Radke et al., 1982b)
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MPR =
2-MP
1-MP

, (1)

where 2-MP and 1-MP stand for the abundances of the respective MP isomer, methylated at the 1- or the

2- position. Another index that refers only to the relative abundances of the isomers of MP is the MPI-3

(Radke, 1987; Garrigues et al., 1988), defined as

MPI-3 =
2-MP+3-MP

1-MP+9-MP+(4-MP)
. (2)

Perhaps the most widely used aromatic maturity ratio, the “first methylphenanthrene index” (MPI-1), is

defined in terms of abundances of P and isomers of MP (Radke et al., 1982a), and can be written as

MPI-1 =
1.5(2-MP+3-MP)
P+1-MP+9-MP

. (3)

Another ratio encountered is the “methylphenanthrene distribution fraction” (MPDF) (Kvalheim et al.,

1987), which is defined as

MPDF =
2-MP+3-MP

1-MP+2-MP+3-MP+9-MP
. (4)

Values of MPDF can be converted to MPI-3 according to

MPI-3 = MPDF/(1−MPDF) , (5)

which follows from Eqs. (2) and (4).

Compared to the other ratios given above, the usefulness of MPR as a conventional maturity param-

eter is supported by a low energy barrier for isomerization found in the ab initio simulations of Szczerba

and Rospondek (2010) and experiments showing more rapid interconversion between 1-MP and 2-MP

than between the other isomers (Nomoto et al., 2000). In analytical determination of MPR and the other

maturity ratios using gas chromatography–mass spectrometry (GC–MS), the relative abundances of the

compounds can be used reliably (Mackenzie, 1984). 4-MP and 9-MP may not be separated on some GC

columns, but the abundance of 4-MP in natural samples is often small enough that it makes an insignif-

icant contribution to the calculation of MPI-3 and MPI-1 (Radke et al., 1982a). However, 4-MP is not

totally absent in nature (e.g. Garrigues and Ewald, 1983).

2.2. Thermal maturation of organic matter: transitions from kinetic to thermodynamic control

Maturation is a consequence of chemical reactions that lead to a suite of more stable molecules

starting from reactants that generally are not in a state of chemical equilibrium (Tissot and Welte, 1984;
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Willsch and Radke, 1995; Bastow et al., 2000). The basic criterion for usefulness of a maturity param-

eter is that it continues to change as a result of increased heating or passage of time in the system of

interest. Therefore, if a reaction has reached equilibrium it is often assumed that it can no longer be

used to indicate further changes in maturity (Mackenzie, 1984). This assumption, however, is not valid

if the equilibrium constants, and therefore, the relative abundances of isomers, change significantly with

continued increase in temperature. Not only does increased temperature result in increased rates of the

maturation reactions (Tissot and Welte, 1984), but heating may also change the directions of the re-

actions as a result of changes in equilibrium constants (Richard and Helgeson, 1998; Helgeson et al.,

1998, 2009). Nevertheless, in interpretations of organic maturity parameters, it is commonly assumed

that metastable equilibrium abundance ratios do not change with temperature. For example, in a general

discussion of biomarker maturity parameters where compound A reacts to form compound B, Peters

et al. (2005) stated that “... after reaching equilibrium, no further information on maturity is available

because the ratio B/(A+B) remains constant with further heating.”

Studies whose results fit the conventional expectation of increasing maturity parameters with in-

creasing time and temperature include that of Love et al. (1996), who found that the coal samples with

the highest Ro (1.32%) had the highest MPR (3.34 in dichloromethane extract; 2.71 in pyrolysate).

Davies (1997) documented increasing values of MPR up to Ro = 1.1%. It is not uncommon, however, to

find reports of reversals in the aromatic maturity parameters at higher overall maturities. Bechtel et al.

(1995) studied organic matter in the Kupferschiefer deposit and found a decrease of MPR in the ore zone.

They speculated it might be due to higher reactivity of 2-MP than 1-MP under oxidizing conditions but

gave no additional evidence to support this possibility. Simoneit et al. (1992) studied the shallow sed-

iments in the Guaymas Basin and found values of MPI-3 ranging from 0.8 to 1.5, followed by a mild

decrease with depth. George (1992) studied a siltstone and oil shale affected by igneous intrusions in the

Midland Valley of Scotland and found values of MPR that increase, then decrease at closest approach to

a dyke and a sill. In another study of samples from the Midland Valley, Raymond and Murchison (1992)

found ratios of alkylated naphthalenes and phenanthrenes in rapidly heated zones that at first increased,

then decreased at higher maturities. A reversal of MPI-1 was apparent by Ro ≈ 2.0%, but MPR did not

decrease up to the highest reported Ro = 3.5%. A decrease in MPR, however, was observed by George

(1992) at higher maturities (Ro ≈4.9 to 5.3%). In a Cretaceous mudstone exposed to peak temperatures

of ∼300 ◦C, Sampei et al. (2004) found a strong reversal in the values of MPI-3, that steadily decreased

from ca. 3 to 1 in the depth interval of ∼4500 to 5500 m. In a carbonate sequence in the Northern

Alps, Radke (1987) observed a decrease in MPR below ∼2.3 km that was attributed to a “pyrolytic-like”
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source. This term refers to the potential for release of MP from buried kerogens, and the expectation that

these MPs released by pyrolytic processes would be more immature, i.e. have ratios of 2-MP/1-MP that

are lower than those found in the free MPs. However, consideration of the reported high-temperature

reversals in many systems suggests that low values of MPR and MPI-3 observed at high temperatures

characteristic of pyrolytic conditions are the result of systematic changes in relative stabilities of isomers

that can be modeled by computing the thermodynamic properties of the different isomers.

The idealized progress of MPR or MPI-3 under different realms of kinetic and thermodynamic con-

trol is shown in Fig. 2. The initial value of the maturity parameter is determined by source effects,

notably the preferred methylation at positions 1 or 9. The subsequent rise in the parameter results from a

kinetic response as the system approaches metastable equilibrium. The realm of kinetic control is limited

to relatively low temperatures and time scales shorter than those required for attainment of metastable

equilibrium. However, after enough time has elapsed (a shorter duration the higher the temperature), the

system reaches a metastable equilibrium, indicated by the vertical dashed line in Fig. 2. After this point,

if the temperature continues to increase, the maturity parameter tends to follow the equilibrium trajec-

tory, and the equilibrium constants of the reactions may be such that the metastable equilibrium value of

the maturity parameter decreases. The equilibrium distribution represents a limiting case for completion

of the conventional kinetically controlled maturation process. Because the equilibrium distribution is a

function of temperature, a case can also be made for an “overmature”, but dynamic, response that could

involve reversals of maturity parameters that would be unexpected in conventional models based only

on kinetics.

Organic maturity parameters other than ratios of P and MP, especially biomarker ratios, have been

noted to exhibit reversals (Peters et al., 2005, p. 976). Reversals in methylation patterns for hopanes

and triterpanes at high temperature have been reported (Schwab et al., 2005; Raymond and Murchison,

1992), as have reversals or values that are lower than expected for high maturities for maturity parame-

ters based on the stereochemistry of hopanes and steranes (Strachan et al., 1989; Davies, 1997; Arouri

et al., 2000), including some examples near igneous intrusions (Bishop and Abbott, 1993, 1995; Oth-

man et al., 2001). The behavior of these and other biomarker ratios is not considered further in this

study, but our results suggest that a thermodynamic analysis of the relative stabilities of the biomarkers

at high temperature could offer an explanation for some of the reversals that are usually considered to

be anomalous.
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2.3. Need for revised thermodynamic models to describe the high-temperature observations

A challenging aspect of thermodynamic applications in organic geochemistry is the lack of either

experimental data or rigorous theoretical estimates for the high-temperature thermodynamic properties

of many compounds of interest. Calculations of metastable equilibrium distributions are based on the

differences in Gibbs energies of the species of interest. For a given reaction, the base 10 logarithm of

the equilibrium constant (logK) is related to the standard Gibbs energy change (∆G◦
r ) by

logK =−∆G◦
r/2.303RT, (6)

where R stands for the gas constant and T is the temperature in Kelvin. The standard Gibbs energies can

be calculated by combining the enthalpies and entropies of the compounds; an application of this ap-

proach for biomarkers was described by van Duin et al. (1997) using enthalpies and entropies estimated

using molecular mechanics at 25 and 200 ◦C. Kolaczkowska et al. (1990) estimated thermodynamic

properties of hopane isomers using molecular mechanics. The values of the metastable equilibrium

ratios they calculated at high temperatures are subject to greater uncertainty, since only the value for

T was changed in Eq. (6) while assuming that the value of ∆G◦ was invariant with respect to tem-

perature. At 25 ◦C, work on alkylphenanthrenes includes molecular mechanistic simulations reported

by Budzinski et al. (1993) for alkylphenanthrene gases, but they are only restricted to enthalpies. An

example of the application of high-temperature thermodynamic data to alkyl-aromatic distributions is

the equilibrium calculations of Charlesworth (1987) at 400–600 ◦C to model the products of pyrolysis

of oil shale, including 1- and 2-methylnaphthalene, dimethylnaphthalenes, P, but no MPs. Given the

existing thermodynamic models, there is a poor understanding of the energetic constraints on aromatic

maturity parameters at high temperature. In this study we attempt to overcome some of these gaps in

understanding, while at the same time being aware of the very limited sources of thermodynamic data.

3. Estimation of standard molal thermodynamic properties

We combined data from various sources, in order to estimate the standard molal thermodynamic

properties needed for stability calculations at higher temperatures of aqueous phenanthrene and isomers

of MP. Our strategy was to combine thermodynamic data for crystalline species estimated using group

contribution methods (Richard and Helgeson, 1998), with solution properties (May et al., 1983) to obtain

the standard molal thermodynamic properties of aqueous P and 1-MP. Then we calculated the standard

Gibbs energies and enthalpies of the other isomers relative to 1-MP using recently reported values from

ab initio quantum chemical simulations (Szczerba and Rospondek, 2010). Values at 25 ◦C and 1 bar
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of the standard molal Gibbs energy and enthalpy of formation from the elements (∆G◦
f and ∆H◦

f ) and

standard molal entropy, isobaric heat capacity and volume (S◦, C◦
P and V ◦) generated in the present study

are listed in Table 1. Details of the calculations are given in the footnotes of that Table, and additional

notes on the data are provided below.

3.1. Standard Gibbs energies as a function of temperature

The standard state adopted for aqueous species other than H2O is defined as unit activity of the

species in a hypothetical one molal solution referenced to infinite dilution at any temperature and pres-

sure. The standard state adopted for organic liquids and crystalline compounds and liquid H2O is one

of unit activity of the pure component at any temperature and pressure. The former standard state is

sometimes referred to as a Henryan or molal standard state and the latter as a Raoultian or mole-fraction

standard state (Anderson and Crerar, 1993).

The apparent standard molal Gibbs energy of a species (∆G◦) at temperature T and pressure P is

given by

∆G◦ ≡ ∆G◦
f +

(
G◦

P,T −G◦
Pr,Tr

)
, (7)

where ∆G◦
f represents the standard molal Gibbs energy of formation of the species from the elements in

their stable forms at 25 ◦C (Tr) and 1 bar (Pr), and G◦
P,T −G◦

Pr,Tr
is the difference between the standard

molal Gibbs energy of the species at the pressure and temperature of interest and that at Pr and Tr

(Helgeson et al., 1998). In this communication, terminology referring to any standard molal property of

an aqueous species is shorthand for the standard partial molal property of that species.

The value of G◦
P,T −G◦

Pr,Tr
can be expressed as

G◦
P,T −G◦

Pr,Tr
=−S◦Pr,Tr

(T −Tr)+

ˆ T

Tr

C◦
Pr

dT −T
ˆ T

Tr

C◦
Pr

d lnT +

ˆ P

Pr

V ◦dP , (8)

where C◦
Pr

and V ◦ denote the standard molal isobaric heat capacity at Pr and standard molal volume of

the species. In the case that C◦
Pr

and V ◦ can be considered to be constant, the integrals in Eq. (8) can be

evaluated to write

G◦
P,T −G◦

Pr,Tr
=−S◦Pr,Tr

(T −Tr)+C◦
Pr

(
T −Tr −T ln

(
T
Tr

))
+V ◦ (P−Pr) . (9)

We adopt this equation to calculate the value of ∆G◦ of the aqueous species at elevated temperatures

and pressures. This equation does not account for the temperature or pressure dependence of standard

molal heat capacities or volumes of the aqueous species and, in particular, does not represent correctly

the behavior of these properties at the critical point of H2O. Both C◦
Pr

and V ◦ are required to approach

infinite values at the critical point, and this property of aqueous solutes at infinite dilution is reproduced
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by models based on Born solvation theory for ions, such as as the revised Helgeson-Kirkham-Flowers

(HKF) equations (Helgeson et al., 1981; Tanger and Helgeson, 1988; Shock et al., 1992). The contri-

bution of the simplifications adopted in the present study to uncertainty in calculated standard Gibbs

energies at critical and supercritical temperatures and pressures is discussed below.

3.2. Solubilities of crystalline compounds

Because the melting points of P and the isomers of MP are well above 25 ◦C, the properties of the

crystalline compounds are a natural starting point for assessing properties of the aqueous species via

solubilities and heats of solution. The standard molal thermodynamic properties of the crystalline com-

pounds used in the present study are based on additive structural group contributions derived from many

classes of organic compounds (Richard and Helgeson, 1998). Alternative pathways to thermodynamic

properties of aqueous species starting with the properties of liquid compounds could be envisaged; how-

ever, the ∆G◦
f of the liquid 1-MP and 2-MP at 25 ◦C tabulated by Richard and Helgeson (1998) are

inverted (1-MP more stable) with respect to the crystalline compounds, possibly owing to different ref-

erence model compounds used to derive the group contributions for the organic liquids, or because the

properties at 25 ◦C are those of the supercooled liquids.

Experimental solubilities for crystalline P at ∼25–73 ◦C and for P and 1-MP at ∼5–30 ◦C were

reported by Wauchope and Getzen (1972) and May et al. (1983), respectively. In their study, May et al.

(1983) reported the corresponding standard thermodynamic properties using a mole-fraction standard

state (Clarke and Glew, 1966). In order to ensure consistency with the molal standard state for aqueous

species, we calculated values of the standard molal properties of solution (∆G◦
sol , ∆H◦

sol and ∆C◦
P,sol at 25

◦C) for P and 1-MP using a least-squares fit of Eq. (9). The fit took account of data from both Wauchope

and Getzen (1972) and May et al. (1983), and P was set equal to 0.1 MPa (1 bar) so no volumetric

information was included in the fit. In this procedure, solubilities reported in mole fraction units were

converted to Gibbs energies of solution using

∆G◦
sol =−2.303RT logmP , (10)

where mP stands for the molality of P in the saturated solution, which in dilute solutions approaching

the limit of xH2O = 1 can be calculated from the reported mole-fraction solubilities (xP) using

mP = NW xP , (11)

where NW = 1000/18.01528 = 55.50844, which is the number of moles of H2O in 1 kg of the pure

solvent.
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The values of the parameters at 25 ◦C for P and 1-MP obtained using the least-squares fit are

∆G◦
sol =29807 and 33405 J mol−1, ∆S◦sol =37.09 and 26.58 J K−1 mol−1, and ∆C◦

P,sol =242.42 and

308.31 J K−1 mol−1, respectively. The corresponding values of ∆G◦
sol (molal standard state) at all tem-

peratures calculated using Eq. (9) are lower than those of ∆G•
sol (mole-fraction standard state used by

May et al., 1983) in accord with (cf. Anderson and Crerar, 1993, p. 281)

∆G◦
sol = ∆G•

sol −2.303RT logNW . (12)

Note that in the calculation of ∆G◦
sol from solubilities, activity coefficients of all aqueous species are

taken to be unity.

3.3. Aqueous species properties from solubility and dissolution properties

Values of ∆G◦
sol , ∆H◦

sol and ∆C◦
P,sol of P and 1-MP obtained by regressing the data of May et al.,

1983 were combined with the corresponding properties of the crystalline compounds from Richard and

Helgeson (1998) to calculate those of the aqueous P and 1-MP listed in Table 1. A value of 12.4 cm3

mol−1 for the volume change of dissolution (∆V ◦
sol) of P reported by Sawamura (2000) was combined

with V ◦ for the crystalline compound (Richard and Helgeson, 1998) to generate the value listed for the

aqueous species in Table 1. Since no value of ∆V ◦
sol for MP could be located in the literature, it was

estimated using

∆V ◦
sol,MP = ∆V ◦

sol,P +
(
V ◦

toluene,aq −V ◦
benzene,aq

)
−
(
V ◦

toluene,liq −V ◦
benzene,liq

)
, (13)

in which the difference between the volumes of toluene and benzene represents the contribution of the

methyl group on an aromatic ring, and the difference between the aqueous and liquid states of toluene

and benzene represents the property of dissolution; the liquid state is required because that is the stable

state of these compounds at 25 ◦C, unlike P and MP which exist as solids. Using values of ∆V ◦
sol,P = 12.4

cm3 mol−1 taken from Sawamura (2000), and values of V ◦ of toluene and benzene in the aqueous

and liquid states taken from Shock and Helgeson (1990) and Helgeson et al. (1998), respectively, we

calculated ∆V ◦
sol,MP = 9.7 cm3 mol−1.

Owing to the lack of available data, we adopted the single estimated value for ∆V ◦
sol,MP and that

for ∆C◦
P,sol,1−MP to be representative of all of the isomers of MP. These values were combined with the

values of V ◦ and C◦
P for crystalline 1-MP, 2-MP and 4-MP (Richard and Helgeson, 1998) to calculate

the corresponding values for the aqueous species listed in Table 1. Because the properties of crystalline

3-MP and 9-MP were not reported by Richard and Helgeson (1998), V ◦ and C◦
P of the aqueous species

of 3-MP and 9-MP were estimated to be equal to those of 2-MP and 1-MP, respectively. However, the
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availability of simulation data for the relative enthalpies and Gibbs energies of the isomers of MP permits

calculations of these standard molal properties that are unique for each isomer, as described below.

3.4. Aqueous species enthalpies and Gibbs energies from reported ab initio simulations

For P and 1-MP, values of ∆H◦
sol and ∆G◦

sol at Tr described above were combined with those of ∆H◦
f

and ∆G◦
f of the crystalline species to generate the corresponding values for the aqueous species shown in

Table 1. The standard molal entropies (S◦Pr,Tr
) at the reference pressure (Pr) and temperature (Tr) shown

in this table were calculated using

∆G◦
f = ∆H◦

f −Tr∆S◦f (14)

and

∆S◦f = S◦Pr,Tr
−S◦elements , (15)

where Pr is 1 bar, Tr is 298.15 K and S◦elements represents the sum in one mole of the compound of the

entropies of the elements in their stable form at Tr (Cox et al., 1989).

For other MP isomers, we combined the standard molal Gibbs energy and enthalpy of formation of

P and 1-MP with reported relative Gibbs energies and enthalpies from quantum chemical simulations

(Szczerba and Rospondek, 2010) to generate the standard molal properties for 2-MP, 3-MP, 4-MP and

9-MP. In the study of Szczerba and Rospondek (2010) the energies of the isomers of MP were expressed

relative to the most stable isomer (2-MP), which was assigned an arbitrary value of zero for Gibbs

energy and enthalpy. The model for water used by Szczerba and Rospondek (2010) was an implicit

solvent model (polarizable continuum model; PCM) at ambient conditions (∼ 298 K).

We are aware of one other estimated value for the standard Gibbs energy of aqueous P, estimated

by Dolfing et al. (2009) as 307.24 kJ/mol, which is ca. 2% greater than the value listed in Table 1.

The difference can be attributed primarily to the method of Dolfing et al. (2009) to calculate ∆G◦
f of

the aqueous species which involved combining a solubility measurement with the ∆G◦
f of the liquid P,

instead of the crystalline compound; the latter approach is favored here as the crystalline P is the stable

state at 25 ◦C.

A single, temperature-invariant heat capacity (Table 1) for the aqueous species is an approximation

necessitated by the scarcity of high-temperature calorimetric data, which are difficult to obtain in part

because of the low solubilities of the compounds of interest. Note, however, that the thermodynamic

data for crystalline compounds referred to below were taken from Richard and Helgeson (1998), who do

provide a heat capacity function for the crystalline compounds in the form of the Maier-Kelley equation

(Maier and Kelley, 1932). Because of the limitations of the model adopted in the present study, calcu-
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lations of the standard molal Gibbs energies of the aqueous species at high temperature and pressure

using Eq. (9) are subject to increased uncertainties, as described below. In terms of the relative stabili-

ties of the isomers, however, the current data set provides a provisional approximation of the effects of

increasing temperature beyond the oil window.

4. Calculation of solubilities, maturity ratios, and uncertainties

4.1. Solubility as a function of temperature

A comparison between the solubilities at 25 ◦C of phenanthrene (P) and isomers of methylphenan-

threne (MP) calculated in this study and values from experiments and another estimation algorithm is

presented in Table 2. The calculated solubilities are based on the differences in the standard Gibbs en-

ergies of P and isomers of MP between crystalline (Richard and Helgeson, 1998) and aqueous (Table

1) states, but the values of ∆G◦
f of crystalline 3-MP and 9-MP were approximated as being equal to

those of 2-MP and 1-MP, respectively. The calculated solubility of P is between the values reported by

Wauchope and Getzen (1972) and May et al. (1983), and that for 1-MP is in close agreement with the

value reported by May et al. (1983). This result is not surprising since these experimental data were used

in our fits of Eq. (9). Experimental solubilities of the other isomers of MP are poorly documented. One

value for 2-MP appears in the tabulation of Isnard and Lambert (1989) but no source is given. The ex-

perimental solubility of 9-MP listed in Table 2 is actually derived from the solubility of P adopted in this

study and the observation made by Rogoff (1962) that “The ultraviolet spectra of the compounds show

that phenanthrene is only 2.4 times more soluble in water than 9-methylphenanthrene.” Our estimated

solubility for 9-MP is greater by only ∼0.03 mg/L than the value implied by the statement of Rogoff

(1962), but our calculated solubility for 2-MP diverges to a greater extent from that tabulated by Isnard

and Lambert (1989). A different estimation algorithm available in the EPISuite (U.S. Environmental

Protection Agency, 2011) is based on a correlation between solubility and the octanol-water partition

coefficient (Meylan et al., 1996). The values calculated using the EPISuite (algorithm: WSKOW v1.41)

via ChemSpider (http://www.chemspider.com) are lower than experimental values and values cal-

culated in this study, except for 4-MP. Our estimated solubility for 4-MP is much lower than the other

isomers, owing to a large offset in ∆G◦ relative to the other isomers reported by Szczerba and Rospon-

dek (2010) that is not equally manifested in the difference between the pure isomers in the crystalline

solid state (Richard and Helgeson, 1998). The position of the methyl group in 4-MP produces a strained

conformation, contributing to the relatively higher Gibbs energies of this isomer compared to the others

in the gaseous, condensed and aqueous phases (Richard and Helgeson, 1998; Szczerba and Rospondek,

2010). It is not evident that the unfavorable steric interactions should also lead to a decrease in solubility
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(transfer between condensed and aqueous phases), so further work is needed to verify the low predicted

solubility.

The solubilities calculated for P, 1-MP, 2-MP and 4-MP as a function of temperature are shown

in Fig. 3. The calculated values compare favorably with the experimental values for both P and 1-MP

(May et al., 1983). The experimental solubilities of P reported by Wauchope and Getzen (1972) extend to

higher temperatures, and at similar temperatures are somewhat greater than, those of May et al. (1983);

the values reported by Wauchope and Getzen (1972) are accordingly also greater than our calculated

values. Note in Fig. 3 that 1-MP and 2-MP are predicted to be more soluble than P above ∼150 and 210

◦C, respectively. Experimental measurements of the temperature dependence of solubilities of the other

isomers of MP are not available so it is not possible to make comparisons to experiments of all of the

solubility predictions at this time.

4.2. Metastable equilibrium ratios of isomers: MPR and MPI-3

The standard Gibbs energies of the aqueous species computed using Eqs. (7) and (9) can be used

to calculate the values of MPR, MPI-3 and MPI-1 (Eqs. 1–3) at metastable equilibrium. The value of

MPR can be obtained by first writing the reaction

1-MP 
 2-MP , (16)

for which the logarithmic analog of the law of mass action is

logK =
−∆G◦

r

2.303RT
= log

a2-MP

a1-MP
, (17)

where ∆G◦
r denotes the change in the standard Gibbs energy of Reaction 16. If the activity coefficients

of 1-MP and 2-MP are taken to be unity, or are equal to each other, then the activity ratio in Eq. (17)

corresponds to the definition of MPR given in Eq. (1). Because the MPI-3 ratio (Eq. 2) involves more

than two compounds, it is not possible to explicitly calculate the metastable equilibrium ratio using

an expression based on the equilibrium constant of a single reaction. Instead, we used the CHNOSZ

package (Dick, 2008) for the R software environment (R Core Team, 2012) to calculate the metastable

equilibrium ratios of isomers using the thermodynamic data listed in Table 1.

The values of ∆G◦
r for the reaction of 2-MP to each of the other isomers of MP are shown in Fig.

4a. Values of MPR calculated using Eqs. (7), (9) and (17) together with parameters from Table 1 are

shown in Fig. 4b as a function of temperature. For comparison, metastable equilibrium values of MPR

calculated using standard Gibbs energies of the crystalline compounds with parameters from Richard and

Helgeson (1998) are shown by the dashed line appearing in Fig. 4b. The equilibrium values calculated
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for MPI-3 as a function of temperature are shown in Fig. 4c. An accompanying line for the crystalline

species is not shown because the requisite properties of crystalline 3-MP and 9-MP were not reported

by Richard and Helgeson (1998). The main result appearing in Fig. 4a is that the difference between

the standard Gibbs energies of 2-MP and 1-MP decreases with increasing temperature, becoming equal

at ∼415 ◦C. Therefore, the metastable equilibrium value of MPR shown in Fig. 4b decreases with

increasing temperature, going through unity at ∼415 ◦C. The metastable equilibrium value of MPI-3

shown in Fig. 4c also decreases with increasing temperature, in accord with the decrease in the standard

Gibbs energies of both 1-MP and 9-MP relative to 2-MP and 3-MP. The decreases in MPR and MPI-

3 are consistent with reversals of these parameters at high thermal maturities as discussed earlier, as

equilibrium effects become more dominant than kinetic effects in a system undergoing maturation at

high temperature (Fig. 2).

4.3. Propagation of uncertainties in parameters

There are uncertainties in the calculations as a consequence of uncertainties in the thermodynamic

parameters; these theoretical uncertainties can be estimated independently of analytical uncertainties for

values of the maturity parameters observed in experiments or field studies. This estimation of uncer-

tainty is essential, given the paucity of experimental data. A propagation of uncertainty to ∆G◦ at high

temperature based on uncertainties in the parameters at 25 ◦C was performed, followed by an estimate

of the additional uncertainty introduced by neglect of the temperature dependence of C◦
P and V ◦.

Residuals between experimentally and mathematically derived thermodynamic properties at 25 ◦C

of the crystalline compounds reported by Richard and Helgeson (1998) ranged from 1% in C◦
P to 9%

in ∆H◦
f of 4-MP (Chirico et al., 1989), and 4% in ∆H◦

f of P (Coleman and Pilcher, 1966; Finke et al.,

1977). Because of the reliance in the present study on a combination of sources (crystalline species,

solubilities, and relative properties of aqueous species from reported ab initio calculations), there is no

definitive value of uncertainty that can be assigned to the properties listed in Table 1 for the aqueous

species. Therefore, maximum estimates of uncertainty in the parameters at 25 ◦C were provisionally

made and propagated to higher temperatures. A nominal ±10% uncertainty is adopted for the difference

in ∆G◦ at 25 ◦C between 2-MP and each of the other isomers of MP (not to the values of ∆G◦ of the

individual isomers) that are shown in Fig. 4a. A ±10% uncertainty in differences in the values of S◦ and

C◦
P between isomers is also adopted, and the uncertainties propagated to higher temperatures assuming

uncorrelated errors in Eq. (9) using standard uncertainty propagation techniques.

A notable outcome of the uncertainty analysis appearing in Fig. 4a is the broad range of temperature,

∼375 to 455 ◦C, over which the ∆G◦ of 1-MP and 2-MP may be considered to be equal. The ability of the
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model to predict the actual temperature where the crossover occurs is further challenged by the approach

to infinity of the heat capacity and volume at the critical point (∼374 ◦C); these additional uncertainties

are addressed below. The estimates of uncertainty in differences of ∆G◦ between isomers are used to

compute uncertainties in the metastable equilibrium values of MPR and MPI-3 shown in Fig. 4b and

c, again using the standard error propagation method for uncorrelated errors. The numerical values of

uncertainty in MPR and MPI-3 decrease with increasing temperature, but this is due to the decrease

in the values of MPR and MPI-3 themselves; the fractional uncertainty in each of these parameters

increases with temperature in a manner consistent with the broadening of the uncertainty bars apparent

in Fig. 4a. For example, the uncertainty in temperature apparent in Fig. 4b at MPR=2.5 is ∼160 to 220

◦C, while that at MPR=1, in accord with the zone where ∆G◦ of 1-MP and 2-MP are equal in Fig. 4a,

is ∼375 to 455 ◦C. Therefore, unless uncertainties in the differences in values of ∆G◦
f , S◦ and C◦

P for

pairs of isomers at 25 ◦C and 1 bar can be shown to be much less than ±10%, in applications of the

metastable equilibrium model to interpret parameters such as MPR and MPI-3, greater emphasis should

be placed on relative temperatures along thermal gradients than on absolute temperatures inferred from

the calculation, especially at higher temperatures.

4.4. Model uncertainties

Besides uncertainties in the parameters appearing in Eq. (9) and listed for the species of interest

in Table 1, additional uncertainties in the calculations of ∆G◦ at high temperature and pressure are

introduced by the assumption of constant standard partial molal heat capacity and volume of aqueous

species. In reality, these properties are a function of temperature and pressure, but the dependence

is especially profound near the critical point of H2O, where these properties are required to approach

infinite values. There is a lack of sufficient experimental data to constrain these temperature-dependent

functions for C◦
P and V ◦ to characterize the differences between the isomers of MP, using either equation-

fitting to the data or correlation methods to estimate parameters. An analysis is performed below to

estimate the range of error introduced by the simplified model on calculations of the relative stabilities

of the MP isomers. It appears from this analysis that the assumption of constant C◦
P and V ◦ permits a

provisional estimation of the relative stabilities of the isomers that can be used for the major questions

regarding interpretation of field and laboratory data presented later in this study. However, caution

should be exercised if the equation of state described by Eq. (9) is combined with equations used

in extant thermodynamic databases to simulate the consequences of reactions between P or MP and

compounds with dissimilar structures.

An approach based on solvation contributions to the energy has been used by previous workers to
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calculate standard partial molal thermodynamic properties of aqueous organic solutes near the critical

point (e.g. Shock and Helgeson, 1990; Plyasunov and Shock, 2001). In the revised HKF equations

of state for aqueous species (Helgeson et al., 1981; Tanger and Helgeson, 1988; Shock et al., 1992),

the species-dependent Born coefficient (ω) provides a description of the properties of ions that are

influenced by solvation effects. The solvation contributions generally increase with temperature, in

addition to exhibiting asymptotic behavior near the critical point. Effective Born coefficients for neutral

organic species have been devised on the basis of experimental and predicted high-temperature behavior

(Shock and Helgeson, 1990). To assist in the prediction of high-temperature properties of aqueous

organic species for which experimental data are lacking, a correlation between ω and the standard Gibbs

energy of hydration (∆G◦
hyd) at 25 ◦C was developed by Plyasunov and Shock (2001) . The hydration

process is the transfer of a molecule in the gas phase to the aqueous solution. If sufficient data are

available, ∆G◦
hyd can be computed by combining the solubility (transfer of a molecule in the condensed

phase to the aqueous phase; ∆G◦
sol) with the vapor pressure of the pure substance.

The monoaromatic benzene (∆G◦
hyd = 4.29 kJ/mol) and its methylated counterpart toluene (∆G◦

hyd =

4.55 kJ/mol) were included in the correlation with ω described by Plyasunov and Shock (2001), but

sufficient data for PAHs, including independent estimates of ω , were not available. The values of ∆G◦
hyd

themselves carry substantial uncertainty, but possibly decrease for PAHs with larger rings; Amidon and

Anik (1980) estimated a value of ∆G◦
hyd = 14.21 kJ/mol for benzene and ∆G◦

hyd = 1.50 for phenanthrene.

Because of the lack of reported vapor pressure and solubility measurements that could be used to calcu-

late ∆G◦
hyd for the individual MP isomers, currently it is not possible to characterize the differences in

the effective Born coefficient (ω) for the different isomers based on the correlations of Plyasunov and

Shock (2001). To estimate the possible size of uncertainty introduced by this lack of data, the difference

between ∆G◦
hyd of benzene and toluene of 0.26 kJ/mol was used to assign a maximum value of 2 kJ/mol

to the difference between the ∆G◦
hyd of any two isomers of MP. This value takes into account the greater

number of configurations of the methyl groups in the MP isomers relative to toluene, and is also approx-

imately equal to the greatest difference in the ∆G◦
sol between MP isomers (1-MP and 4-MP) at 25 ◦C.

Uncertainties were then derived from a comparison of results for calculations made with ∆G◦
hyd = 0 and

2 kJ/mol to provide a starting point for addressing the effects of differences between the isomers of MP.

Using values of ∆G◦
hyd ≈ 0 and 2 kJ/mol, values of the Born coefficient ω calculated according to

Eq. (8) of Plyasunov and Shock (2001) are −96726 and −104801 J/mol, respectively. These values of

ω can be inserted into the revised HKF equations to calculate the differences in solvation contributions

to standard Gibbs energies of species at high temperature, and, therefore, to address the consequences of
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temperature dependent heat capacity and volume parameters, which have not been explicitly considered

in the present study (Eq. 9). The differences in the solvation contributions of the standard Gibbs energies

of species having these values of ω at representative conditions are −164 J/mol at 300 ◦C and 86 bar,

−1137 J/mol at 373.917 ◦C and 220.46 bar, −548 J/mol at 500 ◦C and 1000 bar, and −260 J/mol at 500

◦C and 2000 bar. The first two T , P pairs correspond to pressures along the vapor-liquid coexistence

curve for H2O; the second of these are the critical-point conditions reported by Levelt-Sengers et al.

(1983) that are implicit in calculations of solvation properties using the revised HKF equations (Shock

et al., 1992) as implemented in SUPCRT92 (Johnson et al., 1992) and, by extension, in CHNOSZ (Dick,

2008). The third and fourth represent the highest temperatures considered in this study, at two different

pressures. Notably, the magnitudes of all but the second Gibbs energy difference are smaller than the

errors propagated from uncertainties in the thermodynamic data that are shown in Fig. 4a. As expected,

the difference in Gibbs energy associated with the provisional maximal difference in Born coefficients

between solutes is largest at the critical point. At temperatures above the critical point, the difference

decreases with increasing pressure. Therefore, the major conclusions reached in this study based on

the computed relative stabilities of isomers are not unduly affected by the unaccounted-for solvation

contributions below ca. 300 ◦C, or at supercritical temperatures at pressures above ca. 2000 bar. In the

critical region, the actual Gibbs energies of the solutes are expected to differ to a greater extent from

those calculated in this study, but the differences may be less than the largest value calculated (−1137

J/mol) if the differences between the Born coefficients (ω) are smaller than the maximum value used to

make the calculations described here.

4.5. Comparison with field-derived and experimental values of MPR and MPI-3

The computed metastable equilibrium values of MPR as a function of temperature for aqueous 2-

MP and 1-MP are compared with various experimental and field-derived data in Fig. 5. The metastable

equilibrium values for aqueous species are shown for reference only and are not meant to imply that all

experimental or natural systems shown consist of aqueous solutions of methylphenanthrene. Instead,

the aqueous solution is a reference state that is useful primarily because of the availability of high-

temperature estimates of thermodynamic data for a greater number isomers of MP as aqueous species

(this study) than as crystalline or liquid species (Richard and Helgeson, 1998), permitting comparisons

with a greater number of aromatic maturity parameters used in organic geochemistry. The metastable

equilibrium values of MPR are shown for two pressures, 0.1 MPa (1 bar) and 200 MPa (2000 bar). It

can be seen that the uncertainties present in the calculation (as shown in Fig. 4b) do not justify more

than a relative consideration of pressure effects. Because the effect of higher pressure is to decrease the
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metastable equilibrium value of MPR (Fig. 5), an increase in pressure with increasing depth or a change

from hydrostatic to lithostatic conditions would magnify the expected drop in MPR as equilibrium is

approached at high temperatures, but the expected effects of pressure on MPR become smaller with

increasing temperature.

The metastable equilibrium value of MPR at 25 ◦C and 1 bar shown in Fig. 5 is based on the rela-

tive Gibbs energies of the species from the quantum chemical simulations of Szczerba and Rospondek

(2010), and is higher than any reported values from field or laboratory studies. However, with increasing

temperature, the metastable equilibrium value of MPR decreases, to the extent that it passes through the

range of MPR observed in mature source rocks (Radke, 1987; George and Ahmed, 2002) at tempera-

tures approximating those at the end of the oil window. The convergence of the predicted values with

the field observations helps to confirm the thermodynamic properties used in the calculations. With a

further increase in temperature, the metastable equilibrium line shown in Fig. 5 passes through the range

of MPR measured by Brocks et al. (2003a) for bitumens in Archean rocks exposed to low metamorphic

grades (ca. 200–300 ◦C). We have plotted only the data for the Hamersley Group reported by Brocks

et al. (2003a), as these samples may be subject to less contamination and migration than those from

the Fortescue Group (Brocks, 2011). In applying the conventional kinetic interpretation of the aromatic

maturity parameters, Brocks et al. (2003a) noted that the MPR ratios were indicative of a lower maturity,

and therefore in conflict with high maturities (wet gas or overmature zone) deduced from other molecu-

lar indicators in the bitumen (sterane and hopane ratios, and presence of diamondoids). Our results help

to reconcile these conflicting observations, as values of MPR reported by Brocks et al. (2003a) can now

be interpreted as reflecting equilibration of the MP ratios at higher temperatures than the oil window.

Among the experiments starting with pure compounds, Nomoto et al. (2000) reacted 1-, 2-, 3- and 9-

MP at 250–400 ◦C in the presence of a clay (Na-montmorillonite) catalyst, and reported the abundances

of the isomers at the end of the experiments. They found rapid interconversion between 1-MP and 2-

MP and decrease of the 2-MP/1-MP ratio with temperature. The metastable equilibrium line shown

in Fig. 5 has a similar slope, but is lower than, the experimental trend of Nomoto et al. (2000). The

reason for this offset may be related to lack of an aqueous solution, as Nomoto et al. (2000) used pure

compounds, which were liquid under the experimental conditions. In any case, the effects of changing

temperature on the abundance ratios of the isomers in the experiments of Nomoto et al. (2000) have a

similar slope as the metastable equilibrium line. The experiments of Voigtmann et al. (1994) had P as

a starting compound; 4- to 3-, and 1- to 2-methyl shifts were observed at temperatures from 230–360

◦C. The positive change of MPR with temperature in the experiments of Voigtmann et al. (1994) might
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indicate that the lower-temperature experimental results were primarily kinetically limited.

Two other experimental studies of MP isomerization using mineral catalysts are those of Alexander

et al. (1995) and McCollom et al. (1999) but neither of these studies reported the relative abundances

of the isomers of MP. Alexander et al. (1995) reacted P in the presence of Ca-montmorillonite at 100

◦C and McCollom et al. (1999) found small amounts of MP when P was reacted with formic acid in

hydrous pyrolysis experiments at 330 ◦C. Pyrolysis experiments on pure compounds reported by Wu

et al. (2002) and on kerogens and bitumens by Garrigues et al. (1990) and Brocks et al. (2003b) did

not include catalysts and were unlikely to have approached metastable equilibrium, which is evidenced

by the reported increases of experimental MPR with temperature, in contrast to the decreasing trend

apparent in Fig. 4a. In the methylation experiments of Smith et al. (1995), coal was included as both

a reactant (hydrogen donor) and catalyst; however, the increase of MPI-3 at temperatures up to 400 ◦C

again is consistent with a departure from a metastable equilibrium distribution of products.

Values of MPI-3 in artificial maturation of kerogen and coal reported by Garrigues et al. (1990) rise

exponentially from ca. 250 to 420 ◦C to a maximum of ∼6.8, then drop in an approximately linear

fashion to ∼2.2–3.2 at 500 ◦C (their Figure 3). The rise in MPI-3 at temperatures below ∼400 ◦C was

interpreted by Garrigues et al. (1990) to be the result of rearrangements to the more stable β isomers

(2-MP and 3-MP); this interpretation is consistent with the relative stabilities of the isomers indicated

by metastable equilibrium values >1 of MPI-3 shown in Fig. 4 below ∼350 ◦C. At higher temperatures,

the experiments of Garrigues et al. (1990) indicated that demethylation of MP was significant, such

that dimethylphenanthrenes were not observable, but the disappearance of MPs was not complete (their

Figure 5). Garrigues et al. (1990) concluded that “Use of the indices is not possible after 400°C, since

the thermal decomposition of methylated phenanthrenes becomes more important than the methylα,β

shifts.” Their conclusion, however, does not give any specific explanation for the sharp drop in MPI-3

they observed at temperatures >420 ◦C.

Partial dealkylation of MPs at temperatures above ∼400 ◦C should not preclude the possibility that

the net effect of the dealkylation reactions and other specific mechanisms is to preferentially decrease the

abundances of the less stable compounds, with a retention of metastable equilibrium. At temperatures

above ∼400 ◦C, the crossing of the curves below unity in Fig. 4c indicates that the more stable isomers

are the α isomers instead of the β isomers. The offsets between the data of Garrigues et al. (1990) and

the metastable equilibrium values shown in Fig. 4c does still indicate a considerable degree of kinetic

control in their experiments, as expected on a short time scale; the thermodynamic analysis however

provides an explanation for the observed drop in experimental MPI-3 at temperatures >420 ◦C.
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5. Applications: testing for equilibrium, and development of a redox proxy

5.1. Equilibration of MPR and MPI-3 in non-mineralized samples

In Fig. 6, values of MPI-3 and MPR reported by George (1992), George and Ahmed (2002), Willi-

ford et al. (2011) and Chen et al. (2003) are compared with the equilibrium model. All four literature

sources give measurements of MPR and MPI-3 (or MPDF, which was converted to MPI-3 using Eq. 5)

along a presumed or likely thermal gradient. The plots in Fig. 6 show calculated values of apparent

temperature (Tapp) in a hypothetical situation where the values of MPR or MPI-3 represent metastable

equilibration among the isomers; the equilibrium Tapp are represented by the lines in Fig. 4. The plots

in Fig. 6 are useful for testing the hypothesis of metastable equilibrium between isomers of MP. There

are two conditions for equilibrium: 1) at equilibrium, the Tapp computed using MPR and MPI-3 should

be equal; 2) at equilibrium the values of Tapp should increase in proximity to the presumed heat source.

In case increasing values of Tapp are observed, but they are not equal for both MPR and MPI-3, the

maturity ratios may be influenced by reactions progressing toward, but not having attained, metastable

equilibrium.

Two examples of the onset of equilibration in isomer ratios are shown in Fig. 6a and b. The values

of MPR and MPI-3 (calculated from MPDF) in a Dinantian (Lower Carboniferous) siltstone in the

Midland Valley of Scotland decrease sharply at the closest proximity to the Spouthead dyke of Permian

age (George, 1992). A conventional kinetically controlled maturity model, which would predict increase

in MPR and MPI-3 at the highest maturities, does not explain the decrease in these parameters. However,

in the equilibrium model, Tapp is seen to increase at the final approach to the dyke (arrow in Fig. 6a),

which is consistent with a tendency toward equilibration of the isomers brought on by a local pulse of

heat. The increase in Tapp in the other direction, away from the dyke, corresponds to low but increasing

values of MPR and MPI-3 during the kinetic leg of the maturity sequence (cf. Fig. 2), and these values of

Tapp (represented by open symbols in Fig. 6) should not be regarded as representing any real temperature

or signal of equilibration.

In the deepest parts of the McManus-1 core of the middle Velkerri Member in the McArthur Basin

in Australia, George and Ahmed (2002) reported values of MPR that exhibit greater scatter and some

reversing trends at depth. A decrease in this parameter at high maturities is not expected in conven-

tional models for kinetically controlled maturation process. The metastable equilibrium model gives

an increase in Tapp to the right of the arrow in Fig. 6b, occurring at temperatures ∼200 ◦C, which are

geologically reasonable for a basin like this. We regard the hypothesis of equilibration to be unlikely for

the samples represented by open symbols in Fig. 6b, where kinetically controlled maturation is the most
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likely explanation. An alternative explanation for the reversing trend at depth is that a decrease in MPR

or MPI-3 can be caused by transport of less altered organic matter from other locations. However, if the

transport is from deeper zones, transport may help to preserve a high-temperature equilibrium signal,

since deeper areas would be hotter and more likely to equilibrate toward lower values of MPR and MPI-

3, and transport upward would tend to cool the reactants and slow their interconversion or preferential

degradation.

5.2. Equilibration of MPR and MPI-3 in mineralized samples

The McArthur River, or “Here’s Your Chance” (HYC) Pb-Zn-Ag deposit in the Northern Territory,

Australia is a well-studied deposit from the perspective of aromatic compounds found in the bitumens

associated with both the mineralized and non-mineralized zones (Chen et al., 2003; Mackenzie et al.,

2008; Williford et al., 2011; Holman et al., 2012). The HYC ore deposit is a sediment-hosted base metal

deposit that most likely formed as a consequence of infiltrating hydrothermal fluids from the Emu fault

zone, to the north and north-east of the mine (Large et al., 1998), but the depths at which the fluids were

sourced, and the degree to which the deposition of the metal sulfides in the ore deposit is syngenetic or

epigenetic, continues to be a matter of debate (Logan et al., 2001).

Both Chen et al. (2003) and Williford et al. (2011) suggested that the aromatic compounds they

isolated from the samples formed as a result of heating by possible ore fluids, but whether the compounds

recorded were in situ or transported from deeper regions has not been conclusively demonstrated. Chen

et al. (2003) studied the #2 orebody, and proposed temperatures greater than 250 ◦C to explain the

presence of PAHs including pyrene, benzo(e)pyrene, benzo(ghi)perylene and chrysene. Two of the

sampling locations (2E4/G 1 and 2E3/9 3) were in the northern portion of the mine, closer to the source

of the mineralizing hydrothermal fluids and therefore regarded by Chen et al. (2003) as representing

“hotter” conditions than the two ore samples from the other “cooler” locality (2H9/1C). Williford et al.

(2011) studied the stratigraphically higher #5 orebody along a north-south transect, and concurred with

these temperatures for formation of PAHs, and also suggested that the PAHs migrated upward with

the ore-forming fluids, cooling to ∼200 ◦C where mineralization occurred. In the study of Chen et al.

(2003), the aromatic maturity ratios were shown to exhibit a systematic change between “hotter” and

“cooler” zones along the major direction of fluid flow inferred for the #2 orebody (Logan et al., 2001),

but Williford et al. (2011) could not find a clear geographical trend in aromatic ratios in samples from

the #5 orebody, which they suggested could be consequence of a more easterly source of fluids (Ireland

et al., 2004).

The values of Tapp shown in Fig. 6c calculated using data from Chen et al. (2003) show an increase
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with proximity to the fault zone in accord with the hypothesis of Chen et al. (2003) that these samples

were exposed to hotter conditions. We interpret this increase in Tapp to represent a signal of metastable

equilibration, indicated by the arrow in Fig. 6c. Notably, the highest values of Tapp shown in Fig. 6c are

less than 200 ◦C (for both MPI-3 and MPR; the points plot at the nearly same Tapp), which are lower than

the temperatures proposed by Chen et al. (2003) and Logan et al. (2001), so the values may reflect a shift

to equilibrium at lower temperatures than those found in the deepest parts of the hydrothermal system.

In contrast, the values of Tapp shown in Fig. 6d, calculated using data from Williford et al. (2011), meet

neither of the criteria for equilibrium. Compared to other plots in the figure, the Tapp between MPR and

MPI-3 for the data from Williford et al. (2011) shown in Fig. 6d do not exhibit a systematic convergence,

and there is no obvious increase in Tapp in proximity to the fault zone that is the presumed source of the

fluids.

If any possible isomeric equilibration between the PAHs occurred, it would be more likely at the

higher temperatures deeper in the hydrothermal system, not in the depositional environment of the

orebody proper, where hydrothermal fluids would mix with either open ocean or dominantly cooler

seawater-derived fluid in the pores. Therefore, the trends in relative abundances of isomers reported by

both Chen et al. (2003) and Williford et al. (2011) may be controlled to a greater extent by fluid source

at depth and discharge patterns, instead of an actual thermal gradient located within the present location

of the orebody relative to the Emu fault zone. Nevertheless, the values of MPR and MPI-3 reported by

Williford et al. (2011) are significantly lower than those of Chen et al. (2003), which can be explained

using the conventional kinetically controlled model for maturation at a lower maturity in the samples of

Williford et al. (2011). This outcome is also consistent with the deuterium isotope results reported by

Williford et al. (2011) that are indicative of exchange with a brine.

5.3. Use of MPR as a geothermometer

MPR is sensitive to temperature (Fig. 4b) so it is possible to use this parameter as a geothermometer.

Temperature estimates are challenging in low grade metamorphic rocks such as those in which MPR ra-

tios might be measured. Existing geothermometers, such as the illite crystallinity index, are notoriously

sensitive to kinetic effects and other factors such as crystal size, strain, sample preparation and calibra-

tion methods (e.g. Roberts et al., 1991; Bertrand et al., 1998; Mählmann and Frey, 2012). While kinetic

effects have to be carefully assessed for MPR, it is possible to assess the proximity to equilibrium via

comparison of the different ratios as described above, and the kinetics of MP isomerization reactions are

likely to be more rapid than for recrystallization of a solid phase such as illite, which favors the use of

this parameter in geothermometry. However, the relatively wide error bars in Fig. 4b, and the restricted
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data set from which the thermodynamic parameters are drawn, mean that while this initial calibration of

the MP geothermometer may be relatively robust in relative terms, absolute temperature values should

be treated with caution and further testing is required. Nevertheless, MPR measurements seem likely to

provide a promising addition to our arsenal of geothermometers.

5.4. Equilibrium values of MPI-1 in temperature and redox space

The definition of MPI-1 (Eq. 3) includes abundances of P and MPs, for which the average oxidation

states of carbon are −0.71 and −0.8, respectively. Because of these differences, the value of MPI-1 at

metastable equilibrium is sensitive to changes in oxidation-reduction conditions, not only temperature.

In early studies, the correlation between MPI-1 and vitrinite reflectance was found to reverse at high Ro

(Radke et al., 1982a; Radke and Welte, 1983). Arouri et al. (2000) found values of MPI-1 in solvent

extracts of acritarch-rich rock samples that were lower than expected for the high maturities deduced

from spectroscopic (laser Raman) observations (estimated paleotemperature of about 230 ◦C). Other

field observations indicate that redox conditions as well as temperature exert an influence on MPI-1. For

example, MPI-1 was also observed to decrease with a shift from reducing to oxidizing conditions in the

Kupferschiefer (Püttmann et al., 1989; Sun, 1998; Bechtel et al., 2001). To quantify this sensitivity, we

calculate metastable equilibrium values of MPI-1 as a function of both the activity of hydrogen (aH2(aq))

and temperature, sharing features with a previously proposed model for metastable equilibrium between

alkanes and alkenes by Shock (2000).

The overall conversion between P and MP, which may be a result of their preferential formation or

destruction, is a redox-sensitive process. An overall reaction between P and MP conserving carbon can

be written as

15C14H10(P)+9H2(aq) 
 14C15H12(MP) . (18)

This reaction is analogous to one written by Zolotov and Shock (1999) to assess the relative stabilities

of naphthalene and methylnaphthalene. As noted by those authors, the reaction written in this way

does not represent any mechanism. Reaction 18 represents mass balance, based on the stoichiometric

differences of the species, and specifically does not carry any implications regarding mechanisms and

rates of conversion, formation or destruction of the species.

Equilibrium values of MPI-1 calculated as a function of logaH2(aq) and temperature are shown in Fig.

7. At a constant temperature, increasing logaH2(aq) favors formation of MP, which has a lower oxidation

state of carbon (is more reduced) than P, thereby increasing the equilibrium value of MPI-1. This finding

is consistent with the proposal (Szczerba and Rospondek, 2010) that more oxidizing conditions might

explain the decrease in MPI-1 at high maturities originally identified by Radke et al. (1982a) and Radke
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and Welte (1983). The calculated values of MPI-1 shown in Fig. 7 are similar to observed values

for geologically reasonable ranges of temperature and logaH2(aq) . For example, tracking the values of

logaH2(aq) along the hematite-magnetite buffer line shown in Fig. 7, the metastable equilibrium values

of MPI-1 decrease from 2 to 1 at ca. 170 to 310 ◦C. These values of MPI-1 are in the range known to

occur in highly matured samples (Radke et al., 1982a).

5.5. Comparison of ore and non-ore samples in temperature and redox space

Consideration of the results of the equilibrium calculations described above suggests that it may

be possible to use MPR and MPI-1 as proxies for temperature and redox conditions in hydrothermally

altered systems. These proxies are interesting especially for assessing the probable conditions of fluids

involved in formation of ore deposits, as the proxies may provide information on apparent temperatures

and redox conditions in samples from mineralized and non-mineralized locations. Values of MPI-1 and

MPR taken from the literature are shown in Fig. 8a for samples already assessed as having some imprint

of equilibration, i.e. those represented by filled symbols in Fig. 6. The points shown in Fig. 8a using

data from Brocks et al. (2003a) for the Hamersley Group are those for which values of Tapp calculated

from MPR and MPI-3 differ by less than 50 ◦C (samples Rae6, Mam2, Mam1). In this figure it can be

seen that the ore-system samples have higher values of MPI-1 than the unmineralized samples. Because

of the low coverage of available data, is difficult to establish the generality of pattern of a higher MPI-1

in sulfide ore deposits than in non-mineralized, but heated sediments.

We calculated values of temperature and logaH2 , shown in Fig. 8b, that would characterize the

system if the values of MPR and MPI-1 shown in Fig. 8a were equilibrium values. First, MPR, which is

not redox-sensitive, was converted to an equilibrium value of temperature using the curve shown in Fig.

4b. The values of calculated temperature and reported MPI-1 were combined with the contours shown

in Fig. 7 to derive values of logaH2 that are shown in Fig. 8b. Comparisons between these values of

T and logaH2 with the sulfide-sulfate system or other inorganic redox reactions may be used to assess

possible buffering effects or other interactions between organic and inorganic species. The curve in Fig.

8b was calculated from the law of mass action for

SO2−
4 +2H++4H2(aq) 
 H2S(aq)+4H2O , (19)

which can be written as

logK = log
aH2S(aq)

aSO2−
4

+4logaH2O −4logaH2(aq) −2logaH+ . (20)

Values of logK for Reaction 19 were calculated using CHNOSZ (Dick, 2008); standard molal thermo-

25



dynamic properties and equations of state parameters for SO2−
4 were taken from Shock and Helgeson

(1988), and those for H2S(aq) were taken from Shock et al. (1989) and Schulte et al. (2001). The line in

Fig. 8b corresponds to values of logaH2(aq) calculated using aH2S = aSO2−
4

, aH2O = 1 and pH of neutrality,

i.e. pH=− logaH+ =− logK21/2 where logK21 refers to the following reaction:

H2O 
 H++OH− . (21)

At temperatures greater than ∼50 ◦C, the pH of neutrality is such that H2S forms to a greater extent than

HS−, which is why the former was used in writing Reaction 19. At neutral pH at temperatures above

295 ◦C, HSO−
4 becomes more dominant than SO2−

4 ; this shift in speciation would be apparent as a small

counterclockwise rotation of the line shown in Fig. 8b, such that the line would pass through the lower

of the two high-temperature points.

It can be seen in Fig. 8b that the values of temperature and logaH2(aq) inferred by interpreting the

measured MPR and MPI-1 as ratios at metastable equilibrium fall on both sides of the equal-activity

line between SO2−
4 and H2S. It follows that the relatively high values of MPI-1 found in the ore-derived

samples (Chen et al., 2003) and high-maturity source rocks (George and Ahmed, 2002) considered

here may be used as proxies for reducing conditions, consistent with the potential for sulfidization.

In contrast, more oxidizing conditions are suggested by the metastable equilibrium interpretation of

maturity ratios in organic matter found closest to an igneous intrusion (George, 1992) and in one of the

heated Archean samples (Brocks et al., 2003a). Two of the samples with data reported by Brocks et al.

(2003a) are plotted in Fig. 8b at ca. 350–360 ◦C and relatively reducing conditions. These temperatures

are higher than the range of metamorphic temperatures discussed by Brocks et al. (2003a). As noted

above, the retrieval of absolute temperatures may not be possible; a temperature difference of 50 ◦C is

within the uncertainties associated with the thermodynamic derivations, and other factors, such as the

difference between aqueous and solid-phase properties (see Fig. 4) should also be considered.

To summarize, there is an apparent trend toward more reducing conditions for the ore-derived and

high-maturity source-rock samples compared to samples affected by local heating due to igneous activity

or regional low-grade metamorphism. For the ore system, these findings are consistent with a scenario in

which hydrothermal fluids are either carriers of the aromatic compounds or simply in contact with them.

If the fluids were carriers of aromatic compounds, then the fluids most likely contained reduced sulfur

species rather than sulfate. If, on the other hand, the moving fluids reacted with organic matter that was

already in place, the source of reducing equivalents could be inorganic, such as previously deposited

pyrite or other sulfides.
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6. Conclusions

This study was motivated by reported observations that values of the methylphenanthrene ratio 2-

MP/1-MP (MPR) reverse in high-maturity source rocks at temperatures higher than the oil window

(>130 ◦C), and some values are found that are lower than expected in metamorphosed Archean shales

(estimated temperatures ∼250–300 ◦C) and in igneous and hydrothermal systems. Data available in

the literature for the equilibrium constant of the reaction between aqueous 1-MP
2-MP are available

only at 25 ◦C. In this study, we estimated a set of standard molal thermodynamic properties (∆G◦
f , ∆H◦

f ,

S◦, C◦
P, V ◦) at 25 ◦C in order to generate provisional estimates of the standard Gibbs energies of P and

isomers of MP to ∼500 ◦C. The calculated equilibrium constant of the reaction 1-MP
2-MP decreases

significantly with increasing temperature. Therefore, the stability difference between the α- and β -

isomers becomes smaller at higher temperatures, eventually so that the α isomer becomes more stable.

Quantifying this behavior enables the use of MPR and related maturity indicators as geothermometers;

however, error propagation analysis suggests that this is best used as a tool to recognize relative tem-

peratures (i.e. geothermal gradients) rather than as a measure of absolute temperature. Based on these

findings, reports in the literature of reversals of some aromatic maturity ratios at high temperature are

not anomalies, but instead are expected outcomes of the onset of metastable equilibration of the system

with increasing temperature.

Metastable equilibrium will only be reached in systems that are old enough, and/or have been heated

sufficiently that P and MP abundances approach an equilibrium distribution. Comparison of apparent

temperatures of metastable equilibrium in samples revealed a number of samples that have a plausible

metastable equilibrium signature. P and isomers of MP can also be used as organic tracers also of

redox conditions. High MPI-1 values for organic compounds associated with ore deposits and a deep

hydrocarbon exploration well, but not intrusive or metamorphosed samples, indicate redox conditions

toward the reducing (sulfide) side of the sulfide-sulfate stability boundary. The metastable equilibrium

constraints do not imply any specific mechanisms, but are compatible with, and place constraints on,

the probable products of reaction mechanisms that include preferential degradation or isomerization

through structural rearrangements. Fluid flow and migration can dramatically alter the observed maturity

parameters, so inferences based on the metastable equilibrium model must be made in the context of

these processes.
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Figure 1: Structures of the major compounds considered in this study and simplified depiction of reaction pathways during

geosynthesis and maturation. The [CH2] represents the difference in elemental stoichiometry between P and MP.
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Figure 2: Generalized depiction of the change in an isomerization maturity parameter (MPR or MPI-3) with increasing time

and temperature. The initial increase reflects a kinetic response as the reaction goes toward, but has not yet reached metastable

equilibrium. A thermodynamic response at higher temperatures may cause a decrease in the maturity parameter as a result of

a changing equilibrium constant. A constant value for the maturity parameter beyond the dashed vertical line would only be

expected if the equilibrium constant(s) for the reaction(s) had no temperature dependence.
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Figure 3: Temperature variation of solubility in mole fraction units for P, 1-MP, 2-MP and 4-MP, calculated by combining

Eqs. (10) and (11) with the standard molal Gibbs energies of solution calculated from the difference between ∆G◦ of the

crystals using parameters from Richard and Helgeson (1998) and the aqueous species using the parameters listed in Table 1.

Pressure is 1 bar below 100 ◦C and the saturation vapor pressure of H2O (PSAT) at higher temperatures. The symbols represent

experimental data to 73 ◦C for P (Wauchope and Getzen, 1972) and to 30 ◦C for P and 1-MP (May et al., 1983).
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Figure 4: (a) Differences between calculated ∆G◦ of aqueous 2-MP and other MP isomers as a function of temperature at

1000 bar. ∆G◦ of 4-MP (not shown) is more than 35 kJ mol−1 higher than ∆G◦ of 2-MP over the entire temperature range. (b)

Values of the ratios MPR (Eq. 1) and (c) MPI-3 (Eq. 2) for metastable equilibrium among the aqueous MP isomers (solid lines)

or crystalline isomers (dashed line). ∆G◦ and metastable equilibrium distributions were calculated using the thermodynamic

properties of the aqueous species given in Table 1 and of the crystalline compounds taken from Richard and Helgeson (1998).

The shaded areas in each figure indicate the representative uncertainties in the derivation of the thermodynamic properties (see

text).
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as a function of temperature with field-derived values (shaded boxes; George and Ahmed, 2002 and Radke, 1987 for a range

of MPR in mature source rocks, and Brocks et al., 2003a for extractable hydrocarbons in late Archean shales of the Hamersley

Group exposed to low-grade metamorphism), experimental values (open symbols; Nomoto et al., 2000 for experiments starting

with pure 1-MP or 2-MP, as indicated, in the presence of a clay catalyst and Voigtmann et al., 1994 for methylation in hydrous

pyrolysis experiments) and quantum chemical calculations (filled circle; Szczerba and Rospondek, 2010). The upper temper-

ature limit of the oil window, made for comparison with the MPR in mature source rocks, is nominally taken to be between

130–160 ◦C; see text for references.
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Figure 6: Plots of apparent temperature (Tapp) for hypothetical assemblages of isomers of aqueous methylphenanthrene in

metastable equilibrium that reproduce the values of MPR and MPI-3 reported in selected studies. Pressure is set to a constant

value (P = 25 MPa; 250 bar) above the critical pressure so that stability of the subcritical liquid is ensured; decreasing the

pressure to 0.1 MPa (1 bar) raises the Tapp by ∼5 ◦C. In each panel, the progression of sampling locations is arranged so that

presumed higher temperatures are toward the right-hand side i.e. closer to the contact with the igneous intrusion as reported

by George (1992) (a), deeper in the sediment column as reported by George and Ahmed (2002) (b), or closer to the source

of hydrothermal fluids in the HYC ore deposit as reported by Chen et al. (2003) (c) and Williford et al. (2011) (d). Only in

(b) is the scale of the x-axis linear with respect to depth; in the other plots, the gradations on the x-axis represent individual

sampling locations. The total distance between sampling locations is approximately 800 m in the studies of both Chen et al.

(2003) and Williford et al. (2011), but the samples in the respective studies are from different traverses in the mine. Open

symbols indicate samples with values of MPR and MPI-3 that are interpreted in the present study to be primarily influenced

by a kinetically controlled maturation process; arrows and filled symbols indicate an upward trend of Tapp at high temperatures

that is consistent with the onset of equilibration among the isomers (see Section 5.5).
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Table 1: Standard molal thermodynamic properties of aqueous species generated in this study.
formula ∆G◦

f
a ∆H◦

f
a S◦Pr,Tr

b,d C◦
P

b,e V ◦c,e

phenanthrene C14H10 300730f 155570g 246.9 447.3 161.6
1-methylphenanthrene C15H12 299310f 128600g 297.6 549.4 165.6
2-methylphenanthrene C15H12 293740h 120150i 287.9 539.8 171.1
3-methylphenanthrene C15H12 294290h 120610i 287.7 539.8 171.1
4-methylphenanthrene C15H12 330230h 152660i 274.6 569.2 177.6
9-methylphenanthrene C15H12 298090h 126760i 295.5 549.4 165.6

a. J mol−1. b. J K−1 mol−1. c. cm3 mol−1. d. Calculated by combining the values of ∆G◦
f and ∆H◦

f
in this table with the entropies of the elements and ∆G◦ = ∆H◦−T ∆S◦. e. Calculated by combining
the values of C◦

P or V ◦ of the crystalline compounds (Richard and Helgeson, 1998) with ∆C◦
P,sol for P

or 1-MP obtained in a least-squares fit using Eq. (9) of solubility data reported by May et al. (1983)
or with ∆V ◦

sol for P taken from Sawamura (2000) and ∆V ◦
sol for all MPs calculated using Eq. (13). The

∆C◦
P,sol of 1-MP was used here for the other MPs, for which experimental data are lacking. The C◦

P and
V ◦ of crystalline 3-MP and 9-MP, not given by Richard and Helgeson (1998), were taken to be equal to
those of 2-MP and 1-MP, respectively. f. Calculated by combining the values of ∆G◦

f of the crystalline
compounds (Richard and Helgeson, 1998) with ∆G◦

sol obtained in a least-squares fit using Eq. (9). g.
Calculated by combining the value of ∆H◦

f of the crystalline compounds (Richard and Helgeson, 1998)
with enthalpy of solution (∆H◦

sol ) calculated from ∆G◦
sol and ∆S◦sol obtained in a least-squares fit using

Eq. (9). h. Calculated by combining the value of ∆G◦
f of 1-MP in this table with the difference in ∆G

between 1-MP and the other MPs given by Szczerba and Rospondek (2010). i. Calculated by combining
the value of ∆H◦

f of 1-MP in this table with the difference in ∆H between 1-MP and the other MPs given
by Szczerba and Rospondek (2010).



Table 2: Experimental and calculated solubilities in water at 25 ◦C, in mg/L. Predicted values were obtained from EPISuite or
calculated in this study.

experimental EPISuitea this studyb

phenanthrene 1.18c, 1.29d, 1.002e, 0.980f 0.677 1.074
1-methylphenanthrene 0.269e, 0.270f 0.1706 0.270
2-methylphenanthrene 0.28g 0.2629 0.344
3-methylphenanthrene 0.2629 0.275h

4-methylphenanthrene 0.1706 0.009
9-methylphenanthrene 0.446i 0.2467 0.441h

a. Calculated using EPISuite (algorithm: WSKOW v1.41) (U.S. Environmental Protection Agency,
2011). b. Converted to units of mg/L from the molal solubility calculated using Eq. (10), where ∆G◦

sol
is the difference between ∆G◦

f at 25 ◦C of the crystalline compounds (Richard and Helgeson, 1998)
and aqueous species (Table 1). c. Smoothed value at 25 ◦C taken from Wauchope and Getzen (1972).
d. Mackay and Shiu (1977). e. May et al. (1978). f. Taken from the fits to experimental solubilities
as a function of temperature reported by May et al. (1983). g. Value listed by Isnard and Lambert
(1989) from an unidentified source. h. Estimated using values of ∆G◦

f of crystalline 2-MP and 1-MP as
substitutes for crystalline 3-MP and 9-MP, respectively. i. Taken to be 1/2.4 the solubility of P listed in
the final column, based on a statement made by Rogoff (1962).


