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Abstract

Elbersen, G.W.W. (1982). Mechanical replacement processes in mobile soft caleic hor-
izons: their role in soil and landscape genmesis im an area near Mérida, Spain. Agrie.
Res, Rep. (Versl. landbouwk. Onderz.) 919, ISBN 90-220-0810-X, (xii) + 208 p.,

47 figs, 16 tables, 204 refs, Eng., Du., Sp. and Fr. summaries.

Also: Doctoral thesis, Wageningen.

A mechanical replacement process is deseribed to explain the way in whieh soft
calcic horizons become 'mobile' and actively pemetrate the soil. This model implies
that the horizons are pedogenetic features which may be very old since they can es-—
cape exposure in a landscape subject to erosion. The lime they contain can be derived
from the weathering strata through which they have passed in the course of time. The
process is initiated by subterranean gilgal formation which introduces soil material
into the lower part of the calcic horizon which subsequently moves this material up-
ward and expels it from the top. The transport process was re~created in the labora-—
tory and monitored by stereo radiography. Its driving force is derived from air en-
closure which occurs upeon wetting of crystalline powdery itime. Field data from the
study area have yielded evidence of the replacement process and indicate the main
controlling factors. Rates of downward movement of the caleic horizons have been cal-
culated to be of the same order of magnitude as representative erosion rates for the
area. Implications of the process for soil science, agriculture, geomorphology and
archeology are briefly treated,

Free descriptors: calcic horizons, caliche, calcrete, soft powdery lime, gilgal, air
enclosure, dating carbomates, ercsion rates, carbonate leaching, petrocalcic hor-
izons, genesis of calcic horlzoms.
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1 Aim and progress of the study

In the M8rida area in S.W. Spain soft calcic horizons of remarkable purity and
thickness occur at different depths in the soil. When near or at the land surface the
upper part of these horizons is hardened forming a so-called petrocalcic herizon.

The soft calcic horizons and the petrocalcic horizons are the main subject of this
study. Several investigations dealing directly or indirectly with these horizons have
been carried out by the Secils Department of the International Tnstitute for Aerial
Survey and Earth Sciences (ITC), of which the author is a staff member.

The following facts established in these studies are impeortant:

- The calcic horizons are particularly well developed on Miocene clays which contain
calcareous layers. They are also found on other materials that do not contain any
lime and do not release lime in large quantities upon weathering either. These in-
clude schist, arkesé and even granite.

- Calcic horizons often contain non-calcareous clay nodules, saprolite fragments and
stones in peculiar distribution patterns.

- The pure calcic horizons are generally characterised by abrupt and smooth upper
boundaries and abrupt and irregular lower boundaries in which stress phenomena occur.

In the study of the calcic horizons, the Soils Department of the ITC considered
the similarity of their characteristics in the different landscapes. This stimulated
efforts to formulate a thecry on the genesis of these herizons which might have val-
idity for all the occurrences. This led initially to a strong inclination towards
geogenetic modes of origin (Jayaraman, 1974; Roy, 1974, Jung, 1974; Rao, 1975). In
the course of the investigaticns, however, a mumber of cbservations were made that
did not tally with this type of origin for the horizons in their present position:

- The lime occurs in the form of horizons parallel to the surface of undulating
landscapes with a clear degradaticnal history.

- Mineralogical similarity between soil horizons over and under the calcic horizon
(Mahmood, 1979) for the schist landscape.

Attempts to explain the apparent mobility of these horizons by a pedogenetic
process of dissolution and recrystallisation (unpublished notes by Knibbe, 1974b)
failed upon testing to account for the presence of these horizons near the surface of
landscapes with a degradational history. The fact that the calcic horizons, if esta-
blished by a pedogenetic process at all, could remain intact at or near the surface
of a soil profile subject to erosion, without becoming subject to this erosion as
well, was not satisfactorily explained. If a process could be found, however, by
means of which the calcic horizons could migrate downwards under the ercding surface



with a velocity sufficient to avoid cxposure, the pedogenetic model would be tenable.
The idea that the clay nedules could be indicative of such a precess initiated the
research for the present study.

Lxperiments werc carried out to study the behaviour of thesc clay nodules and
other objects embedded in a matrix cf soft lime under alternating moist and dry con-
ditions. It turned out that an upward movement of these objects through the soft cal-
cic matrix can be measured under certain conditions.

The combinaticn of this finding with ficld data regarding swell and shrink of
the soil materials at the lower boundary of the calcic horizen in the weathering
zone, led to the description of a mechanical pedogenetic process. This process is
capable of moving the entire soft calcic horizon downward with a speed sufficient to
keep pace with the erosion of the land surface.

The process turned out to be wscful in explaining a nmumber of soil features in
the survey area. llardencd petrocalcic surface horizons, locally encountcred, arc ex-
plained as resulting from failure of the process to match the crosion rates. Analyses
of the rcasons for such failurc help to formulate the conditions governing the activ-
ity of the process.

Since the calcic horizons can accumilate lime gradually while moving downward,
the scarch for their genesis can be narrowed to the scarch for a much thinner 'in-
cipient soft calcic herizon'. The latter horizon is assumed to have formed from se-
condary carbonates that have crystallised in the soil and been transported mechan-
ically downward towards the average groundwater table wherc they have accumulated.

The mechanical replaccment process in seft calcic horizons that lends mobility
to these horizens might have important implications for [iclds in scil science, agri-

cuiture, geomorphology and archcology.




2 Review of calcic horizons

The literature on calcic horizons is extensive since it contains contributions
from many disciplines, the main ones being geolegy, geamorphelogy and scil science.
In the last decade various moncgraphs which deal with this subject have been pub-
lished: Goudie (1973), FAC (1973) and Reeves (1976). It is not the purpose of this
chapter to duplicate these nor to make a complete review of all aspects of calcic
horizons, which would be outside the scope of this study anyway.

The aim here is to present background information needed as a reference in the
discussion of various topics in the following chapters. Thus certain subjects receive
a good deal of attention while others are referred to in a general way only. Termin-

ology is also treated.
2.1 TYPES OF CALCIC HORIZONS AND THEIR NOMENCLATURE

The term 'calcic horizen' as used in this publication is defined in Soil Survey
Staff (1975). Its most important equivalents encountered in the literature are: 'cal-
crete’, 'crofite calcaire' and 'caliche' (Goudie, 1872ab). Aristarain (1971) traced
the origin of the latter term especially in N. and 5. America. He is in favour of re-
defining the term 'caliche', restricting its use to pedogenetic accumulations in the
soil. According to Soil Survey Staff (1975) calcic horizons are horizens of accumu-
lation of calcium carbonate or of calcium- and magnesium-carbonate. The accumulation
may be located in the C horizen or in a variety of other horizons. Minimm require-
ments for thickness and carbonate content are set according to the nature of the
other mineral constituents of the horizon and accerding to the character of the un-
derlying material. For hard calcic horizons the following frem Soil Survey Staff
(1975) applies: 'The petrocalcic horizon is a continuocus, cemented or indurated cal-
cic horizon, that is cemented by calcium carbonate or in scme places by calcium- and
some magnesium-carbonate. The petrocalcic horizon is continuously cemented throughout
the peden to the degree that dry fragments do not slake in water.' Special depth and
carbonate content requirements are set for laminar petrocalcic horizons resting di-
rectly on bedrock. For horizons with carbonate accumulation that do not fulfil the
requirements of either calcic or petrccalcic horizons, the suffix 'ca' will bhe used.

In the horizon nomenclature for soil description, the only way to indicate a
horizon with carbenate accurulation is the suffix 'ca', even when these horizons have
morphologies dominated entirely by this material. In order to express this, Gile et
al. (1965) propose the term 'K horizon'. They set new absolute limits for K1, K2 and




KZ horizons to indicate their degree of development as measured by the percentage of
the so-called K-fabric (K from the German 'Kalk'). The observation that a mere suffix
is insufficicnt to express such a distinct morphology is valid. Tt is felt, however,
that as long that there is no concensus cn the processes that causc the formation of
this fubric, soil science is not in need of morc arbitrary boundaries beyond those
already set by Sail Survey Staff (1975). As such the K horizon terminology will not
be used in this publication. Sce alsc the criticism of Bal {1975b) of the genetic im-
plications of this term.

In this text the nomenclature of the Soil Survey Manual (Soil Survey Staff,
1957) and of the Cuidelines for Soil Description {FAQ, 1967) which has becn derived
from this, are used. Currently drafts are circulating of the 'National Scils [and-
book' which will cventually replace the Soil Survey Manual (Soil Survey Staff, 1951).
In this new handbook the accumulation of carbonates will be indicated by 'k', cemen-
tation by 'm' and a petrocalcic horizon by 'km'. This terminology was first intro-
duced in the Iegend of the Seil Map of the Werld Vol. I (FAQ-UNESCO, 1874) and was
later adapted in the second revised cdition of the Cuidelines for Soil Description.

In the literature on calcic horizons and ca-horizons, mumerous attempts are
found to subdivide the phenomena covered by thesc terms. For a review sec e.g.
Mathien (1974) and Zuidam (1976), The criteria below are used {or subdivision.

a. Measurable characteristics of the horizons proper, i.e. (macro)morphology, car-
bonate contont and hardness: Brown (1956), Durand (1959}, Gile (1961), Wilbert
(1962), Ruellan (1970), Soil Survey Staff (15975), Netterberg (1980).

b. Micromorphclogy: Blokhuis et al. (1968), Brewer (1572), James (1972), Siesscr
(197%), Bal (1975ab).

c. Like a, together with occurrence in the landscape: Dumas (1969), Lattman (1973).
d. Likc a, together with age and/or degrce of development: Gile et al. (1965), Gile
et al. (1866), Netterberg [1969).

e. Like a, together with presumed genesis: Dumas (1909).

Of all thesc subdivisicons those of type a are preferred over <, d, and c. The
reason for this preference lics in the fact that there is no concensus of opinion
about the genesis of the different types. As such age and degrec of development are
arbitrary values. Position in the landscape becomes insignificant il no reliable
genetic conclusions can be drawn from it. Micromorphology is a useful tool for char-
acterisation, if superimpescd upon the types distinguished according to a.

As a good and complete cxample the classification of Rusllan (1970) is given
which takes into account the obscrvations of scveral French earth scientists who
worked in N. Africa. Ruellan's translation of his own classification in FAQ (1873) is
given in Table 1. The following types of this table are of particular interest for
this study and will be described in more detail:

"Concentrations discontinues' (2) are thosc accunulations in which the visible
concentrations of lime arc scparated by zones of lower lime centent. Of these the

'amae friables’ (2Zb) have the following characteristics: These arc spots of lime of




Table 1. Main types of lime accumulations according to Ruellan in: FAD (1973).
The terms written in italics refer to forms of particular interest for the sur-
vey area,

|. Distribution diffuse 1. Diffuse distributiomn
2. Concentrations discontinues 2. Discontinuous concentrations
a. Pseudo-myceliums a. Pseudo-myceliums
b. Amas friables b. Friable accumilations
¢. Nodules c. Nodules
3. Concentraticns continues 3. Continuous concentrations
a. Encroltements non-feuillet@s a. Non-laminated encrustations
al. FEncrolitemente maseifs al. Massive encrustations
a2, Encroldtements nodulaires a2. Nodular encrustations
b. Encroifitements feuilletés b. TLaminated encrustations
bl. Crolites bi. Crusta
b2, Dalles compactes b2, Compact slabs
b3. Encroiitements lamellaires b3. Platy encrustations
{pellicules rubanges) (ribboned pellicule)

variable shape and size and of a whitish colour. Their limits may be clear or dif-
fuse. They are separated by zones of lower lime content. This form is equivalent to
accunulations of soft powdery lime according to Soil Survey Staff (1975) and zones
which show these phenomena generally qualify for calcic horizons. The word 'lime' as
used in this text signifies calcium carbonate with or without magnesium carbonate ad-
mixed; a meaning also implied in the Soil Taxcnomy System (Soil Survey Staff, 1875).
This is contrary to the significance attributed to it in the Glossary of Geology
(American Geological Institute, 1974), which attributes this term to CaO cnly.

Whenever lime in any form is accumulated to such an extent that the criginal
soil colour is obliterated the term 'encroftement' is applied. Lime content mestly
exceeds 60% by weight in these cases. The following foims are important for the pre-
sent study:

The 'encrofitements massife’ (3al). According to Ruellan (1970) these have a
chalky or tuffacecus nature. Their structure is generally massive, but occasionally
polvhedric. Their hardness is variable but generally they are soft. They have a homo-
genecus light colour. According to Soil Survey Staff (1975) these are calcic hor-
izons.

The 'ereodtes’ (3b1) have the following characteristics: According to Ruellan
(1970} they show superpesition of hard but not petrified platy elements which vary in
thickness from a few millimetres te a few centimetres. The lime content of these hor-
izons exceeds 70% by weight. They have a whitish colour. The platy elements are not

continuous, they interweave (anastomose). The internal structure of the elements is




Tab%e 2. The main types of calcic horizons of the survey area according to American
(S0il Survey Staff, 1975) and French (Ruellan, 1970) terminology.

discontinuous

(soft) calcic horizons
////// \\\‘continuous ————— 'encrofitemenlc magsifs’

caleic horizons

\\\\\ #///, laminated ———— 'eroidtes’

petrocalcic horizons

\\\\‘~non—laminated

L sy 20
omes friables’

tdalles compactes’

similar to that of the 'encrofitements massifs'. According to Soil Survey Staff (1975)
they are laminated petrocalcic horizons,

According to Ruellan (1970) the 'dailes corpacies' [3bZ) consist of onc or scv-
eral lime plates which are extremely hard. They can be qualified as petrified. They
arc in general continuous and not vertically interrupted like the constituents of the
other ‘crofites'. Their internal structure is massive and not [inely laminated. Often
finc cavitics which look like shrink cracks are found. The colour is greyish and the
thickness of the individual plates varies from a few om to about 20 cm. The lime con-
tent. of this type of horizon is generally over 70% by weight. In the terminology of
Soil Survey Staff (1975) these are petrocalcic herizons.

For the present study the Soil Survey Staff [1975) nomenclature will be used,
modifying the terms by adjectives where greater detail is required. It is not the
purpose of this publication to propese this terminology as a new system or as an im-
provement of an existing system. The cquivalent terms are given in schematic form in
Table 2.

2.2 MICROMORPHOLOGY

The micromorphelogical literature on calcic horizens can be separated in two
disciplines: micropedology and carbonate petrography. This is a reflection of the na-
turce of the phenomena in calcic horizens: fields of study on the subject may span
both disciplines.

Pedologists study thesc formations in order to decipher their genesis and to
characterisce certain properties important for agricultural use. Petrographers study
both exposed and buried calcic horizons. Their main aim is to defline criteria by
which calcic horizons indicative of sub-acrial diagenesis can be distinguished tfrom
other formations with which they can be confused. Such horizons can serve as uurkers
in stratipraphic columns. The maln source of confusion seems to lic in their similar-

ity to so-called algal marine stromatolites, e.g. Multer & Hoffmeister (1868}, Nagte-




gaal (1969), James (1972).

The foregoing implies that micropedology occupies itself more with the aforemen-
tioned diffuse distributions and discontinuous concentrations (types 1 and 2abc of
Table 1} while carbonate petrology gives more emphasis to the continuous concentra-
tions (3ab of Table 1).

8.2.1 Terminology

The main author in the description of micropedological phenomena is Brewer
(1976) who devised a system which is widely used. He distinguishes varicus levels of
organisation in the soil. His system is strongly morphologic; be introduces criteria
such as chemical composition of the constituents cnly at the lowest levels of his
classification. Lime as a material does not receive special treatment in his system.

If the so-called plasma is almost completely made up of calcite crystals, its
fabric is called by Brewer a (fine or coarce) ecrystic fabric. If, however, large cal-
cite crystals occur embedded in non-calcitic plasma, they are treated as so-called
pedological features and called im#ercalary erystals. The main occurrences of lime in
the scil are classified as pedological features {which may exhibit crystic plasmic
fabrics). The main ones in whichk lime plays a role are: glaebules (e.g. lime con-
creticns); crystallaria {e.g. intercalary crystals); cutans (e.g. calcitans). For de-
finitions of these terms see Brewer (1976).

Several authors have suggested improvements in this terminology which make it
possible to account better for the different forms which are intergrades between
crystic fabrics and intercalary crystals. Bal (1975a), following up a suggestion by
Mulders, introduces a so-called caleic plasmie fabric to account for cases where more
or less isodiametric calcium carbonate crystals are not close enough together tec form
a crystic fabric but do constitute an important part of the total mass. Other authors
like Fedoroff (1975) reject the use of Brewer's system for the description of lime
concentrations in the soil altogether and propose a separate system for carbonates
exclusively.

Carbonate petrologists generally work according to a different system. They de-
fine a number of basic elements, by means of which they define a number of more com-

plex structures. For a review see, for example, Goudie (1975). The three main basic
elements are:

(1) Micrite. Very fine calcium carbonate crystals ranging in size from 1-4 pm. This
size range is given by Goudie (1975) who quotes several authors. According to Bat-
hurst (1971) the term includes both inorganic and biochemical precipitates. Clotted
mierite 1s a fabric made up of discrete aggregated bodies (peloids] composed of mi-
crite (Bathurst, 1971). The French equivalent of this is 'pdte microerystalline
grumeleuse ' which accerding to Durand (1959} makes up the fabric of many hard and

soft calcic horizons in Algeria.




(2) Spar. A nosalc of crystals larger than those of micrite (Bathurst, 1871). Tor
neomorphic crystals he distinguishes ricrospar mainly in the size class 4-10 ym and
pacudospar mainly in the size class 10-50 pm. Other terms [requently encountercd in
the literature refer to specific arrvangements of silt-sized crystals: drusy spor im-
plies spar lining a cavity, vwhile “louersnar is applicd to relatively elongated

{bladed) crystals that occur in bunches at regular intervals.

(&) Weedle fibres. Thin elongated calcite crystals with a diameter of up to 5 um
which have mainly grown aleng one axis, ranging in size from 10-300 um are reported
by James (1972) for calcarcous crusts. lle distinguishes furthermorc between long ran-
domly ovientoted weedle jibres which may form felt-like mats and the shorter tangen—

tially orientated needle [Ybres which often coat particles.

Folk (1965) developed a code system for methodical description of diapenctic
calcite by means of four-component symbols in which the following characteristics arc
represented: mode of formation, gross shape of the crystals, crystal size and rela-
tion of the crystals to their surrounding {foundation). lis shape classes are:
equani, [or calclte crystals that have length/width ratios of less than 1}:1; Ligded,
idem for ratios between 11:1 and 6:1; Abrous, idem for ratios greater than 6:1.

OF the more complex structures that can be definad by means of the aforemention-

ed basic clements, the two described below are important in calclc horizons.

(1) laminar structures. These structures are common especially in petrocalcic hor-
izons. The top is often crowned by a platy encrustation which Malter & IHoffmeister
(1968} classify on the basis of micromorphology. For cualcic horizons in Florida, they
distinguish three types. The crusts which occur in the upper part of calcic horizons,
decreasing in number and hardness with depth, have laminar structures which are do-
scribed by James (1572). They are made up of mmerous alternating light and dark
laminae which consist alternatingly of micrite and needle fibres oriented parallel to
the layering. Bands ol drusy spar, denscly packed concentric particles, peloids,
flowerspar and clear spar may also be included. James obscrves that thin crusts may

merge with concentric purticle coatings.

(2} Concenivis striemres, These structures are mainly found in the hardened purts
of the calcic horicons. They have heen extensively studicd since they can be casily
confuscd with marine odids formed in turbulent watcrs. The concentric structurcs con-
gist of several bands of micrite or of micrite and tangentially oricented necdlc
fibres. Their nucleus may be a nen~calcarecous grain, a fragment of a lossil, plain
micrite, or combinations of these. Apart from what is stated in the foregoing para-
egraph about the continuity of laminar and concentric Ceatires, scveral authors offer
additional proof of the formation in the soil of these structures inciuding Bretz &
liovberg, 1945; James, 1972; Siesscr, 1975; and Hay & Wiggins, 1980, This subject is
further discussed in Section 4.53.5.1. These structures are named diegenetic odids and
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intraclasts by Siesser (1973) and spherulites by Nagtegaal (1969). This latter term
does not have the same significance as Brewer (1964) attaches to it. He describes

spherulites as crystallaria in which acicular crystals radiate from a centre.

Features commonly described in calcic horizons of all types are so-called float-
ing graine of non-calcitic material (clasts), e.g. Dapples (1971}, Gardner (1972) and
Goudie (1975). Many of these are often corroded as mentioned by Degens & Rutte (1960}
and Nagtegaal (1969). More details about this process are given in Sectien 2.2.2 and
Section 6.6.2. Gile et al. (1965} consider the phenomenon of {loating grains, which
implies that lime forms a continuous phase, the main argument for the recognition of
the K-fabric. Pressure exerted by the growth of the calcite crystals is the main pro-
cess mentioned as the cause of this isolation of skeleton grains. This is discussed
in more detail in Section 6.6.3.

2.2.%2 Processes and genetic concepts

The following processes are evident from the micromorphology of calcic horizons:

(1) Crystailisation. This implies the formation of calcite crystals from a soluticn.
Severai factors influence shape and size of the resultant crystals.

- Speed of formation (Bathurst, 1971). The slower the formaticn, the larger the
crystals formed. Bal {1975b) observes in this respect that large crystals form slowly
in tubular voids in soils with a stable pH, while fine crystals are formed rapidly in
soils with large pH differences within the profiie, when the scluticn percolating
from the acid upper part towards the alkaline lower part becomes supersaturated.

- Presence of fine particles that act as nucleation points is a factor mentioned by
Wieder & Yaalon (1974). For example, the more clay particles there are, the more mi-
crite will be formed. Larger crystals will form only if silicate clay particles are
absent,

- Degrec of supersaturaticn of the soluticn influences not only the size of the
crystals because of its influence on the speed of fermation, but according te Buckley
(1951) also the form of the crystals. Elongated needle fibres, also known as 'whisker
crystals', are formed from highly supersaturated solutions only. Presence of certain
ions may also enhance the clongated character.

As well as crystallisation of calcite from soiutions entering the profile,
transformaticn of calcite crystals from one type to ancther occurs. A so-called ag-
grading form is the recrystallisation of micrite to microspar. Degrading forms are
those in which a sparry fabric is transformed into micrite. James (1972) calls the

latter process 'micritisation’.

{2} Brecciatton. Brecciation phenomena are observable in calcic horizons on macro-,

meso- and microscale. They occur in parent materials, non-calcitic inclusions and



neoformaticns in the horizon (Bretz & llorberg, 1949; Blank & Tynes, 1965; Dapples,
1971; and James, 1972}, James applies the term ‘expleded jigsaw puzzle' to character-
ise the microstructures present in calcic horizens. Some of the brecciated structures
on a macrescale may be due to mechanical break up of cxposed petrocalcic horizons
foliowed by recementation. The main causal factor in this process, however, seem to

be forces related to the crystallisation. See further Section 6.6.3.

(3} Dissolution of caleitic components. Dissolution of calcitic components is evi-
dent on the surface of many cxposed calcic horizons. Karst phencmena such as pipes
are reported, e.g. by Bretz & lorberg (19489) and Gile et al. (1966) for New Mexico,
USA and by Goudie (1975) for severul regions. Dissolution well within the horizons

may also occur; this is discusscd in Section 6.5.4.

(4} Dissoiubtion of non—caleitic components. Corrosion of mineral grains as mentioned
in the previous section in relaticn to the floating grains is presumed to be due to
the high pll which can exist locally and temporarily in calcic horizons (Multer &
Hoffmeister, 1908; Recves, 1970). Substitution of quartz by lime is menticned by
Degens & Rutte (1960}, Watts (1980) mentions the inverse solubility relationship be-
tween silica and calcite at high pH which favours calcite precipitation and silica
solution. Nahon & Ruellan (1975) and Miilot et al. (1977} describe Isovolumetric sub-
stitution of a varisty of materials by lime, which they call '@pigénie'. More details
are given in Section 6.6.2. Reprecipitated products of the solution of silicates in
the form of opal and chalcedeny are comenly found in well develeped petrccalcic hor-

izons; for example, Reeves (1970} mentions thelr presence in '‘mature caliche'.

(8} Brological processes. Knox (1977), Rahle {1977) and llarris et ai. (1579} de-
scribe boring of calcic herizons by the acticn of fungi, blue green algae or root-
hairs of higher plants. Mumerous ramilying tubes are described by James (1972) as
evidence of boring by blue green algae in the upper part of petrocalcic horizens
(Section 4.5.3.1). Truc (1975) stresses the role of micro-organisms in 'biccorrosion'
and 'biosynthesis' of calcite in calcic horizons. Adolphe ([1975) claims that certain
types of lime concreticns in the soil are formed by the action of micro-organisms.

Recognition of the original or primary minerals of a parent material and of the
secondary products into which they are transformed is an important (ield of study in
micropedology. Calcite is considered to be a very unstable mineral both in primary
and in sccondary {orm. Distinction between primary and secondary calcite on the basis
of the observation of single isclated crystals is only rarely possible. For example,
Schgal & Stoops (1972) distinguish primary calcite grains in an acolian sediment on
the basis of rounding of the crystal grains.

Conclusions on the genesis of calcite crystuls arc mostly drawn on the basis of
their occcurrence in pedological features which may cither be formed in situ or in-

herited from parent rock, parent material or from other soils. Wieder & Yaalon (1974)
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distinguish three types of carbonate nodules: COrthic nodules are formed in situ, théy
have skeleton grains and fabric similar to the surrounding soil matrix and they have
a gradual transition towards it. Digorthic nodules have been formed in the soil but
have been subjected to some pedoturbation. They have skeleton grains and a fabric re-
sembling the surrounding matrix but they have sharp boundaries. Allothic nodules are
those that have been transported towards the site they presently occupy in the soil.
They have a matrix which differs in composition from that of the scil in which they
are incorporated. Blokhuis et al. (1968) described various forms of pedogenetic car-
bonate in Vertisols of the Sudan. They conclude that in general soft powdery types
such as diffuse ncdules and channel neocalcitans are in situ formations while the
various hard and discrete types do not occupy the position in which they were formed.
Many concretions show features like mangans which they have acquired in the zone be-
low the present churning activity. This churning process is supposed to have brought
them upward towards the pesition which they presently cccupy.

Some authors claim that the progression in the development of calcic horizons
is evident in a specific succession of forms of carbonate (Gile et al., 1965; Brewer,
1972; Sehgal & Stoops, 1972). They clzim that the general tendency is an increase of
crystal size with age. Wieder & Yaalon (1974) do not agree with this. In their
opinion crystal size is mainly dependent on the presence or absence of fine silicate
clay particles that act as nucleation points, as explained in the beginning of this
section.

2.3 TYPICAL HORIZON SEQUENCES

If all four main types of calcic horizons of Table Z occur together in a soil
profile, their normal sequence is the following:
1. thin discentinuous soil cover; A or Aca’

2. nen-laminated petrocalcic horizon,
3. Jlaminated petrocalcic horizon,

4. continuous soft calcic horizen,

5. discontinuous soft calcic horizon,
6. C horizon or Cea horizon.

Horizon sequences which cover only part of this normal one are commonly found to
occur, except for the following: The A or Aca horizon which is thin and discontinuous
when overlying a petrocalcic horizen, is norvmally thick and continucus when cverlying
a soft calcic herizon. Petreocalcic horizons not overlying soft calcic horizons nor-

mally rest on consclidated bedrock (R) instead of on a C horizon. Frequently occurs,

e.g.
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This last case is thought to be rarc (Ruellan, 19870]).

The horizen transitions are governed by rules (Ruellan, 1970}, which can be sum-
marised as [ollows: "when ir o profile the lime contend inervecses wizh depth, the
boundaries ars abrupt or clear. Fhen in a profile the iime conlent decreance with
depth, the boundaries are novmally gradiual or @if[wse. ' The richer in lime the next
horizon, the morc abrupt the transition. According to the last rule, the discontinu-
ous soft calcic heorizon {5) may have a gradual upper boundary, in the scquence 1/5/6.
In the case of polygenetic profiles which show two or more cycles of lime accunula-
tion superimposed, these rules do not apply in the contact zone of two calcic hor-
izons. The topography of the horizon houndaries is mostly smooth with the exception
of the transition of the continuous towards the discontinuous soft calcic horizon,
tiere we find irregular horizon boundarics (Wilhert, 1962; Tamas, 1969}, In the pro-
{ilc descriptions of Chapter 4 this transition zone is referred to as the 'striped

zaone ',
2.4 OQCCURRENCE ACCORDING TO CLIMATIC ZONES

According to Recves (19707, well developed calcic herizons do not form in arid
cor in humid climates. In arid climates rainfall is apparently insufficient to allow
for substantial accumulations of lime, while in Immmid climates the leaching is con-
sidered to bc too strong, Blatt et al. (1972} statc that in the USA 'caliche' occurs
west of the line of 635 mm ycarly precipitation in areas where the average vearly
temperature is higher than 4.4 °c. Summarising it may be stated that caleic horizons
occur where leaching is sufficient to wash lime into, but net out of, the soil,

Apart From precipitation, all other factors determining the drainage condition
of the soil play a role. Lime content of the material on which the calcic horizon is
developed is another influencing factor: Strongly calcarcous materiols may carry cal-
cic horizons even in rather humid climates, Mediterranean climates, with most of the
precipitation concentrated in the cool scason, scem particularly likely to develop
calcic horizons ¢ven where the rainfull is rather low.

Since petrocalcic horizons are very resistunt to evosion, relicts of fossil cal-
cic horizons can maintain themselves for long periods after climatic changes have oc-
curred. This applies particularly to major descrt arcas which are now too arid f{or
the formation of calcic horizons but which hine experienced moister climates during
the Pleistocene (Ruellan, 1968; Reeves, 1970).

The aforementioned factors make it difficult to cstablish a very specific cli-




matic zone in which calcic horizons do occur. In general it can be stated that the
zone in which they are encountered varies from arid to sub-humid. The major zone in
which they still seem to be actively formed is semi-arid (Dumas, 1969; Franz & Franz,
1969). Ruellan (1968} states that calcic horizons have a tendency to become thinner
and closer to the surface if cne moves from areas with a precipitation range of 500-
700 mm/yr towards drier zones. If the rainfall diminishes to 200 mm/yr they tend to
disappear altogether. Thick soft calcic horizons are more common in the moister cli-
matic range, while the occurrence of petrocalcic horizons increases progressively to-
wards the drier areas. Tropical climates with poorly distributed precipitaticn up to
1500 mm/yr show calcic horizons on limestone (Florida: Multer & Hoffmeister, 1968;
Barbados: James, 1972}. Discontinuous soft calcic horizons are described as forming
under 1400 mm/yr precipitation on calcareous metamorphic rocks in Senegal by Leprun
& Blot (1978).

For details on the geographic distribution of calcic horizens see Goudie (1973),
FAQ (1573) and Reeves (1976).

2.5 GENESIS

Calcium is the seventh most abundant element of the earth's crust and hydro-
sphere {Delwiche, 1975). As such CaC0; is a constituent of many rocks. In many other
cases in which it is not a constituent, calcium carbonate is formed in the weathering
zone upon liberation of Ca-ions from minerals such as anorthite, titanite and augite.
It is also found as a result of the reduction of gypsum by bacterial action. Notwith-
standing these facts, the relation between calcic horizens and the materials upon
which or within which they are enccuntered, is not always properly described by the
term 'parent material' as will be illustrated in the following paragraphs.

Many authors, e.g. Mathisu (1975) and Vaudour & Clauzon (1976} put the question:
'Are calcic horizons deposits or soil horizons?!' Either they ask this question in
the context of calcic horizens in general, or for calcic horizons of a specific re-
gion or location. The fact that they dc not agree on the main precess could mean that
indeed several basically different processes are to be held responsible for their
formation, ecach under its own specific condition. It seems highly improbable, how-
ever, that formaticns which are sc widespread in a certain climatic zcne, covering
such a wide range of materials and landscapes and showing so many striking similar-
ities, would not generally have one main process in their genesis in common. It is
certain that several different processes have affected the calcic horizons during
their genesis and that several of them may still be active concurrently at this time.
It must be stressed, however, that most of these processes are mere modifiers of the
calcic horizon and not causal.

Tt is not uncomon to find in the literature cases where two entirely different

modes of origin are postulated for two different types of calcic horizons overlying
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each other in a sequence that is representative of a large area {c.g. Durand, 1958
and Raynal & Gaucher quoted by Mathicu, 1975). It seems meore logical to pestulate in
such instances a common origin for both and to hold a medifying process responsible
for their later differentiation. Stable isotope analyses have provided evidence link-
ing petrocalcic horizons with the underlying soft calcic horizons in several cases
(Salomons et al., 1878).

In the literature there is little concensus about the main process. For a review
of the different modes of origin postulated see e.g. Durand (1959), Mathieu (1875)
and Zuidam (1976].

The main problem seems to lie in the origin of the often quite large quantities
of lime. In most cases they are too large tc be accounted for by simple icaching from
the present surface scil. Ancther problem lies in the placement of pure or almost
pure lime horizons within the soil leading to the question: 'What happcned to the
soil material that formerly occupied the space now token up by the caicic horizen?'

Some authors are inclined on the basis of these two problems to answer Mathieu's
guesticn by stating that calcic horizons are deposits. In this way neither the quan-
tity of the lime nor its placement in the soil become controversial issues, and argu-
ments about the source of the lime and the replacement processes of the soil material
are avoided. They are confronted, however, by the proponents of pedogenetic theorics
with a number of arguments in favour of this mode of {ommation which are difficult to
counter. The main arguments for a pedogenetic origin of calcic horizons in general,
apart from their occurrence in specific climatic zones, can be sumarised from Bretz
& Horberg (1949}, Gile et al. (1965), Ruellan (1970) and Gardner (1972) as follows:

- They are parallel to the topography of the surface.

- They have a distinctive morphclogy and are laterally continuous.

- They occur in materials of various compositions and texturcs.

- They form a developmental sequence.

- They often show lime accumilations under stones and other objects.

- The fact that there are gradual lateral transitions between the various types of
calcic horizens is a streng indication that they have important processcs in their
genesis in common.

A factor that adds to the confusion of the discussion is that most authors fail
to mention whether they consider the calcic horizons which they study as static fea-
tures formed in the position which they presently occcupy, or as dynamnic features ca-
pable of transforming themseives from one form into another and of migrating down-
wards in a downwearing landscape, adapting themselves in the process to the relief
forms as they are shaped. This aspect will be dealt with in Chapter o,

All the authors adhering to the geogenetic mode of origin apparently adhere
rigidly to the static concept from which in Fact they derive their main argument.
Most proponents of a pedopenetic mode seem to do so too. Only in some of the pedo-
genetic concepts is the dynamic character of the calcic horizon bmplied: Price ({1933)

as quoted by Goudie (19753} develops the concept that gradual leaching lowers the zone
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of accumnulation while erosion lowers the top of the soil. Bretz & Horberg (1949) have
very similar concepts. Sabelberg & Rohdenburg (1975) consider most calcic horizons to
have been formed in the soil and exposed by subsequent erosion of the material from
which the lime originated. Ruellan et al. (1977) imply a dynamic model for landscapes
in which a calcic horizon replaces underlying materials (€pigénie).

Some authors prefer combinations of the aforementioned genetic options. In the
following sections a review will be given of the different modes of origin postulated.
In many cases the authors restrict themselves to proving by negative demonstration
that their hypothesis is the only one tenable by trying to eliminate systematically
all other possibilities.

2.5.1 Geogenetic modes of formation

Some authors claim a geogenetic formation for certain specific occurrences of
calcic horizons. Others are in favour of a more generalised application of this con-
cept.

Durand (1959) is a proponent of geogenetic origins for calcic horizons. He
claims that calcareous lacustrine deposits are a general phenomenon in Algeria. He
bases this mainly on detailed study of mineralogy and gramulometry of non-calcitic
grains contained in soft calcic horizons, which often show matked differences in
these aspects with the horizons over- and underlying the calcic horizens. He con-
siders the calcic horizons mainly as chemical deposits in lakes and invokes Ehrart's
theory of bicrhexistasie, to explain the typical sequences of petrocalcic and soft
calcic horizons in red Mediterranean soils. In some of the calcic horizons he reports
fossile snail shells. With the exception of one case, in which the species found near
a spring was indicative of a swampy environment, he does not identify the species of
the snails. Many completely sterile soft calcic horizons are pronounced lacustrine,
even if they show a marked relationship with the present day topography. For some
forms of calcic horizens on slopes he favours deposition from running waters. Not all
authers consider the presence of snail shells in calcic herizons to be proof of la-
custrine origin. Archer & Mickel (1973) describe the presence of gastropods in dambo
calcrete in Zambia. They reject a lacustrine origin for these calcretes, however,
since at least one of the species of snails was found to be of terrestrial origin.

A number of authors apply concepts similar to those of Durand to a variety of
occurrences of 'croiites calcaires' in the Mediterranean envirorment. They propose la-
custrine, palustrine-lacustrine or other sedimentary modes of origin mostly related
to changes in the sedimentary cycles. They often menticn the presence of snail frag-
ments, without identifying the species in order to back up their claim of a genesis
under wet circumstances:

Wilbert (1962) advocates a lacustrine origin for soft calcic horizons in level
positicns. For soft calcic horizons in non-level positions he advocates depesition in
river courses. He states that the cbserved poor crystallinity of the lime contained
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in these horizons is preef of their genesis under wet circumstances. Noureddine
(1979) describes guaternary calcarcous muds deposited in basins in the Bega'a valley
in Lebanon. Vogt (1979) describes 'crofites calcaires' which are in her opinion sedi-
ments of the same type as valley bottom travertines, [or three quatcernary river val-
leys in Mediterrancan France. Ballais & Vopt (1979) describe scdimentation ol lime in
swampy environments as the mode of origin of ‘'crofites calcaires' of some quaternary
picdmonts in Algeria. These horizons are [ound on slopes of 2-3 § which the authors
attribute to tectonic movements postdating their deposition. Tihay & Vogt (1979) de-
scribe 'crofites calcaires' from two cld-quaternary glacis in Algeria as calcareous

swamp deposits.
£.5.8 Fedozeretic modes o formation

Leaving apart for the mement the problem of the replaccment of the soll wmaterial
by lime which is dealt with in Section 6.6, the pedogenetic medes of origin can be
subdivided according to scurce and mode of transport of the lime. The question of
whether the calcic horizons are considered to be dynamic or static cannet be avoided
in this discussicn. Cases could exist in which no mode of transport of lime towards
the calcic horizon need be envisaged since the dynamic horizon can be assumed to be
moving towards the lime and not vice versa.

Mode of transport and source are not independent factors since the assumption of
a source implies the assumpticn of a mode of transport in accordance with the pos-
ition of that source in relation to the positicn of the calcic horicon.

The [ellowing sources arc frequently assumed in the literature: horizons over-
lying the calcic horizen which are recipicnts of lime contained in aeclian materials
deposited on the surface; horizons and/or strata underlying the calcic horizon; ma-
terials at the surface located upslope {rom the point where the calcic horizen is
located.

As mode of transport (rom the aforcmentioned sources towards the calcic horizon,
most authors assume water as the apent that carries the lime in dissclved form as bi-
carbonate. The solutions can move downward, upward or in a lateral sensc. Alternative
modes of transport for lime are illuviation of carbonate particles (Cile, 1877} and
diffusion. The latter mode of transport is treated by Recves (197¢) who concludes
that it is probably not an important factor in the formation of 'caliche'. Bertouille
(1976) mentions transport of colloidal CaCO3 particles duc to thermophoresis. Such
colloids can form by precipitation from a bicarbonate solutien. The transpert pro-
ceeds from colder towards warmer zoncs.

The mest common combinations of source and mode of transport, encountered in the
literaturc, are discussed in the following sections, together with the option in
which no transport has to be assumed since the calcic horizon moves towards the

source of the lime.




2.5.2.1 Downward movement from a surface soil that contains lime and/or receives
lime from aeolian additions

If the amounts of lime accumilated in soils are relatively minor they can be as-
sumed to have been leached from the horizons presently overlying the accumilation
zone. This is illustrated by computations of Jermy & Leonard (1939), as quoted by
Reeves (1976), who established a relationship between precipitation and depth of car-
bonate horizons in scils of Kansas and Colorado (USA). Arkley (1963) improved upon
Jenny's technique by taking into account excess of precipitation gver evapotranspi-
ration and waterholding capacity of the soil in order to find the mean depth of
leaching. He established a good correlation between this latter value and the depth
of the carbonate horizons for scils from California and Nevada (USA). All these re-
lationships hold true, however, for relatively young soils only. When applied to
older soils with thicker carbonate accumulations, complications arise due, for ex-
ample, to the influence of the carbonate on the permeability of the horizen and lack
of data about the climate of the past. In those soils, moreover the amcunt of calcite
acamulated is so large that one cannot assume it to have been provided solely by the
soil materials presently overlying the calcic horizen. In order to account for the
discrepancy between the amount of lime and the thickness of the overlying horizen in
such cases, many authors assume that aeclian additions to the surface soil have taken
place. The magnitude of aeolian additions to soils, especially for areas bordering
great deserts, is well documented both for the present and past. Lime cften makes up
an important part of these materials. The following authors are guoted: Buringh
{1960) for Irag, Yaalon & Ganor (1973) about acolian dust and lime in general, Sidhu
{1977} for India and Maclecd (1980) for Greece.

The following authors are quoted as being in favour of downward leaching of lime
towards the calcic horizen. Many assume aeolian aggradations to the surface soil.

Gile et al. (7966) postulate for New Mexico (USA)} the formaticn of an imper-
meable zone at the depth of frequent wetting by unsaturated flow. The lime so de-
posited 'plugs' the horizon and causes the formation of a zone where percolating
water accumulates. Evaporation of this water leads to the formation of a hard lami-
nated crust. This foermation will grow upwards, in the process gradually lifting the
overlying soil.

Lattman (1973) discusses cases from Nevada (USA). He favours a pedogenetic ori-
gin and indicates carbonaceous windblown sand and siit, deposited on the top of the
profile, as the main source of lime. For fans built of 'non-carbonate detritus' he
finds the strongest cementation downwind of playas, high in carbonates. In a later
article (Lattman & Lauffenburger, 1974) he suggests that areas downwind of major out-
crops of gypsiferous rocks also carry thick caliche. In his opinicn gypsum can be re-
duced in the soil by bacteria which leads ultimately to its transformation to CaC0,
incorporating CO2 from the scil and liberating H,S.

According to Reeves (1970) who discusses caliche from Texas and New Mexico
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(USA), scft calcic horizons form where solubles from the upper zone are carried down-
ward and precipitated, when soil moisture is removed by evapotranspiration. He admits
that some capillary rise may contribute in this stage too. Induration will take place
very slowly, due to the gradual increase in lime content. Rapid induration will re-
sult if the soft calcic horizon looses most or all of its soil cover. Cnce the her-
izen becomes 'plugged’, the process mentioned by Gile et al. (1966) will take over.

Brown (1956} considers the worldwide presence of a zone of calcium carbonate en-
richment at the basc of pedecal soils, as strong evidence that Cca horizons and
'caliche' are genetically related. In the Llano Estacado, Texas (USA) he finds a per-
fect gradation in undisturbed sections from nen-calcareous or very slightly cal-
careous topscil, down into the 'caliche'. This he rcgards as strong proof that the
whole 'caliche complex' is the result of identical or very nearly identical processes.
lle postulates an aeolian aggradation of lime-containing materials as having provided
the lime. He bases this largely on proof by negative demonstration, invoking the fact
that the rocks on which the caliche has been found to rest vary from Cretaceous lime-
stones to non-calcareous sandstones.

Gardner (1972) studied a similar case from Nevada (USA) and reached a comparable
cenclusion. He calculated the age of a thick calcic horizom, taking into account the
lime contained in airborne dust and rainwater.

Blimel (1978) assumes aeolian additions to the surface soil as one of the
sources of the lime for cases in S.W. Africa and Spain, in which calcic horizons

overlie materials out of which hardly any lime can be liberated by weathering.

2.5,2.2 Upward transport of lime by scluticns ascending towards the accumulation

Zone

A common mechanism of transport envisaged is capillary rise. Other options are a
fluctuating groundwater table and the pumping action of the vegetation. Many authors
indicate that capillary rise of lime would imply transport of all kinds of soluble
salts alsc. This would cause salinisation and alkalinisation of the profile. Lack of
evidence of these processes is used as an argument against this mode of formation.
The following quotes f{rom the literaturc are of interest.

Goudie (1873) computed that 1 m of calcrete could be formed in 3600 years if 240
cm of water evaperated annually, derived by capillary rise from a groundwater that
contains 150 g/m3 carbonate.

Netterberg (1869) described the zones of lime cemented gravels and sands, over
9 m thick, of the Vaal river in S. Africa. He considers their thickness toc great to
assune pedogenesis in the strict scnse of the word. The lime was deposited, in his
opinion, by a fluctuating but steadily dropping water table, under semi-arid con-
ditions.

Mathieu (1974) quotes a remark by Yankovitch who puts forward that lime which is
dissolved by rainwater deeper in the profile will be left behind at a shallower depth
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after the water has been drawn up by the vegetation.
Boulaine (1966) invokes the role of the vegetation in bringing dissolved lime up
towards the accumulation zone. He cites calcified roots as proof of this.

2.5.2.3 Lateral transport of lime formed or liberated from source materials located

upslope from the point of accumulation

This refers to transport of lime mainly in the form ¢f & solution over and under
the soil surface and occasionally in the form of a suspension over the soil surface.
The following literature quotes are of interest for this mode of formation.

Ruellan (7568) finds no relationship between thickness and lime concent of cal-
cic horizons and those of the overlying horizens in soils from Morocco. For cases
where calcic horizens are found on materials that do not contain lime and do not lib-
erate calcium upon weathering, he concludes that lime must have been transported lat-
erally from sources available upslope. He tested this relationship and found it valid
over distances of several kilometres in the more arid areas but over tens of metres
only in sub-humid areas.

Cumas (1969) presumes that the lime which constitutes the upper horizon of a se-
quence of petrocalcic and soft calcic horizons in S.E. Spain cannot be derived by
leaching of the overlying scil. Neither does he find evidence of transpert upwards of
lime from the lower horizons. This leads him to the cenclusion that lateral transport
of lime through the overlying scil has provided the material fer the petrocalcic hor-
izon.

Gigout (1960) considers lateral transport of lime as one of the sources for cal-
cic horizons in N. Africa.

Wilbert (1962) describes laminated petrocalcic horizons from Morocco as surface
formations. He presumes surface flow of waters charged with lime to be the source of
this formation. He admits that in the case of laminated petrocalcic horizons overly-
ing soft calcic horizons, the source of the lime may have been the soft calcic hor-
izons.

For lime in calcic horizons of S.W. Africa and $.E. Spain which overly non-
calcic materials, Blimel (1979) takes various sources into account. He mentions lat-
eral surface transport of lime derived from carbonaceous rocks upslepe, both in sus-
pension and in solution. Plugging of the soil due to infiltrating lime would render
the profile impermeable and aid in provoking more runoff c¢.q. lateral lime transport.

2.5.2.4 Liberation or formation of lime from a parent material in the weathering

zone directly underlying the calcic horizon
As mentioned before, this mode of formation envisages no transport towards the

calcic horizon as it is assumed that this horizon moves downward with the weathering

front into the parent material. Tt is discussed in detail in Chapter 6. This mode of
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formation is supposed to be accompanicd by removal of the weathering products {rom

the surface synchronous with the downward movement of calcic horizons and weathering
{ront. As such it is mostly referred to in the literature as a depradaticnal mode of
formation. The follewing quotes from the literature arc of interest in this context.

Lattman (1973) faveurs for S. Nevada {(USA) the hypothesis of carbonaceous
acolian matcrial as the main scurce of carbonate, as mentioned in Section 2.5.2.7. He
reports, however, 'The extent and development of cementation are greatest on fans
composed of carbonate and basic ignecus rock detritus, less on fans built of silici-
ous sedimentary detritus, and least on fans composed ol acid igncous rock material'.
In comparing the calcium content of weathered and wweathered local andesite, he did
net find a significant difference, which led him to reject the hypothesis that the
rock material is the source for the lime. He admits, however, that the rclation be-
tween rock type and degree of development of the calcic horizon is not properly un-
derstood.

For Morocco, Wilbert (19062) and Rucllan (1970) report calcic horizeons on rocks
that do not contain lime but do contain calcium, c.g. basalts and also certain gran-
ites. Boulet & Paquet (1972) rcport similarly on a 'granito-gneiss i amphibole' which
forms the parent material [or Vertisols with calcareous nodules in Haute Volta.

Gardner (1972) treats 'caliche' {rom Nevada (USA) developed in an almost carbon-
ate-[ree alluvial sand. e calculates that 36.5 m of this material is equivalent in
lime content to the lime contained in the caliche. Had this same amount of limec been
derived from calcium liberated on weathering, over 90 m of material would have been
nceded. lic discards the hypothesis that the sand is the parent mateyial, however,
since the residue of this weathering is not present and no explanation for its uni-
form removal can be given.

For a case In N. Africa, Gigout (1900) shows that calcic horizons can develop
due to the weathering ol calcarcous sandstones. The process may {irst Icad to an en-
richment in lime and secondly to induration of this lime. In certain cases g hard
crust is fomed dircctly upon the weathering rock.

Blank & Tymes (1865) report the formation of solt powdery lime, by in situ
weathering of limestone in Texas (USA). They tried unsuccessiully to simulate the
precess, which they call "chalkification', in the laboratory. They report that the
soft powdery lime is not brought in from overlying soil or rocks by migrating water,
but is due to in situ disselution and reprecipitation, which transforms coarse cal-
cite inte microcrystalline calcium carbonate,

James (1972) reports the same [or sub-aerial weathering of limestones on Bar-
bados. Important evidence which he notes is the presence of fossils, also contained

in the limestone rock, within the soft lime layer.
Soa.3 Concinstions

1. The rclationship between calcic horizons and the materials within which or on top
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