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Abstract

A massive injection of wastewater associated to the production of the Val d'Agri oil field (southern Italy)
started since 2 June 2006 in the Costa Molina 2 well, through pumping in the underground of an area sub-
ject to an high seismic hazard. In 2011 two anomalous pools of turbid, warm and saline groundwater sud-
denly appeared on agricultural soils of Contrada La Rossa (Montemurro), at a distance of ~ 2.3 km from the
injection well.

Site surveys were conducted in order to investigate properties and source of La Rossa murky groundwater,
by combining data of previous water analyses with the new ones, field mapping, hydrogeological observa-
tions and recently published data on the seismotectonic framework of the area and wastewater induced mi-
croseismicity.

The results of this investigation: 1) confirm the similarities of La Rossa groundwater with the general prop-
erties of oil wastewater from many basins in the world and from Val d’Agri; 2) document the mixing of La
Rossa toxic groundwater with meteoric groundwater; 3) indicate that injected wastewater may have reached
the surface in Contrada La Rossa after migration for several kilometers in the underground, according to
data of Improta et al. (2015), that document the presence of faults with high-permeability fractured zones
just below the Costa Molina 2 well and microseismicity induced by wastewater injection; 4) reconstruct the
Quaternary tectonic structure of the Costa Molina 2 area, identifying a morphostructure controlled by nor-
mal faults oriented NNE-SSW dipping ESE and NNW-SSE dipping WSW, where induced microseismicity
appears to be concentrated.

1. Introduction

One of the most common methods for oil and gas produced water (wastewater) disposal is the underground
injection in permeable rock formations below drinking water sources. Until recently scientists and compa-
nies have assumed that the risks posed by all this dumping are minimal, since deep rocks beneath the sur-
face would safely entomb the oil and gas produced water. However USA hydrogeologists and USEPA tech-
nical experts are quite concerned on the effects of high pressure injection that can cause, among others, man
-made fractures that allow wastewater to flow more freely in the underground, and pollution of most
groundwater (Lustgarten, 2012).

In several areas of United States injection wells have repeatedly leaked, sending dangerous chemicals and
waste to the surface or contaminating shallow aquifers that store the drinking water resource. In 2010 con-
taminants from an injection well bubbled up in a Los Angeles dog park; similar fountains of oil and gas
wastewater have appeared in Oklahoma and Louisiana. More than 220,000 well inspections found that
structural failures inside injection wells of USA are routine. From late 2007 to late 2010 one well integrity
violation was issued for every six deep injection wells examined. More than 7,000 wells showed signs that
their walls were leaking (Lustgarten, 2012).



The increase of hazard, due to a substantial greater industry interest of drilling in fragile ecosystems and in
production and disposal of large amounts of wastewater, is becoming a matter of compelling debate. The
most significant environmental effects are the degradation of soils, ground and surface water, ecosystems
by suspended and dissolved hydrocarbons and radioactive and saline produced waters (Otton, 2006).

In 2011 two pools of murky and saline groundwater, never described in Southern Apennines, suddenly ap-
peared on agricultural soils of the Val d'Agri oil field (Basilicata), at 2.3 km from the Costa Molina 2 (CM2
hereinafter) injection well (Colella, 2014), where the 2 June 2006 an oil company officially had begun
pumping oil produced water at a depth of ~ 3,000 m below sea level. This groundwater gurgled in a bucolic
farm field of Contrada (Cd.) La Rossa, near Montemurro, the Val d'Agri village devastated by the M7
earthquake of 1857 with 3,000-4,000 victims. Special concern raised immediately in this agricultural land.

A first monitoring of La Rossa anomalous groundwater showed that its physico-chemical properties had
several similarities to oil produced water: elevated values of total dissolved solids, electrical conductivity,
hydrocarbons, phenols, sodium, salts, manganese, barium, lead, ecc., compared to the average composition
of the principal Val d'Agri springs, were found (Colella, 2014). On the basis of the concerns raised by such
preliminary results, the geological study continued between 2015 and 2016, compatibly with the lack of
funds, and new physico-chemical analyses, hydrogeological observations and fieldmapping were realized,
taking into account also new seismological data on the CM2 area from Stabile et al. (2014) and Improta et
al. (2015).

2. The Val d'Agri Oil Field

The Val d’Agri (Fig. 1) is a NW-elongated Quaternary extensional basin (Lazzari and Lentini, 1991;
Morandi and Ceragioli, 2002; Colella et al., 2004), located in the axial part of Southern Apennines
(Basilicata, southern Italy), bounded by the EAFS and MMFS oppositely-dipping normal fault systems
(Cello et al., 2003; Maschio et al., 2005; Improta et al., 2010) and filled by fluvio-lacustrine sediments. The
pre-Quaternary bedrock includes Mesozoic to Cenozoic terrains with allochthonous units emplaced onto the
shallow-water limestones of the Apulian Platform, overlying Pliocene foreland rocks.

The Val d'Agri hosts the largest exploited oil field of western onshore Europe. The reservoir occurs in anti-
clines of the fractured low-porosity and carsified limestones of the Apulian Platform (Trice, 1999), drilled
at 2 to 3 km depth below sea level and sealed by flysch and mélange sequences, for a total extension of 320
km’. The 660.15 km” large Val d'Agri oil concession actually hosts 37 wells (22 in production; UNMIG,
2016) located mainly in the NE margin of the valley, the Centro Olio Val d’Agri (COVA hereinafter) facil-
ity and the CM2 injection well (Fig. 2). The COVA is a desulfurization treatment plant that separates crude
oil, gas and produced waters coming from producing wells, removes sulfur from hydrocarbons, realizes the
treatment of produced water and sends it by pipelines to the CM2 well for injection (Figg. 3, 4).

Oil production started in the nineties and oil produced water has been injected through the CM2 well into
an unproductive area of the carbonate reservoir. The well is placed in the Val d'Agri eastern margin, ~ 4.8
km from the Pertusillo freshwater reservoir and ~ 3 km from Montemurro. The well-head is located at
1,045 m above sea level, the well length is about 4,117 m, the capacity is about 3,200 m’ /day and the well-
head pressure reaches maximum values of 13—14MPa.

The Val d'Agri hosts also abundant ground and superficial water, with 23 water-courses, about 650 springs
(Civita et al., 2003; Colella and Agrifluid Group, 2003) and the Marsico Nuovo and Pertusillo freshwater
reservoirs (Figg. 3, 4). The latter, located ~ 1.8 km SE of COVA, provides water intended for human
use to Basilicata and Puglia regions.
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3. Site Sampling and Analysis

The La Rossa pools of water occur at ~ 967 m above sea level where the rocks of the Gorgoglione Flysch
crop out, at ~ 2.3 km to the ENE of the CM2 injection well and at ~ 2.06 km to the SE of the CM3 aban-
doned well (Fig. 5). The latter, drilled in 1987 for a depth of ~ 4,364 m, is located at 1,255 m above sea
level (Osservatorio Val d’Agri). CM3 has been closed in 1988; in July 2016 the well area has been fenced
off by the oil company and will be subject to monitoring (Figg. 5, 6).

The two La Rossa pools of water, named S2, S3 (S2,3 hereinafter), are ~ 3.5 m apart and their flow path
converges downslope (Figg. 7a-d). The initial sampling trips conducted between 2013 and 2014 showed
the physico-chemical anomalies of La Rossa waters and the impacts on soils, requiring additional investi-
gations. To further study water composition, to provide a better understanding of the lithological, hydro-
geological and structural characteristics of the area, between 2015 and 2016 additional water samples
were collected and fieldwork and ground excavation were realized with the authorization of the owner of
the land.

La Rossa S2,3 waters were sampled periodically and simultaneously seven times between June 2013 and
May 2016. For comparison, water analyses were extended to other four Val d’Agri springs, S1, S4, S5
(S1,4,5 hereinafter) adjacent to La Rossa waters (Figg. 5, 7a) and Tr near the Tramutola village, in the
central Val d'Agri, where crude oil naturally flows out with groundwater. The results were compared with

Fig. 3, left - Location of the anomalous La Rossa S2, S3 pools of water, the CM2 injection well, the produced water pipeline and the
COVA treatment plant (modified from ENI, 2015).

Fig. 4, right - Photo of the CM2 injection well and the Pertusillo freshwater reservoir.
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Fig. 5, left - Location of the S1 to S5 springs, the CM3 abandoned well and the CM2 injection well, in the area of Montemurro. Cour-
tesy of Google Earth.

Fig. 6 - right. Location of the CM3 abandoned well. It was closed in 1988 and in July 2016 has been fenced off for monitoring.

Fi.g 7 - a) Location of the S1 to S4 springs. Courtesy of Google Earth; b) S2, S3 La Rossa anomalous pools of water, whose flow
path converges downslope; ¢) S2 La Rossa pool; d) S3 La Rossa pool.

For each water sample measurements included: total hydrocarbons, phenols, aromatic organic compounds,
IPA, COD, TOC, BODS, TDS (total dissolved solids), SAR (sodium adsorption ratio), sodium, calcium,
magnesium, potassium, chlorides, chlorites, sulphates, sulphites, phosphates, nitrates, nitrites, bicarbon-
ates, metals. Surfactants were investigated (and found) only in the last two samples. Temperature, pH, Eh,
EC were determined mostly in the field, immediately after the groundwater emergence to the surface. The
other parameters were measured by S.C.A. laboratory (Mesagne, Italy). Water samples were all filtered



through a 0.45um membrane and analyzed by the same methods: EPA, APAT CNR IRSA, UNI EN ISO,
UNICHIM. Total hydrocarbons were measured using a gas chromatographer equipped with a FID (Flame

Ionisation Detector).

4. Results

La Rossa S2,3 groundwaters show different physico-chemical properties compared with S1,4,5, Tr
springs, and with the principal VA springs described by Mongelli et al. (2003).

The two La Rossa pools of water:

are turbid due to substances with a colloidal behavior (Fig. 8) and produce white salt crusts on soil and
clasts after evaporation (Figg. 9a,b), making soil infertile;

have a bad smell, gas bubbles and sometimes black organic matter;

showed a feeble flow (Fig. 7b,c,d), sometimes intermittent at daily intervals, that dramatically increased
with a trench excavation (Fig. 8);

have a slightly different composition that varies in a short time (Figg. 10 to 13);

have a negative redox potential (Eh) up to -250 mV, versus an average value > +50 mV for the principal
VA springs;

have a temperature of about 23°C, versus an average temperature of 11.2°C for the principal VA
springs, and of about 13°C for their adjacent springs;

are alkaline, with pH up to 9.25, versus an average value of 7.72 for the principal VA springs;

are rather saline. TDS ranges from 550 to 830 mg/L, versus an average value for the principal VA
springs of 311 mg/L, and values ranging 150-434 mg/L for S1,4,5, Tr springs. EC reaches values of
1,576 uS/cm versus an average value for the principal VA springs of 372 uS/cm, and values ranging 298
-875 uS/cm for S1,4,5, Tr springs (Fig. 10);

show the dominance of sodium cation (up to 441 mg/L), followed by calcium (up to 18.3 mg/L), potas-
sium (up tol7.3 mg/L), magnesium (up to 8.54 mg/L). The dominant anions are bicarbonates (up to
1,710 mg/L), sulphates (up to 849 mg/L) and chlorides (up to 105 mg/L), with minor phosphates (up to
5.35 mg/L), as shown in fig. 11;

have high values of SAR reaching 29.5, versus a maximum value of 0.39 measured in S1,4,5, Tr
springs;

have concentrations of total hydrocarbons up to 625 pg/L, even higher than in the Tramutola spring,
where crude oil flows naturally with water (Fig. 12);

contain up to 67 mg/L of phenols, versus values from < 0.1 to 2.10 mg/L for S1,4,5, Tr springs (Fig. 12);
have up to 1,970 pg/L of surfactants;

show concentrations of several metals higher than the average value (av) for principal VA springs and
S1.,4,5, Tr springs (Fig. 13). The most abundant metals are, in decreasing order: aluminum, up to 15,700
pg/L, versus the av for principal VA springs of 9.30 pg/L; iron, up to 7,107 pg/L, versus the av for prin-
cipal VA springs of 22.48 ug/L; boron, up to 1,220 pg/L; barium, up to 948 ug/L; manganese, up to 658
pg/L; strontium, up to 533 pg/L; lead, up to 248 ng/L, versus the av for principal VA springs of 1.10 pg/
L; zinc, up to 208 ug/L, versus the av for principal VA springs of 5.57 ug/L; copper, up to 42 pg/L, ver-
sus the av for principal VA springs of 1.53 pg/L; nickel, up to 25 pg/L; vanadium, up to 22 pg/L;
aluminum, iron, boron, manganese, nickel, lead, hydrocarbons, phenols, sulphates, sodium exceed the
threshold values imposed by the Italian legislation D.Lgs. 152/2006 (Tab.2 All.5 Parte IV) and D.Lgs.
31/2001 for groundwater and drinking water; surfactants exceed the values of the old DPR 236/88;

are "mixed" waters. During some samplings we observed the emergence of two distinct waters, a turbid
and a clear meteoric groundwater, that mixed immediately downflow (Fig. 14a,b).

The excavation of a trench about 2 m deep showed that: 1) the flow of La Rossa turbid groundwaters,



originally feeble (Fig. 7b,c,d), becomes dramatically larger with depth (Fig. 8); 2) groundwaters come out
in pressure along a spring line located at 2-3 m below the surface (Fig. 15), at a change of rock type be-
tween permeable sandstone and overlying low-permeability mudstone; 3) the latter allows some water to
reach the surface forming the S2,3 pools; 4) the pools are not connected and waters have different under-
ground pathways.

Field observations and water analyses indicate some small anomalies in the adjacent S1 and S4 springs,
suggesting the spreading of contamination in Cd. La Rossa area.

Fig. 8, left -The large flow of La Rossa turbid groundwater after a trench excavation.
Fig. 9, right - White salt crusts on soil (a) and clasts (b) along the flow path of La Rossa S2, S3 groundwaters.

5. Discussion
5.1 Water Quality

The physico-chemical properties of La Rossa S2,3 waters are different from the average composition of
the principal VA springs and from the S1,4,5, Tr springs. Such anomalous groundwaters have never been
described in Southern Apennines and share many analogies with oil produced water (Colella, 2014). The
latter comprises the “formation water", natural water trapped in the underground formations of the reser-
voir, that becomes "produced water" when is brought to the surface with crude oil and natural gas, mixed
with injected water containing production chemicals (Utwik, 1999; Veil et al., 2004) and with treatment
chemicals.

Produced water is a complex mixture of dissolved and particulate organic and inorganic compounds. Its
chemical and physical properties vary widely depending mainly on geological factors, chemical composi-
tion of the oil and gas phases in the reservoir, production and treatment chemicals. The major components
include dissolved and dispersed oil compounds (i.e. hydrocarbons, phenols), salts, metals, naturally occur-
ring radioactive material (NORM), production chemicals injected into the well and treatment chemicals (i.e.
surfactants, caustic soda, ecc), produced solids (sand, silt, proppant, corrosion products, ecc.), scale
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Fig. 12 - The histogram shows values of total hydrocarbons for the S2, S3 La Rossa pools of
water, the adjacent springs (S1, S4, S5) and the Tramutola spring (Tr). Letters “a” to “g” are
referred to the seven samplings of la Rossa groundwaters.
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Fig. 13- The histograms show values of several significant metals for the S2, S3 La Rossa pools of water, the adjacent springs (S1,
S4, S5) and the Tramutola spring (Tr). Letters “a” to “g” are referred to the seven repeated samplings of la Rossa groundwaters.

products, bacteria (Collins, 1975; Veil et al., 2004; Stremgren et al., 1995; Igunnu and Chen, 2014). Phe-
nols are also present with concentrations generally < 20 mg/L (Neff et al., 2011; Neff and Foster, 1997,
Utvik,1999; Utvik et al., 1999). Most produced water is more saline than seawater (Cline, 1998). Sodium is
the dominant cation: for conventional wells sodium makes up 81% of the cations, but calcium also repre-
sents 14% of the cation makeup, while magnesium and potassium account for 5%. Salinity in conventional
oil resources is due mainly to dissolved sodium and chlorides (Fakhru’l-Razi et al., 2009; Neff et al., 2011).
Metals are typically represented by lead, barium, manganese, iron, zinc, chromium and nickel. Other metals

can be boron, cadmium, copper, strontium, mercury, lithium, selenium, antimony, aluminum, arsenic
(Collins, 1975).

Substances are often in a colloidal state (Farajnezhad and Gharbani, 2012) and waters are treated in order
to realize coagulation or flocculation: aluminum sulphate, ferrous sulphate, ferric chloride and ferric
chloro-sulphate are commonly used as coagulants (Amokrane et al.,1997). Formation water associated
with petroleum is usually anoxic and has a negative redox potential (Donaldson et al., 1985); most pro-
duced water has an Eh usually low (Collins, 1975). Collins (1969) reported that produced water from the
Anadarko Basin, Texas-Oklahoma, had an Eh ranging from -270 to -300mV.

Because of the considerable variability in water chemistry and the potentially large volumes involved, the
management of produced water is an important and complex issue (Engle et al., 2014). Environmental
effects of the produced water disposal can include contamination of soil, ground and surface water by
salts, hydrocarbons, trace elements and NORM, with elimination of the agricultural uses of land (Keeland
and McCoy, 2003; Gleason and Tangen, 2014). Sodium causes substantial degradation of soils and death
of vegetation (Dutton et al., 1989; Richter et al., 1990). Irrigation waters with SAR levels greater than 12
are considered sodic and can adversely impact plant growth.

La Rossa groundwaters have a colloidal behavior, bad smell and gas bubbling, composition and flow rates
quickly variable in time, basic pH (up 9.25), negative redox potential (up to -250 mV), high temperature
(up to 23°C). They sometimes have high contents of total hydrocarbons, phenols, surfactants,



Fig. 14 - La Rossa S2, S3 pools of water: note the emergence of two distinct types of water, a turbid and a transparent meteoric
groundwater (as indicated by arrows), that mix immediately downflow.

Fig. 15- The emergence of La Rossa groundwaters along a spring line.

sodium, salts and metals, such as aluminum, iron, manganese, boron, barium, lead, copper, zinc, stron-
tium, vanadium, nickel. Aluminum is the most abundant metal in La Rossa waters, despite being almost
insoluble from rocks in natural conditions. Sodium is the dominant cation, followed by calcium, potas-
sium and magnesium; the dominant anions are (in descending order) bicarbonates, sulphates, chlorides
and phosphates. La Rossa waters are sodic and cause degradation of soil along their flow path, making it
infertile and producing salt crusts on soil and clasts (Figg. 9a,b). Sometimes the mixing of La Rossa
murky groundwaters with those meteoric has been distinctly observed at their emergence from the under-
ground (Fig. 14).

The high concentration of aluminum is intriguing: the average concentration in principal VA springs is
9.30 ug/L, whereas in La Rossa S2,3 groundwaters reaches 15,700 pug/L. Aluminum in oil industry is used



in drilling muds (NRC, 1983), in oil desolforation processes, for coagulation and flocculation of colloids
of produced waters (Amokrane et al., 1997; Pinotti and Zaritzky, 2001; Sahu and Chaudhari, 2013), ecc.
Aluminum is very abundant in rocks but it is almost insoluble in waters at natural conditions. Aluminum
low mobility, however, is strongly pH-dependent: its solubility increases at pH < 5.5, but aluminum may
be also mobilized from rocks under strongly alkaline conditions at pH values > 8 (Shiller and Frilot,
1996), just like those of La Rossa waters.

La Rossa S2,3 groundwaters share many of the general properties of oil produced water, despite obvious
differences that can be due to several factors, such as: 1) the underground processes (water mixing, water-
rock interaction, ecc.) that can modify the original physico-chemical properties of waters flowing trough
rocks. The isotopic composition of mixed waters, for example, becomes intermediate between the composi-
tion of the end members (Kendall and Caldwell, 1998); 2) the compositional variability in time of produced
water; 3) the low velocities of the underground flows: they often occurs as a slow seepage through the pore
spaces between particles of unconsolidated materials, or through networks of fractures and solution open-
ings in consolidated rocks. A velocity of 1 foot per day or greater is a high rate of movement for groundwa-
ter and velocities can be as low as 1 foot per year or 1 foot per decade (Alley et al., 1999); 4) the treatment
processes of produced water at facilities like COVA. This treatment implies, among others, the use of
chemicals, like soda, that can increase water pH. La Rossa groundwaters have a pH ranging from 8.21 to
9.25.

It is therefore confirmed that the potential source of the anomalous La Rossa groundwaters could be the Val
d’Agri oil produced water treated at COVA, injected in the Costa Molina 2 well and migrated in the under-
ground. We made a comparison of the properties of La Rossa S2,3 groundwaters with two analyses of the
oil wastewater treated at COVA. We found several similarities, even though such a type of comparison is
highly questionable, because of: 1) the underground physico-chemical processes that can modify some of
the original properties of the injected water; 2) the high variability in time of the oil produced water; 3) the
long time interlapsed between the wastewater injection and its emergence at a distance of 2.3 km, consider-
ing the general low velocities of underground flows. The analyses of COV A produced water show negative
redox potential, high values of temperature, TDS, EC, total hydrocarbons, phenols, sodium, salts, surfac-
tants, metals like boron and strontium; phosphates are also present.

The most frequent causes in the world of underground migration of injected wastewater are: 1) improperly
plugged abandoned oil and gas wells within the radius of influence created by the injection wells, that act
as conduits for these fluids. In our study area the CM3 abandoned well occurs ~ 2.06 km from La Rossa
S2,3 pools of water (Fig. 5); 2) well leakage, that can be due to insufficient length of the metallic casing,
or to problems of well integrity due to damages to the metallic casing for corrosion or cracks, or to the
force of injection that accidentally shatters the rock meant to contain it (Nicot et al., 2006), then allowing
fluids to seep through induced fractures into the earth. Underground fluid migration and consequent con-
tamination of water supplies can be favoured by the geologic structure of the area, with faults and frac-
tures. In Osage County (Oklahoma, USA) many injection, waterflooding and pressure maintenance wells
encountered problems with equipment failures, leakage across geologic structures and from improperly
plugged and abandoned older production wells (Otton et al., 1997). Groundwater contamination by leak-
age of injection wells is diffused in the world. Among others, the GAO study (1989) found 23 confirmed
studies of groundwater contamination from produced water injection wells. Radioactive contaminated
groundwater was discovered in August 1984 in two groundwater monitoring wells drilled 300 m far from
a deep injection well (Haase et al., 1987). Leaking wells can also go undetected. Payne et al.(1999), look-
ing for the cause of high salinity in soil, found that at least 22 brine injection wells in the Hatchel area in
West Texas (USA) were likely sending a plume of salt water up into the ground unnoticed.
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5.2 Geologic Structure, Induced Seismicity and Fluid Migration

The CM2 injection well is located in the area of the destructive M7 seismic event of 1857, that caused
3,000-4,000 victims in the Montemurro village. In the basement Quaternary faults are still active: they con-
trolled the development of the Val d'Agri graben, but their scientific knowledge is still poor.

Recently Stabile et al. (2014) and Improta et al. (2015) documented the occurrence of microseismicity in-
duced by the injection of Val d'Agri oil produced water in the CM2 well, up to a depth of ~ 9 km inside the
carbonate Apulian Platform (Fig. 16).

Improta et al. (2015) documented also the presence of two faults just below the CM2 well (Fig. 16B). The
NE-dipping fault should be located between 3.5 and 4.5 km depth, fully contained within the carbonate res-
ervoir of the Apulian Platform, topped by flysch and shale successions. This fault is a matter of debate with
Stabile et al. (2014), that have attributed the induced seismicity to the reactivation of this NE-dipping fault
that reaches the surface. This reconstruction has been so challenged by Improta et al. (2015): "Our 3-D lo-
cations suggest that the preexisting NE-dipping fault is fully contained within the carbonate reservoir and
topped by flysch and shale sequences because only a few sparse, small events (M} <I) occurred above the
AP. No NE-dipping fault is reported in the geologic maps of the area, and the structural relationship of the
fault illuminated by induced microearthquakes with the known Quaternary normal faults is not clear
(Figures 4a and 4b). The fault is located in the footwall block of the SW dipping normal fault that bounds
the basin [Lazzari and Lentini, 1991] and crops out 1.4 km SW of the well (Figures 4a and 4b). Therefore,
its geometry is incompatible with a antithetic secondary strand of the basin-bounding fault system, as hy-
pothesized by Stabile et al. (2014)”.

We reconstructed the Quaternary tectonic structure of the CM2 area (Fig. 17), and identified a mor-
phostructure controlled by normal faults oriented NNE-SSW dipping ESE, and NNW-SSE dipping to
WSW, with a vertical displacement of each fault of some hundreds of meters. The induced seismicity
mostly occurs in the area bounded by the mapped normal faults.

Improta et al. (2015) state that microseismicity is induced by rapid communication of pore pressure pertur-
bations along an intensely fractured and highly permeable fault zone. The latter likely corresponds to a hy-
draulically conductive pathway that promotes pore pressure diffusion. The response of the system is very
rapid and the seismicity begins with a delay of only 3 hours after the injection initiation. Stabile et al.
(2014) and Improta et al. (2015) show various elements that can be adequately evaluated from the geoenvi-
ronmental point of view.

Wastewater injection induced earthquakes up to a depth of ~ 9 km (Fig. 16 B1, event DE) in the carbonate
rocks and in the overlying flysch and shale rocks, and up to 5 km horizontally from the bottomhole (Fig. 16,
B1 event b), a distance that comprises the area of Cd. La Rossa, located only 2.3 km from the injection well
to the NE. The injected fluids thus migrated through a large volume of carbonate and overlying siliciclastic
rocks, as suggested by the distribution of induced microseismicity. The upward fluid migration through
flysch and shale rocks, evidenced by induced seismicity as shown in fig. 16 B of Improta et al. (2015),
reached about 800 m from the surface. It is consequently not excluded that these fluids may have arrived at
the surface in many sites (as in Cd. La Rossa). Moreover injected fluids have migrated into flysch and shale
rocks without causing induced seismicity for a distance > 1 km (Fig. 16 Blevent c). This means that the
lack of induced seismicity does not necessarily implies the lack of fluid migration. On the other hand massi-
ve water injection has the potential to elevate pore pressures within porous and fractured formations and to
reactivate faults, either seismically or aseismically (Gan and Ellsworth, 2014; Cappa and Rutqvist, 2011;
Segall and Rice, 1995). It is then highlighted that the flysch and shale cover does not guarantee the isolation
of injected fluids from the surface.
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Fig. 16. Left image B is fig. 4B of Improta et al. (2015), right image B1 is the interpretation of geoenvironmental data according to
us. FSR: flysch and shale rocks; APCR: Apulian Platform calcareous rocks; SF: rocks that can be affected by the seismogenic fault
of the 1857 earthquake; WIS: rocks that have been affected by injected fluids without induced seismicity; DE: earthquakes induced
by wastewater injection about 9 km deep and about 5 km from the bottomhole; a, b: earthquakes induced by injection respectively
at about 800 m (a) from the surface and 5 km (b) from the bottomhole; c: migration of fluids injected for about 1 km, rising toward
the surface without causing earthquakes; d: migration of injected fluids for about 2 km without causing induced seismicity. F: east-
ern normal fault system that borders the Val d'Agri graben.

6. Conclusions

Oil produced water has the potential to affect the quality of drinking water resources if it enters into a sur-
face or groundwater body intended for human use. We examined the physico-chemical and hydrogeological
characteristics of two anomalous turbid and saline pools of groundwater that suddenly appeared in 2011 on
soils of Cd. La Rossa in the Val d'Agri oil field, at 2.3 km from the CM2 injection well, and we recon-
structed the geological structure of the area.

Our data confirm that La Rossa S2,3 groundwaters share many of the general properties of oil produced
water, despite the obvious differences due to the processes that occurred during their underground flow.
Our fieldwork shows that La Rossa groundwaters flow out in pressure along a spring line visible at a depth
of ~ 2 m, where a change of rock type occurs between permeable sandstone and overlying low-permeability
mudstone that allows some feeble flow to reach the surface forming the S2,3 La Rossa pools of water. Field
observations show also: 1) the occurrence in the two pools of a mixing between turbid saline and meteoric
groundwaters at their emergence to the surface ; 2) the lack of interconnection between the S2,3 pools of
water, that have apparently different underground flow paths; 3) the spread of contamination in the springs
adjacent to La Rossa pools.

About the potential mechanisms that favoured the underground flow and emergence of La Rossa S2,3 wa-
ters, Improta et al. (2015) documented a large-scale underground migration of the oil wastewater injected
in the CM2 well, that caused induced microseismicity for kilometers in the carbonate and overlying flysch
and shale rocks. The Authors recognized the occurrence of faults just below the injection well, with in-
tensely fractured and highly permeable fault zones, that represent hydraulically conductive pathways for
the diffusion of the injected produced water. The latter migrated and induced microseismicity up to a
depth of about 9 km, at a distance of about 5 km from the CM2 well and at about 800 m from the surface.
Induced microseismicity seems to be confined in the morphostructure we recognized in the CM2 area,
controlled by normal faults oriented NNE-SSW dipping ESE and NNW-SSE dipping WSW.



Potential contributory causes of the underground wastewater migration and emergence to the surface, could
be abandoned oil wells within the radius of influence created by the injection well, like the CM3 well, and/
or leakages of the CM2 well for problems of well integrity. A parliamentary question in 2011 mentioned
that the CM2 injection well had problems of well integrity in 1999.
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Fig. 17 - The figure illustrates our
modification of fig. 4A of Improta
et al. (2015): white lines indicate
the normal faults we recognized in
the field. Black and blue triangles
are relocated earthquakes recorded
by ENI and INGV permanent sta-
tions from June 2006 to December
2013, respectively. The figure re-
ports events within a horizontal
distance of 5 km from the CM2
well and shallower than 10 km.
: Orange, yellow, and green dots
indicate events with ML > 2, 1 <
ML < 2, and ML < 1, respectively.
Red small dots denote DD locations
of the 69 events recorded by the
! INGV temporary network between
2 and 12 June 2006. The white star
is the epicenter of the 1857 M7
earthquake.
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