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ABSTRACT
This paper presents several new diagrams that document previously unappreciated patterns and
predictability in systematic mineralogy. They illustrate, for example, that sulÞde minerals of single
cations contain only intermediate to soft cations (cations with at least some outer-shell electrons). On
the other hand, hard cations (those with no outer-shell electrons) only enter into a few sulÞde minerals, all of which also contain intermediate cations. Among the simple chloride, ßuoride, oxide, and
carbide minerals of hard cations, ionic potential (charge/radius) of cations is proportional to that of
anions (e.g., from KCl to SiC). Among the simple nitrate, sulfate, carbonate, phosphate, and silicate
minerals of hard cations, ionic potential of inter-radical cations is inversely proportional to the ionic
potential of the cations in the oxysalt radical (e.g., from KNO3 to ZrSiO4). Across both of these sets
of minerals, non-simple minerals (H2O- and OH--bearing minerals or minerals with extra O2–) in each
group typically involve cations of higher ionic potential than those of the simple minerals. The result
is predictability and pattern in the compositions of minerals.

INTRODUCTION
Systematic mineralogy is conventionally treated as a listing
of minerals in chemical groups deÞned by anions or anionic
groups (e.g., sulÞdes, oxides, carbonates, etc.). Both university
textbooks (e.g., Klein 2002; Nesse 2000) and advanced reference works (e.g., Clark 1993; Gaines et al. 1997) provide little
explanation of variation within these groups, except among the
silicates, and little attempt is made to show relationships between
these different groups.
This paper attempts to rationalize systematic mineralogy
by showing patterns and relationships in mineral compositions
across the entire range of systematic mineralogy. For example,
it answers such questions as “Why are there CaF2, CaO, CaSO4,
and CaCO3 minerals, but no CaCl2, Ca2C, or Ca(NO3)2 minerals?” The results are a series of diagrams that contextualize the
chemical formulae of minerals.

FUNDAMENTAL PRINCIPLES
Three fundamental concepts are essential to understanding
this paper. First, cations and anions can be divided into categories
ranging from “hard” to “soft” (Pearson 1968; Stumm and Morgan
1996) (Fig. 1). Hard cations have no outer-shell electrons, and so
their outer shells are like those of a noble gas. Na1+, Mg2+, and
Al3+ are good examples of hard cations. Intermediate cations have
some outer-shell electrons, and Fe2+ and Fe3+ are good examples.
Soft cations have many outer-shell electrons and are typically
large; Au1+ and Hg1+ are good examples. Hard anions are those
in the second row of the periodic table with full outer shells
(F1–, O2–, N3–, and C4–), whereas anions become progressively
softer or more deformable downward through the table from
S2– to Bi2– (Fig. 1). The signiÞcance of this scheme is that hard
* E-mail: rlsbk@gly.uga.edu
0003-004X/05/0007–1033$05.00/DOI: 10.2138/am.2005.1842

cations coordinate well with hard anions, whereas soft cations
coordinate more extensively with soft anions (Pearson 1968;
Stumm and Morgan 1996).
Second, both cations and anions can be characterized by their
ionic potential. Ionic potential is deÞned as ionic charge divided
by ionic radius, or z/r, and it is a measure of the density of charge
of an ion and thus of the strength of the ionic bonds made by that
ion. On the periodic table, ionic potential increases across the
hard cations from less than 1 for K1+ to more than 40 for N5+ (Fig.
1). Across the intermediate to soft cations, it increases from less
than 1 for Au1+ to more than 10 for Se6+ (Fig. 1). In contrast, ionic
potential varies across the anions only from –0.5 for I1– to –1.5 for
C4– (Fig. 1). Ionic radius for any one ion varies with coordination
number [e.g., r = 1.00 Å for Ca2+ in sixfold coordination vs. 1.06
Å in eightfold coordination, in the data from Shannon (1972) used
here]. However, the effect on ionic potential (2.00 vs. 1.89 in this
example) is small relative to the large range of ionic potential across
the various ions. Ionic potential has long been used to characterize
cations (e.g., Cartledge 1928a, 1928b; Goldschmidt 1937), but this
paper will show that ionic potential of both cations and anions is
also useful in understanding trends in mineralogy.
Both of these concepts are incorporated in the periodic table
used in this paper, which is a simpliÞed version of the Earth
Scientist’s Periodic Table of the Elements and Their Ions (Railsback 2003, 2004). This new table arranges chemical entities by
charge, rather than by elemental (uncharged) condition, and as
a corollary it shows some elements multiple times (e.g., sulfur
as S6+, S4+, S0, and S2– from left to right across the table). This
allows the table to separate the hard and intermediate-to-soft
cations graphically and to use contours across the table showing
variation in ionic potential of both cations and anions (Fig. 1).
Third, all deÞnitions of a “mineral” include the stipulation
that minerals be “naturally occurring” (Klein 2002; Nesse 2000)
or have “formed as the result of geological processes” (Nickel
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