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Abstract The salt waters from the Emilia-Romagna sector of the Northern Apennine
Foredeep have been investigated using major and trace element and stable isotope (5°H,
6'%0, 6°’Cl, 6*'Br and ¥'Sr/*°Sr ratio). Ca, Mg, Na, K, Sr, Li, B, I, Br and SO, vs. Cl
diagrams suggest the subaerial evaporation of seawater beyond gypsum and before halite
precipitation as primary process to explain the brine’s salinity, whereas saline to brackish
waters were formed by mixing of evaporated seawater and water of meteoric origin. A
diagenetic end-member may be a third component for mud volcanoes and some brackish
waters. Salinization by dissolution of (Triassic) evaporites has been detected only in
samples from the Tuscan side of the Apennines and/or interacting with the Tuscan Nappe.
In comparison with the seawater evaporation path, Ca—Sr enrichment and Na—K-Mg
depletion of the foredeep waters reveal the presence of secondary processes such as
dolomitization—chloritization, zeolitization—albitization and illitization. Sulfate concen-
tration, formerly buffered by gypsum-anhydrite deposition, is heavily lowered by bacterial
and locally by thermochemical reduction during burial diagenesis. From an isotopic point
of view, data of the water molecule confirm mixing between seawater and meteoric end-
members. Local '®O-shift up to +11%o at Salsomaggiore is related to water—rock inter-
action at high temperature (& 150°C) as confirmed by chemical (Mg, Li, Ca distribution)
and isotopic (SO4—H,0) geothermometers. 37C15C1 and ®'Br/"°Br ratios corroborate the
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marine origin of the brines and evidence the diffusion of halogens from the deepest and
most saline aquifers toward the surface. The ®’Sr/*°Sr ratio suggests a Miocene origin of Sr
and rule out the hypothesis of a Triassic provenance of the dissolved components for the
analyzed waters issuing from the Emilia-Romagna sector of the foredeep. Waters issuing
from the Tuscan side of the Apennines and from the Marche sector of the foredeep show
higher ¥’Sr/*°Sr ratios because of the interaction with siliciclastic rocks.

Keywords Salt waters - Chemical and isotope composition - Seawater evaporation -
Northern Apennine Foredeep

1 Introduction

The presence of salt waters in the Northern Apennine and its foredeep (Po Basin) is known
since Roman and Middle Age times, when they were used for thermal and therapeutic
purposes or for salt collection (Artusi et al. 1977; Rosetti and Valenti 2002). More recently,
they have been extensively studied for their association with methane and petroleum
hydrocarbons (Agip Mineraria 1959), their possible association with seismic activity (mud
volcanoes) and the potential of host formation as carbon sinks. Despite these main topics, a
clear explanation of the origin of these waters is still lacking. During hydrocarbon research,
brines were widely intercepted in the Po Basin (Fig. 1; Agip Mineraria 1959), and those
with highest salinity were found in a relatively restricted area of the Emilia sector of N-
Apennine Foredeep between the provinces of Parma (Monticelli: up to 130 g/L, Fontevivo:
up to 167 g/L, Salsomaggiore: up to 190 g/L; lacumin et al. 2007; Toscani et al. 2007) and
Piacenza (Cortemaggiore: up to 233 g/L; Pieri 1992). Other brines occur also in the
Marche sector of N-Apennine Foredeep (Tolentino: up to 197 g/L; Nanni and Vivalda
1999). Unfortunately, most of the wells are not available for sampling at present (i.e.
Cortemaggiore, Fontevivo), but salt waters from spas are available (i.e. Salsomaggiore,
Monticelli, Tolentino).

In this paper, we investigate 26 sites of Br—I-rich sodium-chloride brackish to brine
waters issuing from springs and wells of the Northern Apennine and its foredeep
(underlined codes in Fig. 1) in order to characterize them both chemically and isotopi-
cally, investigate their origin and evolution (the mechanism of water salinization (salt
enrichment in water) and the role of water—rock interaction) and define, if possible, the
geological evolution of the aquifers. Waters sampled in the Emilia-Romagna Region are
from Bacedasco Terme, Salsominore and Bobbio (BAC, SALMIN, BOB, Piacenza
Province), Sant’Andrea Bagni, Salsomaggiore Terme, Lesignano and Monticelli Terme
(F11 and F12, SALMAG, LES, MONT, respectively, Parma Province), Quara (F15,
Reggio-Emilia Province), Salvarola Terme (SALV, Modena Province), Castello di Ser-
ravalle and Castel San Pietro Terme (SER, CSP, Bologna Province), Riolo Terme, Ca-
sola Valsenio, Brisighella and Punta Marina Terme (RIT, CSV, BR, PMT, Ravenna
Province), Castrocaro Terme, Fratta Terme and Panighina (CC, FRA, PAN, Forli-Cesena
Province), Terme di Riccione and Terme di Rimini (MIR, ISA and CLA, respectively,
Rimini Province) and Terme di Montegrimano (MGR, Pesaro-Urbino Province). In
addition, the water of the “Terme di S. Lucia” (SL13 and SL14, Tolentino, Macerata
Province) outpouring from the Marche side of the Northern Apennine Foredeep and three
saline waters from “Terme della Versilia”, Bergondola and Ponte Magra from the
Tuscan side of the Northern Apennine (VER, BERG and PM, Massa-Carrara Province)
have been sampled for comparison.

@ Springer



Aquat Geochem (2011) 17:71-108 73

45°N-

o11viyay

v3sS

l:l Quaternary

basins

Pede-Apennine Margin

D Late Quaternary fluvial deposits
D Middle-Late Pleistocene fluvial deposits

Marine deposits .
D (Early Pliocene-Early Pleistocene)

Epi-Ligurian

Evaporitic, clastic and marine h
l:l deposits (Messinian-Early Plioc.) lldl?élgenel;Cene “ e
o s ™ [ Ygurian Unis 1. G ..
(Jurassic-Oligocene) H
Falterona sandstones Hydrocarbons surface seep 4
(Late Oligo Early Mi S~ Late « Ol «Gas eGasand oil
Macigno sandstonesy Quatemary thrust '
- (Late Oligocene) "y~ Buried main thrust 0 Mud volcano MGR
E ite d dolost Water from spring or deep well
- (E\;/ua'p;?‘ge':smé?maosgﬁ:)ones >~ Main thrust * (underlined !gxt: gamplespfrom this study)
(b) Salsomaggiore  Cortemaggiore-Busseto Piadena
Salsomaggiore1  Camporel 29
(3326 m) A(2540 m) A“ 783 m)
0 Quaternary 0
2 2
4 4
6 6
8 8
10 10
€ €
= <
A B
(cgﬂomagna Apennines Faenza
W PAM ! Ferrara Folds NE
i
. 0
2 -2
4 <=_ 4
- ==
6 6
8 A 8
’é l:l Carbonate succession £
3 (Late Triassic-Oligocene) <
Basement
C (Paleozoic) D

Fig. 1 al Geological map of the Northern Apennine and its foredeep (modified after Bonini 2007).
Underlined codes refer to salt water samples of this study; PAM Pede-Apennine Margin; LSL Livorno-
Sillaro lineament. a2 Northern Italy and samples which do not belong to the Po River Basin. b and ¢ cross-
sections A—B and C-D, respectively. PG-M, undifferentiated Paleogene-Miocene sediments (b)

2 Geological and Hydrological Setting

The Po Basin (Northern Italy, Fig. 1) covers an area of approximately 46,000 km* and is
bound to the N by the Alps, to the SW by the Apennines and to the E by the Adriatic Sea.
Springs and wells investigated in this paper occur over a distance of about 300 km, from
the Province of Piacenza to the Province of Rimini, along the northeastern margin of the
Apennine and in the Po Plain (Fig. 1) corresponding to the Northern Apennine Foredeep
(e.g. Roveri et al. 2001). Hereafter, the synthetic description of the main geological
domains, lithology and tectonic evolution of the Apennine chain is reported since they are
fundamental in supporting the geochemical investigation into the salt waters as for other
fluids of the Apennine (Duchi et al. 2005).
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The Apennine chain is a thrust and fold belt composed of several units, structurally
homogeneous, that were emplaced toward N-NE from Early Cretaceous to present during
the closure of the Piedmont-Ligurian ocean and the collision of the European and Adria
plates. In the northwestern Apennines, the allochthonous Ligurian Internal units (Mesozoic
oceanic and forearc sedimentary deposits) and the overlying Epiligurian units (Middle
Eocene-Early Messinian turbidites and shallow water primary evaporites) represent the
upper structural level that translated on the foredeep, reached the foreland and overthrust
the foredeep more recent turbidites (e.g. Argnani and Ricci Lucchi 2001). In the Sals-
omaggiore anticline (Fig. 1b), the Serravallian-Langhian deposits were overrode in the
Messinian and newly exposed in the Pliocene—Pleistocene (Artoni et al. 2004). The lower
structural level of the Apennines corresponds to the Tuscan(nappe)-Umbrian(foredeep)
units consisting of crystalline rocks of the metamorphic Paleozoic basement and Mesozoic
carbonates (Triassic evaporite and dolostone, Fig. 1a). The rocks of the Tuscan domain are
exposed in some tectonic windows of the Ligurian units; for example, near Bobbio, Pia-
cenza Province and at the Mt. Zuccone, Parma Province. Oligo-Miocene turbidite for-
mations are related to the infill stages of the eastward-migrating foredeep in front of the
advancing Apenninic orogenic stack of the nappes. In the western sector of the Northern
Apennine, the Macigno Formation characterizes the top of the Tuscan Nappe. The Ro-
magna Apennines (east of the Sillaro Valley) are mainly composed by the Marnoso-
Arenacea turbiditic formation (Langhian-Tortonian: Ricci Lucchi 1981) overlying the
basement of Miocene carbonates and overlaid by Macigno, Modino and Cervarola turbi-
dites in the inner parts (Apennine ridge). Messinian to Pleistocene deposits (N-NE dipping)
cover the Marnoso-Arenacea formation along the NE Apennine foothills (Roveri et al.
2003). The outermost front of the Northern Apennine (several anticlines roughly oriented
WNW-ESE) is buried by Pliocene—Pleistocene marine sediments under the surface of the
Po Plain (Fig. 1c).

The surface hydrology of Emilia-Romagna region is formed of rivers draining the
Apennines with their alluvial fans. The alluvial fans that formed the Po valley are inter-
bedded, and their northern ends are connected with the Quaternary sediments of the Po
river. The groundwaters exploited for drinking-water supply are classified into three main
hydrostratigraphic units (Emilia-Romagna 1998); the two deepest, know as aquifer B (from
0.35-0.45 to 0.65 Ma) and aquifer C (from 0.65 to 3.9 Ma), occupy parallel bands in the
middle plain and near the Apennines, respectively. The bottom of the deepest unit is known
as “basal aquitard” (>3.9 Ma) and defines a low permeable unit, unexploited for drinking
due to great depth and possible mixing with salt waters, which is the subject of this paper.

3 Analytical Methods
3.1 Field Methods

All water samples were filtered through 0.45-um cellulose acetate filters, and the portion
devoted to cation analysis was acidified with 65% HNO;3 Suprapur Merck. Reduced dis-
solved N(-III) was determined by spectrophotometry using a portable photometer
(MERCK SQ300 with Spectroquant kits), whereas S(-II) species and by iodometric
method. Temperature, pH and Eh were determined using an Orion 250A instrument
equipped with a Ross glass electrode for pH and a Orion 91-79 Triode™ (Thermo Sci-
entific) electrode for Eh determination (platinum redox sensor, silver/silver chloride
internal reference system and built-in thermistor for automatic temperature compensation).
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The electrode for Eh was calibrated with an Orion ORP Standard (at 25°C,
Eh = +420 mV relative to standard hydrogen electrode). Specific conductance (at 20°C)
was measured using a YELLOW SPRING 85 conductivity meter. Total alkalinity was
determined in the field by acidimetric titration and in the laboratory by Gran titration (Gran
1952) not later than 12 h after sampling.

3.2 Density, Major and Trace Element Analyses

Density was measured by pycnometers at 20 &= 1°C, silica by spectrophotometry (MERCK
SQ300 with Spectroquant kit) and Na, K, Ca, Mg, S, Li, B, Mn, Fe, Sr, Ba, Zn, As by ICP-
OES (Inductively Coupled Plasma Optical Emission Spectrometry). Cl was determined by
the Mohr’s method, total I and Br by flow injection ICP-MS coupled with a gradient pump
DIONEX GP-40 and an automatic injection valve ERC iVALVE (for details, Boschetti
2003). Radon (**’Rn) was determined by ionization chamber alpha particles detector
(AlphaGUARD- Genitron Instruments; Health Physics Service of the University of Parma;
Vaccari et al. 1999). Total dissolved carbon and total dissolved nitrogen were measured by
elemental analysis with automatic liquid injection using FlashEA 1112 elemental analyzer
equipped with an AS3000 liquid autosampler (Thermo Fisher Scientific).

3.3 Isotopes

The delta isotope composition of hydrogen and oxygen (6°He and 0'®0c), which is not
affected by salt effect, was obtained making isotope determination on the distilled samples.
Salt water samples were distilled in a vacuum line (1 h at 100°C, then 1 h at 370°C) and
condensed in a liquid nitrogen cryogenic trap. Afterward, the condensed water samples
were transferred on a FINNIGAN GLF 1086 automatic equilibration device on line with a
DELTA PLUS FINNIGAN mass-spectrometer. In this analytic line, hydrogen for &*H-c
determination was obtained by H,-water equilibration using a Pt-rich catalyst, while 6'*0-c
determination was carried out on CO,-water equilibration at 18°C (Epstein and Mayeda
1953). Data are referred to V-SMOW, and standard errors are about 4=1.0%o and better than
+0.1%o for 6°H-c and 6'%0-c, respectively.

The method has been checked by monthly analyses of the most saline brines from
Monticelli and Salsomaggiore that gave a standard deviation of £0.20 and +0.23 for
oxygen and 1.3 and £1.6 for hydrogen, respectively (Iacumin et al. 2007). The salt effect
parameter 10°InI" (Horita et al. 1993) on the saline and brine samples was calculated at the
temperature of sampling by EQ3/6 code with the Pitzer database (see next section). The
calculated d-activity (Ja) ratio da = dc + 10°InI" (Table 2) shows that the salt effect on
oxygen is within analytical uncertainty probably due to lacking or low content of sulfate
species in the solutions; whereas salt effect reaches 4.3-5.6%o on the hydrogen of the
brines.

Chlorine stable isotope analyses were performed on methyl chloride (CH;Cl) gas fol-
lowing the procedure described in Eggenkamp (1994) and Shouakar-Stash et al. (2005b).
Bromine stable isotope analyses were carried out on methyl bromide (CH3Br) gas using a
continuous flow—isotope ratio mass spectrometry (CF-IRMS) (IsoPrime, Micromass—
currently Elementar-, UK) following Shouakar-Stash et al. (2005a). Both chlorine and
bromine stable isotopes were reported relative to standard mean ocean chloride (SMOC)
and bromide (SMOB), respectively. The analytical precisions for both *’Cl and *'Br
isotopes are 0.1%o.
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Strontium stable isotopes were analyzed by TIMS (Thermal Ionization Mass Spec-
troscopy, Triton Thermo-Finnigan) at the University of Waterloo following an in-house
analytical protocol (El Mugammar and Shouakar-Stash 2008; analytical uncertainty better
than 0.00005).

Oxygen and sulfur isotope of dissolved sulfate were analyzed also for the SALMAG
brines by CF-IRMS after precipitation as BaSO, (for details, see Boschetti et al. 2010).

3.4 Thermodynamic Calculations

Dissolved species activities and mineral saturation indexes were calculated by EQ3/6
software with the YPF thermodynamic database (based on the Pitzer formalism for activity
calculation; Wolery and Jarek 2003). Carbonate alkalinity was early calculated by
PHREEQCI software (Parkhurst and Appelo 1999) using LLNL database and total carbon
or total alkalinity. However, as Pitzer database lack pressure correction, the B-dot equation
for computing of activity coefficients coupled with the specific pressure corrected ther-
modynamic database data0.500 was also applied for the activity calculation of the dis-
solved species (EQ3/6 software, Wolery and Jarek 2003). In this latter case, the
thermodynamic database was implemented with the solubility constant of the reaction
C,Hg(g)=C,Hg(aq) from OBIGT database (http://affinity.berkeley.edu/predcent/download/
obigt). Additional thermodynamic data of the minerals used for activity diagrams are from
thermo.com.v8.r6.dat, thermo.dat (http://www.geology.uiuc.edu/Hydrogeology/hydro_thermo.htm)
and THERMODDEM database (illite-Mg; http://thermoddem.brgm.fr).

4 Results

Chemical composition of the investigated waters is reported in Table 1; the isotope data
are reported in Table 2. Waters can be divided into brine (TDS > 100 g/L; MONT, SL4
and SALMAG), saline (20 < TDS < 100 g/L; FRA, SL13, CC, BR, CSP, RIT, ISA) and
brackish (TDS < 20 g/L; BAC, MIR, MGR, SER, BOB, CLA, PAN, PTM, CSV, PM,
SALV, BERG, VER, SALMIN) according to the classification of Drever (1997). With the
exception of samples BAC and F11 (waters of Na—C-HCOj; type), all waters are of Na—Cl
type (Fig. 2), hypothermal (13.6-21.1°C, Schoeller 1962) and neutral to slightly basic
(pH = 6.70-8.64); the brines are also Ca-Cl having equivalent ratio Ca/
(SO4 + HCO3) > 1. Major cations are roughly correlated with C1™. Total sulfur reaches
the highest content in the brackish waters of PAN, CSV, VER and BERG (S = 258, 101,
455, 124 mg/L, respectively) and S(-II) in the CLA springs (total H,S = 14.3 mg/L).
Reduced N(-III) is roughly correlated with TDS. The brines, some saline and brackish
waters (SALMIN and SALV) have the highest contents of Br (up to 480 mg/L), Li (up to
96.4 mg/L) and B (up to 373 mg/L). The distribution of iodine is unrelated to salinity
being the highest I contents detected at CSP, CSV and SALMAG (147, 138 and 111 mg/L,
respectively). Sr and Ba are roughly related to Ca in all waters and reach the highest
content in the saline and brine samples (SL samples; Sr = 553 mg/L at SL4; Ba = 929 mg/L
at SL13). Among the elements of the first transition series, only Fe and Mn occur in
significant amount in brines (up to 33 and 3.8 mg/L for Fe and Mn, respectively).
According to Hanor (1987), comparison of seawater and brines formed by evaporation
of seawater is a valid technique to investigate the origin and composition variability of
many waters from sedimentary basins. In the diagrams element vs. chlorine (Fig. 3), where
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Fig. 2 Ca-Mg—(Na + K) and Mg™
SO,4—CI-tAlk (total alkalinity)
(Equivalent/L) ternary
classification diagrams of the salt
waters from Northern Apennine
and its foredeep. Data from this
study (Table 1) and literature
(Appendix 1 in Electronic
supplementary material).
Pentagon represents the mean
chemical composition of the
present-day seawater

brackish waters - mud volcanoes
brackish waters - literature 1g/L <TDS<20g/L
brackish waters - this study

o
A
A
A saline waters - literature
A saline waters - this study 20g/lL <TDS <100 g/L
A
A

brine waters - literature

brine waters - this study TDS > 100 g/l

data of this study are compared with 156 salt water analyses of the Po Plain from the
literature (Appendix 1 in Electronic supplementary material), the role of seawater in the
origin of the investigated waters is well supported: in the diagram Na—Cl, brines and saline
waters plot close the seawater evaporation path (Fontes and Matray 1993) with the MONT
and SALMAG brines located between the points of gypsum and halite precipitation. As
occurring in the interstitial waters of the drilled Miocene sediments of the W-Mediterra-
nean floor (Provence Basin, Vengosh et al. 1994) and elsewhere (Bein and Dutton 1993;
Rosenthal 1997 and references therein), in the investigated samples the Na/Cl mol ratio
decreases from saline (average = 0.82; median = 0.83; N = 41) to brine waters (aver-
age = median = 0.77; N = 44). In the brackish waters from mud volcanoes and in
samples F15, SALV, MGR and BAC, the Na/Cl ratio is higher than unity. For MGR and
BAC, which have low TDS, the ratio higher than 2 is due to mixing with Na-carbonate
water (see sample F11 in Fig. 3; Venturelli et al. 2003; Iacumin et al. 2007). The inves-
tigated brackish waters have Na/Cl in the range 0.68—1.40, thus they cannot be interpreted
as generated by simple mixing between marine water (Na/Cl = 0.85, atomic ratio) or via
dissolution of halite (Na/Cl = 1). Diagrams of CI vs. other halogens may be useful to
investigate the characters of the saline component. For instance, Br has a conservative
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Fig. 3 Chlorine vs. other elements logarithmic plots for the salt waters from Northern Apennine Foredeep (symbols
as in Fig. 2; open diamonds: Na-bicarbonate waters from the Po Basin, Venturelli et al. 2003). Data from this study
and the literature (Appendix 1 in Electronic supplementary material) are compared with Miocene interstitial waters
from the W-Mediterranean (closed diamonds; Vengosh et al. 1994), the evaporation trajectory of seawater (circles:
data from Fontes and Matray 1993, and Pierre 1982; G and H: gypsum and halite precipitation point) and seawater—
meteoric water mixing line (drop: present-day meteoric water, data from Venturelli 2003)
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behavior during evaporation of seawater and low partition coefficient in halite (Siemann
and Schramm 2000), thus water dissolving halite (or other evaporitic chlorides) leads to
Br/Cl ratio lower than in seawater (Br/Cl = 1.52 x 10’3).

In Fig. 4, updated from Toscani et al. (2007), the samples in study are compared with
data from the literature. Waters of meteoric origin interacting with Mesozoic carbonates
and evaporites of the Tuscany and Emilia slope of Northern Apennine changed the early
Ca-bicarbonate composition into Ca-SO, or Na—Cl types by dissolution of gypsum/
anhydrite or halite, respectively (data from Bencini et al. 1977; Boschetti et al. 2005;
Cortecci et al. 2008 and our unpublished). Some of these waters plot close the mixing lines
connecting bicarbonate waters and halite saturated marine waters. Other samples (F15,
BOB, SALMIN, BERG, PM) exhibit lower Br/Cl ratio (0.13 x 107> to 0.41 x 10~°) and
trend toward the field of waters with large amount of dissolved halite, thus supporting an
important role of dissolution of Triassic evaporitic minerals in their evolution. Effectively,
these springs outpour in Tuscany (SW slope of the Northern Apennine) or from geological
unit of the Tuscan nappe (e.g. Bobbio window, Molli 2008) where Triassic evaporites
occur.

Many brines plot between gypsum and halite precipitation points. The elevated con-
centrations of bromine and, especially, iodine in some saline and brine waters were
explained by decomposition of organic matter in the sea (Toscani et al. 2007). It is
noteworthy that the range of iodine contents in saline and brine waters of the Po plain is
comparable with that found in pore waters of the Peruvian margin (Martin et al. 1993), an
area where organic matter decomposition is very active. Due to the penesaline paleoen-
vironment, toxic for most marine organisms, and the low redox conditions at depth after
burial, also brine waters of the sedimentary basins reach extremely high iodine contents
similar to pore waters in convergent margin (~ 140 mg/L).

In the other element vs. Cl diagrams (Fig. 3), the investigated saline and brine waters
plot far from the seawater evaporation path: the higher Ca, Sr, Li and B and the lower Mg,
K and SO, contents support interaction with sediments during early-to-late diagenesis and
redox processes. In the CI-SO, diagram, the sulfate content of the waters is trending down
the seawater evaporation line. In particular, the W-Mediterranean interstitial waters with
the lowest sulfate contents plot close to the most sulfate saline and brine waters of the Po
Basin (Figs. 3, 4). This is the product of sulfur loss due to sulfate reduction in an aerobic
environment, which is typical of marine pore waters during early (Provence Basin) and late
(Po Basin) diagenesis (e.g. van der Weijden 1992).

The measured isotope composition (dc) and calculated “activity” (da) for hydrogen
and oxygen (Fig. 7) in the water molecule of the investigated waters are reported in
Table 2. The brackish waters with lower salinity have meteoric imprint: actually, they
plot toward the values of the present-day local ground and river waters
(—10.3%0 < 8'80 < — 7.1%0, —45.2%0 < 6°H < — 72.2%0; lacumin et al. 2009). At
increasing salinity, two features are noteworthy: (1) salt effect is relevant for the
hydrogen isotope values of saline and brine waters (2) chlorine and bromine isotope
values of brines are quite similar to seawater standard (0%o). Moreover, the brines
MONT, SL4, SALMAG and the brackish water SALV, characterized by slightly negative
6*Hc values (—16.0 to —7.4%o), show a moderate to extreme shift toward highly positive
6'®0c values (up to +11.4%0 for SALMAG), suggesting that the early isotopic com-
position of the waters was modified by high temperature interaction with the rocks (e.g.
Fig. 1 in Horita 2009).
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Fig. 4 Chlorine vs. iodine (a) and bromine (b) logarithmic plots for waters from Northern Apennine and its
foredeep, updated from Toscani et al. (2007). Data from this study and the literature (Appendix 1 in
Electronic supplementary material; Agip Mineraria 1959) are compared with Miocene interstitial waters
from the W-Mediterranean (B, closed diamonds; Vengosh et al. 2000), the evaporation trajectory of
seawater (Fontes and Matray 1993, G and H: gypsum and halite precipitation point) and hypothetical binary
mixings or halite dissolution (continuous lines). Shaded area collects present-day pore waters of oceanic
sediments with active organic matter decomposition (Martin et al. 1993)
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5 Discussion

5.1 Ca—Cl-Na Relation and Cationic Composition Activity Diagrams: Tracing
Diagenetic Effects

Ca—Cl waters are distributed worldwide, but common geochemical parameters cannot
discern the different processes producing this type of water (Rosenthal 1997). Secondary
processes occurring after seawater evaporation and during the diagenetic evolution of
basinal fluids may be identified with difficulty in binary plot. The plot of Davisson and
Criss (1996) overcomes this inability using the two parameters Nagegei; and Cagyeess (MEqQ/
L) which are defined as follows:

Cagxcess = 2[Cameas — (Ca/Cl)qy X Clineas | /40.08
Nageficic = [(Na/C1)gy X Clmeas — Nameas | /22.99

where meas = sample concentration; SW = seawater. In the Davisson and Criss’ plot the
Basinal Fluid Line (BFL), obtained by linear regression of more than 800 samples from
several fluid reservoirs, represents the effect of plagioclase albitization on water compo-
sition (Na/Ca = 2/1 atoms). Figure 5a shows that the distribution of brines plot between
BFL and a parallel line with negative intercept on the Caeycess axis. It is noteworthy that
this latter line crosses the seawater evaporation line in the middle of the path connecting
gypsum and halite evaporation points. Historical data for SALMAG and FRA brines plot
on BFL, whereas our samples, with other brines, are shifted toward the second line.

In particular, the Tolentino waters (SL samples in Table 1) define a wide area which
reaches high Cagycess and Nagegcie values. That suggests that feldspar albitization is a
predominant reaction in the sediment of the aquifer. According to Davisson and Criss
(1996), dolomitization leads to high Ca.x..ss (Fig. 5a); for instance, in the samples with
Nageicic = 0 and high Cagyeess up to intercept BFL line, dolomitization was strong
(SALMAG), whereas it was lower for some brackish (BERG, SALMIN) and saline waters
(e.g. CC samples, Fig. 5b). It is noteworthy that brine waters from localities not far one
from the other (e.g. SALMAG, Cortemaggiore, Fontevivo) show different degrees of
dolomitization—albitization, whereas brackish and saline waters plot around the origin of
the axes like seawater or water with similar CacxcessNageicic Values, confirming that
dolomitization and albitization played a minimal control at these sites. Due to the slightly
negative Caexeess (& —10) and highly negative Nageqeir (R —100), the SALV water rep-
resents an exception (Fig. 5b). This water and the brackish waters from mud volcanoes
depict a trend from seawater toward negative values of both variables. In this case,
probably Na derives from clay dewatering at overpressure conditions (Xie et al. 2003) and/
or albite dissolution (high pH).

In spite of the uncertainty of the field limits in the activity diagrams, the investigated
brines plot prevalently within the stability field of low temperature albite and near or along
the boundary with diagenetic zeolites (Fig. 6al, a2). Actually, heulandite-clinoptilolite
occur in the arenaceous formations of the Northern Apennines. In particular, heulandite is
stable at high silica activity (near the amorphous silica saturation), i.e. far from the con-
ditions of our brines. For silica activity ranging from logSiO, = —3.5 to cristobalite
saturation, the Po Basin brines cluster along the low_albite-mesolite and low_albite-clin-
optilolite_Ca®" limits (Fig. 6al, a2), respectively, suggesting that only a partial albitization
of the anorthitic plagioclase occurred. This does not contradict the supposed origin of the
Basinal Fluid Line (Fig. 5). Actually, the following reactions of anorthite zeolitization
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Fig. 5 a Nageficr VS. Caexeess diagram for salt waters from the Northern Apennine Foredeep (symbols as in
Fig. 2; data from this study and the literature—Appendix 1 in Electronic supplementary material). The
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0.995 CaAl,Si,Og +1.02Si0,aq + 2.647H,0 + 0.676Na* aq

anorthite

= Na0,676Ca0_657A11,99813,01010 X 2647(H20) +0.338Ca2+aq

mesolite

and zeolite albitization

0.5025 Na()A676C3(),657A11.998i3<1O X 2647(H20) +O6603Na+aq + 148751028.(]

mesolite

= NaAlSi3Og +1.33H,0 + 0.3302Ca*"aq

albite __low

Na+aq + 0.5 CaAl,Si;9Oy4 x 8H,O = NaAlSiz;Og + 4H,0 + 2SiO, + 0.5Ca2+aq

clinoptilolite__Ca>* albite__low

with 2Na—1Ca ratio suggest that exchange processes involving zeolites may also concur to
generate the Basin Fluid Line.

In sedimentary basins, illite is involved in reactions which are relevant for diagenesis:
(1) the releases of water during transformation of early kaolinite and smectite (clay
dehydration); (2) the potassium and silica budget. In the Cortemaggiore field, formation
waters were supposed to be in equilibrium with clays and, in particular, with illite at high
K*/H" ratio of the interstitial fluids (Long and Neglia 1968). This hypothesis is confirmed
by the specific activity diagram (Fig. 6b, c), where brine samples are clustered at the
(K-feldspar)-kaolinite-montmorillonite-illite stability fields. The imperfect match of sam-
ples with the mineral stability fields and limits is probably due to several causes as the
kinetic and pressure effects at low temperature, the chemical composition of the minerals
(solid solution between Na—Ca—-Mg-K bearing phases) and/or the possible dilution of the
brines by freshwater during eogenesis or telogenesis. Also the reactions between calcite,
illite (or mica s.s.) and K™ to form K-feldspar could be involved in brine evolution; for
instance (Carpenter 1978):

2K"aq + CaCO; + KALAlSi;019(OH), +6SiOzaq

calcite mica

= Ca’*taq + 3KAISi30g +H,0 + CO,
K—feldspar

In Fig. 6¢c, the cristobalite-f stability field matches neither our samples nor the stability
field of illite, so we can infer that quartz buffers silica in water and favors the nucleation of
illite.

The chlorite formation during burial diagenesis is another important process often
overlooked that, similarly to dolomitization, leads to Ca-increase and Mg-decrease in
water. Chlorite can form by the following reactions involving kaolinite and dolomite
during late diagenesis (Hutcheon 2002)

5 CaMg(CO3)2 + Al,Si,05 (OH)4 +Si0,aq + 2H,0
dolomite kaolinite

= Mg5ALSi3010(0OH); +5 CaCO5 +5CO,

chlorite calcite
or anorthite chloritization—epidotization

6 CaAl;SirOg +15Mg**aq + 260H aq = 3 Mgs Al Si;019(OH)g

plagioclase chlorite

+ 2 CayAl3Si30;,(OH) +2Ca’*Taq

epidote
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Fig. 6 Activity plots for Na,0-CaO-SiO,~Al,0;-H,0O (Al and A2), K,0-MgO-SiO,-Al,0;-H,O (B)
and K,0-Si0,—Al,03;-H,0 (C) systems at P = 1 bar, 15°C (solid lines) and 50°C (dashed lines), Al,05
buffered with kaolinite (Al, A2, B, C), SiO, with cristobalite-f (A2) and MgO with montmorillonite-
Mg(C). Solute activities of some representative saline (gray triangles) and brine (black triangles) water
samples from Salsomaggiore, Monticelli and Tolentino were calculated by EQ3/6 code with Pitzer database
at 15°C (red rims: samples from this study). In order to show the temperature effect, the activities of the
Cortemaggiore field samples were calculated at 15°C (solid line link) and at 50°C (dashed line link). The
solubility limits of calcite (A1, A2), quartz and cristobalite-f (C) are referred to a mean local brines with
Cl = Na = 2.968 mol/L and logP(CO,) = — 2.72

The activity diagram of Fig. 6b shows that the chlorite field (clinochlore-14 A) expands
toward lower Mg>"/(H")? values at higher temperature in similar way to Po Plain brines.

In summary, the activity diagrams indicate that burial diagenesis and related water—rock
interaction modified the original Ca, Na and K contents of the evaporated seawater and
influenced the lithology of the host aquifer. For the waters studied, both dolomitization and
Ca—Na exchange reactions (zeolitization—albitization) occurred in the foredeep basins: the
former was dominant at Salsomaggiore (SALMAG), whereas the latter dominated at
Tolentino. The role of clay minerals is multiform: dewatering at overpressure conditions,
leading to the formation of Na-rich brackish waters (SALV and mud volcanoes), to
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illitization—chloritization in brines. Considering that strontium replaces calcium in feld-
spar; in the next paragraphs we will consider the ’Sr/*Sr isotopic ratio in the aqueous
phase as indicator of water—rock interaction.

5.2 Geothermometry

The application of chemical geothermometers to formation waters can be inadequate
because the P- and T variations, during the geological evolution (e.g. burial diagenesis),
may change the original physical-chemical conditions of the waters. In the limits of this
consideration, empirical relations, such as Mg—Li and to some extent the Na-Li geother-
mometers (Kharaka and Mariner 1989) are considered to be more successful than equi-
librium relations (Land and Macpherson 1992) in predicting the subsurface temperatures of
brine waters in sedimentary basins. For the SALMAG brines, the average temperature
evaluated by Mg-Li geothermometer is 156 £ 15°C (mean + SD; N = 12). This value
does not differ significantly from 170 £ 18°C (mean £ SD; N = 12) obtained by Na-Li
and is comparable to 145 £ 23°C (mean + SD; N = 2) obtained by SO4-H,O oxygen
isotope geothermometry (Seal et al. 2000).

Compared to Mg-Li and Na-Li empirical geothermometry, silica geothermometers
give lower temperature. This discrepancy is probably due to the control exerted by quartz
or other silica phases on dissolved silica species during early equilibration at depth (e.g.
silica buffer during illitization and zeolitization) and/or later during water migration in the
aquifer. Chalcedony and quartz geothermometers (corrected for activity and pressure;
Kharaka and Mariner 1989) applied to the Salsomaggiore and Cortemaggiore data give
58-77°C and 89-106°C, respectively. Considering the present-day mean geothermal gra-
dient of 30°C/km and the cross-section of the area (Fig. 1b and Pieri 1992), the values
obtained by silica geothermometers are between the temperature at the borehole depth
(down to 2.5 km; last silica equilibrium) and the depth of the Marnoso-Arenacea over-
thrust (down to 3.5 km; early silica equilibrium). As the Salsomaggiore brine is thought to
be responsible for dolomite formation in the sediment of the aquifer, we applied also the
calcite/dolomite geothermometer of Hyeong and Capuano (2001) using the Ca*" and
Mg calculated by EQ3/6 software (supposing the calcite/dolomite equilibrium) and YPF
database (Pitzer) at the outpouring temperature of 16°C. At these conditions, however, the
geothermometer with equation

log(aCa®" /aMg*") = [(7.21 x T)/1000] — 0.22

is scanty because of the resulting negative temperature (10g(aCa2+/aMg2+) = —0.46 to —
0.78). Taking into account the temperatures obtained by other geothermometers, we
recalculated the activities of Ca*™ and Mg®" at 150°C obtaining log(aCa**/aMg>") from
0.645 to 0.703, which gives a temperature range of 120-128°C. Once more, these results
unfit. Nonetheless, if we apply the obtained Ca*" and Mngr activity ratio to the equilib-
rium between calcite and disordered dolomite

2calcite + Mg?™ = Ca?' 4 dolomite — dis
and using the log K polynomial fit calculated for 0-300°C temperature range

log(aCa®" /aMg*") =logK = —0.6954 + (0.01465 x T) — [(5.33e — 5) x T7]
+[(1.16e — 7) x T3] — [(1.086e — 10) x T*]

we obtain the temperature interval of 151-163°C.

@ Springer



Aquat Geochem (2011) 17:71-108 93

Chemical and geothermometric data suggest that the aquifer containing the brine of
Salsomaggiore underwent dolomitization at relatively high temperature. As the aquifer of
Salsomaggiore evolved in a sedimentary environment, we have to suppose that the cal-
culated mean temperature of 150°C is explained by the geological evolution for burial
down to 5.0-7.5 km depth. It is noteworthy the calculated range of depth corresponds to
the sources of gas and oil in the area (Pieri 1992, 2001) and, considering a geothermal
gradient of 20°C/km, to depth of fresh sediments (Cataldi et al. 1995; Wygrala 1987; Pieri
2001). The present-day depth of the Salsomaggiore reservoir is shallower than in the intra-
Messinian orogenic phase because of the exhumation of the structure after early burial
(Artoni et al. 2004, 2007).

5.3 Oxygen and Hydrogen Isotope Composition of Water

Explanations for the stable isotope systematics of basinal brines are peculiar for each
basin, but some features, such as the involvement of meteoric water and evolved marine
component, are common to brines from all basins (Sharp 2007). However, isotope
composition of ancient water end-members is difficult to know, in particular for the
residual evaporated seawater, the value of which depends on the initial isotopic and
chemical composition of ancient seawater and on relative air humidity of the paleo
atmosphere. The water of the hydrated saline minerals is useful to overcome this prob-
lem, since it can be used to obtain the isotopic composition of the mother solutions that
precipitated the evaporitic minerals. As inferred from chemistry (Figs. 2, 3), the studied
brine waters represent the composition of evaporated seawater near the gypsum precip-
itation point, and the isotopic composition of mother water of Messinian gypsum would
be a consistent end-member. Scanty data on the isotope composition of the Po Basin
Messinian gypsum mother water were published (“Vena del Gesso” formation; Longi-
nelli and Ricchiuto 1977), whereas for the coeval “Gessoso-Solfifera” formation of Sicily
plentiful and complete data sets are available (Pierre and Catalano 1976; Censi 1984;
Bellia and Censi 1985; Bellanca and Neri 1986). In Fig. 7, the gypsum mother waters
plot in two separate fields: (1) waters affected by burial diagenesis showing higher s'%0
and lower 6°H values (Censi 1986) and with a 80-shift similar to some salt waters (e.g.
Fontevivo and SALV samples); (2) waters unaffected by diagenesis showing a rough
triangular distribution connecting the evaporating mother-seawater at the stage of gypsum
precipitation and the meteoric water lines (GMWL and MMWL). The observed distri-
bution probably reflects the composition of the palaco seawater and the mixing with
inflowing palaeo meteoric waters typical of regions with high air temperature, which is a
Messinian meteoric water of 6°H ~ —5 to —10%0 and 6'*0 ~ —3 to —5%o. It is
noteworthy that the present-day isotope composition of the southeast portion of the
Adriatic sea is within these values; this may be explained by the warm climatic condi-
tions of the eastern Mediterranean region (Dolenec et al. 1996).

The waters geographically located eastward of Bologna, where the “Vena del gesso”
formation outcrops (FRA, CC, BR, CSV, SER), define nearly straight line that could be
related to mixing of two end-members represented, respectively, by the present-day river
water, located on the local meteoric water lines (niwl and ciwl in Fig. 7; Longinelli and
Selmo 2003) and the gypsum mother water similar to the present-day evaporated seawater
at the point of gypsum precipitation (e.g. Pierre 1982). When we compare the stable
isotope ratios for the waters and the chloride content (Fig. 8), this mixing can still be
invoked for samples from “Vena del Gesso” formation, but the presence of a single saline
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2003). R: field of the Regnano mud volcano (Capozzi and Picotti 2002). Salt waters data from literature:
Salsomaggiore (Picotti et al. 2007); Fontevivo (Toscani et al. 2007); St. Andrea Bagni (Toscani et al. 2001;
Tacumin et al. 2007); Cortemaggiore, Malossa and other Po Basin salt waters (Ricchiuto et al. 1985). Mother
water data from primary gypsum (see text for references), diagenetic sulfate minerals and water from gypsum-
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Sea (Dolenec et al. 1996) and Po river (Jacumin et al. 2009) is also reported. Water from clathrate
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clathrate-water fractionation factors after Maekawa and Imai (2000). The clay-dehydration field was calculated
assuming an isotopic composition of generic clay, in geopressured system, of 417 to +23%o for 8'%0 and —39
to —28%o for 9°H and a clay-water fractionation at temperature of 150°C (Ddhlmann and de Lange 2003;
Hyeong and Capuano 2004), obtaining a fluid composition of +7 to +13%o for 6'*0 and —16 to —27%, for 6°H
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end-member is excluded. In fact, mixing lines passing through our samples connect the
present-day continental water with different points on the seawater evaporation line (Pierre
1982). Waters like CSV, RIT, SER, PAN and PTM derive from dilution of early seawater
that could be represented by the CSP1 water. In fact, six monthly samplings during
2007-2008 of the CSP well have verified that its water isotope composition is similar to the
present-day seawater (5180c = 0.17 &+ 0.22%o, 52Hc = — 0.7 £ 0.8%0, N = 6; unpub-
lished data). Waters CC, BR and ISA represent a meteoric dilution of previously evapo-
rated seawater at the stage of gypsum saturation, whereas those from Tolentino (SL) and
Fratta (FRA) at a stage intermediate between gypsum and halite saturation (Fig. 8). In the
same diagram, also the trend shown by Cortemaggiore and Salsomaggiore brines starts
from an evaporated seawater, but probably the dilution involves the participation of dif-
ferent types of fresh water: Messinian meteoric water at Cortemaggiore and/or a diagenetic
water at Salsomaggiore. The overlap of sulfate and clay dehydration waters suggests that
the gypsum to anhydrite reaction and the smectite to illite reaction concur to generate a
sole diagenetic end-member (Fig. 7 and caption). However, at Salsomaggiore the extreme
'80-shift (6'%0 = from +9%o to +13%o) due to high temperature water—rock interaction
was able to hide the above processes. In fact, it is noteworthy that 6'%0 values between —5
to +5 and +5 to +12 are typical of formation waters from sandstone and carbonate
reservoirs, respectively (Morad et al. 2003). Moreover, the presence of '*O-enriched for-
mation waters up to +8%o was inferred by the isotope analysis of carbonate cement in the
Tertiary sandstones of the N-Apennine Foreland Basin (Milliken et al. 1998). The s'*0
values of Salsomaggiore brines are very similar to those of the saline waters from the
Mesozoic oilfield of Malossa (from +13 to +14%o; Ricchiuto et al. 1985) about 50 km
north of Piacenza (Fig. 1). This resemblance on isotope composition probably induced
Picotti et al. (2006) to support the origin of the Salsomaggiore (SALMAG) brines from the
Late Triassic “Dolomia Principale”. Ultrafiltration was invoked by the authors to relate the
isotopic composition of the Salsomaggiore brines to that of mud volcanoes of the Po Plain
(Regnano, Province of Reggio Emilia) and their genesis to an oil-water migration from
deep Mesozoic formation. In the literature, membrane filtration was frequently used as
deus ex machina to explain the oxygen and hydrogen isotope composition of formation
waters. Generally speaking, experiments on membrane filtration showed '®*0—?H and solute
enrichment of the residual solution and '"*O—"H depleting of the passing ultrafiltrate
(Coplen and Hanshaw 1973); more recently, experiments have given contradictory or
inconclusive results (Longstaffe 2000 and references therein). The low salinity (22-23 g/L)
and the position in the chlorine-water isotope plot (Fig. 8) of the Malossa waters do not
support at all a genetic relation by ultrafiltration with the Salsomaggiore brines. The wide
shift toward high 6'%0 values probably reflects similar processes of high temperature
water-rock interaction with carbonates both for Malossa (155°C, Mattavelli and
Margarucci 1992) and Salsomaggiore (150°C, see previous geothermometry section), but
the different chlorine content suggests independent origin and diagenetic histories.

With regard to Po Basin mud volcanoes, their isotopic composition is quite variable
but could be explained by mixing of three components like (1) evaporated seawater, (2)
present-day meteoric water and (3) water from clay dehydration (Figs. 7, 8). This
interpretation agrees with the adopted geochemical (Martinelli and Dadomo 2005) and
geophysical (Bonini 2007) models of the Po Basin mud volcanoes that suggest the
supply of fluids with suprahydrostatic or near-lithostatic pressures for the deep and
superficial reservoirs, respectively. For SALV and mud volcanoes, in addition to
chemical composition, also isotope ratios support their similar origin, although minor *H
enrichments of the Po Basin’s mud volcanoes waters could also be inherited by isotopic
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exchange with methane (e.g. Fig. 1 in Horita 2009). In this case, fresh water with
enriched isotopic composition coming from destabilization of “ancient” gas-hydrates
(Figs. 7, 8; Maekawa and Imai 2000; Conti et al. 2007) can be considered as a fourth
component added by mixing.

5.4 Sulfate Isotope Composition: 6°*S(SO4) and 5'%0(SOy)

For the Salsomaggiore brines, in order to check their possible provenance from the Late
Triassic formation, or its origin by mixing with waters coming from this formation,
oxygen and sulfur isotope of sulfate molecula were compared with Messinian sulfate
from the Mediterrranean area (Longinelli 1979; Ricchiuto and McKenzie 1978; Pierre
and Rouchy 1990; Lu and Meyers 2003), dissolved sulfate of Po Basin groundwaters
interacting with Messinian sulfate (Olivero et al. 1987) and Triassic sulfate from Italian
Eastern Alps (Longinelli and Flora 2007) and Northern Apennines (Boschetti et al. 2010;
Fig. 9).

In the Po Basin, fresh to brackish groundwaters interacting with Messinian sulfates
(Fig. 9, data from Olivero et al. 1987) depict an almost linear trend with a 0.38 slope
“typical” of a kinetic fractionation (Fritz et al. 1989) or “intermediate” reduction rate
(Brunner et al. 2005) starting near the “Messinian primary sulfate” (™S = 4+21.7%o
and 0'®0 = +12.5%0). This point was calculated considering the fractionation during
gypsum precipitation from seawater (+1.65%o0 for 0**S; +3.5%0 for 6'®0; Thode and
Monster 1965; Lloyd 1967) and assuming that 0%*S and 6'®0 of marine dissolved
sulfate are globally constant in space (6°*S = +20 £ 0.5%0; 6'%0 = +9.0 & 0.6%0)
and time, i.e. without significant change from Tertiary to present. However, the oxygen
isotopic composition of buried and exposed Messinian sulfates vary considerably,
reflecting the basinal environmental condition during sulfide oxidation. In particular, the
'®0-enriched sulfate values between +17 and +20% are related to a “secondary
sulfate” resulting from redox cycling in the deep basin where the oxygen is inherited
from water (Lu et al. 2001). This is facilitated by a slow reduction rate which enables a
more intense oxygen isotope exchange upon dissimilatory sulfate reduction reaction
(Brunner et al. 2005). Sulfur isotope composition of the “Messinian secondary sulfate”
is between +23.0 and +26.4%0 (Gavrieli et al. 1995; Bottcher et al. 1999), with a
central value of +24.7%o in accordance with +24.9%, found in a Fontevivo saline
water (Toscani et al. 2007). The back extrapolation line of the SALMAG samples
intercepts the Messinian secondary sulfate field as well as the values of (Late) Triassic
sulfate of the eastern Italian Alps. Thus, a significant involvement of a Triassic
component cannot be excluded. However, it should be noted that pore waters inter-
acting with Messinian sulfates recovered at depth during ODP drilling (Béttcher et al.
1998, 1999) in the western and eastern Mediterranean have a sulfate isotope compo-
sition similar to that of the SALMAG brines. Probably, these dissolved sulfates are
residual sulfate from slowly reduced Miocene sulfate (inset in Fig. 9). Moreover, in the
Po plain area near the Apennines, waters with Triassic-Messinian mixed sulfate such as
Acqui Terme show a Triassic end-member of 6°*S = +17.5%0 and 6'*0 = +8.9%o
(Olivero et al. 1987), comparable with the Northern Apennines mean values of
8*S = +15.2 £ 0.3%0 and 5'°0 = +10.9 = 0.5%0 (Boschetti et al. 2010). Therefore, a
Triassic origin for the SALMAG sulfate (and brine) is improbable.
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5.5 Isotope Effects Induced by Thermochemical Sulfate Reduction

A complete thermochemical reduction of sulfate was supposed to explain the high mea-
sured value of §° 4S(HQS) = +24.9%o for the Fontevivo reservoir (Toscani et al. 2007). At
the typical temperature of gas-souring reaction (140-150°C; Worden et al. 1996)

CaSO, + CH,(g) = CaCO; + H,S(g) + H,0(1)

considering pure anhydrite and calcite, the log K =2 log (Pu,s/Pcn,) = +4.7 (thermo.-
com.v8.r6 thermodynamic database; Hutcheon 2002). Thermodynamic recalculation of the
chemical data of the Fontevivo brine at well bottom conditions gives log (Pp,s/Pcn,) =
+4.3 (EQ3/6 software; Sborgi et al. 1936), which is slightly lower than the gas-souring
equilibrium value.

At Salsomaggiore, H,S was never revealed but it is high in the neighboring area (e.g.
Tabiano springs; Toscani et al. 2001). From the best-fit of 5180(504) and (534S(SO4) data
of Salsomaggiore we obtain a 380(S0,) value of +19.4%. for 5>*S(H,S) = 8**S(SO,) =
+24.9%0 of Fontevivo (Fig. 9).

Supposing that secondary Messinian anhydrite is the source of sulfate mineral for
thermochemical sulfate reduction (TSR) and assuming that the oxygen isotopes of anhy-
drite are fractionated between calcite and water according to the above chemical reaction
and the following equation (Worden et al. 1996)

§"8O(H,0) = 6"°0(CaS04) — 3/4 x A"®Ogyiciie—m001)-

A resulting composition of §'*0(H,0) = +9.9%o is calculated using the calcite-water
fractionation at 150°C (O’Neil et al. 1969). Interestingly, this is similar to the oxygen
isotope composition of the diagenetic water field (Fig. 7).

The same approach could be used to estimate the hydrogen isotope composition of the
water obtained from the gas-souring reaction

S*H(H,0) = 6°’H(CHa) + 0.5 x A’Hy,00)—H,5(e)

Due to the large hydrogen fractionation between water and hydrogen sulfide, it is
misleading to represent AHy,o()—n,s(g) by the fractionation as 103 1In OH,0(1)—H,S(e) (€.
Clark and Fritz 1997). However, considering the discrepancy between these values at
150°C, An,o0)-m,s(g) = 1031119(H20(1)—st(g) — 138 224389, (Galley et al. 1972; Horita
and Wesolowski 1994), and assuming 0°H(CH,) from —150 to —180% for thermo-
genic methane at Cortemaggiore and Salsomaggiore (Mattavelli et al. 1983; Borgia
et al. 1988), we obtain 0’H(H,0) =~ +69% and +39, respectively. Apart from the
large uncertainty of estimation, those high and unrevealed water hydrogen isotope
values could suggest that (1) no gas-souring TSR occurs and bacterial reduction in a
closed system explains the 534S(H2$) = 534S(SO4); (2) methane is not the only major
organic reactant because high percentage of crude oil and ethane exist in the hydro-
carbon reservoir of the Parma Province (e.g. Borgia et al. 1988); (3) gas-souring
reaction is more complicated and do not involve solid sulfate but only solution species
and (4) the amount of released water is probably very small and negligible (Machel
2001; Hutcheon 2002).
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5.6 Isotope Composition of Dissolved Halogens: 6°'Br and °’Cl

The Cl and Br stable isotope values show wide variations for the sampled waters (Table 2;
Fig. 10). However, the values of the brine waters of MONT, SL and SALMAG and the
quasi-brines waters FRA plot close to standard mean ocean chloride (SMOC) , whereas
they are close to or enriched in comparison with standard mean ocean bromide (SMOB) .

Differently, SALV brackish water is highly enriched with 81Br.
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Fig. 10 6°’Cl vs. B/CI (a) and 6°’Cl vs. 5*'Br (b) relationships for the salt waters from Northern Apennines
and its foredeep. Symbols as in Fig. 2
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The variation of the chlorine isotope composition of Po plain salt waters is within, and
indistinguishable from, the £2%o global range of waters from sedimentary basins-oil fields
(Fig. 3 in Stewart and Spivack 2004). However, when the 6%7Cl values are plotted against
the Br/Cl mol ratio, we can distinguish brackish waters dissolving evaporites (6°'CI near —
1%o0 and high chlorine concentrations; Stewart and Spivack 2004) from other samples
(Fig. 10a), confirming the inferences resulting from Br—I-Cl plots (Fig. 4). Samples are
more scattered in the Br-Cl isotope plot (Fig. 10b), probably due to contribution of marine
organogenic bromine (e.g. SALV), but most of them describe a rough positive trend with
~0.5 slope. This is probably due to halogens diffusion from brines toward aquifers with
lower salinities; in fact, the isotope fraction factor for chlorine diffusion is twice in
comparison with bromine (Eggenkamp and Coleman 2009). This agrees with the lowest
values of 9*’Cl (—1.0 to —1.4%o) found in the spa’s waters of the Romagna Adriatic coast,
which is explainable with the chlorine diffusion from seawater (560 mM of Cl) or brine
(2820 mM of Cl) with 5%’Cl =~ 0% into a brackish water with a Cl content from 28 to
282 mM and with a diffusion coefficient of about D3,/D3s = 0.9988 (Appelo 2002).

5.7 Isotope Composition of Dissolved Strontium

The Miocene origin of the dissolved strontium in the brine waters of the Po plain inferred
by Toscani et al. (2007) is substantially confirmed (Fig. 11), with some additional features.
Salsomaggiore and Fontevivo brines could derive from: (1) a pre-Messinian/Middle
Miocene evaporated seawater like interstitial waters in Western Mediterranean Basin
(Vengosh et al. 1994); (2) Messinian seawater like MONT brine. The latter hypothesis
would indicate that brines modified their strontium isotope composition after seawater
evaporation due to intense water—rock interaction with the turbidites of the foredeep basin
(Langhian-Serravallian) where they still reside after the intense intra-Messinian tectonic
pulse and subsequent subsidence (Artoni et al. 2004, 2007). A similar shift toward lower
strontium isotope value is shown also by brine waters of Messinian origin in Israel
(Starinsky et al. 1983).

Waters from the Tuscan side of Apennine and Bobbio tectonic window show a more
radiogenic *’St/*°Sr due to the interaction with flyschoid and/or metamorphic rocks of the
area (Verrucano Formation for BERG spring; Paleozoic basement and/or arenaceous
formations for BOB and SALMIN samples).

6 Conclusions

Chemical and isotope data from this study evidence some noteworthy features of the salt
waters of the Northern Apennine and Po Plain: (1) Brines from the Northern Apennine
Foredeep Basin are derived from Miocene seawater evaporated up to a stage between
gypsum and halite saturation and then are diluted by Miocene or present-day waters of
meteoric origin; the percentage of mixed meteoric water is higher in saline and brackish
samples. Quite minor or no trace of fossil seawater was revealed in the brackish waters
from Tuscan side (BERG, PM) or interacting with rocks of the Tuscan Nappe in the Emilia
side of the Northern Apennine (SALMIN, BOB, F15), therefore their salinization derive
exclusively by salt dissolution. (2) Decomposition of organic matter during burial and
diagenesis is responsible for the high I and Br content, hydrocarbon formation and con-
sumption of dissolved sulfate. Other diagenetic reactions such as dolomitization/chlor-
itization (Mg-decrease, Ca-increase; Salsomaggiore, Cortemaggiore), albitization/
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Fig. 11 ¥'Sr/*Sr versus 1/Sr diagram for the salt waters from Northern Apennines and Po Basin. Global
seawater strontium ratio timescale using nanofossils (McArthur et al. 2001) and range of values for
Mediterranean during Messinian using evaporites (Matano et al. 2005) are also reported

zeolitization (Na-decrease, Ca-increase; Tolentino) and illitization/K-feldspar precipitation
(K decrease) have modified the early composition of the waters. The ternary mixing
between seawater, meteoric water and a diagenetic-related component derived from clay
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and gypsum dehydration may explain the isotope composition of the mud volcanoes and
brackish waters of similar origin (SALV). (3) Interestingly, gas-souring reaction could
generate water with an oxygen isotope composition similar to the diagenetic end-member.
Other data and studies are necessary to evaluate the amplitude of this process. (4) Among
investigated brines from the Northern Apennine Foredeep, only Salsomaggiore shows an
extreme 6'%0-shift from meteoric water line: the high temperature of dolomitization or
carbonate cement recrystallization suffered by the aquifer can explain the anomalous
isotopic feature. Actually, the structural history of the Salsomaggiore basin is peculiar
because it underwent a deep burial as a consequence of the progressive piling of the
Ligurian/epi-Ligurian allochthonous units occurring in the late Messinian (Artoni et al.
2004). Considering the thickness of the eroded Ligurian/epi-Ligurian cover (2.5 km) and
the maximum depth of the borehole intercepting brine (2.5 km; Campore Well), we obtain
5.0 km as palaco-depth of the buried structure of Salsomaggiore, according to the geo-
thermometric estimation of this study (& 150°C) and the maximum/present-day geother-
mal gradient (30°C/km). Moreover, a maximum depth of 7.5 km is obtained using the
minimum/ancient (20°C/km) geothermal gradient of the area valid for fresh sediments
during the basin filling (Cataldi et al. 1995; Wygrala 1987; Pieri 2001).

As future prospect, water dating by short-lived radiogenic isotope (*H and '*C) could
clarify the potential input of present meteoric water, whereas long-lived radiogenic isotope
(**°1 and **Cl) could confirm or rule out the possible relation of the saline waters-brines
from Northern Apennine Foredeep with a pre-Messinian evaporitic event like that invoked
for the genesis of interstitial waters found in the Provence Basin (W-Mediterranean).
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