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Abstract

Calcite crystals were grown in the presence of small concentrations (50, 200, and 600 ppm) of divalent cations (Ba>", Sr**, Co*"
and Mn*") in a silica hydrogel medium. The calcite crystals grown in the presence of cations larger than Ca®" (Ba®" or Sr*")
developed rhombohedral habits defined by {1014} form, similar to the morphology of calcite grown in a pure gel. SEM images
show that growth on {1014} occurs by lateral advancement of layers bounded by macroscopic dendritic or jagged steps. In the case
of calcite crystals grown in a gel doped with cations smaller than Ca®>* (Co®" or Mn®"), a variety of morphologies was obtained,
ranging from blocky crystals (at lower concentrations: 50 and 200 ppm) to peanut-like aggregates, spheres and spherulites (at 600
ppm). The macroscopic morphological characteristics of such doped calcite crystals reflect closely the growth behaviour of calcite
{1014} surface at a nanoscale, reported by previous AFM studies. Morphological features have been interpreted on the basis of the
modification of growing steps characteristics as a consequence of asymmetrical cation incorporation. The use of such morphologies

as a criterion of biological activity is, therefore, unreliable.
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1. Introduction

Calcite crystals grown in sedimentary environ-
ments show a wide variety of growth morphologies.
Frequently, some of these morphologies have been
used as a criterion to assign a biological origin to
carbonates precipitates. In 1996 the finding of car-
bonate globules in Martian meteorite ALH84001
sparked controversy on whether those carbonates
were the result of organic or inorganic processes
(McKay et al., 1996). Moreover, the habit of certain
calcite and other calcite type carbonates (crystals with
rounded morphologies, dumbbell-like crystals, etc)
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have commonly been interpreted as resulting from
the activity of bacteria in the crystallisation medium
(Chafetz, 1986; Buczynski and Chafetz, 1991; Vas-
concelos et al., 1995). Therefore, the presence in a
rock of calcite crystals showing such peculiar
morphologies leads researchers frequently to conclude
the existence of bacteria in the medium during the
growth of these crystals. However, as have been
pointed out by Garcia-Ruiz et al. (2002), using mor-
phological criteria in order to distinguish minerals
produced by living organisms can lead to erroneous
conclusions. Many other factors can exert an influ-
ence on crystal morphology. Among them, the most
important ones are the following: supersaturation of
the medium during both nucleation and growth pro-
cesses, presence of either inorganic or organic impu-



rities, hydredynamic facters, distributien ef grewth
sites en the crystal surface, etc (Sunagawa, 1987).
Therefere, te be able te use calcite merphelegy as a
gcelegical indicater it is basic te knew the physic and
chemical facters invelved in the generatien ef the
different merphelegies.

Prebably, the presence of impurities in the grewth
medium is the facter that mest strengly affects the
merphelegy ef a crystal. When impurities incerperate
inte a crystal lattice defining a selid selutien, they will
affect the grewth precess by twe main different mechan-
isms: changing the characteristics of crystal surfaces,
and medifying the phase selubility. Thus, the incerpe-
ratien eof “fereign” iens usually eccurs selectively en
different crystallegraphic faces, changing their surface
free energies and making them reugher or smeether. ®@n
the ether hand, a selubility change will determine the
medificatien ef the medium supersaturatien. Beth
aspects have a definitive influence in centrelling the
grewth mechanisms eperating en the different crystal-
legraphic faces aleng the grewth precess. Thus, these
faces grewing mere slewly will centrel the final grewth
merphelegy. In this paper we study the effect that the
presence of certain catiens in the grewth medium exerts
en calcite crystals merphelegy. Twe greups ef catiens
have been censidered: a) catiens with ienic radii smaller
than Ca>* (Mg>", Ce*", and Mn*"), which can incerpe-
rate in the calcite structure ferming mere or less extend-
ed selid selutiens, and b) catiens with ienic radii larger
than Ca®>" (Ba®*, Pb”*, and Sr*"), which can be incer-
perated inte calcite structure in small ameunts. In this
secend case, there is ne agreement abeut whether these
catiens substitute Ca®" er they eccupy nenlattice pesi-
tiens in calcite structure (Pingitere, 1986; Reeder et al.,
1999, 2002).

The experiments ef calcite crystal grewth in the
presence eof divalent catiens have been carried eut by
using the silica hydregel technique. This technique has
been extensively used as a methed eof grewing crystals
of sparingly seluble salts like carbenates and sulphates
(Henisch, 1988; Pricte ct al., 1989, 1992). Mercever, it
allews repreducing mest characteristics of crystallisa-
tien in sediments (Garcia-Ruiz, 1982). Thus, in this
technique, crystallizatien eccurs frem selutien by
chemical reactien at lew temperature in a celumn ef
pereus inert gel. The gel censtitutes a transpert medium
where cenvectien and advectien are suppressed. Reac-
tants are breught tegether by ceunter-diffusien frem
eppesite ends of the gel.

The calcite grewth merphelegics ebtained in the
experiments are different depending en whether the
gel medium was deped with a divalent catien smaller

or larger than Ca®". In the case of calcite crystals grewn
in the presence of catiens larger than Ca®", they shew a
thembehedral habit, essentially defined by all the faces
belenging te the ferm {1014 }. Hewever, calcite crystals
grewn in the presence of divalent catiens smaller than
Ca®" shew a variety of merphelegies that, in all the
cases censidered, have cemmen aspects: crystals are
slightly clengated aleng the 3 axis and have a cleft in
the equaterial regien. The twe types of merphelegics
ebtained are interpreted en the basis eof the geemetrical
characteristics of the steps eperating during grewth ef
calcite {1014} and ether micretepegraphic features.

2. Experimental

The crystallisatien ef calcite was catried eut in a
deuble diffusien system as shewn in Fig. 1. The exper-
imental arrangement censist in a U-tube where a cel-
umn ef silica hydregel (150 mm leng and 9 mm in
diameter) eccupies the herizental branch, while the
vertical branches (A and B) cerrespend te the reserveirs
of the parent selutiens and were filled with 8 cm® of
CaCl, (0.5 M) and Na,C@®; (0.5 N), respectively. The
gel was prepared by acidificatien with HCl (1 N) ef a
sedium silicate (Na,Si@®s) selutien (Merck, sp. Gr.:
1.059 g cm™ >, pH 11.2) te the desired initial pH (5.5)
and peured in the U-tube. Fer the cenditiens established
here, the silica hydregel centains abeut 935.6% water
filling the peres and NaCl as a seluble by-preduct. The
selutien is trapped within micren-sized peres, what
makes it stagnant (Henisch, 1988). Mass transfer eccurs
via melecular diffusien and leads te the develepment of
gradients of pH and cencentratien aleng the gel cel-
umn. Separate experiments were catried eut te study
the influence of the presence of Mn>*, Ce*", Ba>*, and
Sr”" in the aqueeus selutien en the grewth ef calcite.
Small cencentratiens ef these impurities (50, 200, and
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Fig. 1. Schematic representation of the experimental system (U-tube).



600 ppm) were added te the sedium silicate selutien
during the gel preparatien. Thus, the gel celumn had a
hemegeneeus cencentratien ef additive. The experi-
ments were catried eut at 25+0.1 °C. The grewth
evelutien ef the crystals was menitered by eptical
micrescepy. The experiments were stepped a year
after nucleatien. Then crystals were recevered by par-
tially disselving the gel in a Na@H (1 M) selutien. The
crystals were identified as calcite by X-ray diffractien
and their merphelegy was studied by Scaming Elec-
tren Micrescepy (JE@OL 8600 MXA and JE®L
JSM6400).

3. Results and discussion
3.1. Growth of calcite

The merphelegy ef calcite crystals grewn frem pure
aqueeus selutiens in silica hydregel is defined by the
thembehedren {1014}. During the first stages of
grewth precess, {1014} faces are essentially flat. Hew-
ever, as grewth preceeds, the pelyhedral merphelegy
becemes disturbed as a censequence ef the fact that
grewth eccurs preferentially aleng certain directiens.
Thus, all the faces belenging te the ferm {1014} de-
velep large steps of which twe edges are clearly defined
by their intersectien at the 3 axis. The ether twe edges
appear diffuse and breken in steps. As a result, crystals
beceme hepper-like, with faces that are reugh and
depressed in their central regien. The final merphelegy
shews enly faces belenging te the ferm {1014} restrict-
cd te these areas that are clese te the twe edges meeting
in the 3 axis. Fig. 2 shews such a typical develepment
of the edges on {1014} calcite crystals. When these
crystals are eriented with their 3 axis vertical, their
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Fig. 2. Calcite crystal obtained in a gel experiment in absence of
doping cations. The different development of the (1014) face edges
(“+” and “—”) can be clearly observed.

equaterial regien appears as a marked cleft, with
peaks and treughs that alternate every 68°, repreducing
the 3 symmetry. Such a merphelegy has been cemmen-
ly ebserved in calcite-type crystals grewn at high su-
persaturatien (Franke et al., 1979; Pricte et al., 1981,
Heijnen, 1985; Ferndndez-Diaz et al., 1996) and de-
scribed in detail by Deminguez Bella and Garcia-Ruiz
(1987), Ferndndez- Genzélez et al. (1999) and Astilleres
(2001). It is impertant te nete that, regardless of the
degree of supersaturatien, the ferm {1014} defines
always the merphelegy ef calcite crystals grewn in a
diffusien-reactien system. Supersaturatien levels during
the grewth precess enly affect the reughness of the
rhembehedral faces. When grewth eccurs under higher
supersaturatien levels, the cleft ebserved in the equate-
rial regien appears mere evident and the swfaces are
reugher than at mederate supersaturatien ef the grewth
medium. This is a censequence ef the develepment of
supersaturatien gradients areund the crystal (Berg,
1938).

The deminance of the calcite form {1014} for wide
supersaturatien ranges reflects the streng centrel of the
calcite structure en its crystal merphelegy. This is
clearly evidenced by the structural analysis develeped
by Paquette and Reeder (1995) and Staudt et al. (1994).
In the calcite structure the mest stable Periedic Bend
Chain (PBC) runs aleng (441) directions (Heijnen,
1985), with twe different pairs ef crystallegraphically
equivalent directiens being related by the c-glide: the
pesitive directions [441]; and [481]; and the negative
directions [441]_ and [481]_ (netatien accerding te
Staudt et al., 1994). As a censequence of the erientatien
of the expesed carbenate greups (Reeder and Rakevan,
1999), steps parallel te pesitive and negatives directiens
have nen-equivalent step ecdge geemetries. Pesitive
steps centain large and epen kink sites, while kink
sites in negative steps have a mere censtrained geem-
etry. These structural characteristics determine the
grewth behavieur ef a calcite {1014} surface, as cen-
firmed by AFM experiments carried eut by several
authers (Hillner et al., 1992; Gratz et al., 1993). The
growth of the faces belenging te the ferm {1014} at a
melecular scale eccurs by a layer-by-layer mechanism,
centrelled by the advancement of steps parallel te {441)
directions. The grewth precess is highly anisetrepic,
with a pair ef steps meving rapidly, while the ether pair
of steps advances slewly. These steps that advance
rapidly are parallel te pesitive directiens, i.e. they cen-
tain kink sites that are mere epen. Cenversely, the steps
that meve slewly are parallel te negative directiens and
centain censtrained kink sites. This grewth behavieur at
a melecular scale leads te the develepment ef the



typical macrescepic calcite rhembehedra (Teng et al.,
2000). The existence of mere epen and censtrained
kink sites in nen-equivalent grewth steps parallel
te(441) directiens can alse explain the anisetrepic de-
velepment of reughness en calcite thembehedral edges
as supersaturatien increases. Thus, the twe well-de fined
edges that meet in 3 axis cerrespend te [441];. and
[481];, while the twe diffuse edges arc parallel te
[441]_ and [481]_. At this peint it is werth mentiening
that supersaturatien enly medifies the relative develep-
ment of the nen-equivalent rhembehedral edges. There-
fere, any ether merphelegical change in calcite will
reflect the influence of ether external facters, e.g. in-
cerperatien ef impurities. In the next sectiens the mer-
phelegy medificatiens due te the incerperatien ef
catiens larger and smaller than Ca”" inte the calcite
structure will be discussed.

3.2. Growth of calcite doped with divalent cations

The experiments carried eut using silica gel deped
with different divalent catiens have preduced calcite
crystals shewing a variety eof merphelegies. Since cal-
cite ferms merc er less restricted selid selutiens with all
the censidered catiens, the ebserved merphelegical
variability can be attributed te the incerperatien ef
these catiens inte the calcite lattice. Such incerperatien
is net isetrepic as has been demenstrated by Paquette
and Recder (1990, 1995) and Hay ct al. (2003).

3.2.1. Cations larger than Ca’": Ba®*, "

The merphelegy eof calcite crystals grewn in a silica
hydrege] deped with Ba®" er St*" is very similar te the
merphelegy ef calcite crystals grewn in a pure gel.
Thus, the habit is centrelled by the {1014} rthembehe-
dren ferm. Mereever, these faces appear te shew steps
with twe well-de fined edges, while the ether twe edges
appear te be reugh and disterted. Fig. 3a and b shew
calcite crystals grewn in a gel deped with 200 and 600
ppm ef Sr”", respectively. It is interesting te nete that,
as can be ebserved in beth images, the grewth ef the
{1014} ferm eccurs by lateral advancement ef layers
frem the well-de fined edges te the central regien of the
face. Macrescepic dendritic er jagged steps beunded
these layers. The re-entrants ef the steps lebes are
especially ebvieus when the cencentratien ef the dep-
ing catien in the medium is high. In such a case, several
thick grewth layers pile up en {1014} surface. As a
result, the surface develeps a blecky appearance. Mere-
ever, ene pair of {1014} face edges shews clear stria-
tiens and the first steps of the develepment of a vicinal
surface.

Fig. 3. Calcite crystals grown in a gel medium doped with Sr”*: The
amount of Sr** in the interstitial solution was (a) 200 ppm and (b) 600
ppm. The jagged appearance of positive steps can be observed.

The macrescepic characteristics of faces belenging te
ferm {1014} in calcite crystals grewn in a gel medium
deped with either Ba”" or St>" are a clese reflection of
the micrescepic features ebserved en such surfaces
during grewth in the presence of any ef these catiens
at a melecular scale. Accerding te AFM ebservatiens
carried eut by Astilleres et al. (2000, 2003), the well
defined pair of edges on a calcite (1014) face must be
parallel te the pesitive directions [441], and [481].,
while the reugh pair ef edges must be parallel te the
negative directions [441]_ and [481]_. As these authers
shewed, the grewth ef calcite {1014} surface in the
presence of Ba”" and Sr’" exhibits cemmen features at
an atemic scale. In the same way as calcite grewth frem
a pure selutien, the precess is centrelled by the advance-
ment of menemelecular steps parallel te [441] and [481]
directions. Hewever, in this case while [441], and
[481], steps advance shewing jagged edges, [441]_
and [481]_ remain practically immebile. Mereever,
the degree of reughness of the pesitive steps edges
increases with the cencentratien ef “fereign” catien in
the selutien and, fer high cencentratiens efBa”" er Sr**



in the selutien, the newly grewn pesitive step edges
centrast with the eriginal regien, indicating that they are
thicker than the initial steps (see Fig. 4). The presence of
beth catiens in selutien alse reduces the velecities of the
pesitive steps in cemparisen te their advancement ve-
lecity when grewth eccurs frem a pure selutien. These
ebservatiens cenfirmed the previsiens ef the medel by
Paquette and Reeder (1995) that censider a preferential
incerperatien ef large catiens inte steps with epen kinks
([441], and [481],). Such a preferential incerperatien
explains the reughening ef these steps, their thickening
and their decreasing velecity. The difficulty ef large
catiens incerperatien in steps with small kinks ([441]_
and [481]_) determines the bleckage of these steps and
explains that they remain basically straight during the
grewth precess.

3.2.2. Cations smaller than Ca’": Co”", Mn”*

The grewth ef calcite crystals in a gel deped with
Ce”" or Mn”* shews cemmen aspects, independently of
the catien censidered. A variety of merphelegices, rang-
ing frem blecky crystals te peanut-like aggregates,
spheres and spherulites, have been ebtained, depending
on the cencentratien ef each divalent catien in the gel
celumn. Thus, when the cencentratien of the “fereign”
catien is lewer (50, 200 ppm) blecky calcite crystals are
ebtained. These crystals shew a habit elengated aleng ¢
axis. The habit is centrelled by beth {1014} and {0221}
ferms (see Fig. 5). Such merphelegy has a marked cleft

Fig. 4. AFM image showing the development of lobes in the positive
steps of a calcite (1014) surface. The composition of the grown
solution was: CaCl,=024 mmolVl, Ba(N@®3),=0.4 mmolL and
Na,C®;=0.3 mmol/L. The distance between lobes is approximately
80 nm. Note the contrast between the newly grown edges and the
original surface, indicating the thickening of the steps as a conse-
quence of Ba®" incorporation.

Fig. 5. Calcite crystals grown in a gel medium doped with (a) 50 ppm
of Co®*, and (b) 50 ppm of Mn®".

in the equaterial regien as well as has been ebserved in
calcite crystals grewn beth in pure gel and in gel deped
with divalent catiens larger than Ca. Mercever, these
crystals can hardly be censidered single crystals. They
are censtituted by numereus blecks, slightly miseriented
between ene te each ether. In additien, these crystals
shew clear evidences of split grewth precesses, which
are mere intense when grewth eccurs in the presence of
higher cencentratiens of fereign catiens. The pregress of
the splitting leads te the develepment of aggregates with
evident reunded surfaces and, in the extreme case, of
sheaf-like and peanut-like merphelegies (Fig. 6). A very
similar merphelegical evelutien was ebserved by Fer-
nindez-Diaz et al. (1996) fer the grewth of calcite in a
silica gel medium deped with Mg>".

Astilleres et al. (2002) and Freij et al. (2004) studied
the nanescepic evelutien ef calcite faces belenging te
the {1014} ferm in the presence of Mn>" and Ce”".
Only lew cencentratiens of Mn”" and Ce”" present in
the selutien are required te affect dramatically the
groewth of calcite (1014) faces in centrast te the effect
of Ba®" and Sr”*. Fer lew supersaturated selutiens, the
additien of .01 mmel ef Ce*" er Mn”" is eneugh te



Fig. 6. Calcite crystals grown in a gel medium doped with (a) 200
ppm of Co?", (b) 600 ppm of Co**, and (c) 200 ppm of Mn?*.

slew dewn significantly the step advancement. Higher
catien cencentratiens ([Mn]=[Ce]=0.05 mmel) almest
cempletely step the advancement ef steps.

As has been mentiened abeve, the merphelegical
variability ebserved in the grewth ef calcite in the
presence of beth catiens basically ceincides with pre-
vieus ebservatiens en the influence of Mg”* on calcite
crystal habits (Ferndndez-Diaz et al., 1996). The main
features of calcite {1014} surface at nanescale when
grewth eccurs frem a Mg”*-bearing selutien have been

widely described by Davis et al. (2000, 2004). Accerd-
ing te these authers the additien of Mg”" te the grewth
selutien exerts an inhibitery effect that causes step
cdges te reughen. Such reughening preferentially
affects these steps parallel te the negative directiens
[441]_ and [481]_ as a result ef differences in the
melecular-scale structure of step edges, altheugh at
higher Mg/Ca raties in the grewth selutiens reughen
beth types of step edges. Mereever, these authers eb-
serve that grewth is preferentially inhibited in the cer-
ners between pesitive and negative directiens, where
the centact between regiens with different cempesitien
sheuld be eccurring. This must alse be the situatien
when grewth eccurs frem selutiens centaining Ce”" er
Mn”", twe catiens which alse incerperate differently in
pesitive and negative steps. Therefere, an especially
streng inhibitery effect in the cermers between pesitive
and negative steps sheuld be cemmen te all divalent
catiens smaller than Ca®" incerperating inte cal-
cite{1014} surfaces. Such an effect ceuld ferm the
basis ef the develepment of the marked equaterial clefts
ebserved in all calcite crystals grewn in the presence of
any ef these catiens. The merphelegical changes pre-
pesed by Davis et al. (2004) basically ceincide with the
medificatiens that we have feund in the habit ef calcite
crystals grewn in the presence of divalent catiens smal-
ler than Ca”": elengatien aleng ¢ directien and emer-
gence of reugh pseudefacets that lead te the
develepment of a new crystallegraphic ferm. Altheugh
these authers have prepesed {0110} as the new ferm,
we find that the habit ef calcite crystals grewn in the
presence of Ce”" or Mn”" is defined by {1014} and
strengly pscudefaceted {0221} ferms.

4. Conclusions

Grewth experiments presented in this paper shew
that the merphelegy ef calcite is strengly affected by
the incerperatien ef divalent catiens in its structure.
Depending en beth the degree of catien incerperatien
and the relative size of each particular catien with
respect te Ca”', different calcite habits have been eb-
served. When the crystallizatien medium is deped with
catiens larger than Ca®" (Ba®" and Sr”") the degree of
isemerphic substitutien in the calcite structure is limited
and crystal merphelegy enly slightly differs frem the
merphelegy ef pure calcite, i.e. the habit is deminated
by the {1014} rhembehedren. Hewever, the presence
of Ba and Sr in the medium leads te the develepment of
highly stepped faces that previde the calcite crystals a
blecky appearance. In centrast, when the crystallizatien
medium is deped with catiens smaller than Ca®" (Ce*"



and Mn®") their easier incerperatien inte the calcite
structure results in a wider variety of crystal habits as
a functien ef the “fereign” catien cencentratien in the
grewth medium. Thus, as Ce”" (er Mn") cencentratien
increases calcite habits vary frem blecky crystals te
peanut-like aggregates and spherulites. Seme of these
calcite merphelegies have been usually related te bie-
legical activity. Since eur experiments are strictly
“inerganic”, we must cenclude that the use of seme
peculiar merphelegies of natural calcites as the enly
criterien te preve their bielegical erigin is net reliable.
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