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Abstracl—The guestion of whether clay minerals can be biogenicully translormed as a result of lichen
activily al the lichen-rock interface remains unresolved. We applizad several microscoplical and analytical
lechnigues—scauning electron microscopy—back-scattered eleciron (SEM-BSE). cnergy dispersive spec-
rroscopy (EDS} and high-resolution transmission electron microscopy (HRTLEM)—in an attemnpl (o address
this 1ssue. Unalfected granitic biotite and bioweathersd material from the granitic biolite and Parmelic
conspersa lichen thalli interface were examined usimg HRTEM after ultrathin sectioning The r-alkylam-
maniun eatment of ulirsthin secuons was carricd out in arder o study the biogenous mineralogical
transfonmation of the biotite Microsamnples proceeding from unaffected bioute zonce demaonsirated ho-
mogenons 10- A di K} )-value biotile pbase. HRTEM images of lallice lringes ol samples laken from the
hichen-hbioule contact zone reveal Idrue areas of both unexpanded (10- AJ and randomly and R = 3 dis-
tributed expanded {from 14- 1o 30- A) layers of phyllosilicates identified as interstratilied bioute-vermic-
ulite. Results of artificial bioute weathbering (replacement of K by Ca ion) alse revealed the biotite-
venmiculile phase formauon, indicating thar K release in biotite is one of the mechanisms responsible Tor
interstratihed mincral phase lormation. 'Two paralle] processes, physical exfoliation of biotire and inter-
layer 1wme exchange of K and snbsequent vermuculite [ormaton, are the mechanisms for hiotite hio-
weathering induced by lichens.
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INTRODUCTION

Biowearthering of natural rocks and hiodelenoration
of monumenral stones induced by lithohionthic micro-
organisns arc subjects of numerous stndies (Piervittori
cl al. 1994). Colonization ol rock hy lichens is often
accompanicd by a vanely of inleraclions between bi-
alogical compoenents and inorganic substrates thal are
af great interest o both mineralogists and biologists.
It has been [requently reponed that biophysical weath-
cring of rock is due 1o penetration of thallus rhizines
and hy moisture-dependent cxpansion and contraction
of thalli (review in Joncs ct al, 1987). Saxicolous li-
chens can also induce biochemical weathening by che-
lales forming with substrale elements (Purvis et al.
1987, 1990) or by excretion ol organic acids (Ascaso
ct al. 1976; Jones and Wilson 1585) and decomposi-
tion ol minerals (Wilson and Jones 1983). Rccently
Wierzchos and Ascasgo (1996) demaonsivated a strong
chemical action of lichens with mineral componcnts
of granitic rock leading 1o distinet chemical changes
in biotite. suggestiug transformation ol ibis phyllo-
silicate to vermiculitized biotitc. This susceplibility of
trioctahedral micas to biogenous wealhering has been
shown by scveral authors, Monland el al. (1956) re-
ported the vermiculitization of Inoctahedral mica if in-
lerlayer K was used as a nutrinonal plant source. The
transformaltion of micas into vermiculite by soil fungi
has been observed in laboratory experiments by Weed

ct al. {1969). Research by Berthelin and Belgy (1979),
Leyval ct al. (1990), Leyval and Benlhelin (1991), Hin-
singer and Jaillard (1993) and Hinsinger et al. (1992,
1993) based on pot cxperiments and field studies (Ko-
dama et al. 1994) also indicale the vermicnlitization
of micas in the thizosphere. According w Leyval and
Bertbelin (1991), the acuvity of roots and of symbiotic
and nonsymbiotic microorganisms and thelr interac-
tion with mineral phase are certainly influenced by cx-
perimental and environmenlal conditions. Generally,
moctahedral mica transformations have been attmbul-
cd to relcase of intcrlayer K and expansion of the phyl-
losilicates® interlayer space.

The question of whether ¢lay minerals can be bio-
genically transforined or synthesized as a result of -
chen activity al the lichen—rock intcrface remains on-
resolved {Wilson 1995). However, Lthe few X-ray dif-
fraction (XRD) studics pcrfoimed on lichen colonized
rocks (such as Adamo and Violante 1991} have re-
vealed the existence ol newly formed clay minerals in
the materia! scraped from the lichen-rock interface
zone, Interpretation of resulls in such siudics is beset
by problems of possible conlamination from cxtranc-
ous tnincral sources as a result of aeolian deposition
(Syers and Iskandar 1973; Ascaso and Wierschos
1994) or even by the possibility that small amounts of
altered clay mincral may occur within the fresh parent
rock. On the other hand, the XRD technique requires



Figare |.

SEM-BSFE micrographs of the Purmelic conspersa thallus-granmitic biotite interface. a) General view of the lichen—

araniwe contact zone. T = thallus: B = biotite; Q = quanz: F = feldspar; 1 = blowcathered hiotile arca; 2 = unaltered interior
biotite area and 3 — surlace bioule arca. b} Detail of the direct lichen—biotile conlact zone (zone | shown in Figure la). R

an appreciahle qnantity of chemically treated material
in order to remove any biological material. This harsh
treatment can alter the mineralogical characteristics of
the sample (Lakvulich and Wiens 1970; Donglas and
Ficssinger 1971) and lead 10 false results.

The aim of (his paper has been w present the evi-
dence for mincralogical fransformation indnced by li-
chen activity. With this as a basis, carcfully scparated
mineral samples Irom the lichen-rock interface zonc
were examined using HRTEM.

EXPERIMENTAL
Samples

Pieces of granitic rock colenized hy foliose Par-
melia conspersa (Ehrht) Ach. were collected near a
granitc mine (Bustarviejo de la Sierra. Madrid), The
historic record reports that the rock snrface fronm
which the samples were taken was uncovered and ex-
poscd to climatic and biogeneous weathering 15 years
ago. Previous mincralogical examination of this ma-
lenial (Ascaso 1983) demonslrated the presence of
quartz, orthoclase and plagioclase as major and biorite,
zircon and apatite as dccessory minerals.

SEM Examinalion

Collecled samples were processed according to con-
ventional TEM procedure for lichen material (Ascaso
er al. 1988). After inclusion in epoxy resin {Araldite?,
the transversal lichen-rock sections were prepared for
SEM operating in BSE emission mode. Details of this
preparative procedure are given in Wierzchos and As-
caso (1994). However, for the parpose of this study,
some medifications were introduced. The transversal
lichen-rock interface was prepared as a fine polished,
uncovered thin-scetion {2 X 2 cin) adapted also for
light microscopy (LM} obscrvation. After coating with
evaporaled carbon. the thin section was cxamined us-
ing a DSM 96{) Zeiss apparatus cquipped with BSE

= rhiring penetrating the bictite (B) shecis and filling the partially drssolved apatite crystals (white arrows).

solid-statc detector and an EDS system operating un-
der thc microscope and analytical conditions reporied
hy Wierzchos and Ascaso (1996). Microanalyiical
work permilted detection and precisc localization of
hoth the K-depleted hioile zones in dircet contact with
the lichen thallns area (znne 1 on Fignie la), as well
as unaflected hiolite particles ocenrming hoth within
the biotite crystal (area 2 on Figure la) and on ity
sorface {arca 3 on Figure la).

lsolation of Undisturbed Microsamples and Their
Microtomy and Intercalation

In order to siudy bioinduced clay transformation
processes hy HRTEM technique, careful isolating and
pasterior ultrathin scctioning of the hiotitc microsam-
ples was nndertaken from the 3 previously mentioned
areas. To do this, we first identificd microzones by
SEM-BSE-EDS technigue. Undisturhed microsamples
(about 50 X 50 pm) were exlracted [tom thin sectuon
under LM observation using the microdrilling method
(van Oort el al. 1994). Isolated microsamples were
then re-cmhedded under vacuum. After polywneriza-
tion, ultrathin sections {(30-70 nm thick) were obrained
using 1 diamond knife and mounted on Formvar and
carhon (ilm supporting TEM gold grids. Ultrasectioned
biotite from the 3 areas wus examined hy TEM. Other
ultrathin sections were reated nsing f-alkylammonium
1on (n = nnmber of C aloms in the alkyl chaing) for
examination of expandable layers using HRTEM (La-
galy 1982; Vali and Hesse 1992). Ulirathin sections
wcre trecaled with 0.5 N heprylammonium chloride (n
= 7y and 0.02 N octadecylammonium (ODA) chloride
(n = 18) agneous solutions at 60 °C [or 6 h (Vali and
Hesse 1990), To siwdy the alleration process mecha-
nisms by HRTEM., ultrathin sections with no hio-
wealhered hiotite microsamples were artificially
weathered under lahoratory conditions hy the Ca cat-
ion treatment. For K release. gnds with hiotite nltra-



448 Wierzchos and Ascaso Clayvs and Clan Minerals




Vol 46, No. 4. 199§

thin scclions proceeding from arca (2) were reated
with a 0.1 A CaCl, solution at 60 °C for 12 h. For
details, see Vali aud Hesse (1992). After exchange of
interlayer K, ultrathin scctions were trealed with QDA
(Vali and Hesse 1992).

HRTEM Study

Bolh untreated and n-alkylammonium-treated ultra-
thin scctious were examuned at 120-kV acceleraling
potential with a Zeiss EM 910 transmission electron
microscope inounted with a W lilament and operating
in higb-rcsolution mode with a soucture resolution
limit ol 2 A (A7 A poinl-to-paint resolntion), and a
spberical aberration cocfficient (Cs) of 2.7 mm. A
Scherzer defocus (AF = —1000 f\) condition, and a
37-pm ohjective aperture and a %0-pm condenser ap-
criure were used lor imaging and selecied area dif-
fraction aperture was used for electron diflraction. All
micrographs (more than 170) were taken in bright licld
illumination al magniticalion of 125,000, Observa-
uon and interpretation of phyllosilicale images were
performed after Srodor el al. (1990).

RESULTS AND DISCUSSION

SEM

Application of the SEM-BSE technique for the ex-
amiuation of transverse section lhrongh the lichen-
rock interface allowed precise localizauon of the
bioweathered part ol the biotite crystal. Figure la
shows a general view of the transverse section ol the
biotite erystal (B) colonized by P. conspersa thalli (T).
Distinct exfolialion and scparation of biolile sheets
was obhscrved in the direct contact area (1) hetween
the cpilithic thallus and bioute. A detailed observation
ol bioaltered biotite layers penetrated by rhizine (part
of P. conspersa thallus) demonstrated the presence of
apalite grains between biotite sheets. L was noted that
some ol these apatile graius were in direct contact with
hyphae cells. revealing distinet disselution patterns
(white arrows in Figure Lb). Apatile crystal dissolution
could be an important source of Ca cations, which may
participate in biotite inlerlayer K cxchange reactions,
as was demonstrated in Wierechos and Ascaso (1996).
However, in Lthese P conspersa thalli the presence of
oxalic acid was nol detected, but there 15 perbaps an-
other possibility that should also he considered where
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ddsy

the dissolution of apatite 1s ohserved. Lichen fuugi
may produce other simple orgauic acids such as citric.
gluconie, lactic andfor other proton donors, which
could dissolve granitic rock components. Nevertheless,
these newly forined salls could be soluble in warter or
could be casily microbially decomposed and. in con-
sequence. nol accumulale within the lichen-rock inter-
face (Jones and Wilson 1985) Several lichen sub-
stances such as suctg, porstictic. usnic and conslictic
acids were detected within the P. conspersa thalli {Sei-
ina 1993} However, their role in the chemical weath-
cring of minerals is still not elear. On the onc hand,
their limited solubilily in water could suggest they do
not play an important tole in mineral weathering, bul,
an the other, Ascaso el al, (1976) reporied that P con-
spersa thalli demonstrate the ability Lo extract calions
(including Ca’*) when suspended in water minerals
and rocks. Alsn, velatively low pH = 4.5 measured in
P. conspersa waler suspension and pH = 3.3 mcasured
in P. conspersa-mica warcr suspeusion (Schatz 1963)
indicate that chemical weathering processes may oceur
in granitic rock components. Wicrzchos and Ascaso
{1996) rccentdy demonswraled (hat the lichen-rock in-
lerface could be an important locanon of chemical
changes of biotile. Reported by 1these authors, bio-
chemical aclion of P. conspersa thallns wilth biotite
leads 1o the release of 80% K [rom interlayer posi-
tions. At the same timc. a 4-fold relative mercase in
Ca concentralion was deteeled. Thus, the dissolved ap-
alile crystals as a source ol the Ca cation cau accel-
erate the K depletion process on lichenized biotite. Mi-
croanalytical (EDS} work performed parallel to the Ii-
chen-biolile contact zone confinned previously report-
ed results (Wicrzchos and  Ascaso  1996) and
demonsirated that bicaltered biotite shects exhibil a
distinct loss of K content compared to unaffecred
parts. Biotite on Ilbe rock snrface hut nol in contacl
wilh saxicolous lichen (arca 2 on Figure 1a) bas nol
revealed chemical and/or physical alteralion.

TEM

Rescarch of bicallered biotile phases al lhe wano
scale using TEM requires a very claborate stralegy.
As a first step, the untrealed biotite nlirathin sections
proceeding from 3 zones (areas 1, 2 and 3. Figure la)
were examined. The images ol the latlice Iringes ob-

—

Figure 2.

HRTEM images of latice Iringes o] woule proceeding (rown arcas 1. 2 and 3 shown in Ligure 1a, a) Homogenons,

aspect of lattice fringes of uulrealed biotite sections showing stacks of packels inade up of unexpanded 10-A layers proveeding
from lichen—hiotile contact area 1. b} Diffracnon elecioran pauern of region shown in Fipure 2e ¢) Lattice [ringe image
reveahing the 10-A basal spacing {biotile) of the vctadecylammonium-ion-treuted sample proceeding from area 3. d) Seclion
farea 1) weated with heptylammonium jon showing random amangement of unexpanded ¢ L0-A) and expanded layers (16— and
17-A) of mterstratified biatite vermiculite. e, {and g} Ordered bioweathered biotile. interstaulice biotite ( LO-A1 and vormiculite
(14 -30-A) phases [rom (he lichen liotle contact area (1) after octadecylammonium ion reaiment. k) Seelion (ares 2) showing
slacks of both unespanded ¢ 10-&3 and expanded (14-30-A) layer components alter trealmenl with Ca and octadecylamimonium

on, respaclively,
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taincd for all initial samples clearly demonstraled the
high homogencily of the mineral with regular 10-A
distance hetween particular sheets, as shown in Figure
2a. The lack of expanded layers in Lhesc untrealed
samples is not sufficient proof of the wtal absence of
wealhered biotite phascs but docs demonstrate the ah-
sence of, among othecrs. biogenous ov initial chlorite
or kaolinile phascs (Eggleton and BanKeld 1985; Ahn
and Peacor 1987; Banficld and Egglcion 1988). How-
cver, the HRTEM studies performed by Graf vou Rei-
chenbach et al. (19883, Marcks el al. {1989), Ghahru
ct al. {1989) and Vali and Hesse (1992) also demon-
strated a 10-A hasal spacing for weathered biotite con-
sidered as vermiculite. Moreover, it was reporied thal
14-A iuterlayer spaeing iu hydraled veriniculitc col-
lapses 10 10-12 A under TEM conditions (Vali and
Hesse 1992). Thus, the next slep was 1o (reat the ex-
racted samples with an #-alkylammonium ion in order
lo deteet bioweathered hiotile. Another problem that
should bc considered is thal. In some cases, the longer
chain of alkylammonmum ions may also cause 10-A
spaced minerals such as illite, glauconite, phlogopile
or hiotite (Laird ¢t al. 1987, Vali et al. 1991, 1992) 10
cxpand polentially, leading o misinterpreted resnlts.
The uselul distiuctiou helween vermiculite and unal-
tered hiotite phases consisis of heptylamimonium ion
treatment. Most of the stable 10-A d(00])-valuc com-
poneuts do not respond (o » = 7 alkvlammonium treat-
ment (Vali and Hesse 1992) and, for this reason, the
3 groups ol samples were (irst treated with heptylam-
monium solution. HRTEM cxamination demonstrated
that randomly distrihuted expanded layers with lattice
distance of 16 and 17 A {Figure 2d) were only ob-
served in samples from the bicallered area (1). Almost
the same (l?—,ﬂo\) interlayer distancc was also obscrved
by Vali aud Hesse (1990, 1992) on #» = 7 alkyvlam-
monium-treated Jefferson vermiculite (hiotile weath-
ering product). Biolitc particles from unallered areas
did nol respond to heptylammonium treatment, which
indicated the abscnce of weathered biotile phases in
samples from areas | and 2. However, octadecylam-
manium ion trealmenl of all ultrathin sections revealed
more distinel differeuces belween compared hiolile
zones. Figures 2b (clectron diffraction patiern) and 2¢
(HRTEM) demonstrate that a 10-A distancc hetween
shects was obscrved for hiotite samples proceeding
from arcas 2 and 2. The lack of cxpandable layers iu
these arcas afler a1 = 18 alkylammonium trealment
dcmonstrates the occurrence of unweathered biotite
phases within and on the surface of the [resh paremt
granitic rock. Nevertheless, HRTEM i1mages (Figures
2e, 2f and 2g) of latlice fringes of biotitc taken from
the lichen-hiolite coulaclt zone after ODA trcarment
show large areas of both uncxpanded {(10-A) and cx-
panded (14-30-A) laycrs of phyllosilicates identificd
as intersiratificd biotite—vermiculite according o var-
ious HRTEM siudics (Marcks cl al. 1989 Vuli and
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Hesse 1990; Vali and Hesse 1992; Vali el al. 1992,
Vali et al. 1994). Figure 2¢ shows an ordered distrih-
uted 14-A (occasionally up to 18-A) expanded layer
scparaled by sequences ol packets conlaining hetween
4 and 6 layers ol hiolile corresponding Lo £ = 3 strue-
tnre Lype (Vali el al. 1994). A similar arrangement of
the expanded layers bul with an interlayer spacing of
hetween 24 and 30 A was also observed (Figurc 2).
Irregular (Figure 2d) and ordered (Figures 2c and 2f)
bioweathered biolite interstralified structures were also
accompanied by several zoncs with almost fully ex-
panded sequences {lcfl part ol Figure 2g) consistiug
of nonpolar layers typical of vermiculite {Vali and
Hesse 1992; Vali el al. 1992). However, these usual
22-A and 14-A randomly distributed interlayers were
accompanied hy large zoues of unexpanded biolite
(10-A} sheels. Accordiug 10 Banfield and Egglelon
{1988}, increased weathering correlates with a propor-
Lional increase in the number of vermiculite layers and
with an increased regularity of interlaycring. Ohscrved
differences in df00{) valucs {between 14 and 30 A)
for veriniculized phascs and in the avangemem ol un-
allered biolite sequences could he a consequence of
heterogeneous, nano-cnvironmental bhiowcathering
conditions, which in tnm may vary considerahly de-
pending on currently unkuowu physiological processes
related Lo microorganisms. On the other hand, these
differeuces may he due ro radiation damage to the a-
alkylammonium-treated clay mineral under the clee-
tron beain and vacuuin condition (Vali and Hcssc
1990). Another causc of spacing differenees obscrved
in expanded interlayers of both randem and R = 3
ordered structures of biowcathered hiotite could be ex-
tensive variation in interlayer charge densily, a result
of variations in the extent of isomorphous substitution
within the T-O-T part of the 2:1 layer silicate (Vali et
al. 1994). It was also noted 1hat the number of ex-
panded layers was much lower in the # = 7 biotic
than in those treated with n = 18 alkylammonium ion.
In order to study bioweathecring mechanisms, ultra-
thiu scelions from unaliered (arca 2 on Figure la) hi-
otite were cxamined with HRTEM alter ipitial leach-
ing with Ca and posierior treatment wilh ocltadecylam-
mnnium ion. The results of this antilicial weatheniug
process are shown in Figure 2h. Nole the random
mixed-layer struclure arrangement with uncxpanded
(10-A) and expanded (14—30—,3\} interlayers. This sug-
gesls that depletion of interlayer K by Ca exchange in
hiotite may be one of the uechanisms responsible for
hiotite vermiculite interstratified phasce formation.

CONCLUSION

We demonstrate that HRTEM sindy ol the previ-
ously cxamined (Wierzchos aud Ascaso 1996) and
careflully extructed miueral matenal appears to be very
advantageous in Lhe investigalion of biogenically
lransformed clay minerals. Taking into acconnt the
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great heterogeneily of the lichen-rock interface and
high probability of ¢contamination by aeolian clay min-
erals, the method offers a unique possibility to derect
the mineralogical transformation on the nanoscale.
HRTEM study of bioweathered biotite demonsirates
tbat biogenetic vermiculitization of biotite leads Lo the
lormation of random and 8 = 3 ordered interswalilicd
biatite-vermiculitc mincral phases. Even in the Rrst
stages ol biowcathering, the formation of expandable
layers can play a significant role in opening np the
biotite structure and can genecrate the disaggregation
al biotite known as the biophysical exfolialion pro-
cess. We suggest thal this biopbysical wcathering and
mterlayer ionic cxchange of K and snbsequent ver-
niculite phase formalion, are the processes responsible
for bioweathering of hiotite induced by lichen activity.
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