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Abstract. This paper provides new data on strontium isotope stratigraphy applied to the Miocene hetero-
zoan shelfal carbonates of  the S. Marino Fm. (Marecchia Valley, northern Apennines). Sr isotopic analyses were 
carried out on oyster shells, bryozoans and bulk-rocks from the lower-middle carbonate portion of  the section. 
In the upper part of  the succession that shows evidence of  detrital influx, 87Sr/86Sr analyses were performed on 
foraminifera tests, separating planktonic and benthic forms. Results were compared with calcareous nannofossil 
biostratigraphic data from the same levels, in order to test the reliability of  Sr dating in mixed carbonate-siliciclastic 
sediments. Mean ages obtained from oysters range between 16.9 Ma and 16.3 Ma. Very similar results are obtained 
using bryozoans (16.5 Ma to 16.1 Ma) and bulk-rocks (16.8 Ma to 16.2 Ma). These results allow to better constrain 
the age of  the massive carbonate shelf, referable to the upper Burdigalian. In the upper carbonate-siliciclastic por-
tion of  the shelf, numerical ages obtained from planktonic and benthic foraminifera are in good agreement with 
nannofossil biozones (mean ages respectively around 15.3 Ma and 14.5 Ma) although they display wide confidence 
intervals. These wide age uncertainties depend on the slow rate of  change of  marine 87Sr/86Sr through time that 
characterizes the interval between ~15 and ~13.5 Ma.
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IntroductIon

Miocene shallow-water carbonates are crucial 
for paleoclimatic and paleoenvironmental recon-
structions in the Mediterranean area (Carannante 
& Simone 1996; Betzler et al. 1997; Bernoulli 2001; 
Bassant et al. 2005; Braga et al. 2006; Benisek et al. 
2009; Pomar et al. 2012; Martinus et al. 2013; Bran-
dano & Ronca 2014) but accurate correlations are 
limited by the generally poor age resolution in dating 
these deposits (Mutti et al. 2010; Reuter et al. 2013). 
Biostratigraphy is successfully applied in dating fine-
grained basinal sediments, but is of  limited applica-
bility in shallow-marine carbonates because of  the 
scarcity of  useful markers. In these shelfal deposits 
a more precise dating can be reached by integrating 
different techniques. 

During the last years the resolution of  Sr iso-
tope stratigraphy improved considerably, following 
the advancement in instrumentations and prepara-

tion techniques, making it a useful tool for correla-
tion and dating of  marine Phanerozoic carbonates 
(De Paolo & Ingram 1985; Howarth & McArthur 
1997; Capo et al. 1998). This technique is based on 
the assumption that Sr signature of  ocean water is 
homogeneous because residence time of  Sr in sea-
water is far longer than ocean mixing time (McAr-
thur 1994; Kroeger et al. 2007). Sr signature of  
global seawater is mainly controlled by the rate of  
weathering of  continental silicate rocks rich in 87Rb, 
that allows high 87Sr inputs, and by the variable acti-
vity of  mid-ocean volcanic ridges that provides light 
values (Krabbenhöft et al. 2010). Variations of  the 
marine Sr composition through geological time have 
been tested and constrained with data obtained by 
biostratigraphy, magnetostratigraphy and astrochro-
nology, and then interpolated with a LOWESS fun-
ction in order to obtain a best-fit curve (Howarth & 
McArthur 1997; McArthur et al. 2001). Marine car-
bonates reflect the strontium isotopic composition 
of  ambient seawater, if  not affected by diagenesis, 
allowing to determine the time of  mineral formation. 
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This method has been recently applied to 
Miocene Mediterranean carbonates providing signi-
ficant age constraints (Scasso et al. 2001; Branda-
no & Policicchio 2012; Vescogni et al. 2014). The 
87Sr/86Sr values are preferably measured on pecti-
nid shells and oysters, which in several studies have 
testified their high preservation potential and relia-
bility (Schneider et al. 2009). Both have a foliated 
structure composed of  low-Mg calcite assumed to 
better retain the primary geochemical composition 
(Longman 1980; Veizer 1983; Marshall 1992; Freitas 
et al. 2006, 2008).

In this study we apply strontium isotope stra-
tigraphy to the Miocene shelf  carbonates of  the S. 
Marino Fm. (Marecchia Valley, northern Apenni-
nes). Various works focused on the sedimentology 
and paleoenvironmental interpretation of  this for-
mation (Ricci Lucchi 1964; Amorosi 1997; Fonta-
na et al. 2015; Conti et al. 2016), but there are still 
uncertainties on its precise age, in particular for the 
massive carbonate basal portion barren of  plankto-
nic markers. 

Sr isotopic analyses were carried out on oyster 
shells, bryozoans and bulk-rocks sampled in carbo-
nates from the well-exposed section of  Torriana 
(Fig. 1). The upper part of  the carbonate succession 
shows evidence of  detrital influx and gradually pas-
ses to hybrid arenites and siltstones. This portion 
has been included in the isotopic study although 
bulk-rock measurements can be affected by detrital 
siliciclastic contamination. In this upper section Sr 

isotopes were performed on foraminiferal tests, se-
parating planktonic and benthic forms. Results from 
these samples were compared with calcareous nan-
nofossil biostratigraphic data from the same levels 
(Fontana et al. 2015), in order to test the reliability 
of  Sr isotope dating in mixed carbonate-siliciclastic 
sediments. 

GeoloGIcal framework 

The northern Apennines fold-thrust belt is 
located in the central part of  the Mediterranean 
collisional system and developed since the Oligoce-
ne as a consequence of  the collision between Adria 
and Corsica-Sardinia microplates (Marroni & Pan-
dolfi 2007; Molli 2008). During the collision, the in-
ternal oceanic Ligurian units, representing the rem-
nants of  the Alpine Tethys, were thrusted over the 
western continental margin of  Adria, overriding the 
Tuscan and Umbro-Marchean units (Ricci Lucchi 
1990) (Fig. 1). During the migration of  the accretio-
nary wedge-foreland system, Ligurian units main-
tained the uppermost structural position of  the 
orogenic wedge, with deposition occurring in small 
Epiligurian basins located on top of  them (Ricci 
Lucchi 1986). The Epiligurian succession is sub-
divided by various unconformities in depositional 
sequences representing the infilling of  wedge-top 
basins. Above the main Burdigalian unconformity, 
the Epiligurian sequence starts with transgressive 

Fig. 1 - Schematic geological map of  the Val Marecchia (northern Apennines) and location of  the studied area (Torriana).
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shallow-water carbonates from eastern Monferra-
to to Tuscan-Marchean Apennines (Amorosi 1997; 
Bicchi et al. 2006; Conti et al. 2008, 2016). 

The S. Marino Fm. examined in this work oc-
curs on top of  the Val Marecchia thrust-sheet that 
mainly consists of  stacked slices of  Ligurian units 
overthrusting both Tuscan and Umbro-Marchean 
units (Conti et al. 2017 and references therein). The 
S. Marino Fm. crops out in numerous tabular and 
arcuate slabs that unconformably overlay the basal 
portion of  the Ligurian units. In the Torriana ar-
cuate slab (Fig. 1), the sedimentary infilling com-
prises a wedge-shaped Neogene succession capped 
by lower Pliocene deposits in the back portion of  
the arc. The total thickness is 150 m in the frontal 
portion, and up to 500 m in the rear part. Bedding 
planes are always S-SW-dipping with progressively 
lower inclination from the front to the back. Shelfal 
carbonates consist of  shallow-water biogenic lime-
stones, passing toward the top to hybrid arenites, 
arenites and siltstones that mark the drowning of  
the shelf.

The S. Marino Fm.: previous age deter-
minations 

The age of  the S. Marino Fm. has been di-
scussed by several authors but, due to the scarci-
ty of  biostratigraphic markers, the onset of  the 
carbonate sedimentation is still uncertain, broadly 
attributed to the Burdigalian and/or Langhian 
(Ruggieri 1954; Ricci Lucchi 1964; Conti 1990; 
Amorosi 1997; De Capoa et al. 2015). The angular 
unconformity at the base of  the S. Marino Fm. 
coincides with a major tectonic phase referred to 
the upper Burdigalian, but the temporal extent of  
the discontinuity is not defined in detail. Biostra-
tigraphic nannofossil analyses carried out in the 
studied area did not yield data, because most of  
samples are barren. The comparison with other 
Miocene transgressive shelf  carbonates outcrop-
ping from the back-arc to the foreland sectors of  
the Apennine chain indicates a wide age interval 
ranging from the Burdigalian to the Langhian 
(Amorosi 1997; Bicchi et al. 2006; Benisek et al. 
2009; Reuter et al. 2013); therefore the precise age 
of  the onset of  the lower portion of  carbonates 
remains uncertain. 

Conversely, analyses on the upper portion of  
the succession, corresponding to hybrid and marly 
lithofacies, contain a well-diversified and rich nan-

nofossil assemblage characterized by the presen-
ce of  Sphenolithus heteromorphus and the absence of  
Helicosphaera walbersdorfensis (Fontana et al. 2015). 
These associations have allowed to assign this in-
terval to the MNN5a (biostratigraphic zonation of  
Fornaciari et al. 1996) corresponding to the lower 
Langhian, thus constraining the age of  the top of  
the S. Marino Fm.

the torrIana sectIon

The sampling for the isotopic study has 
been carried out in the Torriana section, located in 
a dismissed quarry area in proximity of  the homo-
nymous town (43°59’15’’N, 12°22’59’’E), where 
the S. Marino Fm. is well exposed from the basal 
unconformity to the upper fine-grained litholo-
gies. The succession, studied in detail by Salocchi 

Fig. 2 - Lithostratigraphy of  the Torriana section (modified from 
Salocchi et al. 2017) with location of  samples for Sr isotope 
analyses.
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et al. (2017), consists of  different lithofacies for a 
thickness of  110 m (Figs 2, 3A). 

The section starts with a polygenic breccia, 2 
m thick, made up of  well-cemented coarse-grained 
pebbles of  various composition (limestones and 
siltstones) deriving from the underlying allochtonous 
Ligurian units (Fig. 3B). Rudstones and grainstones 
constitute a massive interval 35 m thick; the main 
biogenic components are represented by bryozoans 
and echinoids (Figs 3C, 4A); local concentrations of  
bivalves, oysters and pectinids, are observed. Red al-
gae and larger benthic foraminifera are subordinated. 
Planar-bedded grainstones to packstones characteri-
ze the interval between 35 m and 54 m. They gra-
dually pass to low angle cross-stratified grainstones 
up to 90 m (Fig. 3D). The interval 64-90 m is cha-
racterized by abundant fine-grained sandy fraction, 
usually concentrated in thin laminae, and represents 
the transition to fine-grained hybrid-arenites, siltsto-
nes and sandy marls rich in glauconites and plankto-
nic foraminifera (90-110 m) (Figs 3E, 4B). 

materIals and methods

Sr isotope analyses were performed using different material 
and methodologies for the carbonate basal-middle portion of  the 
section (a) and the upper carbonate-siliciclastic part (b).

a) In the carbonate portion, Sr isotope analyses were perfor-
med on bioclasts and bulk-rocks. 16 samples were selected: 4 oyster 
shells, 4 bryozoans, 1 crinoid and 7 bulk-rocks, sampled at different 
stratigraphic levels, from 3.5 m to 55 m (Fig. 2). Fossil specimens 
were selected on thin-section counterpart and then sampled using a 
micro-drill, avoiding altered portions. Oyster shells were previously 
examined in thin section and by scanning electron microscope in or-
der to assess the textural preservation and to detect possible secon-
dary precipitates indicative of  recrystallization.

About 20 mg of  powder were collected for geochemical 
analysis using a micro-drill. Powdered samples were rinsed three ti-
mes with MilliQ water. After drying, each sample was leached two 
times using a solution of  0.3% w/w acetic acid, in order to sequen-
tially dissolve about 30% and 40% of  powdered material, following 
the procedure described in Li et al. (2011) and successfully applied 
by Palmiotto et al. (2013) and Vescogni et al. (2014). Solutions were 
dried down and reacidified in 3 ml of  3 M HNO3.

b) In the upper carbonate-siliciclastic portion two samples 
were collected from the sandy marls at 102 m and 108 m (Fig. 2). 
Due to the lack of  macrofossils, we analyzed foraminifera separating 
planktonic and benthic forms (mainly hyaline), without taxonomic 

Fig. 3 - A) The lower-middle 
portion of  the Torriana 
section. B) Polygenic 
breccias at the base of  
the succession. C) Clo-
se-up of  the massive 
carbonate facies; white 
patches are bryozoan 
colonies. D) Cross-
bedded hybrid areni-
tes. E) Passage from 
the hybrid arenites to 
siltstones and sandy 
marls in the upper por-
tion of  the succession.
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distinction. Rock samples were dried in oven at 60°C for approxima-
tely 48h and disaggregated by soaking in distilled water. Material was 
washed through sieves to remove the mud fraction. The residue was 
dried and newly sieved to separate the sand-sized grains. Planktonic 
and benthic foraminifera tests were picked providing 4 subsamples. 
Each subsample consists of  at least 100 specimens (~1.0 mg) of  fo-
raminifera, hand-picked from the >125 µm fraction. Specimens were 
ultrasonically washed in MilliQ water for 10 minutes to remove resi-
dual particles and leached with 0.01 M HCl to etch the outer surface 
and to dissolve possible carbonate contaminants. Samples were then 
dissolved in 0.5 ml of  5 M-acetic acid to minimize the dissolution 
of  siliciclastic contaminants. Solutions were centrifuged to check the 
presence and remove any insoluble residue, dried down and reacidi-
fied in 3 ml of  3 M HNO3.

Strontium ions from all the samples were isolated from the 
carbonate matrix using Eichrom Sr-SPEC resin, following the me-
thod reported in Palmiotto et al. (2013). Final solutions were adjusted 
to a concentration of  4% w/w HNO3 and analyzed within a few 
days. Strontium isotope ratios were obtained using a high resolution 
multi collector inductively coupled plasma mass spectrometer (HR-
MC-ICPMS Thermo ScientificTM Neptune), housed at CIGS Unimo-
re. Strontium content was previously tested by using a quadrupole 
inductively coupled plasma mass spectrometer, (ICPMS X Series II, 
Thermo Fisher Scientific).

Bioclast (oyster shells, bryozoans and crinoid) samples were 
diluted to 125 ppb and introduced into the Neptune with the stan-
dard inlet system (cyclonic spray chamber and a 100 µl/min nebuli-
zer). The sensitivity for 125 ppb Sr was 6 V on the 88Sr peak and the 
blank level (4% w/w HNO3) was < 0.01 V. Because of  the scarce 
amount of  material (and consequently low Sr signal), foraminifera 
sample solutions were introduced into the Neptune via a high sensi-
tivity desolvating inlet system ESI-APEX IR and a 100 µl/min nebu-
lizer. The sensitivity for 30 ppb Sr was 5 V on the 88Sr peak and the 
blank level (4% w/w HNO3) was < 0.04 V.

Analytical 87Sr/86Sr determinations were corrected to a va-
lue of  0.710248 for strontium isotope standard NIST SRM 987 
(McArthur et al. 2012). Samples, standards and blank solutions were 
analyzed in a static multi-collection mode in a single block of  100 
cycles with an integration time of  8.389 s per cycle. Samples were 
analyzed using a bracketing sequence (blank/standard/blank/sam-
ple/blank) to correct possible instrumental drifts. The 87Sr/86Sr ra-

tios were corrected for mass fractionation (mass bias) effect using 
88Sr/86Sr = 8.37520 as normalizing ratio and an exponential law (Stei-
ger & Jäger 1997). Isobaric interferences of  86Kr and 87Rb on 86Sr and 
87Sr species respectively were considered. Finally, values obtained for 
NIST SRM 987 Sr standard measured before and after each samples 
in the bracketing sequence were used for C-factor calculation (“C-
factor” = true isotope ratio (i.e. 0.710248) divided by the average 
value of  the two standards measured). Each sample isotope ratio has 
been multiplied by the obtained C-factor value to be corrected for 
possible instrumental drift. For the March 2015 analytical session, 
repeated measurements of  NIST SRM 987 gave a mean value of  
0.710256 ± 0.000038 (2 S.D., n = 16), whereas for the April 2016 
session it was 0.710237 ± 0.000054 (2 S.D., n = 9). 

87Sr/86Sr values were converted into numerical ages using the 
regression curve LOWESS look-up Table version 5 (McArthur pers. 
com.).

results

Material preservation
Diagenetic screening has been performed pri-

or to Sr analysis in order to verify that the carbonate 
material was pristine and retained the primary isoto-
pic signal. SEM analyses of  the oyster shells show a 
well-preserved foliated microstructure and smooth 
layers surfaces, without evidence of  recrystalliza-
tion (Fig. 5A, B). Structures are comparable to that 
of  modern oysters (Ullmann et al. 2013; Ullmann 
& Korte 2015) and therefore indicative of  good 
preservation. Bryozoan fragments in transversal 
section range from few millimetres to centimetres 
and show thick outer walls consisting of  brownish 
fibrous calcite (Fig. 4A). Zooecial diameter is < 300 
µm and mainly filled by micrite. The crinoid ossicle 
is cloudy in appearance with a small round lumen. 

Fig. 4 - A) Photomicrograph of  the massive lithofacies composed of  bryozoans, echinoid plates and large benthic foraminifera (sample SM25 
at 13.5 m). B) Fine-grained arenites in the upper portion of  the succession with an abundant siliciclastic fraction and planktonic fora-
minifera (sample MN1, at 102 m). Scale bar = 1 mm.
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No abrasion features indicative of  reworking have 
been observed.

Strontium isotope analytical results
Oyster shells, bryozoans and bulk-rocks from 

the carbonates in the basal-medium portion of  the 
succession (3.5-33 m) yielded mean 87Sr/86Sr ratios 
between 0.708664 and 0.708721, that converted 
to numerical ages correspond respectively to 16.9 
± 0.6 Ma and 16.1 ± 0.6 Ma (Fig. 6, Tab. 1). The 
different carbonate components show very similar 
values. Ages obtained from oyster shells span from 
16.9 ± 0.6 Ma to 16.3 ± 0.6 Ma. Bryozoans yield 
comparable values ranging from 16.5 ± 0.6 Ma 
to 16.1 ± 0.6 Ma. In particular samples SM6 and 
SM58B show the same mean age. Bulk-rock values 
range from 16.8 ± 0.6 Ma to 16.2 ± 0.6 Ma. Bulk-
rock and bryozoans from the sample collected at 30 

m (B58 and SM58B) provided the same value. One 
crinoid sample (C1, sampled at 55 m, Fig. 2) corre-
sponds to an age of  16.1 ± 0.9 Ma. The bulk-rock 
indicates 12.3 ± 2.8 Ma. 

Benthic foraminifera from samples MN1 and 
MN2 (Tab.1) gave similar mean values, respectively 
14.6 Ma and 14.5 Ma. Planktonic tests from the 
same samples show different values if  considering 
the mean ages (15.1 Ma and 15.6 Ma, respectively). 
Foraminifera yield large age uncertainties between 
± 1.5 My and ± 2.4 My (Fig. 6).

dIscussIon

Our results allow to better constrain the age 
of  the carbonate shelf  (16.9 ± 0.6 Ma to 16.1 ± 
0.6 Ma) referable to the Late Burdigalian. Isotopic 

Fig. 5 - SEM microphotographs of  oyster shell fragments from the massive carbonate lithofacies showing a well preserved foliated microstruc-
ture and smooth surfaces. Sample SM5 (A) and sample SM58G (B). Scale bar = 20 µm.

Fig. 6 - Strontium isotope ages of  the 
Torriana samples and asso-
ciated confidential limits for 
the analyzed components.



Strontium isotope stratigraphy 45

values seem to follow a sort of  stratigraphic distri-
bution: the lowest samples give the oldest age (16.9 
Ma) and the upper samples show youngest age (16.1 
Ma) (Fig. 7). However, the confidential interval of  
each value partially overlaps and does not permit 
more precise considerations. The preservation of  
the primary geochemical signature is confirmed by 
the good consistency of  the strontium isotope va-
lues of  different carbonate components from the 
same stratigraphic level (Fig. 6).

The consistency between ages obtained from 
the oysters and those from bryozoans and the bulk-
rock suggests that these last carbonate components 
could be potentially used for Sr isotopic studies 
when the diagenetic imprint of  the rock is negligible. 
Only in the case of  crinoid sample , we observed a 
difference between the ossicle (sample C1, 16.1 Ma) 
and the relative bulk-rock (sample C1B, 12.3 Ma). 
The latter may reflect the mixing of  primary isotopic 
signal with the high 87Sr/86Sr ratio supplied by later 
pore-filling cement represented by sparry calcite, 
more abundant up in the section in correspondence 
of  the first pulses of  detrital material.

The upper portion of  the succession is almost 

barren of  oysters, and has a detrital siliciclastic frac-
tion that could lead high Rb contaminations. Nu-
merical ages obtained from Sr isotope analyses on 
foraminifera tests have wide confidence limits (2.9-
4.9 My). Ages obtained from benthic foraminifera 
are around 14.5 Ma while planktonic foraminifera 
give values around 15.3 Ma; both are in good agre-
ement with data reported in Fontana et al. (2015) 
based on nannofossil assemblages, that indicate the 
MNN5a subzone, Langhian in age (Fig. 7). The re-
crystallization of  foraminifera tests can not be com-
pletely ruled out, as well as detrital contaminations, 
and this could partially explain the 87Sr/86Sr value 
discrepancies between benthic and planktonic sam-
ples belonging to the same stratigraphic level. A re-
crystallization effect of  the original carbonate tests 
would likely be reflected by a more radiogenic signal, 
due to the increasing 87Sr/86Sr trend for the time in-
terval considered. Also a detrital influence (that in 
the examined samples is mainly made up of  quartz, 
feldspars, micas and clay matrix) could determine an 
increasing 87Sr/86Sr signal, due to the presence of  
clay minerals that incorporate Rb in concentrations 
of  tens to hundreds of  ppm (McArthur 2012).

Sample Material 87Sr/86Sr 2S.E.(*106) Maximum 
age (Ma) 

Mean age 
(Ma) 

Minimum 
age (Ma) 

SM 5 Oyster 0.708690 (39) 10 17.1 16.5 15.9 

B 5 Bulk-rock 0.708685 (40) 11 17.2 16.6 16.0 

SM 6 Bryozoan 0.708693 (41) 16 17.1 16.5 15.8 

SM 25 Oyster 0.708664 (39) 8 17.4 16.9 16.3 

B 25 Bulk-rock 0.708683 (39) 10 17.2 16.6 16.0 

SM 32 Oyster 0.708703 (39) 9 16.9 16.3 15.7 

B 32 Bulk-rock 0.708669 (39) 9 17.4 16.8 16.2 

SM 49 Bryozoan 0.708714 (40) 12 16.8 16.2 15.5 

B 49 Bulk-rock 0.708671 (39) 10 17.4 16.8 16.2 

SM 58G Oyster 0.708696 (41) 16 17.1 16.4 15.8 

SM58B Bryozoan 0.708693 (39) 8 17.1 16.5 15.9 

B 58 Bulk-rock 0.708693 (39) 10 17.1 16.5 15.8 

SM 64 Bryozoan 0.708721 (39) 11 16.7 16.1 15.4 

B 64 Bulk-rock 0.708715 (39) 10 16.8 16.2 15.5 

C 1 Crinoid 0.708718  (56) 15 17.0 16.1 15.2 

C 1B Bulk-rock 0.708833 (55) 14 15.3 12.3 9.8 

MN 1P 
Planktonic 

foram. 
0.708781 (55) 12 16.1 15.1 11.8 

MN 1B Benthic foram. 0.708801 (55) 13 15.8 14.6 10.9 

MN 2P Planktonic 
foram. 

0.708752 (55) 13 16.5 15.6 13.6 

MN 2B Benthic foram. 0.708803 (55) 12 15.7 14.5 10.9 

 

 

Tab. 1 - 87Sr/86Sr values and nume-
rical ages for different car-
bonate materials. Maximum 
and minimum ages are obtai-
ned respectively subtracting 
and summing the cumulative 
error (reported in parenthe-
sis) to mean isotopic value, 
and converted using the 
Look-up Table 5 (by McAr-
thur pers. com.). The double 
standard error (2 S.E.) repre-
sents the internal analytical 
error of  each measurement.
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The Sr isotope data in the upper part of  the 
studied section are certainly influenced by the low 
slope of  the calibration curve characterizing this 
time interval. A slow rate of  change of  marine 
87Sr/86Sr through time determines a low slope of  
the regression curve and this does not allow a preci-
se location of  the measured ratios (on a flat line, the 
worst theoretical case, a single 87Sr/86Sr value would 
correspond to infinite numerical ages, McArthur 
1994). The regression curve, which is representative 
of  the 87Sr/86Sr values of  seawater during the Mio-
cene, has been described by a high order function 
with two distinct phases of  increased slope related 
to the uplift and denudation of  the Himalayan-Ti-
betan Plateau (Hodell & Woodruff  1994; McArthur 
et al. 2001). The early Miocene is characterized by a 
steep curve with 87Sr/86Sr growth rate of  about 60 
ppm/My until 19 Ma and 80 ppm/My during the 
interval 19-16 Ma. Then, the ratio shows a slight de-
crease during the time interval between ~15 Ma and 
~13.5 Ma. Hence, the best age estimation attainable 

with the Sr method is expected for the Aquitanian 
to the lower Langhian time interval when the slope 
of  the curve is steeper (Hodell & Woodruff  1994).

A further point to consider is the confidence 
limit associated to each value, which depends both 
on the slope of  the fitting curve and on the densi-
ty of  calibration data points used for the line con-
struction (McArthur 1994). Browning et al. (2013) 
estimated the theoretical maximum age resolution 
achievable in Miocene based on LOWESS fit of  
McArthur et al. (2001) and considering an external 
precision of  0.000008; they obtained good resolu-
tions (about ± 0.25-0.5 My) from the interval 25 
Ma to 15 Ma, significantly decreasing in sediments 
younger than 15 Ma (about ± 0.75-1.5 My). A direct 
correlation between mean ages and the width of  the 
confidence interval can be observed in our data (Fig. 
6). In fact, oyster samples from the lower part of  
the carbonate succession provided relatively narrow 
confidence intervals (around ± 0.6 My) compared to 
those obtained from younger foraminifera samples.

Fig. 7 - Strontium isotope ages plot-
ted with their relative age 
confidence limits versus 
stratigraphy of  the Torriana 
section (log colors refer to 
Fig. 2). In the upper part of  
the section Sr ages are com-
pared with nannofossil data 
(biozone MNN5a, grey area; 
from Fontana et al. 2015).
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Our data indicate that the application of  Sr 
isotopes represents a reliable and useful dating me-
thod that can be applied to carbonate platforms, 
mostly when a biostratigraphic approach is not ap-
plicable due to the lack of  useful biomarkers. Ho-
wever, as widely discussed by Veizer et al. 1997 and 
recently by Eidvin et al. (2014), intrinsic limitations 
of  this method have not to be undervalued. Precise 
age determinations can be achieved when the pristi-
nity of  the carbonate material is assessed through 
geochemical or optical techniques, in time intervals 
where the calibration curve has sufficient slope.

conclusIons

Sr isotope stratigraphy integrated with pre-
vious calcareous nannofossil biostratigraphy data 
has been applied to better constrain the age of  the 
Miocene shelf  carbonates of  S. Marino Fm. (nor-
thern Apennines). Isotopic analyses were performed 
on different carbonate components (oysters, bryo-
zoans and bulk-rocks) from the same stratigraphic 
levels. The reliability of  the analytical results and the 
relatively low confidence limits permit to ascribe the 
lower and middle portion of  the carbonate succes-
sion to 16.9 Ma and 16.1 Ma, corresponding to the 
upper Burdigalian.

The different bioclasts investigated from the 
same stratigraphic level provided similar 87Sr/86Sr 
values, supporting the consistency of  the obtained 
ages. 

Sr isotopic values from foraminifera (benthic 
and planktonic) from the upper portion of  the 
succession, carbonate-siliciclastic in composition, 
provide numerical ages in agreement with the calca-
reous nannofossil biostratigraphy. However, Sr iso-
tope ages from foraminifera show wide confiden-
tial intervals largely due to the low coefficient of  
the regression curve used for age conversion. Suc-
cessful application of  the Sr isotopes to the Mio-
cene is limited to specific intervals corresponding 
to steep 87Sr/86Sr curve. Combination of  Sr isotope 
stratigraphy on shelfal carbonate facies with bio-
stratigraphy on marly intervals is a potential tool for 
dating carbonate platforms, allowing more precise 
stratigraphic correlations.

A more robust age definition of  the S. Mari-
no Fm. is important not only to improve knowledge 
of  regional geology, but also for accurate correla-

tions with other Miocene platforms in the Mediter-
ranean and their significance in terms of  paleoenvi-
ronmental and paleoclimatic events. 
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