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Abstract The RNA World is generally thought to have been an important link between
purely prebiotic (>3.7 Ga) chemistry and modern DNA/protein biochemistry. One concern
about the RNA World hypothesis is the geochemical stability of ribose, the sugar moiety of
RNA. Prebiotic stabilization of ribose by solutions associated with borate minerals, notably
colemanite, ulexite, and kernite, has been proposed as one resolution to this difficulty.
However, a critical unresolved issue is whether borate minerals existed in sufficient
quantities on the primitive Earth, especially in the period when prebiotic synthesis
processes leading to RNA took place. Although the oldest reported colemanite and ulexite
are 330 Ma, and the oldest reported kernite, 19 Ma, boron isotope data and geologic context
are consistent with an evaporitic borate precursor to 2400-2100 Ma borate deposits in the
Liaoning and Jilin Provinces, China, as well as to tourmaline-group minerals at 3300—
3450 Ma in the Barberton belt, South Africa. The oldest boron minerals for which the age
of crystallization could be determined are the metamorphic tourmaline species schorl and
dravite in the Isua complex (metamorphism between ca. 3650 and ca. 3600 Ma). Whether
borates such as colemanite, ulexite and kernite were present in the Hadean (>4000 Ma) at
the critical juncture when prebiotic molecules such as ribose required stabilization depends
on whether a granitic continental crust had yet differentiated, because in its absence we see
no means for boron to be sufficiently concentrated for borates to be precipitated.
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Introduction

An early phase of life’s origin, linking prebiotic chemistry with modern DNA/protein
biochemistry, is generally thought to be the “RNA World,” wherein RNA served as an all-
in-one molecule that both stored genetic information and catalyzed reactions needed for the
self-replication required to sustain itself (e.g., Joyce 1989; Joyce and Orgel 2006; Orgel
1986; Robertson and Joyce 2010). Thus, the RNA World could have been an important
phase in the transition from purely prebiotic chemistry towards modern biochemistry. This
scenario assumes that the basic building blocks of RNA were readily available on the
prebiotic Earth. Although there are plausible pathways for the prebiotic synthesis of
components such as the nucleobases in RNA (Orgel 2004), problems exist with the
synthesis and stability of ribose, the sugar moiety in RNA. In the prebiotic synthesis of
sugars via the formose reaction (Boutlerow 1861), ribose is only a minor component of a
complex mixture of sugars (Schwartz and de Graaf 1993; Shapiro 1988). Even though there
may be synthesis and enrichment pathways that might result in a more preferential
production and accumulation of ribose (Miiller et al. 1990; Orgel 2004; Springsteen and
Joyce 2004), the problem of the inherent instability of ribose at pH near 7 greatly
compromises the possibility that significant quantities of ribose would have been present on
the primordial Earth (Larralde et al. 1995).

In order to deal with the ribose instability issue it has been suggested that borate present
in the primitive oceans acted as a complexing agent that stabilized ribose against
decomposition (Benner 2004; Kim and Benner 2010; Prieur 2001; Ricardo et al. 2004;
Scorei and Cimpoiasu 2006). Benner and co-workers (Benner 2004; Ricardo et al. 2004)
have reported experiments in which solutions containing ribose were incubated with the
borate minerals colemanite, CaB3;04(OH);(H,0), ulexite, NaCaBs;O4(OH)s(H,0)s, and
kernite, Na,B;O4(OH),(H,0);3, which stabilized it, thereby leading Benner and co-workers
to conclude that the presence of borate would allow prebiotic accumulation of ribose
formed from simple organic precursors. The experiments performed by Prieur (2001) and
Scorei and Cimpoiasu (2006) involved solutions of boric acid and sodium tetraborate. The
latter corresponds to either kernite, borax, or tincalconite, all of which have Na:B=2:4, but
differ in contents of hydroxyl and molecular water. Boron concentrations in the
experiments cited above ranged from close to that of present day seawater to several
orders of magnitude greater. Only Scorei and Cimpoiasu (2006) quantitatively related
exchange rate constants and half-life decomposition times with boron concentration in
solution at different pH.

A role for borate in the origin of the RNA World presupposes that such borates were
present at the Earth’s surface over 4 billion years ago so that high borate concentrations
could be attained, at least locally, in marine or non-marine waters, but this supposition has
not been examined in detail (Grew and Hazen 2010). None of these three minerals cited by
Benner and co-workers has been found in rocks older than 330 Ma (Fig. 1); the oldest
reported colemanite and ulexite are in the 330 Ma Maritimes basin, Canada (Grice et al.
2005; Roulston and Waugh 1981) and the oldest reported kernite is 19 Ma in the Kramer,
California, and Kirka, Turkey, deposits (e.g., Helvaci and Orti 2004; Smith and Medrano
2002). Sassolite (boric acid), H3;BOs, has mostly been reported in Neogene or younger
rocks (e.g., boric acid lagoons, fumaroles, efflorescences; Garrett 1998) or results from
recent activity (e.g., Pring et al. 2000). The oldest boron minerals reported to date belong to
the tourmaline supergroup of borosilicates, e.g., Na(Mg,Fe);AlsSicO,5(BO3);(OH)y, in
metapelites and tourmalinites of the 3800-3700 Ma Isua complex, southwestern Greenland
(Appel 1984, 1995; Chaussidon and Appel 1997; Meng 1988; Meng and Dymek 1987).
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Zircon and titanite U-Pb data give ages between ca. 3650 and ca. 3600 Ma for amphibolite-
facies metamorphism in the Isua area (Crowley 2003; Nutman and Friend 2009), the age
range presumed for tourmaline crystallization. Nonetheless, there is no reason to exclude a
priori the existence of boron minerals or borate-rich waters 4 billion years ago, even though
no trace of their presence is known in the geologic record. In this paper we review the
history and evolution of boron minerals in order to evaluate the possibility that borates were
present at the critical juncture in the early history of life.

Boron and Its Minerals—Quintessentially Crustal

Of the 263 mineral species containing boron as an essential constituent, 241 are valid
according to the International Mineralogical Association Commission on New Minerals,
Nomenclature and Classification (IMA CNMNC). The remaining 22 can be considered
prospective, e.g., approved by the IMA CNMNC, but not yet published and unnamed,
potentially valid species such as those listed by Smith and Nickel (2007). Boron minerals
include one nitride, four fluorides, and 258 oxygen compounds (borates), of which 129
contain only B(O,0H); triangles and/or B(O,0H), tetrahedra such as colemanite, ulexite,
and kernite, and 129 contain additional oxyanionic complexes of Be, C, Si, P, S, or As,
such as the borosilicate tourmaline (e.g., Hawthorne et al. 2002).

Boron is a quintessential crustal element: it is enriched in the upper continental crust
compared to other reservoirs, i.e., averages of 17 ppm vs. 2 ppm in the lower crust
(Rudnick and Gao 2004), 0.26 ppm in primitive mantle (Palme and O’Neill 2004), and
0.775 ppm in CI chondrites (Lodders 2010). Moreover, B is very unevenly distributed in
crustal rocks, and some reservoirs show marked enrichment relative to the average. For
example, boron contents reach 40 ppm in granite, 180 ppm in oceanic sediment, and
270 ppm in altered oceanic crust (Leeman and Sisson 2002). Stilling et al. (2006) calculated
an average B content of 213 ppm for a highly evolved granitic pegmatite (Tanco pegmatite,
Manitoba, Canada). It is thus no surprise that boron minerals have been found only in the
Earth’s crust, where they are largely restricted to such B-enriched rocks.

Boron minerals have not been reported in meteorites. There have been reports of boron
minerals in rocks of mantle origin or from mantle depths, but involvement of crustal
material in their formation cannot be excluded, e.g., kornerupine, (0,Mg,Fe)(Al,Mg,Fe)y
(S1,A1,B)s0,1(OH,F), where O is a cation vacancy, as a secondary phase in a pyrope-spinel
xenolith from Moses Rock dike, Utah (Padovani and Tracy 1981), where the fluids causing
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the alteration could have originated in the crust (Smith 1995). Tourmaline has been reported
in kimberlites and lamproites, e.g., Riley County, Kansas, (Brookins 1969) and at several
localities in Canada, U.S. and Australia (Fipke et al. 1995). Although Fipke et al. (1995)
suggested the tourmaline might have originated from boron associated with kimberlite and
lamproite, Roger Mitchell (personal communication 2010) wrote me that all tourmaline in
kimberlite and lamproite is xenocrystal—never a primary phase; he made no mention of
any boron mineral in his book on kimberlites and related rocks (Mitchell 1995). Cubic
boron nitride (BN) has been reported to form at mantle depths, but it was found in a small
rock fragment interpreted to be subducted continental crust (Dobrzhinetskaya et al. 2009).

Geologic Occurrence and History of Borate Minerals

Boron minerals are found in a large number of environments where B has been
concentrated by some process, either magmatic or involving an aqueous fluid, but by far
the greatest diversity (80 species) is found in evaporites, occurring in both non-marine (e.g.,
Helvaci and Orti 2004; Smith and Medrano 2002) and marine (e.g., Braitsch 1971; Garrett
1998; Grice et al. 2005) environments, and at scales ranging from layers a few meters thick
to vast lacustrine deposits of economic importance such as Searles Lake and Boron
(Kramer), California. Continental deposits are most extensively developed in down-faulted
basins associated with active collisional zones (e.g., California, Chile, Argentina, Turkey,
China). However, the tectonic associations of marine deposits are more varied, i.e., the
Mississippian deposits of Maritime Canada are in fault-bounded extensional basins
(Pascucci and Gibling 2003).

Volcanic activity, including thermal springs and hydrothermal fluids, are an important
source of B to continental evaporites, but volcanism plays a less important role, or none at
all, as a source of B for marine deposits. Whether the diversity of mineral species
characteristic of continental deposits is an original feature of the evaporite or the result of
deep burial and post-burial diagenesis and is a matter of dispute, and could vary among
deposits. More specifically, borax and ulexite precipitate directly from saline solutions,
whereas kernite forms at moderately elevated temperatures (37°—59°C) during diagenesis,
depending on solution salinity (Bowser 1965). Helvaci and Orti (2004) proposed that
colemanite precipitated from solution at the Kirka borate deposit, western Turkey, whereas
Smith and Medrano (2002) argued that it is a diagenetic phase in the California deposits,
although Bowser (1965) admitted some colemanite might be primary in the Kramer deposit.
In addition, Tanner (2002) suggests that some colemanite in the Furnace Creek Formation,
California may have formed as a primary precipitate. In summary, most California
occurrences appear to have resulted from the diagenesis of precursor minerals. Ulexite and
colemanite, but not kernite, have been reported from marine evaporites.

Very few instances are known of boron-bearing evaporites being preserved from the
Precambrian. Examples give the impression that extensive precipitation began only in the
lower Cambrian, as in the case of the Angara suite (Fig. 1) in the Korshunovskoye and
Nepskoye deposits on the Siberian Platform, Irkutsk Oblast’, Russia (Mazurov et al. 2007,
Semeykina and Kozlova 1985). The only borate reported from a Precambrian evaporite is
chambersite (Mn;B;0;5Cl) associated with algal dolostone in the 1500 Ma Gaoyuzhuang
Formation, China (Fan et al. 1999; Shi et al. 2008). Fan et al. (1999) concluded that the
deposit formed in a subtidal lagoon of an epicontinental sea, and that chambersite
precipitated directly under conditions of high salinity, high B, Mn, and Mg concentrations,
and weak alkalinity; submarine volcanic eruptions are believed to be the main source of B.
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The oldest reported occurrence of a borate mineral readily soluble in water is teepleite,
Na,B(OH),Cl, but only as a few daughter crystals within fluid inclusions in topaz from the
Volynian pegmatites, Ukraine (Kalyuzhnyy 1958) for which the age is 1770 Ma (Fig. 1,
Pavlishin and Dovgyi 2007). The occurrence of teepleite as an evaporitic mineral is limited
to Holocene lake deposits in California (e.g., Gale et al. 1939). Thus, if sufficiently
protected, even borates readily soluble in water such as teepleite can survive at least
1770 m.y.

Nonetheless, circumstantial evidence, notably microstructures and B isotopes, suggests
that B-bearing evaporites were deposited in the Precambrian, but were subsequently
replaced by borates and borosilicates of metamorphic or hydrothermal origin, e.g.,
tourmaline-bearing marine and non-marine evaporites in rifts within the 1000-800 Ma
Duruchaus Formation in the Damara Orogen, Namibia (e.g., Behr et al. 1983; Henry et al.
2008) and tourmalinite inferred to have a non-marine evaporite source of B in the
~1700 Ma Willyama Supergroup, Broken Hill, Australia (e.g., Slack et al. 1989, 1993).
Perhaps the most spectacular example comprises deposits of metamorphic borates in the
Liaoning and Jilin Provinces, China (Fig. 1). Peng and Palmer (2002) reported geological,
geochemical, and boron isotope data supporting a scenario in which non-marine evaporite
precursors deposited in playa lakes 2400-2100 Ma ago recrystallized under greenschist- to
amphibolite-facies conditions at 2100-2000 Ma to form borate assemblages dominated by
szaibélyite, MgBO,(OH), suanite, Mg,B,0s, and ludwigite, (Mg, Fe*"),Fe’ ' BOs. The two
anhydrous borates are characteristic of relatively high-temperature contact metamorphic
deposits, such as skarns (e.g., Anovitz and Grew 2002). The Liaoning-Jilin area first
experienced subduction of oceanic crust below an Archean craton, then continental
collision and lastly development of extensional basins analogous to the Cenozoic basins
that contain evaporitic borates in Turkey and Argentina (Peng and Palmer 2002).

An even more ancient evaporitic precursor has been suggested for tourmaline-bearing
greenschist-facies metasedimentary rocks in the Upper Onverwacht Group (3300-3450 Ma)
of the Barberton greenstone belt in South Africa (Fig. 1; Byerly and Palmer 1991; Byerly
et al. 1996). Byerly and Palmer (1991) cited siliceous pseudomorphs, most likely after
nahcolite, NaHCO; (Lowe and Fisher Worrell 1999), and B isotopes as evidence for a
marine evaporite precursor to tourmalinized rocks, and proposed a two-stage B
enrichment whereby evaporitic B was mobilized by hydrothermal solutions to mineralize
algal stromatolites either subaerially or in shallow marine waters.

There is no evidence for an evaporitic precursor to the two metamorphic tourmaline
species dravite and schorl in the Isua complex, Greenland, which at ca. 3650—ca. 3600 Ma
(metamorphic age) contains the oldest B minerals reported to date (Fig. 1). Meng (1988)
and Meng and Dymek (1987) described tourmaline cores inferred to be of detrital origin
with compositions plotting in the fields of both metasedimentary and igneous tourmaline
(Henry and Guidotti 1985), suggesting the intriguing possibility of tourmaline-bearing
continental crust older than that in the Isua belt and supplying detritus to it. However, to
date no tourmaline or other boron mineral has been reported from exposures of the oldest
reported exposed continental crust (4000-4280 Ma), which is composed of orthogneisses
intermediate and mafic in composition (Bowring and Williams 1999; O’Neil et al. 2008).
Although tourmaline does occur in the same metamorphosed quartz-pebble conglomerates
from the Jack Hills belt, Western Australia as the zircons older than 4000 Ma (Maas et al.
1992; Cavosie et al. 2004; Rasmussen et al. 2010), there is no evidence that the tourmaline
is as old as these zircons, e.g., tourmaline has not yet been found as inclusions in them
(Maas et al. 1992; Harrison 2009). Estimating the age of the tourmaline depends on
whether it is metamorphic or detrital, but this is ambiguous in many cases (Cavosie et al.
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2004). If the tourmaline were metamorphic, its age would more likely be 2650 Ma, the age
inferred for the main event (Rasmussen et al. 2010). An older age is likely if the tourmaline
were detrital. According to Rasmussen et al (2010) the metaconglomerate was deposited
between 3050 and 2650 Ma, which would provide a minimum age for detrital tourmaline.
Nonetheless, it still probably would be no older than 3600 Ma, because most zircons are
between ca. 3600 and 3000 Ma in age (Maas et al. 1992; Rasmussen et al. 2010).

Were there Borates or Boron-rich Waters Before 4000 Ma?

Although we have no firm evidence that any boron mineral was present prior to 3700 Ma,
we cannot a priori exclude such a possibility if a granitic continental crust had already
differentiated by 4000 Ma, or if oceans were present with an average B concentration not
significantly less than the present value of 4.5 ppm B (Nozaki 1997). Either situation could
lead to localized B enrichments for the formation of borates or borate-rich waters.
Hawkesworth et al. (2010) concluded that there is evidence in zircons from Jack Hills,
Western Australia, for a felsic component to a crust dominantly mafic in composition
4300 Ma ago, but failure of this Hadean crust to survive conditions on a hotter Earth is no
surprise. In a comprehensive review of data from these zircons, including Hf isotopes,
Harrison (2009) concluded that the Earth at 4300 Ma “was behaving much as it does
today,” in which subduction, albeit shallow, played a major role and water condensed in a
global ocean. If indeed this had been the case, it is plausible that the global boron cycle
might have resembled the current cycle (Park and Schlesinger 2002; Carrano et al. 2009)
minus the anthropogenic components and emissions from land vegetation. An important
flux today is weathering of exposed rock. Ushikubo et al. (2008) cited high Li contents and
fractionated &’Li values of the Hadean zircons as evidence for the presence of chemically
differentiated and weathered crust by 4300 Ma. If continental crust were as enriched in Li at
4300 Ma as it has been since the Archean, then it is reasonable to assume that B was also
enriched to a comparable degree, and B flux from land to sea could have approached
today’s levels. Harrison (2009) questioned the significance of the Li data reported by
Ushikubo et al. (2008), because of the very real possibility that Li diffuses too readily to
preserve the Hadean signature. However. Cherniak and Watson (2010) reported
experimental Li diffusivities in zircon that are consistent with little mobilization of Li in
zircon under the amphibolite-facies conditions reported for the metaconglomerate
(andalusite present), and thus the measured Li contents are likely to be original. Cherniak
and Watson (2010) did not discuss the possibility that the isotopic signature might be
disrupted even when bulk Li content has not been, so it is less certain whether the Li
isotopic signatures in zircon would survive an amphibolite-facies event.

If we accept the Harrison (2009) scenario, together with the zircon Li data, at face value,
then it seems reasonable to suggest a scene on land at 4300 Ma not unlike present-day
landscapes lacking vegetation. Borate deposits precipitated from thermal waters in the
Hadean need not be restricted to analogues of the Cenozoic and Holocene continental
evaporites deposited in tectonically active areas. One might imagine small pools of brine
sourced by B-enriched thermal waters and concentrated by evaporation into the atmosphere.
A comparable scenario, but one where concentration was achieved by freezing, has been
proposed to explain borax inferred to be pseudomorphic after kernite in boulders with
nahcolite in supraglacial moraine near the Colbert Hills, Transantarctic Mountains
(Fitzpatrick and Muhs 1989; Fitzpatrick et al. 1990; Faure and Mensing 2010), which are
no longer tectonically active.
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Even if there were no borates on land, there could have been sufficient concentration of
B for stabilizing ribose in the ocean had plate tectonics been active. As far as we are aware,
no one has attempted to estimate B concentrations in the early oceans. Izawa et al. (2010)
suggested a three-stage evolution for the oceans overall: (1) a “pre-uniformitarian” period
from ca. 4200 Ma to ca. 3700 Ma when under heavy bombardment the dominant source for
solutes was meteorites and seawater was more saline than now and dominated by MgSO,
rather than NaCl; (2) a transitional period of intermediate seawater composition from ca.
3700 Ma to ca. 3300-3000 Ma when the dominant source was weathered crust; and (3) after
ca. 3300-3000 Ma when influx of crustal material had wiped out the meteoritic signature to
give a seawater composition close to that today. Nonetheless, even during the first stage,
had there been exposed granitic crust being weathered or hydrothermal fluids leaching
boron from oceanic crust, boron could have entered the oceans if river flow and circulation
around hydrothermal vents on the ocean floor were as important fluxes between the ocean
and crust as they are today. Leeman and Sisson (2002) noted that B is commonly enriched
in oceanic crust (to 270 ppm B) exposed in fracture zones because B in seawater is
adsorbed onto clays and other hydrous secondary phases, a plausible process in a Hadean
ocean containing several ppm B.

Nonetheless, the presence of continental crust so early in Earth’s history remains a hotly
debated topic. Citing new Hf isotope measurements, also on zircons from Jack Hills, Kemp
et al. (2010) come to the opposite conclusion of Harrison (2009), viz., the new Hf data “do
not require a plate tectonic regime for the Hadean Earth similar to that operating today.”
Instead, Kemp et al. (2010) contend that the data are consistent with magma generation by
melting of enriched basalt in a thickened volcanic pile; there is no need to invoke a
metasedimentary source for the Jack Hills zircons. Their model envisages a “nascent
hydrosphere/steam atmosphere.” In this setting, concentrations of B either on land or in the
sea sufficient to play a role in ribose stabilization are thus unlikely. Alternative stabilizers,
such as aqueous silicate (Lambert et al. 2010a, b), could be more plausible. In addition,
crystallization of products formed from the reaction of ribose with prebiotic reagents such
as cyanamide could have played a role in sequestering and preservation of ribose for
eventual incorporation into early RNA (Springsteen and Joyce 2004).
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