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ABSTRACT. This paper presents a study of the physicochemical and isotopic characteristics of formation waters from the Castanhal, Siririzinho and Aguilhada
fields in the Sergipe Basin, northeastern Brazil. In each of the samples, pH, conductivity, concentration of dissolved inorganic carbon (DIC), §280, §2H, and 613C were
measured. These measurements are used to identify isotopic similarities among waters from local aquifers, which can be used as a proxy for groundwater connectivity
with formation water. Formation waters from the Castanhal and Siririzinho fields are enriched in deuterium, as evidenced by their 62H values above the Global Meteoric
Water Line (GMWL), which may be a result of significant isotopic exchange between water and Ho S. These measurements are in accordance with the large enrichment in
13C of DIC resulting from biodegradation, with the formation of methane depleted in 13 C and CO5 enriched in 13C. These results indicate interaction between formation
water with rocks and other fluids.
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RESUMAO. Este trabalho apresenta um estudo das caracteristicas fisico-quimicas e isotGpicas de dguas de formagdo dos campos Castanhal, Siririzinho e Aguilhada,
localizados na Bacia de Sergipe, nordeste do Brasil. Em cada uma das amostras foram medidos os pardmetros pH, condutividade elétrica, concentracdo de carbono
inorganico dissolvido (CID), §180, §2H e 613C. A partir dos resultados obtidos, foi possivel identificar a similaridade isotopica com as aguas de aquiferos locais,
indicando conexdo de 4gua subterrdnea com &gua de formacdo. As dguas de formacdo dos campos Castanhal e Siririzinho apresentaram um enriquecimento em deutério,
resultado da troca isotdpica entre a dgua e o Ho S. Também foi verificado, um grande enriquecimento no §*3C do CID, resultado dos processos de biodegradagdo com
a formago de metano empobrecido em 13C e CO- enriquecido neste isétopo. Os resultados encontrados indicam interagdo entre a gua de formagdo com as rochas e
com outros fluidos.
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INTRODUCTION

Petroleum exploration involves the production of different fluids
such as water, which in many fields is produced in high volumes.
The characteristics and amount of this water depend on the geo-
logical composition and age of the reservoir rocks, time of pro-
ductive life of the well, and method used for oil production. As the
end of the useful life of a well is approached, the volume of wa-
ter steadily increases and may exceed 90% of the fluid produced
(Hunt, 1979; Ortiz, 2007).

Formation waters may originate from connate waters, ocean
water, rainwater, groundwater, or even magmatic waters. At tem-
peratures exceeding 80°C, the water-rock interaction is intensi-
fied, resulting in isotopic exchange between the oxygen present
in the water and minerals, resulting in *80 enrichment in the wa-
ter (Clayton et al., 1966; Grassi et al., 1996; Morad et al., 2003).
Juan et al. (2009) studied oxygen and hydrogen isotopes from
geothermal water in Chinese basins and observed a strong vari-
ation in isotopic compositions. They observed a growing enrich-
ment in 180 towards the center of the basin that was not observed
in hydrogen isotopes. In rocks with low water saturations, they
observed about —40%. deuterium excess (d).

According to Coplen & Hanshaw (1973), compacted shales
and clays can act as semi-permeable membranes to the passage
of ions inagueous solutions. This reverse-osmosis ultra-filtration
Process causes an increase in the total dissolved solids with depth
and the enrichment of heavy isotopes of hydrogen and oxygen in
the formation water.

At the same time, measurements of the concentration and
413G of DIC in formation water provide important indications of
the interaction of water with carbonate minerals, as well as the
biogeochemical processes involved in the degradation of hydro-
carbons. The isotopic effects associated with methanogenesis are
among the most intense in nature. Inthis reaction, the degradation
of lighter hydrocarbons by anaerobic microorganisms produces
methane that is strongly depleted in 13C and generates CO, that
is enriched in 13C (Hunt, 1979; Head et al., 2003; Santos Neto,
2004; Jones et al., 2007).

The isotopic methodology used in this work was that used
by Teles et al. (2010) to analyze formation waters from a mature
field in the Recdncavo Basin. Samples were collected in a block
without secondary recovery in production zones with depth rang-
ing from 450 to 1500 m, with hypersaline waters whose electrical
conductivity varied from 80 to 140 mS/cm. Enrichment in heavy
isotopes of hydrogen and oxygen and the quantity of total dis-
solved salts at deeper levels were observed, which is compatible
with ultra-filtration in shales and has no connection with meteoric
water. Analysis of the concentration and inorganic carbon iso-

tope value, performed after the publication of Teles et al. (2010),
resulted in concentrations below 4 mM/L and 63Cpc values be-
tween —18 and 2%y, indicating localized interaction of formation
water with carbonate minerals and a lack of CO5 generation by
biodegradation.

In this study we analyzed the stable isotope composition of
hydrogen, oxygen and carbon and the physicochemical param-
gters from different oil wells in the Sergipe basin to investigate
the effects of hydrocarbon biodegradation on formation water and
understand the water-rock interactions and the reactions involved.
Evidence of fluid communication between formation water and lo-
cal aquifers was also observed, as well as information for the mon-
itoring of reservoirs for secondary recovery.

STUDY AREA

This study is focused on the following figlds: Castanhal, which
has low-saline formation waters and heavy oil; Siririzinho, which
has more saline water; and Aguilhada, which has wells in carbon-
ate rocks and below the salt level that produce hypersaline water.
The study area is located in the vicinity of the Carmopolis field, as
shown in Figure 1.

The upper part of the lithostratigraphic column for the area,
shown in Figure 2, consists of the Barreiras (Pliocene), Riachuelo
(Albian) and Muribeca (Aptian) formations, overlain discordantly
on the basin. The Carmapolis Member comprises the main reser-
voir of the field, consisting of sandy conglomeratic deposits
of alluvial fans interbedded with transgressive lacustrine shales
(ANP, 2007). The Castanhal field and the main reservoirs of this
basin are related to the oil system of the Muribeca formation —
Carmopolis Member (Milani & Araujo, 2003). According to ANP
(2007), the oil in this field has biodegraded and has a high vis-
cosity (between 1000 and 9000 cp) and API gravity between 10°
and 18°.

Based on chromatography, isotope analyses and physico-
chemical properties, Babinski & Santos (1987) constructed a
model for the generation, migration, and accumulation of hydro-
carbons in the Sergipe basin, identifying three types of oils: con-
tinental, marine-gvaporitic, and mixed oils with different contribu-
tions of these end members. Qils generated in the Castanhal, Siri-
rizinho, and Aguilhada fields were classified as marine-evaporitic
and were generated by sediments from the Alagoas stage.

Carvalho (2005) investigated karst aquifers in the Riachuelo
and Cotinguiba formations and the paleokarst associated with
evaporites from the Muribeca formation, adjacent to our study
area. Based on hydrogeological, hydrochemical and isotopic
composition data for hydrogen and oxygen, he identified differ-
ent flow environments, including the current meteoric recharge of
waters in the Oiterinhos aquifer interpreted as paleo-waters.
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Figure 1 — Location of the sampled fields (modified from Milani & Aradjo, 2003).
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Figure 2 — Stratigraphic chart of the Sergipe sub-basin, modified from Campos Neto et al. (2007).
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MATERIALS AND METHODS

Samples of water produced in 16 wells were collected: 9 in the
Castanhal field, 4 in the Siririzinho field and 3 in the Aguilhada
field. As a control, one surface water sample was collected from
the Prata spring in Japaratuba, Sergipe, Brazil, and the isotopic
measurements on groundwater in the region reported by Carvalho
(2005) were considered.

According to the protocol indicated by Lemay (2002), sam-
ples were collected at the wellhead in 5 L polyethylene bottles.
After the separation of oil from the water, the samples were filtered
through a 0.45um Millipore filter. We measured pH, oxidation-
reduction potential, electrical conductivity and DIC concentrations
of the filtered samples and placed them in glass vials for further
treatment and isotopic measurements. Hypersaling samples were
submitted to cryogenic distillation according to Teles etal. (2010).

Isotope measurements were performed on the isotope-ratio
mass spectrometry system at the Laboratory of Applied Nuclear
Physics, Universidade Federal da Bahia (UFBA). Measurements
of the isotopic ratio of hydrogen and oxygen were performed as
described by Teles et al. (2010). Measurements of the isotope
ratio of DIC were performed on the Gas-Bench® system coupled
to a Delta Plus Thermo-Finnigan spectrometer. Isotopic values
are expressed in the conventional delta notation, with data for hy-
drogen and oxygen relative to the Vienna SMOW standard and
data for carbon relative to the Vienna PDB standard.

RESULTS AND DISCUSSION

The physicochemical and isotopic results are shown in Table 1
and discussed below.

The pH values of the whole set of water samples ranged from
5.410 9.3 (Table 1), indicating a slightly acidic to alkaline charac-
ter. The three samples from the Aguilhada field (AGO1, AG02, and
AGO3) showed the lowest pH values (6.9, 5.8, and 5.4, respec-
tively) and were characterized as mildly acidic. The group formed
by samples from the Castanhal and Siririzinho fields presented
values between 7.7 and 9.3, and were characterized as alkaline.
Electrical conductivity measurements on well waters ranged from
1.7 to 204.9 mS/cm. This parameter in Aguilhada field is sig-
nificantly above those of seawater, which indicates that they are
hypersaline. The Castanhal field presented the lowest electrical
conductivities, between 1.7 and 21.4 mS/cm. Electrical conduc-
tivities of 45.0 and 57.5 mS/cm were obtained for samples SZ01
and SZ03 (Siririzinho field), respectively (Table 1). These waters
were characterized as brackish.

According to Carvalho (2005), the isotopic values of ground-
water from the Maruim, Sapucari and Angico aquifers in this

basin vary between —2 and —1%, for 52H and between —1.9 and
—0.1%o for 5180 (Table 2). The most negative values come from
the Oiterinhos aquifer, which according to Carvalho (2005), in-
dicate an origin related to the leaching of salts by meteoric wa-
ter, accumulated from an old recharge, possibly in climatic con-
ditions different from those of today. The 6180 and §2H show
enrichment in the heavy isotopes for lagoons. They are the high-
est average values for surface and meteoric water and are close to
the global meteoric water line (GMWL). The samples CL04, CL05
and CLO8 (Table 1) have isotopic compositions similar to the
Sapucari and Angico aquifers, which may indicate interaction
between these aquifers.

Figure 3 shows a diagram of §2H versus 680 for the sam-
ples from the studied fields. The data shown in Figure 3 and
Table 1 indicate that, compared with samples from the other fields,
samples from the Aguilhada field are depleted in deuterium, *3C
and DIC concentration. Samples from the Castanhal and Siri-
rizinho fields have 62H values between —5 and 3%. and 580
values between —2.9 and —1.3%. Deviations of these isotopic
values from the GMWL are usually attributed to evaporation, iso-
topic exchange reactions and mixing.
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Figure 3 — Diagram of 62H wersus 6180 for the Aguilhada, Castanhal and
Siririzinho fields, as well as surface and ground waters.

The §2H values are influenced by several factors, includ-
ing the mixing of waters from different origins, exchange with
H,S, isotopic fractionation, and interaction with minerals contain-
ing hydrogen. The variation in §'80 among samples is relatively
small compared with the variation in 62H, and more saline sam-
ples are concentrated below the GMWL.

The excess of deuterium, defined as d = 62H — 8- 5180,
ranges from 6 to 21%o (Table 1). The three samples collected
from the Aguilhada field have the lowest values (between 6 and
10%o). For samples from the Castanhal and Siririzinho fields,
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Table 1 — Isotope and physicochemical results of waters from the Castanhal (CL), Siririzinho (SZ) and

Aguilhada (AG) fields of the Sergipe basin.

CL04 8.5 7 3.1
CL05 84 | —75 43

CL016 79 | =110 53
CLo7 83 | -74 58
CL08 8.8 1 1.7
CL09 8.0 | —108 214
SZ01 76 | 115 57.5
SZ02 7.7 | —159 14.6
SZ03 78 | 91 44.9
SZ04 9.3 | —440 18.1
AGO1 6.9 | —150 | 2049
AG02 58 | -2 1569.6
AGO3 54 | -24 159.4

JAPARATUBA | 7.0 | 58 0.5

el on | ORP | EC 50 [ 6°H | d | é™C | DIC
(mV) | (mS/em) | (%) | (%o) | (%ho) | (%o) | (MMIL)
CLO1 85 |10 | 77 | 27 | -4 | 18 | 23 | T1
CL02 81 |—431| 66 | 26| 5 | 16 | 64 | 43
CL03 82 | -105| 78 | 29| -2 | 20 | %62 | 77

=17 0 14 | 213 28
-19 | -2 13 | 218 40
-26 | -2 19 | 200 51
-25 | - 19 | 216 32
-13 3 13 | 140 1

-28 | - 21 19.9 36
-25 | - 19 | 197 32
25 1 21 224 64
-25 | -3 17 | 206 53
-29 | -2 21 208 57
-18 | -8 6 2.4

-22 | -8 10 | 11
=21 | 7 10 | =59
-18 2 16 | 99

Table 2 — Mean isotopic compositions of O and H in ground-

water and surface water of the Sergipe basin (Carvalho, 2005).

Well 580 5%H d
(%0) (%0) (%o)

Qiterinhos aquifer —4.3 24 11
Maruin aquifer 01 -1 0
Sapucari aquifer -19 -2 13
Angico aquifer -18 -2 12
Rivers —0.6 4 8
Lagoons 26 18 -3
Rainwater 01 1 10

the excess deuterium is between 13 and 21%.. The increase in
deuterium excess for rainwater samples may be due to the influ-
ence of re-evaporated ocean moisture in comparison to inland re-
gions, i.e., the kinetic effects are very strong in waters under in-
tense evaporation. In a closed system free from evaporation, the
increase in deuterium excess may indicate isotopic interactions
below the surface, which change 62H more than §180.

In samples from the Castanhal field, the concentrations of
total dissolved salts are noticeably lower, as estimated from the
electrical conductivity. Some wells have similar isotopic compo-
sitions and a deuterium excess greater than 10, which may be the
result of exchange with HaS. In nature, hydrogen sulfide origi-
nates from geological processes based on various physicochem-
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ical or microbiological mechanisms. When in contact with wa-
ter, HoS and water can easily exchange isotopes of hydrogen.
According to Clark & Fritz (1997), this fractionation (fractionation
factor a =2.358) causes the hydrogen sulfide gas to be deuterium-
poor, exchanging deuterium with 'H from water. Although this
fractionationis quite pronounced, alarge amount of hydrogen sul-
fide would be required to cause considerable enrichment of a large
volume of formation water.

The hypothesis of deuterium enrichment of water via ex-
change with Hy S is plausible due to the presence of a sulfur de-
posit and elevated biogeological processes in the Castanhal field.
Also noteworthy is the role of sulfate reduction and formation of
H,S in the oil degradation of this field.
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The highest §13C values (6.4 to 25.2%o) and DIC concen-
trations (>50 mM/L) were found in the Castanhal and Siririz-
inho fields (Table 1, Fig. 4). One exception is sample CLOS,
which has a relatively high §3C and low DIC concentration
compared to other values for samples from the same field. A
similar result was described by Leybourne et al. (2006) for
DIC of Restigouche deposit groundwater: 6'3C (~12%0) in-
dicating carbon isotopic fractionation from methanogenesis via
CO4 reduction.
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Figure 4 — Diagram of the isotopic composition of dissolved inorganic carbon
concentration versus DIC.

The samples from the Aguilhada field and the water from the
spring of Japaratuba have a low concentration of dissolved or-
ganic carbon (~1 mM/L) and show §'3C in the range of 9.9 to
2.4%0 (Table 1). Though with low DIC concentration, the Aguil-
hada samples show enrichment in 13C with respect to CO5 from
the soil and atmosphere.

Comparison of the isotope analyses of 5*3C and concentra-
tions of the DIC in the selected samples (Fig. 4) shows that those
most enriched in 13C also have the highest DIC concentrations,
which may be a strong indication for oil biodegradation.

§13C in the samples varies between —9.9 and 25.2%o (Ta-
ble 1) with the highest values for the samples from the Castanhal
field. With the exception of sample CLO08, these values are ac-
companied by DIC concentrations of up to 77 mM/L. The elevated
concentrations and isotopic enrichment of the dissolved inorganic
carbon can be associated with biodegradation processes, such
as methanogenesis by microorganisms, which produces methane
that is strongly depleted in 13C and CO-, that is enriched in 13C.
The formation waters from the Castanhal and Siririzinho fields are
extremely enriched in *3C (Fig. 4) presenting one of the highest
values of 613C among the environmental systems.

The biodegradation of oils is commonly attributed to the ac-
tivity of aerobic bacteria, which is stimulated by the introduction
of surface water carrying oxygen and nutrients into oil reservoirs.

However, Da Cruz et al. (2011) studying petroleum biodegra-
dation in deep sea reservoirs suggest that both aerobic and anaer-
obic bacteria usually act in consortium. Their evidences suggest
that aerobic biodegradation is mainly responsible for the depletion
of the linear hydrocarbons with an even-to-odd carbon preference,
while anaerobic biodegradation, with odd-to-even carbon prefer-
ence, was observed. They infer that mixed (aerobic and anaerobic)
consortium displayed periods of C-even preference and periods of
C-odd preference, indicating the existence of alternating aerobic
and anaerobic lifecycles.

Inthe biodegradation, the microbial metabolism of petroleum
generates heavy oils, CO», organic acids and other intermediates.
In most reservoirs with low concentrations of aqueous sulfate,
methanogenic degradation is a primary mechanism of petroleum
degradation, whereas in waters containing abundant sulfate, sul-
fate reduction and sulfide production may dominate (Larter et al.,
2006). The methane formed by CO5 reduction is often more de-
pleted in 13C, with 613C in the range of =110 to —50%. In these
reservoirs, carbon dioxide, which is associated with the biodegra-
dation of oil, is enriched in *3C, with 613C values up to 20%, in-
dicating a closed system of CO5 reduction to methane. (Whiticar
et al., 1986; Larter et al., 2006; Jones et al., 2007). Head et al.
(2003) found 613C values greater than 15%, in CO, generated
during biodegradation. These results support the hypothesis that
the positive values of 613C for dissolved inorganic carbon ob-
tained in wells in the Siririzinho and Castanhal fields are influ-
enced by CO generated during the biodegradation of oils.

CONCLUSIONS

Our analyses constrain subsurface interactions of formation water
in three fields of the Sergipe basin. The data distinguish samples
from the Aguilhada field by their high concentration of dissolved
salts and their low 62H values from the other samples analyzed.
The variation of 6180 values of samples is relatively small com-
pared to the variation of §2H, and the more saline samples are
concentrated below the GMWL.

Samples from the Castanhal field have the lowest electrical
conductivities and a deuterium excess greater than 10%., which
may be the result of exchange with HoS. Some samples from
this field have isotopic compositions similar to that of the local
groundwater, which may indicate interaction between aquifers.

Based on the isotope analysis of dissolved inorganic car-
bon and its concentration in the samples analyzed, samples with
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higher 13C values also have the highest concentrations of dis-
solved carbon, which is a strong indication of the biodegradation
of oils. 63C values vary between —9.9 and 25.2%, and the high-
est values were obtained for samples from the Castanhal field.

The enrichment in the concentrations and isotope values of
the dissolved inorganic carbon must be associated with biodegra-
dation processes, such as methanogenesis, in which microorgan-
isms generate methane that is strongly depleted in 3C and CO4
that is enriched in 13C.

The results described here may provide important contribu-
tions in the evaluation of the biogeochemical processes occurring
in oil reservoirs, furthering the knowledge of petroleum systems
in exploration.
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