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Abstract: The idea that the mineralogical diversity now found at or near Earth’s surface was not present for much of the Earth’s
history is the essence of mineral evolution, and the geological histories of the 118 Li, 120 Be, and 296 B minerals are not exceptions.
Present crustal concentrations are generally too low for Li, Be, and B minerals to form (except tourmaline); this requires further
enrichment by 1-2 orders of magnitude by processes such as partial melting and mobilization of fluids. As a result, minerals
containing essential Li and Be are first reported in the geologic record at 3.0-3.1 Ga, later than Li-free tourmaline at 3.6 Ga. Spikes in
species diversification coincides with increases in preserved juvenile crust and supercontinent assembly during the Precambrian Eon,
followed by accelerated diversification during the Phanerozoic Eon. Mineral ecology concerns the present-day distribution, diversity,
complexity, and abundance of minerals, including estimates of Earth’s total mineral endowment, most recently by using large
number of rare events (LNRE) models. Using Poisson-lognormal distribution and Bayesian methods, LNRE modeling yields an
estimate of 1200-1500 total B mineral species, nearly triple the ~500 species estimate made in 2017, and from ~700 to ~800 total
species for Li and Be. In considering how the total number of mineral species came to be present in Earth’s crust, it is important to
keep in mind the distinctions and the interplay between two very different histories: the geologic history of mineral formation, and
the human history of mineral discovery. Mineral diversity has increased both with geologic time and with historic time, but only the
latter strictly pertains to the accumulation curves that result from LNRE modeling. The Li minerals reported from the most localities
would be expected to be discovered earliest in the historic search for new minerals and to have appeared earliest in Earth’s history.
However, data on Li minerals imply that factors other than number of present-day localities, at present totaling 3208 mineral/locality
counts, play a major role in mineral ecology. More significant are the unique formation conditions at a handful of localities that
produced a diverse suite of Li minerals rarely replicated elsewhere. The resulting present day non-random distribution of minerals
contributes significantly to differences in the probabilities among species being discovered, which can have a profound impact on
LNRE modeling.
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1. Introduction processes (or processes at a given time in the past) influenc-

ing the distribution, diversity, complexity and abundance of

The idea that the mineralogical diversity now found at or
near Earth’s surface was not present for much of Earth’s his-
tory was first put forward by Zhabin (1979), who asked
whether there could be an “evolution of mineral speciation
on Earth,” a question that has been the focus of Robert
Hazen and his colleagues since 2008 (e.g., Hazen et al.,
2008, 2012; Grew & Hazen, 2014). A related concept intro-
duced by Hazen et al. (2015a) is mineral ecology, which in
contrast to mineral evolution concerns the present-day

minerals, including the interactions of minerals with abiotic
and biotic systems in the environment. It is understood that
the present-day situation is the result of all that has happened
throughout Earth’s history. The term “mineral ecology” had
been used by Hommels ez al. (1990) and Jones & Bennett
(2017), but these authors were discussing microbial ecology
where “mineral” refers to the geochemical environment
of the microbes. Although the environment includes miner-
als, the authors’ focus was on microbial diversity and
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distribution, not mineral species diversity and distribution.
The term “mineral ecology” does not concern the impact
of minerals on the environment. This concept would require
a different term. Agusdinata et al. (2018) used the term
“socio-ecology” in reference to impacts of lithium extrac-
tion, for example, the “socio-ecological consequences of
mining activities and social justice issues on the local
society” on page 8.

One aspect of mineral ecology is estimating the total num-
ber of mineral species present in Earth’s crust today, that is,
starting with the minerals already known and estimating the
number yet to be discovered, Earth’s so called “missing
minerals.” This endeavor has attracted the interest of miner-
alogists beginning over 80 years ago when Fersman (1938)
estimated that the number of mineral species in Earth’s crust
probably would not exceed 3000 (Grew et al., 2017a).
However, a more quantitative mathematical approach to
estimating the number of missing minerals only became
available when Hystad er al. (2015a) showed that mineral
species coupled with their localities conform to a Sichel’s
generalized inverse Gauss-Poisson (GIGP) large number
of rare events (LNRE) distribution. Given the count in
2014 of 4831 species from 135 415 localities, ie.,
652 856 mineral/locality pairs from the database at
mindat.org, Hystad ez al. (2015a) estimated a total of 6394
species, i.e., about 1500 more species remained to be dis-
covered assuming these “missing” minerals would be char-
acterized using the same techniques. Hazen et al. (2015b)
clearly realized that this is an underestimate because
advances in technology have accelerated the rate of discov-
ery and now 100-120 new mineral species are approved
annually by the International Mineralogical Association
Commission on New Minerals, Nomenclature and Classifi-
cation (IMA CNMNC). In order to improve the estimate,
Hystad et al. (2019) adopted a different approach, where
the zero truncated Poisson-lognormal distribution is found
to provide the best fit to the mineral frequency distribution
using Bayesian methods. Employing this distribution, the
total number of mineral species in Earth’s crust was esti-
mated to be 9308 with a 95% posterior interval estimated
to be (8650; 10 070), i.e., the estimated number of missing
minerals is tripled. This total appears to be more reasonable
when compared to the independent estimate of >15 300
minerals that could plausibly occur on terrestrial planets
and moons throughout the cosmos (Hazen et al., 2015a).

LNRE models have also been used to estimate the total
number of missing mineral species for subsets of minerals,
of which boron minerals have been studied in the greatest
detail (Grew et al., 2016, 2017a). In order to quantitatively
evaluate estimates based on LNRE models, both the 295 B
species discovered through 2017 and the 146 B minerals
discovered through 1978 were modeled using a finite
Zipf-Mandelbrot (fZM) distribution and a GIGP distribu-
tion. The 2017 dataset gave 50% higher totals than the
1978 dataset, i.e., 459 = 65.5 species (fZM) and 523 species
(GIGP) versus 306 species (fZM) and 359 species (GIGP)
for the 1978 dataset. This discrepancy was attributed largely
to technological advances in analysis, most notably the elec-
tron microprobe, since the 1970s (Grew et al., 2017a), one
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of the arguments made by Hystad et al. (2015b) to explain
underestimates. Grew et al. (2017a) also expressed doubt
that even the ~500 B species estimated from the 2017
dataset would be the “end of the story” because further tech-
nological advances as well as wider use of existing highly
advanced technologies can be expected in the future.

The present paper applies the new approach (Hystad
et al., 2019) not only to B and Be minerals, previously mod-
eled by Grew et al. (2016, 2017a and b) and Hystad er al.
(2015b), but also to Li minerals, the mineral evolution and
ecology of which have only been reported preliminarily in
abstracts (e.g., Grew et al., 2018b). What these three
elements have in common is the fragility of their nuclei,
and consequently they are the least abundant elements
lighter than Ca in the solar system, with CI chondrite abun-
dances of 1.45, 0.0219, and 0.775 pg/g, respectively (Palme
et al., 2014). Despite their low abundance in Earth’s upper
continental crust, 21 pg/g Li, 2.1 pg/g Be, and 17 pg/g B
(Rudnick & Gao, 2014), all three are quintessentially crustal
elements.

In the present paper we review (1) the mineral evolution
of Li minerals, that is, the history of their increasing diver-
sity with the passage of geological time; (2) the mineral
ecology of lithium minerals, in this case with a focus on
the human history of their discovery and on estimates of
Earth’s total endowment at the present time; and (3) how
these histories compare to those of B and Be minerals.
A broader issue to be covered is how these two histories
interact. Clearly the present distribution of Li minerals at
or near Earth’s surface, which is determined by geologic
history, impacts the history of discovery by humans. Less
obvious is whether the history of discovery and resulting
LNRE distributions can inform us about the geologic history
that resulted in the present distribution.

2. Definitions and criteria used in compiling
the Li mineral database

2.1. Mineral species

We have chosen the Commission on New Minerals,
Nomenclature and Classification of the International Miner-
alogical Association (CNMNC IMA) list as the basis for
deciding what constitutes a mineral species primarily
because this readily accessible list is widely recognized
and accepted in the mineralogical community. Table S1 with
bibliography Appendix S2 (freely available online as
Supplementary Material linked to this article on the
GeoScienceWorld website of the journal, https:/pubs.
geoscienceworld.org/eurjmin/) lists in alphabetical order
the 118 minerals containing essential Li, including 114 of
the 115 species approved by the CNMNC IMA together
with their formulae and date of discovery, which were taken
from the RRUFF website, http://rruff.info/ima/) on
September 25, 2018.

The CNMNC list includes magnesiostaurolite and
hectorite as Li minerals. Although Li is relatively abundant
in both minerals, in neither mineral is Li the dominant con-
stituent on the site occupied by Li, i.e., Li is not an essential
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constituent. On the basis of a crystal structure determination,
Chopin et al. (2003) gave the ideal formula for the magne-
siostaurolite end member as AD4BMg4CA116D (Al,[1,)" Sig
040 [(OH),0¢] or simply Mg,Al,¢SigO46(OH),, whereas
the CNMNC list gives the formula as Mg(Mg,Li);
(ALMg),§Sig044(OH)4. As Chopin et al. (2003) did not for-
mulate magnesiostaurolite as Li-bearing, we decided not to
include it as a Li mineral. In contrast, Giiven (1988) cited Li
as a criterion to differentiate hectorite from other species of
smectite. Although the CNMNC gives hectorite as a “ques-
tionable” species, clay mineralogists treat hectorite as a valid
trioctahedral species in the smectite group (e.g., Bailey,
1980; Guggenheim et al., 2006; Clay Minerals Society,
2019), and consequently we have accepted hectorite as a
valid Li mineral.

Following Grew et al. (2017a), we have included three
tourmalines as potentially valid species, as well as the yet
unnamed Zr analogue of baratovite as potentially valid.
Group assignment is based largely on Back (2014) and Mills
et al. (2009).

The date of discovery is the year when a full description
of the species was published, or, at least, a partial description
in an abstract. Publication of the mineral in the CNMNC
Newsletters is not counted as the year of discovery unless
this is the only information on a mineral, as is the case of
some minerals discovered in the last year or so.

2.2. Localities

Grew et al. (2017a) noted that the definition of what consti-
tutes a locality has turned out to be more difficult than what
constitutes a species. Tables S1 and S2 with bibliography
Appendix S1 gives the localities for Li minerals occurring
at 15 localities or fewer; together with a few localities of
more widespread minerals relevant to reported age of forma-
tion. Following Grew et al. (2016, 2017a), we adopted a
more stringent definition of a locality than is used for the
database at http://www.mindat.org. Examples of what
mindat.org lists as multiple localities, but what we consider
to be single localities are the pegmatites associated with Lar-
vik plutonic complex in the Langesundsfjord area south of
Oslo, Norway (Larsen, 2010) and with the Ilimaussaq com-
plex in southwest Greenland. Each of these localities com-
prises several individual occurrences that we do not
recognize as distinct localities because they are closely
spaced and have identical ages. Reports of specimens from
China and the former Soviet Union dating from the 1950s,
1960s, and early 1970s include only vague indications of
localities (e.g., “eastern Siberia”, “Far East”), if any at all;
in some cases, locality information can be obtained from
later publications (e.g., Pekov, 1998). Another difficulty is
verification, particularly for minerals such as micas and
amphiboles having a complex chemical compositions for
which proper identification requires careful analysis, and
many reports had to be rejected due to inadequate analyses.
Other reports were rejected as the reported amount of Li was
insufficient for the mineral to qualify as the Li-bearing spe-
cies. The rejected reports are included in Table S2, but not in
the locality counts. Because applying the above standards
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required consultation of the primary literature, it was practi-
cal only for Li minerals found at no more than about
15 localities worldwide, locality counts for minerals occur-
ring at over 15 localities (except bityite) were taken from
http://www.mindat.org (compilation for May 30, 2017).
Counts based on occurrences > 15 localities could be
approximations, but we have no way of knowing at what
number of localities the approximations could be posing a
problem. Because the Bayesian technique that we are cur-
rently using includes the entire frequency spectrum in the
model, the number of localities for the more common
minerals will introduce inaccuracies present in the mineral/
locality counts taken from http://www.mindat.org.

2.3. Age of formation of Li minerals

As in the case of Be and B minerals, dating the formation of
Li minerals can be problematic, because none of the Li min-
erals can be dated directly, and thus the ages of Li minerals
listed in Tables S1-S3 have been inferred from ages
obtained on associated minerals. For example, 31% of the
oldest occurrences are pegmatites that have been dated by
U-Pb isotopes on associated minerals in the pegmatite; this
represents half of the Li minerals occurring in pegmatites,
and thus in principle there is potential for more precise
dating of Li minerals. Alternatively, Li minerals were dated
on the basis of related geologic information, such as an age
for the deposit in which these minerals are found. We have
been mindful in considering whether Li minerals are
younger than the dated mineral or deposit, and fortunately
cases where Li minerals are significantly younger are fewer
than in the case of B minerals. We were unable to find reli-
able ages for lithiophorite and swinefordite, as both minerals
are supergene and considerably younger than the rocks with
which they are associated. We did not attempt to get a max-
imum age for hectorite. Confirmed hectorite is found largely
in Tertiary deposits (Table S2 and http://www.mindat.org),
and appears to be supergene where it occurs in pre-Tertiary
pegmatites.

2.4. Synthetic analogues of Li minerals

In order to evaluate the possibility that synthetic compounds
are a source of potential new Li minerals, we reviewed the
literature on syntheses involving Li. Following Grew et al.
(2017a), we recognized synthetic compounds as analogues
of minerals if they have the same composition and crystal
structure as the mineral (Table S4 with bibliography
Appendix S2), but in contrast to B minerals, we encountered
few difficulties in identifying these analogues.

3. Evolution of lithium minerals

The geological history of lithium minerals reveals that this
subset of the mineral kingdom has evolved in the sense that
lithium minerals found today were not necessarily present in
the past. Present crustal concentrations are generally too low
for Li minerals, as well as Be and nearly all B minerals, to
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form; their formation requires further enrichment by one to
two orders of magnitude by processes such as partial
melting and mobilization of fluids, which are associated
with growth of continental crust. As a result, minerals con-
taining essential Li and Be are first reported relatively late in
the geologic record at 3.0-3.1 Ga (Grew & Hazen, 2014,
and see below), i.e., later than the oldest reported B miner-
als, which are Li-free tourmalines formed by metamorphism
at 3.6 Ga of 3.7-3.8 Ga supracrustal rocks in the Isua belt,
southwestern Greenland (Grew et al., 2015).

Increases of mineral diversity with the passage of time
can be expressed in two types of diagrams, which can be
compared to curves for growth of continental crust
(Fig. la). Cumulative diversity is based on the oldest
reported occurrences in the geological record (Table S1).
Reported ages are plotted cumulatively by adding each
new mineral to the number of minerals already reported
from older rocks (Fig. 1b). The second diagram (Fig. 1c)
is a histogram giving an estimate of the number of Li
minerals that formed in any one 50-Myr interval, which
requires knowing the reported earliest, intermediate, and
latest occurrences of each mineral in the geologic record
(Tables S1-S3).

The oldest Li minerals so far reported in the geologic
record are fluor-elbaite and polylithionite (as the dominant
constituent of lepidolite) from granitic pegmatites associated
with 3.0 Ga Sinceni pluton, Swaziland (Grew et al., 2018a)
and spodumene in granitic pegmatites of the lithium—
cesium-tantalum (LCT) family from the 3.0 to 3.1 Ga
New Consort mines, South Africa (Harris ef al., 1995). How-
ever, by the end of the Archean Eon, the number of Li
minerals from LCT pegmatites or their aureoles (e.g.,
holmquistite) reached 27, resulting in a spike of mineral
diversity evident in the cumulative diagram (Fig. 1b) and
in the histogram of estimates (Fig. 1c). This spike coincides
not only with a spurt in the growth of preserved juvenile
crust, but also with the assembly of the supercontinent
Kenorland during the Late Archean (Kenoran) orogeny
(Williams et al., 1991; Hoffman, 1997). However, Bleeker
(2003; see also Bleeker et al., 2016) did not consider the exis-
tence of such a “sprawling” supercontinent as established,
and favored instead a scenario involving the transient super-
cratons Vaalbara, Superia and Sclavia, which resulted from
cratonization between ~3000 Ma and ~2500 Ma (Fig. 1b).
Regardless of how the amalgamation prior to 2500 Ma is
viewed, it was as effective in generating LCT pegmatites
as was amalgamation of continental crust fragments to form
supercontinents after 2000 Ma.

The increase in Li mineral diversity during the Protero-
zoic Eon was less marked than during Archean Eon. Com-
pared to B (Grew et al., 2016; Grew, 2017) and Be minerals
(Grew & Hazen, 2014), the increases in Li mineral diversity
corresponding to the assembly of Nuna and Rodinia and
spurts in the growth of juvenile crust are modest. Environ-
ments in which Li minerals were found during the Protero-
zoic Eon broadened to include not only LCT granitic
pegmatites (e.g., Tip Top mine, South Dakota, USA), but
also the Ivigtut cryolite deposit, Greenland; the peralkaline
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Igdlutalik dike, Greenland; and Mn deposits, e.g., Kalahari,
South Africa. Nonetheless, the number of Li minerals form-
ing in any one 50-Myr interval increased only from 19 to 25
species, a proportional increase significantly less than
those of either B or Be. In the Phanerozoic Eon, Li min-
eral diversity spikes dramatically, as is evident in both the
cumulative diversity diagram and the histogram of estimated
diversity. Preservation bias undoubtedly contributes to the
diversity increase as the present-day exposure of continental
crust younger than 1000 Ma also increases steeply (Fig. 1a).
However, there are also substantial contributions to the
Phanerozoic spike from rocks of unusual diversity, e.g.,
peralkalic pegmatites at Dara-i-Pioz, Tazhikistan, and
episyenites, which are non-magmatic hydrothermal rocks
in the Eastern Pedriza Massif, Spain (Fig. 1c), as well as
from the greater number of environments for Li minerals,
including evaporites (e.g., Penobsquis potash deposit, New
Brunswick, Canada), skarns (e.g., Xianghualing, Hunan
Province, China), and the Vico volcanic complex
(Table S2).

4. History of discovery of lithium minerals

Spodumene and petalite were first reported in 1800, the first
Li minerals to be described. Subsequently, lithium was
discovered in petalite (Arfwedson, 1818; Berzelius, 1818).
Only 19 more Li minerals were discovered prior to 1945,
but discoveries accelerated after 1945, and now approach
three new minerals annually (Figs. 2 and 3a). Forty Li
minerals (34%) have been synthesized (Table S4), but only
13 minerals (11%) were synthesized prior to discovery in
nature. Proportions for Be are comparable with 32% of all
Be minerals having been synthesized and 8% synthesized
prior to discovery in nature (Grew, unpublished compila-
tion), whereas for B the proportions are higher, 41% and
19%, respectively (Grew et al., 2017a). These authors
concluded that synthetic compounds have not been a
promising source for predicting potential new B minerals,
a conclusion even more apropos for Li and Be minerals.

Seventy five percent of Li minerals form solid solutions
or are isostructural with other minerals, analogs not only
to mica, amphibole, and tourmaline, but also to minerals
in less widespread groups such as triphylite and milarite,
whereas 25% have unique crystal structures. The surge of
discoveries in the last 30 years is almost entirely due to
finding such structural analogs (Fig. 3a), which has been
abetted by revisions in nomenclature allowing for finer dis-
tinctions between species based on site occupancy, most
notably in the tourmaline (Henry et al., 2011) and amphi-
bole (Hawthorne et al., 2012) supergroups. In contrast,
59% of B minerals overall have unique crystal structures
and despite the recent uptick in the number of isostructural
species, e.g., tourmalines, a significant proportion of new B
minerals even now have unique structures (Fig. 3b). Be
minerals also have larger proportion of unique structures,
48%, and thus, like B minerals, have greater inherent struc-
tural diversity than Li minerals.
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Spanish Central System batholith, Spain; Mont Saint-Hilaire, Monteregian Hills, Quebec, Canada (Horvath & Gault, 1990).
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5. Large Number of Rare Event (LNRE)
models of Li, Be, and B minerals

5.1. Background

LNRE models, used in calculating an author’s vocabulary
from word frequencies in the author’s text (Baayen, 2001),
can be applied to the count of mineral species so far discov-
ered to calculate how many mineral species are ultimately
present in Earth’s crust today (e.g., Hazen et al., 2015a and
b; Hystad et al., 2015a and b). Mineral species diversity in
this calculation is analogous to an author’s vocabulary and
mineral species/locality count with word count in a text,
where total mineral species/locality counts are equal to the
sum of minerals reported from one locality + twice the
number of minerals reported from two localities + thrice
the number of minerals reported from three localities, and
so forth. However, in applying these models to minerals,
Hazen, Hystad, and their co-authors cautioned that the
assumptions in LNRE modeling include no changes in
how minerals have been discovered during the more than
two centuries since the beginning of mineral discoveries.
Clearly there have been major changes over this period,
and LNRE models encompass current and previous methods
of discovery. For example, Grew et al. (2017a) explored the
impact of one such change — advances in analytical technol-
ogy — by (1) comparing the number of B minerals discovered
through 2017 with the number of B minerals predicted for
2017 from the number of B minerals discovered up until
1978, when the electron microprobe displaced wet chemistry
as the preferred method of chemical analysis, and (2) com-
paring the totals of B minerals predicted in 1978 with the
totals predicted in 2017. In both cases the number of species
for 2017 exceeded by 50% the predictions from the 1978
data set, ie., (1) 295 species discovered by 2017 versus
193 + 7 species predicted from 1978 and (2) 459 + 65.5 total
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Fig. 3. History of discovery of Li and B minerals and relationships
of Li and B minerals with each other and with other minerals. Year
of discovery taken from the RRUFF database. (a) A Li mineral is
considered unique if its structure is unlike that of any other mineral
whether or not the mineral has been synthesized. In addition, one
mineral in each group or series comprising only Li minerals is
considered unique, e.g., neptunite group, amblygonite-montebrasite,
bertossite-palermoite, but not if the group includes minerals lacking
Li, e.g., triphylite, gainesite, tourmaline. Information on uniqueness
taken from compilation in Table S4. (b) Boron minerals using the
same criteria for defining uniqueness, and thus modified from Grew
et al. (2017a, Fig. 5), which used different criteria for defining
uniqueness.

species predicted from 2017 versus 306 total species pre-
dicted from 1978 using the fZM LNRE model (respectively
523 and 359 total species using GIGP model). However, the
overall species predicted by LNRE models, 6394 species
using the GIGP distribution, seems too low in view of the
present rate of mineral discovery (>100 species a year,
Halenius et al., 2018; Hazen et al., 2018) and in comparison
to other estimates, for example, the >15 300 plausible miner-
als that might occur collectively on all terrestrial bodies
(Hazen et al., 2015a). Hystad et al. (2019) have adopted
the Bayesian approach to obtain the standard error directly
from the simulations; in addition, a greater number of abun-
dance distribution functions are available to examine than the
previous technique used. The Poisson-lognormal distribution
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is found to provide the best fit. Subsequently, the population
size estimates obtained by Bayesian methods are compared
to the empirical Bayes estimates. Population size is estimated
as a function of sampling size from species accumulation
curves. Using this approach, Hystad et al. (2019) estimated
the total number of mineral species in Earth’s crust to be
9308 and 95% posterior interval to be (8650, 10 070).

5.2. Methods

In view of the more plausible estimate for Earth’s total
mineral endowment reported by Hystad et al. (2019), we
have applied their approach not only to lithium mineral
occurrences reported through early 2018 (Tables S1 and
S2), but also to the data on boron minerals, with a few minor
modifications, e.g., now 147 species through 1978 and 296
species through 2017, reported by Grew et al. (2017a), as
well as to data on beryllium minerals, including data
reported by Grew & Hazen (2014) and available at the data-
base at mindat.org [note that Hystad et al. (2015b) relied
entirely on mindat.org as a source of data]. In applying
the approach of Hystad ef al. (2019), we did the following:
samples were simulated from the posterior distribution for
the parameters by using the random walk Metropolis algo-
rithm with the normal distribution used as the proposal
distribution. For the different abundance distributions, dif-
ferent number of simulation runs were used. We refer the
reader to Hystad er al. (2019), for the details. For the
Poisson-lognormal distribution, we picked out every 500th
iteration to reduce autocorrelation for beryllium and boron
through 2017 and every 1000th iteration for boron through
1978. Nonetheless, we still have a high autocorrelation. For
the GIGP distribution, we picked out every 60000th iteration
to reduce autocorrelation.

Appendix S2 explains the method used in the simulation
of lithium mineral ranking.

5.3. Results

Compared to the frequency spectra for all 4831 minerals
recognized in 2014 (Hystad et al., 2019), the agreement
between the expected values of the frequency spectra calcu-
lated using the Poisson-lognormal distribution and observed
frequency spectra is poor for B, and even worse for Li and
Be (Fig. 4). The poor fits could be due to the small size of
the sample as the fits become poorer with decreasing sample
size. The poor fits imply that the predictive performance will
also be poor.

Figure 5a shows the accumulation curve for Li minerals
for the range of mineral/locality counts likely to be realized
in the foreseeable future, whereas Fig. 5b shows the asymp-
totic approach to the mean at 10’ mineral/locality counts.
Thus, to reach ~500 Li minerals would require sampling
of 6 x 10° mineral/locality data, three orders of magnitude
more than the 3208 localities sampled to date. Asymptotic
approach to the mean also requires 10’ mineral/locality
counts for Be and B.

The Poisson-lognormal distribution gives more than twice
the total populations compared to GIGP total populations for

761

B minerals. The GIGP calculations did not converge, casting
doubt on their accuracy (Table 1), and thus have not been
plotted in Fig. 6. The Poisson-lognormal median total
population estimated for the B data obtained through 2017
is nearly double the median for the B data obtained through
1978, more than the 50% increase in estimates of total
population reported by Grew et al. (2017a), who argued that
access to smaller grains afforded by advanced analytical
technology could explain the increase between 1978 and
2017. Since further technological advances are likely, the
total population estimated using the method in Hystad
et al. (2019) from the 2017 data is also likely to be an under-
estimate, and thus the upper range of the 95% posterior
interval, i.e., 1200-1500 B species, might be the better
estimate for the total population of B minerals. By analogy,
the total populations of Be and Li minerals could be in the
upper range of their 95% posterior intervals, i.e., ~700 to
~800 species. However, even with the ever accelerating rate
of mineral discovery (e.g., Figs. 2 and 3), it still may not be
possible to discover these total populations anytime soon,
given the large number of mineral/locality counts needed
to reach them (Fig. 5).

5.4. Discussion

In considering questions about the total number of mineral
species on Earth, we need to refine our understanding of
the interplay between two very different histories: the
geologic history of the formation of Li minerals, as exam-
ined by methods of mineral evolution such as the cumula-
tive diversity diagram and histogram in Fig. 1b and c, and
the human history of Li mineral discovery, as examined
by the methods of mineral ecology such as LNRE modeling.
There is no question that the present distribution of Li
minerals at or near Earth’s surface, which is determined
by geologic history, impacts the human history of discovery.
However, it remains an open question whether the history of
discovery and resulting LNRE distributions can inform us
about the geologic history and mineral evolution that
produced the present distribution.

Hazen et al. (2015a) suggested that LNRE modeling can
inform us regarding what minerals to expect if we were to
play “the tape of Earth’s history over again,” analogous to
“replaying the tape” of biological evolution, a thought
experiment originally proposed by Gould (1989) and now
being experimentally tested by biologists (Blount et al.,
2018). More specifically, they argued that the stochastic
processes, which play a significant role in the diversity of
less common minerals, can be modeled and that it is prob-
able that, after 4.5 billion years of mineral evolution on an
identical Earth-like planet, many of those minerals would
differ from species known today even though deterministic
factors would control the distribution of the most common
minerals (see also Hystad et al., 2015a and b). In other
words, they suggested that LNRE models can inform us
both about the history of discovery (human factors) and
Earth’s geological history.

In order to evaluate their argument that LNRE models can
inform us about the human history of discovery and Earth’s
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geological history, we can first reexamine the diagrams
developed to illustrate geologic and human history, namely
the cumulative diversity diagram in Fig. 1b, the history of

discovery diagrams in Figs. 2 and 3, and the accumulation
curve in Fig. 5, which results from LNRE modeling of
lithium mineral discoveries. Comparisons with application
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Table 1. Results of large-number of rare-event modeling of lithium, beryllium and boron minerals.

Population Distribution Median Mean SE SD 95% Posterior ~ DIC ~ Accept No. runs
interval rate

All minerals up to Poisson-lognormal 9308 9322 8 363 (8650, 10 070) 2875.70 45% 108

2014 (4831 species)”

Lithium (118 species) Poisson-lognormal 548 565 15 124 (364, 861) 232.6 45% 10°

Beryllium (120 species)  Poisson-lognormal 511 519 3.8 115.1 (322, 772) 235.8 42% 10°

Boron up to 1978 Poisson-lognormal 572 578 183 1342 (345, 868) 2063 37.8% 2 x 10°

(147 species)

Boron up to 2017 Poisson-lognormal 1020 1043 338 212.1 (690, 1527) 303.1 39% 108

(296 species)

Lithium (118 species) GIGP did not converge - - - - - 66% 2 x 107

Beryllium (120 species) GIGP did not converge - - - - - 55% 107

Boron up to 1978 GIGP 259, did not quite 280 3.8 853242 (205, 520) 221.7 41% 2 x 107

(147 species) converge

Boron up to 2017 GIGP 483 did not quite 493 2.6 58.9 (409, 622) 628.3 45% 2 x 107

(296 species) converge

Notes: The median, mean, standard error of the mean (SE), empirical standard deviation (SD), 95% posterior intervals, and the deviance
information criterion (DIC) for the population size S using Bayesian methods. Acceptance rate is the fraction of the simulations in the
Metropolis algorithm that is accepted. GIGP — generalized inverse Gauss-Poisson. *Data from Hystad ez al. (2019).
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Fig. 6. Median values for S (colored numbers) and 95% posterior
intervals for Li, Be, and B minerals, last for species discovered by
1978 and by 2017, using the Poisson-lognormal model. Based on
data in Table 1.

of LNRE models in linguistics (e.g., Baayen, 2001; Pianta-
dosi, 2014) can be instructive. The “total minerals” curve for
Li minerals in Figs. 2 and 3a can be redrafted to give the
cumulative discovery curve in Fig. 7a, which is generated
by adding each newly discovered mineral to the number
of minerals already discovered. The cumulative discovery
curve differs from the cumulative diversity curve in that
the x-axis is historic time instead of geologic time. We have
also plotted a cumulative discovery curve for the subset of
14 Li minerals occurring in the Alai Range of Tajikistan
and Kyrgyzstan (Fig. 7b) because we also have mineral/
locality counts for these 14 minerals (Table 2). New mineral
discoveries plotted as a function of mineral/locality counts
gives us an accumulation curve (Fig. 7c¢) analogous to that
shown in Fig. 5. Thus the accumulation curve is equivalent

to the cumulative discovery curve. If we had the mineral
locality counts for all Li minerals, we could plot an observed
accumulation curve to compare with the modeled curve in
Fig. 5. However, the relationship between the accumulation
curve and cumulative diversity curve is much less obvious,
since geologic age is not a factor in creating the accumula-
tive curve. The latter considers mineral ecology, the number
of minerals at one point in geologic time, namely the pre-
sent, and assumes that the total number of minerals did
not change and remains constant while species are being dis-
covered through study of mineral localities. This approach is
analogous to accumulating vocabulary as words are counted
in stages in a literary work that is already written, e.g., Alice
in Wonderland (Baayen, 2001, p. 13).

An approach to relate accumulation and cumulative diver-
sity curves such as Fig. 5a and 1b, respectively, is to com-
pare the Zipf rank to the year of discovery (Fig. 7a) and to
the age of earliest reported occurrence in the geologic record
(Fig. 1b). Table 3 and Fig. 8 give (1) the Zipf rank, where
the minerals occurring at the largest number of localities
have the lowest rank (Baayen, 2001, p. 13), (2) a rank that
increases with increasing discovery date of a mineral,
and (3) a rank that increases with decreasing age of the
reported first occurrence of a mineral in the geologic record.
Only 37 Li minerals are listed as Zipf rank becomes more
arbitrary at higher ranks, because ranks are arbitrarily
assigned to minerals occurring at the same number of local-
ities, which is more frequently the case for Li minerals
occurring at three and fewer localities (Fig. 4a). In principle,
we would expect that the most abundant minerals (lowest
Zipf rank) not only to be discovered first, but also to appear
more frequently in the geologic record, that is, over greater
period of geological time, including the oldest rocks.
Moreover, a simulation based on the mode of multiple runs
shows that a nearly ideal 1:1 ratio could be expected for Zipf
rank up to 40 (Fig. 9a). A prime example is spodumene,
which is ranked first in all three rankings; other examples
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Fig. 7. (a) Cumulative increase in the number of Li minerals as a
function of the year of discovery. The reported discovery years are
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minerals in Figs. 2 and 3. (b) Cumulative increase of Li minerals in
the Alai Range based on Table 2 constructed by the same procedure
as in A. (¢) Accumulation curve based on the data in Table 2, but in
terms of mineral/locality counts instead of discovery date.

are amblygonite and montebrasite, which are uniformly
ranked low. However, the linear fit to the discovery date
data gives a coefficient of correlation (R?) of less than 0.1,
and thus the low positive slope may not be statistically
significant (Fig. 8), implying factors other than number of
present-day localities determine rank for the dates of discov-
ery. Hystad er al. (2015b) reported an inverse relationship
between the proportion of missing minerals on the one hand

E.S. Grew et al.

Table 2. Lithium minerals occurring in the Darai-Pioz and Hodzha-
Achkan alkaline massifs, Alai Range, Tajikistan and Kyrgyzstan.

Mineral Date Mineral/locality New
counts mineral
Neptunite 1967 1 0
Sogdianite 1968 2 1
Baratovite 1975 3 2
Darapiosite 1975 4 3
Polylithionite 1975 5 3
Zektzerite 1992 6 3
Dusmatovite 1996 7 4
Tainiolite 1996 8 4
Berezanskite 1997 9 5
Sokolovaite 2006 10 7
Faizievite 2007 11 8
Nalivkinite 2008 12 8
Aleksandrovite 2010 13 9
Unnamed Zr analogue 2010 14 10
of baratovite
Orlovite 2011 15 11
Sugilite 2011 16 11
Katayamalite 2013 17 11
Baratovite (H.-A.) 2013 18 11
Katayamalite (H.-A.) 2013 19 11
Bulgakite 2016 20 12
Brannockite 2016 21 12
Garmite 2017 22 13
Gorbunovite 2017 23 14

Note: Bold indicates mineral for which the Alai Range is the type
locality. Date is the year mineral was reported or discovered in the
Alai Range. All dates pertain to occurrence at Darai-Pioz except for
second occurrences at Hodzha-Achkan indicated by H.-A. Sources
of data are given in Table S1.

and bright colors, high luster, and tendency to form macro-
scopic euhedral crystals on the other. Their research also
revealed that targeted searches and economic importance
can lead to a lower proportion of missing minerals for some
groups sorted by major-element chemistry. Similar human
factors could also explain the poor correlation between dis-
covery dates and Zipf rank in Fig. 8. Another contributing
factor could be failure to distinguish different end members
and delays in obtaining official approval of these end mem-
bers, for example, elbaite is a conspicuous example with a
discovery date rank of 105 due to its official approval as a
species not being given until 2013.

The increase in rank by age of reported earliest appear-
ance with Zipf rank gives a coefficient of correlation (R%)
of 0.49, and the linear fit has a clear positive slope near unity
and passes close to the origin as would be expected in prin-
ciple. Moreover, the simulation based on a single run gives a
similar result for Zipf rank up to 40 — scatter about the ideal
1:1 line passing through the origin (Fig. 9b). Preservation
bias undoubtedly contributes to the scatter in Fig. 8, espe-
cially for Archean occurrences, as Archean crust constitutes
<10% of presently exposed continental crust (Fig. 1a). How-
ever, another factor could be that distinctive conditions
developed at certain times in the geologic past that have
not repeated since. The spikes in Li mineral diversity in
Fig. 1c may reflect such special conditions, as the suite of
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Table 3. The 37 most abundant Li minerals listed by their Zipf rank, with comparison to discovery date and earliest reported occurrence in

the geologic record.

Mineral name Formula Number of Zipf Order of Order of
localities rank increasing earliest
discovery date occurrence
Spodumene LiAlSi,O¢ 620 1 1 1
Elbaite Na(Al, sLi; 5)Alg(SigO45)(BO3)3(OH);OH 506 2 105 14
Triphylite LiFe”* PO, 295 3 4 20
Amblygonite LiAIPO4F 208 4 3 7
Lithiophorite (ALLi)Mn**0,(OH), 205 5 6 -
Montebrasite LiAIPO4(OH) 185 6 7 8
Cookeite (Al,Li);Alx(Si,Al)40,0o(OH)g 173 7 29 9
Lithiophilite LiMn>"PO, 137 8 8 4
Petalite LiAlSi4Op 111 9 2 17
Polylithionite KLi,AlSi,O,0F, 86 10 10 2
Ferrisicklerite Li; «(Fe’*,Mn>"PO, 73 11 21 5
Sicklerite Li; (Mn>*Fe*")PO, 53 12 16 6
Neptunite KNa2L1F62+2T12818024 50 13 12 38
Holmquistite Li,(Mg3Al,)SigO2,(0OH), 37 14 18 10
Tainiolite KLlMg2S]4010F2 37 15 13 31
Rossmanite C(LiAly)Al(SigO,5)(BO3);(OH);OH 35 16 69 21
Tavorite LiFe”*PO,(OH) 34 17 23 32
Eucryptite LiAlSiO4 27 18 9 18
Trilithionite KLi; 5Al; 5(SizAl)O,oF, 26 19 70 11
Fluor-elbaite Na(Li; 5Al, 5)Als(SigO;5)(BO3)3(OH);F 25 20 106 3
Manganoneptunite KNazLiMn%+TiZSigoz4 25 21 19 41
Hectorite Naj 3(Mg,Li)3S14,0,0(F,0OH),-nH,0O 17 22 20 -
Fluor-liddicoatite Ca(Li>Al)Al4(SigO15)(BO3)3(OH);F 15 23 41 15
Zabuyelite Li,CO; 14 24 51 22
Nambulite LiMn2 " Sis0,4(OH) 12 25 32 48
Sugilite KNa,Fe3(Li3Si12)030 11 26 38 43
“Liddicoatite” Ca(Li,Al)Alg(SigO,5)(BO3)3(OH);(OH) 10 27 71 16
Bityite CaLiAl,(Si,BeAl)O;(o(OH), 8 28 15 26
Cryolithionite NasAl,(LiF,); 8 29 14 39
Griphite Ca(Mn?* Na,Li)¢Fe?* ALL(PO,)s(F,0H), 8 30 11 30
Lithiophosphate LisPOy4 7 31 24 23
Sokolovaite CsLiAlSi4OoF; 7 32 87 12
Ephesite NdLlAlQ(SlQAlz)Olo(OH)z 6 33 5 42
Pezzottaite CsLiBe,Al,SigOqg 6 34 76 52
Zektzerite NaLiZrSigO5 6 35 42 73
Masutomilite KLiAIMn**(Si3A1)O;o(F,0H), 5" 36 39 68
Norrishite KLiMn3"Si,0,40, 4 37 53 44

Note: Source of data: Tables S1 and S2. Column 3 gives the Zipf rank, where the minerals occurring at the largest number of localities have
the lowest rank (Baayen, 2001, p. 13). Column 4 ranks the minerals in order of increasing discovery date, with the minerals discovered early
in the history of discovery have the lowest rank. Column 4 ranks the minerals in order of decreasing age, with the minerals reported from
early in the geologic record have the lowest rank. Minerals having the same discovery date or the same age are ranked by abundance within
these subsets. Dash indicates that formation of the mineral could not be dated.*Qualifies as “rare” (Hazen & Ausubel, 2016).

Li minerals includes at least one species, tancoite, found in
the Archean Tanco pegmatite but nowhere else. Several
minerals reported from other Archean pegmatites are found
at relatively high Zipf ranks, including four minerals occur-
ring at one to three localities in addition to tancoite (Table 4)
that are not listed in Table 3 or plotted in Fig. 8 as their Zipf
rank exceeds 37.

Of the five Li minerals listed in Table 4, only two have
been found in post-Archean rocks, suggesting that minerals
found at these distinctive localities could have formed under
nearly unique conditions rarely repeated in younger
pegmatites. Similarly, the distinctive conditions under which
Li minerals formed in the Tip Top pegmatite, Kalahari
manganese field, Pedriza massif and in four peralkaline

complexes, all marked by spikes in diversity in Fig. 1c, were
rarely, if ever, repeated, even from one peralkaline complex
to another. Lithium minerals having a Zipf rank of 36 or
higher qualify as “rare” according to Hazen & Ausubel
(2016), who set the cutoff for rarity at five or fewer locali-
ties and listed four complementary causes for rarity:
(1) restricted stability in P-T—X space; (2) essential presence
of rare elements or rare combinations of elements;
(3) ephemerality; and (4) human factors such as difficulty
in recognition or detection because of appearance and size
or occurrence in inaccessible localities, i.e., human factors
similar to those cited by Hystad et al. (2015b) to explain
variations in the proportion of missing minerals (see above).
Of the minerals listed in Table 4, bikitaite is an example of a
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Li mineral restricted in P-T—X conditions of formation, in
this case, very low pressures and temperatures. London
(1984) estimated bikitaite to form at <1.5 kbar, <200 °C
by replacing the more abundant eucryptite + quartz, whereas
Fasshauer et al. (1998) calculated <5 kbar and <300 °C, pres-
sures and temperatures lower than those stabilizing cookeite,
another more abundant mineral. Voloshinite is an example
where the essential presence of a rare element is critical, in
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this case Rb, which is an essential constituent in only four
of the 5413 currently recognized minerals. Another example
is lithiowodginite, which together with lithiotantite, are the
only two minerals containing essential Li and Ta. Ferro-
holmquistite could be an example where biased sampling
contributes to its rarity because it is indistinguishable without
a chemical analysis from holmquistite, which is rarely ana-
lyzed (Cadmara & Oberti, 2005). Of the five minerals listed
in Table 4, only tancoite lacks an obvious cause of rarity,
such as rare elements, ephemerality or being unusually diffi-
cult to recognize; there is no report of its synthesis. At the
only known locality, the Tanco mine, it crystallized in cavi-
ties with calcite, Na,HPO,4-2H,O, barite and a second gener-
ation of quartz, following the formation of lithiophosphate
and quartz, etching of the lithiophosphate, and apatite crystal-
lization (Ramik ez al., 1980). There is no obvious reason why
tancoite formed with lithiophosphate at Tanco, but in none of
the other six pegmatites from which lithiophosphate is
reported (Table S2). Experiments show that B-LisPOy,, the
synthetic polymorph corresponding to lithiophosphate, can
crystallize in aqueous solutions and is stable up to ~400 °C
(atmospheric pressure), at which point it inverts to y-LisPO4
(Keffer et al., 1967; Torres-Trevifio & West, 1986). Thus,
there is no significant restriction on its stability under the
temperature conditions expected during pegmatite crystal-
lization, and its occurrence in pegmatites ranging in age from
296 to 2640 Ma on five continents is no surprise. In contrast,
tancoite occurs only at Tanco even though the crystal struc-
ture of tancoite has the infinite M(TO,4),® chain shared by
several other minerals (Hawthorne, 1983, 1985), implying
tancoite should form more easily and thus be found at more
localities. Possibly it does not crystallize so readily because
Li is in five-fold coordination (Hawthorne, 1983), which is
less common in inorganic structures than Li in four- or six-
fold coordination (e.g., Wenger & Armbruster, 1991; Gagné
& Hawthorne, 2016).
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Fig. 9. Simulation of rank by discovery date or age rank (other) versus Zipf rank with runs of 100 000 repeats (a) or a single repeat
(b) (method explained in Appendix S2). The equations and coefficient of correlation (R?) are given for the solid blue lines. The red dashed

line is for an ideal 1:1 ratio.
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Table 4. Archean pegmatite minerals occurring at five or fewer localities.

Mineral Formula Cause of rarity Age (Ma) Locality
Bikitaite LiAlSi,06-H,O Limited P-T-X 2642 Big Mack pegmatite, Kenora district,
Ontario, Canada
2630 Nolan property and Bikita pegmatite,
Bikita area, Zimbabwe
345 Foote Lithium company mine, Kings
Mount district, North Carolina USA
Lithiowodginite LiTa;0g Rare elements 2640 Tanco pegmatite, Bird River Greenstone
Belt, Manitoba, Canada
923 Manono mine, Katanga, Democratic
Republic of Congo
285 Ognevka Ta deposit, Irtysh River,
Kazakhstan
Voloshinite Rb(LiAl, sy 5)(Alg 5Si3 5)OoF» Rare elements 2660 Red Cross Lake pegmatites, Manitoba,
Canada

Ferro-holmquistite DLiz(Fe§+A12)Si8022(OH)2

Tancoite HLiNa,[Al(PO,4),(OH)]

Biased sampling

Bl

Late Archean Eastern Moblan pegmatite, Frotet-Evans

greenstone belt, Quebec, Canada

2518 Mt. Vasin-Myl’k, Voron’i Tundra, Kola
Peninsula

2527 Greenbushes Tinfield, Western Australia,
Australia

2640 Tanco pegmatite, Bird River Greenstone

Belt, Manitoba, Canada

Note: Source of data: Tables S1 and S2. Cause of rarity (Hazen & Ausubel, 2016 except tancoite) is explained in text.

Table 5 lists the possible causes of rarity in selected
examples from the 78 of 118 Li minerals occurring at five
or fewer localities in post-Archean rocks. While many Li
minerals have been synthesized (e.g., Table S4), few exper-
imental or theoretical studies provide the information needed
for evaluation of P-T—X constraints on their stability as min-
erals. One exception is virgilite, which London (1984)
showed experimentally to be stable only above 675 °C, con-
sistent with its absence in Li-rich pegmatites, in which sat-
uration with respect to lithium aluminosilicates is expected
to occur below 675 °C. Another exception is griceite, which
is closely associated with villiaumite, NaF, at Mont Saint-
Hilaire, Canada (Van Velthuizen & Chao, 1989) and Dzarta
Khuduk, Mongolia (Andreeva & Kovalenko, 2011), the two
known localities for griceite. Villiaumite can provide con-
straints on the conditions of formation of griceite. Dolej$
& Baker (2004; see also Dolej§ & Zajacz, 2018) developed
a W(F>0_ ) — n(Na,O) diagram showing that villiaumite can
be stabilized at relatively low pu(F,O_,) if w(NayO) is suffi-
ciently high, i.e., in peralkaline environments such as Mont
Saint-Hilaire and Dzarta Khuduk. Peralkalinity per se is not
unusual, and villiaumite is not a rare mineral (at least ten
localities, e.g., Anthony et al., 2005). However, griceite
further requires ready availability of Li. Andreeva &
Kovalenko (2011) reported 1800-1900 ppm Li in the
included melt hosting griceite and villiaumite and a total
of 11 Li minerals have been reported from Mont Saint-
Hilaire (Fig. 1c), indicating that Li was available at both
localities. The combination of a peralkaline environment
and ready availability of Li is relatively rare, thereby offer-
ing an explanation for the rarity of griceite. The situation
with simmonsite differs from that of griceite. At the two

known localities for simmonsite, Zapot pegmatite, USA
(Foord et al., 1999) and the Katugin massif, Russia
(Sharygin & Vladykin, 2014), simmonsite is closely associ-
ated with cryolite, which DolejS & Baker (2004) showed
requires a higher p(F,O_) albeit lower 1(Na,O) than peral-
kaline environments even in the absence of the F-saturating
phase, villiaumite. Cryolithionite, which is associated with
simmonsite in the Zapot pegmatite, also requires high
p(F,0_1) and Li availability, yet is more common (eight
localities, Table S2). Thus, we suspect there could be yet
another factor constraining simmonsite stability. The three
minerals cryolite, simmonsite, and cryolithionite are
compositionally collinear, suggesting a breakdown of sim-
monsite: 3Na,LLiAlFs — NazAlFg (cryolite) + NazLi;ALF,
(cryolithionite). However, this reaction has not been con-
firmed experimentally (e.g., Garton & Wanklyn, 1967;
Holm & Holm, 1970; Baylor et al. 1974; Stinton & Brown,
1975; Saboungi et al., 1980). Stinton & Brown (1975) gave
the most complete rendering of the subsolidus relations at
one-atmosphere pressure whereby simmonsite breaks down
at 543 °C to two modifications of NazAlFsLizAlFg solid
solutions, whereas cryolithionite breaks down at 693 °C to
one of these modifications and Na-poor LizAlFg. In the
ternary LiF-AlF;—NazAlFg system, cryolithionite appears
on the liquidus below 693 °C, but simmonsite decomposes
at too low a temperature to be in equilibrium with liquid
(Stinton & Brown, 1976). However, the situation is more
complicated because of extensive compositional variation
in cryolite and in the NaszAlFs-Li;AlFg solid solutions,
resulting in disagreement among investigators. While a
plausible explanation for the rarity of simmonsite relative
to cryolithionite is its lower breakdown temperature, a more
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Table 5. Selected rare post-Archean Li minerals and causes of their rarity.

Mineral Formula Cause of rarity Explanation Locality Ref.
Virgilite LiAlSi,O¢ Limited P-T-X T > 675 °C; too high Macusani glass, Puno 1
for pegmatite department, Peru
Griceite LiF Limited P-T-X Peralkalinity Mont Saint-Hilaire, Quebec, 2
Rare elements Presence of Li Canada; Dzarta Khuduk
magmatic complex, Central
Mongolia
Simmonsite Na,LiAlFg limited P-T-X High p(F,O_) Zapot pegmatite, Mineral 2
low breakdown temperature ~ County, Nevada, USA; Katugin 3
Rare elements Presence of Li deposit, Transbaikalia, Russia
Lavinskyite K(LiCu)Cug(Si4Oq1)2(OH), Rare elements Presence of Li + Cu Wessels mine, Kalahari 4
manganese field, South Africa;
Cerchiara mine, Eastern Liguria,
Italy
Balestraite KLi,V>*Si 0, Rare elements Presence of Li + V Cerchiara mine, Eastern Liguria, 4
Italy
Watatsumiite KNa,LiMn,V,SigO,4 Rare elements Presence of Li + V Tanohata mine, Iwate prefecture, 5
Japan
Hsianghualite Li,CazBes(SiOy4)sF, Rare elements Presence of Li + Be in a Xianghualing ore field, Hunan 6
skarn mineral Province, China
Liberite Li,Be(SiOy) Rare elements Presence of Li + Be in a Xianghualing ore field, Hunan 6
skarn mineral Province, China
Nanlingite Na(CasLi)Mg,(AsO3), Rare elements Presence of Li + As Xianghualing ore field, Hunan 7
[Fe**(AsO5)6]F 4 Province, China
Walkerite Ca;(Mg,Li),[B3017(OH) 214 Ephemeral Drill core Penobsquis potash deposit, New 8
Cle-28H,0O Brunswick, Canada
Jadarite LiNaB;Si0,(OH) Ephemeral Drill core Borehole, Jadar Basin, western 9
Serbia
Tiptopite K5(Li,Na,Ca)g(BegPs)Oo4 - - Tip Top mine, Custer County, 10

(OH),-1.3H,0

South Dakota USA

Sources of data: Table S1 and S2; References 1. London (1984); 2. Dolej§ & Baker (2004), Dolej$ & Zajacz (2018); 3. Stinton & Brown
(1975, 1976); 4. Kolitsch e al. (2018); 5. Matsubara et al. (2003); 6. Rao et al. (2017); 7. Yang et al. (2011); 8. Grice et al. (2002);
9. Stanley et al. (2007); 10. Grice et al. (1985). Cause of rarity (Hazen & Ausubel, 2016) is explained in text.

quantitative explanation would require a better understand-
ing of the subsolidus relations in the NazAlFs—LizAlFg
binary system, particularly at pressures greater than one
atmosphere.

A more common cause of rarity is the unusual combina-
tions of elements not normally enriched together such as
Li + V and Li + Cu in balestraite, lavinskyite and watatsum-
ilite in metasomatized manganese deposits, both oxidized
(V*, Mn**, Fe*, Kolitsch ez al., 2018) and mildly reduced
(V*, Mn?*, Fe**, Matsubara ez al., 2003, Table 5). Another
example is the rarity of skarn minerals containing both Li
and Be as essential constituents, such as hsianghualite and
liberite. Although Li can be present in Be-rich skarns, typi-
cally as a constituent of mica (Ginzburg, 1975; Barton &
Young, 2002), its concentration in Be-rich skarns rarely suf-
fices for a Li-rich mineral other than mica to form. Jadarite
and walkerite are ephemeral minerals found only in drill
core in association with evaporite deposits; difficulty of
access could also be contributing to their rarity. However,
the rarity of tiptopite remains unexplained; it occurs along
fracture surfaces in beryl, less commonly in quartz and
microcline perthite, an environment often encountered in
pegmatites, yet the reported occurrence of tiptopite was
restricted to just one area in the Tip Top mine in South
Dakota (Grice et al., 1985). In summary, we can conclude

from this selection of Archean and post-Archean examples,
that rarity, and by extension, diversity, can be readily
explained in many cases as suggested by Hazen & Ausubel
(2016), and thus their rare occurrence is considered
deterministic.

This observation brings us back to the conclusion reached
by Hazen et al. (2015a) that “much of Earth’s mineral diver-
sity associated with rare species results from stochastic
processes”, i.e., most rare minerals “arise only in a restricted
environment with an improbable combination of physical
and geochemical conditions—environments that may occur
on only a small fraction of all terrestrial planets” (Hazen,
2017). We need to reconcile these two perspectives on min-
eral rarity and diversity by clarifying just what is meant by
“stochastic”, which has been used differently in different
branches of science. The use by biologists to characterize
the various factors acting on species in ecological communi-
ties is perhaps the most appropriate analogy in considering
mineral assemblages in mineral ecology. For example, in
regard to ecological stochasticity, Zhou & Ning (2017)
wrote that “in contrast to deterministic processes, here,
stochastic processes are referred to as ecological processes
that generate community diversity patterns indistinguishable
from those generated by random chance alone” and “a pro-
cess is considered stochastic (or random) with respect to a
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certain reference status if the outcome is probabilistic.” That
chance plays the key role in stochastic processes was also
emphasized by Blount et al. (2018). Distinguishing between
deterministic and stochastic processes in studies of animal
and plant communities has proven to be a challenge to
biologists, who have deployed sophisticated statistical tech-
niques to make the distinction. Nonetheless, in numerous
cases, deterministic processes are found to be predominant
(e.g., Benedetti-Cecchi et al., 2015). If an analogy can be
drawn with biological communities, mineral assemblages
could also be regarded as a product of both deterministic
and stochastic processes, and the former could be dominant.
On the scale of individual species, two of the causes cited by
Hazen & Ausubel (2016) for mineral rarity, P-7-X condi-
tions and rarity of essential elements, are deterministic,
implying that the mineral assemblages from which the min-
erals listed in Tables 4 and 5 originated are largely the result
of deterministic processes. On the scale of the geological
formations in which Li minerals are found, for example,
Li-rich granitic pegmatites, London & Morgan (2017)
reported success in experimentally reproducing seven fea-
tures of such pegmatites, including feldspathic outer zones
and quartz-rich cores and albite + lepidolite bodies as the
latest primary assemblage, suggesting crystallization of
pegmatites is largely a deterministic process. And at the
planetary scale, we again see a major role played by deter-
ministic processes, e.g., the processes whereby Li is redis-
tributed in a subduction zone and recycled residual crust
acquires an isotopically light signature (Elliott et al., 2004).

Overall, 83 Li minerals are rare, occurring at five locali-
ties or fewer, resulting in a distribution of Li minerals in
Earth’s crust that is far from random. The probability of
finding these rare minerals is much less than the probability
of finding the common and widespread Li minerals such as
spodumene, elbaite, or triphylite. This non-random distribu-
tion is analogous to the “intratextural differences”, i.e., non-
random distributions, which Baayen (2001, p. 34) warned
could be a complicating factor in comparing two different
written texts. Hystad et al. (2019) found that a zero-
truncated Poisson-lognormal distribution provides the best
fit to the mineral frequency distribution using Bayesian
methods and that this modeling gave more reasonable
estimates for the population size. However, this model still
assumes randomness, which is one of its weaknesses.
Moreover, can such models inform us about the geologic
processes in the past which resulted in the present-day
non-random distribution?

An analogous situation is faced by linguists, biologists
and other scientists in understanding why language and
other systems obey Zipf’s law, which states that when obser-
vations “are ranked by the frequency of their occurrence, the
frequency of a particular observation is inversely propor-
tional to its rank™ (Aitchison er al., 2016). These authors
pointed out that underlying causes, not Zipf's law itself,
could provide insight into statistical regularities in a wide
range of fields of study. In a review of the literature on
the application of Zipf’s law in linguistics, Piantadosi
(2014) concluded that to make progress at understanding
why language obeys Zipf’s law, studies must seek evidence
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beyond the law itself, based on “new, independent data.”
Piantadosi (2014) added that many studies try to explain
the Zipfian distribution instead of uncovering the causal
forces that drive word frequencies, and do not account for
any psychological processes of word production, especially
the intentional choice of words in order to convey a desired
meaning. Piantadosi (2014) concluded linguists should
focus on explaining what words are needed at each juncture
in a conversation — this effort could elucidate why word
frequencies look the way they do. By analogy, mineralogists
should not seek explanations in LNRE models for the
observed distribution of minerals, but continue to use the
geologic history, mineralogical data, and known distribu-
tions, i.e., Piantadosi’s (2014) “new, independent data”, to
explain Zipfian distribution. Thus, it seems unlikely that
LNRE models can meaningfully inform us about Earth’s
geological history. Quite the contrary, the non-random
distribution of minerals in Earth’s crust at the present time
could complicate comparison of Earth’s current mineral
endowment with an Earth-like planet or with “replaying
the tape” of Earth’s mineral evolution through geologic
history. Baayen (2001, p. 34) warned that in comparing
two texts, the intertextural differences must exceed the
intratextural differences for the comparison to be meaning-
ful. This distinction may be difficult to evaluate as so little
would be known about mineral distributions on another
planet, including Mars, or on the “replayed” Earth.

Baayen (2001, p. 34) raised a second issue — word
frequency distributions are impacted by size of the text,
and comparisons between texts differing “substantially” in
size can be problematic. The same caveat can be applied
to comparison of Earth with Earth-like planets. Hystad
et al. (2019) generated two random samples of size
N = 652 856 mineral/locality pairs to estimate the expected
number of species that would be different, and obtained
about 16% using the Poisson-lognormal distribution (Hystad
et al., 2017, used a similar approach, but with the Sichel
GIGP distribution). Applying this estimate to the compar-
ison of two modeled Earth-like planets assumes N is the
same for both. At present, the number of mineral/locality
counts on the nearest celestial objects, namely the Moon,
Mars, asteroid bodies, either through direct sampling or
from meteorites originating on these celestial bodies, proba-
bly number at most in the hundreds, even counting areas
micrometers in scale as distinct localities such as the individ-
ual Ca—Al-rich inclusions in the Allende carbonaceous
chondrite described by Chi Ma and his colleagues (e.g.,
Ma et al., 2014). Thus, there are too few mineral/locality
counts on any one of these celestial bodies for a meaningful
experimental test of the 16% estimate for the proportion of
different minerals: the sample sizes for Earth and any one
of these celestial bodies differ by at least three orders of
magnitude.

We can now return to the question raised earlier whether
LNRE models can inform us both about the history of
discovery (human factors) and Earth’s geological history.
One could view the interplay between these two histories
as potentially operating in two directions: (1) information
on geologic history and mineral evolution can inform LNRE
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modeling, and (2) information contained in the LNRE
modeling can inform about the geologic history and mineral
evolution. Figure 8 shows the poor correspondence between
the Zipf rank on the one hand and the date of discovery and
reported age of earliest occurrence in the geologic record on
the other, which can be attributed to geological as well as
human factors. In other words, the non-random distribution
of minerals in Earth’s crust contributes to differences in the
probabilities among species being discovered, which has a
profound impact on LNRE modeling, just as non-random
distribution of words in a text affects modeling of word fre-
quency in the text. However, as emphasized by Piantadosi
(2014) in his review of linguistic studies, making progress
in understanding why distribution of minerals can be mod-
eled, we must seek evidence beyond the model itself, using
geologic and mineralogical data, that is, LNRE models do
not inform us about Earth’s geological history, and the
interplay does not operate in two directions. When compar-
ing Earth with Earth-like planets or in considering a replay
of Earth’s tape, we need to keep in mind not only the
complexities introduced by the non-random distribution of
minerals, but also size of the sample modeled, since substan-
tial differences in sample size can also invalidate such
comparisons.

6. Conclusions

Based on locality data and ages of formation of 118 Li min-
erals (as of early 2018), a cumulative diversity diagram
(Fig. 1b) and a histogram giving estimates of the number
of minerals formed in a given 50 million year interval
(Fig. 1c) show that throughout the Precambrian increases
in Li mineral diversity are related to supercontinent assem-
bly (or to supercraton assembly in the Late Archean, accord-
ing to Bleeker, 2003) and growth of juvenile continental
crust, whereas preservation bias undoubtedly contributes
substantially to the surge in diversity in the Phanerozoic,
as do localities of unusual diversity such as peralkaline
igneous complexes. Similar features are displayed in the cor-
responding diagrams for Be minerals (Grew & Hazen, 2014)
and B minerals (Grew, 2017; Grew et al., 2016). These dia-
grams provide support for the overall concept of mineral
evolution that Earth’s mineralogy in the past differed from
today’s mineralogy and that changes are related to other
geologic phenomena.

A different set of diagrams (Figs. 2, 3, 7a) illustrates the
history of human discovery of Li minerals. The surge of dis-
coveries of Li minerals in the last 30 years is almost entirely
due to finding structural analogs that constitute 75% of Li
minerals; revisions in nomenclature, particularly in the tour-
maline and amphibole supergroups, have allowed for finer
distinctions between species based on occupancy of crystal-
lographic sites. As only 13 Li minerals were synthesized
prior to their discovery in nature, it is unlikely synthetic
compounds will be a promising source for predicting
potential new Li minerals.

Zero truncated Poisson-lognormal distribution using
Bayesian methods, which was found to provide the best
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fit to mineral frequency distribution (Hystad et al., 2019),
indicate that estimates of total species are accompanied by
greater uncertainties for Li, B, and Be minerals treated as
individual subsets than for all minerals. The total median
population estimated for the B data obtained through 2017
is nearly double that for the B data obtained through 1978
(Table 1), a discrepancy most likely due to advances in ana-
lytical technology as argued by Grew et al. (2017a). Since
further technological advances are likely, the total popula-
tion estimated from the 2017 data is also likely to be an
underestimate, and thus the upper range of the 95% posterior
interval, i.e., 12001500 B species, might be the better
estimate for the total population of B minerals. Correspond-
ing estimates for Li and Be minerals range from ~700—~800
species. The totality of mineral species, at least for subsets
numbering a few hundred species, like the totalities of
biological species, may remain conjectural for some time
to come.

The Li minerals reported from the largest number of
localities (low Zipf rank) would be expected to be discov-
ered earliest in the historic search for new minerals
(Fig. 7a), and due to their greater abundance, we might
expect that they would also have appeared earliest in the
Earth’s history (Fig. 1b). However, scatter in Fig. 8 implies
that factors other than number of present-day localities (Zipf
rank) play a role in mineral ecology. More significant are the
unique formation conditions at a handful of localities that
produced a diverse suite of Li minerals rarely, if ever, found
elsewhere (e.g., Table 4). The resulting non-random distri-
bution of minerals in present-day Earth’s crust contributes
significantly to differences in the probabilities among
species of being discovered, which can have a profound
impact on LNRE modeling.

Having estimated Earth’s total mineral endowment using
LNRE and related modeling, can we consider implications
for the mineral endowment of Earth-like planets, or the
thought experiment of “replaying the tape” of mineral
evolution in Earth history? LNRE and related ecological
modeling of Earth’s present mineral endowment reflects
the human history of mineral discovery as well as mineral
evolution up to the present time in Earth history. To better
understand and apply ecological models of mineral distribu-
tion, we must take into account historical factors in mineral
discovery, geological evidence of mineral evolution over
time, and the stochastic and deterministic factors influencing
mineral occurrence.
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Note added in proof

Pimm & Jenkins (2019) in a diagram on page 164 show that
bird species having a larger geographic range tended to be
discovered earlier than birds having a smaller geographic
range. This relationship is analogous to that in Fig. 8, which
shows Li minerals occurring at more localities (low Zipf
rank) tended to be discovered earlier than Li minerals occur-
ring at fewer localities (high Zipf rank).
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