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Abstract

Organic minerals are natural organic compounds with both a well-defined chemical composition and crystallographic 
properties; their occurrences reveal traces of the high concentration of certain organic compounds in natural environments. Thus 
the origin and process of formation of organic minerals will lead us to understand the fate and behavior of the organic molecules 
in the lithosphere. With the aim of their contribution to new developments in mineralogy, we subdivide organic minerals into 
two groups: (1) ionic organic minerals, in which organic anions and various cations are held together by ionic bonds, and (2) 
molecular organic minerals, in which electroneutral organic molecules are bonded by weak intermolecular interactions. This 
review is composed of four sections. The first section is concerned with the definition of both organic minerals and the above 
two groups. The second deals with crystal chemistry and geochemistry of oxalate minerals, which are the most typical ionic 
organic minerals. In this section, the role of (H2O)0 is first discussed, as most oxalate minerals incorporate (H2O)0 into their 
crystal structures. Then the phase relationships among hydrous and anhydrous calcium oxalate minerals, namely their structural 
hierarchy, are described, owing to the fact that they are the most abundant ionic organic minerals. In addition, the weak Jahn–
Teller effect of the Fe2+ ion is exemplified in humboldtine [Fe2+(C2O4)•2H2O]. The Fe2+ ion causes distortions of octahedra in 
this organic mineral, though the effect has hardly been observed in inorganic minerals. In the third section, we describe the crystal 
chemistry and process of formation of polycyclic aromatic hydrocarbon (PAH) minerals, which are the most typical molecular 
organic minerals. Those of karpatite (C24H12) and idrialite (C22H14) are particularly considered in detail. In the fourth section, we 
summarize the characteristics of organic minerals and discuss their contribution to Earth and planetary sciences.

Keywords: organic minerals, oxalate, polycyclic aromatic hydrocarbons, whewellite, karpatite, ionic crystals, molecular crystals, 
structural units, structural hierarchy, carbon isotopic composition.

Sommaire

Les minéraux organiques sont des composés organiques naturels ayant à la fois une composition chimique et des propriétés 
cristallographiques bien définies. Leurs présence témoigne de la concentration élevée de certains composés organiques dans les 
milieux naturels. Donc, l’origine et les processus de formation des minéraux organiques nous permettront de comprendre le sort 
et le comportement de molécules organiques dans la lithosphère. Dans le but de contribuer à l’essor de nouveaux développements 
en minéralogie, nous divisons les minéraux organiques en deux groupes: (1) minéraux organiques ioniques, dans lesquels les 
anions organiques et divers cations sont liés par des liaisons ioniques, et (2) minéraux organiques moléculaires, dans lesquels 
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new model of mineral formation, since they are the 
most common minerals in ionic and molecular organic 
minerals, respectively.

Definition of Organic Minerals in this Review

Some textbooks in the geosciences define minerals 
as crystalline inorganic materials that occur in natural 
environments (e.g., Wills & Napier-Munn 2006, Kolay 
2007). However, minerals are not limited to inorganic 
substances. The CNMNC of IMA defines minerals as 
follows (Nickel & Grice 1998): a mineral substance 
is a naturally occurring solid that has been formed by 
geological processes, either on Earth or in extrater-
restrial bodies. It has been known since the mid-18th 
century that some organic compounds, such as hydro-
carbon substances and organic salts, crystallize in 
natural environments (Brooke & Miller 1852). Mason 
& Berry (1968) mentioned oxalate and hydrocarbon 
minerals occurring in peat and coal, which demonstrates 
that organic minerals have been recognized since the 
early stages of modern mineral science.

The traditional definition explains that minerals are 
formed by inorganic processes, but it is increasingly 
recognized that minerals may also be produced organi-
cally, e.g., calcium carbonate of mollusk shells (Klein 
& Dutrow 2008). Crystals of calcium oxalate, one of 
the most common organic minerals, are also produced in 
the urinary system in the human body (Wesson & Ward 
2007). Recognition of these materials has spawned a 
new area of research, biomineralization, which is the 
study of the processes by which organisms produce 
minerals (Weiner & Dove 2003). In addition, the defini-
tion of a mineral requires both well-defined chemical 
composition and highly ordered atomic arrangement, 
criteria that exclude amber, the best known organic 
solid substance in the lithosphere, from the mineral 
catalogue. For the purpose of this review, the traditional 
and restrictive distinction of mineral is used, as many 
comprehensive reviews and textbooks concerning 

les molécules organiques électroneutres sont liées les unes aux autres par de faibles interactions intermoléculaires. Cette vue 
d’ensemble comprend quatre thèmes principaux. La première section porte sur la définition générale des minéraux organiques et 
des deux groupes nommés ci-haut. La deuxième porte sur la cristallochimie et la géochimie des oxalates, les minéraux organiques 
ioniques les plus typiques. Nous discutons d’abord du rôle de (H2O)0, parce que la plupart des minéraux de ce groupe incorporent 
(H2O)0 dans leurs structures cristallines. Ensuite, nous décrivons les relations de phases parmi les minéraux oxalatés de calcium, 
hydratés et anhydres, et en particulier leur hiérarchie structurale, ces composés étant les minéraux organiques ioniques les plus 
abondants. De plus, nous décrivons à titre d’exemple le faible effet de Jahn–Teller causé par l’ion Fe2+ dans la humboldtine, 
[Fe2+(C2O4)•2H2O]. L’ion Fe2+ cause une distorsion des octaèdres de ce minéral organique, quoique l’effet est à peine décelé 
dans les minéraux inorganiques. Le troisième thème traite de la cristallochimie et du processus de formation de minéraux 
hydrocarburés polycycliques aromatiques (PAH), qui sont les plus typiques de la classe de minéraux organiques moléculaires. 
En particulier, nous examinons le cas de la karpatite (C24H12) et de l’idrialite (C22H14). Nous terminons avec un résumé des 
caractéristiques des minéraux organiques et une discussion de leur contribution aux sciences de la Terre et des planètes.

	 (Traduit par la Rédaction)

Mots-clés: minéraux organiques, oxalate, hydrocarbures polycycliques aromatiques, whewellite, karpatite, cristaux ioniques, 
cristaux moléculaires, unités structurales, hiérarchie structurale, composition isotopique du carbone.

Introduction

All organic minerals described in The System of 
Mineralogy, 8th edition (Gaines et al. 1997), are clas-
sified as salts of organic acids; however, molecular 
organic crystals such as karpatite (coronene, C24H12) 
should be grouped separately, as salts are compounds 
produced by the neutralization reaction of acid and base 
(Myers 2003). In addition, mineral species are tradi-
tionally classified on the basis of the main anion, e.g., 
O2–, S2–, and Cl–, anionic complex, e.g., OH–, SO4

2–, 
CO3

2–, PO4
3– and SixOy

Z–, or lack of an anion, e.g., 
native gold, graphite, and diamond (Mills et al. 2009). 
According to this traditional classification, organic 
minerals are divided in this review into two groups: 
(1) ionic organic minerals, in which organic anions and 
various cations are mainly held together by ionic bonds, 
and (2) molecular organic minerals, in which electro-
neutral organic molecules are bonded by weak intermo-
lecular interactions. In other words, these two types of 
organic minerals can be distinguished by whether their 
structural unit is electrically charged (ionic organic 
mineral) or neutral (molecular organic mineral). The 
former group contains 27 species of organic minerals, 
and the latter comprises 18 species; all 45 species of 
organic minerals in the current list of the Commission 
on New Minerals, Nomenclature and Classification of 
International Mineralogical Association (IMA/CNMNC 
list of mineral names: Nickel & Nichols 2008) and the 
newly reported ammine mineral, ammineite (Bojar et 
al. 2010) are classified into either of the two groups. 
Note the anionic parts of all ionic organic minerals 
contain relatively weak polar bonds, e.g., C–C, C–H, 
C–N, and N–H bonds, whereas electroneutral molecules 
in molecular organic minerals consist mainly of these 
bonds, being the most distinguishing characteristics of 
organic minerals.

In this review, we describe the crystal chemistry 
and geochemistry of oxalate and polycyclic aromatic 
hydrocarbon (PAH) minerals in detail to illustrate a 
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amorphous organic matter and biominerals have been 
published (Lowenstam & Weiner 1989, Anderson & 
Crelling 1995, Franceschi & Nakata 2005).

In this review, graphite is excluded from the list 
of organic minerals. Polymorphs of carbon, e.g., 
diamond and fullerenes, should be included in a 
list of organic minerals if graphite is recognized as 
an organic mineral. The authors of the reviews and 
textbooks on organic geochemistry do discuss the 
occurrences and isotopic geochemistry of disordered 
graphite and carbonaceous substances. In addition, 
silicate minerals with organic ions, tsaregorodtsevite 
[N(CH3)4[Si2(Si0.5Al0.5)O6]2] (Pautov et al. 1993), kyan-
oxalite [(Na,Ca,K)8Al6Si6O24(C2O4)2] (Chukanov et al. 
2009), and melanophlogite (Si46O92•C2.2H17.3O5.4S0.1) 
(Žák 1972) hosting organic molecules are not consid-
ered as organic minerals in this review. This is because 
they are framework (alumino)silicate minerals similar 
to zeolite, and their basic crystal structures consist of 
SiO4 and AlO4 tetrahedra. The organic ions or mole-
cules hosted by them do not substantially contribute 
to building their framework structure. On the other 
hand, oxalate anions in sulfate–oxalate minerals, e.g., 
coskrenite-(Ce) [(Ce,Nd,La)2(SO4)2(C2O4)•8(H2O)], are 
electrostatically linked to cation polyhedra, being one 
of building blocks in the structure (Peacor et al. 1999).

Background Information

The lithosphere holds over 99.99% of the carbon 
on Earth (Kempe 1979). Inorganic carbon, such as in 
carbonate minerals, accounts for the 75%, and organic 
carbon, such as kerogen, makes up the rest (Hunt 1995). 
Sedimentary rocks are the largest repository of organic 
carbon, and account for over 30,000 times as much as 
that of living matter at the Earth’s surface (Ishiwatari 
2004). This high abundance shows that organic carbon 
in the lithosphere is important for the carbon cycle of 
the Earth.

The approved mineral catalogue of the CNMNC 
of IMA (Nickel & Nichols 2008) lists only 44 species 
of organic minerals, compared to over 4200 species 
of inorganic minerals. In the past, over 200 names 
of organic minerals existed; most of them, however, 
were rejected as independent mineral species in later 
investigations (Dondi & Puggioli 1990, 1991). In The 
System of Mineralogy, 6th edition, Dana (1892) listed 74 
mineral names for natural organic compounds; however, 
the 8th edition (Gaines et al. 1997) contains descriptions 
of only nine species among them. The main reason 
for rejection is the problem of determining chemical 
composition. Karpatite, a molecular crystal of coro-
nene (C24H12, App. XII), was firstly described as the 
C33H17O substance investigated by Piotrovskii (1955). 
Afterward, Murdoch & Geissman (1967) discovered the 
same mineral from San Benito, California, determined 
the chemical composition as C24H12, and named it 
“pendletonite”. However, Frank-Kamenetskii et al. 

(1967) revealed that karpatite from Trans-Carpathia and 
“pendletonite” from San Benito are the same species, as 
determined by an X-ray crystallographic study. Hence, 
the later name “pendletonite” was discredited (Nickel 
& Nichols 2008). The possible reasons for the confu-
sion over chemical compositions are as follows: (1) 
several grams of mineral specimen were required for 
a chemical analysis in 1960s (Geissman et al. 1967), 
and (2) amorphous organic matter coexists with karpa-
tite from Trans-Carpathia (Piotrovskii 1955). Hence it 
was assumed that specimens of Piotrovskii (1955) are 
contaminated.

A few reviews and textbooks regarding the occur-
rences, chemistry, and crystal structures of organic 
minerals have been published so far (Dondi & Puggioli 
1990, 1991, Gaines et al. 1997). Some textbooks on 
organic geochemistry have chapters describing organic 
minerals (Simoneit 1993, Sherlock 2000, Hofmann 
2004). In this review, recent advances in crystal chem-
istry and isotope geochemistry of organic minerals since 
the publication of those references will be mentioned. 
In particular, oxalate and polycyclic aromatic hydro-
carbon (PAH) minerals are the focus here; we discuss 
their contribution to new developments in the mineral 
sciences. The authors of this review recently published 
an article on similar subject in the Japanese Magazine 
of Mineralogical and Petrological Sciences (Echigo & 
Kimata 2009); however, to be of benefit to mineralogists 
all over the world, it is now published in English in The 
Canadian Mineralogist.

Oxalate Minerals: the Most Common Ionic 
Organic Minerals

Carboxylate minerals, e.g., oxalate (App. XIV), 
formate (App. XV), and acetate (App. XVI) minerals, 
constitute the largest family of organic minerals (24 
species, Table 1). Their crystal structures consist of 
both carboxylate-bearing anions and various cations. 
Most of them incorporate electrostatically neutral water 
molecules, (H2O)0, into their crystal structures (Krish-
namurty & Harris 1961).

Oxalate minerals are the largest group of organic 
minerals; 17 species are reported so far (Table 1). 
Organic compounds having two carboxylic groups in 
each molecule are called dicarboxylic acids (Vollhardt 
& Schore 2002). Oxalic acid is the smallest and simplest 
compound in dicarboxylic acids and is ubiquitous 
in natural environments, e.g., soil (Krzyszowska et 
al. 1996), natural water (Klarup 1997), and aerosol 
(Kawamura & Kaplan 1987, Yu et al. 2005). Oxalate 
minerals contain various cations such as alkalis, alka-
line earths, transition metals, and rare-earth elements. 
The crystal chemistry of the simplest system, oxalate 
compounds containing monovalent cations, will be 
described in the following section, and the role of 
the H2O molecule in their crystal structures will be 
discussed.
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The role of water molecules in the crystal structures 
of oxalate salts

The general formula of monovalent oxalate salts can 
be expressed as: M2(C2O4)•nH2O (M = Ag+, Li+, Na+, 
K+, Rb+, Cs+, NH4

+, Tl+; n = 0, 1, 2: Echigo & Kimata 
2006). Note that in this review, we are concerned only 
with stable compounds at room temperature and pres-
sure, since their stable regime depends on the hydration 
number (Dinnebier et al. 2003, Weller et al. 2007). 
Their crystal structures are commonly layered, and 
consist of a monovalent cation and an oxalate anion 
(Fig. 1), and H2O molecules are occluded between inter-
layer spaces (M = NH4

+, K+, Rb+, Cs+). It is notable that 
both anhydrous Rb2(C2O4) and Cs2(C2O4) are unstable 
in air and immediately hydrate to Rb2(C2O4)•H2O and 
Cs2(C2O4)•2H2O, respectively (Dinnebier et al. 2003). 
This instability suggests that interlayer H2O molecules 
stabilize their crystal structures in air. This role of the 
H2O molecule was explained quantitatively by Echigo 
& Kimata (2006) in terms of bond-valence theory 

(Brown 1981, 2002, 2009), which is based on the Lewis 
acid–base concept (Lewis 1923, 1966).

In any ionic crystal, the empty valence-shell of a 
cation interacts with the filled valence-shell of an anion: 
the former acts as an electron donor, and the latter as an 
electron acceptor (West 1988). Their behaviors toward 
a bonding electron pair correspond to Lewis acid and 
base, respectively, and thus we can define the Lewis 
acid strength of the cation and the Lewis base strength 
of the anion by Brown’s definition (1981, 2002, 2009): 
the Lewis acid or base strength of the cation or anion 
is equal to characteristic (bond-) valence = atomic 
(formal) valence divided by the mean coordination-
number. These definitions of Lewis acid and base 
strengths lead to a specific criterion for chemical 
bonding, the valence-matching principle (Brown 1981, 
2002, 2009): the most stable structures will form if 
the Lewis acid strength of the cation closely matches 
the Lewis base strength of the anion. Developing this 
concept, a binary representation of crystal structures 
was proposed (Hawthorne 1985, 1992a). With this 

TABLE 1.  LIST OF IONIC ORGANIC MINERALS

____________________________________________________________________________________

Classification Mineral names Chemical formula References

____________________________________________________________________________________

2Formate minerals Formicaite Ca(HCOO) Chukanov et al. (1999)

2 2 Dashkovaite Mg(HCOO) •2H O Chukanov et al. (2000)

3 2 2Acetate minerals Hoganite Cu (CH COO) •H O Hibbs et al. (2002)2+

3 4 2Paceite CaCu(CH COO) •6H O Hibbs et al. (2002)

2 3 2Calclacite Ca [Cl(CH COO)]•10H O Van Tassel (1945)

2 2 4Oxalate minerals Natroxalate Na (C O ) Khomyakov et al. (1996)

4 2 2 4 2Oxammite (NH ) (C O )•H O W inchell & Benoit (1951)

2 4 2Glushinskite Mg(C O )•2H O W ilson et al. (1980)

2 4 2W hewellite Ca(C O )•H O Hofmann & Bernasconi (1998)

2 4 2W eddellite Ca(C O )•2H O Bannister & Hey (1936)

2 4 2Caoxite Ca(C O )•3H O Basso et al. (1997)

2 2 4 2 2Novgorodovaite Ca (C O )Cl •2H O Chukanov et al. (2001)

2 4 2Lindbergite Mn (C O )•2H O Atencio et al. (2004)2+

2 4 2Humboldtine Fe (C O )•2H O Manasse et al. (1911)2+

2 4 2Moolooite Cu (C O )•nH O Clarke & W illiams (1986)2+

2 4 3 2Stepanovite NaMgFe (C O ) •8-9H O Knipovich et al. (1963)3+

2 4 3 2Zhemchuzhnikovite NaMg(Al,Fe )(C O ) •8H O Knipovich et al. (1963)3+

2 2 4 2 2W heatleyite Na Cu(C O ) •2H O Rouse et al. (1986)

3 2 4 3 2Minguzzite K Fe (C O ) •3H O Garavelli (1955b)3+

4 2Zugshunstite-(Ce) (Ce,Nd,La)Al(SO ) Rouse et al. (2001)

2 4 2(C O )•8H O

4 2Levinsonite-(Y) (Y,Nd,La)Al(SO ) Rouse et al. (2001)

2 4 2(C O )•12H O

2 4 2 Coskrenite-(Ce) (Ce,Nd,La) (SO ) Peacor et al. (1999)

2 4 2(C O )•8H O

2 6 6 2Mellitate mineral Mellite Al [C (COO) ]•16H O Barth & Ksanda (1933)

3 6 5 7 2Citrate mineral Earlandite Ca (C H O )•4H O Bannister & Hey (1936)

4 6 2Cyanide mineral Kafehydrocyanite K Fe (CN) •3H O Povarennykh & Rusakova2+

(1973)

2 4 2Thiocyanate mineral Julienite Na Co (SCN) •8H O Schoep (1928)2+

2 3 2Ammine mineral Ammineite Cu Cl (NH ) Bojar et al. (2010)2+

____________________________________________________________________________________
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concept, one describes both the interaction between the 
Lewis acid part and Lewis base part of crystal structures 
and their relationship with stability. These concepts are 
generally used to validate the chemical composition 
and crystal structure of minerals. The roles of H2O 
molecules in hydrous minerals are also examined in 
light of these concepts (Hawthorne 1992b, 1994, 1997, 
Schindler & Hawthorne 2001a, 2004).

In oxalate salts, the oxalate anion is the Lewis base, 
and the cation is the Lewis acid component in terms of 
the above-mentioned concepts. The Lewis acidity of 
various cations, which is deduced from the statistical 
analysis of the inorganic crystal-structure database 
(ICSD, Allen 2002), can be taken from the tables of 
Brown (1988, 2002). On the other hand, the Lewis 
basicity of organic anions including the oxalate anion 
is not listed in these tables. Hence we have to calculate 
the Lewis base strength of the oxalate anion to examine 
the interaction of Lewis acid and base in oxalate salts. 

This calculation is successfully constrained by the 
general observation (Hawthorne 1992b) that normally, 
it is adequate for one to use the coordination number 
of [4] for oxygen. On the basis of the connectivity 
that assumes a coordination number of [4] for oxygen, 
then oxalate anion needs 12 additional bonds from the 
bonding cations (Fig. 2). These 12 bonds must satisfy 
the requirement from (C2O4)2–, and thus the average 
bond-valence required by the anion is 2/12 ≈ 0.167 vu 
(valence units); this is the Lewis basicity of oxalate 
anion (Echigo & Kimata 2006). This bond-valence 
value (0.167 vu) is an ideal value for oxalate anion, 
which matches up with the Lewis acidity of 0.156 
vu for Na+ (Brown 1988). The Na+–(C2O4)2– bond 
certainly fits the valence-matching principle, and 
therefore natroxalate is a stable mineral. It occurs in a 
hydrothermally altered pegmatite (Khomyakov 1996).

Echigo & Kimata (2006) first demonstrated that 
the Lewis basicity of an organic anion can be deduced 

Fig. 1.  Crystal structures of (a) natroxalate, Na2(C2O4) (Jeffrey & Parry 1954), (b) Rb2(C2O4)•H2O (Echigo & Kimata 2006), 
(c) Cs2(C2O4)•2H2O (Kholodkovskaya et al. 1990) and (d) Tl2(C2O4) (Nagy et al. 2005). All the oxalate complexes have a 
layer structure. Sodium, rubidium, cesium, and thallium atoms are shown in dark gray, oxygen in pale gray, carbon in black, 
and hydrogen in white.
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in the same way as for inorganic oxyanions, and 
both the valence-matching principle and the binary 
presentation of a crystal structure are applicable to 
organic minerals. Our work suggests that the Lewis 
basicity of other organic anions, e.g., formate (App. 
XV) and acetate (App. XVI) anions, can be deduced 
in the same way, and that the organization of organic 
minerals into a structural hierarchy is indispensable to 
mineralogy. This organization should be a significant 
aid in determining unknown structures and will provide 
considerable insight into the underlying controls on the 
topology of chemical bonds and mineral paragenesis. 
This type of application, which succeeded in phosphate 
(Moore 1973, Hawthorne 1998), borate (Schindler & 
Hawthorne 2001a, b), and uranyl minerals (Schindler 
& Hawthorne 2004), will be of geological interest in 
future.

Most cations do not match up with the Lewis 
basicity of the oxalic anion, 0.167 vu, and H2O mole-
cules commonly must be incorporated into the structure 
of an oxalate salt. Considering the solvent-free alkali 
oxalate, the Lewis basicity of K+, Rb+, and Cs+ are 
0.126, 0.124, and 0.109 vu, respectively. In terms of 
the valence-matching principle, the supposed anhydrous 
alkali oxalates are not stable compounds because they 
have significant differences in Lewis basicity or acidity 
strength between these alkali cations and oxalic anion. 
The anhydrous oxalates hydrate readily in the pres-
ence of H2O to produce hydrous oxalate, as expected 
(Dinnebier et al. 2003); this instability is explained 
by the violation of the valence-matching principle. 
Thus incorporation of H2O molecules in the structure 
leads to compensation for the difference between the 
Lewis acidity of a cation and the Lewis basicity of the 

oxalate anion, which shows that the H2O molecules in 
the hydrous oxalate salts play a crucial role as a bond-
valence mediator. Figure 3 shows a positive correlation 
between the differences in Lewis acidity or basicity and 
the number of H2O molecules per formula unit. This 
correlation can be simply approximated by the equation 
shown in Figure 3, although Ag+ and NH4

+ are omitted 
from the calculation because they exhibit a wide range 
of Lewis acidity.

Inert Electron Pair of Tl+ as Proxy  
for H2O Molecules in Oxalate Complexes

As the H2O molecule has a pair of lone electrons, 
so the Tl+ cation has a pair of non-bonding electrons 
called “inert electron pair (IEP)”. Thus the coordination 
environment of Tl+ is distorted (Downs 1993). The 
anhydrous thallium oxalate (Fig. 1d) has a layered struc-
ture, the same as other monovalent oxalate complexes, 
and the IEPs of Tl+ cations are positioned between 
the interlayer spaces (Fig. 4b). The crystal structure 
of rubidium oxalate monohydrate (Fig. 1b) is closely 
similar to that of anhydrous thallium oxalate, though the 
former has H2O molecules in the interlayer spaces (Fig. 
4a). This structural similarity can be ascribed to their 
ionic radii, 1.59 Å for Tl+ and 1.61 Å for Rb+ (Shannon 
1976); however, the lack of H2O molecules in thallium 
oxalate cannot be accounted for only by the ionic radii. 
Comparison between interlayer spaces occupied by 

Fig. 2.  Calculation of Lewis basicity (vu) for oxalate anion 
[(C2O4)2–] based on the assumption that each constituent 
atom of oxygen is four-coordinated.

Fig. 3.  Hydration number in oxalate complexes versus the 
difference between Lewis acidity of their cations and 
Lewis basicity of their anions. The regression line, which 
is directly correlated to Na, K, Rb and Cs oxalate, is given 
by equation (1). The dotted arrows represent the ranges of 
their differences for NH4

+ and Ag oxalate; they offer the 
wide range of Lewis acidity (Brown 2002).
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either IEPs or H2O molecules in these two structures 
reveals that both the positions and directions of IEPs in 
Tl+ cations are closely similar to those of lone electron 
pairs (LEPs) in H2O molecules (Fig. 4), which leads to 
the following scheme of substitution:

Tl+ + 2 3 IEP + □ ↔ Rb+ + 2 3 LEP + (H2O)0,

where □ represents vacant interlayer sites. This equa-
tion suggests that interlayer non-bonding electron pairs, 
both IEP and LEP, contribute to the stabilization of 
crystal structures of the same topology.

Substitution including non-bonding electron pairs 
and the role of H2O molecules in oxalate complexes are 

revealed by examining monovalent oxalate complexes 
in terms of elemental chemical-bonding theory. We 
have no other examples corresponding to this series. 
Hydrated crystals of isotypic structures containing 
p-block elements, e.g., Pb2+ and Sn2+, might have the 
same mechanism of substitution.

Crystal chemistry and geochemistry  
of calcium oxalate minerals

Calcium oxalate minerals (COMs) are the most 
common family of organic minerals in natural environ-
ments (Gaines et al. 1997). This group consists of whew-
ellite [Ca(C2O4)•H2O], weddellite [Ca(C2O4)•2H2O], 
and caoxite [Ca(C2O4)•3H2O] (Basso et al. 1997). 
These minerals commonly occur in carbonate concre-
tions, marine and lake sediments, hydrothermal veins, 
and lignite (Gude et al. 1960, Hyde & Landy 1966, 
Matsubara & Ichikura 1975, Žák & Skála 1993, Kouk-
ouzas et al. 2010). Whewellite is the only COM that 
occurs in meteorites (Fuchs et al. 1973), formed by 
hydrothermal alteration of the parent body (Brearley 
& Jones 1999, Tyra et al. 2007). Note that COMs are 
the most common biominerals in plants (Franceschi 
& Horner 1980, Franceschi & Nakata 2005), and they 
also are widely recognized in the life sciences because 
of their common association with kidney stone disease 
(Lowenstam & Weiner 1989, Wesson & Ward 2007).

Hydration–dehydration mechanisms in COMs

Whewellite, the monohydrate COM, is the most 
common and stable mineral among the three COMs 
(Gaines et al. 1997). Figure 5 shows the dehydration 
temperature of those COMs; that of whewellite is 
the highest (whewellite: 167°C, weddellite: 114°C, 
caoxite: 85°C). The physical properties of COMs vary 

Fig. 4.  Crystal structures of (a) Rb2(C2O4)•H2O (Echigo & 
Kimata 2006) and (b) Tl2(C2O4) (Nagy et al. 2005). These 
two complexes have a layer structure, where interlayer 
occupants are H2O molecules and LEPs in the former, 
and the only IEPs in the latter. LEPs and IEPs are nearly 
parallel to each other in a similar structure. Rubidium and 
thallium atoms are shown in dark gray, oxygen in pale 
gray, carbon in black, and hydrogen in white. LEP: lone 
electron pair, IEP: inert electron pair.

Fig. 5.  Scheme of the phase transitions in the calcium oxalate 
minerals. Black and white arrows show the dehydration 
and hydration reactions, respectively.
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depending on the hydration states (Basso et al. 1997), 
which suggests that H2O molecules in their crystal 
structures play a significant role. The hydration–dehy-
dration processes of COMs have been extensively 
studied by many investigators (Wiedemann & Bayer 
1988, Frost & Weier 2003, 2004, Kloprogge et al. 
2004), and COMs are even used as standard samples 
for calibration of thermal analysis instruments (Sepe 
1997, Wunderlich 2005). In this review, the hydration–
dehydration mechanisms of COMs will be described in 
light of the topology of chemical bonds in their crystal 
structures.

Figure 5 is a summary of hydration–dehydration 
paths compiled from various sources in the literature 
(Wiedemann & Bayer 1988, Frost & Weier 2003, 
Echigo et al. 2005). As shown in Figure 5, caoxite, 
the trihydrate COM, dehydrates and transforms into 
whewellite directly, not through the dihydrate COM, 
weddellite. Whewellite dehydrates and transforms 
into anhydrous COM, which hydrates on cooling and 

returns to whewellite. However, whewellite does not 
hydrate into caoxite. Echigo et al. (2005) examined 
the network of hydrogen bonds in whewellite and 
revealed the dehydration mechanism of caoxite from 
its bonding topology. Figure 6 shows the crystal struc-
tures of caoxite (Deganello et al. 1981) and whewellite 
(Echigo et al. 2005); both of them have similar layer 
structures. Both layer structures consist of Ca2+ and the 
oxalate anion, though those of caoxite are corrugated 
(Fig. 6a) and those of whewellite are flat (Fig. 6b). 
The corrugated layer structure of caoxite is attributed 
to the interlayer H2O molecules that link the layers 
via the hydrogen bonds (Fig. 6a). On the other hand, 
whewellite does not have interlayer H2O molecules and 
the Ca–oxalate bonds link the layers directly (Fig. 6b). 
Echigo et al. (2005) pointed out that the corrugated 
layers in caoxite get flattened and bonded directly upon 
dehydration.

Weddellite, the dihydrate COM, dehydrates into 
anhydrous COM directly, not through whewellite 

Fig. 6.  Crystal structures of (a) caoxite, Ca(C2O4)•3H2O (Basso et al. 1997) and (b) 
whewellite, Ca(C2O4)•H2O (Echigo et al. 2005). Both of the structures consist of 
shaded sheet structures. The former sheets are corrugated and linked by interlayer 
hydrogen-bonds.
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(Frost & Weier 2003). However, the anhydrous COM 
hydrates and transforms into whewellite on cooling, 
which shows that the dehydration reaction of weddel-
lite to anhydrous COM is irreversible (Fig. 5). Figure 
7 shows the (010) section of weddellite; it consists of 
shaded zig-zag chains bonded by hydrogen bonds of 
H2O molecules. The H2O molecules linking the chains 
are removed on heating, and thus the crystal structure 
will be destabilized. After dehydration, the crystal 
structure of weddellite gets reconstructed so that the 
zig-zag chains link directly. The crystal structure of 
anhydrous COM formed by dehydration of weddellite 
is identical with that of the anhydrous COM formed 
by the dehydration of whewellite (Wiedemann & 
Bayer 1988). Hochrein et al. (2008) revealed that the 
structural framework of whewellite does not collapse 
upon dehydration, and the zig-zag chains of the same 
topology as those of weddellite are seen in the (100) 
section of both whewellite and the dehydrated phase 
(Figs. 7b, 7c). The direct linking of the zig-zag chains 
in weddellite on dehydration results in the formation of 
the anhydrous COM, of which the crystal structure is 
as shown in Figure 7c.

The hydration–dehydration relationship among 
COMs in Figure 5 is explained consistently on the basis 
of the connection of oxalate anion and the arrangement 
of H2O molecules in their structures. Most inorganic 
minerals, including silicate, oxide, and sulfide minerals, 
vary their physicochemical properties according to the 
packing of anions, as do oxalate minerals. However, 
both planar geometry and the strong C–C bond, which 
are the most significant characteristics of the oxalate 
anion (App. XIV), emphasize the importance of the 
anion arrangement in the phase relationships of oxalate 
minerals.

The most stable COM in ambient temperature 
and pressure in air is whewellite, as the reaction of 
whewellite to anhydrous COM is reversible, whereas 
both the reactions of weddellite to anhydrous COM 
and of caoxite to whewellite are irreversible (Fig. 5). 
The structural relationship discussed above, therefore, 
accounts for the fact that whewellite is the most typical 
and common COM in natural environments.

Geochemistry of the calcium oxalate minerals (COMs)

The origin and formation of COMs are confirmed 
only for the occurrences associated with living 

Fig. 7.  Crystal structures of (a) weddellite, Ca(C2O4)•2H2O 
(Tazzoli & Domeneghetti 1980), (b) whewellite, 
Ca(C2O4)•H2O (Echigo et al. 2005) and (c) anhydrous 
calcium oxalate, Ca(C2O4) (Hochrein et al. 2008). These 
three structures consist essentially of shaded zig-zag 
chains. The chains in weddellite are linked by hydrogen-
bonds.
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organisms: on rock surfaces that interacted with lichen 
or microbes (Chen et al. 2000) and within angiosperms 
such as rhubarbs (Hoefs 1969), cactuses (Garvie 2003) 
and spinaches (Dohi et al. 2002). These COMs derive 
their origins from biogenetic oxalic acid; hence these 
COMs are classified as biominerals by strict definition.

Hoefs (1969) first compared both carbon and oxygen 
isotopic compositions of whewellite from rhubarb 
and those from diagenetic septarian nodules from two 
localities (Hoheneggelsen, Germany and Huron River, 
Ohio) as follows: the d13C of whewellite from rhubarb 
is –29.3‰, that from Germany is +7.8, and that from 
Ohio is +0.6‰. He mentioned that partial bacterial 
decomposition of the oxalate formed light volatile CO2, 
and the heavy residual oxalate precipitated as whewel-
lite. Thereafter, some isotopic studies on COMs were 
published (Galimov et al. 1975, Žák & Skála 1993), 
and their occurrences and carbon isotope geochem-
istry were comprehensively reviewed by Hofmann & 
Bernasconi (1998). Discussing the very wide range of 
d13C values of COMs, from –31.7 to +33.7‰, Hofmann 
& Bernasconi (1998) ascribed the extremely variable 
composition to the fractionation by microbial agents 
or the thermal degradation of oxalate in the dissolved 
state prior to crystallization of the mineral. The organic 
matters in sedimentary materials from Cape Lookout, 
North Carolina, were examined, and the d13C of total 
organic carbon and acetic acid were –19.8 and –9.51‰, 
respectively (Blair & Carter 1992). The results revealed 
that the d13C values of carboxylic acids are significantly 
heavier than that of total organic carbon. However, they 
concluded that the wide range of d13C of COMs is not 
explained only by the isotopic fractionation (Hofmann 
& Bernasconi 1998). The carbon isotopic fractionation 
on the thermal decomposition of whewellite was 
recently reported (Manning et al. 2008). However, 
detailed studies will be required to understand the 
carbon isotopic systematics of COMs, because isotopic 
fractionation of carbon depends highly on the reaction 
mechanism. In particular, this effect can be anoma-
lously marked in the reactions involving free-radical 
pairs (Buchachenko 2001). Therefore, isotope analysis 
is of limited use in the determination of carbon origin 
in organic minerals whose mechanism of formation is 
not known in detail. The COMs contain calcium as a 
main component; thus they are suitable for strontium 
isotopic study to understand their origin and process 
of formation. In addition, COMs contain both oxygen 
and hydrogen, and hence isotopic studies should give 
some insight into paleoenvironments as well as origin 
and formation of COMs.

The detailed chemical composition of COMs, 
including trace elements, with information about COMs 
from various locations and occurrences, have not been 
reported so far. Although trace amounts of Si, Al, and Be 
were detected in COM from Ohio by semiquantitative 
spectrographic analysis (Leavens 1968), these might be 
due to small inclusions or surface contaminants. Both 

major and trace elements of natural COMs should be 
examined using modern techniques of analysis, though 
their locations and the number of occurrences are few. 
The calcium oxalate minerals should yield significant 
insights into the fate and behavior of organic acids 
in surface environments of ancient Earth and thus be 
valuable subjects in organic geochemistry as well as in 
mineralogy, as remarked by Hofmann & Bernasconi 
(1998).

Oxalate minerals containing transition metals

Several oxalate minerals containing transition 
metals are known, e.g., stepanovite [NaMgFe3+(C2O4)3• 
8–9H2O] from lignite (Knipovich et al. 1963) and 
moolooite [Cu2+(C2O4)•nH2O] produced by the interac-
tion between oxalic acids from guano and copper sulfide 
minerals (Clarke & Williams 1986). However, their 
chemical compositions, in particular, the number of H2O 
molecules in the formula, are not established, and hence 
their crystal structures are not determined. In general, it 
is difficult to acquire the good-quality crystals of tran-
sition-metal-bearing oxalate complexes, even synthetic 
powder samples (Kitagawa et al. 1995). Recently, 
Echigo & Kimata (2008) succeeded in the synthesis 
of single crystals of humboldtine [Fe2+(C2O4)•2H2O] 
and refined its crystal structure by single-crystal X-ray-
diffraction. The crystal structure was not refined using 
powder neutron diffraction owing to the stacking faults 
that commonly occur in the crystal structure (Śledzińska 
et al. 1986, 1987). The great interest in this successful 
synthesis is that the Jahn–Teller effect of Fe2+ ion was 
observed in the structure of humboldtine, whereas the 
effect of the Fe2+ ion is barely observed in common 
inorganic minerals, since it is much weaker than that 
of Cu2+ or Mn3+ (Burns 1993).

Humboldtine [Fe2+(C2O4)•2H2O] is a secondary 
mineral that occurs in lignite and granitic pegmatites, 
and its crystal structure is isotypic with that of lind
bergite [Mn2+(C2O4)•2H2O] (Garavelli 1955a, Atencio 
et al. 2004). Their crystal structures consist of chains in 
which oxalate anions link M2+O6 octahedra; the chains 
are bonded by hydrogen bonds (Fig. 8). Comparison 
between the geometrical parameters of octahedra in 
humboldtine and lindbergite shows that the former is 
horizontally elongate, and the latter is vertically elon-
gate (Fig. 9). Bond-length distortions of M2+O6 octa-
hedra, which is calculated from the following equation:

100

1n
X O i X O X O

i

n

=
∑ ( ) < >( ){ } < >( ) – – – / –

where n = number of bonds, (X–O)i = central cation – 
oxygen bond-length, and <X–O> = average bond-length 
(Renner & Lehmann, 1986), are 0.48% and 0.28% in 
humboldtine and lindbergite, respectively (Echigo & 
Kimata 2008). The slightly larger distortion of Fe2+O6 
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octahedra in humboldtine is attributed to the Jahn–Teller 
effect of the Fe2+ ion, enhanced by the oxalate ligands. 

Figure 10 shows the geometries of the M2+O6 
octahedra – oxalate chains in the two oxalate minerals. 
The geometry of the oxalate anion is almost identical 
in the two structures, whereas that of M2+O6 octahedra 
is significantly different. This relation indicates that 
oxalate anion is more rigid than the M2+O6 octahedra. 

The rigidity of the oxalate anion gives rise to signifi-
cantly narrow bond-angles, called “bite-angles”, defined 
as the angle O–M–O where the oxygen atoms belong 
to the same oxalate anion (Stiefel & Brown 1972). 
The bite-angles that have values far from the ideal 
octahedral ones (90°) exert a crystal-chemical influence 
on the oxalate complexes containing transition metals 
(Calatayud et al. 2000, Castillo et al. 2001). Figure 10 

Fig. 8.  Crystal structures of M2+(C2O4)•2H2O (Echigo & Kimata 2008). Cation polyhedra 
are striped, carbon atoms are shown in black, oxygen in pale gray, and hydrogen atoms 
are white; dotted lines represent hydrogen bonds.

Fig. 9.  Comparison between (a) the FeO6 octahedron in humboldtine (Echigo & Kimata 
2008) and (b) the MnO6 octahedron in lindbergite (Soleimannejad et al. 2007). 
Observed bond-distances (Å) are given.
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shows the shape of dxy orbitals that point to the regions 
where there is no ligand. However, a small repulsion 
due to the narrow bite-angles in humboldtine (77.83° 
and 78.12°) may occur between the orbitals and ligands. 
Thus the repulsion induced by the narrow bite-angles 
causes the Fe2+O6 octahedra to be horizontally elongate. 
The Mn2+O6 octahedra are less distorted than Fe2+O6 
octahedra, whereas the bite-angles in lindbergite (76.61° 
and 76.67°) are narrower than those in humboldtine. 
Spectroscopic evidence, specifically the broadening and 
lowering the intensity of the Fe2+–O band in the Raman 
spectrum, are also shown in Echigo & Kimata (2008).

Humboldtine is a stable mineral that occurs even 
in granitic pegmatites (Matioli et al. 1997), although 
it involves a structural distortion caused by the Jahn–
Teller effect due to the Fe2+ ion. This stability suggests 
that the structural distortion is compensated by the 
connectivity of the chemical bonds. The chains in 
both humboldtine and lindbergite are linked only by 
hydrogen bonds that have a wide range of lengths, from 
2.4 to 3.5 Å (Nakamoto et al. 1955, Libowitzky 1999). 
The intrachain distortions are compensated by the inter-
chain spaces, and thus humboldtine is a stable mineral.

The thermal decomposition of humboldtine and lind-
bergite, leading to the loss of the oxalate anion, occurs at 

330°C and 322°C respectively (Macklen 1968), and that 
of moolooite [Cu2+(C2O4)•nH2O] occurs at 240°C (Frost 
et al. 2004). The Jahn–Teller effect of the Cu2+ ion is 
much stronger than that of Fe2+ ion (Burns 1993). These 
thermal behaviors suggest that the Jahn–Teller effect 
of Fe2+ in humboldtine is compensated as mentioned 
above; on the other hand, that of Cu2+ in moolooite is 
not compensated, which decreases the stability of the 
structure. The structural refinement of moolooite has not 
been successfully completed owing to the difficulty in 
preparing the single crystal. Detailed crystal-chemical 
analyses of moolooite based on the single-crystal XRD 
data should provide structural insight into the stability 
of the oxalate minerals.

The molecules of H2O in the interchain spaces are 
obliquely tied to the chains (Fig. 8). The electronic 
structure is schematically shown in Figure 11a, where 
both metal cation and oxalate anion constitute one-
dimensional chains linked by ionic bonds (– M2+ – ox2– 

– M2+ – ox2– – M2+ – : M = Fe or Mn, ox = oxalate). 
The H2O molecule donates one of two LEPs to a metal 
cation to form a coordinate covalent bond (Fig. 11a). 
Thus, one of two LEPs of the H2O molecule is shared 
with the corresponding cation and serves for chemical 
bonding, and the remaining LEP exists as one non-

Fig. 10.  Comparison between the geometries of the chain structures in (a) humboldtine (Echigo & Kimata 2008) and (b) 
lindbergite (Soleimannejad et al. 2007). Observed bond-distances (Å) and angles (°) are given, respectively; the dxy orbitals 
are cross-hatched.
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of strong long-range coulombic forces in simple ionic 
crystals such as sodium chloride, and it introduces 
diversity to the properties of molecular crystals.

The crystal chemistry and mechanism of forma-
tion of molecular organic minerals (Table 2) are also 
different from those of inorganic minerals because 
of the above intrinsic characteristics. In this review, 
the most typical molecular organic minerals, karpatite 
(C24H12) and idrialite (C22H14), will be described in 
detail. Both minerals occur together with hydrothermal 
mercury minerals such as cinnabar (hexagonal HgS), 
metacinnabar (cubic HgS), and native mercury (Hg0) in 
subduction-zone environments, and their geochemical 
relationship also will be mentioned.

Crystal structures of PAH minerals:  
solid solution in molecular crystals

Karpatite is reported from Trans-Carpathia, Ukraine 
(Piotrovskii 1955), Picacho Peak area, San Benito, 
California (Fig. 12, Murdoch & Geissman 1967), and 
Tamvatnei, Kamchatka Peninsula (Gorchakov et al. 
1981). Idrialite is reported from the Idrija mercury 
deposit in Slovenia (Dumas 1832) and Skaggs Springs, 
California (Fig. 12, Wright & Allen 1930). It is notable 
that all the occurrences are associated with hydrothermal 

Fig. 11.  (a) Schematic representation of electronic structure (M = Fe, humboldtine; Mn, 
lindbergite; ox, oxalate ion) of the chain structures in the oxalate minerals. (b) The 
three-dimensional structures of the chains. Metal (Fe:Mn) atoms are shown in dark 
gray, oxygen in pale gray, carbon in black, and hydrogen in white. The H2O molecules 
tied to the chains tilt as a result of the spatial requirements for the lone electron pairs 
(LEPs).

bonding electron pair (Fig. 11a). The remaining LEP 
may impose a spatial requirement from the perspective 
of the valence-shell electron-pair repulsion (VSEPR) 
model (Gillespie 1972, Gillespie & Hargittai 1991); 
each pair of electrons in the valence shell is localized 
in a way that minimizes the repulsion between them 
(Fig. 11b). The interchain hydrogen bonds accept the 
spatial requirement of the LEPs, which shows the high 
tolerance of hydrogen bonds. Oxalate minerals have 
both strong C–C covalent bonds and weak hydrogen 
bonds in their crystal structures. This style of chemical 
bonding is the reason why the Jahn–Teller effect of the 
Fe2+ ion is observable in oxalate minerals, whereas it is 
barely observed in most inorganic minerals.

Polycyclic Aromatic Hydrocarbon (PAH) 
Minerals: the Most Common Molecular 

Organic Minerals

The characteristics of molecular crystals are briefly 
summarized as follows (Wright 1995): molecular crys-
tals differ from other classes of solids in being made up 
of discrete molecules. Although intramolecular forces 
are strong, intermolecular forces are generally weaker 
and short-range in their effect. This mixture of strong 
and weak forces is in marked contrast to the dominance 
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mercury deposits, and thus both organic minerals crys-
tallized from hydrothermal fluids. The crystal-chemical 
characteristics and mechanism of formation of both 
minerals are revealed by crystal structural and carbon 
isotopic studies (Echigo et al. 2007a, 2009).

Karpatite is a molecular crystal of coronene (C24H12, 
App. XII) in which seven benzene rings (App. I) 
are circularly bonded, and the coronene molecules 
are linked by van der Waals bonds. The herringbone 
arrangement of coronene molecules can be viewed 
from the [001] direction (Fig. 13). This arrangement 
results from the following two intermolecular interac-
tions (Echigo et al. 2007a): the face-to-face interaction 
(p –p stacking interaction) between parallel molecules, 
and the edge-to-face interaction (CH–p interaction) 
between perpendicular molecules. The edge-to-face 
arrangement is the most stable one, in which two inde-
pendent molecules of benzene are close to each other 
(Muehldorf et al. 1988, Kim et al. 1998). The coronene 
molecule is a two-dimensionally extended molecule, 
and thus the contribution of face-to-face interaction 
increases to hold the molecules in the crystal structure 
(Jorgensen & Severance 1990). In addition to these 
attractive intermolecular interactions, hydrogen atom 
and p-electron repel each other; therefore, the relative 
positions of coronene molecules slightly shift in their 

Fig. 12.  Locations of the Picacho Peak area and Skaggs 
Springs, California in the West Coast. The location of 
Escanaba Trough and Guaymas Basin also are shown.

TABLE 2.  LIST OF MOLECULAR ORGANIC MINERALS

______________________________________________________________________________________________________________

Classification Mineral names Chemical formula Chemical nomenclature References

_______________________________________________________________________________________________________________

2 2Amide minerals Urea CO(NH ) Urea Bridge (1973) 

3 2Acetamide CH CONH Acetamide Srebrodol'skii (1975) 

6 4 2 Kladnoite C H (CO) NH Phthalimide Rost (1942)

5 4 4 3Purine minerals Uricite C H N O Uric acid Bridge (1974) 

5 5 5 Guanine C H N O Guanine Bridge (1974)

6 4 2 2Quinone mineral Hoelite (C H ) (CO) Anthraquinone Oftedal (1922)

10 18 2 2Alcohol mineral Flagstaffite C H (OH) •H O cis-Terpin Guild (1920, 1921)

19 31Pimaric acid mineral Refikite C H COOH  13-dihydro-d-pimaric acid Strunz & Contag (1965)

6 4 2 6 4Polycyclic aromatic Kratochvilite (C H )CH (C H ) Fluorene Rost (1937)

14 10hydrocarbon Ravatite C H Phenanthrene Nasdala & Pekov (1993)

19 24minerals Simonellite C H 1,1-dimethyl-7-isopropyl-1,2,3,4-

tetrahydro-phenanthrene Foresti & Riva di Sanseverino (1969)

19 34Fichtelite C H 1-a-dimethyl-7-isopropyl- Strunz (1962), Mace & Peterson (1995)

perhydro-phenanthrene

20 36Dinite C H 1-ethyl-1,5,5',13-tetramethyl- Franzini et al. (1991)

perhydro-phenanthrene 

20 34Hartite C H (+)-Phyllocladane Bouška et al. (1998)

22 14Idrialite C H Picene Strunz & Contag (1965)

24 12Karpatite C H Coronene Piotrovskii (1955)

3 2 22 3Alkane mineral Evenkite (CH )(CH ) (CH ) n-Tetracosane Skropyshev (1953)

31 32 4Porphyrin complex Abelsonite Ni C H N Nickel porphyrin Milton et al. (1978)2+

mineral

_______________________________________________________________________________________________________________
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stacking (Fig. 13). Graphite, which is extremely two-
dimensionally polymerized benzene, has only face-to-
face interaction in its crystal structure. Hence graphite 
can occlude atoms or molecules in the interlayer space, 
which results in the formation of graphite intercalation 
compounds (GICs: Dresselhaus & Dresselhaus 2002). 
Natural GICs having ammonia molecules are reported 
from graphite schist from the Sanbagawa metamorphic 
belt, Japan (Echigo et al. 2004).

Although karpatite is a highly pure crystal of 
coronene, idrialite is a mixed crystal; in other words, 
it is a molecular solid-solution. The ideal chemical 
formula of idrialite, C22H14, corresponds to the one 
of the PAHs, picene (App. V). However, all chemical 
analyses of idrialite (Geissman et al. 1967, Blumer 
1975, Wise et al. 1986) and the spectroscopic analyses 
(Jehlička et al. 2006, Frank et al. 2007) show that it 
contains other molecules than picene, such as chrysene 
(C18H12, App. III), sulfur-bearing PAHs (SPAHs, App. 
VI), and nitrogen-bearing PAHs (NPAHs, App. VIII). 
As mentioned in the introduction, there is possibility 
of contamination by coexisting organic matter in the 
chemical analysis of organic minerals. Echigo et al. 
(2009) examined the single crystal of idrialite from 
Skaggs Springs, California (Fig. 12) using microbeam 
techniques, i.e., micro X-ray diffraction, electron micro-
probe, and micro-infrared spectroscopy, and confirmed 
that both SPAHs and NPAHs are incorporated into the 
crystal structure of idrialite. The idrialite from Skaggs 
Springs contains 10% of benzo-phenanthro-thiophene 
(App. VI) in the crystal structure (Wise et al. 1986). The 
arrangement of those molecules in the crystal structure 

is schematically represented in Figure 14. The crystal 
system of idrialite is orthorhombic owing to the other 
molecules, whereas that of a pure crystal of picene is 
monoclinic (De et al. 1985).

Mixing of other molecules in a crystal structure 
is reported from some molecular organic minerals. 
In particular, molecular solid-solution in evenkite has 
been studied in detail (Kotel’nikova et al. 2004, 2007). 
These authors revealed, from chromatographic data, that 
evenkite is a ten-component mixture of n-paraffins (19 < 
n < 28, App. XXII), and the distribution of homologues 
by number of carbon atoms in a molecule (number n) is 
almost symmetrical. The schematic interpretation of the 
molecular packing within the crystal structure of even-
kite, which is called a “two-layered orthorhombic unit-
cell” (Fig. 15), is well reproduced by a synthetic sample 
of a paraffin crystal following the chemical composition 
of a natural specimen (Platonova & Kotel’nikova 2006).

Hartite from Bilina is a high-purity crystal of phyl-
locladane (C20H34, App. VII); however, it contains two 
types of compounds (Bouška et al. 1998): 95.69% of 
(+)-phyllocladane is the dominant constituent, and 4.31 
% of (–)-phyllocladane, which is the stereoisomer of 
(+)-phyllocladane. Hoelite and flagstaffite were first 
described by Oftedal (1922) and Guild (1920, 1921), 
respectively. The authors reported that those natural 
crystals show a darker color than a pure crystal of the 
corresponding compounds (hoelite: anthraquine, App. 
XI; flagstaffite: cis-terpin, App. XVIII), and concluded 
that some impurities in the crystal structures influ-
ence the color. It is not surprising that natural organic 
minerals are identified as mixed crystals, as mineralo-

Fig. 13.  Molecular packing in the crystal structure of karpatite (Echigo et al. 2007a). Each 
molecule of coronene is shown.
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gists are quite familiar with solid solution of minerals 
(Geiger 2001, Becker & Prieto 2006). Careful crystal-
chemical investigation will be effective to elucidate 
whether or not certain molecules are incorporated into 
the crystal structure and provide insight into their condi-
tion of formation.

Process of Formation of Molecular  
Organic Minerals

As mentioned above, karpatite at San Benito, 
California occurs within quartz veins intruding magne-
site–quartz breccias, and thus apparently formed by 
hydrothermal activity (Murdoch & Geissman 1967). 
The PAHs are highly stable organic compounds in 
general (Stein 1978), and coronene is the most stable 
compound among the PAHs that have similar molecular 

Fig. 14.  Molecular packing in the idrialite (Echigo et al. 2009) schematically shown as 
a mixed crystal of picene (C22H14) and benzo-phenanthro-thiophene (C20H12S); the 
former is polycyclic aromatic hydrocarbon (PAH), and the latter is sulfur-bearing PAH 
(SPAH).

Fig. 15.  Schematic image of molecular packing in evenkite with a two-layered 
orthorhombic unit-cell (Kotel’nikova et al. 2007). Evenkite is a molecular crystal 
of paraffin hydrocarbon (CnH2n+2), and the proportion of short- (n = 19–22, cross-
hatching), medium- (n = 23–24, white), and long- (n = 25–28, hatching) chains is 1:3:2.
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weights and size (Stein & Fahr 1985). Hence the coro-
nene molecules could have migrated, without thermal 
degradation, by transport in hydrothermal fluids.

The carbon isotopic composition of karpatite at 
San Benito, d13C, is –22.39 ± 0.18‰ (Echigo et al. 
2007a), which suggests that the coronene molecules 
of karpatite are derived from organic matter in oceanic 
sediments (Hoefs 2004). Note that PAH molecules 
such as coronene (App. XII) and phenanthrene (App. 
II) are detected from hydrothermally altered organic 
matter called “hydrothermal petroleum” (Simoneit & 
Lonsdale 1982) from the Escanaba Trough (Simoneit 
et al. 1997) and Guaymas Basin (Simoneit & Schoell 
1995), located along the San Andreas Fault (Fig. 12). 
Organic compounds in such hydrothermal petroleum 
were decomposed or evaporated by successive hydro-
thermal activity. However, coronene molecules remain 
in the hydrothermal fluids owing to their stability, thus 
their concentration in hydrothermal fluids increased, 
and these molecules crystallized at the end of hydro-
thermal activity.

Some aspects of the above-mentioned process 
remain unstudied. The hydrothermal petroleum on 
the seafloor contains less than 100 ppm of coronene 
molecules (Simoneit & Fetzer 1996, Simoneit et al. 
1997). Karpatite is a high-purity crystal of coronene; 
thus the concentration of coronene molecules in the 
hydrothermal fluids must be much higher than that in 
hydrothermal petroleum. The process of concentra-
tion, its mechanism, and the kinetics of coalescence of 
coronene molecules in the hydrothermal system are still 
unknown. In addition, the mechanism of formation of 
coronene molecules directly from sedimentary organic 
matter also is unknown. The hydrothermal migration 
process of PAHs in the lithosphere is related to the 
behavior of heavy metal elements as described in a 
later section, and will be interesting from the perspec-
tive of economic geology (Peabody & Einaudi 1992, 
Sherlock 2000).

Idrialite has a more straightforward process of 
formation than karparite (Echigo et al. 2009). Its 
primary constituent molecule is picene, the molecular 
skeleton of which is the same as higher-plant terpenoids 
such as b-amyrin (App. IX) and taraxerol (App. X). It 
is well known that these hydrocarbons undergo aroma-
tization (reduction of H:C ratio) during diagenesis and 
convert to picene (Simoneit 1986, Hayatsu et al. 1987). 
In addition, the carbon isotopic composition of idrialite 
is –24.429 ± 0.090‰ (Echigo et al. 2009), consistent 
with that of the organic matter derived from higher 
plants (Deines 1980, Galimov 1995). Picene and picene-
like molecules were both extracted from sedimentary 
rocks and migrated via hydrothermal fluids; afterward, 
they became saturated in the fluids and crystallized as a 
mixed crystal, idrialite (Echigo et al. 2009).

It is noteworthy that the formation of coronene 
and picene molecules occurs at a distinctly different 

stage than the crystallization of karpatite and idrialite, 
respectively. The formation of molecular species is a 
static process in which organic matter in sediments 
changes its structure into a stable one, and migrates in 
a dynamic process via hydrothermal fluids. Some of the 
other molecular organic minerals similarly have two 
discrete stages in their formation.

Abelsonite, a molecular crystal of Ni-porphyrin 
complex (App. XIX), was reported from the Green 
River Formation in Utah (Milton et al. 1978). Mason 
et al. (1989) reviewed the distribution and occurrences 
of abelsonite and concluded that it occurs only in the 
cavities in Parachute Creek Member, which is close to 
porous volcanic rocks. Hydrothermal fluids extracted 
porphyrin molecules from the surrounding sediments 
and passed through the porous rocks that behaved as 
a filter or chromatographic column. The Ni-porphyrins 
in the hydrothermal fluids became concentrated in 
this way. Hartite, a molecular crystal of phyllocradene 
(App. VII), is reported from a siderite nodule in lignite 
(Bouška et al. 1998). This mineral also crystallized 
after the concentration of phyllocradene molecules 
by hydrothermal activity, because this mineral occurs 
as a product of distillation in a water-bearing fracture 
(Bouška et al. 1998).

We examine the models for the mechanism of forma-
tion of molecular organic minerals as follows:

(1) Direct bonding model: unbonded carbon and 
hydrogen atoms aggregate and form a regular ordered 
structure, for example, halite (NaCl) crystallizes from 
solution through this type of chemical process.

(2) Polymerization of structural unit model: smaller 
molecules than the constituent molecules, e.g., the 
benzene ring as a structural unit for PAHs, aggregate 
and polymerize in hydrothermal fluids. Afterward, 
their crystal structure can be formed by stacking of the 
polymerized molecules. It is well known that many 
silicate minerals crystallized through this process, e.g., 
by polymerization of SiO4 tetrahedra.

(3) Model for both static formation of molecules and 
dynamic migration: this model consists of two discrete 
stages. In the first stage, constituent molecules, e.g., 
coronene molecules in the case of the karpatite crystal, 
are formed from sedimentary organic matter. Thereafter, 
highly stabilized molecules migrate in a fluid phase, and 
less stable molecules are decomposed or removed from 
the fluids. Concentration of molecules in mobile fluids 
increases by the latter process, and a molecular crystal 
is precipitated from the fluids on cooling.

Molecular organic minerals are formed by process 
(3), not by (1) or (2). Examination of the above-
mentioned examples shows that the mechanism of their 
formation is different from that of common inorganic 
minerals such as halides and silicates. Organic minerals 
are rare mineral species because of the strict require-
ments: the discrete static and dynamic stages in this 
model. The restrictions suggest, in turn, that organic 
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minerals favor unusual geological conditions where 
certain organic compounds achieved a high concentra-
tion in natural environments.

PAH Minerals in Mercury Mines in a 
Subduction-Zone Setting

From 1850 to 1980, California mines were the 
source of 3 million flasks (� 103 million kg) of mercury, 
about 88 percent of the mercury production in the 
United States (Pemberton 1983). All the PAH minerals 
occurring in California were discovered in the hydro-
thermal mercury mine (Echigo et al. 2007a, 2009). Not 
only organic minerals, but also bitumen, thick tars, and 
low-viscosity oils occur together with cinnabar and 
metacinnabar in some mercury mines in California 
(Sherlock 2000), e.g., the Geysers geothermal system 
and Sulfur Creek District. Peabody & Einaudi (1992) 
studied the PAH-enriched kerogen from the Culver–
Baer mine in the Geysers geothermal system, revealed 
that its carbon isotopic composition d13C is –27.22‰, 
and concluded it was derived from the surrounding 
sedimentary rocks.

Miedaner et al. (2005) examined the solubilities of 
native mercury in organic solvents, toluene (C6H5CH3, 
App. IV), octane (C8H18, App. XX), and dodecane 
(C12H26, App. XXI), and estimated the solubility of 
mercury in 200°C petroleum at 1,190 ppm. Their 
laboratory experiments suggest that the organic matter 
was entrained in the hydrothermal system and played a 
role in concentrating mercury. Note that PAHs are also 
reported from other types of heavy-metal deposits, such 
as Zn–Pb–Ba deposits in McArthur River, Australia 
(Chen et al. 2003) and Pb–Zn–Ag deposits in Trèves 
and Les Malines, France (Disnar 1996). Many inves-
tigators inferred that the association of organic matter 
with concentrations of heavy metals is due to both 
common source and the selective transport in the 
hydrothermal fluids rather than due to a direct chemical 
link, e.g., formation of organometallic compounds in 
hydrothermal system (Wilhelm & Bloom 2000).

The Japanese island arc, which faces California on 
the other side of the Pacific Ocean, hosts many mercury 
deposits (Sasaki & Ishihara 1979). Mercury deposits 
in Japan occur along the Median Tectonic Line and 
volcanic front (Imai et al. 2006), which is similar in 
that mercury deposits in California are along the San 
Andreas Fault. Many mercury deposits in both Japan 
and California are epithermal deposits and associated 
with a subduction-zone setting, which implies the poten-
tial occurrences of PAH minerals in mercury deposits in 
Japan. Recently, kerogen-like solidified organic matter 
was reported from the mercury ore at the Itomuka mine, 
Hokkaido, Japan (Echigo et al. 2007b). The Itomuka 
mine is an epithermal mercury deposit formed during 
the Miocene–Pliocene (Imai et al. 2006). Most mercury 
deposits in California were formed in the Pliocene 

(Bailey 1962). It seems that PAH minerals might be 
discovered in mercury deposits in Japan more recent 
than the Itomuka mine.

Relationship Between Crystal-Structure  
Units and Mechanisms of Formation  

of Organic Minerals

The oxalate anion [(C2O4)2–, App. XIV], funda-
mental structural unit of oxalate minerals, is one 
of the chain carboxylic anions, and the number 
of carbon atoms is two. The smallest structural 
unit of ionic organic minerals is the formate anion 
[(HCOO)–, App. XV], and the largest one is the citrate 
anion, [(C3H5O(COO)3)3–, App. XVII]. Palmitic acid 
(C15H31COOH, App. XXIII) is the most common chain 
carboxylic acid, also called saturated fatty acid (Bruice 
2001). In PAH minerals, phenanthrene (C14H10, App. 
II) is the smallest structural unit, and coronene (C24H12, 
App. XII) is the largest one. The PAH molecules occur-
ring in natural environments offer a broad variety, from 
benzene (C6H6, App. I) to ovalene (C32H14, App. XIII), 
as observed by Simoneit & Fetzer (1996). Hence we 
suggest that structural units of organic minerals are 
smaller than common organic molecules in natural 
environments.The organic compounds that have a large 
number of carbon atoms, such as palmitic acid and 
ovalene, do not occur as crystalline materials, although 
they are highly stable compounds and exist in natural 
environments. In contrast, silicate minerals, the most 
typical inorganic minerals, can have highly polymerized 
structural units. The structural units of silicate minerals 
range from an isolated SiO4 tetrahedron (orthosilicate) 
to a three-dimensionally polymerized SiO4 framework 
(tectosilicate) successively; the degree of tetrahedron 
condensation corresponds to the order of precipitation 
from silicate melt (Bowen’s discontinuous reaction 
series: Bowen 1928).

The most distinguishing characteristic in the process 
of formation of organic minerals is the relationship 
between their structural units and a mechanism of 
formation. The formation of the structural units, highly 
stable organic ion or molecules, should be followed 
by the migration and concentration of those units 
as described above. This mechanism of formation 
suggests that the building of a short-range structure, 
an individual structural unit, is distinct from that of the 
long-range structure, the bulk crystal structure (Fig. 
16a). Considering silicate minerals as typical examples 
of inorganic minerals, the coexistence of structural 
units such as monomer, dimer, chain, and sheet species 
is confirmed in quenched silicate melts (Mysen et al. 
1980, Mysen & Frantz 1993). This structure of silicate 
melt suggests that short-range and long-range structures 
of silicate minerals are formed progressively (Fig. 16b). 
This difference results from the chemical bonding of 
the structural units: those in organic minerals polym-
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erize by the formation of a carbon–carbon direct bond, 
whereas, on the other hand, those in silicate minerals 
require bridging oxygen atoms for their polymeriza-
tion. In other words, the two stages in the process of 
formation of organic minerals can be divided according 
to whether or not the formation or cleavage of carbon–
carbon bonds occurs. To understand the mechanism of 
formation of organic minerals, we have to develop a 

new model, different from that of inorganic minerals 
such as Bowen’s reaction series, on account of the high 
variety of C–C bonding. Many organic geochemists are 
working on the formation or cleavage of abiotic C–C 
bonds in hydrothermal and diagenetic systems (Freeman 
et al. 1994, Cody et al. 2004, Rushdi & Simoneit 2005, 
McCollom & Seewald 2007); their efforts also will 

Fig. 16.  Comparison between the mechanisms of formation of (a) organic minerals and (b) silicate minerals. (a) Schematic 
representation of the two stages in the formation of organic minerals. The first stage is the formation of structural units, 
e.g., coronene molecules for karpatite, from biomolecules with formation or cleavage of C–C bonds. The second stage is 
the migration and concentration of structural units and subsequent crystallization of the mineral on cooling. (b) Schematic 
representation of part of Bowen’s discontinuous reaction series. The SiO4 tetrahedra in melt polymerize progressively, and 
mineral crystallization occurs simultaneously (Ol: olivine, Py: pyroxene).
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give insights into the process of formation of organic 
minerals.

Concluding Remarks

The remarkable characteristics of organic minerals 
are summarized as follows:

(1) Organic minerals are divided into ionic organic 
minerals and molecular organic minerals.

(2) Pairs of non-bonding electrons play a significant 
role in the crystal structures of ionic organic minerals, 
which accounts for the roles of H2O molecules, inert 
lone pairs, and the Jahn–Teller effect in those structures.

(3) Molecular mixing occurs in molecular organic 
minerals and leads to molecular solid-solutions.

(4) In the process of formation of organic minerals, 
the formation of structural units, such as organic acid 
anion and PAH molecules, precedes their migration and 
concentration. The first stage includes the formation or 
cleavage of C–C bonds, but the latter stage does not.

Minerals are the basic materials of the Earth, and 
virtually everything one does in the Earth Sciences 
involves minerals in one way or another (Hawthorne 
1993). Although we have used the strict and traditional 
definition of a mineral in this review, it is not necessary 
to limit subjects in mineralogy to that definition, since 
they range widely from biominerals to non-crystalline 
materials, and from a living body to an extraterres-
trial body. In natural environments, the distinction 
between inorganic and organic materials is obscure, 
and thus the interactions between inorganic and organic 
materials are ubiquitous. Lichens and fungi living on 
mineral surfaces produce organic acids and facilitate 
the dissolution of heavy metals such as Cd, Pb, and 
Zn (Fomina et al. 2005). Many oxalate minerals, such 
as moolooite [Cu2+(C2O4)•nH2O] and glushinskite 
[Mg(C2O4)•2H2O], are products of the interaction 
(Wilson et al. 1980, Clarke & Williams 1986). Organic 
minerals are expected to be promising biomarkers in 
the detection of life and in the recognition of biological 
activity in the geological records of extraterrestrial 
material, such as Mars (Frost et al. 2003, Jehlička & 
Edwards 2008, Jehlička et al. 2009). If we consider such 
products of organic–inorganic interactions and living 
organisms as members of the mineral kingdom, we 
could make unlimited contributions to many branches 
of Earth and planetary sciences.
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Appendix. The Structures of Organic Compounds Cited in the Text
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