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Abstract

To what extent are naturally evolving systems limited in their potential diversity (i.e. “bounded”) versus unrestricted (“open-ended”)?
Minerals provide a quantitative model evolving system, with well-documented increases in mineral diversity through multiple stages
of planetary evolution over billions of years. A recent framework that unifies behaviors of both biotic and abiotic evolving systems
posits that all such systems are characterized by combinatorial richness subject to selection. In the case of minerals, combinatorial
richness derives from the possible combinations of chemical elements coupled with permutations of their formulas’ coefficients.
Observed mineral species, which are selected for persistence through deep time, represent a miniscule fraction of all possible element
configurations. Furthermore, this model predicts that as planetary systems evolve, stable minerals become an ever-smaller fraction of
the “possibility space.” A postulate is that “functional information,” defined as the negative log, of that fraction, must increase as a
system evolves. We have tested this hypothesis for minerals by estimating the fraction of all possible chemical formulas observed
from one stage of mineral evolution to the next, based on numbers of different essential elements and the maximum chemical
formula complexity at each of nine chronological stages of mineral evolution. We find a monotonic increase in mineral functional
information through these nine stages—a result consistent with the hypothesis. Furthermore, analysis of the chemical formulas of
minerals demonstrates that the modern Earth may be approaching the maximum limit of functional information for natural mineral
systems—a result demonstrating that mineral evolution is not open-ended.
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Significance Statement

The mineral kingdom is an example of a nonliving system that has systematically increased in diversity and complexity through
Earth’s 4.56-billion-year history. As such, mineral evolution provides a case study for a proposed model of evolving systems called
the “law of increasing functional information”—the proposition that all evolving systems display increasing “functional information”
as a consequence of selection. In the case of minerals, functional information is shown to increase monotonically through nine peri-
ods of Earth history. Furthermore, the information approaches an upper limit—a result that implies Earth’s mineral evolution is
“bounded,” in contrast to some models of life’s evolution as an unbounded or “open-ended” process.

Introduction

A key attribute of naturally evolving systems—i.e. systems that
display sequential increases in diversity and patterning—is the
extent to which they are “bounded,” that is restricted in their po-
tential diversity, versus “open-ended” and thus without such a
limitation (1-5). An untested hypothesis is that some abiotic
evolving systems (i.e. isotopes or minerals) are limited in the ex-
tent to which they can continue to complexify, whereas life and
its byproducts (including technology) may be unrestricted in the
degree to which they can become increasingly complex. This
idea, which connects to other hypotheses in this domain, notably
the predictions of Assembly Theory that abiotic processes cannot

generate numerous identical copies of molecules of extreme com-
plexity (6-8), has important implications regarding cosmic evolu-
tion and possible future evolutionary pathways.

Wong et al. (9) suggest that all evolving systems share three
conceptually equivalent traits: (i) They form from numerous com-
ponents (i.e. atoms, molecules, cells) that can be arranged in com-
binatorially large numbers of configurations; (ii) processes exist
that generate large numbers of those configurations; and (iii) se-
lection for one or more advantageous functions winnows the
number of “surviving” configurations. Wong and colleagues fur-
ther propose that functional information (10, 11) provides a metric
for the increase in diversity, patterning, or “complexity” of such a
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system. In brief, functional information (measured in bits), I(E), is
the negative log, of the fraction of all possible configurations that
achieves a degree of function, F(E,):

I(Ex) = - log, [F(E4)]- (1

That fraction, F(Ey), in most cases of interest is minute.

Animportant conclusion of Wong et al.’s study is a proposed law
of evolving systems—the law of increasing functional information:
“The functional information of a system will increase (i.e. the sys-
tem will evolve) if many different configurations of the system
are subjected to selection for one or more functions” (9). In this for-
mulation, evolution is viewed as a process of increasing informa-
tion that is driven by selective pressures on a system of many
interacting components. A key consequence is that selection for
function causes an increase in system information—a temporally
asymmetric arrow of increasing order that is not derivable from
the second law of thermodynamics’ increase in entropy.

Mineral evolution, which considers Earth’s changing diversity
and distribution of minerals at a planetary scale through deep
time, provides an important quantitative test of these ideas.
Mineralogical changes result from new mineral-forming environ-
ments as a consequence of emerging physical, chemical, and ul-
timately biological processes (12-15). Mineral evolution can be
modeled as a sequence of congruent stages, each of which ex-
pands the repertoire of mineral-forming mechanisms (14-17). As
such, the mineral kingdom represents a complex system that
shares many characteristics with other evolving systems, both bi-
otic and abiotic (18, 19).

It is important to note that functional information, as applied
to minerals or other evolving systems, is conceptually different
from calculations of chemical or structural complexity of miner-
als asintroduced by Krivovichev (20-22). In particular, the system-
atic increase in these measures of mineral complexity through
geological time (23-25) does not imply a similar increase in func-
tional information. The functional information of a system is con-
text dependent and therefore not equivalent to the Kolmogorov
information required to describe that system.

Mineral evolution and functional
information

An important and potentially testable prediction of the Wong
et al. framing of evolving systems is that any evolving system
under continued selective pressure will display an increase in
functional information. Rigorous calculations of functional infor-
mation for many natural systems, especially living systems, are
untenable at present. It is not possible in such instances to enu-
merate every possible configuration of molecules or cells, much
less to determine the degree of function of each configuration.
Furthermore, living systems display several concurrent levels of
configurations: Elements form biomolecules; biomolecules form
macromolecules; and macromolecules form subcellular struc-
tures, which in turn form cells, multicellular organisms, and eco-
systems. However, in the case of minerals a semiquantitative
evaluation of the changing functional information of suites of
minerals at different stages of Earth’s mineral evolution is pos-
sible. As such, minerals provide an important abiotic test of the
law of increasing functional information.

The principal objective of this contribution was to estimate the
functional information of nine different suites of minerals ar-
ranged chronologically, based on mineral cohorts that have
been cataloged in the twelve parts of the “evolutionary system
of mineralogy” (13, 15, 26-33). These estimations rely on several

assumptions that underlie our calculations of the functional in-
formation of mineral systems:

1. The components of minerals are the mineral-forming ele-
ments, which can be combined in combinatorially large num-
bers of different configurations and ratios, as represented by
their chemical formulas.

2. The “function” of an individual mineral species is stability (i.e.
static persistence), which is the most basic function of an
evolving system (9). If a mineral survives long enough to be
approved as a “species” by the International Mineralogical
Association’s (IMA’s) Commission on New Minerals,
Nomenclature, and Classification (CNMNC) (34-36), then it
has achieved this most basic of functions. It is important to
note thatitis inherently more difficult for minerals from earl-
ier stages of cosmic evolution to survive to present and be cat-
aloged as mineral species. As Bermanec et al. (37) show, the
evolution of mineral hardness reveals both changing para-
geneses and preservational bias. Due to preservational bias,
the functional information that we estimate for earlier stages
of mineral evolution is potentially too high. As we shall see,
this observation supports our claim that the functional infor-
mation of minerals has increased over geologic time.

3. Ateach stage of Earth’s mineral evolution, the number of pos-
sible formula configurations is defined by the number of com-
binations of chemical elements multiplied by the number of
permutations of the coefficients, as represented by the cumu-
lative mineral inventory through that stage.

4. The functional information of the mineral system at each
stage of mineral evolution is defined as the negative log, of
the fraction of all possible chemical configurations that are
observed to occur cumulatively during that and prior stages.

Examples from nine sequential time periods spanning 4.56 bil-
lion years of Earth history serve to clarify these assumptions. In
the following sections, “Part” refers to the published or in-
preparation sequential parts of the 12-part evolutionary system
of mineralogy (13, 15, 26-33).

Part I—The “ur-minerals” (> 4.6 Ga): The earliest minerals in the
universe formed as high-temperature condensates in the expand-
ing, cooling atmospheres of old stars. A comprehensive catalog of
the stardust minerals, which appears in Part I of the evolutionary
system of mineralogy, reveals 27 known mineral species (Table 1
in 26). These minerals are composed of 16 different chemical ele-
ments (Figure 1a in 26). Furthermore, the maximum number of el-
ements in any one mineral is 4 [for example, in olivine; (Mg,
Fe),Si0,], while the maximum formula coefficient is 19 [in hibon-
ite; CaAl1,049]. Determination of functional information therefore
requires application of combinatorial and permutational math-
ematics in four steps:

1. Calculate the total number of combinations, C, of k=1 to 4
different elements (out of m =16 possibilities) with no elem-
ent repeating. The general formula for the number of ways
to select k different objects from a set of m objects is:

Clk, m) =m1/[(m — k) x k1. @)

A familiar example of this calculation is the number of pos-
sible five-card hands that can be drawn from a 52-card deck
(the answer is 2.6x10% see, for example: https:/www.
calculatorsoup.com/calculators/discretemathematics/comb
inations.php, accessed 2024 March 4).


https://www.calculatorsoup.com/calculators/discretemathematics/combinations.php
https://www.calculatorsoup.com/calculators/discretemathematics/combinations.php
https://www.calculatorsoup.com/calculators/discretemathematics/combinations.php
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Table 1. Parameters related to the functional information of mineral systems for nine periods of Earth’s mineral evolution.

Part Age (Ga) M m k n Ciym Cr-1,m P’y Py (CxP) (CxP).1 FI(bits) Refs.

I >4.6 27 16 4 19 1,820 560 85,954 4,860 16x10°  2.7x10° 225  (26)

I > 4.565 59 23 7 19 25x10°  10x10° 25x10® 02x10® 63x10"” 0.2x10" 400  (27)

111 > 4.561 96 29 7 36 1.6x10°  05x10° 42x10 01x10° 67x10® 05x10" 493 (28)

v >4560 141 34 8 36  18x107 54x10° 12x10 42x10° 22x10 23x10Y 572 (29)

\Y% > 4.550 29 42 8 71 12x10%° 27x107 43x10™ 67x107 52x10%2 1.8x10%° 673 (30)

VIA >4.370 442 48 10 72  65x10° 17x10° 1.9x10"® 31x10% 1.2x10%® 53x10% 84.5 (31)

VIB >4.0 883 61 11 72  42x10"™ 9.0x10® 1.2x10° 19x10® 50x10°* 5.3x10%° 95.5 (16, 31)

VIL VI >2.5 3759 68 12 123 7.3x10 15x10 69x10%* 62x10%? 50x107 93x10°* 1133 (32, 33)
IXtoXII 0 9300 72 15 135 1.2x10% 24x10™ 4.0x10* 37x10%° 48x10% 89x10" 1386 (13,16, 38, 39)

Part, the part number of the evolutionary system of mineralogy; M, the cumulative number of different mineral species; m, the number of different essential
chemical elements in mineral formulas; k, the maximum number of elements in a chemical formula; n, the maximum coefficient in a chemical formula; Cg, y , the
number of combinations of k elements from a set of m elements (see Eq. 2); C (-1, m) , the number of combinations of (k- 1) elements from a set of melements (see Eq. 2);
P’ n), the number of permutations of k coefficients with a maximum coefficient of n (see Egs. 3 and 4) (note that P’ ~ P for k> 5); P’ 1.1, ) , the number of permutations
of (k- 1) coefficients with a maximum coefficient of n (see Egs. 3 and 4); FI, the functional information (in bits), based on the fractlon of all possible mineral formulas
that are observed (see Egs. 1 and 5).

Functional Information [bits]
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1. A plot of functional information (in bits; see Table 1) versus the 12

sequential “Parts” of the evolutionary system of mineralogy reveals a
significant monotonic increase in the functional information of evolving
mineral systems through Earth’s 4.56-billion-year history.

2.

Calculate the number of permutations, P, of coefficients from
1to 19 for combinations of 1 to 4 elements. Note that the gen-
eral formula for the number of permutations of k objects from
a set of n objects is:

P(k, n) = n!/(n-k)! (3)

(see https://www.calculatorsoup.com/calculators/discrete
mathematics/permutations.php, accessed 2024 March 4).

. Inthe case of chemical formulas, an additional step may re-

quire consideration because of redundant combinations of
coefficients with a common factor, which are therefore re-
duceable (i.e. the three-element formulas X,Y,Z¢ or
X3YeZy are equivalent to XY,Zs). The corrected value of
number of nonequivalent permutations, P’, is a function
of k:

P~ 1= Y (R xR x (e L
2

where values of n are restricted to prime numbers. Thus, for
example, for any system of k = 2 elements, the total permu-
tations of coefficients P are reduced by approximately [1/4
+(1/9%x3/4) + (1/25% 3/4x 8/9) +...]xP ~ 0.36xP. This se-
quence can be understood as follows: 1/4 of all coefficient
pairs will be even-even and thus redundant. In addition,
in 1/9 of all pairs both coefficients will be divisible by 3;

however, 1/4 of those pairs will have already been ac-
counted in the even-even group; hence, (1/9 x 3/4) repre-
sents additional redundant coefficient pairs.

Similarly, for any system of three elements, the reduction
from P to P’ is [1/8 +(1/27 x 7/8) + (1/125 x 7/8 x 26/27) +...] x
P ~ 0.164xP. This factor decreases significantly to ~ 0.076 x
P, ~0.035 x P, and ~ 0.017xP for systems of k=4, 5, and 6 ele-
ments, respectively. As we shall see, this correction becomes
unnecessary (i.e. P’ ~ P) for mineral systems with 7 or more el-
ements in the chemical formula.

4. Finally, in the case of stellar minerals multiply (CxP’) and
sum for formulas with k=1, 2, 3, and 4 different elements.
Note that because of the exponential increase in combina-
tions/permutations with k, we only calculate (C x P’) for kmax
and (kmax - 1).

Applying these steps to the stellar minerals of Part I, for which
Rmax =4, m=16, and n=19 (Table 1):

e For a single element, there are 16 different possible combina-
tions; in each case, the coefficient is 1.

e For two different elements (from a population of 16), there
are [(16!)/(14!x2))] = [(16°-16)/2] =120 different element
pairs. For each pair, the number of possible coefficient
permutations of 1 to 19 is [(19!)/(19-2)!)=342, of which
122 (35.7%) are reduceable by factoring. Therefore, there
exist 120x 220=26,400 possible chemical formulas with
combinations of two elements (out of a population of 16
different elements) and permutations of coefficients
from 1 to 19.

e For three different elements, C=560, P=5,814, and P’ ~
5,814 x 0.836 =4,860. Accordingly, there are 560x4,860=
2,721,600 formula combinations of elements and permuta-
tions of coefficients for k=3, m=16, and n=19.

¢ Finally, for k=4 different elements: C=1,820; P=93,024; P' =
93,024 x0.924=85,954, and there are 1,820x85,954=
156,436,280 possible formulas.

The total number of possible chemical formulas for m = 16 dif-
ferent elements, up to k=4 elements in a formula, and with coef-
ficients as large as n=19 is thus ~159 million, compared to 27
known minerals. Therefore, we estimate the functional informa-
tion, I(E,), for all Part I minerals to be:

I(E,) = —log, [27/1.59 x 10°] = 22.5 bits. )


https://www.calculatorsoup.com/calculators/discretemathematics/permutations.php
https://www.calculatorsoup.com/calculators/discretemathematics/permutations.php
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Part II—Primary nebular condensates (> 4.565 Ga): The earliest
stages of nebular condensation, as reviewed in Part II of the evolu-
tionary system of mineralogy (27), saw a significant increase in
both the number of mineral-forming elements and the diversity
of mineral species. The 48 mineral species from Part II include
the earliest of these condensates from calcium-aluminum-rich
inclusions, ultra-refractory inclusions, and ameboid olivine ag-
gregates, which are combined (and in part overlap) with PartIstel-
lar minerals. These 48 minerals from Part II feature m=23
different chemical elements (Figure 1c in 27), with as many as
k=7 different chemical elements in a formula, as in rhonite
{Ca,y(MgFe* Ti*)0,[SisAl;045]}, and coefficients up to n=19 in
hibonite.

Applying Egs. 2, 3, and 4, we find that C(7,23) = 245,157; C(6,23)
=100,947; P'(7,19) = 2.5 x 108, and P'(6,19) = 0.2 x 10%. Multiplying
Cx P’ for k=7 and 6 yields 6.3x 10* and 0.2 x 10*3, respectively.
Note that 59 different mineral species appear in total in Parts I
and II. The functional information of Earth’s mineral systems at
this earliest stage of Earth’s mineral evolution is thus:

I(Ex) = —log, [59/6.3 x 10™] = 40.0 bits. (6)

This value represents a significant increase in functional infor-
mation for mineral systems between the prenebular stage of stel-
lar minerals and the earliest stage of nebular condensation.

Part III—Primary chondrite minerals (> 4.561 Ga): The primary con-
densates of Part III (28) increase the total number of mineral spe-
cies to 96, with formulas combining up to seven elements (Ryax =
7) out of m =29 different chemical elements. The maximum coef-
ficient increases to n=36, as found in sapphirine {(Mg,
Fe)4(MgsAlg)O4[SisAlgO56]} (see Table 1). Therefore, applying Egs.
2, 3, and 4, we find ~6.8 x 10'° potential chemical combinations
and permutations, of which 96 are observed. The resulting func-
tional information is:

I(Eyx) = - log, [96/6.8 x 10'°] = 49.3 bits. ?)

Part IV—Primary achondrite minerals (>4.560 Ga): Planetesimal
formation produced at least 94 primary igneous phases (29).
These processes increased Earth’s mineral inventory to 141 docu-
mented phases (all found in meteorites) that formed from m =34
different chemical elements, with as many as eight elements [e.g.
Rmax = 8 in the formula of panethite (Na, Ca, K); (Mg, Fe**, Mn?")
P>* Q,]. As in Part ITl, the largest coefficient is n = 36 in sapphirine.
In this case, C(8,34)=1.8x10"; C(7,34) =5.4x 105 P'(8,36) =1.2 x
10%?; and P'(7,36) =4.2 x 10'°. Multiplying Cx P’ for k=8 and 7
yields 2.2 x 10* and 2.3 x 10", respectively. A total of 141 different
mineral species appear cumulatively in Parts I through IV. The
functional information of Earth’s mineral systems including the
earliest phases of planetesimal formation is thus:

I(Ey) = —log, [141/2.2 x 10'°] = 57.2 bits. (8)

Part V—Secondary achondrite minerals (>4.550 Ga): The formation
of planetesimals was associated with the appearance of more
than 200 secondary phases produced by thermal, aqueous, and
shock alteration (30). These processes increased Earth’s mineral
inventory to 296 documented phases that form from m =42 differ-
ent chemical elements, with as many as kmax = 8 elements in sev-
eral minerals and with coefficients as large as n=71 in the
formula of decagonite (Al;1NiysFes). The resulting functional in-
formation is:

I(Ey) = —log, [296/5.2 x 10%?] = 67.3 bits. )

Part VI—Earth’s earliest Hadean crust (>4.370 Ga): Part VI of the
evolutionary system of mineralogy proposes a list of 262 minerals
that likely formed in near-surface environments during the earli-
est stages of Earth’s accretion and cooling (31). Combined with
almost 300 meteorite minerals described in Parts I through V,
the total estimated mineral diversity was 442 species
(Supplementary Table 1 in 31). Phases from this stage of mineral
evolution feature m = 48 different elements, with as many as kmax-
=10 elements in biotite [Ky(Mg, Fe?*, Fe**, Al, Ti)s(Si, Al)gO20(OH,
F)4], and coefficients as large as n=72 in stilbite [NaCaa(Siy7Aly)
072.28H,0]. The functional information is thus:

I(Ey) = —log, [442/1.2 x 10%®] = 84.5 bits. (10)

Part “VIB"—Earth’s cumulative Hadean crust (>4.0 Ga): Hazen and
Morrison (16) tabulated 57 different mineral formation processes
(i.e. “paragenetic modes”), with assignments of one or more modes
to each of 5,659 mineral species (the total number of
IMA-CNMNC-approved species at that time). That survey thus ex-
panded on the list of plausible Hadean minerals in Part VI by con-
sidering an additional 441 species that are estimated to have
formed after ~4.4 Ga but prior to 4.0 Ga. These 883 species re-
present all minerals listed for paragenetic modes p1 through p18
(Supplementary Table 1 in 16). These minerals incorporate m=
61 different chemical elements, with ky.x=11 elements. As in
Part VI, the maximum coefficient is n="72. We therefore estimate
the functional information for Earth’s cumulative Hadean min-
eral repertoire (i.e. prior to 4 billion years) as:

I(Ex) = - log, [883/5.0 x 10°'] = 95.5 bits. (11)

Parts VII and VIII—Primary igneous and metamorphic minerals (>2.5
Ga): Parts VII and VIII of the evolutionary system of mineralogy
enumerate 1,665 primary igneous (32) and 1,220 primary meta-
morphic (33) minerals, respectively. We combine these two parts
because many of these minerals had to await the advent of plate
tectonics, notably processes of burial, uplift, and orogenesis asso-
ciated with subduction zones. Combined with all prior minerals,
as well as secondary phases that likely formed prior to the Great
Oxidation Event at ~2.5 Ga, we identify 3,759 mineral species
that formed abiotically (Supplementary Table 1in 16; paragenetic
modes p1 through p43). These minerals incorporate m = 68 differ-
ent chemical elements, with kyyax = 12 [for example, in the mineral
kentbrooksite, (Na, La*");5(Ca, La**)eMn?* 3Zr* * sNb® * Sijs0,5(0,
OH, H,0)3(F, Cl),;] and n=123 [for example, in the mineral roger-
mitchellite, Nag(Sr, Nza)12]3a22r‘1 *13Si39(B, Si)s0123(0OH)12.9H,0].
Application of Egs. 2 and 3 yields:

I(Ex) = - log, [3759/5.0 x 10*] = 113.3 bits. (12)

Parts IX to XII—Modern and future biotic Earth: What is the max-
imum possible functional information for Earth’s evolving min-
eral system? Based on all known mineral formulas, including
those for yet unpublished Parts IX to XII of the evolutionary sys-
tem, it seems unlikely that kyax Will exceed 15. Unless one counts
rare earth elements separately, there are mpa.x=72 mineral-
forming elements in the periodic table (38). And, unless fractional
coefficients are considered, a maximum coefficient much greater
than the observed 131 seems unlikely. Applying Egs. 2 and 3 form
=72,k=15,and n=135: C(15,72) = 1.2 x 10 and P’(15,135) = 4.0 x
10%!, yielding C x P’ =4.8 x 10*. The total number of mineral spe-
cies on Earth, including those not yet discovered and described,
has been calculated by Hystad et al. (39) using the Bayesian esti-
mation to be approximately 9,300 species. Therefore, a rough
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estimate of the maximum functional information of Earth’s
minerals is:

I(Ex) = —log, [9300/4.8 x 10| = 138.6 bits. (13)

Caveats

The estimations of functional information presented above must
be taken with important caveats related to the calculation of func-
tional information, which depends on determining the number of
possible configurations of a system. In the case of mineral sys-
tems, we have assumed that the number of configurations aligns
closely with the number of possible chemical formulas, based on
combinations and permutations of: (i) the number of participating
chemical elements, m, in that cohort of minerals; (ii) the max-
imum number of elements in any one formula from those miner-
als, k; and (iii) the largest coefficient, n, from chemical formulas of
minerals in that cohort. This approximation may be in error for at
least three reasons.

First, we do not consider structural variations and polymorphs.
It is well known that, for a given chemical formula, minerals can
adopt multiple crystal structures. For example, there are seven
approved structure types for SiO,, while three or more poly-
morphs are known for Al,SiOs, MgSiOs, Mg,SiO., and native sulfur
(see: https://rruff.info/ima, accessed 2024 March 4). Nevertheless,
more than 90% of mineral chemical formulas are only associated
with one structure type. Therefore, the additional consideration of
structure type in estimations of functional information would re-
sultininconsequential changes. For example, if we generously al-
low an average of two polymorphs for every Part VII/VIII mineral,
effectively doubling the number of Part VII/VIII minerals, the
functional information contained in Part VII/VIII minerals would
only change from 113.3 to 112.3 bits. We conclude that inclusion
of polytype information would have a minimal effect on our
calculations.

A second concern regarding the validity of our estimations of
functional information relates to solid solutions—the substitution
of two or more chemical elements in a single structural site. The
IMA is somewhat inconsistent in their application of rules for de-
fining a mineral’s formula. In most instances, an idealized end-
member formula is used, such as forsterite (Mg,SiO.) or fayalite
(Fe,Si0y), even though natural samples invariably have both Mg
and Fe in solid solution represented by [(Mg, Fe),SiO,4]. However,
in many other instances the official IMA formula explicitly ac-
knowledges solid solution, as in the metamorphic mineral pris-
matine [(Mg, Al, Fe)gAl4(Si, Al)4(B, Si, Al)(O, OH, F),,] or the rare
igneous mineral ikranite [(Na, H30):5(Ca, Mn, REE)GFeS*ng,
Si**Og6(0O, OH)6Cl-nH,0]. In such cases, the maximum number of
elements in a structure, kyax, as well as the number of different
essential elements in a cohort of minerals, m, may be inflated by
including minor elements that would not necessarily be included
in an idealized reduced formula. Nevertheless, by systematically
employing the official IMA chemical formulas our calculations
are both internally consistent and reproducible, while not signifi-
cantly altering the overall trends in our calculations.

Thirdly, our treatment does not recognize the existence of frac-
tional coefficients, which do occur in a small percentage of
IMA-CNMNC-approved chemical formulas. Examples such as al-
godonite [Cuq,Asy (X =~ 0.15)], chibaite [SiO;n(CH4, CoHg, CsHs,
C4H10); (Nmax = 3/17)], digenite [Cu, gS], kidwellite [NaFed:,(PO,)s.
(OH) -3H,0 (x »~ 0.33)], and rathite [Ag,Pb1, xTly/»AS15.x/2S40] May
complicate the assignment of a maximum integral coefficient, n.
In these instances, we employ the nearest integral value, because

in most cases the fractional coefficient results from a modest frac-
tion of vacancies in a specific crystallographic site.

A closely related caveat is also needed. Minerals of the
sartorite group feature complex combinations of (in some cases)
incommensurate substructures that lead to formulas of extreme
complexity, such as in dekatriasartorite [T1PbsgAsgsSz04], hende-
kasartorite [Tl,PbsgAsg,S175], incomsartorite [TlgPbi44AS;46Ss16),
and other similar examples. In each case, the coefficients in these
formulas can be reduced to smaller integral values by recognizing
that two simpler building blocks occur in combination.

Discussion

Despite the caveats noted above, a convincing conclusion of this
study is that the functional information of mineral systems on
Earth has increased monotonically through 4.56 billion years of
planetary history. Over this time span, the number of mineral spe-
cies increased dramatically, from 27 stellar minerals to 300 me-
teorite minerals in the first 5 million years (>4.56 Ga) to more
than 800 species by the end of the Hadean Eon (4.0 Ga), an esti-
mated almost 4,000 different minerals formed by abiotic proc-
esses prior to the Great Oxidation Event (~2.5 Ga), to more than
9,000 species on Earth today. One might conclude that the fraction
of all possible mineral species that were generated steadily in-
creased through time. In that case, functional information of min-
eral systems would have steadily decreased.

What we observe instead is a dramatic decrease in this fraction
because of the rapidly increasing potential combinatorial richness
of the mineral kingdom. An ever-greater number of different chem-
ical elements led to the potential for numerous new combinations,
even as the complexities of formulas—in terms of both the number
of coexisting elements, kmay, and their largest coefficients, n—added
new permutational possibilities. The results (Table 1; Figure 1) are a
monotonic increase in the functional information through nine
chronological stages of mineral evolution. Indeed, we observe rela-
tively equally spaced increases in functional information over the
12 parts of the evolutionary system of mineralogy (Figure 1).

Intriguingly, when functional information is plotted versus
the cumulative number of IMA-CNMNC-approved mineral species
(Figure 2), the functional information appears to be approaching an
asymptotic limit. Such behavior suggests that mineral evolution is
not open-ended (1-5). Rather, there is a limit to the degree to which
mineral systems can increase in diversity, because the mineral
kingdom is sculpted by selection for static persistence in a system
of large but finite chemical possibilities. If so, then Earth may
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Fig. 2. A plot of functional information versus cumulative number of
minerals reveals an asymptotic limit, suggesting that mineral evolution is
not open-ended.
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Case A: moderate selection (e.g., minerals)

realized space

possibility space

Case B: weak selection

Case C: strong selection (e.g,, life)

FI

\ 4

Fig. 3. Example types of evolving systems. A) Nonopen-ended system (e.g. minerals), characterized by an expanding possibility space and a moderate
degree of selection. B) Nonopen-ended system characterized by expanding possibility space but little or no selection. C) Open-ended system (e.g. life?),
characterized by a rapidly expanding possibility space and a strong degree of selection. D) The behavior of functional information vs. time for all three

cases.

have already sampled a significant fraction of the combinatorially
rich formula space possible with the current inventory of 72
mineral-forming elements, as illustrated in Figure 3A.

In this context, it is interesting to compare and contrast
different possible modes of evolution. For example, a system’s
possibility space might expand in a manner similar to mineral
evolution, yet under extremely weak or nonexistent selection
pressures. In such a case, the functional information of that
system may remain constant or even decrease with time
(Figure 3B).

A third plausible mode is open-ended evolution in a system
for which the possibility space expands indefinitely (1, 2, 5)—a
situation that may be exemplified by the evolution of life
(Figure 3C). Kauffman and colleagues, who have explored this
concept in several works (40-44), suggest that the complexity of
Earth’s biosphere is greater than the entire abiotic universe
(40, 41). Their “Theory of the Adjacent Possible” (42) posits that
an evolving system occupies an ever-smaller subset of the total
possible—an idea equivalent to the proposed law of increasing
functional information (9). Kauffman and Roli (43, 44) further
demonstrate that biological evolution is likely open-ended and
not deducible via the Newtonian paradigm.

Life, in contrast to the mineral realm, is shaped by selective
pressures for dynamic persistence and novelty generation, reflect-
ive of the active feedback loops and ongoing exchange of informa-
tion between biological systems and their environments (45).
These additional selective forces, as well as the enormous com-
binatorial space of biomolecules, cells, and ecosystems, mean
that the configurational space of life’s realized forms may become
vanishingly small compared to the space of all possible configura-
tions, both viable and nonviable. Although such a calculation has
yet to be performed, we speculate that the functional information
of living systems does not approach an asymptote with time
(Figure 3D), which would be a result consistent with the hypoth-
esis of life’s open-endedness (1, 4).

With more than 6,000 different mineral species approved by
the IMA-CNMNC and 100 new species discovered yearly (46), it
might seem that Earth’s mineral kingdom is remarkably well en-
dowed. However, that view misses a key property of evolving sys-
tems: As with all other evolving systems, the known mineral
kingdom represents only a miniscule fraction of all conceivable
configurations—by our rough estimation fewer than one stable
mineral occurs in every 10*? possible element combinations. We
conclude that minerals constitute a bounded evolving system,
with monotonic increasing functional information approaching
an asymptote—a finding that is consistent with the proposed
law of increasing functional information (9).
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