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The microfacies of Pleistocene calcareous crust in Tunisia revealed the presence of diverse aspects of
acicular crystallizations in a porous system. These crystallizations are in the shape of branched Blaments,
mono or polycrystalline rods which are either smooth or serrated (calcite), and serrated edge needle
(calcium oxalate). The genesis of these acicular structures seems to be directly or indirectly linked to the
organic activity. In fact, the facies are tied to the biological activity or biochemical interactions, which
occur between living organisms and the mineral (calcite), triggering a succession of precipitation and
dissolution reactions. These reactions, which are characteristic of vadose environments, have actively
contributed to the endurance of calcareous crusts due to premature or delayed diagenesis. The acicular
calcite, found in the Tunisian Pleistocene calcretes, reCects regional climates that inCuence the form and
mineralogy of needle Bber calcite.
Keywords. Acicular calcite; calcareous crust; organic activity; climates.

1. Introduction
Acicular calcite or needle-Bbers calcite occur as
secondary calcite accumulations in the most recent
calcareous surface soils and paleosols. Calcareous
accumulations, which prevail in arid and semi-arid
climates, are characterized by their lateral and
vertical sequential organization often seen as friable conglomerates, nodules, crusts, compact slabs
and laminar calcrete. This sequence is referred as
’calcareous crust’ (Ruellan 1971). Many studies
which are devoted to the investigation of calcareous crusts associated with Quaternary strata have
focused on their classiBcation (Netterberg 1980;
Netterberg and Caiger 1983; Wright 1990); morphological development (Gile et al. 1966; Esteban
and Klappa 1983); mineralogy (Watts 1980); diagenetic fabrics (James 1972; Braithwaite 1975;

Alonso-Zarza and Jones 2007; Zhou and Chafetz
2009); geochemistry (Talma and Netterberg 1983;
Cerling 1984; Cerling and Hay 1986); and genetic
development (Gile 1961; James 1972; Harrison
1977; Arakel 1982; Coniglio and Harrison 1983;
Wright et al. 1988; Wright and Tucker 1991).
Processes responsible for the development of
calcareous crusts (Wright and Tucker 1991; AlonsoZarza 2003; Achyuthan et al. 2007, 2010; AlonsoZarza and Wright 2010) are diverse namely:
biogenic constituents or beta-type fabric and abiogenic constituents or alpha-type fabric (Wright
1990). Biogenic constituent’s calcrete is similar to
carbonate accumulation horizon soil and termed as
BK horizon by Gile et al. (1966) or petroclastic
horizon in soil survey. Acicular calcite or needle
Bber calcite (NFC) is common in vadose environment (Gocke et al. 2012; Milli
ere et al. 2019), and it
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is reported in the calcarenite, calcareous crusts
(Stoops 1976; Callot et al. 1985a), paleosols and
coastal eolianite carbonate (James 1972; Bajn
oczi
and Kov
acs-Kis 2006; Barta 2011; Milli
ere et al.
2011; Barta 2014). The origin of needle Bber calcite
has been subjected to contentious debates. The
origin is attributed to inorganic (Villagran and
Poch 2014), indirect biological (Jones and Peng
2014), and direct biological origin (Bindschelder
et al. 2014).
Despite the diversity of its geographic and geologic settings, NFC is remarkable in its morphological consistency, based on which Verrecchia and
Verrecchia (1994) classiBed it as (1) monocrystalline rods and (2) polycrystalline chains. The
monocrystalline rods are commonly composite,
formed of two or more merged rod-like crystals
(composite Bber), whereas the polycrystalline Bbers
appear to be formed of en echelon stacked crystals
(Jones and Kahle 1993). In view of this, the objectives of this study are to: (1) investigate the presence of acicular calcite in the Tunisian Pleistocene
calcretes; (2) review the different acicular calcite
forms and their genesis; (3) interpret their origin
and role in crusts lithogenesis in supergene and in
semi-arid environments.

2. Geology of the study area
The investigated acicular calcite or needle Bber
calcite (NFC) occurs in the Quaternary calcretes of
different regions in the northern, central and
southern Tunisia. In the Northern Tunisia area,
needle Bber calcite is studied in glacis margin
deposits (Bgure 1B) in the western foothills of
Bargou mountain (Tunisian Ridge). The morphology and the lithic industry indicate the archaic
Acheulean (Regaya et al. 2002) suggesting the
Upper Pleistocene age of Bargou horizons. In the
Eastern Central part of the country (Tunisian
Sahel) near the city of Sousse, acicular calcite
occurs in the Coodplain deposits (Bgure 1C). Sahel
horizons seem to be of Middle to Upper Pleistocene
age, based on morphological position and faciological criteria of the crusts (Regaya 1992). In the
southeast of Tunisia (Bgure 1D), acicular calcite is
studied in aeolian deposits known as ’Matmata
silts’ located along the mountain range of Dahar.
Matmata horizons are Upper Pleistocene in age
according to their morphological position (Regaya
1983) and isotopic data (Coud
e-Gaussen et al.
1983). The sites are chosen for the diversity of their
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environmental conditions: climate, variable substrate, drainage and hydrology.
2.1 Geological setting of Jebel Bargou
Jebel Bargou area is characterized by (1) emerged
palaeohighs displaying gaps and discontinuities
and (2) subsiding zones aAected by deep-water
sedimentation. The study area is in a sub-humid
climate zone, with an average annual precipitation
of 600 mm and an average annual air temperature
of 16C. In the Jebel Bargou synclines, the substratum is predominantly clayey corresponding to
the Souar Formation of Priabonian age (Burollet
1956). In the Middle to Upper Pleistocene, several
episodes of continental carbonation were reported
(Bourgou 1991) including the section of Oued El
Assad located at the synclinal of Sidi Amara, which
is the subject of this study. The latter consists of
3–4 m of colluviums derived from various carbonate forms and is surmounted by a limestone slab. In
detail, from bottom to top, the section consists of
four units (Bgure 1B):
• A gully formed on weathered Quaternary sediments contains large amounts of detrital
materials.
• There is a net conglomeratic (C), 2–3 cm thick,
and a lenticular structure gullying and showing
Cuvial cross-stratiBed deposit. This crust contains numerous heterometric bedrock pieces and
gravels with variable diameter of 1–5 cm in
indurated calcareous cements. The detritus
deposits are secondary crossed by mud carbonate beds type mudCow, typically 10–20 cm in
thickness, friable, and overlapping each other.
The sequence ends with powdery crust (PC) that
is horizontally arranged.
• A yellow (7, 5 Y R 8/4) compact slab (CS) marks
a projection in the landscape, and is clearly
detached from the underlying crust by planar
slots. This layered slab of 0.5 m thickness shows
a complex internal structure of variable tint.
Yet, the slab is poorly consolidated at the base
and very indurated at its summit.
• A laminar crust (LC) is underlying soft calcareous soils (S) at the top.

2.2 Geological setting of Sahel of Tunisia
Limestone crusts associated with the Cood plains
are those listed in the Central East of Tunisia
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Figure 1. Location map of study area and the different sections associated. (A) Location map, showing the study area.
(B) Calcareous crusts associated with the glacis margin deposits of Jebel Bargou. (C) Calcareous crusts associated with
the Coodplain deposits of Tunisian Sahel. (D) Calcareous crusts associated with the eolian deposits of Matmata. HR: host rock,
DC: discontinuous crust, PC: powdery crust, CS: compact slab, LC: laminar crust, S: soil, C: conglomerate, Sa: Sandstone,
PL: pedotubular limestone, and NC: nodular carbonate.

(Tunisian Sahel) and more particularly around the
city of Sousse area under the semi-arid climate
(average precipitation of 300 mm/year; hot summers (38C) and annual average temperature of
(26C)). In this region, the geological sedimentary
successions exposed are from Neogene and Quaternary. Neogene substratum is mainly formed by
detrital facies (clays, sands and sandstones), which
are mostly masked by alluvium, silts and reddish
silts as well as Quaternary limestone crusts. The
Middle Pleistocene limestone crust covers a large

part of the Sahel plain and is discordant with all
the previous series. Structurally, the center-east of
Tunisia is marked by the Atlas folding with large
rays curve. The section with calcareous crusts
(Middle Pleistocene) is 4–5 m thick (Bgure 1C),
and it is composed of the following units from the
bottom upwards:
• Silty red (5 Y R 5/6) sandstone (Sa) is 2 m thick
with reddish sandy loams containing Cuvial
coarse sand lenses at the bottom. It contains
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friable and diffuse carbonates, indurated centimetric orthic nodules, and pedotubular limestone. These carbonate forms become more
abundant towards the top and form a grid.
• Light beige (7, 5 Y R 7/2) orthic powdery
limestone mass with 30–40 cm thickness, rich
with concretions and indurated calcareous nodules as well as pedotubular limestone (PL).
• Whitish (10 Y R 8/1) nodular calcrete (NC) with
40–80 cm thickness characterized by layered
structure and horizontal stratiBcation.
• The proBle ends with a compact slab (CS) of 20
cm thick, salmon coloured (7, 5 Y R 8/3), lined
by laminar crust (LC) that is surmounted by soft
soil (S).
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tubules or decimetric aggregates. The discontinuous crust (DC) is characterized by the abundance of limestone with a few centimeters long
well-differentiated nodules and tubules of 1 cm
diameter. These tubules were produced by burrowing insects and micro-organisms.
• A light beige (7, 5 Y R 7/2) powdery crust (PC)
with 0.5 m thickness contains more indurated
carbonate nodules.
• A compact slab (CS) is 1.5 m thick, and consists
of hard yellow (7, 5 Y R 8/2) limestone.
• A laminated crust (LC) of 0.5 m thick is capped
by rendzina.

3. Materials and methodology
2.3 Geological setting of Matmata
The Matmata region (South Tunisia) has an arid
climate (average precipitation of 200 mm/year; 21C
average annual temperature). It may be divided into
two different geological and geomorphologic domains:
the Djeffara plain to the East, bordering the
Mediterranean, and the Dahar range to the West. The
Djeffara plain consists essentially of Quaternary sandy
and silty deposits, surmounting clays attributed to the
Mio-Pliocene age. In the south-east of Tunisia, the
Dahar range, which dominates the Djeffara plain,
represents the older formations dating from the Permian to the Tertiary age. These formations form an
inclined plateau to the west, which is bounded by
recent dunes extending from the Nefzaoua to the
Sahara. The northern part of the Dahar range forms
the Matmata mountains, while the southern part
dominates the Gabes plain. These Matmata mountains, essentially formed from the folded Mesozoic
series, are divided into basins, valleys and corridors
located at different altitudes. These depressed forms
are lined with powerful accumulations of loessic silts,
which can reach up to 10 and 20 m thick. Within these
loessic silts, there are calcareous accumulations of
pedological nature. According to the terminology of
Ruellan (1971), these accumulations can be discontinuous crumbly clumps, friable nodules, compact
nodules or even continuous, in the form of crusts and
slabs. The section studied allows following units to be
observed from bottom to top (Bgure 1D):
• Beige (7, 5 Y R 7/4) loess silts with 3 m
thickness, that constitute the most of the hard
rock (HR).
• A discontinuous accumulation consists of more or
less friable individualized nodules and centimetric

Three proBles of Quaternary calcretes (Middle to
Upper Pleistocene age) are selected in different
K-horizons in Tunisia (Bgure 1). Twenty-Bve
undisturbed and oriented samples were collected.
Samples’ macroscopic descriptions are after Regaya
(1992, 2000). The colour description of calcrete
facies and host rocks is after the Munsell (1969).
Micromorphological features of 10 collected
undisturbed samples from the speciBc facies and
K-horizon were determined. Thin sections impregnated with resin induration (araldite) are observed
under polarized light and described (Bullock et al.
1985). For the needle Bber calcite’s studies, fresh
surfaces of samples of calcrete are Bxed and sputtercoated with gold. Samples are examined by Scanning
Electronic Microscope Philips XL30 (SEM) at the
Strasbourg Institute of Earth Sciences in France.
Systematic X-ray diAraction analysis of all collected
samples is completed using a Scintag DiAractometer
(Philips equipment with Co Kalpha anticathode).
The generator tension and generator current are kept
at 40 Kv and 20 mA, respectively. It should be mentioned that the described sections form a synthesis of
previous work (Regaya 2000). The originality lies in
the interesting insights we bring to acicular calcite
either at the petrographic level or in SEM.
4. Results
4.1 Petrography
4.1.1 Jebel Bargou
The microfacies of Jebel Bargou’s proBle is shown
in Bgure 1(B). In the host rock, the mineral grains
and relics are varied and abundant. The
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mineralogical composition is mainly quartz grains
of 20–50 lm in diameter, calcite, pellets, and
sometimes glauconite grains. The ubiquitous
lithorelics are Inoceram shells, fragments of bryozoans, and microsparitic tests of Cretaceous and
Tertiary foraminifera secondarily occupied by
sparitic cement. These lithorelics are embedded in
a clay-micritic matrix of brownish-green colour.
In powdery crust, micritic matrix is abundant,
while the percentage of detrital grains and
lithorelics represents \10% of the total rock. The
matrix is organized into rounded and ovoid ’glaebules’ of 200–500 lm diameter, which are composed of nucleus and cortex with concentric fringe.
The whole is traversed by dissolution vacuoles,
anastomosed channels related to biological activity
(traces of burrows and rootlets), and Cat and
curved cracks comparable to those described by
Brewer (1976). These former voids are partially
clogged with mineral deposition such as illuvial
clay coatings (argillans), microsparitic coatings
around vacuoles of radicular origin (Bullock et al.
1985), and acicular calcite. Under a binocular
microscope, the acicular calcite form appears similar to calciBed micro roots drawing Blaments,
tubules, and indurated and perforated sleeves in
their center (Bgure 2A). The polarising microscopic observations provide a clear view of the
morphology of the acicular calcite. The needles of
acicular calcite and the Blaments are *5–10 lm
wide and 20–50 lm long, and they are entangled or
organized in well-crystallized lattices in the center
of the voids. They can be combined in oriented
slats (calcitans) in the voids giving alveolar, concentric or sinuous shapes, like those observed in the
limestone crusts of Tarragona in Spain (Esteban
and Klappa 1983). The microstructure corresponds
to the ’convoluted fabric’ or ’pseudo-convoluted
fabric’ (Rabenhorst and Wilding 1986).
In discontinuous crust, the horizon most often
has a vacuolar structure like a very porous sponge
in which, the acicular calcite and the glaebules are
by far the most abundant in the matrix. However,
the structures and textures are more complex in
the compact slab. The microfacies are characterized by the reappearance of quartz grains of \50
lm in diameter and lithorelics. In the compact
slab, the matrix is segregated into nodules and
glaebules separated from each other by curved
microcracks. This microstructure is quite comparable to the ’perlitic’ facies of Vogt (1983). Within
these levels, the voids are essentially represented
by desiccation cracks, partially or totally Blled by

sparitic, microsparitic or even needle-like secondary calcium recrystallization. In laminar crust,
the micritic matrix is arranged into multiple horizontal laminae. Light and dark-coloured microlites
are alternating with each other, and trapping
grains of quartz of 20–50 lm in diameter, probably
of aeolian origin.
4.1.2 Tunisian Sahel
In the silty host rock (Bgure 1C), the matrix to
some extent has a lumpy structure. The S-matrix
contains mainly quartz grains incidentally associated with a few grains of feldspar, brown glauconite
and opaque iron oxide minerals. Quartz grains
make up more than 80% of the rock, and range in
size from 50 to 300 lm in diameter. The matrix,
which is formed by yellowish clay, is not abundant.
In powdery crusts (Bgure 1C), the microfacies
analysis generally reveals a vacuolar structure. The
matrix contains detrital particles similar to the
host rock, but with a significant decrease in density
(about 30% of the total rock) and the size. However, the matrix is more differentiated and abundant. It is divisible into two very distinct micrites
based on their yellowish or gray colour and structures. The yellowish micrite is organized into
micro-nodules of 100 lm in average diameter with
homogeneous or concentric internal structures
(Bgure 2B). Thus, the alternations are grouped
into light and dark fringes sometimes coating a
quartz nucleus reminiscent of the ooids (Truc et al.
1985). In this calcrete, there are many secondarilyBlled voids, which are anastomosed channels and
cracks (Bgure 2C, D). The calcite cement is forming palisades or drusic crystals growing in a stalactitic position or in the form of needle-like
crystallizations, which are organized in more or less
continuous slats drawing elongated or ovoid lodges.
These crystallizations are in the form of coatings
surrounding the walls of the voids in a quasi-cutaneous position or in acicular form. In polarized
light with an extinction angle (40–60), these
detected Blaments and rods are uniform or variable, respectively, indicating their mono or polycrystalline structure. Compact slab (Bgure 1C)
shows a variety of microfacies. The detrital elements are scarce, where the majority of quartz
grains are small (50–80 lm in diameter), and
embedded in an abundant micrite matrix. In most
cases, these quartz grains have irregular contours,
with more or less accentuated pits and cavities due
to corrosion, and are replaced by microsparite.
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Figure 2. Petrography of calcareous crust. (A) The microfacies show a rock full of pores more or less rounded (94). (B) The
microfacies show Septa that separate ovoid pores surrounded by concentric micrites (910). (C) The microfacies show root trace
and vugh porosity (94). (D) The microfacies show a vadose zone above the water table.

4.1.3 Matmata
In the host rock (Bgure 1D), the microfacies are
characterized by an abundant presence of detrital
particles ([70% of the total rock) (Bgure 3A) and
lithorelict particle (Bgure 3B). The mineralogical
composition is mainly quartz grains and incidentally grains of glauconite, feldspar and heavy
minerals. In addition, the host rock presents a
certain degree of heterogeneity in structure. In
devoid zones of calcite, the quartz grains are intact,
contiguous and having a diameter of 80 lm. Grains
are surrounded by clay coatings. However, the
clear areas are richer in calcite, where dispersed
quartz grains are often corroded, jagged and
replaced by microsparite. Sometimes, traces of clay
coatings still remain. Almost all stages of nodule
formation are observed. Nodular calcrete is characterized by smaller and less abundant detrital
grains than those in the host rock. In fact, the very
irregularly shaped quartz grains have an average
diameter of 40–50 m. The micritic matrix is aAected by parallel micro-cracks, which communicate

with vacuoles containing trapped acicular calcite
(10–30 lm long). Powdery crust (Bgure 1D) is
characterized by a dark gray micritic matrix,
where the grains of quartz are clearly dispersed;
their abundance and size have been further reduced
in this horizon. In fact, most of the quartz grains
have been partially or completely dissolved and
replaced by microsparite. However, grains of
glauconite are still present in the powdery crust. In
addition, the matrix is aAected by large networks
of cracks and the resulting of polygonal or rounded
structures. These cracks contain sparite crystals
(in stalagmite-like forms), which cover their walls
perpendicularly. Discontinuous crust (Bgure 1D) is
composed of micro-structural assemblages of nodules and micro-nodules, clearly visible, especially in
natural light. These organizations joined together,
are most often separated by pores containing acicular calcite (Bgure 3C). In the discontinuous
crust, the acicular calcite is organized in convoluted, mycelium bundles or in the form of calcitans.
When these needles become stubby and rectangular, their assemblage constitutes areas of calcite in
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Figure 3. Petrography of calcareous crust of Matmata. (A) The microfacies show altered quartz and lithoclasts from older
geological series (94). (B) The microfacies show powdery crust (convoluted fabric porosity) (94). (C) The microfacies show
quartz.

mosaic similar to the usual facies of secondary
calcium carbonate precipitation in the voids.
Compact slab (Bgure 1D) is formed by gray micronodules, nodules, and glaebules with concentric
fringes. The discontinuities are more or less Blled
with sparite and microsparite representing stub by
calcitic rods in mosaic. In the compact slab, the
microsparite results from the increase in the concentration of the calcitic rods. The laminar crust
(Bgure 1D) microscopic description is identical to
that of the Tunisian Sahel and Jebel Bargou.
4.1.4 Petrographic commonalities of the studied
sites
The petrographic investigations of the three sites
show similar characteristics in the present study.
These are discussed as the following.
(i) The discontinuous carbonated crusts are characterized by the abundance of skeletal grains
(quartz, feldspar, calcite and glauconite) and

lithorelicts (lithoclast sand bioclasts) linked by a
micritic-clay diffuse plasma or illuviation clays
forming coatings surrounding the quartz grains
and engendering argillans (Brewer 1976). In some
locations, the plasma tends to separate into friable
concretions and indurated nodules that detach
from the host rock through curved cracks. It is in
these cracks that the Brst acicular crystallizations
appear in a random arrangement in the middle of
the voids.
(ii) In the continuous powdery crusts, the nature of
the skeletal and lithorelict grains remains
unchanged, but their size and number significantly decrease, while the micritic plasma
becomes abundant. Quartz grains, which had
sharp edges in the previous levels, become
serrated and corroded by microsparite and
sparite until they have completely disappeared
and were replaced by calcite. As for the micritic
plasma, that is much aAected by the physical
discontinuities (pores, vesicles, channels), it
shows soil-like redistributions (nodulisation
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and traces of roots) and secondary calcite
crystallizations in the porous system. These
crystallizations are in the form of coatings
surrounding the void walls in a quasi-cutaneous
position or in acicular form (Bgure 4A) found in
the Tunisian Sahel. This consists of Blaments
and rods with uniform or variable 40 and 608
inclined extinctions indicating both a mono and
polycrystalline structure. The acicular calcite of
randomly arranged structures are observed in
the southeast of Tunisia (Bgure 4B). These
acicular crystallizations found in the center of
the voids are organized in a ‘random pattern’ by
(James 1972), in septa and trabeculae where the
structure resembles that of ‘convoluted fabric’ (cf.) (Rabenhorst and Wilding 1986), or in
the form of crystallarias calcitanes (Brewer
1976) lining the walls of the physical discontinuities (Bgure 4C). In Tunisian ridge, the
acicular calcite has a tubular morphology
(Bgure 4D).
(iii) In compact slabs, quartz grains (of \50 lm in
diameter) show a slight increase, while the gray
micritic plasma is reorganized into different
sized nodules, especially into ooids and glaebules
(Brewer 1976) between 20 and 100 lm in
diameter (Bgure 4E), with concentric fringes,
corresponding to pearlitic facies found in the
southeast of Tunisia’s samples. The microfacies
are present in different physical discontinuities
such as pores, oval or rounded vesicles, and
sometimes desiccation cracks giving a brecciated look to the rock. These vesicles are partly
or fully clogged by thick and wide acicular
calcite, or by sparite arranged in a mosaic.
(iv) The laminar crust (Bgure 4F) is characterized
by corrugated micritic microfacies that are
horizontally aligned, and arranged in alternate light and dark layers. The former is rich
in clay, while the latter is formed through the
development of spherulitic Bbro-radial clusters of cyanobacterial origin (Regaya 2000).
These micritic beds, considered as stromatolitic layers (Regaya 2000), trap quartz
grains which probably have a wind origin.

4.2 SEM morphology of acicular crystals
4.2.1 Topology
In continuous calcareous crusts, SEM revealed
three categories of acicular forms:
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(1) The Brst one is represented by a network of
branched Blaments, from 50 to over 300 lm in
length and between 5 and 8 lm in width. These
Blaments are composed of contiguous and
dense micritic crystallizations (Bgure 5A).
(2) The second category of acicular calcite is
rod-shaped having a length of about 10–40
lm and a width from about 1–2 lm. Single
rods appear as monocrystals, cylindrical in
shape with a smooth surface (Bgure 5B). These
can fuse together in pair of two and placed side
by side. Needle Bber calcite overgrows with
Bne secondary calcite crystallizations on the
edges to form ‘serrated-edged rods’ by Philips
and Self (1987) (Bgure 5C, D). The monocrystallinity of these acicular calcite is deBned by
their optical properties showing a uniform
inclined extinction and typical crystallographic characteristics of similar acicular
shapes (Verg
es et al. 1982; Philips and Self
1987). The polycrystalline aggregates are
formed by the juxtaposition of microcrystals
of acicular calcite, showing an accordion-like
structure or a step-like structure (Bgure 5E,
F).
(3) Finally, the third category is especially developed in compact slabs. It appears in two
morphologically distinct forms: (a) the Brst is
in the shape of polyhedral crystals with pyramidal ends or in the shape of Cower petals
around a void found in the Tunisian Ridge
(Bgure 6A) and Tunisian Sahel (Bgure 6B);
and (b) the second is in the form of Blaments
30–50 lm long and 4–8 lm wide, bristling with
sharp needle-like crystals 3–7 lm long and
0.25–0.5 lm wide found in the Tunisian Ridge
(Bgure 6C and D).

4.2.2 Microstructure
The SEM analyses of the acicular facies in the
studied calcareous crusts show various microstructures. The calcite Bbers are (1) randomly arranged
in the porous system of calcareous crusts, disordered
as the random pattern found in the Sahel of Tunisia
(Bgure 7A) (James 1972); (2) gathered into sheaves
tangentially oriented and arranged on the sides of
the voids in the form of whiskers by Calvet and Julia
(1983), or surrounding the skeletal grains (e.g.,
quartz) forming calcitanes; (3) arranged in sheaves
in the form of alveoli (Bgure 7B), as found in the
Tunisian Ridge. In this case, the Bber strips are like
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Figure 4. Microscopic and nannoscopic photos of acicular crystallizations in the limestone crust of Tunisia. (A) The microfacies
(sample from Tunisian Sahel) show a plastic segregation in pseudo-cutaneous around voids, and septa and trabeculae
(convoluted-fabric). (B) The microfacies (sample from southeast of Tunisia) show oriented acicular forms: the septa (S) and
other calcite distributed (random pattern) at the center of voids (V). (C) The microfacies (sample from southeast of Tunisia)
shows calcite rods lining the walls of a channel in the style of calcitanes (ca) (acicular calcite). (D) In MEB (sample from
Tunisian Ridge), some Blaments are organized as a compact networks form (TF: Tubular Blament or fungal Blaments). (E) The
microfacies of the epigenesis of quartz by calcite. (F) Sample from southeast Tunisia showing glaebule (G) in laminar crust (Lc).

bridges between the walls of the voids, like the
convoluted fabric (Rabenhorst and Wilding 1986);
and (4) accumulated with an aspect of a magpie nest
(Bgure 7C) as in southeast Tunisia (Riche et al.
1982; Blancaneaux et al. 1987). Due to these

different microstructures that are along the physical
discontinuities in the calcareous crusts, secondary
micropores and another generation of microcrystalline structures may develop (Bgure 7D). The
acicular calcite is characterized by their abundance
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Figure 5. SEM images of needle Bber calcite composed of rods. (A) SEM photograph (sample from Tunisian Ridge) showing
network of branched Blaments. (B) SEM photograph (from southeast of Tunisia) showing monocrystals rods. (C) SEM
photograph (from Tunisian Ridge) showing a serrated-edged needle inside a fungal microtube, F: Fungal microtubes, NFC:
needle Bber calcite. (D) SEM photograph (from Tunisian Ridge) showing serrated-edged needle (Se). (E) SEM photograph
showing polycristals (P1). (F) SEM photograph (from southeast of Tunisia) showing polycristals (P3: juxtaposition of individual
rhombohedra).

in the north and the center of the country and their
scarcity in the south. The spatial distribution of the
different acicular shapes is shown in table 1 that
demonstrated the distribution of needle Bber calcite
(morphology and mineralogy) according to climate
change.
5. Discussion and interpretation
5.1 Origin of the acicular crystals
Our observations revealed that needle Bber calcite
is widespread in the studied Quaternary calcrete of
Tunisia. The NFC organic or inorganic origin in
continental carbonates is a highly debated issue.
The adoption of either origin is based on the morphology and the presence or absence of organic

matter. The origin seems to be much more
complex, especially if the interference between the
organic matter and the physico-chemical precipitation is taken into account.
The microscopic investigation of the different
thin sections, regardless of the studied site, shows
that NFC or acicular type with low-Mg (Bindschelder et al. 2014) occurs in interparticle pores,
desiccation cracks as well as in dissolution vugs and
fractures (Bgure 4).
The scanning of microscope images shows that
the NFC consists of monocrystalline rods and
polycrystalline chains. Monocrystalline rods are
(i) smooth, single and micro- (Bgure 5B), (ii) coupled, and (iii) serrated-edged (Bgure 5C, D). This
morphology is identical to the classiBcation (M,
MA, MB, P) of Verrecchia and Verrecchia (1994).
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Figure 6. SEM images of fungal Blament (F) showing Ca-oxalic crystallization. (A) SEM images (from Tunisian Ridge) showing
fungal Blament (OX: oxalate). (B) SEM images (from Tunisian Sahel) of longitudinal cut of a fungal Blament showing Ca-oxalic
crystallization. (C and D) Ca-oxalic crystallization in Bne thorns. OX: oxalate (from Tunisian Ridge).

Figure 7. SEM images showing acicular calcite microstructure. (A) SEM images showing random distribution (random pattern)
of calcite Blament in void. (B) SEM images showing the tangential orientation of the needles. (C) SEM images showing sticks
organized in nests of magpie. (D) Secondary crystallization of acicular calcite in the voids.

The calcite needles are of different sizes. They may
be broken during their release by the movement of
soil or by fauna and Cora, or may be aAected by the
dissolution of their extremities and therefore,
reducing their initial lengths (Verrecchia and
Verrecchia 1994).

The morphology of needle Bber calcite indicates
the origin of their formation that is probably related to physico-chemical precipitation or organic
condition. Indeed, the origin of branched Blaments
of NFC found in the Tunisian Ridge (Jebel Bargou)
may be biogenic based on Blaments’ arrangement
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Table 1. Spatial distribution of different acicular shapes in Tunisia.

size and shape, and can be attached to root system
(Verrecchia and Verrecchia 1994). Single microrods could be calciBed bacteria that decompose
organic material (Boquet et al. 1973; Philips and
Self 1987; Verrecchia and Verrecchia 1994). Paired
rods seem to have a biological origin according to
Callot et al. (1985b) and Verrecchia and Verrecchia
(1994), and not a purely physico-chemical origin.
Serrated rods, which are encountered only in the
northern Tunisia calcretes, are considered to be
purely physico-chemical precipitation (Verrecchia
and
Verrecchia
1994).
Where
highly

supersaturated solutions and intense evaporation
are the prerequisites. All these rigid forms could
rapidly precipitate by evaporation in the presence
of highly saturated solutions. The elongated form is
probably linked to the presence of cations such as
Mg2+.
The origin of polycrystalline rods is rarely directly
associated with organic Blament (Chafetz et al.
1985), and attributed rather to the purely physicochemical process of dissolution and precipitation
(Verrecchia and Verrecchia 1994). This is consistent
with our study because the polycrystalline form

J. Earth Syst. Sci. (2021)130:28
occurs only in the north and the south of Tunisia
where the evaporation is high, but absent in the
Sahel characterized by low evaporation.
The spatial distribution of acicular calcite from
the north to the south of Tunisia and the evolution
of their morphology from simple (monocrystalline)
to most complex forms indicates that the environment and climate change have inCuenced different
types of NFC formation. The origin of NFC
depends on the humidity or the evaporation related
to the micro-climate of the environment. Indeed,
the needle Bber calcite is precipitated mainly by
micro-organisms in the humid environment (Sahel
region). However, when evaporation exceeds as in
the Tunisian Ridge and Matmata region, the
physico-chemical precipitations take over.
The calcium oxalate occurs in calcareous crust of
the Sahel and Tunisian Ridge. As shown in our study
(table 1), the calcium oxalate, forming Bne thorns
and chains of euhedral crystals, suggests a biological
process of their formation. The biochemical processes
are proved to control the precipitation of calcium
oxalate (Phillips and Self 1987). For example, some
algae in aqueous environments are reported to
deposit magnesium calcite within the mucilaginous
sheath of the hyphae (Riding 1977). The calcium
oxalate is found in the Sahel and in Tunisian Ridge,
but it is absent in the south (table 1). This could be
explained by the nutrient-poor environment of the
arid region, in which the cycle of oxalate-carbonate
does not participate in the genesis of calcrete.
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1985). This process is known as a constant-volume
replacement of one mineral for another of a different
nature (Millot et al. 1977). The epigenesis by calcite
is observable at microscopic scale in the Matmata
loess. It begins in the host rock where the quartz
grains remain recognizable but their corroded
peripheries are replaced by microsparite. This
replacement is accentuated in continuous crust
where CaCO3 concentrations increase and the
quartz grains are completely substituted by sparite.
This epigenesis by calcite contributes only to
30–40% in the formation of calcretes.
Acicular shapes contribute also in calcareous
crust formation. The calcite crystals Blling the
voids help in the cementation of the rocks. This
happens in two ways in porous medium: (i) by
dissolution/recrystallization of calcite causing
changes in crystallinity, and (ii) by transformation of calcium oxalate into calcium carbonate.
Indeed, calcium oxalate (CaC2O4) is an organic
mineral, which can be formed inside a plant after
the Bxation of atmospheric carbon dioxide
through photosynthesis. Fungal mycelium may
also accumulate calcium oxalate (Verrecchia et al.
2006). The transformation of calcium oxalate into
calcium carbonate is made by oxalotrophic bacteria according to the following reactions:

5.2 Contribution of the acicular shapes
to the lithogenesis of calcareous crusts

SimpliBed bacterial pathway of calcium oxalate transformation into calcium carbonate (Cailleau 2005).

One of the usual features of the studied limestone
crusts is the organized sequences characterized by
the increase of carbonation rates from the host rock
at the base to the compact slab and laminar crust
at the top. The Pleistocene calcareous crusts show
features such as calciBed Blaments, coated grains,
quartz, alveolar structures and peloids that are
commonly recognized in biogenic calcretes (Wright
and Tucker 1991). Pores, nodules and tubules are
induced by bioturbation and by the roots of plants
penetrating the soil.
In the present study, the replacement of clays and
detrital grains by calcite (Bgure 4E) indicates that
these calcareous crusts are unstable, and subjected
to a chemical process. The epigenesis is very common in paleocrusts of North African countries
(Millot et al. 1977; Regaya 1983, 2000; Truc et al.

Generally, where rods are the most common
cement, pores are not completely Blled. This may
reCect that these crystals cannot form cohesive
cement. Therefore, despite the abundance of calcium carbonate and secondary precipitation, some
crust horizons remain brittle. The redistributions
of calcium carbonate do not necessarily imply an
accentuated compaction of the calcrete. Also, the
increase in the crystal size is not necessarily correlated with porosity reduction, and therefore
neither with involved matrices indurations. However, in the compact slabs, late calcite cementation takes place and short and wide acicular
crystals tend to completely Bll the rock’s porous
system; thus contributing in matrix induration.
This might suggest the in-situ origin of the acicular calcite.
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The formation mode of these continental carbonates, which currently occupy the arid and the
semi-arid regions, are still subject of discussions.
The common point that can group these hypotheses is climate. Thus, the lithogenesis of the studied
limestone crusts is proved to be inCuenced by the
redistributions and the organizations of the acicular calcite, which, in turn, might be aAected by
climate.
6. Conclusion
The studied NFC (needle Bber calcite) from the
Tunisian Quaternary calcretes shows a morphological evolution from the simplest shapes like Blaments, smooth or serrated monocrystalline rods to
the complex shapes as step-like structures and
spiky Blaments. This morphology gives an idea
about multiple origins, which may be: (1) biogenic
with the intervention of roots, fungi and bacteria
(branched Blaments), (2) physico-chemical precipitation or organic origin (monocrystalline calcite).
It is important to emphasize the role played by
NFC in the lithogenesis of calcareous crust. The
replacement of quartz by calcite, the transformation of calcium oxalate into calcium carbonate in
porous medium and the NFC Blling pores contribute to the cementation and the induration of
calcareous crust. Finally, the redistributions and
the organizations of these acicular facies lead to
changes in the petrographic microstructure of the
calcareous crusts, and therefore to the modiBcation
of their lithogenesis in tandem with climate
changes.
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