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Lichens and mosses growing on granitic gneiss in a boreal forest environment caused intense chemical
weathering of the rock, producing exclusively biogenic secondary minerals and soils and accumulating
solubilised rock-forming elements (Si and metals), but weathering in the absence of these organisms was rela-
tively ineffective. Apart fromprimary biotite, the only phyllosilicates in the rockwere sericite and chlorite formed
by hydrothermalmetamorphism or abioticweathering, or both, but the biogenic soils contained expandable clay
minerals and, in several cases, kaolinite and calcite, together with illite and chlorite. Lichens were especially ef-
fective in altering feldspars to clay, but mosses generally produced a greater abundance of expandable clay min-
erals, and kaolinite was produced only by certain species of moss — specifically the ones whose rock-derived
element concentrations and Mg/Ca ratios were highest. Rock-derived element concentrations were usually
highest in mosses, and element enrichment increased with the charge/radius ratio of the cation of the element,
suggesting carrier-mediated transport across cell membranes. Furthermore, lichens andmosses produced differ-
ent assemblages of expandable clay minerals, and most mosses (but none of the lichens) produced authigenic
amphiboles and pyroxenes. Biological weathering is attributable to solubilisation of rock-forming elements by
chelating agents and H2CO3, bioaccumulation of the elements, and nucleation of secondary silicates by chelate
complexes functioning as templates for epitaxial growth of specific crystal structures. The different weathering
and soil-forming processes of lichens andmosses suggest a mutualistic strategy for maximising the release of in-
organic nutrients from rocks and retaining them in bioavailable forms in the soil.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Chemical weathering is of key importance to life on Earth. Above all,
the process releases essential inorganic nutrients, notably phosphate
and various metals (K, Ca, Mg, Fe, Cu, Zn, etc.), from rock and soil
minerals, solubilising them and making them available for uptake
and utilisation by organisms. Another major ecological function of
weathering is the production of colloidal secondaryminerals (claymin-
erals and oxides or oxyhydroxides) which, together with humic and
non-humic organic matter, form soils and fine-grained sediments,
thereby providing organisms not only with habitats but also with sup-
plies of bioavailable nutrients reversibly bound to ligands and other
sorption sites of the colloidal minerals and humic matter. Moreover,
the weathering action of carbonic acid (H2CO3) formed by the reaction
of CO2withwater, plays a pivotal role in the regulation of the Earth's cli-
mates bywithdrawingCO2 from the atmosphere, thereby counteracting
the heat-trapping effect of atmospheric CO2 (Schwartzman and Volk,
1989; Berner, 1995; Schwartzman, 1999; Lovelock, 2009; Lenton et al.,
2012).
A large body of empirical evidence has established that the activities of
organisms greatly intensify and accelerate chemical weathering and me-
diate the formation of secondaryminerals (Schwartzman, 1999). To begin
with, theBiosphere as awhole controls theweatheringprocess to a signif-
icant degree by regulating atmospheric CO2 levels (Schwartzman and
Volk, 1989; Berner, 1992, 1993, 1995; Berner et al., 2005; Lenton et al.,
2012). Thus, biological withdrawal of CO2 from the air by photosynthesis,
carbonate deposition, and the formation of refractory organic substances
(notably humic matter), which accumulate as carbon sinks in soils and
sediments (Jackson, 1975), is balanced by the emission of respiratory
CO2; moreover, the CO2 emitted by volcanoes is probably for the most
part of a product of the thermal decomposition of biogenic sedimentary
organicmatter by igneous andmetamorphic processes. Hence the “abiot-
ic” weathering action of carbonic acid is, in fact, largely, if not wholly, a
consequence of biological activities. However, this universal background
process is enormously augmented by much more intense weathering
processes mediated by various organisms that inhabit rock surfaces and
soils.

Laboratory experiments have demonstrated that bacteria and fungi
inhabiting weathered rock surfaces and soils release phosphate and
metal cations by solubilising apatite and silicate minerals (Sperber,
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1958; Webley et al., 1963; Duff et al., 1963; Henderson and Duff, 1963;
Voigt, 1965; Boyle et al., 1967; Frankel, 1977; Naga et al., 1977;
Berthelin, 1983; Robert and Berthelin, 1986; Welch et al., 1999). Simi-
larly, there is evidence that bacteria in groundwater, lake sediments,
and mine tailings decompose silicate minerals (Hiebert and Bennett,
1992; Bennett et al., 2001; Bhatti et al., 2011; Jackson et al., 2011) and
that bacteria may preferentially colonise particular minerals whose
solubilised constituents supply their inorganic nutrient requirements
(Bennett et al., 2001; Jones and Bennett, 2014). Among soil microbes,
the rhizosphere bacteria associated with the roots of trees and other
plants are especially efficient weathering agents, and there are grounds
for believing that their relationship with the host plants is mutually
beneficial, the plants providing the bacteria with organic nutrients ex-
uded by their roots, whilst the bacteria decompose soil minerals, releas-
ing inorganic nutrients required by the plants (Gerretsen, 1948; Jackson
and Voigt, 1971; Ochs et al., 1993; Drever, 1994; Calvaruso et al., 2006;
Taylor et al., 2009; Arocena et al., 2012; Parmar and Sindhu, 2013). This
raises the possibility that bacteria associated with the pioneer lichens
and mosses which inhabit rock surfaces perform comparable functions.

Be that as it may, lichens colonising rock surfaces have been found to
enhance enormously the chemical weathering of the rocks on which
they grow, and they mediate the formation of distinctive biogenic sec-
ondary minerals. Thus, a comprehensive investigation of the chemical
weathering and secondary mineral-forming activities of the lichen
Stereocaulon vulcani growing on basaltic lava flows of known age in
wet and dry climatic zones on the Island of Hawaii showed that in re-
gions of high rainfall the lichen [1] accelerated the rate of weathering
by orders of magnitude relative to the abiotic weathering of bare rock
surfaces, producing conspicuous, relatively thick reddish weathering
crusts, and [2] produced copious quantities of an exclusively biogenic
form of ferric oxide along with other residual oxides (but no clay min-
erals, owing to the intensity of the biochemical leaching of silica and
metal cations), whereas the ferric oxide produced by abioticweathering
consisted solely of trace quantities of the common mineral hematite
which, together with trace quantities of clay minerals, formed an incip-
ientweathering rind thatwas orders ofmagnitude thinner than the bio-
genic weathering crust — so thin, in fact, that it was barely detectable,
even under a microscope (Jackson, 1968, 1993; Jackson and Keller,
1970a,b). Detailed analysis employing various techniques established
that the biogenic ferric oxide was a mineral previously unknown to sci-
ence, and its unique crystal structure was attributed to epitaxial growth
nucleated by Fe(III) chelate complexes produced by the lichen. This fer-
ric oxide polymorph was subsequently rediscovered elsewhere by
others and officially recognised as a new mineral named “ferrihydrite”
(Schwertmann and Fischer, 1973; Schwertmann et al., 1986), but the
credit for the original discovery of the mineral in nature, the first de-
tailed, systematic investigation of its properties, and appreciation of its
biogeochemical significance belongs to T.A. Jackson, as documented
elsewhere (Jackson, 1968, 1993; Jackson and Keller, 1970a,b). Subse-
quent reports by other workers independently confirmed the observa-
tion that lichens accelerate chemical weathering and produce biogenic
secondary minerals, including ferrihydrite, and corroborated the theory
that the weathering action of lichens involves biogenic chelating agents
(Jones et al., 1980; Wilson and Jones, 1983; Adamo and Violante, 1991,
2000; Adamo et al., 1993, 1997; Johnston and Vestal, 1993; Hen and
Gong, 1995; Chen and Blume, 1999, 2002; Chen et al., 2000; Aghamiri
and Schwartzman, 2002; Matthews and Owen, 2008; Zambell et al.,
2012). Berner (1992) and Cochran and Berner (1992) put forward the
unfounded opinion that the reddish material associated with the Ha-
waiian lichens consisted of wind-blown dust, but Jackson (1993)
proved conclusively that this material was, instead, a weathering crust
formed in situ by the lichen, as maintained originally by Jackson
(1968) and Jackson and Keller (1970a,b).

Although much attention has been devoted to the weathering of
rocks by lichens, hardly any research seems to have been done on the
possible weathering action of mosses. However, one study, at least,
produced experimental evidence for enhancement of weathering by a
species of moss (Crouch, 2010), and late Ordovician glaciation has
been ascribed to a drop in atmospheric CO2 levels owing to acceleration
of chemicalweatheringdue to the evolution of non-vascular plants such
as bryophytes (Lenton et al., 2012).

The weathering action of lichens, mosses, fungi, and bacteria is
attributable to biological production of weak organic acids as well as
carbonic acid. Many of these organic acids solubilise divalent and poly-
valent metal cations of minerals by chelation as well as by acid attack.
The chelating agents implicated in biologically enhancedweathering in-
clude “lichen acids” (an assortment of unique compounds produced by
lichens) along with humic and fulvic acids and various common low
molecular weight biochemical compounds such as oxalic acid and citric
acid; and experimental studies have demonstrated that the effective-
ness of these chelators asweathering agents far exceeds that of carbonic
acid (Mandl et al., 1953; Schatz et al., 1954;Wright and Schnitzer, 1963;
Jackson, 1968, 1975, 1993; Jackson and Keller, 1970a,b; Ong et al., 1970;
Huang and Keller, 1970, 1971, 1972; Huang and Kiang, 1972; Schnitzer
and Khan, 1972; Jones et al., 1980; Wilson and Jones, 1983; Adamo and
Violante, 1991, 2000; Adamo et al., 1993, 1997; Johnston and Vestal,
1993; Chen et al., 2000; Chen and Blume, 2002). Moreover, the theory
that biogenic chelate complexes of Fe(III) nucleated the ferrihydrite
produced by the lichens that promote the chemical weathering of Ha-
waiian lava flows (Jackson, 1968, 1993; Jackson and Keller, 1970a,b)
has been independently confirmed (Schwertmann et al., 1986). Similar-
ly, experiments have shown that chelate complexes (including fulvic
acid complexes) of Al3+ may nucleate the formation of kaolinite
(Linares and Huertas, 1971; Hem and Lind, 1974).

The purpose of the present studywas [1] to investigate and compare
the weathering, secondary mineral-synthesising, and soil-forming ac-
tivities of different species of lichens andmosses which comprised a pi-
oneer community colonising a granitic gneiss outcrop in a boreal forest
environment, [2] to compare the effects of weathering and secondary
mineral formation in the presence and absence of these organisms,
and [3] to assess the ecological implications of the interactions between
the organisms and the rock.

2. Field area, materials, and methods

The sampling site was located in the Experimental Lakes Area (ELA)
operated by the Canadian government just east of Kenora, Northwest-
ern Ontario, Canada. The ELA is situated on the Canadian Shield within
the longitude and latitude ranges 93°30′–94°00′ W and 49°30′–49°45′
N, respectively, at an altitude of 360–380 m above sea level, and it is
characterised by cool, humid temperate climatic conditions, boreal for-
est vegetation, the common occurrence of soils classed as brunisols, an
abundance of lakes, Pleistocene till and glacial outwash deposits, and
Precambrian bedrock which comprises part of a “pink granodiorite”
batholith of Algoman (late Archean) age (Brunskill and Schindler,
1971).

The sampleswere collected at or near the top of a low, gently sloping
outcrop of gneiss located in a clearing surrounded by spruce forest. The
gneiss was characterised by pink, predominantly felsic bands alternat-
ingwith black bands enriched inmaficminerals.Whether it was an out-
crop of local bedrock or the exposed top of a large glacial erratic partially
buried in finer-grained glacial drift is uncertain, but for the purposes of
this paper it makes no difference. The rock had been colonised by differ-
ent varieties of lichens andmosses underlain by layers of dark brown or
black humus-rich soil up to a few centimetres thick. The soil deposits
underlying several of the mosses (but none of the lichens) contained
abundant sand-sized particles which presumably consisted of quartz
and feldspar grains released from the rock by the weathering action of
the organisms. In addition, a few scattered clumps of grass and other
small vascular plants were growing among the lichens and mosses.
The soils occurred solely in associationwith lichens, mosses, and plants,
implying that they owed their existence to biological factors (i.e.,
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biochemically mediated weathering and secondary mineral formation,
production of organic matter, and protection from erosion). Although
the areas of rock that supported lichens and mosses were, as a rule, so
thickly overgrown by these organisms that the nature of the rock imme-
diately underlying individual species could not be distinguished, it was
noted that certain species of moss (afterwards identified as Hedwigia
ciliata and Grimmia sp.) preferentially colonised the pink bands of the
gneiss (growing mainly along fractures and in depressions) and tended
to avoid the black bands. In addition to the rock surfaces that were
carpeted by lichens andmosses, therewere areas of bare rock, affording
anopportunity to compare effects ofweathering in thepresence and ab-
sence of the organisms. The reason for the patchy distribution of the li-
chens and mosses is uncertain, but a possible explanation (apart from
random dispersal of spores) is that the organisms succeeded in becom-
ing established only on areas of the rock surface where water-trapping
fractures and depressions happened to occur, as observed in the case of
H. ciliata and Grimmia sp. Samples of lichen, moss, soil, and bare rock
were collected in plastic Whirl-Pak bags on 21 June, 1976. The lichen,
moss, and soil specimens were temporarily stored at 4 °C and then
oven-dried at 35–40 °C and stored at room temperature.

The lichens andmosseswere identified by lichen and bryophyte tax-
onomists, respectively. In addition, portions of the biological samples
were analysed for Si, Al, Fe, Ca, Mg, Na, and K using the methods of
Horwitz (1980, section 3.007). The specimens were separated as thor-
oughly as possible from the underlying soil, and moss rhizoids embed-
ded in soil were cut off with a razor blade and discarded, whereupon
the specimens were ground up and digested with nitric acid. Perchloric
acid was then added, and themixtures were heated until the perchloric
acid started fuming. At this stage, Si was in the form of dehydrated silica
precipitate, and all other elements were in solution. Each digest was fil-
tered using a #40 ashless filter paper, and the filter pad together with
the silica retained on it was ignited at 1000 °C, after which the silica
was weighed and the Si concentration was calculated. Each filtrate
was made up to a final volume of 50 mL and analysed for Al, Fe, Ca,
Mg, Na, and K using a Jarrell Ash model 1140 inductively coupled plas-
ma atomic emission spectrometry (ICP–AES) unit.

The soil samples and two representative specimens of the bare
rock were analysed semi-quantitatively for bulk mineral and clay
mineral content by X-ray diffraction techniques (Last, 2002), and
thin sections of the rock samples were examined under a petro-
graphic microscope. The X-ray diffraction analyses were performed
with a Philips PW1710 Automated Powder Diffraction System
employing Ni-filtered monochromatised CuKα radiation generated
at 40 kW and 40 milliamps. Prior to X-ray diffraction analysis the
soil samples were pretreated with 30% H2O2 to remove organic mat-
ter and dispersed ultrasonically in distilled water, and the rock sam-
ples were pulverised with an agate mortar and pestle.

For bulk mineral analysis by X-ray diffraction, randomly oriented
specimens of sample material were mounted on standard petrographic
slides (Klug and Alexander, 1974) and irradiated in one direction over
the range 3°–70° 2θ, generally at a scanning speed of 2.4° 2θ per minute,
with a 1° beam slit, 0.01 cm detector slit, 1 second measurement con-
stant, and 0.01 step size, and a count range setting of 200 counts per sec-
ond.Mineral identificationwas based on d-spacing values using standard
indices of the ASTMX-ray Powder Diffractions File (Chen, 1977), and the
abundance of a given mineral was estimated by comparing the intensity
of the strongest peak of the mineral in the sample to the intensity of the
corresponding peak of the pure mineral (i.e., by application of an “inten-
sity factor”) (Schultz, 1964). Themineral percentages were summed and
normalised to 100%. The limit of detection of individual minerals in the
samples was ~5% (Last, W.M., personal communication), and replicate
analyses indicated that the precision of the method was approximately
±8% (Last, 1980). Note that the procedure was designed to derive inde-
pendent estimates of the relative abundances of the individual minerals
expressed as percentages: Variations in the percentage of one mineral
do not significantly affect the percentages of others (Hower et al., 1976;
Callender, 1968). The positions of themajor peaks used for identification
of minerals in the bulk mineralogical analyses (expressed as degrees 2θ)
were as follows: quartz, 26.7; potassium feldspar, 27.4–27.5; plagioclase
feldspar, 27.8–27.9; amphiboles, 10.4; pyroxenes, 29.8; total clay min-
erals, 19.9–20.1; calcite, 29.4–29.8; and dolomite, 30.9.

Before being analysed for clay minerals, the soil samples and
pulverised rock samples were subjected to size fractionation using
wet sieve and centrifugation techniques (Tanner and Jackson, 1947;
Folk, 1968). X-ray diffraction analyses were then performed on the
clay-sized fraction, which, in accordance with the geological definition
of clay, consisted of all mineral particles that fell in the b3.9 μm size
grade (Wentworth, 1922; Grim, 1968). For convenience, the b3.9 μm
fraction will simply be designated as the “clay” fraction and will be
regarded as synonymous with the clay-sized phyllosilicate fraction
(i.e., clay minerals and fine-grained mica). Moreover, we may safely as-
sume that pulverisation of the majority of primary minerals in the rock
specimens (i.e., feldspars and quartz, which comprised ~80–100% of the
rock) produced no artificial clay-sized material, as experience has
shown that grinding by hand does not (and, indeed, cannot) result in
the production of clay-sized particles from coarser mineral grains of
this nature (Last, W.M., personal communication). The hypothetical
possibility that coarse biotite crystals, which comprised a small, variable
proportion (0–20%) of the primary rock-forming minerals, were to
some extent reduced to clay-sized particles by pulverisation cannot be
ruled out, but the available evidence implies that that no detectable sys-
tematic error occurred on that account (see Section 3.2).

For claymineral analyses, the diffractometer settings were the same
as those used for bulk analysis except that the scanning speed was 0.6°
2θ per minute. Oriented clay mineral mounts were prepared by mixing
the clay-sizedmaterial with water, spreading an aliquot of the slurry on
a petrographic slide using themembrane filter-peel technique of Drever
(1973), and allowing the slurry to dry. Two slides of each sample were
prepared in this manner. One slide was exposed to ethylene glycol for
at least 48 hours at constant relative humidity (Muller, 1967), and the
other was heated to 550 °C for 1 hour (Carroll, 1970). Both preparations
were then irradiated in one direction over the range 3°–15° 2θ, and the
heated preparation was also irradiated over the range 24°–27° 2θ. The
X-ray diffraction patterns were used to identify the principal clay min-
erals and to estimate the relative abundances of the major clay mineral
groups represented — i.e., illite, chlorite, kaolinite, and “expandable
clay,” a categorywhich includes smectite, vermiculite, swelling chlorite,
and various mixed-layer species. Illite was defined by a peak at 10 A
(8.8° 2θ) which was not affected by glycolation or heating. Other mica-
ceous minerals, such as muscovite, sericite (a fine-grained variety of
muscovite), and biotite, are characterised by similar diagnostic proper-
ties, but the 10 A peak of illite, which is less well crystallised, is com-
monly broader and tends to tail off toward higher d-spacings (Keller,
1964; Grim, 1968). Collectively, clay-sized phyllosilicate minerals
characterised by 10 A spacing will be referred to as “mica” or “mica-
ceous minerals,” and the more specific term “illite” will be applied
only if the 10 A peak is broad and tails off toward higher d-spacings. Ka-
olinite and chlorite in glycolated preparations were identified by their
combined, overlapping peaks at 7 A (12.4° 2θ), and the two minerals
were differentiated by means of the relative differences in the height
of the 7 A peak after glycolation and heating (Biscaye, 1965; Thorez,
1975). The presence or absence of chlorite was also confirmed by the
occurrence of 14 A (6.3° 2θ) and 3.5 A (25.2° 2θ) peaks. Expandable
clay was identified on the basis of evidence for expansion of its lattice.
After glycolation, expandable clay yields a peak at approximately 17 A
(5.19° 2θ), and its exact position depends on the composition of the
clay. Heating at N300 °C, however, causes this peak to shift to 10 A
(Carroll, 1970). In addition, the effects of glycolation and heating can
be used to identify mixed-layer expandable clay minerals (Thorez,
1975). Relative abundances of major clay minerals were calculated
usingmethods similar to those of Biscaye (1965), andmixed-layer com-
ponents were characterised by the techniques of Thorez (1975).



Table 1
Description of rock samples from bare (lichen- and moss-free) areas of the gneiss outcrop.

Sample Description of hand specimens Description based on microscopic examination of thin sections

Rock-1 Pink granitic gneiss with minor amounts of evenly distributed black mafic
mineral grains characterised by lineation (i.e., elongation in the same direction).

Major minerals were potassium feldspar (mainly microcline with “gridiron”
texture) and plagioclase feldspar displaying albite twinning, with subordinate
quartz and minor amounts of biotite (comprising ~5% of the bulk mineral content).
Much of the plagioclase, but very little of the potassium feldspar, showed extensive
sericitisation. Edges of biotite crystals showed alteration (a light-coloured zone
extending from the outside inward or ragged ends breaking up into minute
whiskers, suggesting chloritisation). No primary mafic minerals other than biotite
were detected.

Rock-2 Granitic gneiss with a coarse quartz band, a coarse pink band rich in feldspar
(comparable to pegmatite), and a black band enriched in mafic mineral grains.
The pink and black bands were sharply differentiated from each other.

The pink band consisted almost entirely of potassium feldspar and plagioclase
feldspar, with subordinate quartz. Plagioclase was preferentially sericitised, as in
Rock-1. No mafic minerals were seen. The black band contained abundant biotite
(comprising ~20% of the bulk mineral content). Some biotite crystals had ragged
edges, suggesting slight alteration (possibly chloritisation). No primary mafic
minerals other than biotite were detected in the black band.
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Chemical analyses of soil samples were carried out in the following
manner. Coarse moss and lichen debris was removed, and the soil was
oven-dried at ~60 °C and ground with a mortar and pestle, whereupon
its organic content was determined by weighing out 1 g and measuring
loss on ignition (LOI) at 1040 °C for 30minutes. The ash remaining after
ignition was then mixed with lithium tetraborate, and the mixture was
melted in a platinum crucible heated by a Bunsen burner to forma fused
glass pellet, which was analysed for the major rock-forming elements
(Si, Al, Fe, Ca, Mg, Na, and K) by X-ray fluorescence performed under a
vacuum bymeans of a Philips PW 1480 X-ray spectrometer with a rho-
dium X-ray tube and PW 1510 sample changer. Included with the sam-
ples for the purpose of confirming instrument calibrationwere standard
materials (soils and rocks) supplied by the U.S. National Institute of
Standards and Technology (NIST). The bare rock sampleswere analysed
using comparable methods: Portions of the rock specimens were
pulverised in a tungsten carbide Shatterbox, homogenised, and then
subjected to elemental analysis by fused disk wavelength dispersive
X-ray fluorescence.

3. Results and discussion

3.1. Baseline conditions: the mineralogy and chemical composition of the
bare rock

The mineral composition and other properties of the bare rock sam-
ples as determined by examination of hand specimens and thin sections
are summarised in Table 1, and the results of X-ray diffraction analysis
and chemical analysis of the rocks are presented in Tables 2 and 3,
respectively.

X-ray diffraction analysis and microscopic examination of thin sec-
tions of pink and black bands of the rock samples revealed that the
major minerals of the rock were coarse-grained potassium feldspar
(which consisted primarily, if not entirely, of microclinewith “gridiron”
cleavage) and somewhat less abundant plagioclase feldspar (which
displayed albite twinning), togetherwith subordinate quartz and biotite
(Tables 1 and 2). As estimated from the study of thin sections using the
visual comparison technique of Terry and Chilingar (1955), biotite
accounted for only ~0–5% of the pink bands but ~20%of a representative
specimen of a prominent black band (Table 1). Biotite appeared to be
the only mafic mineral in the rock: No amphiboles or pyroxenes were
detected, either by X-ray diffraction or by microscopic examination.
The biotite showed perfect micaceous cleavage and “bird's eye maple”
texture, and it was commonly found to be dichroic when viewed in
thin section, changing from pale brown to moderately deep green as
the stage of the microscope was rotated with the Nicol prisms
uncrossed. On the basis of its bulk mineral composition and foliation
(which included lineation displayed by evenly scattered biotite crystals
in predominantly pink bands as well as differentiation into distinct,
large-scale pink and black bands), the rock may, with confidence, be
classed as granitic gneiss.

Considering the heterogeneity of the outcrop (in particular its large-
scale banding) and the fact that the data represent only two hand
specimens of the rock, the mineral abundances are to be regarded as
rough preliminary estimates. Nevertheless, the mineralogical data are
of key importance, as they reveal the identities and, to afirst approxima-
tion, the abundances of the major and minor primary rock-forming
minerals and secondary minerals formed by hydrothermal alteration
or weathering processes unrelated to the activities of the lichens and
mosses (e.g., abiotic weathering by meteoric water), or both. Thus, the
mineralogical data for the bare rock samples establish the baseline con-
ditions for assessment of the effects of biologically enhanced chemical
weathering (i.e., a basis for comparison of rock-altering processes in
the presence and absence of the lichens and mosses). Note that the
two rock samples had similar concentrations of potassium feldspar, pla-
gioclase feldspar, and quartz (Tables 1 and 2) andwere similar in chem-
ical composition (Table 3). Spatial variations in themineral composition
of the rock appear to have been due mainly to variations in the abun-
dance of biotite (Table 1) — not surprisingly, as the gneiss was made
up of macroscopic biotite-poor felsic bands alternating with biotite-
enriched bands. Moreover, only one of the two rock samples contained
detectable amounts of clay-sizedphyllosilicateminerals (Table 2), prob-
ably reflecting the uneven distribution and low concentrations of these
phyllosilicates.

The bare rock showed no sign of alteration on a macroscopic scale,
but microscopic examination revealed extensive sericitisation of feld-
spar crystals and indications of presumptive chloritisation of biotite.
Sericitisation was mostly confined to plagioclase feldspar; in contrast,
potassium feldspar showed very little alteration. Accordingly,manypla-
gioclase crystals were riddled with sericite crystals, which occupied
large regions of the host crystals or were concentrated along cleavage
lines. Alteration of biotite crystals, however, was limited to the edges
of the crystals. Thus, the ends of the biotite crystals commonly had rag-
ged edges broken up into minute whiskers, suggesting alteration to
chlorite, and some biotite crystals were surrounded by light-coloured
zones indicative of chemical alteration which advanced from the out-
side inward.

X-ray diffraction analysis of the clay-sized fractions of the two rock
samples revealed the presence of small but measurable amounts of
mica and chlorite in one of them (Table 2). Judging from the results of
thin section examination, we may conclude that [1] the mica consisted
of sericite formed by alteration of feldspar, possibly accompanied by il-
lite owing to degradation of the sericite or feldspar, or both, and that [2]
the chlorite was formed by alteration of biotite. Additional research,
however, would be needed to establish the exact mineral composition



Table 2
Results of X-ray diffraction analysis of bare rock samples.a

Sample Mineral abundance in bulk sample (%) Mineral abundance in clay fractionb (%)

Potassium feldspar Plagioclase feldspar Quartz Amphiboles Pyroxenes Calcite Clayb Micac Chlorited Expandable clay Kaolinite

Rock-1 43.3 31.7 14.6 0 0 0 10.2 37.5 62.4 0 0
Rock-2 54.0 32.4 13.4 0 0 0 0 0 0 0 0

a For additional information, see descriptions of hand specimens and thin sections in Table 1.
b b3.9 μm fraction.
c Evidence obtained by examination of thin sections supports the inference that the “mica” consisted predominantly, if not wholly, of sericite (fine-grainedmuscovite) formed
by hydrothermal alteration or abiotic weathering of feldspar (see Table 1), although some of this material may have been degraded to illite. The presence of trace quantities
of clay-sized primary biotite particles produced by pulverisation of the rock is also a possibility, although the distribution of points in Fig. 1 suggests that this is unlikely (see
explanation in Section 3.2 of the text).

d Evidence obtained by examination of thin sections suggests that the chlorite was formed by hydrothermal alteration or abiotic weathering of biotite (see Table 1).
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of the mica and to test the hypothetical possibility that the mica includ-
ed fine particles of unaltered biotite formed by pulverisation of the rock.
The formation of sericite (possibly accompanied by illite) by degrada-
tion of feldspar and the formation of chlorite by degradation of biotite
could be attributed to abiotic weathering or hydrothermal alteration
at a late stage of igneous and metamorphic activity, or both (Millot,
1970). The fact that sericitisation preferentially affected the plagioclase
feldspar suggests that this processwas caused bymeteoric water slowly
infiltrating the rock during the initial stage of abioticweathering (Millot,
1970).

Despite the ambiguity surrounding the process responsible for the
abiotic alteration of the feldspars and biotite, one fundamentally impor-
tant conclusion may be drawn: The process had relatively weak effects,
as the end products consisted solely of fine-grained mica and chlorite.
More intense alteration would have yielded end products such as ex-
pandable clay minerals and kaolinite (Keller, 1964). As revealed in the
next section, biological alteration of the rock was much more intense
and effective.

3.2. Weathering, secondary mineral genesis, and soil formation caused by
lichens and mosses

The taxonomic classification of the lichens andmosses is recorded in
Table 4, the results of the chemical analyses of the organisms are shown
in Table 5, and the mineralogical and chemical data for the associated
soils are presented in Tables 6 and 7, respectively.

The soils underlying the lichens and mosses contained assemblages
of secondaryminerals whose abundances and composition clearly indi-
cated that alteration of the rock by the organisms was far more intense
and effective than alteration in the absence of those organisms. As the
production of the secondary minerals and the soils which contained
them occurred only in the presence of the lichens and mosses, these
processes are attributable solely to biochemical activities of the lichens
and mosses and associated microorganisms. Thus, the clay-sized frac-
tion of the bare rock comprised a very minor proportion of the rock-
forming minerals (≤10%) and consisted solely of chlorite and mica
(Table 2), whereas the clay-sized fraction of the soil associated with
the lichens andmosses comprised amuch larger proportion of themin-
eral fraction of the soil (~30–80%) and contained various kinds of ex-
pandable clay and, in several cases, kaolinite, which was usually
accompanied by calcite, in addition to mica and chlorite (Table 6). The
expandable clay minerals and, in particular, the kaolinite, prove that
weathering due to the activities of the lichens and mosses colonising
Table 3
Chemical composition of bare rock samples.

Sample Total element concentration (mmol·g−1)a

Si Al Fe M

Rock-1 12.0 ± 0.0 2.75 ± 0.00 0.29 ± 0.00 0
Rock-2 12.0 ± 0.1 2.97 ± 0.01 0.25 ± 0.00 0

a Mean of duplicate values ± standard error.
the rock had much stronger effects than the weathering of bare rock
surfaces, and the presence of calcite implies that the weathering action
of mosses and associated microorganisms was at least partially due to
carbonic acid (H2CO3) formed by the reaction of respiratory CO2 with
water.

Another noteworthy feature of the clay in the biogenic soil is that the
10 A X-ray diffraction peak of the mica was invariably rather broad and
tailed off toward higher d-values, demonstrating that the mica
consisted primarily, if not entirely, of illite, which was probably formed
by degradation of the sericite and feldspars in the rock. The mineral
composition of the expandable clay, moreover, varied with the nature
of the organisms and therefore showedmarked variation over short dis-
tances (Table 6). Theminerals in this category included smectite, swell-
ing chlorite, and an assortment of mixed layerminerals (illite–smectite,
chlorite–smectite, chlorite–swelling chlorite, chlorite–vermiculite, il-
lite–vermiculite, etc.) suggesting degradation of mica and chlorite
inherited from the rock. It is also worth mentioning that the soils
contained major amounts of organic matter (LOI ≈ 18–60%) (Table 7)
which, judging from its brown or black colour (see above), consisted
mainly of humic substances.

The abundance of the clay in the biogenic soils and the heterogeneity
of its mineral composition – i.e., the patchy distribution of kaolinite and
calcite and specific varieties of expanding clay (Table 6) – constitute
strong evidence that the clay minerals and calcite were formed in situ
as a result of biologically mediated chemical weathering. These consid-
erations rule out the hypothetical possibility that the minerals were
transported to the sampling site as wind-blown dust from the mid-
continental prairie region, which lies west and south of the field area:
If the mineral deposits had been aeolian, one would expect the mineral
composition of the clay-sized fraction of the soil to have been virtually
uniform, and the clay fraction as a whole to have been orders of magni-
tude smaller. Trace quantities of allochthonous airbornemontmorillon-
ite (smectite) have been found in snow collected in the ELA (Brunskill
et al., 1971), but the evidence presented here strongly supports the con-
clusion that the secondary minerals in the soils underlying the lichens
and mosses were autochthonous and were formed by interactions of
the organisms with the rock. However, the weathering and secondary
mineral-forming activities of lichens and mosses were found to differ
greatly from each other, both qualitatively and quantitatively, and dif-
ferent species and genera of moss differed widely among themselves
in that regard.

The mineral fraction of soil associated with lichens invariably had a
higher proportion of clay and generally had a lower proportion of
g Ca Na K

.13 ± 0.00 0.263 ± 0.003 1.2 ± 0.0 0.976 ± 0.001

.17 ± 0.00 0.353 ± 0.000 1.5 ± 0.0 0.742 ± 0.001



Table 4
The taxonomic classification of the lichens and mosses.

Type of
organism

Sample Classification

Lichen L1a Stereocaulon paschale (L.) Hoffm.
Lichen L1b Cladonia mitis (Sandst.) Hustich [dominant species] +

Cladonia uncialis + Cladonia phyllophora Ehrh. ex Hoffm.
Lichen L2 [Unidentified fruticose lichens]
Lichen L3a Cladina rangiferina (L.) Nyl.
Lichen L3b Cladonia uncialis (L.) Weber ex Wigg [dominant species] +

Cladina mitis (Sandst.) Hustich + Cladina rangiferina
Lichen L4 [Unidentified fruticose lichens]
Moss M1 Pohlia nutans
Moss M2 Polytrichum commune
Moss M3 Polytrichum juniperinum
Moss M4 Hedwigia ciliata + Grimmia sp.
Moss M5 Polytrichum sp. (possibly Polytrichum juniperinum)
Moss M6 Grimmia sp. (possibly Grimmia pilifera)
Moss M7 Pleurozium schreberi
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feldspar (i.e., potassium feldspar + plagioclase feldspar), than the min-
eral fraction of soil associated with mosses (Fig. 1; Table 6). Similarly, it
was noted in the field that the soils associated with several species of
moss (Hedwigia ciliata, Grimmia sp., Polytrichum juniperinum, and
Polytrichum sp.) contained ample quantities of coarse sand-sizedminer-
al particles, which undoubtedly consisted of residual feldspar and
quartz grains remaining after disintegration of the underlying rock,
whereas sandy material was not detected in any of the soils formed by
lichens. Evidently these mosses caused physical disintegration as well
as chemical decomposition of the gneiss, but they were less effective
than lichens in altering the feldspars to clay.

Furthermore, the mineral fractions of the soils associated with li-
chens showed a highly significant inverse correlation between total
clay and total feldspar concentrations (Fig. 1). In contrast, the soils asso-
ciated with mosses gave only an extremely weak, statistically insignifi-
cant inverse correlation thatwas almost obscured by scatter (Fig. 1); yet
the fact that they show the same general tendency as the soils associat-
ed with lichens indicates that the trend is real. Significantly, both of the
observed trends, if extrapolated to lower clay and higher feldspar con-
centrations, converge at or very near a point representing the bare
rock (Fig. 1), as would be expected since the rock was the parent mate-
rial from which the soil minerals were derived. This implies that there
was no detectable overestimate of the proportion of clay-sized material
in the rock owing to production of artificial clay-sized biotite particles
during pulverisation of the rock samples. Otherwise, the position of
the point representing the rock would be anomalously high with re-
spect to the trends representing the soil samples. Also note that soils
formed bymosses generally had lower concentrations of organicmatter
Table 5
The chemical composition of the lichens and mosses.

Samplea Total element concentration (mmol·g−1)b,c

Si Al Fe Mg

L1a 0.18 0.0164 0.00709 0.007
L1b 0.13 0.0146 0.00684 0.007
L2 n.d. n.d. n.d. n.d.
L3a 0.15 0.0155 0.00706 0.010
L3b 0.093 0.0123 0.00569 0.009
M1 5.77 0.574 0.222 0.074
M2 0.160 0.133 0.00623 0.030
M3 0.655 ± 0.050 0.0426 ± 0.0011 0.0152 ± 0.0003 0.053
M4 4.20 0.342 0.134 0.059
M5 n.d. n.d. n.d. n.d.
M6 3.95 0.213 0.105 0.050
M7 1.26 ± 0.47 0.121 ± 0.036 0.0445 ± 0.0135 0.037

a The identities of the lichen and moss species are shown in Table 4.
b Each value in the table is either the result of a single analysis or the mean of duplicate valu
c “n.d.” means no data.
than soils formed by lichens (Table 7), probably owing to their relatively
high concentrations of sand-sized mineral grains.

The relationships illustrated in Fig. 1 lead to two major inferences:
[1] the lichens andmosses (probablywith the aid of associatedmicroor-
ganisms) mediated the alteration of the feldspars in the rock to clay
minerals, and [2] the lichens caused more rapid and effective chemical
weathering of the feldspars than did the mosses (although the mosses
were more effective agents of physical weathering) and therefore pro-
duced larger amounts of clay (irrespective of the mineral composition
of the clay). In certain other ways, however, the mosses were much
more effective chemical weathering and secondary mineral-forming
agents than the lichens, as revealed by examination of the identities
and abundances of specific kinds of secondary minerals in the mineral
assemblages of the biogenic soils.

Now, therefore, let us consider the abundances of particular kinds of
clay minerals in the soils produced by the lichens and mosses. For the
purpose of judging the effects of biologically mediated weathering, it
is useful to compare the combined abundances of expandable clay and
kaolinite, which owe their existence solely to biological weathering,
relative to the combined abundances of mica and chlorite, which were
partly, if not wholly, inherited from the rock, though probably in a some-
what degraded state owing to effects of biological weathering (e.g., alter-
ation of sericite to illite). Thus, it is reasonable to assume that the
proportion of expandable clay + kaolinite relative to chlorite + illite in
the clay-sized fraction increased with the intensity of the biological
weathering process. The presence of kaolinite signifies the most intense
weathering of all, as particularly strong leaching of Si and metal cations
tends to degrade expandable clay and other silicates, such as feldspars
and mica, to kaolinite (Keller, 1964, 1970).

Despite the evidence that lichens were more effective than mosses
in altering feldspars to clay minerals (Fig. 1), the clay fraction of soil
formed by mosses usually had higher proportions of expandable
clay + kaolinite relative to mica + chlorite than the clay-sized fraction
of soil formed by lichens (Fig. 2a–d), indicating that in this respect, at
least, chemical weathering mediated bymosses was generally more in-
tense, and therefore produced more severely degraded end products,
than weathering mediated by lichens. The proportion of expandable
clay alone tended to be higher in soils formed by mosses than in soils
formed by lichens, although there was some overlap (Table 6); kaolin-
ite, however, was found only in soils formed by certain species of moss
(Pohlia nutans andGrimmia sp., either alone or associatedwithHedwigia
ciliata) (Fig. 2c; Tables 4 and 6), implying that the weathering action of
those particular species was especially strong: None of the soils formed
by other species of moss or by any of the lichen species contained de-
tectable kaolinite. Evidently P. nutans was the most effective biological
weathering agent of all, as the clay fraction of the soil associated with
it had the highest proportion of kaolinite.
Ca Na K

90 0.0150 0.0020 0.0340
86 0.00961 0.00087 0.0274

n.d. n.d. n.d.
4 0.0155 0.00722 0.0244
50 0.0125 0.0015 0.0327
9 0.0362 0.00570 0.0683
8 0.0454 0.0027 0.130
3 ± 0.0134 0.108 ± 0.036 0.0017 ± 0.0002 0.0956 ± 0.00435
6 0.0379 0.0026 0.0813

n.d. n.d. n.d.
6 0.0424 0.0027 0.0803
8 ± 0.0132 0.0953 ± 0.0117 0.0023 ± 0.0001 0.0718 ± 0.0160

es ± the standard error.



Table 6
Results of X-ray diffraction analysis of soils formed by lichens and mosses.a

Sampleb Abundance in mineral fraction of bulk sample (%) Abundance in clay fractionc (%)

Potassium feldspar Plagioclase feldspar Quartz Amphiboles Pyroxenes Calcite Clayc Micad Chlorite Expandable clay Kaolinite

L1 6.5 7.5 7.1 0 0 0 78.7 57.1 33.8 9.1e 0
L2 0 23.7 71.9 0 0 0 69.1 60.9 ± 3.8 32.6 ± 3.2 6.6 ± 0.7e 0
L3 6.8 4.9 7.1 0 0 0 81.1 59.1 38.6 2.3e 0
L4 5.3 6.4 6.3 0 0 0 81.8 66.5 ± 3.1 32.3 ± 1.9 1.3 ± 1.3e 0
M1 5.5 31.4 8.9 0 0 1.8 52.2 51.3 15.3 17.9f 15.5
M2 8.2 19.0 12.8 2.0 15.9 0 41.8 47.1 29.4 23.5g 0
M3 10.4 ± 0.4 9.5 ± 0.8 21.2 ± 3.2 0 ± 0 3.6 ± 3.6 1.9 ± 1.9 53.4 ± 3.3 44.3 ± 6.8 37.8 ± 12.3 18.0 ± 5.5g 0
M4 5.3 11.5 19.2 2.3 27.6 4.0 29.8 60.5 26.0 9.3h 4.2
M5 19.9 18.5 8.4 7.1 15.4 0 30.4 58.2 29.1 12.7g 0
M6 9.9 36.6 15.6 4.0 0 0 33.6 82.6 7.0 10.1e 0.3
M7 17.9 ± 6.6 30.9 ± 12.2 17 ± 11 4.2 ± 4.2 0 ± 0 0 ± 0 30.0 ± 9.7 62.2 ± 3.7 31.1 ± 0.7 6.8 ± 3.0i 0

a Each value in the table is either the result of a single analysis or the mean of duplicate values ± the standard error.
b The sample designations identify the organisms associatedwith the soil (see Table 4). Sample L1was associatedwith lichen specimens L1a and L1b, and sample L3was associatedwith

lichen specimens L3a and L3b; in these two cases it was not possible to separate the soils associated with the individual lichen specimens.
c The b3.9 μm fraction of the soil minerals.
d Illite (or mainly illite).
e Swelling chlorite; mixed layer illite–smectite, chlorite–smectite, and/or chlorite–swelling chlorite; mixed layer illite–chlorite and/or illite–vermiculite; mixed layer illite–

swelling chlorite and/or chlorite–vermiculite.
f Smectite; swelling chlorite; mixed layer illite–smectite, chlorite–smectite, and/or chlorite–swelling chlorite; mixed layer illite–chlorite and/or illite–vermiculite; mixed layer illite–
swelling chlorite and/or chlorite–vermiculite.

g Mixed layer illite–chlorite and/or illite–vermiculite; mixed layer illite–swelling chlorite and/or chlorite–vermiculite.
h Mixed-layer illite–swelling chlorite and/or chlorite–vermiculite.
i Smectite; mixed layer illite–chlorite and/or illite–vermiculite; mixed layer illite–swelling chlorite and/or chlorite–vermiculite.
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Patterns of variation in the mineral composition of the expandable
clay also revealed systematic differences between the secondary
mineral-forming processes of lichens and mosses and different taxo-
nomic groups of mosses (Tables 4 and 6). All species of lichen produced
the same combination of expandable clay minerals (i.e., swelling
chlorite + certain mixed layer clays). However, only one species of
moss (Grimmia sp.) produced this particular assortment of expandable
clay minerals; all other species of moss produced distinctly different
mineral assemblages. The mineral composition of the mixture varied
considerably among the different species of mosses, but all soils pro-
duced by Polytrichum species (a total of three samples) had identical
combinations of expandable clay minerals. Moreover, pure smectite (as
distinct from smectite layers in mixed layer clay) occurred only in soils
formed by certain species of moss (Pohlia nutans [the species which pro-
duced the largest quantity of kaolinite] and Pleurozium schreberi). In sum-
mary, the nature of the organism determined the mineral composition of
the expandable clay fraction as well as the presence or absence of kaolin-
ite. All species of lichen produced the same characteristic assemblage of
expandable clay minerals, and all but one of the moss species produced
distinctly different assemblages which varied considerably among them-
selves; moreover, the genus Polytrichum consistently produced a distinc-
tive mineral assemblage of its own, and certain species of moss were the
Table 7
The chemical composition of the soils formed by lichens and mosses.

Samplea Total element concentration (mmol · g−1)b

Si Al Fe Mg

L1 5.569 1.91 0.257 0.16
L2 6.121 1.93 0.283 0.22
L3 6.131 1.83 0.285 0.19
L4 6.509 1.94 0.297 0.19
M1 6.227 2.12 0.292 0.19
M2 9.464 3.62 0.405 0.29
M3 10.32 ± 0.24 2.86 ± 0.01 0.220 ± 0.002 0.14 ± 0.00
M4 11.56 3.50 0.510 0.35
M5 11.26 3.910 0.482 0.473
M6 12.41 3.68 0.412 0.36
M7 7.395 ± 0.228 2.35 ± 0.12 0.320 ± 0.025 0.21 ± 0.01

a The sample designations identify the organisms associatedwith the soil (see Table 4). Samp
lichen specimens L3a and L3b; in these cases it was not possible to separate the soils assoc

b Each value in the table is either the result of a single analysis or the mean of duplicate valu
only organisms that produced a pure smectite phase. These observations
strongly confirm the conclusion that biochemical activities of the lichens
and mosses and associated microorganisms produced the clay and that
particular kinds of organisms generated particular assemblages of clay
minerals owing to differences in their biochemical activities.

On the basis of these results and well known, well documented pro-
cesses of chemical weathering (Keller, 1964, 1970; Millot, 1970), we
may reasonably assume that intense leaching of Si and metal cations
from the rock as a result of biological activities caused the feldspars, bio-
tite, sericite, and chlorite in the rock to be altered to illite and expandable
clayminerals, andwherever the leachingprocesswasparticularly intense,
the end product of the biological weathering process was kaolinite. Obvi-
ously these reactions did not go to completion, as chlorite, illite, and
expandable clay were present in all soil samples, including the ones
containing kaolinite (Table 6), but this would seem to be the most
probable tendency of the biological weathering process. In any
case, a striking feature of the biological weathering process was
that within the microenvironments in which it occurred (i.e., the
rock surfaces directly beneath the lichens and mosses) it reached a
level of intensity far exceeding that of the weathering processes
which occurred in the absence of these organisms. The importance
of such microenvironments in chemical weathering and clay
Loss on ignition
(%)

Ca Na K

0.11 0.32 0.261 61.66
0.15 0.33 0.19 58.58
0.077 0.19 0.24 58.82
0.082 0.22 0.25 56.34
0.095 0.27 0.24 57.96
0.277 0.796 0.279 31.55
0.142 ± 0.005 0.544 ± 0.026 0.545 ± 0.026 33.99 ± 1.49
0.344 0.992 0.442 18.68
0.462 1.14 0.281 21.40
0.372 1.02 0.450 17.54
0.18 ± 0.04 0.38 ± 0.07 0.25 ± 0.02 49.70 ± 1.59

le L1was associatedwith lichen specimens L1a and L1b, and sample L3was associatedwith
iated with the individual lichen specimens.
es ± the standard error.



Fig. 2. Concentrations of (a) mica + chlorite, (b) kaolinite + expandable clay, and (c) kaolinite
bars) and mosses (shaded bars), and (d) a plot showing variation in the concentration of kaol
fractions of soils associated with lichens (○) and mosses (●). Error bars: mean of duplicates ±
is simply to illustrate the variations in the proportions of different clay minerals (and hence in
lichens and mosses. The plot is not intended as statistical proof of the obvious fact that the tw
[mica + chlorite] in the clay fraction of each sample add up to a total of 100%, there is, of cour

Fig. 1. Relationships between the abundances of clay and feldspars (i.e., potassium
feldspar + plagioclase feldspar) in the mineral fraction of soil formed by lichens (○)
and mosses (●) and in the bare rock (⊗).

85T.A. Jackson / Geoderma 251–252 (2015) 78–91
formation has rightly been emphasised by Keller (1970) and has
been observed in other instances of highly intensified chemical
weathering and secondary mineral production mediated by rock-
dwelling organisms, such as the lichens colonising Hawaiian lava
flows (Jackson, 1968, 1993; Jackson and Keller, 1970a,b). Similarly,
there is evidence that individual bacterial cells in lake sediments may
createmicroenvironments in which alteration and biochemicallymedi-
ated neoformation of minerals may occur (Jackson et al., 2011).

Not surprisingly, given the fact that mosses tended to bemore effec-
tive weathering agents than lichens as implied by themineral composi-
tion of the clay fraction of the biogenic soil, the mosses generally had
much higher concentrations of the rock-forming elements Si, Al, Fe,
Ca, Mg, K, and Na than the lichens (Fig. 3a–e; Table 5). Clearly the
rock-forming elements solubilised by the lichens and mosses were ac-
cumulated to a significant extent by the organisms. Evidence for this
was provided by the relationship between biogenic kaolinite formation
and the bioaccumulation of rock-derived elements. Thus, the mosses
that brought about the formation of kaolinite were the ones that were
most highly enriched in Si, Al, and Fe released from the rock; and kaolin-
ite concentration in associated soil increased progressively with in-
creasing element concentration in the moss (Fig. 4a–c; Tables 5 and
6). These correlations clearly reflect the fact that intense leaching of Si
and metal cations is conducive to kaolinite genesis (Keller, 1964,
1970). Furthermore, portions of the leached elements were undoubted-
ly retained in exchangeable, bioavailable forms in the biogenic soils
in the clay-sized fractions of the bare rock (⊗) and the soils underlying the lichens (open
inite + expandable clay relative to the concentration of mica + chlorite in the clay-sized
standard error. Absence of error bar denotes single value. Note: The purpose of panel d
the relative intensity of chemical weathering) in the soils formed by different species of

o variables are inversely related: As the proportions of [kaolinite + expandable clay] and
se, an inherent inverse linear correlation between the two variables.



Fig. 3. Concentrations of (a) Si, (b) Al, (c) K, (d) Mg, and (e) Ca in lichens (open bars) and mosses (shaded bars). Error bars: mean of duplicates ± standard error. Absence of error bar
denotes a single value or signifies that the error bar is too small to be shown.
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owing to reversible adsorption and surface complexation by clay min-
erals and humic matter (Jackson, 1995, 1998).

Preferential solubilisation and accumulation of certain rock-
forming elements relative to others by lichens and mosses were
also involved in the weathering and secondary mineral forming pro-
cess. Thus, kaolinite formation mediated by mosses increased with
the Mg/Ca mole ratio of the moss (Fig. 4d), suggesting that preferen-
tial removal of Mg relative to Ca from water in contact with the rock
surface helped to promote the formation of kaolinite, and hinting at
the possibility that some of the kaolinite was formed by degradation
of biotite and chlorite. Similarly, lichens and, to a greater extent,
mosses preferentially accumulated Si relative to Al; accordingly,
the Si/Al mole ratios of the lichens and mosses were much higher
than the Si/Al ratio of the unweathered rock, indicating preferential
solubilisation and bioaccumulation of Si relative to Al, and mosses
generally had higher Si/Al ratios than lichens (Fig. 5). In contrast,
the soils associated with the lichens and mosses had lower Si/Al ra-
tios than the rock (Fig. 5), reflecting depletion in Si relative to Al.
Preferential mobilisation and removal of Si relative to Al must have
helped to promote the formation of kaolinite, which is poor in Si rel-
ative to Al (Keller, 1964, 1970).
The mole concentrations of major rock-forming elements (with the
exception of K) in the mosses that mediated kaolinite formation show
a highly significant positive correlation with the charge/radius ratio
(ionic potential) of the cation of the element (on the reasonable as-
sumption that the coordination number of Si4+ was 4 [as in the Si–O
tetrahedra of clay minerals], that the coordination number of each
metal cation was 6 [as in the octahedral layers of clay minerals], and
that Fe was in the form of Fe3+). This relationship is well illustrated
by the data for P. nutans, the species of moss which contained the
highestmole concentrations of Si andmetals and produced the soil con-
taining the greatest abundance of kaolinite (Fig. 6). The other two spec-
imens of moss which produced detectable quantities of kaolinite
yielded virtually identical and equally significant results (not shown;
see Tables 5 and 6). In contrast, the other kinds of moss and the lichens,
none of which produced kaolinite, showed much weaker correlations
between the element concentration in the organism and the charge/ra-
dius ratio (not shown; see Tables 5 and 6). Enhanced bioaccumulation
of rock-forming elements evidently accompanied the exceptionally effi-
cient biochemically promoted solubilisation and leaching of those ele-
ments which led to the formation of kaolinite and may well have
accelerated this process in accordance with the law of mass action.



Fig. 4. Plots showing variations in the concentrations of kaolinite in the clay-sized fraction of soil as functions of the concentrations of (a) Si, (b) Al, and (c) Fe in the lichens (○) andmosses
(●) that produced the soil and (d) theMg/Camole ratios of the organisms. In each plot the lichens are represented by one point representing the mean value for the four samples, whose
individual values were too close together to be shown separately; but the mosses are represented by a single point for each sample, and each point represents a single value.
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As the stability and degree of covalence of a bond linking a cation to
another chemical species, such as a complexing agent, tends to increase
with the charge/radius ratio of the cation (Basolo and Johnson, 1964;
Companion, 1964), the relationship between bioaccumulation and
the charge/radius ratio implies that the bioaccumulation of Si and
metals involved carrier-mediated transport across cell membranes
(i.e., the binding of the elements by carrier molecules). However,
the concentration of K in the moss was anomalously high relative
Fig. 5. Bar diagram showing the mean values of the Si/Al mole ratios of the bare rock, the
soils associated with lichens and mosses, and the lichens and mosses themselves. Error
bars: mean ± standard error. Number of replicates: rock, 2; lichen soil, 4; moss soil, 7; li-
chens, 4; mosses, 6.
to its charge/radius ratio (Fig. 6), implying that bioaccumulation of
K was accomplished by a distinctly different and more efficient and
selective mechanism which specialised in the active uptake of K+

ions. Preferential removal of K+ accompanied by a drop in pH
Fig. 6. Relationship between element concentration in themoss species Pohlia nutans and
the charge/radius ratio of the element cation based on the presumed charge of the cation.
The regression line represents all elements except K, whose concentration relative to the
charge/radius ratio of its cation was anomalously high. The coordination number of Si4+

was assumed to be 4, and a coordination number of 6was assigned to all the other cations.
Source of charge/radius ratio values: Lide (2004).



Fig. 7. (a) Concentrations of amphiboles+ pyroxenes in the bare rock (⊗) and themineral fractions of soil associatedwith lichens (open bars) andmosses (shaded bars); and (b) a plot of
the concentration of amphiboles+ pyroxenes in themineral fraction of soil associated with moss against the total Fe concentration in the soil. Error bars: mean of duplicates ± standard
error. Absence of error bar denotes single value except in the case of the rock, which was analysed in duplicate.
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owing to biological production of H2CO3 and other weak acids, such
as humic matter and low molecular weight organic acids, resulting
in exceptionally low ambient K+/H+ ratios, probably facilitated the
biogenesis of kaolinite (Keller, 1970).

A particularly interesting and, indeed, astonishing fact revealed by
the researchwas that the soils associatedwith all but one of themosses,
but none of the lichens, contained significant quantities of amphiboles
or amphiboles + pyroxenes (Fig. 7a; Table 6), although the individual
minerals have not been identified. Minerals of this type usually occur
in igneous rocks and high-grade metamorphic rocks, but the gneiss on
which the organisms were growing was completely devoid of amphi-
boles and pyroxenes (Tables 1 and 2). These observations lead to the
conclusion that theminerals were authigenic andwere produced solely
by certain biochemical activities of mosses or associated microorgan-
isms, or both. Moreover, the abundance of the combined amphibole
and pyroxene components of the mineral fraction of the soil increased
with the Fe concentration in the soil (Fig. 7b; Tables 6 and 7), implying
that Fe, as might be expected, was one of the principal constituent
elements of the minerals. The only species of moss that was not associ-
ated with detectable quantities of amphiboles and pyroxenes was
Pohlia nutans, the species which was most highly enriched in the rock-
forming elements Si, Al, Fe, and Mg and whose associated soil had the
greatest abundance of kaolinite relative to other clay minerals (Figs. 2c
and 3a, b, d; Tables 5 and 6). The absence of authigenic amphiboles
and pyroxenes in the immediate vicinity of P. nutans suggests that
those relatively reactive minerals were unstable in the zone of excep-
tionally intense chemical weathering created by the activities of this
particular species or its microflora.

Surprising though it may seem, authigenic amphiboles and pyrox-
enes have been found in several ancient sedimentary rock formations
(Milton and Eugster, 1959; Enlows and Oles, 1966; Milton et al., 1974;
Fortey and Michie, 1978; De Ros et al., 1994), but to the best of the
writer's knowledge the present paper is the first to report the discovery
of authigenic minerals of this kind in soils and the first to present evi-
dence for biologically mediated formation of such minerals. However,
further research will be needed to verify and extend the intriguing but
preliminary evidence reported here.

3.3. Mechanisms of chemical weathering and secondary mineral formation
by lichens and mosses

Aswe have seen, all species of lichens andmosses (presumablywith
the assistance of associated microorganisms) strongly enhanced the
chemical weathering of the granitic gneiss onwhich theywere growing
andmediated the formation of soils containing various biogenic second-
ary minerals. However, the weathering and secondary mineral-forming
activities of lichens and mosses differed both qualitatively and
quantitatively from each other, and different species and genera of
moss differed widely among themselves in that respect. Lichens were
invariably more effective than mosses in altering rock-forming silicates
(notably the feldspars) to clay minerals but were less effective in
degrading the clay to expandable clay minerals and, unlike certain spe-
cies of moss, were unable to cause sufficiently intense leaching of Si and
metals to produce kaolinite. Hence, the clayminerals associated with li-
chens were illite and chlorite (the major clay minerals) along with
minor amounts of expandable clay minerals (the only secondary min-
erals definitely known to have been produced by lichens), whereas
mosses generally produced clay with higher proportions of expandable
clay minerals and correspondingly lower proportions of chlorite and il-
lite, and certain species of mosswere the only organisms that leached Si
and metals with sufficient intensity to generate kaolinite. In brief, li-
chens altered rock-forming silicates to clay at a higher rate, but mosses
degraded the rock-forming silicates and the clay itself more intensely.
The more intense weathering action of mosses is also demonstrated
by the greater tendency of those organisms to accumulate solubilised
rock-forming elements (Si and metals), and by the positive correlation
of kaolinite abundance in associated soils with the Si, Al, and Fe concen-
trations andMg/Ca ratios of themosses. In addition, lichens consistently
produced a distinctive assemblage of expandable clay minerals which
differed from the assemblages produced bymost species ofmoss.More-
over, the different species of moss varied greatly among themselves in
that respect, and one particular genus of moss consistently produced a
characteristic assemblage of its own. Another fundamental difference
between the effects of lichens and mosses is that all but one of the
moss species formed authigenic amphiboles and pyroxenes, whereas
none of the lichens formed any of those minerals. These results imply
the existence of major differences in both the intensity and the basic
mechanisms of the weathering and secondary mineral-forming pro-
cesses mediated by the different kinds of rock-dwelling organisms.

The evidence presented here suggests that the mechanisms of
weathering and secondary mineral formation by lichens and mosses
were as follows:

1. The association of calcite with kaolinite in soil formed by certain spe-
cies of moss indicates that the weathering action of the mosses and
their associated microfloras was at least partly due to H2CO3 formed
by the reaction of biogenic CO2 with water. During periods of rainfall
this weak but aggressive acid, along with H+ ions generated by hy-
drolysis, must have dissolved Ca2+ and Na+ ions from plagioclase
feldspars and exchange sites of expandable clay, producingmildly al-
kaline bicarbonate solutions fromwhich CaCO3 in the form of calcite
precipitated (Keller, 1957). Calcite occurred only in soils containing
kaolinite and was detected only in the soils with the highest concen-
trations of kaolinite (Table 4). Thus, bothminerals were indicative of
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particularly intense biochemical leaching of alkali and alkaline earth
metal cations and silica. Leaching followed by precipitation of calcite
and kaolinite as gradually accumulating increments probably took
place during repeated episodes of wetting and drying.

2. In accordance with the law of mass action, the bioaccumulation of Si
and metals by mosses and, to a generally lesser extent, by lichens in-
creased the rate atwhich those elementswere leached from the rock.
The evidence presented here suggests that the formation of kaolinite
by mosses resulted from exceptionally intense leaching of Si and
metals from silicate minerals owing to particularly efficient uptake
of those elements and preferential uptake of K+ ions accompanied
byproduction ofweakbiogenic acids (H2CO3, humicmatter, and pos-
sibly low molecular weight organic acids), leading to a drop in the
ambient K+/H+ ratio (Keller, 1964, 1970).

3. The complexing ofmetal cations by chelating agents produced by the
lichens andmosses and their associated microfloras probably played
a major part in the biochemical weathering process and the forma-
tion of distinctive biogenic secondaryminerals. In general, decompo-
sition of minerals owing to solubilisation and sequestering of their
divalent and polyvalent metal cations by biogenic chelating agents
(lichen acids, oxalic acid, humic matter, etc.) is of key importance
in chemical weathering (see Introduction). Besides decomposing
metal-bearingminerals, chelating agentsmay nucleate the formation
of secondaryminerals. Thus, a chelate complex, because of its specific
shape and coordination number, may function as a template for the
epitaxial growth of a specific crystal structure. The presence of
authigenic amphiboles and pyroxenes in soils formed by mosses,
and their absence from soils formed by lichens, as well as the dis-
tinctly different assemblages of expandable clay minerals produced
by lichens andmosses, and by different kinds ofmoss, constitute pre-
sumptive evidence for the involvement of various biogenic chelating
agents which performed specific mineral-generating functions. A
plausible, though hypothetical, mechanism of amphibole and pyrox-
ene genesis would be [1] release of Si and metals from rock-forming
minerals, including the biotite and chlorite as well as feldspars,
owing to solubilisation of theminerals byH2CO3 andH2O andby che-
lating agents which formed Fe, Al, and Ca complexes whose coordi-
nation number was 6 (Fig. 6), followed by [2] nucleation of
amphibole and pyroxene crystal structures by these complexes. Ac-
cording to this hypothesis, the metal complexes (Fe(III) complexes
in particular (Fig. 7b)) bonded dissolved silica anions, thereby nu-
cleating specific metal silicate structures, which then grew incre-
mentally by binding additional metal cations and silica anions
through “bridging” mechanisms (Basolo and Johnson, 1964;
Jackson et al., 2011). The chelating agents could have been
humic substances or non-humic organic acids, or both. A similar
mechanism could have played a part in the biological production
of the kaolinite. There is independent evidence that chelating
agents promote the production of various minerals, including ka-
olinite (Linares and Huertas, 1971; Hem and Lind, 1974; Jackson
et al., 2011) and ferrihydrite (Jackson, 1968, 1993; Jackson and
Keller, 1970a,b; Schwertmann et al., 1986). Laboratory experi-
ments have demonstrated crystallisation of kaolinite through
the agency of fulvic acid complexes of Al3+ with a coordination
number of 6 (Linares and Huertas, 1971), and a process of this
kind could have caused or facilitated the formation of kaolinite
by the mosses or associated microorganisms. A comparable pro-
cess could account for the formation of different characteristic as-
semblages of expandable clay minerals by moss and lichen species.

4. The fact that the clay mineral composition of the biogenic soils and
the abundances of rock-forming elements in the organisms indicate
that weathering mediated by mosses was generally more intense
than weatheringmediated by lichens probably reflects the tendency
of mosses to bemetabolically more active than lichens (Sheard, J.W.,
personal communication). This, in turn, may have caused the soil
formed by mosses to support a particularly abundant and active
microflora. Enhancement of chemical weathering and secondary
mineral formation in the vicinity of mosses could have been due
largely, if not entirely, to microbial (i.e., bacterial and fungal) com-
munities which inhabited the soils associated with the mosses. It is
safe to assume that the lichens andmosses supportedmicrobial pop-
ulations, and their relationships with these microorganisms could
well have been mutualistic, the lichens and mosses furnishing the
microorganismswith organic nutrients produced by photosynthesis,
whilst the microorganisms accelerated the chemical weathering of
the rock, thereby releasing inorganic nutrients which benefited the
lichens and mosses as well as the microorganisms themselves, as in
the case of rhizosphere bacteria associated with the roots of plants
(see Introduction).

5. The observation that the soils associated with several species of
moss, but none of the soils associated with lichens, contained abun-
dant coarse sand-sized mineral particles indicates that these mosses
caused physical as well as chemical weathering of the gneiss. One
possible explanation is that rainwater containing dissolved sub-
stances released from the rock by the weathering action of the
moss diffused into spaces between adjacent crystals (perhaps after
expansion and contraction of the crystals by alternate heating and
cooling had loosened them slightly), whereupon subsequent drying
led to precipitation of relatively bulky hydrated secondary minerals
(e.g., Fe and Al oxyhydroxides) which tended to push the feldspar
and quartz grains further apart, causing gradual disintegration of
the rock. Another possible mechanism is enhanced chemical
weathering due to infiltration of the interstitial spaces between the
grains bywater containing chelating agents and other acids released
by the moss, leading to disintegration of the rock along the grain
boundaries.

6. The fact that certain species ofmoss preferentially colonised the pink
feldspar- and quartz-rich bands of the gneiss whilst avoiding the
black bands enriched in biotite could have contributed to the ob-
served differences between the weathering and secondary mineral-
forming processes of lichens and mosses. However, this probably
did not have an important effect on the outcome of the biological
weathering process, as the mosses, despite their bias in favour of
feldspar-rich substrates, altered the feldspars to clay less rapidly
and efficiently than the lichens, even though the clay which they
did produce was more intensively leached and degraded. Thus, the
hypothetical possibility that the relatively low clay content of soil
formed bymosses reflects a lowproportion of feldspar in the starting
material appears to be ruled out.

7. Alternatewetting anddrying,with retention of the secondaryminerals
in the soil (probably owing in large part to binding by humic matter)
and partial retention of solubilised elements owing to adsorption and
surface complexation by clay and humicmatter, probably played a sig-
nificant part in the biological weathering and secondary mineral-
forming process. These processes must have limited the leaching of
solubilised elements, thereby preventing thedegradationof the prima-
ry and secondary minerals from going to completion. Thus, repeated
cycles of wetting and drying probably help to explain the occurrence
of expandable clay in the soils (Keller, 1964).

8. The fact that the clay associated with mosses was less abundant, and
yetwas indicative ofmore intenseweathering, than the clay associated
with lichens is probably due primarily to more effective solubilisation
of rock- and clay-forming elements by the mosses, although stronger
retention of clay by soil organicmatter produced by lichens could con-
ceivably have been a contributing factor.

3.4. Ecological implications of biological weathering of rock by lichens and
mosses

The intimate association of the lichens and mosses in the rock-
dwelling community and the characteristic qualitative and quantitative
differences in the weathering and secondary mineral-forming activities
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of those organisms suggest a mutualistic relationship representing an
adaptive strategy for maximising the release of inorganic nutrients
from rocks and retaining them in bioavailable forms in the soil. Accord-
ing to this theory, the lichens and mosses, and the different species and
genera of mosses, performed complementary functions which, when
operating concurrently, caused extraction of inorganic nutrients such
as Fe, Ca, Mg, K, Na, P, and trace elements from the rockwithmaximum
efficiency and, at the same time, produced clayminerals and humic sub-
stances, one of whose principal ecological functionswas to retain a pool
of these nutrients in exchangeable, bioavailable forms by binding them
reversibly to their ligands and sorption sites. Other ecological advan-
tages of clay and humic matter presumably included retention of
water and enhancement of the aeration of the soil owing to the forma-
tion of stable aggregates by bridging mechanisms that linked clay min-
erals, oxides, organic matter, and divalent and polyvalent metal cations
(Tisdall and Oades, 1982; Theng, 1986).
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