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Abstract

The chemical mass balance of calcrete genesis .is studied on a typical sequence developed in granite, in the Toledo
mountains, Central Spain. .

Field evidence and petrographic observations indicate that the texture and the bulk volume of the parent rock are strictly
preserved all along the studied calcrete profile. ‘

Microscopic observations indicate that the calcitization process starts within the saprolite, superimposed on the usual
mechanisms of granite weathering: the fresh rock is first weathered to secondary clays. mainly smectites, which are then
pseudomorphically replaced by calcite. Based on this evidence, chemical mass transfers are calculated. assuming iso-volume
transformation from the parent rock to the calcrete.

The mass balance results show the increasing loss of matter due to weathering of the primary phases, from the saprolite
towards the calcrete layers higher in the sequence. Zr, Ti or Th, which are classically considered .as immobile during
weathering, are also depleted along the profile, especially in the calcrete layer. This results from the prevailing highly
alkaline conditions, which could account for the simultaneous precipitation of CaCO; and silicate dissolution.

The calculated budget suggests that the elements exported from the weathering profile are provided dominantly by the
weathering of plagioclase and biotite. We calculate that 8-42% of the original Ca remains in granitic relics, while only 15%
of the authigenic Ca released by weathering is reincorporated in the calcite. This suggests that 373 kg/m* of calcium G.e.,
three times the original amount) is imported into the calcrete from allochtonous sources, probably due to azolian transport
from distant limestone formations. © 2000 Elsevier Science B.V. All rights reserved.
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calcium in soils under arid and semi-arid climates
with a marked dry season.

Calcrete genesis is driven by alternating wet and
dry seasons (Wang et al., 1994) that produce the
geochemical cenditions of a thermodynamic disequi-
librium for primary silicate minerals, which are then
replaced by calcium carbonate (Nagtegaal, 1969:
Aristarain, 1971; Boulet, 1974; Chapman, 1974; Na-
hon, 1976; Nahon et al., 1975; Millot et al., 1977,
Durand, 1979; Bech et al., 1980; Reheis, 1988:
Ducloux et al, 1990; Monger and Daugherty,
1991a,b). The process of calcite accumulation in
soils has been simulated with box models (McFad-
den and Tinsley, 1985; Marion et al., 1985; Mayer et
al., 1988). However, only a few studies have at-
tempted to quantify the elemental mass transfer sub-
sequent to the development of calcrete in soils, in
spite of the recent development of the mass-balance
calculation methods in weathering systems (Millot

and Bonifas, 1955: Nesbitt and Wilson, 1992; Nes-
bitt et al., 1980: Brimhall et al., 1991, 1992; Colin et
al., 1992; Nahon and Merino, 1997).

The purpose of our work is to quantify the losses
and gains of chemical elements resulting from in situ
weathering and calcitization of a granitic bedrock.
Iso-volumetric mass-balance calculations are applied
in order to model the chemical dynamics of these
particular weathering conditions under arid climates.
The chosen study area is the calcrete-rich plateau of
Toledo, Central Spain (39°42'N, 4"18'W, 725 m)
(Fig. 1), where the present-day regional. climate is
semi-arid, with a mean annual rainfall of 370 mm
and a mean annual temperature of 14.7°C. Evapora-
tive conditions characterize the dry hot season be-
tween May and September. The main bedrock forma-
tions of the plateau are granite, migmatite and gneiss
from the Hercynian orogeny. Quartzite and green-
schist are found in the surrounding relief making up
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Fig. 1. Geological map of the studied area, showing the major units of granite, migmatite and gneiss substratum, on the plateau located
between the Toledo Mountains (greenschists and quartzites) to the south, and the Tajo river valley to the north and the west. '
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the Toledo Mountains and some scattered inselbergs
(Fig. 1). No limestone formations are found locally,
except for some remnants of marine Mesozoic—Ter-
tiary sediments on the northern and eastern edges of
the Toledo platform. '

From the middle Miocene to the lower Pleis-
tocene, the deep Hercynian basement was locally
buried under an alluvial sedimentary cover termed
“Ranas’® (Vicente et al., 1991, 1997). Since then,
present-day rivers and arroyos have eroded this allu-
vial cover, allowing the weathering front to crop out
underneath. We investigated a calcrete profile devel-
oped on granitic bedrock, at a site where the weath-
ering mantle is presently about 7 m thick.

2. Sampling and experimental methods

Samples of fresh and weathered rocks were col-
lected from a typical profile in a recent quarry (Fig.
1). A Sr isotopic study of this profile is reported in a
companion paper (Chiquet et al., 1999). A general
description of the different layers is shown in Fig. 2.
Two types of samples were taken: (1) undisturbed
samples were collected in oriented plastic boxes for
petrographic observations; and (2) powdered samples
(0.5 to 2 kg) were collected at the same place in
plastic bags (2 D). A 5-kg block of fresh granite was
collected from a nearby outcrop, about 800 m from
the studied profile. ‘
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Fig. 2. Arrangement of the calcic horizons in the Gélvez calcrete. Initial quartz veins and fractures cross-cut the saprolite and the calcrete
without any structural perturbation. Samples collected in plastic bags (arrows) represent a mass ranging from 0.5 to 2 kg. Undisturbed
samples for thin sections have been collected in plastic boxes of ~ 3 dm?>.
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Major and trace element analyses were deter-
mined by ICP-AES. The samples were dried at 60°C
and totally dissolved with concentrated
HF /HCIO, /HNO;. Bulk density (p,) measure-
ments were performed on ~ 10-ml samples after
drying by immersion in water after coating with
molten paraffin wax, in order to measure the dis-
placed volume. The uncertainty resulting from this
procedure is about 3%. Grain density (p,) was
measured on powdered samples (30 pm) with an air
pycnometer, with a mean error of 2%. Porosity (¢)
was calculated as:

bd=1-p./p, (1)

Five replicates were systematically measured, indi-
cating a reproducibility of 6% 2o ).

Thin sections were prepared from oriented sam-
ples after induration with epoxy resin. The calcium-
carbonate concentration was determined by calcime-
try on powdered samples, calibrated on a pure
calcium carbonate sample (reproducibility of 5%).

Mass-balance calculations developed in this paper
are based on the general Eq. (2) used by Brimhall
and Dietrich (1987), Brimhall et al. (1991, 1992) and
Colin et al. (1992, 1993). The transport factor 7,,, of

_[ w
an element j in the weathered material is defined as:

C'j.\v Py

T',w = - (‘gi.w + 1) —1 (2)
! Crp Pp

where i is an element considered as immobile and j
a chemically mobile element during weathering, p is

the bulk density (in g/cm?*), C is the concentration
(Wt.%), and “‘w’’ and ‘‘p’’ refer to the weathered
rock and the fresh rock, respectively. ;. (3) is the
volumetric factor defined as:

Cip P

» Fp
go=|=—}—1 (3)

Y Ci.w Pw
where &;,, <0 for collapse, ;>0 for expansion
and g;, =0 for iso-volumetric weathering. 7;,, re-
flects the gain or loss of element j in the weathered
rock compared to the parent rock (—1=17;, = +1;

7, = 0 for loss and 7, = 0 for gain).

3. Results
3.1. Field observations

Calcareous soils are widespread on all the litholo-
gies of the dissected plateau, except on the inselbergs
(Vaudour, 1979). Carbonate accumulation is related
to elevation and, thus, to local average rainfall: there
are no carbonate accumulations or calcareous soils in
the Toledo Mountains above 800-900 m elevation,
where sub-humid conditions prevail, which prevent
carbonate precipitation,

In typical profiles, calcite occurs as powdery or
indurated layers; the thickness of the calcrete hori-
zons ranges from 10 cm up to 4 m. The carbonates
are intermingled with weathered remnants of the host
parent materials. No carbonate-rich layers were ob-

Fig. 3. (a) Mineralogical assemblage of the parent granite (Galvez, 30 km southwest of Toledo, Central Spain). The rock is made up of
quartz (Q), plagioclase (P), K-feldspar (F), and biotite (B). Crossed polars. (b) Zircon extracted from the fresh rock. No dissolution features
(e.g., rounded edges and corners) are identified. (c) Early stage of a pseudomorphic replacement of the granite by clays. 3.50 m depth in the
profile: plagioclase grain (P) is partly replaced by a green secondary clay aggregate (Sc). Plagioclase fragments are in optical continuity.
Toward top left and right, biotites (B) are bleached and secondary clays (Sc) are also developed between their layers. Crossed polars. {d)
Dissolution etch pits (arrows) and rounded edges and corners of zircon grain in the saprolite (continuous calcrete layer: 1.20 m depth). All
zircon grains extracted from the calcrete layers (continuous or discontinuous) exhibit small to large dissolution features ranging from simple
etch pit to rounded corners. (e) Higher in the profile (2.10 m depth), calcite (C) appears beside secondary clays (Sc). Detail of the
replacement of the weathering products of the granite (secondary clays: Sc) by sparry and micritic calcite (C) along voids. Crossed polars.
() Top part of the calcrete (continuous calcrete layer: 0.5 m depth). A K-feldspar (Fk) is *‘directly’’ replaced by calcite (Cc). The different
relics of the K-feldspar (dark) have kept their original orientation. Crossed polars. (g) Other exemple of “‘direct’” replacement of a primary
mineral (microcline: M) by calcite (0.40 m depth). No displacement is observed: all fragments are in optical continuity. This pseudomorphic
replacement by calcite (C) has preserved the original cleavage of the microcline (arrows). Crossed polars. (h) Detail of the top of the
continuous calcrete profile. Relics of granite are scattered in the massive calcitic matrix (C). The sides of the relics show numerous
corrosion features. A K-feldspar (F; bottom left) is partly invaded by calcite: not replaced pOI’thIlS are undisplaced.- Crossed polars.

Photomicrographs were taken by A. Chiquet.
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served within the valleys, where only ball-shape
residues of parent rock are left over by weathering
and erosion processes. Ephemeral stream-waters run
along these valleys, directly on the granite.

A typical calcrete profile was selected on granitic
basement (Fig. 1), at an elevation of 720 m. From
top to bottom, the profile is arranged into three main
units (Fig. 2): (1) the fresh bedrock (a biotite granite
with perthitic phenocrysts), at about 7 m below
surface; (2) a granitic saprolite (~ 7.0 to 0.3 m); and
(3) a topsoil (0.3 m to the surface). The following
three zones can be distinguished within the saprolite
(Fig. 2). o

(1) A massive weathered granite, below 3.7 m,
with very minor calcite veins.

(2) A discontinuous calcrete layer (C,, from 3.7
to 1.4 m): white calcite-rich domains appear all
along the main fractures of the saprolite, and develop
progressively upward. The network of calcitic veins
is in conformity with the preserved fracturing of the
weathered granite.

(3) A continuous calcrete layer (Bc,, from 1.4 to
0.3 m): calcite (white with reddish zones at the top
of the profile) forms a continuous matrix enclosing
rounded relics of weathered granite and smectites.
The whole layer still preserves the texture of the
fresh parent granite. XRD analysis performed on the
carbonate show that it is a low-magnesium calcite
(Mg < 5%).

The topsoil (A ;) consists of a 0.3-m-thick clay-
rich brown layer overlying the continuous calcrete. It
is mainly composed of primary relics (quartz, K-
feldspar, plagioclase) and smectite. The concentra-
tion of organic matter remains low (0.45% to 0.53%
of organic C) except for scattered roots.

3.2. Microscope examination

In order to specify the relationships between calci-
tization and weathering, as well as the subsequent
chemical paths, petrographic and petrological -obser-
vations were performed on thin sections. The main
results are the following. ,

(1) The parent granite has a mineralogical compo-
sition dominated by quartz (42%) with mica (13%),
plagioclase (27%) and perthitic' K-feldspar phe-
nocrysts (18%) (Fig. 3a). The cheinical composition
of plagioclase ranges from calcic to more sodic with

normal zonation. Micro-cracks and fractures indis-
criminately cross-cut all minerals.

(2) The micro- and macro-crack network present
in the fresh rock is undisturbed ail along the sapro-
lite. Moreover, plagioclases, generally with a Ca-rich
core, are pseudomorphically replaced by clays (Fig.
3c).. Biotites (main mica phase) exhibit similar
weathering, starting by bleaching (loss of iron), ex-

pansion of the layers, and neoformation of brown to

green clays. X-ray diffraction analysis of the <2
pm fraction of the saprolite indicates the high abun-

.dance of smectite. K-feldspar is relatively well pre-

served compared to plagioclase. No phase displace-
ments are observed, even if some micro-fractures
(< 50 wm) are infilled by secondary clays:

(3) Above 3.7 m, we observe the first millimeter-
scale veins of white calcite controlled by the initial
fracturing of the rock. In the first calcitic stages,
secondary clays are replaced by small amounts of
calcite along microfractures (Fig. 3e). These frac-
tures, which are filled with carbonate, become more
numerous and widen upward in the profile, until they
form a connected calcareous network. The ‘calcitiza-
tion increases upward in the saprolite, with a pro-
gressive decrease of the tiny relics of primary
minerals within the veins. These relics have clearly
remained in place within the rock structure. The
walls of the calcitic veins are asymmetric, which
indicates that the calcitization process results from a
pseudomorphic replacement of primary mineral
phases.

(4) From 1.4 to 0.3 m, the micritic calcite-rich
matrix englobes remnants of saprolitic material,
where plagioclase and biotite are increasingly weath-
ered to clays. In the most carbonated zones. pseudo-

-morphic replacement of primary minerals by calcite

is almost complete (Fig. 3f,g,h). The porous micritic
matrix shows evident features of recrystallisation
such as sparite, micro-sparite and needle crystals
observed in voids. Some calcitic domains exhibit a
brown colour and a low porosity. Calcitized roots
and pseudo-mycelia have also been identified.
Evidence of biological activity (goots, filamentous
algae, etc.) are noticed both in the B¢, and the Cq,
layers. According to Milnes (1992) and Wright et al.
(1995), organic processes may directly<or indirectly
cause the precipitation of calcite. The development
of various calcitic habits (i.e., needles) might be
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Table 1

Chemical composition (Cc) and Transport function (7,,.) for samples from the profile. For the major elements, the Cc is in weight percent,

while for trace element, Cc is in micrograms per gram. All granite

reference (five aliquots)

jw

values are equal to zero because granite is assumed to be the

No. 1 Depthem) p Si0, Al,0, Fe,0, TiO,
Ce TjAv Ce TZi.w Ce Tj‘\v Ce T_;‘.w

21-95 Ay, 10 1.87 56.9 -0.39 18.1 -0.21 5.33 0.05 0.38 —0.45
20-95 I 30 1.90 52.9 -0.42 14.8 —0.34 3.84 —0.23 0.2 —0.58
19-95 Bea 35 1.48 25 -0.79 8.2 —0.71 2.31 ~0.64 0.19 —-0.78
15-95 Be, 65 1.51 28 —-0.76 5.37 —0.81 1.37 —-0.78 0.12 —0.86
12-95 Be, 83 1.22 31.1 -0.78 6.43 —0.82 1.46 ~0.81 0.16 —-0.85
14-95 Be, 90 1.40 339 -0.73 7.22 —-0.76 1.41 -~0.79 0.19 —0.80
1195 B, 100 146 313 074 654 =077 124  —081 015 —083
10-95 Bea 140 1.55 45.9 —0.59 8.85 —0.68 1.75 -0.71 0.24 —-0.71
9-95 Cey 170 2.23 67.5 -~0.13 14.5 —-0.24 297 -0.30 042 ~0.28
8-95 Ce, 213 244 67.7 -0.05 15.1 —-0.13 2.81 —0.28 0.39 ~0.27
795  Cg, 245 217 662 017 141 —028 279  —036 038 . ~0.36
6-95 Cea 275 2.19 68.6 —-0.13 15.1 ~0.22 2.78 —-0.36 0.38 —-0.36
5-95 Cea 290 2.18 66.6 —0.16 14.6 -0.25 2.86 —-0.34 0.39 —-0.35
4.95 Cea 310 2.20 68.2 —-0.13 14.8 -0.23 2.84 —-0.34 0.39 —-0.34
3-95 Cea 330 225 67 —-0.13 14.6 -0.23 2.75 —-0.34 0.38 —-0.34
2-95 Cea 370 2.21 68.8 —0.12 14.9 —-0.23 2.5 —041 0.34 —-042
195 Granite 700 2.60 66.2 0 15 0 3.63 0 0.5 0
20 - - 0.06 2.06 0.02 0.25 0.01 0.16 0.02 003 003

favoured in pores where humid conditions are pre-
served even during the dry season.

(5) In the transition between the Be, and A,
layers, plurimillimetric rounded calcitic zones persist
with a clay-rich reddish matrix. Horizontal lamina-
tions are observed, which are made up of alternating
calcitic and organic /clay beds.

(6) In the upper 30 cm, gravelly relics of the
saprolite are coated by Fe-rich clays and iron oxides.
There is no calcite in the topmost 25 cm of the soil,
which are clearly bioturbated by the root activity.

3.3. Iso-volume mass-balance calculations

Bulk and grain densities, porosity values, miner-
alogical composition and calcium contents (granite,
bulk and carbonate) are reported in Fig. 4; Table 1
gives the chemical composition of each sample.

In order to calculate the mass transfer of weather-
ing products and the calcium fluxes within the cal-
crete profile, an appropriate frame of reference must
be selected. Macroscopic (Fig. 2) and microscopic
observations (Fig. 3a,c.ef,gh) show that (1) the

weathering process has preserved the initial volume
of the parent rock throughout the saprolite, and (2)
the calcitization also takes place without disturbing
the original bulk volume of the host material. The
process of pseudomorphic replacement of primary
phases by calcium carbonate is well accepted, based
on numerous conclusive microscopic observations
reported in the literature (Aristarain, 1971; Chapman,
1974; Nahon, 1976, 1991; Nahon et al., 1975; Millot
et al., 1977; Reheis, 1988; Monger and Daugherty,
1991a,b). The mass-transfer budget during calcrete
development must, therefore, be calculated on a
constant-volume assumption, following Millot and
Bonifas (1955), Trescases (1975), Gardner (1980)
and Gardner et al, (1978). Chemical imports and
exports must be referred to a given parent-rock
volume, which is conservative during both weather-
ing and calcitization. Thus, ¢;,, is equal to zero in

iw
Eq. (2), and the transport factor T;w 1S expressed as

(4):
P C'w

Tiw = M LA (@)
2,Cip
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K.O

Ca0 MgO Na,O Rb Sr Zr Th
Ce Tiw Ce Tiw Ce Tjw Ce Tjw Ce Tjw Ce Tiw Ce Tiw Ce Tiaw
1.26 —063 14 015 118 =076 3.29 0.01 190 0.0t 70 -0.65 90 -0.60 12 -0.34
8.07 142 13 -017 113 =096 353 -—-044 200 -033 90 -055 70 -068 8 -—0.55
311 628 09 -—-057 078 ~087 153 -039 95 -0.28 200 -021 50 -082 5 -0.78
32.8 678 1 -0.53 055 -091 125 -079 170 ~0.73 190 -024. 40 -0.86 1 —096
30.5 485 08 —068 103 -08 155 -0.83 100 —-0.80 280 —-029 40 -0.83 1 —088
21.7 512 08 -—062 143 -078 24 —-0.83 80 -0.81 220 004 50 . -088 3 -—096
30.3 596 09 ~-057 093 -085 187 —0.69 100 -0.73 370 043 50 -082 .1 -—096
20 389 1.1 —046 173 071 264 =075 120 =072 350 044 80 -070 4 -—0.82
1.79 -037 12 -0.08 293 -028 429 -0.63 190 -0.65 120 -029 130 -030 10 -—-034
143 —-045 12 -—-0.06 287 -023 462 -013 210 -0.20 160 0.03 120 -030 11 -0.21
265 —-009 12 =012 266 -—036 4.18 0.02 185 -0.03 150 —-0.14 120 -037 11 -029
107 —-063 12 -=010 272 -035 439 -0.18 190 -0.24 140 —-0.19 120 =037 10 -035
215 —-026 12 =014 289 -031 433 -013 190 —-0.21 140 -0.19 120 -037 10 -0.36
1.05 -064 1.1 —=017 306 -—-026 442 -—0.15 205 -0.22 150 —0.12 130 -031 10 -035
1.6 —-043 12 -0.09 273 -032 431 -0.12 190 -0.14 140 —0.16 120 -035 10 -0.33
121 —-058 1.1 =022 337 —018 448 -—-012 195 -0.19 140 —-0.18 110 -041 9 =041
242 0 12 0 35 0 427 0 203 0 144 0 154 0.00 13 0.00
0.09 002 0 0.01 0.04 0.01 0.1 0.01 4.5 0.01 8.9 0.03 4.2 003 0 0.01

The mass-transfer budget Am; (kg/m’*) of a chemi-
cally mobile element “‘;*’, is given by (5):
Am;=1;,0,Cj, (5)
The flux of mass exportation M;, (kg/m?) for the
weathering system can be approached by integrating
the mass-transfer budget between given depths z;

"and z;

] 3
Mj.w = _/; Tj.w ppcj.p dZ
S

; (6)

The chemical budgets have been calculated for
major and trace elements (Th, Zr, Rb and Sr). The
transport factors (7;,,) are listed in Table 1 and
plotted in Fig. 5. All the elements are depleted in
various proportions in the C,, layer. In the discon-
tinuous calcrete layer (C,), the average transport
factors decrease from values of —0.11 to —0.43,

. along the series K, Mg, Si, Sr, P, Rb, Al, Na, Th, Ti,
Fe, Zr, Mn and Ca. In the continuous calcrete layer
(Bc,), the massive calcitization gives a positive
transport factor for Ca (+5.48) and Sr (+0.03),
while all other elements are largely depleted (—0.57
to —0.87).

According to Eq. (6), we can calculate the flux of
each element from the profile. By summing all the

elements, we have a direct access to the global flux
of mass exportation. We calculate that 750 kg/m? of
major cations have been exported out of the continu-
ous calcrete layer (0.3 to 1.4 m), 575 kg/m* from
the discontinuous calcrete layer (1.4-3.7 m), and
380 kg/m? from the granitic saprolite (free of car-
bonates) between 3.7 and 7.0 m. In weight percent,
the flux of exportation from the profile is controlled
by Si (64% of the global flux), Al (23%), Fe (9%),
Na (8%), K (7%), Mg (1%) and Ti (1%). By com-
parison, 275 kg/m” of Ca and 30 g of Sr have been
imported in the continuous calcrete layer while 15
kg/m? of Ca and 90 g/m> of Sr have been lost
from the discontinuous calcrete layer.

The global inventory of calcium carbonate esti-
mated from calcimetric measurements, is 975 kg/m?
(390 kg/m* of Ca). 85% is accumulated in the
continuous calcrete layer (325 kg/m?*) and 15% in
the discontinuous calcrete layer (65 kg/m?).

4. Discussion

Schematically, the genesis of the calcrete profile

- can be analysed as a two-stage process: (1) weather-

Fa
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Fig. 5. Transport factor () of major and some trace elements (Rb,
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ing of the fresh granite, followed by (2) progressive
calcitization of the saprolite. In the case of the

-Montes de Toledo area, it is difficult to elucidate

completely the exact relationship between the two
processes and their respective timing, due to the
ubiquitous occurrence of paleoweathering facies de-
veloped on different lithologies in this area (Vicente
et al, 1997). However, the upper kaolinitic unit
described by Vicente et al. (1997) in other pale-
oweathering profiles is completely absent from the

site studied here. On the other hand, the mineralogi-
cal evidence presented above demonstrates active
pseudomorphic replacement of the silicate minerals
by calcite (Fig. 3). Therefore, calcitization and
weathering of the granite must be considered as
synchronous and interrelated as proposed by Wang
et al. (1994). .

Pseudomorphic replacement of silicate minerals
by calcite requires specific geochemical conditions,
resulting in simultaneous removal of large amounts
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Fig. 6. Measured porosity vs. calculated porosity for each sample
of the studied profile. Measured porosity is obtained from density
measurements, The calculated porosity takes into account the
volume created by the loss of major chemical elements during
weathering of the parent rock. It is obtained by summing all the
fluxes of mass exportation, taking into account the contribution of
structural oxygen (49 wt.% in the fresh rock). The initial parent
rock porosity is about 1%. In the discontinuous calcrete layer
(C¢,), voids are associated with the weathering of primary miner-
als such as plagioclase and mica, and result from the exportation
of weathering products. In the continuous calcrete layer (B, ), the
microporosity is more structural, and localised in a micritic crys-
talline-plasma.

of silica and neoformation of calcium carbonate.
Wang et al. (1994) proposed that the replacement
process is directly related to the seasonal alternation
of wet and dry periods. During dry seasons, evapora-
tion induces calcium carbonate and smectite precipi-
tation in the pores (Fig. 3e). This neoformation of
secondary clays depletes dissolved silica from the
soil solutions (Paquet, 1983, 1993), inducing further
dissolution of parent silicates (Merino et al., 1993).
In the following wet season, smectite dissolves faster
than calcium carbonate, due to the alkaline condi-
tions (pH values often higher than 9; Ruellan, 1971;
Nahon, 1991). Silicon and other cations are, thus,
flushed away by circulating soil-waters, leaving
empty space for further calcium carbonate precipita-
tion during the next dry season. Repetition of this
seasonal cycle results in concomitant silicate re-
moval and CaCO, accumulation.

This model does not preclude that some of the
smectites may have been inherited from previous
weathering stages. Incipient stages -of calcrete pre-
cipitation may even be favoured on lithologies that
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have been previously weathered, i.e., with higher
porosity and higher smectite content. Nevertheless,
the chemical budgets discussed here are calculated
with respect to the original unweathered granite, and,
thus, do not depend on any assumption regarding this
initial stage of alteration before calcrete initiation.

The chemical budget of the calcitization process
is reflected in the net loss of matter from the profile,
as calculated above (1325 kg/m?). This implies the
development of voids, since the initial volume of the
parent rock is preserved and no collapse is observed.
Corroboration of our mass-balance calculation is ob-
tained by plotting the measured porosity data vs. the
calculated values of porosity for each sample (Fig.
6). Measured porosity is about 25% lower than that
predicted from the budget calculation in the clay-rich
brown layer (Alp) and in the continuous calcrete
layer (B,). This is probably due to the persistence
of a closed residual microporosity (< 30 wm) in the
calcite and in the fine clay fraction, as demonstrated
by Dekayir (1994) from Hg porosimetry.

4.1. Weathering of the granite and saprolite forma-
tion

The global cheémical depletion of the saprolite
compared to the fresh rock is due to specific cation
losses (Table 1; Fig. 5). In the saprolite, Ca, Fe and
Na are the main cations exported from the weathered
granite. By comparison, K, Si and Mg exhibit rela-
tively lower rates of exportation (Table 2). Petro-
graphic observations indicate that plagioclase and
biotite are weathered to clays, releasing a significant
amount of Ca, Sr, Na and Fe into solution (Nesbitt,
1979; Nesbitt et al., 1980), while Si, Al, Mg precipi-
tate in situ within smectites. The perthitic phe-

Table 2 )
Exportation of chemical element (%) between the weathered
granite and the fresh rock

Concentrations of the element j in the weathered granite is
obtained from those of the discontinuous calcrete layer (=38
samples) after correction from the contribution of Ca and Sr of
calcitic veins, in order to evaluate the non-calcareous weathering
of the parental rock

Element j Ca Mn Fe Ti Th Zr Na Al Sr Rb P Mg Si K

Xiweathering 42 41 34 34 33 3229 22 20 18 16 13 13 12
+ 55 4545628535 24
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nocrysts of K-feldspar are relatively well preserved,
contributing to the partial conservation of K and Rb.

Laboratory experiments and Sr isotopic studies
have demonstrated the slower weathering rate of
K-feldspar compared to that of plagioclase (Lasaga,
1984: Blum et al., 1994; Blum and Erel 1995, 1997;
White et al., 1996; Chiquet et al., 1997). Blum et al.

(1994, 1997) have also shown that biotite weathers

four to eight times faster than plagioclase, although
other studies have recently shown that biotite can
weather more slowly than plagioclase in some occur-
rences under tropical climates (Murphy et al., 1998).
Moreover, biotite weathering involves the formation
of secondary clays (smectite or vermiculite), which
proceeds by oxidation of Fe’* to Fe'* accompanied
by an absolute loss of Fe, depletion of K* from
interlayer sites, and partial retention of Mg?2*. Other
minor interlayer cations such as Ca*" and Sr** are
also lost during this transformation (Velbel, 1985;
Drever and Hurcomb, 1986). However, part of the
K* extracted from the bictites is probably reincorpo-
rated into smectites resulting from weathering of the
plagioclase, while Na*, Ca** and Sr**" are released.

In the studied calcrete, Ti, Zr and Th concentra-
tions are closely correlated to each other, and show a
large decrease’ with increasing calcium carbonate
concentration (Fig. 7). For instance, the iso-volumet-
ric budget calculation indicates that Zr is depleted by
80% in the continuous calcrete and by 35% in the
discontinuous calcrete, compared to the fresh rock
(Fig. 8). These three elements, which are generally
considered as immobile during weathering, are even
more depleted than Mg, K, Si and Al in the saprolite
(discontinuous calcrete). Such a large depletion might
be suspected to result from lateral heterogeneities of
the parent granite, but since the fresh rock could not
"be sampled directly beneath the’ calcrete profile it-
self, we suggest that this may also reflect enhanced
alteration processes of accessory minerals under the
highly alkaline conditions of calcrete formation. SEM
mapping shows that, in the fresh rock, Zr (154 ppm)
is associated with autochtonous euhedral micromet-
ric zircons included in biotites. SEM observations of
zircon grains extracted from the saprolite and the
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Fig. 8. Plot of the mass transfer of Ti vs. Zr, from isovolumeric
mass-balance calculation. The linear correlation indicates that Ti
and Zr, two classical immobile elements, are both depleted at the
same rate. However, in the whole rock, Zr is located in zircon
while Ti is associated with rutile or anatase.

carbonate layer show clear corrosion features com-
pared to the unweathered zircons from the fresh rock
(Fig. 3b,d). Other examples of Zr (Melfi et al., 1996;
Nahon and Merino, 1996) and Ti mobility (Gardner,
1980) have been reported previously in some sapro-
lites, related to specific conditions such as surficial
layers with high concentrations in organic acids
(Colin et al., 1993), or related to specific Zr-bearing
phases, such as metamict zircons or volcanic glasses.

4.2, Calcitization

By contrast with all other elements, Ca and Sr are
imported massively from allochtonous sources dur-
ing the calcitization process. The total inventory of
calcium, between 3.7 and 0.3 m depth in the calcrete
profile, corresponds to 415 kg/m?. By comparison,
the initial stock of Ca in a comparable volume of
parent granite is only 155 kg/m®, considering a
calcium content in the fresh rock of 45.6 kg/m?.
Relics of the granite are present throughout the
profile, suggesting that part of the authigenic Ca
remains included in primary mineral phases. The
measurements performed at different levels in the
saprolitic discontinuous calcrete (CCn) show that 27
to 42% of Ca (ie., 42 to 65 kg/m’) had already

Fig.-7. Plot of Ti vs. calcium carbonate concentrations. Comparison of Ti values with those of Th and Zr. All concentrations are expressed

in grams of element per unit volume of bulk sample.
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been exported prior to the massive calcitization de-
veloped in the continuous calcrete layer. The quan-
tity of Ca remaining in the residual silicates of the
calcrete layers can be estimated from the difference
between the bulk Ca content (given by ICP bulk
measurements), and Ca in the calcitic matrix (given
by calcimetry). This shows that only 15% to 29% of
the original calcium remains in residual silicates
within the saprolite (i.e., 23 to 45 kg/m?). Weather-
ing of this residue probably continues in the upper
calcrete layers, but the resulting additional loss of
calcium is completely masked by the massive pre-
cipitation of exogenic calcium carbonate. Assuming
congruent dissolution, as suggested above from the
discussion of the insoluble elements (Ti, Zr and Th),
we estimate that only 8% to 42% (ie., 12 to 65
kg/m?) of the original Ca remains in the residual
silicates of the upper calcrete layers (Fig. 9).

Some of the Ca released by the dissolution of the
parent rock is clearly re-precipitated within the cal-
cium carbonate. However, this fraction cannot be
distinguished from the allochtonous input in the total
Ca budget of the calcrete. By contrast, the percent-
age of authigenic Sr can be estimated from Sr iso-

tope measurements, by taking advantage of the large
difference of ¥'Sr/*Sr between the calcrete and the
parent granite (Capo and Chadwick, 1993a,b; Fleis-
chhauer and Dworkin, 1993; Quade et al., 1995). ‘We
have shown (Chiquet et al.,'1999) that Sr in the
Toledo calcrete has a ¥'Sr / %Sr ratio close to that of
the local atmospheric fallout, thus, setting an upper
limit of 5% on the proportion of Sr derived from the
parent rock within the calcrete. From this result, and
assuming that Sr and Ca have a similar geochemical
behaviour, we estimate that 373 kg/m? of the cal-
cium is of allochtonous origin in the calcite, while 17
kg/m* is autochtonous (Fig. 9). Therefore, only
15% of the Ca released by weathering of the original
silicate minerals have been incorporated into the
calcite.

Considering that 373 kg/m” of Ca (this study)
and 315 mg/m* of Sr (Chiquet et al., 1999) are
allochtonous, a [Ca]/[S1] ratio of 1200 is calculated
for the external input, similar to that of most calcare-
ous lithologies. The Sr isotopic data reported in
Chiquet et al. (1999) also suggest that the al-
lochtonous Sr is mostly derived from aeolian trans-
port of distant limestones. Indeed, no significant
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Fig. 9. Calcium inventories (kg/m?) in the Galvez calcrete profile. A clear distinction must be made between the continuous calcrete
(0.3-1.4 m depth) and the discontinuous calcrete (1.4-3.7 m depth) layers.
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carbonate formations with appropriate Sr isotopic
composition are observed on the Toledo platform
(Chiquet et al., 1999).

The downward transport and precipitation of this
atmospheric deposit of calcium is ensured by perco-
lating rainwaters, through the seasonal cycle de-
scribed above. In the Toledo calcrete, field obser-
vations also reveal the presence of sub-horizontal
calcitic laminations at the top of the continuous
calcrete layer, reflecting lateral sub-surface circula-
tion of the soil solutions. This generates a downslope
. .evolution of the mineral sequence: calcium carbonate

* oceurs successively along the slope, first as diffuse

patches, then as loose nodular accumulations, and
downhill as massive planar precipitates, while the
proportion of parent mineral relics decreases.

In the studied profile, calcite has a unimodal
vertical distribution at between 0.3 and 1.4 m depth.
McDonald et al. (1996) suggested that this type of
distribution results from a constant annual downward
flux of soil-water, related to stable climatic condi-
tions controlling the depth of calcite precipitation.
By contrast, bimodal downward profiles of Ca car-
bonate content can be found in other sequences,
where contrasted hydrodynamic regimes have taken
place successively during the Holocene (McDonald
et al.,- 1996).

The sensitivity of calcrete genesis to climate is
also demonstrated by the absence of calcium carbon-
ate precipitation in other palaeo-weathering profiles,
which have developed on the same hercynian base-
ment of the Toledo Mountains during the Neogene.
These profiles, described by Molina et al. (1990,
1991), Vicente et al. (1991, 1997) and Martinez
Lope et al. (1995) have been fossilized by Mio-
Pleistocene sedimentary series (rafias), in the north-
ermn piedmont of the Toledo Mountains (Fig. 1).
More humid climatic conditions must have prevailed
during weathering of these rocks, in order to explain
that calcrete precipitation did not occur in these
sequences, in spite of similar parent rocks and topo-
graphic situation as those of the more recent facies
studied in the present work.

5. Conclusions

The chemical budget of calcrete genesis is investi-
gated on a typical profile developed on. granite in the

Toledo mountains, Central Spain. Field and petro-
graphic observations demonstrate that calcitization
and weathering of the granite are synchronous and
interrelated processes, with a strict preservation of
the initial structure and volume of the parent rock,
both at the mineral scale and at a macroscopic scale
throughout the profile. Iso-volume mass-balance cal-
culation has been applied on major and trace element
concentrations measured in this profile. With respect
to the unweathered granite, the loss of material
increases from the saprolite to the calcrete horizons,
due to increasing weathering of the granite. Simulta-
neously, calcite precipitates due to highly alcaline
conditions. A massive input of allochtonous calcium
is required to account for the large increase of the
calcium inventory. Significant Ti, Zr and Th chemi-
cal depletions are observed in the most Ca-rich part
of the profile, which precludes using these elements
as immobile for the mass budget calculations.

We estimate that §—42% of the calcium initially
present in the fresh granite remains stored in the
residual silicates of the calcrete layers. This result,
when coupled with previous Sr isotopic data, sug-
gests that only 15% of the calcium released by
weathering ‘of the original silicate minerals have
been incorporated into the calcite. Finally, a Ca/Sr
mass ratio of 1200 is calculated for the allochtonous
input. This suggests that the genesis of calcretes is
related to the atmospheric fallout of calcareous dust,
since a direct contribution from limestone formations
seems very unlikely in this region.
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