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This paper describes the geochemistry and petrography of three phosphatic nodular deposits in Ragusa Province, south-east Sicily (It-
aly). Phosphate nodules of late Burdigalian age are dispersed in a soft, friable packstone matrix within the Irminio Member of the Ragusa
Formation. Mineralogical analyses revealed large amounts of calcite (64 to 89 wt. %) and smaller quantities of carbonate-fluorapatite
(CFA). P,0Os content was less than 18%. Microtextural observations demonstrated that phosphate precipitation occurred in the
microenvironments in the sediment in confined spaces (i.e. cavities, perforations) and not in the shells of microorganisms. The crystals
were all of a similar size (~1 mm), presented imperfections, and the { 0001 Y and the {IOIO}CFA forms were clearly apparent. These hex-
agonal prisms showed reduced growth along their ¢ axis. Our data suggest that bacteria were involved in the precipitation of CFA.
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INTRODUCTION

Geological interest in phosphatic sediments has been grow-
ing during recent decades because of their economic signifi-
cance, especially in the fertilizer industry which consumes
about 90% of world production (Zapata and Roy, 2004), and
because they are wuseful in palacoenvironmental and
palacooceanographic reconstructions (Carbone ef al., 1987;
Martin Algarra and Sanchez Navas, 2000; Chen et al., 2004).

Phosphatic deposits have been observed all around the
world (Baturin, 1971, 2000; Reimers et al., 1990; Ilyin, 1997
Knight, 1999; Soudry, 2000) and have been recovered from the
bottom sediments of oceans, e.g. off the coasts of South Africa
(Birch, 1979), Peru and Chile (Froelich ef al., 1988; Kim and
Burnett, 1988), south-east India (Purnachandra Rao et al.,
2000), southern California (Schuffert et al., 1994) and Florida
(Fountain and McClellan, 2000). The largest phosphate depos-
its in Europe are the Upper Cretaceous phosphatic chalks that
extend across parts of northern France, southern England and
Belgium (Jarvis, 1992).

In palacogeographical terms, autochthonous phosphatic sedi-
ments, associated with condensed neritic and pelagic deposits, are
used to identify time-gaps in stratigraphic sequences (Marshall

and Ruffell, 2004). Their common mineral phase is francolite, a
carbonate-fluorapatite (CFA), in which substitution for and struc-
tural distortion of the crystal lattice are usual (Matthews and Na-
than, 1977; Sanchez Navas and Martin Algarra, 2001).

As for their genesis, Van Cappellen and Berner (1991) and
Gunnars et al. (2004) stated that phosphatic particles can be
produced by inorganic precipitation in seawater solutions, by
high rates of organic matter degradation and, probably, by the
dissolution of fish debris (Schenau et al., 2000; Soudry and Na-
than, 2000). Furthermore, bacteria may induce the precipitation
of a phosphorus-enriched organic gel and act as a precursor to
an amorphous calcium phosphate which in turn evolves into
francolite (Soudry, 1993; Krajewski et al., 1994; Martin
Algarra and Sénchez Navas, 1995; Schwennicke et al., 2000).
Lucas and Prévot (1984) observed how the type of water in-
volved (natural freshwater and seawater) influence the
crystallinity of apatite synthesis by bacterial activity. Phosphate
authigenesis represents an important oceanic sink for reactive
phosphorus (Kim ez al., 1999). The hypotheses that have been
suggested for the formation of marine phosphorites are not nec-
essarily exclusive, but they probably represent different stages
of the same phosphogenic process (Jarvis, 1992).

This paper aims to provide new information about the phos-
phatic deposits in south-east Sicily (Italy), especially with re-
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gard to their petrography and genesis, by analysing the charac-
teristics of three outcrops in the province of Ragusa. Initial re-
search on these phosphate nodules and their lithostratigraphic
characteristics was carried out by Ragusa (1902), De Stefani
(1912) and Cortese (1929). Later, a distribution map was ob-
tained by Bommarito and La Rosa (1962) and confirmed by
Tedesco (1966) who estimated that the phosphatic occurrences
were of Aquitanian-Langhian age. Di Grande et al. (1978)
stated that the phosphatic nodules appeared in discontinuous
lenses, with the phosphatic cement being made up of francolite,
which replaced an earlier carbonate. Further studies on such
topics were carried out by Pedley and Bennett (1985) and
Carbone et al. (1987) who found a great similarity between Si-
cilian and Maltese phosphorites.

GEOLOGICAL SETTING

The Hyblean Plateau (south-east Sicily, Italy) consists of a
thick, non-deformed platform of Triassic to Quaternary calcare-
ous rocks (Grasso, 1997). The phosphatic nodules of the
Hyblean Plateau are contained within the bedded packstones at
the base of the Irminio Member of the Ragusa Formation, which
is made up of an alternating succession of marly limestones,
coarse grained carbonate packstones and micro-grainstones

spanning Late Oligocene—Middle Miocene range. According to
Carbone et al. (1987), autochthonous phosphatic nodules belong
to the same depositional environment, which is characterised by
the progressive transition from carbonate sedimentation to new
erosive hardground conditions.

PHOSPHATIC NODULE OUTCROPS

We analysed the characteristics of three outcrops observed
at the coastal area on the Biddemi River, the Irminio River and
at an active cliff at Donnalucata (Fig. 1). The area of investiga-
tion is characterized by a flat topography because of fluvial and
marine terraces. The most important outcrops belong to:

— the aforementioned Irminio Member (Lower—Middle
Miocene Age), characterized by non-deformed, horizontal
strata;

— fluvial/marine deposits, at the mouth of the Irminio
River (Quaternary Age);

— marls of the Tellaro Formation (Middle Miocene Age);

— slope continental deposits, including blocks of different
sizes within a silt matrix;

— quaternary grainstones rich in shell fragments, devel-
oped above all on tops of most important hills.

The three phosphorite outcrops are autochthonous
(Carbone ef al., 1987) and are located (Fig. 1): (1) close to the
mouth of the Biddemi River, at the top of a 5 m high cliff lying
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Fig. 1. Geological map and cross-section of Marina di Ragusa and surrounding areas (south-east Sicily)
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directly on top of a crossed stratification; (2) at the mouth of the
Irminio River, on a section cut by a coastal road; (3) on the cliff
located between Plaja Grande and Donnalucata village. The
three outcrops have similar features (Fig. 2): phosphate nodules
are dispersed in a soft, friable, light-coloured packstone matrix
in very distinct layers about 20 cm thick. Their brown colour
creates a strong contrast with the yellowish, cream colour of the
immediately underlying calcareous strata. Weathered surfaces
are darker brown and have a rough texture. Nodules are well
cemented and the most common shapes are subrounded and
elongated. Their major axis ranges approximately from 2 to
10 cm and their minor one from 2 to 5 cm. The core area of the
phosphatic nodules is quite uniform and dense with a distinc-
tive, unvarying brown colour.

diffractometer with graphite monocromator, automatic slit
and CuKo radiation (A = 1.5405 A). The data were collected
in step-scanning mode with 0.02° goniometer rate and 26
from 3 to 60°. PXRD goniometric calibration was performed
using a silicon standard. Phosphorite nodules were
well-ground in a wolfram disk mill to <10 um particle size
and then analysed. The razor tamped surface (RTS) method
(Zhang et al., 2003) was used to attain random particles orien-
tation. The resulting data was interpreted using XPowder soft-
ware (Martin, 2004). We performed a quantitative analysis of
mineral phases converting the data to the constant sample vol-
ume and using the PDF2 data base and Normalized RIR
method. No internal standard was added to the powder sam-
ples. XPowder software was used to make quantitative stud-

Fig. 2. Photographs of the studied outcrops

A — Biddemi River, phosphatic nodules lie on a cross stratified limestone; B — detail of the outcrop in A; C — 25 cm
thick phosphatic layer at Irminio River; D — outcrop on the cliff between Plaja Grande and Donnalucata

ANALYTICAL METHODS

Texture, mineralogical and chemical composition of
phosphorite nodules from Biddemi River (labelled as BR),
Irminio River (IR) and Donnalucata (DL) were characterized.
Analyses were carried out in the fresh brown cores of nodules
in order to avoid alteration phases that could modify the miner-
alogy and chemistry of the phosphates. Bulk chemical analyses
of nodules were performed by means of X-ray fluorescence
(XRF; Philips PW-1480). 1 g per sample was finely ground
and well mixed in agate mortar before being compressed into
an Al holder for compressed XRF disk preparation. ZAF cor-
rection was performed systematically (Scott and Love, 1983).
International standards (Govindaraju, 1989) were followed
throughout. The estimated detection limit for major elements
was 0.01 wt. %.

The mineralogy of the raw material was studied by pow-
der X-ray diffraction (PXRD) using a Philips PW-1710

ies using methods of non-linear squared minimums on the
full-profile fitting of the diffractograms making use of all the
information in the PDF2 data base. Weighting was calculated
using the Normalized RIR Method described by Chung
(1974). RIR coefficients were obtained from the PDF2 data-
base. The lattice parameters of CFA were refined because the
length of the a axis varies depending on the carbonate content
in crystals (LeGeros, 1965).

To characterize the texture and the microstructure of the
nodules optical light microscopy (OLM; Olympus BX-60) and
field emission scanning electron microscopy (FESEM; Leo
Gemini, 1530) were employed. Two thin sections per sample
type were prepared, one of which was polished. FESEM sec-
ondary electron (SE) and back-scattered electron (BSE) images
were obtained using small sample pieces (5 X 5 X 3 mm in size)
or polished carbon-coated thin sections. We also obtained Ca, P
and F X-ray energy maps with the use of EDX Oxford
INCA-200 microanalysis.
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RESULTS

X-RAY FLUORESCENCE

The results of this analysis indicate the high CaO content in all
the samples (from 50.15% in DL3 to 55.23% in IR1). The P,Os
content was higher in the BR samples than in the other two groups
of samples (Table 1). The SiO, content is very low and only
slightly exceeds 2% in BR1, BR2, BR3 and DL3 samples. Ac-

cording to Slansky (1979), studied samples can be classified as
phosphatic limestones nodules (P,Os content is lower than 18%).

POWDER X-RAY DIFFRACTION

Diffractometric analyses show significant amounts of cal-
cite and smaller amounts of CFA (Fig. 3). CFA values range
from 10 to 36 wt. % (Table 2) and the highest CFA content ap-
pears in BR samples. Carbone et al., (1987) indicated that the

Table 1
Concentration of major elements (wt. %) of phosphorite nodules
Sample SlOz A1203 F6203 MnO MgO CaO NaZO KZO T102 P205 LOI
BR1 2.03 0.65 1.07 0.01 0.66 51.41 0.34 0.24 0.02 16.21 | 26.24
BR2 2.37 0.57 0.97 0.01 1.00 52.51 0.96 0.16 0.08 15.38 | 25.97
BR3 2.35 0.60 0.96 0.01 1.03 51.70 0.93 0.14 0.19 16.75 | 25.31
BR4 1.47 0.32 0.65 0.01 0.85 51.12 0.88 0.12 0.10 13.60 | 30.90
IR1 0.17 0.22 0.35 0.01 0.47 55.23 0.04 0.09 0.01 7.96 | 35.76
IR2 1.43 0.31 0.66 0.01 0.85 51.58 0.84 0.12 0.07 13.40 | 30.75
IR3 1.05 0.25 0.37 0.01 0.74 52.92 0.57 0.07 0.09 10.24 | 33.69
IR4 1.93 0.45 0.81 0.01 0.86 50.91 0.74 0.15 0.09 12.87 | 31.16
IRS 1.25 0.35 0.36 0.01 0.77 53.19 0.45 0.06 0.06 7.65 | 35.85
DL1 0.49 0.34 0.41 0.02 0.73 53.37 0.75 0.13 0.00 437 | 39.85
DL2 0.84 0.26 0.28 0.02 0.93 53.56 0.46 0.06 0.03 3.02 | 40.49
DL3 2.12 0.50 1.25 0.02 1.10 50.15 1.04 0.18 0.04 4.62 | 38.97
DL4 1.20 0.36 0.37 0.02 0.99 51.18 1.13 0.08 0.07 4.73 | 39.89
BR — Biddemi River; IR — Irminio River; DL — Donnalucata
C
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Fig. 3. PXRD diffractograms of Irminio River (a), Biddemi River (b) and Donnalucata (c) phosphatic nodules

C — calcite; CFA — carbonate-fluorapatite; CuKow X-ray radiation, A = 1.5405 A; main /kl Bragg peaks and dy,, values are included
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Table 2

PXRD quantitative analysis (wt. %) of the three phosphorite groups

Sample C CFA A20 | CO (1) | CO;(2)
BRI 674+58 | 32.6+38 | 1218 | 6.68 8.82
BR2 | 67.9+39 | 32.1+47 | 1.193 | 7.05 9.49
BR3 643+44 | 35.7+58 | 1.186 | 7.16 9.68
BR4 | 700+5.1 | 30.0+42 | 1.205 | 6.88 9.16
IR1 72.6+£50 | 27.4+46 | 1247 | 627 8.05
IR2 702+54 | 298+43 | 1185 | 7.17 9.70
IR3 715449 | 285+50 | 1158 | 757 10.45
IR4 70746 | 293+44 | 1249 | 6.23 8.00
IRS 728+42 | 272452 | 1194 | 7.04 9.46
DLI 842+3.6 | 158460 | 1251 | 6.20 7.95
DL2 | 89.6+28 | 104+54 | 1164 | 7.48 10.28
DL3 83.9+51 | 16.1+48 | 1.192 | 7.07 9.51
DL4 | 833+53 | 167+4.1 | 1223 | 6.6 8.68

XRD A20(04)-410)and wt. % using Gulbrandsen (1) and Schuffert et al. (2)
equations are also reported; other explanations as in Table 1 and Figure 3

darker colour of the phosphatized clasts they studied was a re-
sult of the Fe oxides, glauconite and of the high francolite con-
tent. In these nodules besides calcite, only CFA was detected
and there were no traces of either glauconite or Fe oxides, prob-
ably because these phases were below the detection limit of
powder diffraction method. The refinement of CFA lattice con-
stants on 20 reflections gave the following parameters: a =b =
9.3218 A; ¢ = 6.9146 A; Z = 2; unit-cell volume = 520.35 A>.
Considering that in CFA the unit-cell ¢ dimension can decrease
approximately from 9.37 A to 9.32 A, because of carbonate
substitution for phosphate (Zapata and Roy, 2004), the calcu-

lated figure, 9.3218 A, indicates the high level of CO;™ substi-

tution for PO; . The high CO? content in CFA structure is
confirmed measuring the 20 distance between the (410) and
(004) CFA peaks. The calculated CO; ™ in the lattice varies
from 6.20 to 7.57 using the equation of Gulbrandsen (1970)
and from 7.95 to 10.45 using the one proposed by Schuffert et
al. (1990). A content of 1.4 CO;” moles per formula wt. is ob-
tained when this value is plotted on Figure 4 of Zapata and Roy
(2004). This result is logical considering that older (i.c.
Palacozoic) phosphatic rocks generally contain a limited
amount of substituted carbonate, while younger (i.e.
Mio-Pliocenic) ones permit higher levels of CO? substitution
for PO, (McClellan and Van Kauwenbergh, 2004).

OPTICAL LIGHT MICROSCOPY

OLM observation revealed the presence of abundant
benthonic and planktonic foraminifera and smaller amounts of
echinoid plates and bryozoans well-cemented together by
sparitic calcite. The fauna observed in thin sections is almost
the same as that described by Carbone et al. (1987), ie.,
Miogypsina sp., Amphistegina sp., Globigerinoides trilobus,
Globigerinoides siakensis and Praeorbulina glomerosa, as

Fig. 4. OLM photographs of phosphorite nodules where micro-or-
ganisms well-cemented together by sparitic calcite can be observed
(crossed nicols)

A — BR nodule with abundant benthic foraminifers; B — IR nodule
with a sea urchin spine section and fragments of lamellibranches; C —
DL nodule with various nummulites
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well echinoid plates and coralline algae, indicating that these
phosphates are of the Late Burdigalian age. Because of their
submicroscopic dimensions, it was not possible to identify any
CFA crystals with this technique. We could only identify a
brownish micritic matrix which can suggest the presence of
glauconite and/or Fe oxides (Fig. 4A, B and C). Intraparticle
and interparticle porosity is very limited (~10%) and is gener-
ally observed inside hollow parts of bioclasts or between frag-
ments within the matrix where secondary calcite has not totally
filled the empty spaces.

FIELD EMISSION SCANNING ELECTRON MICROSCOPY

Secondary electron microphotographs show irregular sur-
faces that were mainly composed of micrometer calcite crys-
tals. Hexagonal crystallites were identified as CFAs because
EDX microanalysis confirmed the presence of Ca and P
(Fig. 5A). The aforementioned crystals were ~600 nm in diam-
eter and showed reduced growth along their ¢ axis. The
{000 1}CFA and the {IOIO}CFA forms could be seen. The short ¢
axis in CFAs has been attributed by Sanchez Navas and Martin
Algarra (2001) to coalescence or coarsening mechanisms of
earlier crystals that were longer and thinner and of amorphous
phosphates. The short ¢ axis would also seem to be a result of
the high carbonate substitution which limits the size of the
CFAs and makes them more equiaxial in shape (Nathan, 1984).
At low magnifications the general appearance of these crystals
suggests the presence of euhedral shapes (Fig. 5A), but when
magnified they are clearly subhedral (Fig. 5B). In fact, all the
crystals show imperfections. In some cases the centre of the
crystal has not developed in the same way as the outer parts
producing a hollow, skeletal shape. Similar shapes have been
observed in phosphates by other authors and have been inter-
preted as the result of microbial activity which favours accre-
tion mechanisms (Lucas and Prévét, 1984; Soudry, 1994,
2000; Krajewski, 2000), even if there is no clear evidence that
cellular bodies are necessary for the formation of CFAs
(Krajewski et al., 1994). The absence of euhedral CFAs is
common in many sedimentary phosphate deposits and they can
also form directly from supersatured pore solutions. In most of
the crystals, it is clear that the surface of the {OOO I}CFA face is
not flat and is in fact slightly oval-shaped, which could suggest
that pre-existing micro-organisms (i.e. bacteria) have been
coated by francolite crystals (Fig. 5B and D). The crystals are
randomly positioned with no preferential orientation and it is
clearly possible to observe a porous space between them
(Fig. 5A). The CFAs accumulate in confined microspaces such
as pores, fissures or for example inside microborings (Fig. 5E
and F). Figures 5G and H confirm these results as the CFAs do

not replace skeletal material and appear, instead, in more shel-
tered areas nearby.

Figure 6A shows a BSE image of the phosphatic nodules.
The union among grains is almost complete, porosity seems to be
very low and pore interconnection is limited. Fragments of vari-
ous microfossils are easily recognizable and subangular quartz
grains can also be detected. They are minute (just a few microm-
eters) and could not therefore be seen with OLM. The spatial dis-
tribution of Ca, P and F was determined with the use of EDS by
elemental mapping. In a map showing the distribution of Ca it
was impossible to distinguish the bioclasts from the matrix be-
cause of the high concentration of Ca in the entire nodule; only
isolated black areas, those with irregular-shaped pores, could be
seen (Fig. 6B). P (Fig. 6C) and F content (Fig. 6D) were rather
low compared to Ca and were distributed almost entirely in the
matrix rather than in the shells of bioclasts and confirm the previ-
ous observations (Fig. 5G and H). However, it was impossible to
see a more concentrated distribution of F and P (in the confined
microspaces where CFAs crystallize, Fig. 5) because the magni-
fication of SE and BSE images is different.

DISCUSSION

Phosphatic limestones outcrops are associated with the es-
tablishment of hardground conditions during the early Miocene
period (Carbone et al., 1987). This work complemented and
partially modified the interpretations of the previous authors by
proposing that the crystallization of CFA began in the Ragusa
Formation after an initial period of lithification of the sea-floor
(carbonate cementation) and glauconite replacement in pore
sediment. During this time, the hardground surface was charac-
terized by an accumulation of bioclasts (benthonic and plank-
tonic communities).

Phosphogenesis, which started within the pore-space of
sediment, could have been the result of a bacterially-mediated
precipitation of minute non-oriented ovoidal phosphate parti-
cles and it is presumable that bacteria were involved at the be-
ginning of CFAs formation. The phosphate cementation fol-
lowed the carbonate cementation filling up the pore-space in
nodules (see the low porosity in Fig. 6). The lack of euhedral
CFA crystals in the studied nodules cannot be considered a di-
rect proof of bacterial phosphatization of sediment and inor-
ganic precipitation of fluorapatite has been demonstrated in the
laboratory (Van Cappellen and Berner, 1991). However, a
supersaturation of this phase in the solution is required and it is
known that the average concentration of P in seawater is only
0.09 mgL " (Ehrlich, 2002). Even if direct precipitation occurs,
kinetic growth is very slow and the fluorapatite precipitation

»
»

Fig. 5. FESEM microphotographs of phosphatic nodules

A — general view of CFA crystals in BR nodules, notice that the crystals are almost of the same size; B— magnification of a portion of the previous figure
(the area inside the white rectangle) in which can be seen the imperfections on the faces of the CFA crystals, the microanalysis of these crystals can be seen
in the inset; C — formation of skeletal CFA crystals in a DL nodule; D — development of a rounded shape in OOOI}CFA faces; E — elongated tubes par-
tially empty composed of CFA crystals in RI nodules; F — detailed image of the previous photograph (the area inside the white rectangle) in which hexag-
onal CFA crystals can be recognized, the added spectrum shows the composition of these crystals; G — dasycladal alga composed of calcite (see the
microanalysis); H — detailed image of the previous figure in which CFA crystals can be seen (white arrow), notice how these crystals develop only in the

protected area of the matrix, not in the shell of the alga
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Fig. 6. BSE and X-ray images of a phosphatic nodule from the BR site

A — general view of the sample (BSE image), black areas correspond to pores and dark grey areas to small quartz grains; B-D — X-ray images of Ca,
P and F, respectively, note the numerous nonphosphatized bioclastic fragments

rates are low (Krajewski et al., 1994). Finally, a marked accele-
ration of current velocity within the sea-floor sediment was the
responsible for the emergence of phosphatized nodules above
the hardground (Carbone ef al., 1987).

Hence, bacteria could have provided the vehicle for phos-
phate mineralization due to the following considerations:

1. It was observed that the crystallization of CFA did not
occur in microfossils shells. It usually develops in confined
spaces inside the matrix (cavities, perforations, etc.) where or-
ganic matter may be easily accumulated. In these micro-
environments microbial activity causes the production and
breakdown of organic matter, the release of inorganic com-
pounds and metabolic products, and it provides sites for the nu-
cleation and growth of solid phases. The walls of bacterial cells
are chemically reactive which facilitates the nucleation and
growth of mineral phases (Ferris, 1997).

2. FESEM images highlight the absence of a preferred orien-
tation of CFA crystals as well as the high porosity of these
microenvironments where microbes could have been developed.

In these areas, which are supersaturated in P, soluble phosphate,
liberated by bacteria, reacted with calcium ions forming insolu-
ble calcium phosphate compounds (Ehrlich, 2002).

3. Notice how all the CFA crystallites are the same size
(~1 um). If bacteria promoted phosphogenesis, it would be rea-
sonable to assume that CFAs would have equal dimensions.
They allow the francolite to crystallize but, at the same time,
their cells create a limit to the expansion of the crystallites.

4. All CFA crystals show some defects such as incomplete
face growth, skeletal morphologies development and rounding
of {0001 ra faces. It seems that in the water-sediment surface
there was a high phosphate supersaturation as a result of micro-
bial proliferation and a rapid precipitation of CFAs in an envi-
ronment full of impurities that causes such imperfections to oc-
cur (Krajewski, 2000). The major argument in favour of bacte-
rial action in phosphogenesis should be the presence of abun-
dant bacteria-like particles (Fountain and McClellan, 2000).
The non-appearance of bacterial morphologies may be related
to the fact that bacterial bodies were too delicate and ephemeral
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to survive the diagenetic processes (Baturin, 2000). Cellular
bodies are not necessaries for the formation of CFA, but it is
known that their abundance leads to the common deposition of
apatite (Krajewski et al., 1994).

According to Ruttenberg and Berner (1993) and Schenau e?
al. (2000), it is possible to state that disseminated CFA crystals
acted as a sedimentary sink for removal of the reactive phos-
phorus and fluorine in the sea so favouring the development of
phosphatic nodules. High carbonate substitution for phosphate
occurred during this time, as indicated by the low unit-cell a
value. The phosphatised layers we studied were noticeably
thin. This is because the precipitation of phosphates is gener-
ally restricted to the uppermost part of the sediment, and the in-
crease of carbonate alkalinity in pore water below a depth of a
few centimetres precludes further development of phosphatic
minerals (Glenn and Arthur, 1988; Schenau et al., 2000).

CONCLUSIONS

The formation of francolite (carbonate-fluorapatite) was in-
vestigated in south-east Sicilian phosphatic limestones. Such
deposits were formed during long periods of hardground con-
ditions. Phosphogenesis was mainly due to francolite precipita-

tion within the pores sediment forming francolite crystals al-
most all of which measured ~1 um in diameter. These crystals,
of irregular morphology, precipitated in microenvironments
supersaturated in P which probably had been produced by bac-
teria. Francolite crystallization only affected the matrix of the
phosphatic nodules and did not affect the carbonate shells of
benthic and planktonic foraminifera. It occurred in confined
spaces where organic matter tended to accumulate. The re-
duced growth of these crystals along the ¢ axis suggests two hy-
potheses: 1) they represent a second stage of recrystallization of
earlier, thinner, more elongated crystals or 2) a high CO;” sub-
stitution for PO;" favoured the development of tabular-shaped
crystals. In fact, the low value of the unit-cell a of francolite
crystals indicates that they were subjected to high rates of car-
bonate for phosphate substitution, which normally occurs in
young sedimentary phosphatic deposits.
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