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Samples of Turonian white to light gray and red limestones from the Vispi Quarry section in central Italy
have been examined by X-ray Diffractometry (XRD), Electron Probe Micro-analysis (EPMA), Electron Spin
Resonance (ESR), and Ultra violet-visible-near infrared (UV-VIS-NIR) Diffuse Reﬂectance Spectroscopy
(DRS). The ESR, EPMA and XRD results suggest that Mn2þ was well-incorporated into the structure of
calcite during the precipitation of the limestones. Amorphous ferric oxide (most probably hematite) and
the Mn2þ-bearing calcite endowed the limestone with a red color as the major pigmentation, and the
Mn2þ-bearing calcite gave it a pink tinge. The mineral assemblage is composed mainly of detrital
boehmite and quartz, which are interpreted as having been imported from the Eurasian paleo-continent
into the ocean by seasonal northeasterly winds. The boehmite formed by dehydration of gibbsite as an
end-product of intensive chemical weathering of Fe, Mg, and Al-bearing aluminosilicates exposed in
a subtropical environment. XRD results for the residues of Cretaceous Oceanic Red Beds (CORBs) dissolved in dilute acetum differed from those from Cretaceous Oceanic White Beds (COWBs) in that they
contain hematite. This suggests that no hematite was imported into the ocean during the precipitation of
the white limestone, and may explain why the same detrital origin for red and white limestones resulted
in different colors by suggesting that climatic variations occurred on the paleo-continent during the
precipitation of these two types of limestone. The presence of boehmite and hematite suggests that,
during the Late Cretaceous, central Italy lay within a subtropical climatic zone with a seasonal alternation
of warm rainy winters and hot, dry summers during the formation of the CORBs, and a continuously
warm climate during the formation of the COWBs. The Mn/Fe(mol) ratios in the shells of spherical
carbonate assemblages (probable microfossils) suggested that the ocean was much richer in iron during
the precipitation of COWBs.
Ó 2009 Elsevier Ltd. All rights reserved.

Keywords:
Boehmite
Hematite
Paleoclimate
Mn2þ-calcite
Turonian
Pelagic limestone

1. Introduction
Hematite pigmentation has been considered to be the most
important factor in the formation of the red color in sediments (Van
Houten, 1973; Turner, 1980; Franke and Paul, 1980; Pye, 1983;
Torrent and Schwertmann, 1987; Einsele, 1992; Eren and Kadir,
1999, 2001). Two hypotheses are usually put forward for the origin
of the hematite (Yilmaz, 2008): the ﬁrst involves the derivation of
detrital hematite from lateritic soils while the second involves
authigenic precipitation from the weathering of iron-bearing
(detrital) minerals such as pyrite, chlorite, biotite, amphibole,
pyroxene and olivine. Similar explanations have been suggested for
the red pigmentation in limestones (Eren and Kadir, 1999, 2001;
Yilmaz, 2008) but there are some red limestones, such as the Upper
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Cretaceous Red Scaglia Rossa limestone from Gubbio in central Italy
(Vannucci et al., 1979; Sighinolﬁ, 1981; Calderoni and Ferrini, 1984),
in which no hematite is detectable by XRD. The source of this red
color has been much debated, with the most important and
frequently mentioned interpretation being that hematite is present
only with a low content, ﬁne particle size, and a random distribution, making it undetectable by XRD (Eren and Kadir, 1999, 2001;
Hu et al., 2005, 2009; Yilmaz, 2008).
Mn2þ-doped materials have been widely used as optical material to produce different wavelengths of visible light (Li et al., 2006),
causing yellow to orange-red, red (Macedo et al., 1999), dull orange
and violet cathodoluminescence in Mn2þ-doped calcite (Habermann et al., 1998). Thermoluminescence occurred at 620 nm, when
the Mn2þ returned from the excited state back to the ground state
(Medlin, 1963; Macedo et al., 1999).
Boehmite is formed from the dehydration of gibbsite and is one
of the main components of Mediterranean-type bauxite (D’Argenio
and Mindszenty, 1995; Kloprogge et al., 2002). It is largely restricted
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to subtropical areas (Kloprogge et al., 2002) and has been useful for
its paleo-climate signiﬁcance and as a regional marker of global
events (D’Argenio and Mindszenty, 1995).
Gibbsite is today widely present in the soils of tropical areas and
is an end-product of aluminosilicate weathering in soils (Jongmans
et al., 1994; Nieuwenhuyse, 1996; Mulyanto et al., 1999; Bhattacharyya et al., 2000; Furian et al., 2002; Certini et al., 2006) or rocks
(Bates, 1962; Wada and Aomine, 1966; Green and Eden, 1971; Wilke
and Schwertmann, 1977; D’Argenio and Mindszenty, 1995;
Mulyanto et al., 1999; Samuel and Bruno, 2003; Ziegler et al., 2003;
Herrmann et al., 2007). It has been widely used as an indicator for
an environment of intense chemical weathering, typical of
monsoonal climates in tropical and subtropical areas, in which hot
rainy seasons alternate with extended dry periods (Mulyanto et al.,
1999; Kloprogge et al., 2002; Samuel and Bruno, 2003; Kleber et al.,
2007).
Gibbsite can transform into boehmite from room temperature
(Perić et al., 1996) up to 185  C in a hydrothermal environment
(Trolard and Tardy, 1987; Mehta and Kalsotra, 1991) or a much
higher temperature up to 300  C (Perić et al., 1996), with the rate of
transformation increasing as the temperature increases (Perić et al.,
1996). The boehmite started its dehydration process at 480  C, and
completed its dehydration process at 520  C (Kloprogge et al.,
2002). From the temperature range in which boehmite is stable, it
would appear that boehmite can only be stable down to
a maximum depth of 24 km in the Earth’s crust (using a value of
20  C/km for the general average geothermal gradient, which
ranges from 10–35  C/km).
The paleoclimate record in the Cretaceous strata has revealed
several important Oceanic Anoxic Events or ‘‘OAEs’’ (Schlanger and
Jenkyns, 1976). OAEs have attracted attention because of numerous
organic-carbon embedding in sediments and the signiﬁcance of
global anoxic events. After the Bonarelli (OAE2) anoxic event in the
Late Cenomanian (Upper Cretaceous), the oceanic sedimentation
changed from the white (COWB) limestones of the Scaglia Bianca to
predominantly red (CORB) limestones of the Scaglia Rossa. Investigations into the red Scaglia Rossa from Gubbio date back to the
1960s (Gratziu and Schiafﬁno, 1967), and subsequent investigations
have focused on the mineralogy (Gratziu and Schiafﬁno, 1967;
Sighinolﬁ, 1981), sedimentology (Arthur, 1976; Arthur and Fischer,
1977; Wezel, 1979; Alvarez and Montanari, 1988; Lowrie et al.,
1990; Hu et al., 2006, 2009), biostratigraphy (Premoli-Silva et al.,
1977; Premoli-Silva and Sliter, 1994), paleomagnetism (Alvarez
et al., 1977; Lowrie and Alvarez, 1977; Channell et al., 1982), and the
petrology and geochemistry (Vannucci et al., 1979; Calderoni and
Ferrini, 1984) of these beds. Studies on the mineralogy were relatively rare, but have shown that calcite was the major constituent
mineral, with K-feldspar, plagioclase, quartz, magnetite and
hydrous iron oxides, and clay minerals also detected as minor
mineral constituents (Gratziu and Schiafﬁno, 1967; Vannucci et al.,
1979; Sighinolﬁ, 1981). No manganese-bearing minerals were
detected (Calderoni and Ferrini, 1984). To determine the minor
phases acid was usually used to dissolve the carbonate, and in order
to accelerate the removal of carbonate the samples were usually
milled prior to acidisation. The iron-bearing minerals may, at the
same time, have been ﬁnely ground, and even become partially
amorphous and hence more easily dissolved. The widely used
citrate-bicarbonate-dithionite (CBD) method provides an example
of how ﬁne, amorphous ferric oxide can be easily dissolved and
eliminated from clay mineral assemblages.
In this paper, we have compared mineral compositions, chemical compositions and spectral features of the red limestones with
those of the white limestones, and then attempted to interpret the
origin of the limestone colorations, their detrital source areas and
their geological signiﬁcance.

2. Materials and analytical techniques
2.1. Materials
Turonian (Upper Cretaceous) limestones were intensively
sampled in Vispi Quarry section, which is situated northwest of
Gubbio and southeast of Monte Cartria in central Italy. A detailed
geological sketch-map and a stratigraphic column with the sample
locations can be found in Figs. 1 and 2, as previously published by
Hu et al. (2006, 2009). The samples covered the transition from the
light gray limestone of the Scaglia Bianca Formation to the reddishpink limestone of the Scaglia Rossa Formation. This stratigraphic
transition occurs within the Upper Cretaceous Turonian Stage
within a time span of about 0.8 Ma, based on the 7.4 m/Ma sedimentation rate of Premoli-Silva and Sliter (1994). The reddish-pink
Scaglia Rossa limestone has been termed a CORB by Hu et al. (2005),
and hence the white to light gray (Cretaceous) Scaglia Bianca
limestone can be considered to be a COWB.
2.2. Analytical techniques
The XRD measurements were carried out at the State Key
Laboratory of Mineral Deposits Research at Nanjing University
using a Rigaku D/max-IIIa diffractometer equipped with a Cu-target
tube and a curved graphite monochromator, operating at 37.5 kV
and 20 mA. The slit systems were 1 (DS/SS) and 0.3 mm for the RS.
Samples were step-scanned from 10 to 100 with a step size of
0.02 (2q). A side-packing method proposed by National Bureau of
Standards (NBS) was used to prepare the XRD samples. The quantitative mineral phase analysis and cell parameter reﬁnement were
achieved by means of Whole-Pattern Fitting with a General Structural Analysis System (GSAS, Larson and Von Dreele, 2004).
The Electron Spin Resonance (ESR) spectra were recorded at
293 K and 9.76 GHz with an X-band Brücker ER 200 spectrometer
using randomly orientated powders, in the Morden Analysis Center
at Nanjing University. Equal amounts (100 mg) from each sample
were placed in pure silica tubes for a quantitative comparison
between the samples.
The Electron Probe Micro-Analysis (EPMA) was carried out using
a JOEL JXA-8100 Electron Probe Micro-analyzer at the State Key
Laboratory of Mineral Deposits Research in Nanjing University. The
instrument was operated at a 15 kV acceleration voltage with a 20
nA beam current. Both plane analyses and chemical analyses were

Fig. 1. Location of the studied sections near Gubbio-Piobbico area, the Umbria–Marche
Basin, central Italy (modiﬁed from Baudin et al., 1998). Sections: BO: Bottaccione Gorge
section; CQ: Vispi Quarry section; FB: Fiume Bosso section, GC: Gorgo a Cerbara
section; MP: Monte Petrano section; PIO: Piobbico core; PLG: Poggio le Guaine section.
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Fig. 2. Detailed lithologic column from the Scaglia Bianca to Scaglia Rossa in the Vispi Quarry section, showing sample positions (right). Left: stratigraphic column from the Upper
Cenomanian to the Turonian of the reference Bottaccione Gorge section, showing nannofossil and planktic foraminiferal zones (Premoli-Silva and Sliter, 1994; Tremolada, 2002).

completed. The beam diameter was narrowed to less than 1 mm for
the chemical analyses. An amphibole natural mineral standard was
used to collect the weight fractions for SiO2, Al2O3, TiO2, MgO, FeO,
Na2O, and K2O, while fayalite was used for MnO and calcite for CaO;
all of these mineral standards were from the National Institute of
Standards and Technology (NIST), U.S.A.

3. Geological setting and lithologies
The Cretaceous pelagic sequence of the Umbria-Marche Basin
was deposited near the continental margin of the Apulia block. The
block shifted northwards from Africa relative to northern Europe
and was strongly affected by pre-orogenic deformation, such as
extensional normal faulting (Marchegiani et al., 1999). The basement of the Umbria–Marche Apennines is continental, with the
Upper Jurassic through to lower Miocene pelagic strata overlying
a Triassic to Lower Jurassic carbonate platform. During the latest
phase of the Alpine–Himalayan orogeny in Miocene time (see
Centamore et al., 2002), the basin was involved in tectonic
compression and became part of the foreland fold-and-thrust belt
of the Umbria–Marche Apennines of central Italy. The direction of
movement of the thrust sheets was from the southwest towards the
northeast.

Since the ﬁrst pioneering work on biostratigraphy in 1936 (Renz,
1936), detailed studies of type sections at the Vispi Quarry and
Bottaccione Gorge have been published frequently (Luterbacher
and Premoli-Silva, 1962; Premoli-Silva, 1977; Premoli-Silva and
Sliter, 1994; Coccioni et al., 1987, 1989, 1990, 1995; Tremolada,
2002; Coccioni and Luciani, 2004; Hu et al., 2006, 2009).
The Vispi Quarry section forms part of the Cretaceous sedimentary succession outcropping in the Umbria-Marche Basin. The
Umbria-Marche succession has been subdivided into four formations on the basis of color changes, carbonate content and the
presence or absence of chert and black shales (see Arthur and
Fischer, 1977; Alvarez and Montanari, 1988; Coccioni, 1996). The
four formations are: the Maiolica Formation (upper Tithonianlower Aptian), the Marne a Fucoidi Formation (lower Aptian–upper
Albian), the Scaglia Bianca Formation (upper Albian-lowest Turonian) and the Scaglia Rossa Formation (lowest Turonian to middle
Eocene). The latter two formations have been the subject of this
research. The studied section started above the Bonarelli (OAE2)
Level, from 9.8 m in the Scaglia Bianca Formation and terminated at
10.9 m in the Scaglia Rossa Formation. Two transitional beds were
present, at 10.35–10.55 m and at 10.63–10.83 m, each overlain by
completely reddish-pink colored beds (Fig. 2).
The Scaglia Bianca Formation is comprised of yellowish-gray to
grayish limestones intercalated with a few pink to reddish
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limestone beds and several greenish-gray to black marlstones and
shales. The formation has been subdivided into four discrete
informal lithologic members (Coccioni et al., 1992). The Bonarelli
horizon (OAE2) is a prominent marker bed near the top of the
Scaglia Bianca Formation. It is an ichthyolithic–bituminous–radiolarian unit about 1 m thick, consisting of siliceous, carbonate-free
olive-green to black mudstone and black shales with more than 23%
organic carbon (Arthur and Premoli-Silva, 1982). The Upper Cretaceous Scaglia Rossa Formation has been described in detail by
Arthur and Fischer (1977) and Alvarez and Montanari (1988): it is
comprised predominantly of pinkish-red marly limestones that
generally contain 65–92% CaCO3, except for rare shaly interbeds
which accentuate the bedding.
4. Results
4.1. ESR spectral study
Fig. 3 shows the ESR (Electron Spin Resonance) spectra for seven
of the eighteen limestone samples. Six hyperﬁne splitting peaks
were present in each of the spectra, suggesting that manganese was
present as a divalent cation and well-incorporated into the structure by the replacement of calcium in calcite. This implied that the
Mn2þ cations remained isolated and hence had no effect on each
other, and that the homogenous distribution of Mn2þ did not result
in an ordered structure like dolomite.
4.2. XRD study
Fig. 4 illustrates eight of the nineteen XRD patterns. These XRD
patterns suggested that the mineral phases present in the CORBs
from the Scaglia Rossa Formation were the same as those in the
gray or white limestones of the Scaglia Bianca Formation. The main
minerals were calcite, quartz and boehmite. After the removal of
carbonates, montmorillonite and illite were detected in the residues; minor hematite was also detected in the CORBs residues.
Quantitative phase analyses and cell parameter reﬁnements
were carried out for three mineral weight fractions by means of
whole pattern ﬁtting for eighteen powder XRD patterns. The
reﬁned value for a0 and c0 were slightly smaller than the calcite
(47–1743) listed in the Powder Diffraction File-2 (PDF-2; ICDD,
2004) database. The average, maximum and minimum a0 and c0
values were 0.4987196 nm and 1.7054171 nm, 0.498839 nm and
1.7059799 nm, 0.4984934 nm and 1.7046541 nm respectively. The
a0 and c0 values for calcite (47–1743) were 0.49896 and 1.7061 nm
respectively. This might indicate that the Mn2þ has replaced part of
the calcium in the CaO6 octahedron.
4.3. EPMA study
4.3.1. Plane analysis for limestone
Five EPMA (Electron Probe Micro-Analyzer) plane analyses were
carried out on two pink and one white limestone samples. Figs. 5A,
5B, and 5C illustrate the analysis results for the spherical carbonate
(possible micro-fossil), the calcite microlites and the detrital
material in the pink limestone (sample 0924-2-2) respectively. Figs.
5D and 5E show the analysis results for samples CQ-37 (pink
limestone) and CQ-13 (white limestone) respectively. The distribution of manganese is homogeneous in three of the samples. Iron
is homogeneously distributed in the spherical carbonate, the calcite
microlites, and in the matrix of the three limestones, but is
extremely enriched in the CORBs detrital material, although detrital
material was seldom found in CORBs examined by optical microscope. The silicon component was also high in the detrital material

Fig. 3. ESR spectra for selected CORBs and COWBs.

where it was mainly present as quartz, but also in montmorillonite
and illite.
4.3.2. Point analysis for limestone
As illustrated in Fig. 5A, a spherical carbonate (probable microfossil) was present in the limestone; this was made up of a shell-
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matrix and the calcite crystals. Table 1(1–3) shows that the
manganese component, as tested at the ﬁve points mentioned
above, was similar in all three samples. However, the iron content
was quite different and was lowest in the spherical carbonate shell
from the CORBs. The atomic ratio of Mn/Fe(mol) was therefore used
to illustrated the differences between the three samples. The Mn/
Fe(mol) ratio for the shells from the pink limestone was much larger
than the ratio for the matrix of the white limestone. However, the
Mn/Fe(mol) ratio for the matrix of pink limestone was slightly
smaller than the ratio for the matrix of the white limestone. It can
also be seen from Table 1(1–3) that the Mn/Fe(mol) ratios for the
calcite crystal, the epithelial and the ﬁlling in the shells were much
smaller than the ratios for the shells themselves and the matrix in
the pink limestone. However, their Mn/Fe(mol) ratio was similar to
the ratio for the shells in the white limestone.
4.3.3. Uv-Vis-NIR spectra study
The Uv-Vis-NIR diffuse reﬂectance spectra are illustrated in
Fig. 6. One broad absorption band centered at about 560 nm and
range from 520 to 600 nm, is present in all seven red limestone
spectra. This broad absorption of blue-green light results in the
strong, bright red of the limestones. A shaded red area at about
575 nm, displayed as one weak peak or shoulder, may be resulted
from the presence of Mn2þ bearing calcite or crystalline hematite. A
detailed DRS study of limestone samples from the Vispi Quarry
section can also be found in Hu et al. (2009). The ﬁrst-derivative
spectra of the red and pink limestones showed that there was
a prominent peak centered within the 560–570 nm range, and the
presence of ﬁnely dispersed hematite was suggested. However, no
peak was present in the 560–570 nm range in the DRS spectra of
the white limestones.
5. Discussion
5.1. Mineralogical and chemical features of the limestones

Fig. 4. XRD patterns for selected CORBs and COWBs. In ﬁgure: the signs are abbreviations of the mineral: B-boehmite; C-calcite; H-hematite; I-illite; M-montmorillonite
saturated with calcium ions; Q-quartz. Res-residue dissolved by the dilute acetum.

like structure with a core and a curved gap between the shell and
core, ﬁlled with loose material (Fig. 5B). The EPMA chemical analysis for the 0924-2-2 and CQ-37 pink limestone samples and for the
CQ-13 white limestone sample are listed in Table 1(1–3). The
analyses were carried out on the shell, the ﬁlling within
the spherical carbonate shell, the ﬁlm (or epithelial) ﬁlling, the

Apart from calcite, the minor mineral constituents previously
identiﬁed in the sequential leaching residues were mainly K-feldspar, plagioclase, quartz, and clay minerals (Vannucci et al., 1979);
traces of magnetite and hydrous Fe oxides were also detected
(Sighinolﬁ, 1981), but no aluminum or manganese bearing minerals
were detected in the Scaglia Rossa samples. According to our XRD
results illustrated in Fig. 4, however, boehmite and quartz were the
main minor mineral phase. Furthermore, the diffraction line at
about 0.611 nm is broad and weak, and there are two much weaker
diffraction lines near 0.611 but at high 2q side illustrated in the
upper. It has been suggested therefore that the amount of boehmite
present may have been quite small and that it was either poorly
crystallized or in an amorphous aluminous oxide state. After the
calcite had been dissolved by dilute acetum, montmorillonite and
illite were present in the residues, and hematite was also detected
in the CORBs. However, the intensity of the boehmite diffraction
proﬁle was still very weak and even difﬁcult to identify. It is suggested that the milling decreased the grain size of the boehmite
resulting in its dissolution in the dilute acetum. The amorphous
iron oxide may also have been similarly affected. The suggestion
that boehmite was originally present and subsequently dissolved
may also be supported by the reported existence of more than 80%
Al (wt%) in the sequential leaching residue of the red carbonate
(Calderoni and Ferrini, 1984).
Comparing the chemical compositions for ferric and ferrous iron
as measured by EPMA, by combined XRF and by wet chemical
analysis and illustrated in Table 1(1–3), the EPMA results differed
from the XRF results in their much lower SiO2, Al2O3, TFeO, K2O, and
MgO content. This may suggest that these components were
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Fig. 5. EPMA plane analyses for two CORBs and one COWB from the Vispi Quarry, Italy. A, SEM image of the spherical carbonate (possible micro-fossil); B, C, D, plane analyses for
pink limestone 0924-2-2; E, plane analysis for pink limestone CO-37; F, plane analysis for white limestone CQ-13.

imported into the ocean from the paleo-continent: it should be
noted that the total iron oxide measured by EPMA is much smaller
than that measured by XRF, but similar to the FeO component
obtained by wet chemical analysis, and it can therefore be assumed
that the iron measured by EPMA was derived from within the
calcite structure and was ferrous iron. This may then suggest that
the importation of amorphous ferric oxide or hematite was the

reason for the higher ferric oxide component in the CORBs than in
the COWBs.
5.2. Distribution of iron and manganese in the limestones
The distribution of manganese was shown by the ESR, XRD, and
EPMA plane analysis results as well as previously published
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Table 1
EPMA analyses for two CORB limestones and one COWB limestone. (1). EPMA analysis for 0924-2-2 pink limestone. (2). EPMA analysis for CQ-37 pink limestone. (3). EPMA
analysis for CQ-13 white limestone
Oxide

Spherical carbonate
Shell (6 points)

Core (10 points)

SiO2
TiO2
Al2O3
Fe2O3
FeO
MnO
MgO
CaO
Na2O
K2O
Total
Mn/Fe*

0.00
0.015
0.034
–
0.015
0.033
0.076
56.584
0.039
0.007
56.794
2.172

0.00
0.018
0.012
–
0.102
0.053
0.129
56.075
0.027
0.010
56.379
0.521

Oxide

Spherical carbonate

SiO2
TiO2
Al2O3
Fe2O3
FeO
MnO
MgO
CaO
Na2O
K2O
Total
Mn/Fe*
Oxide

SiO2
TiO2
Al2O3
Fe2O3
FeO
MnO
MgO
CaO
Na2O
K2O
Total
Mn/Fe*

Shell (6 points)

Core (5 points)

0.00
0.018
0.015
–
0.023
0.041
0.074
56.578
0.044
0.009
56.737
1.834

0.00
0.002
0.010
–
0.139
0.063
0.184
56.262
0.049
0.004
56.664
0.459

Spherical carbonate
Shell (6 points)

Core (6 points)

0.00
0.046
0.009
–
0.188
0.066
0.130
56.097
0.034
0.007
56.473
0.358

0.00
0.041
0.018
–
0.126
0.074
0.150
56.181
0.015
0.002
56.543
0.596

Film (7 points)

Matrix (11 points)

Crystal (2 points)

Average (36 points)

XRF Hu et al.,

0.00
0.024
0.008
–
0.099
0.073
0.161
56.131
0.019
0.004
56.498
0.747

0.00
0.024
0.016
–
0.058
0.070
0.052
56.201
0.015
0.010
56.386
1.222

0.00
0.019
0.010
–
0.098
0.053
0.023
56.261
0.008
0.008
56.454
0.545

0.00
0.024
0.027
–
0.087
0.059
0.105
56.077
0.024
0.008
56.358

5.394
0.020
0.561
0.350
0.063
0.060
0.409
52.030
0.030
0.154

Film (4 points)

Matrix (5 points)

Crystal (0 points)

Average (20 points)

XRF Hu et al.,

0.00
0.028
0.018
–
0.125
0.064
0.149
56.032
0.016
0.009
56.404
0.519

0.00
0.017
0.025
–
0.072
0.098
0.119
56.758
0.016
0.015
57.087
1.377

–
–
–
–
–
–
–
–
–
–
–

0.00
0.018
0.016
–
0.097
0.073
0.133
56.390
0.026
0.010
0.097
56.704

1.795
0.017
0.307
0.120
0.130
0.064
0.390
54.513
0.030
0.108
–
–

Film (5 points)

Matrix (6 points)

Crystal (1 points)

Average (24 points)

XRF Hu et al.,

0.00
0.004
0.019
–
0.200
0.087
0.160
56.047
0.038
0.016
56.531
0.443

0.00
0.019
0.045
–
0.095
0.150
0.110
56.132
0.032
0.016
56.528
1.602

0.00
0.021
0.015
–
0.086
0.037
0.119
56.112
–
–
56.39
0.436

–

0.00
0.030
0.024
0.145
0.087
0.134
56.124
0.030
0.012
56.512

2.399
0.011
0.187
0.020
0.140
0.098
0.329
54.631
0.020
0.086
–
–

‘‘Mn/Fe*’’ means the ratio is the mole ratio. ‘‘–’’ not measured.

literature (Calderoni and Ferrini, 1984) to be homogeneous, and it
was incorporated into the calcite structure during its formation.
The EPMA plane analysis results showed that the manganese is
homogeneously distributed in the matrix, the spherical carbonate
(micro-fossils) and the calcite microlites. The majority of the
manganese was, however, shown to have been associated with the
carbonates since, on average, 93.7% of the manganese was leached
out concomitantly with the dissolving of the carbonate (Calderoni
and Ferrini, 1984).
The distribution of iron was much more complex than that of
manganese. Iron was present as lattice iron, iron oxide clustered in
the structure, and iron oxide adsorbed on boehmite (or quartz). The
EPMA results suggested that the iron was distributed in two
different ways. Part of iron was distributed quite homogenously
within the matrix, the micro-fossils, and the calcite microlites,
suggesting that this form of iron was lattice iron introduced into the
crystal structure during the formation of the limestone. Highly
concentrated iron was only found in the detrital material (Figs. 3D
and 3E), suggesting that iron oxide was adsorbed onto, and transported by, boehmite or quartz. This interpretation was supported
by the change in TFe2O3 and was closely related to Al2O3 (Hu et al.,
2009). The presence of iron as clusters within the calcite structure

could be assumed from the transformation from iron-bearing
calcite. Calderoni and Ferrini (1984) suggested that the majority of
the iron was present in detrital fragments since about 80.2%, 4.4%
and 15.4% of the iron was present in the residua, the reducible
fraction and the carbonate respectively and no more than 4.4% of
the iron present was ferric oxide, contributing less than 0.013% to
the total 0.29% of iron.
5.3. Contributions of Fe and Mn to mineral color
The color of the sediments or minerals is the result of partial
absorption or reﬂectance of visible light. Absorption in the range of
490–500, 500–560, and 560–580 nm endowed the minerals with
red, amaranth, and violet colors, respectively, suggesting that
absorption must have occurred within the 490–580 nm range to
endow the limestone with its red color.
Hematite has not only been considered the most important
source of pigment for the red color in sediments, but also a most
important indicator of environmental and paleoclimatic change.
Visible Diffuse Reﬂectance Spectroscopy has proved the most efﬁcient approach for the detection of hematite and has been used for
quantitative measurements of hematite content. It is able to detect
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should therefore be conﬁrmed by both XRD and wet chemical
analysis as a prerequisite, in order to exclude the presence of Mn2þ
-calcite. The XRD results for the residues from dilute acetum
dissolution suggested that hematite was present in the CORBs and
might therefore be responsible for its red color.
5.3.1. The coloring mechanism of iron oxide
A common theory for the coloring effect of iron oxides is that it
is due to the presence of very ﬁne and homogeneously distributed
particles within the rocks or sediments. This theory is easily
understood and has been used to explain the coloring mechanisms
for several kinds of rock loess and soil (Deaton and Balsam, 1991; Ji
et al., 2007), including red detrital sedimentary rocks, hematitecemented sedimentary rocks, and granite (Putnis et al., 2007). It is,
however, very difﬁcult to prove, especially if the distribution of
hematite is inhomogeneous, or if it can not be detected.
The iron originally entrapped in the calcite structure can have
one of two species, the ﬁrst of which is ferrous iron and constructing the calcite structure, and the second of which is iron
found in the interstices of the calcite structure which spoliates the
oxygen from the CaO6 octahedron to form Fe2O2
3 clusters. These
clusters can then be oxidized to form hematite clusters by releasing
the electron to O2 dissolved in groundwater. These hematite clusters can grow to several tens of nanometers within the structure of
the calcite, and could therefore be another coloring factor,
endowing the limestone with a homogeneous red color.

Fig. 6. DRS for CORBs and COWBs.

hematite concentrations as low as 0.05% and 0.01% in mixtures
which have a matrix of loess and periclase (Deaton and Balsam,
1991; Ji et al., 2007; Cai et al., 2008). A reﬂectance peak centered
within the 565–575 nm range has been assigned to hematite
(Deaton and Balsam, 1991; Ji et al., 2007; Hu et al., 2009), and the
peak shifts to a higher wave-number (up to 586 nm) for specularite
(Cai et al., 2008). The shifting of the peak can be attributed to an
increase in the degree of crystallization. The intensity of the peak
centered at 586 nm in the ﬁrst derivative DRS spectrum is an order
of magnitude lower than that for the hematite of sedimentary
origin (Cai et al., 2008), which suggests that crystalline hematite
such as mica hematite or specularite has a much lower dyeing
potential than the amorphous or weakly crystalline hematite. This
is supported by the degree of dyeing observed on the inner wall of
the agate mortar used during the hematite milling: no dyeing was
observed during the milling of specularite or mica hematite, but the
hematite of sedimentary origin dyed the wall a red color that was
difﬁcult to remove, even by washing with a dilute acid solution.
More importantly, however, there was a rhodochrosite peak
centered at 577 nm in the DRS (Cai et al., 2008). As is well known,
rhodochrosite, as well as Mn2þ-bearing calcite and other Mn2þ
bearing silicate minerals, have a bright, transparent to translucent
red color. Hence, the peak centered in the range of 565–575 nm can
not on its own be taken as evidence for the presence of hematite,
especially in Mn2þ bearing limestone, and the presence of hematite

5.3.2. The coloring mechanism of manganese
The ESR spectra for the limestones clearly show that manganese
is present as octahedral cations within the calcite structure.
Although Mn2þ-bearing calcite and rhodochrosite are known to
have a red color, this was signiﬁcantly lighter after the rhodochrosite had been ground to a powder than it had been in the
crystals, which suggests that Mn2þ-bearing calcite with a ﬁne
particle size may only give the limestone a light red tinge. The color
may only be detected by DRS as the Mn2þ concentration within the
structure can be very low.
Mn2þ-doped calcite can be excited to radiate visible red light by
means of thermal, cathodoluminescent, ultraviolet or laser energy
sources. This effect has been attributed to the Mn2þ returning from
an excited state back to the ground state (Medlin, 1963; Habermann
et al., 1998; Macedo et al., 1999; Li et al., 2006). A similar mechanism may also affect the Mn2þ incorporated into the structure of
calcite in Mn2þ-bearing limestones. The Mn2þ-bearing calcite,
which was comprised of both pale pink to purple-red calcite and
white calcite, outcropped in a different location within a uranium
bearing deposit. The pale pink to red calcite outcropped close to
uraninite whereas the white calcite was further away, so that the
red color might be attributable to radiation from the decay of
uranium (Zhang et al., 2005). The uranium and thorium contents
were analyzed by ICPMS (Hu et al., 2009) and ranged between
0.08–4.92 ppm for uranium (average 0.62) and 0.24–0.37 ppm for
thorium (average 0.28) in the CORBs, compared to 0.06–1.54 ppm
for uranium (average 0.29) and 0.16–0.39 for thorium (average
0.26) in the white limestone. The g-radiation that accompanies the
isotope decay from U to Pb and Th to Pb may therefore have
provided the required energy source for the red coloration.
5.4. Distribution of terrestrially derived detrital matter and its
geological signiﬁcance
5.4.1. Major and trace element variations within the section
Both the major element analyses and the quantitative phase
analyses from XRD showed that the limestone samples were
composed mainly of calcite (CaCO3). The quantitative phase
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Table 2
Geochemical parameters of the different sediment groups at Vispi Quarry section, Gubbio, Italy
Element oxide Scaglia Rossa (Red) N ¼ 8

SiO2
TiO2
Al2O3
Fe2O3
FeO
MgO
CaO
Na2O
K2O
P2O5
MnO

Scaglia Rossa (white) N ¼ 5

Conc. (1 d, max)

/Al (1d)

EF

Conc. (1 d, max)

3.19 (1.21, 5.39)
0.02
0.49 (0.22, 0.80)
0.18 (0.08, 0.35)
0.13 (0.03, 0.15)
0.37 (0.02, 0.12)
53.58 (0.84, 54.513)
0.03 (0.01, 0.04)
0.13 (0.03, 0.17)
0.03 (0.01, 0.04)
0.07 (0.02, 0.124)

1.49(0.57)
1.83 2.35 (0.10, 2.47)
0.01 (0.003) 0.78 0.01 (0.00, 0.02)
1.00
–
0.28 (0.09, 0.41)
0.16 (0.07)
1.10 0.08 (0.04, 0.13)
0.10 (0.02)
0.68 0.11 (0.02, 0.14)
0.22 (0.02)
4.75 0.36 (0.03, 0.39)
38.31 (0.60) 815 54.49 (0.26, 54.77)
0.02 (0.00)
0.63 0.02 (0.01, 0.03)
0.11 (0.02)
1.21 0.09 (0.00, 0.10)
0.01 (0.00)
6.52 0.02 (0.01, 0.03)
0.05 (0.02) 20.89 0.09 (0.01, 0.10)

/Al (1d)

Scaglia Bianica1 N ¼ 5
EF

Conc. (1 d, max)

1.10 (0.05)
2.28 5.10 (0.80, 6.34)
0.01 (0.001) 1.20 0.02 (0.00, 0.03)
1.00
–
0.59 (0.14, 0.76)
0.07 (0.04)
0.85 0.15 (0.04, 0.19)
0.09 (0.02)
0.94 0.13 (0.05, 0.20)
0.22 (0.02)
7.63 0.38 (0.02, 0.40)
38.96 (0.19) 1450 52.28 (0.68, 53.19)
0.02 (0.004) 0.76 0.03 (0.00, 0.03
0.08 (0.02)
1.53 0.15 (0.02, 0.18)
0.01 (0.002) 7.27 0.03 (0.00, 0.04)
0.07 (0.01) 44.39 0.06 (0.01, 0.07)

analysis showed that the calcite content (92.68–99.19 wt%) is
consistent with the calculations from the chemical analysis
(91.06–97.22 wt%). Apart from the calcium, other major and trace
elements are only present in low concentrations due to the diluting
effect of the carbonate (Hu et al., 2009). The value of the Ti, Si, K, Na,
and Fe average enrichment factors (listed in Table 2) for the Scaglia
Rossa red limestone, the Scaglia Rossa white limestone, and the
Scaglia Bianca white limestone are similar to the data reported by
Turgeon and Brumsack (2006) from Scaglia Bianca, suggesting that
both the Scaglia Rossa and the Scaglia Bianca have the same
terrigenous origin.
Trace elements and proxy elements are also only present in
very low concentrations (Hu et al., 2009). The low Mn content
suggests dysoxic bottom-water conditions at the sediment/water
interface (Landing and Bruland, 1980; Bruland, 1983; Landing and
Bruland, 1987; Turgeon and Brumsack, 2006; Hu et al., 2009).
Other proxy elements, such as Ni, Co, Cr, V and Ce are present in
very low abundances: the average Ni/Co and V/Cr ratios are 0.7 and
3.2 in white limestone and 0.8 and 1.8 in red limestone. The delta
Ce value ranges from 0.28–0.42, with an average of 0.34. These
indices suggest that both the Scaglia Rossa white limestone and
the Scaglia Bianca were deposited in dysoxic to oxic conditions,
and that the red limestone was deposited in oxic to highly oxic
conditions.

Scaglia Bianica (above) 2 N ¼ 73

/Al (1d)

EF

Conc. (1 d, max)

/Al (1d)

2.38 (0.37)
0.013 (0.002)
1.00
0.13 (0.04)
0.10 (0.04)
0.23 (0.01)
37.38 (0.48)
0.02 (0.002)
0.13 (0.02)
0.01 (0.002)
0.05 (0.005)

2.45
0.77
–
0.77
0.57
4.03
663
0.51
1.20
5.57
16.10

30
0.061
1.5
0.45

(22.83)
(0.047, 0.29)
(1.1, 6.8)
(0.29, 1.7)

22 (20)
6.9
0.048 (0.003) 0.90
1.0
0.43 (0.088) 0.79

EF

0.44
36
0.038
0.42
0.031
0.064

(0.17, 1.3)
(14, 48)
(0.10, 0.75)
(0.31, 1.9)
(0.014, 0.10)
(0.026, 0.14)

0.40 (0.11)
46 (24)
0.038 (0.16)
0.45 (0.050)
0.020 (0.005)
848 (415)

2.2
254
0.29
1.3
2.5
8.8

5.5. Mineralogical variation within the section
Quartz and boehmite have been identiﬁed as two major terrestrial minerals. Montmorillonite and illite were present as trace
mineral residues, identiﬁed after dilute acetum dissolution. The
absence of commonly found plagioclase, or other Fe or Mg bearing
silicates suggests that the simple two-phase assemblage of minerals
may have been transported from subtropical areas by seasonal
north-easterly or easterly winds, and deposited simultaneously
with the calcite precipitation, in a pelagic ocean environment.
Boehmite is the major ore mineral in Mediterranean-type bauxite.
This type of bauxite was usually found in a different geological time
and was deposited in the Alpine ranges of Italy (Mongelli and
Acquafredda, 1999), Austria, Hungary (Bárdossy and Bárdossy,
1984), Turkey (Öztürk et al., 2002) and France (Meyer, 2004). Thus
the ancient Eurasian craton, located to the north or northeast of
present day Italy, may have been the major detrital source area.
The distributions of the aluminous oxides and boehmite, the
silica oxides and quartz, and the iron oxides in the Vispi Quarry
section are shown in Figs. 7a,b and c respectively. The chemical data
used was measured by XRF (Hu et al., 2009). The weight fractions
for quartz and boehmite were determined by whole pattern ﬁtting
of the powder XRD results for the limestones, and the ﬁtting was
carried out using a GSAS programme (Larson and Von Dreele,

Fig. 7. Distribution of mineral components and chemical compositions in the Vispi Quarry section.
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2004). Fig. 7 shows that all curves are consistent from the bottom to
the top of the section. From the Scaglia Bianca to the Scaglia Rossa
the iron oxide content varied together with the increase or decrease
in aluminum oxide and silica oxide. The iron oxide content was,
however, very low, with an average value of 0.22% in the Scaglia
Rossa red limestone and 0.12% in the Scaglia Rossa and Bianca white
limestones. The change in the quartz fraction within the section
was consistent with the change in its SiO2 chemical fraction. The
average quartz content in total SiO2 was 69.4% in the red limestone
(8 samples) and 82.6% in the white limestones (9 samples), suggesting that the extra SiO2 in the white limestones was from other
silicate minerals, such as illite and montmorillonite. Because of the
diluting effect of the carbonate, changes in these small fractions of
Al2O3, SiO2, and Fe2O3 followed similar trends from the Scaglia
Bianca to the Scaglia Rossa limestones, suggesting that these oxides
had the same origins. This suggestion is supported by the TFe2O3
and Al2O3 correlations which indicate that the iron oxide residues
in the terrigenous minerals and the detrital source remained the
same throughout the middle Turonian (Hu et al., 2009).
Fig. 7a shows that the distribution curves plotted from boehmite
and Al2O3 were slightly different from each other. The lowest weight
fraction of boehmite was in the pink limestone CQ-16, but the Al2O3
weight fraction was here at its highest, as were the quartz and Fe2O3
weight fractions. The weight fractions for boehmite were much
smaller after reﬁnement by GSAS, but much bigger according to
their chemical data, suggesting that there is much amorphous
material in the limestone. An accurate quantity can not be calculated
for the amorphous material due to absence of a standard mineral,
but it can be roughly evaluated by following formula: Al2O3 amor.,
wt ¼ Al2O3 chemi, wt  0.85  Boehwt where 0.85 was calculated by
the molecular weight between the 0.5Al2O3 and boehmite according
to the aluminum mole fraction. Because of the higher degree of
crystallization and much higher sensitivity to the XRD, the changes
in the quartz content matched perfectly the changes in SiO2 content
within the section. Since the extremely strong absorption and the
ﬂuorescence radiation of iron exited by Cu Ka radiation, the detection limit for hematite is much higher than for quartz and boehmite.
It was therefore impossible to obtain the hematite content directly
from the whole pattern ﬁtting of powder XRD patterns for carbonate
samples when the iron oxide content was very low. Hence, only an
iron oxide trend has been illustrated in Fig. 7c. This trend was similar
to the trend for Al2O3 and SiO2, which may suggest that the iron
oxide had a similar origin to the quartz and boehmite.

6. Conclusions
(1) Manganese was incorporated into the structure of calcite to
form a Mn2þ-bearing carbonate; the Mn2þ could have
endowed the carbonate with a pink tinge.
(2) The iron content had both continental and oceanic origins. The
ferric oxide or hematite had a continental origin and has been
considered the most important pigment responsible for the red
color in the limestone. The ferric oxide was imported into the
ocean together with clay minerals such as boehmite and illite
or montmorillonite.
(3) The boehmite and quartz, as well as minor montmorillonite
and illite, were imported into the ocean during the precipitation of both the Scaglia Bianca white limestone and the Scaglia
Rossa red limestone. However, minor hematite was also
imported into the CORBs, along with the other detrital
minerals, which suggests that the climate was different during
the formation of these two different colored limestones. The
climate on the paleo-continent during formation of the CORBs
involved an alternation of warm, wet winters with hot dry

summers, while the climate during formation of the COWBs
was continuously warm and wet, with no hot dry summers.
(4) A terrigenous origin is proposed for the boehmite and quartz in
the limestones. Boehmite was the most important ore mineral in
Mediterranean-type bauxites and the product of intensive
chemical weathering in a hot climate, deriving from the alteration
of Fe-bearing aluminosilicates. It provides additional important
evidence of a ‘global greenhouse effect’ during the Cretaceous.
(5) The presence of boehmite and its role in the coloring mechanism also suggest that the sedimentary records in the ocean
reﬂect global climatic changes on the terrestrial continent
during the Cretaceous.
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Li, J., Zhang, J., Zhao, D., Lü, Y., Shen, D., Fan, X., 2006. Effects of Mn content on
structure and Photoluminescence of ZnO Nano ﬁlms. Chinese Journal of Liquid
Crystals and Displays 21, 615–619 (In Chinese with English Abstract).
Lowrie, W., Alvarez, W., 1977. Paleomanetic studies of the Scaglia Rossa limestone in
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