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Institut de Géologie, Université de Neuchâtel, CH-2007 Neuchâtel, Switzerland

ABSTRACT
We investigated rock outcrops spanning
the middle Miocene, global climate-cooling
step on the Maltese Islands in order to reconstruct continental weathering rates and
terrigenous fluxes, as well as to explore the
coupling between these later, regional climate and carbonate accumulations. Sedimentation at this location was dominated
during the Oligocene and early Miocene by
a transitional platform to slope carbonates
but progressively switched to a clay-rich
carbonate slope system in the middle Miocene. Around 13 Ma, an abrupt change toward clay-dominated marls occurred, and
marl deposition persisted until the Tortonian (ca. 12 Ma), when a shallow-water carbonate ramp was reestablished. Clay mineralogy and bulk-rock oxygen isotope
analyses suggest that the deposition of the
Blue Clay formation was mainly caused by
global climate change and related change in
the rate of continental weathering.
A significant negative correlation (R2 5
0.65) exists between the carbonate content
and the d18O record. This, combined with
the variation of mass accumulation rate of
terrigenous material, suggests that shorterterm periods of globally cooler climate (Mi
events) were associated with higher rates of
accumulation in continental-derived material. Since during the Miocene Malta was
†
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attached to the North African Margin, we
propose that the observed trends were due
to a regional increase in rainfall during
cooler periods, which consequently increased continental weathering and runoff.
We further suggest that this pattern was
linked to the perturbation of atmospheric
fronts due to an increased thermal gradient
during the Miocene. Thus, regional increase in rainfall might have been linked to
the northward migration of the Intertropical Convergence Zone (ITCZ).
Keywords: Miocene, climate, weathering,
clay mineralogy, continental margin,
Malta.
INTRODUCTION
The Cenozoic is a time interval characterized by significant changes in climate. The
middle Miocene, in particular, is characterized
by stepwise cooling and represents a critical
period for understanding the establishment of
the modern climatic system. After this time,
the Eastern Antarctic Ice sheet was permanently established (Kennett, 1985; Zachos et
al., 2001), causing a eustatic sea level drop of
;100 m (Isern et al., 2001). Ocean circulation
patterns became similar to the modern ones,
and the world globally and permanently cooler
after the middle Miocene (Kennett, 1985;
Flower and Kennett, 1994).
Glacio-eustatic and carbon cycle changes
associated with this transition can be traced
using variations in both oxygen and carbon
isotopes. The d18O deep-sea record reveals, at
the long-term scale, a Cenozoic pattern of
high-latitude cooling and increasing ice vol-

ume since the early Eocene (Miller et al.,
1987; Zachos et al., 2001). Until the early
middle Miocene, ice volume remained low
with the exception of several brief periods of
glaciations (Mi-events). This episode was followed by a stepwise but intense reestablishment of a major icesheet on Antarctica and
deep water cooling, as indicated by successive
d18O shifts beginning at 14.5 Ma (Mi-events
Mi3a, 3b, 4, Miller et al., 1991a).
Mechanisms causing the mid-Miocene climatic cooling are still a matter of debate. Although it is generally accepted that these climatic changes were triggered when critical
threshold levels of one or more parameters of
the climate system were breached (Kennett
1977; Crowley and North, 1988; Zachos, et al.
1993), there is no consensus regarding the responsible parameters. Discussion centers
around two major controls: (1) alteration of
ocean circulation driven by widening or closing of oceanic passages (Kennett, 1977;
Woodruff and Savin, 1989; Wright et al.,
1992), and (2) pCO2 variability involving CO2
sequestering and consequent cooling either via
increased organic carbon burial (Vincent and
Berger, 1985; France-Lanord and Derry, 1997)
or via increased rates of silicate chemical
weathering (Raymo et al., 1988; Molnar and
England, 1990; Raymo and Ruddiman, 1992).
These two main controls are often discussed
separately but are not necessarily mutually exclusive (Zachos et al., 2001). The occurrence
of a positive shift in carbonate d13C values as
much as 1.5‰ (Monterey excusion, ;17.5–13
Ma) coeval with the deposition of the organicrich Monterey Formation, followed by a positive shift in foraminiferal d18O, suggest a possible sequence of increased rates of organic
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Figure 1. General map of the Maltese Islands showing the location of Malta, Gozo, and
Comino. Stars show the location of the two outcrops (Xatt-L’Ahmar and Qammieh) used
to build the composite section discussed in this paper. Modified after Felix (1973).
carbon burial, CO2 removal, and consequent
global cooling (Monterey Hypothesis, Vincent
and Berger 1985). The Monterey excursion
comprises several higher-frequency (;400
kyr) peaks (carbon maxima, CM, Woodruff
and Savin, 1991), which correlate with increased benthic foraminifera d18O values and
increased carbonate preservation, supporting a
relationship between organic carbon burial,
lower pCO2, and bottom water cooling at this
time (Woodruff and Savin, 1991).

However, no model to date can fully account for the observed trends in climate during the Cenozoic. The Monterey Hypothesis
of Vincent and Berger (1985) has been recently challenged because the mass accumulation rate of organic matter in the Monterey
Formation is low, and phosphorus accumulation (thought to be a limiting factor in organic
matter accumulation) is high even after the
major mid-Miocene cooling step (Isaacs,
2001; John et al., 2002). Geochemical budget

of strontium for the Miocene (Goddéris and
François, 1996) has questioned the siliciclastic
weathering hypothesis, and even the notion of
a large drop in pCO2 at the mid-Miocene climate shift is currently being argued (Pagani et
al., 1999).
Thus, understanding the coupling of changes in weathering with the carbon cycle is more
than ever of direct relevance to the study of
these large climatic changes. The goal of the
present paper is to explore the relationship and
possible feedback between carbonate accumulation, continental weathering, and runoff,
and to tie these to climate change in the Miocene. The Maltese sedimentary record is ideal
to study these relationships since it consists of
a mixed siliciclastic-carbonate system, offering the opportunity to establish a detailed oxygen and carbon isotope record based on carbonates and combine it with a clay mineral
record. Most clay minerals inherited from the
continents are end products of the siliciclastic
weathering chain. Therefore, the study of clay
assemblages offers the opportunity to investigate the intensity of continental weathering
as well as the climatic condition under which
these clays were formed.
Specific objectives of the study are to: (1)
investigate temporal trends in nature and
abundance of clay species in order to track
changes in weathering products, (2) reconstruct changes in continental runoff using
mass accumulation rates of continental derived materials, and (3) develop a local chemostratigraphic framework of carbon and oxygen isotopes to link the observations made
in steps 1 and 2 with global climatic events.
GEOGRAPHIC AND
LITHOSTRATIGRAPHIC SETTING

Figure 2. Outcrop picture of the various lithologic units of the Maltese Islands. The Lower
Coralline Limestone Formation is under water and, thus, not visible. The Greensand
Formation forms a very thin interval marked by a white line on the figure. Fm—
Formation.
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The Maltese islands are located in the central Mediterranean and are composed of Malta,
Gozo, and Comino (Fig. 1). The Maltese Islands
and Sicily were part of the Malta-Ragusa platform in the Oligo-Miocene and, as such, attached to the North African margin, probably
representing a basinward extension of the Tunisian carbonate shelf (Dercourt et al., 1993).
The lithologic sequence of the Maltese Islands
is classically divided into five units (Felix,
1973; see Fig. 2).
The lowermost unit is the Lower Coralline
Limestone Formation, which consists of massive biogenic limestone beds of shallow marine origin. This shallow carbonate ramp
phase is Oligocene in age. Deeper water slope
carbonates of the Globigerina Limestone Formation began depositing in the Chattian and
span the early Miocene to late middle Mio-
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chlorite content in the Blue Clay formation.
The Blue Clay Formation is unconformably
overlain by the Greensand Formation and the
Upper Coralline Limestone Formation, both
late Miocene in age. The Greensand Formation consists of a glauconitic sand bed ranging
from 0 to 10 m in thickness, while the Upper
Coralline Limestone Formation testifies to the
reestablishment of shallow-water carbonate
ramp conditions.
COMPOSITE SECTION AND
SAMPLING

Figure 3. Composite section spanning the Globigerina and Blue Clay formations. Section
below and including Phosphatic Layer 2 was collected on Malta. Portion above Phosphatic
Layer 2 was collected on Gozo (Figure 1). Dates with stars are strontium isotope ages
from Jacobs et al. (1996). OBC is the Onset of the Blue Clay, CRI is a clay-rich interval
within the Globigerina Limestone. GSF is the Greensand Formation, and UCLF the Upper
Coralline Limestone Formation.

The Globigerina Limestone Formation (early Miocene to late middle Miocene) and Blue
Clay Formation (late middle Miocene to early
late Miocene) were investigated since they
comprise the time interval of interest to this
study. Measuring and sampling were carried
out in two locations (Fig. 1) to obtain the most
complete and expanded composite section
possible (Fig. 3). Section Qammieh on the island of Malta was selected for the Globigerina
Limestone Formation below Phosphatic Layer
2 and was sampled with a resolution of one
sample/50 cm. Above Phosphatic Layer 2,
section Xatt-L’Ahmar on the island of Gozo
was selected due to the accessibility and good
outcrop condition of the Blue Clay Formation.
Sampling resolution for this interval was 1
sample/10 cm.
The three phosphatic layers (Phosphatic
Layer 1, 2, and 3, respectively), a clay-rich
interval visible within the Globigerina Limestone Formation (‘‘CRI’’ for ‘‘clay-rich interval’’), and the onset of the blue clay deposition (‘‘OBC’’) are represented in the
composite section (Fig. 3).
ANALYTICAL METHODS

cene. They consist mainly of loosely aggregated planktonic foraminifers, whereas larger
skeletal fragments, such as echinoids or mollusks, are rare. Three main phases of phosphate precipitation/condensation (Pedley and
Bennett, 1985), termed Phosphatic Layer 1, 2,
and 3 in this paper, are recognized (Fig. 3).
These beds can be as thick as one meter and
are synchronous throughout Malta (Jacobs,
1996; Jacobs et al., 1996). Phosphatic Layers
1 and 2 are sea-floor cemented layers with
pebble-sized phosphatic particles that are
trapped in a mixed calcitic-phosphatic gray
matrix. The surface of these layers is browncoated by phosphate and iron oxides, and boring by organisms is extensive. These features
are typical of hardgrounds. Phosphatic Layer
3, on the other hand, consists of gravel-sized,

rounded phosphatic particles loosely distributed in a foraminifer matrix.
A marly unit of alternating light to dark layers, called the Blue Clay Formation and spanning the Serravalian (CN4 to CN6, Kienel et
al., 1995; NN5-NN6, Jacobs et al., 1996),
abruptly follows the Globigerina Limestone.
Carbonate content in the Blue Clay is relatively low (;20%), and the water depth at
which these deposits were formed is estimated
on the basis of benthic foraminifers to be
;150–200 m (Jacobs et al., 1996), or even
;500 m (Foresi et al., 2001). Planktonic and
benthic foraminifers form the bulk of the skeletal components within this unit. An earlier
investigation of clay mineralogy of the Globigerina Limestone and Blue Clay formations
(Visser, 1991) identified a higher kaolinite and

Powders for Coulomat and stable isotope
analysis were obtained by hand grinding samples using an agate mortar. Carbonate content
was measured for 492 samples (Table DR1).1
The powders were dried overnight in an oven
set at 60 8C. Between 40 and 60 mg of sample
material were analyzed using a Coulometer
5020 from UIC Inc. attached to a CM TIC
(total inorganic carbon) auto sampler from Orbis bv. Results were converted to calcite values by multiplying the TIC results by 8.33.
Reproducibility based on triplicates from samples was 6 2 wt% carbonate.
1
GSA Data Repository item 2003032, data tables,
is available on the Web at http://www.geosociety.
org/pubs/ft2003.htm. Requests may also be sent to
editing@geosociety.org.
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Figure 4. Bulk-rock mineralogical analysis for calcite (A), phyllosilicates (B), and quartz (C). Values are in %. Clinoptilolite (D) is
quantified in the 2–16 mm fraction, not bulk-rock. A lithology key can be found on Figure 3. Phl is the Phosphatic Layer. Bulk-rock
data are available in Table DR2, fine-silt data in Table DR3 (see text footnote 1).

Stable isotopes (d13C and d18O) were measured for 490 samples on bulk carbonate at
the University of Southern California (USC)
using a V.G Isotech Prism, Isotope Ratio Mass
Spectrometer (Table DR1, see text footnote 1).
About 0.1 mg of sample was loaded into stainless steel metal boats and analyzed on a V.G.
Automated Carousel Carbonate Device. An
in-house pure carbonate standard calibrated
against VPDB (Vienna peedee belemnite) was
used for calibration. Analytical error was
60.2‰.
X-ray deffraction (XRD) analyses of the
whole rock were carried out for 68 samples at
the Geological Institute of the University of
Neuchâtel, Switzerland (Table DR2, see text
footnote 1). The samples were prepared following procedures described in Kübler (1987)
and Adatte et al. (1996). Whole-rock composition was determined by XRD (SCINTAG
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XRD 2000 Diffractometer) based on methods
described by Klug and Alexander (1974), and
Kübler (1983). Clay minerals analyses were
done on the same sample set as for the bulkrock analysis. Clay minerals were separated
and quantified in two different fractions: fine
silt (2–16mm, Table DR3, see text footnote 1)
and clay-sized (,2mm, Table DR4). Analytical procedure was based on methods developed by Kübler (1987). A complete description of the methods used for XRD analysis is
available in the Appendix.
RESULTS
Bulk-Rock Mineralogy
Minerals identified include calcite and phyllosilicates, with accessory minerals such as
quartz, ankerite, carbonate apatite, K-feldspar,

and plagioclase. The mineralogy is dominated
by the presence of calcite and phyllosilicates.
Carbonate apatite and plagioclases are not
continuously present and never exceed 2%.
Carbonate apatite only occurs in significant
amounts in the Phosphatic Layers. Hence,
these two minerals will not be further discussed. Major trends (Fig. 4) observed in
these curves are as follows.
Ankerite
Ankerite was mainly distinguished from dolomite by the position of its 100% intensity
peak (30.74 8 2u versus 30.94 8 2u for the
dolomite). No dolomite was found. Ankerite
is mainly present in one interval situated between Phosphatic Layer 1 and Phosphatic
Layer 2. The maximum in ankerite content is
reached below Phosphatic Layer 2 (;15%).
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Figure 5. Triangular plot of the M001,
M002 and M005 peaks used to distinguish
from different micas species (after Rey and
Kübler, 1983). Results show that the mica
from the Maltese islands is of the illitephengite type.

Calcite
Calcite content is high between Phosphatic
Layer 1 and Phosphatic Layer 2 (;70%–
80%). A decrease in calcite content (down to
;50%) starts after Phosphatic Layer 2. This
episode, occurring within the Globigerina
Limestone, is termed here ‘‘clay-rich Interval’’ (CRI). Between the CRI and Phosphatic
Layer 3, calcite content rapidly increases as
much as ;80%. However, at the onset of the
Blue Clay Formation (‘‘OBC’’), a dramatic
drop (from 80 to ;29%) in calcite content
takes place. Calcite content remains low
throughout deposition of the Blue Clay
Formation.
Phyllosilicates
Phyllosilicate content curve is a mirror image of the carbonate curve. Its minimum occurs below Phosphatic Layer 1 (;0%), and it
has its maximum for the Globigerina Limestone in the CRI (;25%). At the OBC, phyllosilicate content jumps to 75% (a threefold
increase as compared to its CRI maxima). The

phyllosilicate curve clearly shows that phyllosilicates constitute the bulk of the terrigenous material in the Blue Clay Formation.
Quartz
Quartz content has a trend following the
phyllosilicates trend from the base of the section up to the OBC. At the OBC, however,
quartz content stays around levels close to its
CRI values (;10%).
Fine Silt and Clay-Sized Fractions
Minerals identified in both the fine silt (2–
16 mm) and clay-sized (,2 mm) fractions are
clay minerals such as mica, smectite, palygorskite, chlorite, and kaolinite, and accessory
minerals such as zeolite (clinoptilolite),
quartz, k-felspar, and plagioclase. The mica is
of the illite-phengite type (Fig. 5) and is,
therefore, referred to as ‘‘illite.’’ The clay mineral curves (Fig. 6) represent quantification (in
relative %) of a given clay mineral in the claysized fraction. The abundance and type of
minerals found in both the clay-sized and fine-

Figure 6. Relative abundance (%) in the clay fraction (,2mm) of clay minerals. (A) palygorskite, (B) smectite, (C) kaolinite, (D)
chlorite. A lithology key can be found on Figure 3. Phl—Phosphatic Layer. Clay-sized XRD data are available in Table DR4 (see
text footnote 1).
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Figure 7. Geochemical results. (A) Carbonate content in wt% measured with a coulometric method, (B) Bulk carbonate d18O (‰ VPDB)
values and interpretation of the Mi events 2, 3a and b, and 4, (C) Bulk carbonate d13C (‰ VPDB) values and interpretation of the CM
events 1through 7, (D) Bulk carbonate d13C (‰ VPDB) values of this study (dashed line) compared with d13C (‰ VPDB) bulk carbonate
data from the Qammieh section obtained by Jacobs et al. (1996, solid line). The heights of the samples from Jacobs et al. (1996) were
modified according to our own section. A perfect fit exists between the high-resolution data set of this study and the data set from
Jacobs et al. (1996). A lithology key can be found on Figure 3. Carbonate content, d18O and d13C values from this study are available
in Table DR1 (see text footnote 1).

silt fractions are similar (with the exception of
an interval of abundant clinoptilolite content
occurring only in the fine-silt fraction, Fig
4D), and thus, only the clay-sized fraction
curves are systematically shown. Trends observed in these curves (Fig. 4D and Figure 6)
include the following.
Clinoptilolite
The zeolite shown in Figure 4D was quantified in the fine-silt (2–16 mm) oriented fraction, not the bulk rock. Although zeolite is a
relatively minor component, a distinct peak
(;100%) occurs between 15 and 30 m,
slightly before the CRI. This zeolite is of the
heulandites-clinoptilolite series (Fig. DR1A,
see text footnote 1) and is simply referred to
as ‘‘clinoptilolite.’’
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Smectite, Palygorskite, and Illite
These three clay minerals have their maximum at the base of the section (;80% for
smectite, ;20% for palygorskite, and ;30%
for illite) and reach a minimum in the CRI
(;20% smectite, ;5% palygorskite, and
;15% for illite).

event). Chlorite abundance then drops and
reaches a relatively constant level of ;10%
during Blue Clay deposition.

Kaolinite
Kaolinite content increases from the base of
the section (between 0% and 50%) toward the
CRI, where it accounts for 75% of the clay
fraction. This ratio then stays relatively stable
until the upper part of the Blue Clay
Formation.

The general trend of the carbonate content
curve measured by the coulometric method
(Fig. 7A) is the same as observed on the XRD
data, although at a much higher resolution,
with high values at the base of the section
(;80 wt%), a carbonate minima in the CRI
(;45 wt%), followed by higher values and
then a crash of the carbonate curve at the OBC
(;20 wt%). The geochemical method used
dissolves all carbonate minerals, measures the
resulting CO2 gas, and converts this measure

Chlorite
Chlorite content has a maxima during the
CRI (;35% compared to ,5% prior to this

Carbonate Content Measured by
Coulometric Method
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into calcite equivalent. This method explains
that between Phosphatic Layer 1 and Phosphatic Layer 2, an interval where the presence
of ankerite has been evidenced by XRD data,
calcite measured by the coulometric method is
slightly higher than calcite content in XRD
data. The higher resolution of the coulometric
calcite curve (Fig. 7A), relative to the XRD
calcite curve, allows for interpretation of more
precise shorter-term oscillations. Thus, at least
six high-carbonate-content peaks occur during
the Blue Clay deposition with values higher
than the background (background ;20%,
peaks ranging from ;40 wt% to 60 wt%).
These peaks in carbonate content occur apparently cyclically and appear to be compatible with an eccentricity forcing characterized
by a marked 100 k.y. period (John, personal
commun., 2002).

TABLE 1. GLOBAL EVENTS RECORDED ON THE MALTESE SHELF AND USED FOR DATING
Sample

Height
(m)

Isotopes

D Value

Peak value

Name of event

Age assigned
(Ma)

Acc. rate
(cm/k.y.)

Q13
Q22
Q30
M0630
M0750
M0800
M0910
M1020
M1470
M1820
M1850
M2130
X0770
X2080

9.9
18
26
31.8
33
33.5
34.6
37.5
40.2
43.7
44
46.8
59.8
72.9

Strontium
Carbon
Strontium
Carbon
Oxygen
Carbon
Carbon
Carbon
Carbon
Carbon
Oxygen
Oxygen
Oxygen
Carbon

0.7
1.5
0.7
0.5
1.2
1.1
2.0
1.7
1.2
1.1
2.6

20.2
0.5
1.5
0.9
1.2
0.3
0.0
1.5
1.8
1.1
1.6
0.3

Phosphatic Layer 1
OME
Phosphatic Layer 2
CM1
Mi2
CM2
CM3
CM4
CM5
CM6
Mi3a
Mi3b
Mi4
CM7?

24.03
18
17
16.4
16.1
15.8
15.5
15.1
14.6
14.2
14.1
13.6
12.6
11.5

0.1
0.9
1.0
0.4
0.2
0.3
0.7
0.5
0.9
0.2
0.6
1.3
1.2

Note: Column 1 yields the sample name, column 2 sample height (meters) in the composite section, column
3 the type of isotopes recording the event. Strontium data are from Jacobs et al. (1996), carbon and oxygen data
are from this study. Column 4 gives the difference between the base and the summit of the peak, and column
5 the absolute value of the peak maxima (for oxygen and carbon isotopes only). Column 6 yields the name of
the event recorded, column 7 its assigned age, and column 8 the sedimentation rate (in m/m.y.) between this
sample and the one before in the table. OME is the Onset of the Monterey formation, CM events are d13C isotopic
events described by Woodruff and Savin (1991), and Mi events are d18O events described by Miller et al. (1991).

Isotope Stratigraphy
Even though bulk analyses reflect a mixing
of carbonates from different sources, it has
been shown that under certain circumstances,
the isotopic composition derived from bulk
analyses resembles closely the record derived
from single foraminifera analyses (Shackleton
and Hall, 1984; Shackleton et al., 1993). The
isotopic composition of bulk-rock samples
measured in this study reflects mainly a planktonic foraminifera and calcareous nannoplankton signal, with very minor input from benthic
foraminifera. Thus, the bulk d13C signal in the
Maltese sections has been shown to reflect
values measured on Globigerinoides bulloides, with an offset of as much as ;2‰ toward lower values (Jacobs et al., 1996).
All the samples, including those in the Globigerina Limestone, are uncemented but hardened by mechanical compaction. A visual
check of sieved samples showed that foraminifers were dominating the carbonate fraction,
and that they were generally well preserved.
Alteration by meteoric water circulation can
be ruled out based on d18O and d13C data that
show marine values throughout the Lower
Coralline Limestone Formation and its transition to the Globigerina Limestone (Knoerich
and Mutti, 2003). Finally, previous studies
have shown that, at least for the carbon isotopes, bulk-rock results in Malta reflected
measurements made on planktonic foraminifers (Globigerinoides bulloides; after Jacobs et
al., 1996). On the basis of this information,
we can reasonably exclude the diagenetic alteration effect on measured values. The only
exception occurs in regard to the interval between Phosphatic Layer 1 and Phosphatic
Layer 2, where postdepositional ankerite pre-

cipitation (up to 15% dolomite) has occurred.
As a consequence, oxygen isotope values are
slightly more positive than in the rest of the
section and are omitted from further
discussion.
From Phosphatic Layer 2 to the top of the
section, we identified four major increases in
d18O (Fig. 7C, Table 1) that were correlated to
the globally recognized ‘‘Mi’’ isotopic zones
(Miller et al., 1991a, 1991b,, 1996).
In conjunction with the d18O values, d13C
values were measured, and maxima were identified and correlated to global events (‘‘CM’’
events of Woodruff and Savin, 1991). Features
identified with certainty (Table 1) include the
onset of the Monterey Excursion (OME), as
well as the CM3 and CM6 events that are well
recorded and easily recognized (see also Jacobs et al., 1996). Events CM1, CM2, CM4,
and CM5 are somewhat less conspicuous but
can be inferred by the position of the two
main peaks in d13C and the Mi Events, thus
refining the age model. A final peak in d13C
occurs at the end of the Blue Clay Formation.
Although it is poorly documented in this sedimentary sequence, previous studies (Jacobs et
al., 1996; Spezzaferri et al., 2001) suggest that
it could represent the onset of the CM7 event.
High-resolution d13C data obtained in this study
show an almost perfect fit with low-resolution
data obtained by Jacobs et al. (1996, Figure
7D).
Ages obtained by comparing CM and Mi
events match well. Thus, by combining chemostratigraphy with strontium data obtained
on phosphatic layers (Jacobs et al., 1996), an
age model comprising 14 data levels is obtained (Table 1).
The age model obtained in this study inte-

grates well with ages obtained in nearby sections (Kienel et al., 1995 ; Foresi et al., 2001)
or on similar deposits in Sicily (Spezzaferri et
al., 2001).
DISCUSSION
Origin and Significance of Clay Minerals
Clay minerals and their relative abundance
in marine sediments may record information
on climate, eustasy, diagenesis, or deposit reworking (Dixon and Weed, 1977; Chamley,
1989). In order to interpret clay mineral associations, we have to distinguish the relative
role of detritism and authigenesis.
Authigenesis of clay minerals can take place
either synsedimentary, or post-sedimentary
through fluid flow and burial diagenesis. The
thickness of the Neogene deposits does not
exceed 100 m on the Maltese Islands, indicating that primary clay mineral composition
was preserved, since burial diagenetic transformations generally occur at sediment depths
.2 km (Chamley, 1998). Other diagenetic
pathways nevertheless exist for authigenic
clay minerals formation. For instance, it has
been demonstrated that clay minerals such as
kaolinite can commonly crystallize in permeable sandstone (Weaver, 1989). However, the
sections presented in this study consist mainly
of marls and limestone, in particular during
the Blue Clay interval, where the maxima in
kaolinite content has been observed. Smectite,
too, can be locally formed in the marine realm
from early diagenesis, halmolysis (Karpoff et
al., 1989), or hydrothermal weathering of volcanic rocks (Chamley, 1998). Smectite and zeolite may also be derived from alteration of
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ash layers. Finally, palygorskite and sepiolite
are fibrous clay minerals that can be formed
in situ as a result of hydrothermal processes
as well as low-temperature alteration of Mgbearing rocks (Kastner, 1981; Karpoff et al.,
1989).
Most of the mechanisms explaining the authigenesis of palygorskite, sepiolite, and
smectite occur in hydrothermal environments
such as mid-ocean ridges (e.g., Karpoff et al.,
1989). However, the section studied here is
located on a carbonate margin, and no evidence of such processes could be found.
The second, more common, source of clay
minerals is detritism. Clays represent the end
product of continental weathering and are ultimately transported into marine basins. The
climatic conditions as well as the very nature
of the rock being weathered has a profound
influence on the type of clay being formed.
However, many studies—including this one—
cannot determine with certainty the type of
bedrock being weathered because the exact
source area remains unknown. Nevertheless,
clay minerals can still be useful as climate
proxy, especially when used in parallel with
oxygen stable isotopes.
Illite and chlorite, together with quartz and
feldspars, constitute typical terrigenous species (Chamley, 1998). These minerals prevail
generally in areas of steep relief where active
mechanical erosion limits soil formation, particularly during periods of enhanced tectonic
activity, or in cold and/or desert regions where
low temperatures and low rainfall reduce
chemical weathering (Millot, 1970; Chamley,
1998). The illite identified in this study has a
high crystallinity (illite crystallinity index of
Kübler, 1987), a sure sign of its detrital origin.
Smectite is better formed when detrital, in
soils developed under a warm to temperate
climate characterized by alternating humid
and dry seasons (Chamley, 1998). Moreover,
it has been shown that maximum amounts of
smectite frequently coincide with long-term or
short-term high sea levels through reworking
processes (Deconinck, 1992). Palygorskite
and, to a lesser extent, sepiolite are continental
products frequently found in a lacustrine environment and calcrete soils in arid to semiarid climatic zones. Nevertheless, palygorskite
preferentially forms in perimarine environments where continental alkaline waters are
concentrated by evaporation. This latter process is accelerated in warmer temperature
zones (Millot, 1970; Singer, 1979; Callen,
1984; Robert and Chamley, 1991). Since each
of the mechanisms for palygorskite formation
requires warm and arid climatic conditions, its
occurrence is considered as an indicator of
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continental aridity (Chamley, 1989; Adatte et
al., 2002). Finally, kaolinite is typically
formed in tropical soils and is characteristic of
warm humid climate zones. Areas of kaolinite
formation are well drained with high precipitation, accelerated leaching of the bedrock
(Robert and Chamley, 1991), and minimum
temperature of 15 8C (Gaucher, 1981). Increased kaolinite content may also result from
increased erosion, which could be caused by
sea-level falls (Robert and Kennett, 1994) or
by reworking of older sediments and soils during transgressive periods (Chamley, 1998;
Thiry, 2000).
Clinoptilolite, the zeolite series identified in
this study, is abundant in calcareous and clayey rocks of Miocene and Cretaceous ages
(Kastner and Stonecipher, 1978). This mineral
requires Si enrichments in order to be formed,
and thus, two main mechanisms exist to explain its presence in nonsiliciclastic sediments: input of volcanic material (either basaltic or rhyolitic) or high opal-CT content
due to high primary productivity. This second
mechanism accounts for 40%–60% of the clinoptilolite occurrences (Kastner and Stonecipher, 1978). However, the section between
Phosphatic Layer 1 and Phosphatic Layer 2
does not exhibit any of the features common
in high-productivity environments. No opal
remains are present, the sedimentation rate is
low, and the sediment is well bioturbated
pointing to oxygenated bottom-water conditions. Thus, a volcanic precursor for the clinoptilolite observed in the Maltese section
seems likely.
Clay Minerals and Continental
Weathering Pattern
Between Phosphatic Layer 1 and Phosphatic Layer 2 exists a paragenesis comprising ankerite, palygorskite, clinoptilolite, and smectite. This could point to early diagenetic
precipitation of clays in this interval, especially since it has the lowest sedimentation
rate of the section and is bound by two hardgrounds. However, several facts suggest that a
potential diagenetic overprint of the clay signal is unlikely or only limited. First, Pletsh
(2001) has shown that in order to grow palygorskite in situ, a detrital precursor was needed. Thus, even if the signal could be amplified
by diagenesis, detrital palygorskite is still
needed. Moreover, kaolinite disappears altogether (0%) in this interval, whereas this clay
specie is well preserved during diagenetic processes (Chamley, 1989). The complete absence of kaolinite thus points to climatic processes rather than diagenetic transformation.

Finally, this Miocene trend of decreasing
smectite and increasing kaolinite content has
been traced by Visser (1991) in sections located throughout the Central Mediterranean as
well as in Atlantic cores from Northwestern
Africa. Such a consistent regional trend, found
in sections and cores located in two different
oceanic basins (Mediterranean and Atlantic),
can be more easily explained by a regional
change in climate than a similar diagenetic
history.
Thus, in agreement with Visser (1991), we
interpret the trend from Phosphatic Layer 1 to
the CRI (Fig. 6), which shows a net decrease
of palygorskite and smectite with a major increase in kaolinite (from near 0% to ;80%,
occurring mainly after Phosphatic Layer 2) as
a change in regional climate from warm arid
to warm humid. A humid climate in the early
late Miocene is also supported by recent palynofacies studies of the Tunisian shelf (Gaaloul et al., 2001). This climatic change subsequently affected weathering patterns in the
source area of the clays, in this case the North
African margin. The increase of smectite observed between Phosphatic Layer 1 and Phosphatic Layer 2 might not only indicate a climatic change from arid to more seasonal
conditions and/or volcanic material weathering, but may also reflect increasing water
depth throughout the early middle Miocene.
However, no significant correlation exists between abundance of kaolinite and sea level
fluctuations for the Miocene sedimentary sequence of Malta (see Visser, 1991).
If the OBC and subsequent Blue Clay Formation are not differentiated from the Globigerina Limestone Formation by significant
changes in clay mineral assemblages, some
differences in terms of continental weathering
between these two formations exist. Thus,
quartz and chlorite contents, two minerals resulting from mechanical weathering, have
their maximum in the CRI, while total phyllosilicates content measured in the bulk-rock
fraction (reflecting mainly kaolinite content) is
dominant after the OBC (a threefold increase
as compared to their CRI values, Figure 4 and
5). This likely indicates that the increase in
clay and quartz content at the CRI is linked
to the reworking of terrigenous material deposited during a relatively more arid period
when mechanical weathering was prominent.
On the other hand, clays that accumulated after the OBC were mainly derived from weathering under intense hydrolysis. Furthermore,
before the OBC (Fig. 8, black triangles),
quartz and clays have a positive correlation,
whereas in the Blue Clay Formation (Fig. 8,
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gray dots), no correlation is statistically
present.
Longer versus Shorter-Term Variability in
Continental Runoff and Carbonate
Production
Continental runoff, or the rate at which particulate and dissolved matter are transported
from the continent into the basin, plays an important role in the ocean-continent, geochemical coupling. Quartz and phyllosilicate content can be used as continental runoff proxies
in the Maltese sections since (1) quartz is
highly crystallized, indicating a continental
origin as opposed to poorly crystallized marine opal, and (2) clay has been considered to
result mainly from continental weathering.
As a consequence, the variability of the
noncarbonate fraction, mainly composed of
quartz and phyllosilicates (see Figure 4B and
C), is an indicator of input of terrigenous material. In order to reconstruct fluxes of terrigenous sediment and carbonate production,
Mass Accumulation Rates (MAR) were calculated. MAR of carbonate-averaged, .1 Ma
time intervals (Fig. 9) are more or less constant through time (;1 g/cm2/k.y.), but MAR
of noncarbonate phases show high fluctuations. Thus, MAR of noncarbonate, reflecting,
continental runoff show a threefold increase
between 13–14 Ma (onset of the Blue Clay)
and reach a maximum between 12–13 Ma (Mi
4, coolest event recorded). This indicates that
carbonate content is mainly a function of
changing flux in terrigenous material: When
this flux is high, carbonate content diminishes
through a dilution effect, even if primary carbonate production remains constant.
As was suggested from the clay fraction and
bulk rock mineralogy, the long-term global
climate cooling resulted in a change from
warm arid to warm humid (Fig. 10). However,
the Miocene also experienced shorter-term climatic events generally interpreted as reflecting
periods of cooler climate when ice accumulated on Antarctica (Mi events of Miller et al.,
1991a). Four of these Mi events (Mi 2, 3a, 3b,
and 4) were identified in the d18O record (Fig.
7C). Each of these periods is associated with
a decrease in carbonate content (Figs. 7A, 7B)
and thus, by extension, to an increase in terrigenous flux (see paragraph above). For instance, the Mi2 event corresponds to the decrease in carbonate content observed in the
CRI, and the drop in carbonate content at the
OBC corresponds to the onset of the major
cooling phase of the Mi3 event. A carbonate
content vs. d18O plot (Fig. 11) further stresses
this relationship. These two parameters are

Figure 8. Phyllosilicates (%) vs. Quartz (%). Black triangles represent samples in the
Globigerina Limestone, dark gray dots samples in the Blue Clay Formation. A positive
correlation of phyllosilicate and quartz contents exists in the Globigerina Limestone. This
correlation is negative or statistically insignificant in the Blue Clay Formation.

Figure 9. Bulk sedimentation rate (m/m.y.) and Mass Accumulation Rates (MAR) of carbonate and noncarbonate phases (g/cm2/ky.). Values are averaged .1 m.y. MAR of carbonates are relatively constant while MAR of noncarbonate phases greatly increase ;13–
14 Ma. The various Mi events (Miller et al., 1991a) are indicated below the time interval
where they appear. Int. 5 interval.

strongly negatively correlated for samples located above Phosphatic Layer 2 (diamond
shape), with a squared correlation coefficient
of 0.65.
If local tectonic processes can control carbonate dilution and terrigenous fluxes through

variation in topography, this mechanism is unable to explain the strong correlation between
d18O values, reflecting global climatic trends
and carbonate content. We thus believe, in
agreement with earlier investigators (Visser,
1991; Jabobs et al., 1996), that climate, not
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Figure 10. Summary of the various proxies and climatic interpretation. A lithology key can be found on Figure 3. Carbonate (wt%,
coulometric), d18O (‰ VPDB) and d13C (‰ VPDB) curves are interpolated. Palygorskite, kaolinite, and smectite (% of the clay fraction)
curves are smoothed. Sedimentation rates (m/m.y.) are averaged .1 Ma when time resolution permits (i.e., for ages younger than 18
Ma). Prominent Mi events and CM events recognized in this study are featured on the oxygen isotopes and carbon isotope curves,
respectively. Regional climate interpretation is featured on the right.

Figure 11. Carbonate content (wt%) vs. d18O (‰ VPDB). Black triangles are samples
below Phosphatic Layer 2, gray diamonds samples above Phosphatic Layer 2. A relationship between high carbonate content and low d18O exists above this Phosphatic Layer.
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tectonic, played the major role in determining
these parameters. Hence, shorter-term global
climate cooling events were regionally characterized by increased terrigenous input. The
larger fluxes of terrigenous material reflect increased continental runoff, which is ultimately
driven by increased precipitation on land.
Moreover, cooler periods when ice cover over
Antarctica was important were probably characterized by rapid (100 k.y. scaled) and largeamplitude changes in climate (as suggested for
the Pliocene by Peizhen et al., 2001). Changes
in ice volume such as the ones inferred to
have happened at the Mi3 events imply major
eustatic readjustments. Superimposed to these
longer-term eustatic changes, rapid shorterterm eustatic changes occurred and as a consequence, frequently had to modify the equilibrium of the sediment slope, and thus to
favor resedimentation. Both of these rapid
changes in climate and eustasy would have
prevented the landscape to approach equilibrium in the late middle Miocene; hence, the
mass of sediment being eroded was greater.
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Figure 12. ITCZ model with regional examples. Black stars indicate locations where terrigenous flux might have increased from the
early to the late Miocene. The figure shows the situation during an Mi event. Due to the cooling of the South Pole with respect to the
North Pole, southern winds are stronger and the ITCZ is pushed northward, bringing more moisture and rainfall to the North African
continent. This results in increased rainfall and runoff (small dashed arrows). The exact positions of the ITCZ are not realistic, but are
only meant as a model. During a non-Mi event time, the ITCZ would lie more to the south (direction of the big arrow), and the region
would be relatively arid. Paleomap is based on Dercourt et al. (1993).

Possible Mechanism for Increased Rainfall
during Miocene Pulses in Glaciation
Part of the answer to why global climate
cooling would be recorded on the North African continental margin as an increase in terrigenous input probably lies in the Miocene
continental ice distribution. One major difference when comparing the early middle Miocene world with the modern one is that the
North Pole was ice free at that time. Thus,
waxing and waning of Antarctic ice sheets
was probably playing a predominant role in
determining the oceanic and atmospheric current patterns. Jansen et al. (1996) have shown
that in the Quaternary, the Angola-Benguela
front latitudinal movement was controlled by
eccentricity-driven waxing and waning of the
Southern Hemisphere ice fields. In the Miocene, pulses in glaciation (Mi events) were periods when the thermal gradients between the
northern and the southern poles were the largest. Consequently, it is reasonable to assume
that atmospheric and oceanic circulation sensitive to pressure gradients should have been
affected by Mi events, with amplitude in

changes greater than during the Quaternary.
We propose that a major consequence of Mi
events was that northward winds coming from
the Southern Hemisphere were stronger than
southward winds coming from the Northern
Hemisphere. Atmospheric fronts, such as the
ITCZ, would thus have been shifted farther
north of the equator than today (Fig. 12). This
shift would imply that most of the water being
evaporated in the tropical belt was carried further northward, and that regional precipitation
increased on the Northern African continent.
This mechanism, linked to regional drainage
of North Africa toward the Mediterranean, is
likely to impact weathering rates and sediment
budget.
If this model is correct, then increased terrigenous fluxes should be recorded throughout
the Mediterranean region, at least for basins
having influx of African runoff waters. Although we have, for the moment, no data on
quantified terrigenous fluxes, some outcrops
indicate that sedimentation in the Mediterranean switched from carbonate dominated in
the Burdigalian to widely siliciclastic dominated in the Late Burdigalian-Serravalian (see

maps in Esteban, 1996). Regional examples
(Fig. 12) include the Apennines (Mutti, personal commun., 2002), Israel (Buchbinder and
Zilberman, 1997), Cyprus (Eaton and Robertson, 1993), and even epicontinental basins
such as the Vienna and Eisenstadt basins
(Riegl and Piller, 2000). For sections located
on the northern rim of the Mediterranean, the
Alpine orogeny must also be taken into account: Local alpine glaciers as well as a rapidly changing topography might overprint the
sediment budget linked to climatic changes.
Based on strontium isotope data, Raymo
and Ruddiman (1992) suggest that the uplift
of the Tibetan Plateau increased siliciclastic
weathering, and that this mechanism was responsible for the rapid cooling step observed
in the middle Miocene (Mi 3 event). Although
more recent studies of Miocene geochemical
budget have questioned this hypothesis (Goddéris and François, 1996), siliciclastic weathering remains a potential player in controlling
pCO2. What the Maltese rock record suggests
is that for the Mediterranean area, increased
continental weathering in the middle Miocene
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was linked to changes in the position of atmospheric fronts rather than regional uplift.
CONCLUSIONS
(1) Beginning with the onset of the Mi2
phase of cooling, continental-derived kaolinite
was the main clay mineral produced on and
exported from North Africa, suggesting longterm change in weathering from warm arid to
warm humid conditions.
(2) The abrupt transition from limestone to
marl observed between the Globigerina Limestone Formation and the Blue Clay Formation
coincides with a global climate event (Mi 3
event). The increased water depth of the Blue
Clay cannot, in itself, explain this change
since the rate of carbonate accumulation remained constant, and the environment remained hemipelagic.
(3) During shorter-term periods of globally
cooler climate (single Mi events), fluxes of
terrigenous material were higher, while carbonates fluxes remained constant. Since the
carbonate and terrigenous contents are paralleling global events as recorded by d18O, we
infer, in agreement with all previous studies
(Visser, 1991; Jacobs et al., 1996), that this
relationship was mainly driven by climate, not
tectonic. We furthermore suggest that increased fluxes in terrigenous material were
linked to increased continental runoff.
(4) Episodes of Antarctic cooling probably
resulted in a stronger thermal gradient between the South Pole and North Pole, which
would have induced a northward shift of the
ITCZ. Hence, the tropical rainbelt zone would
have moved further north over Northern Africa. In addition, climate during Mi events was
probably characterized by larger amplitude
100 k.y. changes that would have prevented
landscape to approach equilibrium, therefore
contributing to increased input of sediment in
the Mediterranean.
APPENDIX
Description of XRD Methods
Bulk-rock Analysis
Random powder of the bulk sample is used for
characterization of the whole rock mineralogy.
Nearly 20 grams of each rock sample was ground
with a ‘‘jaw’’ crusher to obtain small chips (1–5
mm) of rock. Approximately 5 grams were dried at
60 8C and then ground again to a homogenous powder with particle sizes , 40 mm. 800 mg of this
powder were pressed (20 bars) in a powder holder
covered with blotting paper, and then analyzed by
XRD. Whole-rock composition was determined by
XRD (SCINTAG XRD 2000 Diffractometer) based
on methods developed by Klug and Alexander
(1974), and Kübler (1983). This method for semi-
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quantitative analysis of the bulk-rock mineralogy
uses external standards. Clay content in the bulkrock fraction was estimated using the intensity of
the ;19.88 2u peak and a mixed phyllosilicate standard. Estimate of the relative percent of the various
phyllosilicate species in the fine-silt and clay-sized
oriented fraction (see below) remained, however, independent from this result.
Clay Mineral Analyses
Clay minerals analyses were done on the same
sample set as for bulk-rock mineralogy. Analytical
procedure was based on methods developed by Kübler (1987). Ground chips were mixed with deionized water (pH 7–8) and agitated. The carbonate
fraction was removed with the addition of HCl 10%
(1.25 N) at room temperature for 20 minutes or
more, until all the carbonate was dissolved. Good
desegregation of the sample was assured by plunging it for 3 minutes in an ultrasonic bath. The insoluble residue was washed and centrifuged (5–6
times) until a neutral suspension was obtained (pH
7–8). Separation of different grain size fractions
(clay-sized ,2mm, and fine-silt 2–16 mm) was obtained by the timed settling method based on Stokes
law. Each fraction was then pipetted onto a separate
glass plate and air dried at room temperature. XRD
analyses of each oriented fraction were made after
air drying at room temperature (‘‘normal sample’’),
and a second analysis was made for the clay-sized
fraction after keeping the samples overnight in ethylenglycol solvated conditions (in order to estimate the
content in swelling, ‘‘glycolated sample’’). Zeolite was
determined to be of the heulandites-clinoptilolite series
on the XRD diffractograms of the fine-silt fraction
(Fig. DR1A, see text footnote 1). Typical clay-sized
fraction diffractograms for the Globigerina Limestone (‘‘B’’) and the Blue Clay formation (‘‘C’’) are
also shown in this figure.
Quantification of Clay Minerals
The files generated with SCINTAG were raw data
(RD), subsequently converted by the software
(DMS program, v. 2.63, graphic-normal display)
into calculated (NI) files. The calculations are the
following: Fast Fourier noise filter, background subtraction and Ka2 stripping. Measurements are made
on calculated files. The intensities of selected XRD
peaks characterizing each clay mineral present in
both the fine-silt and clay-sized fraction (e.g., chlorite, mica, kaolinite, palygorskite, zeolite, and smectite) were measured for a semiquantitative estimate
of the proportion of clay minerals present. Therefore, clay minerals are given in relative percent
abundance without correction factors. Where clay
mineral peaks overlapped (typical for the K002/
C003 peaks at ;24.5–25.28 2u or the palygorskitesmectite peaks), a mathematical profile fitting was
applied using the DMS 2000 software. Content in
swelling (% smectite) was estimated by using the
method of Moore and Reynolds (1989).
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