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ABSTRACT

Increased water demand for crop irrigation requires new water sources in the short 
term. One alternative may be unconventional ground water sources, such as produced 
waters that are pumped to the surface mixed with hydrocarbons in the process of 
drilling when extracted gas or oil. Such produced waters are confined to unproductive 
wells or used to maintain pressure in petroleum deposits. However, previous studies 
have highlighted the possibility of using these waters within the industrial sector as 
well as in the farming or forestry sectors. The objective of this review was to compile 
information about the origin, composition, actual and potential uses of produced waters 
from the oil industry, which might be useful in future research on this natural resource.
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RESUMEN

El incremento en la demanda de agua para irrigación de cultivos requiere nuevas fuentes 
del recurso hídrico en el corto plazo. Una alternativa pueden ser las aguas subterráneas 
no convencionales, tal es el caso de las aguas producidas que son bombeadas a la super-
ficie mezcladas con hidrocarburos en el proceso de perforación para la extracción de gas 
o petróleo. Por lo común, las aguas producidas generadas de esta manera se confinan 
en pozos no productivos o se utilizan para mantener la presión en los yacimientos de 
petróleo. Sin embargo, diversos estudios indican la posibilidad de utilizar dichas aguas 
en el sector industrial así como en los sectores agropecuario y forestal. El objetivo de 
la presente revisión fue recopilar información acerca del origen, composición, usos 
actuales y potenciales de las aguas producidas generadas por la industria extractora de 
petróleo, de utilidad en futuras investigaciones acerca de este recurso natural.
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INTRODUCTION

The amount of potentially available water on the 
planet is approximately 1386 million km3, of which 
97.5 % is marine and brackish water, and only 2.5 % 
or 35 million km3 is surface freshwater. Of this 
amount, 70 % is not available for immediate human 
consumption because it is in the form of glaciers, 
snow or ice (CONAGUA 2012). Available ground 
water in aquifers is located at depths from few to 
several hundred meters, depending on the geo-
hydrology of the water table (Shah et al. 2007). 
Ground water represents approximately 97 % of 
the available freshwater resources, excluding the 
water enclosed in the polar ice caps (Burchi and 
Mechlem 2005). Of this amount, it is estimated 
that 37 % is used for irrigating, approximately 
89 million ha (Burke 2002). At present, agriculture, 
livestock and forestry production face great chal-
lenges in feeding the growing human population, 
which is projected to reach 9 billion people in 2050 
(FAO 2014). The increase in food production using 
traditional techniques will demand more water to 
cover crop irrigation needs. It is estimated that ap-
proximately 7130 km3 of water is evapotranspirated 
by crops, a value that could reach 13 500 km3 by 
2050 (IWMI 2007). Fulfilling these growing water 
demands cannot be solved by only increasing the 
amount of water pumped from aquifers because this 
action will cause additional problems, such as higher 
concentrations of salts, arsenic or other pollutants 
in the water extracted from ground water reservoirs 
(Karim 2000), in addition to imposing more pressure 
on already overexploited aquifers.

Thus, a comprehensive approach must be applied 
to look for alternative water sources for food pro-
duction (IWMI 2007), that combines several options 
for an efficient extraction and use of water resourc-
es. The alternatives for procuring such water include 
unconventional sources of ground water, such as 
connate or formation waters, which are aquifers 
normally located at a depth more than 200 m (Rug-
gieri et al. 2010). There is a lack of available data 
on the interaction between subterranean aquifers 
and connate water bodies and on the global volume 
of connate water or the maximum depths at which 
they can be found. However, the total land surface 
of the earth is approximately 148.94 × 106 km2. 
Thus, the potential volume of connate water is 
enormous. Recently, another type of ground water 
reservoir has been described, and it includes wa-
ter located in the earth’s mantle between 410 and 
660 km depth and located in hydrated minerals at 

up to 3 % by weight (Pearson et al. 2014, Schmandt 
et al. 2014).

Access to connate water deposits occurs because 
the geological structures that produce hydrocarbons 
normally contain this type of water, and it is brought 
to the surface along with the extraction of oil or gas 
(SEMARNAT 2003). The characteristics and physi-
cochemical composition of connate water depend on 
the reservoir, minerals in contact with it, and geology 
and age of the formation in which the oil or gas is 
produced (Lee et al. 2002, Veil et al. 2004, Clark and 
Veil 2009). Among other constituents, connate waters 
may contain salts, oils, fats, and organic and inorganic 
compounds (SEMARNAT 2003, DOE 2012) at dif-
ferent concentrations, which promote significant 
variability in chemical characteristics and increases 
the likelihood of obtained connate water with low or 
high salt or organic compound contents (Veil et al. 
2004, Martel-Valles et al. 2013). The composition 
of connate waters is modified during the industrial 
process of gas or oil production because of the ad-
dition of surfactants, gels and inhibitors, which is 
why such waters are referred to as “produced waters” 
(Manfra et al. 2010).

Several studies have found high variability in 
the salinity characteristics and content of different 
elements in produced water, which occurs between 
hydrocarbon extraction sites that are relatively close 
to each other (Veil et al. 2004) and in produced water 
from offshore platforms and inland operations (Veil 
et al. 2004, Manfra et al. 2010). Therefore, certain 
types of produced water exhibit salt contents that are 
acceptable for agricultural use, and the application 
of such water has been experimentally tested (Veil 
et al. 2004, DOE 2012, Martel-Valles et al. 2013, 
Martel-Valles et al. 2014).

However, in most of the of oil-producing coun-
tries, produced water is not reused for irrigation 
purposes. Instead, it is re-injected to improve the 
extraction of hydrocarbons (SEMARNAT 2003, Veil 
et al. 2004, CNH 2010) and pumped toward recipi-
ent subterranean formations (unproductive wells) or 
deposited into marine waters (SEMARNAT 2003, 
Veil et al. 2004).

The use of produced waters in agricultural, live-
stock or forest applications could represent a feasible 
option to unconventional water resources, with the 
potential to reduce the environmental and economic 
impact of produced water disposal activities within 
the hydrocarbon industry. Therefore, a literature 
review was conducted about the origin, characteris-
tics, and applications of produced waters currently 
permitted by environmental regulations according 
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to USEPA (1993) and SEMARNAT (2003). The 
objective of this document is to present an updated 
state-of-the-art review of these topics and proposals 
on the current and potential use of this important 
natural resource.

ORIGIN OF PRODUCED WATERS

Ground water reservoirs are believed to origi-
nate from meteoric or surface water that seeped or 
infiltrated into the subsoil through the vadose zone, 
faults or permeable rocks (FAO 2005). A portion of 
these waters remained trapped in geological forma-
tions and were absorbed into the pores formed by 
clay or sandy particles in subterranean sediments 
(Llamas 1993), which explains why they are not 
considered part of the hydrological cycle (Birkle 
et al. 2009) and are known as connate or formation 
waters (Llamas 1993).

The geological structures that produce hydrocar-
bons normally contain connate waters (SEMARNAT 
2003), and the most accepted hypothesis suggests that 
most of the oil formations were completely saturated 
with water prior to invasion by oil (Veil et al. 2004).

Once the hydrocarbons become contained in 
the bedrock, oil fluids are continuously removed 
through the phenomenon of expulsion toward porous 
neighboring rocks (Santamaría-Orozco et al. 2009). 
During primary migration, lower density hydrocar-
bons migrate to trap sites and displace a portion of 
the water inside the formation (Veil et al. 2004), 
then this mass of oil and gas subsequently migrates 
upward through porous strata because of gravity or 
the pressure of tectonic plates (Luo et al. 2007) in 
what is known as secondary migration. This mass 
becomes a hydrocarbon reservoir that may contain 
petroleum, gas and water (Veil et al. 2004), which 
suggests that waters from these formations have 
been associated with petroleum or gas for millions 
of years and remained isolated from the atmosphere 
since then (Martel-Valles et al. 2014).

In the process of producing oil or gas, connate 
waters are extracted with hydrocarbons (Morales-
Bautista et al. 2011), and when hydrocarbon pro-
duction wells are perforated, the composition of the 
connate waters is modified through the addition of 
surfactants, gels and inhibitors. In consequence, this 
water is called “produced water” (Manfra et al. 2010). 
During the extraction process, produced waters are 
brought to the surface along with gas or petroleum 
and later separated through the dehydration process 
(Deng et al. 2005).

COMPOSITION OF PRODUCED WATERS

Studies on the characterization of produced waters 
are abundant, suggesting a wide variation in chemi-
cal composition. Results compiled from different 
publications include data gathered on the different 
elements, including natural and artificial chemical 
compounds found in samples of produced waters 
that have been analyzed and published elsewhere 
(Table I).

Because connate water has been trapped inside the 
pores of sedimentary rocks during formation (Veil et 
al. 2004), associated with petroleum or gas during 
hundreds of millions of years and because it has been 
isolated from the atmosphere since then (Martel-
Valles et al. 2014), produced water should reflect the 
composition of the associated geological strata and 
hydrocarbons. In addition, the effects of interactions 
along time suggest that produced waters should con-
tain a mixture of organic and inorganic compounds 
that have dissolved along time (SEMARNAT 2003, 
Veil et al. 2004, Fakhru’l-Razi et al. 2009).

To corroborate these hypotheses, Manfra et al. 
(2007) conducted a study to analyze the minerals 
in sediments surrounding an offshore petroleum-
producing platform and correlated their findings with 
the minerals found in produced water. In this sense, 
they found that most of elements contained in the 
sediments corresponded to those quantified in the 
produced water. In addition, the components found 
in high concentrations in sediments coincided with 
those in the samples of produced waters. Similar 
results were obtained by Connolly et al. (1990), who 
conducted isotopic measurements of 87Sr/86Sr, D and 
18O in produced waters and rocks underlying the 
Alberta watershed, in Canada, and demonstrated that 
the composition and variability of produced waters 
is a result of their origin and also of the water-rock 
interactions in the watershed.

Produced waters with high salinity can contain 
up to five or six times dissolved solids as seawater 
(36 000 mg/L) and may reach Cl– concentrations of 
150 000 to 180 000 mg/L (Veil et al. 2004). In com-
parison, seawater contains an average Cl- concentra-
tion of 35 000 mg/L (FAO 1994) and an average EC 
of 55 dS/m (SWRCB 2004). In addition, produced 
water can contain low molecular weight compounds 
(benzene, toluene, xylene, and others), organic ac-
ids, condensates, oils, fats, aromatic hydrocarbons 
(PAH), phenols and microorganisms (Head et al. 
2003, SEMARNAT 2003). When these compounds 
are present in produced water, individually or col-
lectively, they can exert negative impacts on the 
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TABLE I. CHEMICAL COMPOUNDS REPORTED IN PRODUCED WATERS

Substance reported Reference Min Limit
mg/L

Reference Max Limit
mg/L

Inorganic compounds

Hydrogen sulfide (H2S) Liske and Leong 2006 0 Liske and Leong 2006 12
Aluminum (Al) Guerra et al. 2011 0.005 Guerra et al. 2011 410
Ammonia (NH3) Liske and Leong 2006 15 Liske and Leong 2006 31.1
Antimony (Sb) Guerra et al. 2011 ND Guerra et al. 2011 0.05
Arsenic (As) Martel-Valles et al. 2013 <0.001 Guerra et al. 2011 151
Sulfur (S) ARPEL 2012 NA ARPEL 2012 NA
Barium (Ba), Guerra et al. 2011 0 Guerra et al. 2011 1 740
Beryllium (Be) Guerra et al., 2011 <0.001 Guerra et al. 2011 0.004
Bicarbonate (HCO3

–) Guerra et al. 2011 0 Guerra et al. 2011 49 031
Boron (B) Guerra et al. 2011 0.05 Guerra et al. 2011 95
Bromine (Br) Guerra et al. 2011 41 Guerra et al. 2011 1 149
Cadmium (Cd) Manfra et al. 2010 <0.0005 Manfra et al. 2010 0.62
Calcium (Ca) Guerra et al. 2011 0 Guerra et al. 2011 74 000
Carbonate (CO3

2–) Martel-Valles et al. 2014 0 Martel-Valles et al. 2014 15.60
Chloride (Cl-) Guerra et al. 2011 0 Guerra et al. 2011 250 000
Cobalt (Co) Guerra et al. 2011 ND Guerra et al. 2011 0.01
Copper (Cu) Guerra et al. 2011 0.001 Guerra et al. 2011 5
Chromium (Cr) Manfra et al. 2010 <0.01 Guerra et al. 2011 3.71
Carbon dioxide (CO2) ARPEL 2012 NA ARPEL 2012 NA
Silicon dioxide (SiO2) Hum et al. 2006 NA Hum et al. 2006 NA
Tin (Sn) Fillo 1992 ND Fillo 1992 1.1
Strontium (Sr) Fillo 1992 0 Fillo 1992 6 250
Fluoride (F) Guerra et al. 2011 0.57 Guerra et al. 2011 20
Phosphorous (P) Martel-Valles et al. 2014 <0.3 Martel-Valles et al. 2014 11.09 
Iron (Fe) Guerra et al. 2011 0.001 Manfra et al. 2010 1 335.00
Lithium (Li) Guerra et al. 2011 1.50 Guerra et al. 2011 325
Magnesium (Mg) Guerra et al. 2011 1.2 Guerra et al. 2011 46 650
Manganese (Mn) Guerra et al. 2011 <0.004 Guerra et al. 2011 175
Mercury (Hg) Manfra et al. 2010 <0.0005 Guerra et al. 2011 0.014
Molybdenum (Mo) Guerra et al. 2011 ND Guerra et al. 2011 0.448
Nickel (Ni) Manfra et al. 2010 <0.01 Guerra et al. 2011 9.2
Nitrogen Guerra et al. 2011 10 Guerra et al. 2011 300
Nitrate (NO3

–) Martel-Valles et al. 2014 0.29 Guerra et al. 2011 26.1
Nitrite (NO2

–) Martel-Valles et al. 2014 <0.02 Martel-Valles et al. 2014 0.06
Silver (Ag) Guerra et al. 2011 <0.001 Guerra et al. 2011 7
Lead (Pb) Martel-Valles et al. 2013 <0.01 Martel-Valles et al. 2014 1.77
Potassium (K) Martel-Valles et al. 2014 48.4 Guerra et al. 2011 14 840
Radium (226Ra) Veil et al. 2004 0.00020 Veil et al. 2004 0.00023
Radium (228Ra) Veil et al. 2004 0.00025 Veil et al. 2004 0.00028
Selenium (Se) Guerra et al. 2011 ND Guerra et al. 2011 12.7
Sodium (Na) Guerra et al. 2011 0 Guerra et al. 2011 150 000
Sulfate (SO4

2–) Veil et al. 2004 0 Martel-Valles et al. 2014 15 000
Titanium (Ti) Guerra et al. 2011 <0.01 Guerra et al. 2011 0.7
Uranium (U) Guerra et al. 2011 ND Guerra et al. 2011 2.5
Vanadium (V) Guerra et al. 2011 ND Guerra et al. 2011 0.290
Zinc (Zn) Guerra et al. 2011 0.05 Manfra et al. 2010 61.92

Organic compounds

2-Butanone (CH3COCH2CH3) Veil et al. 2004 0.41 Veil et al. 2004 1.03
2,4-Dimethylphenol (C8H10O) Veil et al. 2004 0.25 Veil et al. 2004 .32
Acenaphthene (C12H10) Manfra et al. 2010 0.007 Manfra et al. 2010 0.021
Acenaphthylene (C12H8) Manfra et al. 2010 0.015 Manfra et al. 2010 0.019

NA = Not available. ND = Not detected



PRODUCED WATERS FOR FOOD PRODUCTION 467

TABLE I. CHEMICAL COMPOUNDS REPORTED IN PRODUCED WATERS

Substance reported Reference Min Limit
mg/L

Reference Max Limit
mg/L

Benzoic acid (C6H5COOH) Veil et al. 2004 NA Veil et al. 2004 NA
Hexanoic acid (C6H12O2) Hum et al. 2006 NA Hum et al. 2006 NA
Anthracene (C14H10) Manfra et al. 2010 0.004 Veil et al. 2004 0.018
Benzene (C6H6) Manfra et al. 2010 0.0104 Veil et al. 2004 2.98
Benzo(a)anthracene (C18H12) Manfra et al. 2010 0.004 Manfra et al. 2010 0.008
Benzo(b)fluoranthene (C20H12) Manfra et al. 2010 0.0121 Manfra et al. 2010 0.0506
Benzo(g,h,i)perylene (C22H12) Hum et al. 2006 NA Hum et al. 2006 NA
Benzo(a)pyrene (C20H12) Veil et al. 2004 0.003 Veil et al. 2004 0.012
Bis (2-chloroethyl) ether Hum et al. 2006 NA Hum et al. 2006 NA
Butane (C4H10) Hum et al. 2006 NA Hum et al. 2006 NA
Butylhydroxytoluene (BHT) (C15H24O) Hum et al. 2006 NA Hum et al. 2006 NA
Chlorobenzene (C6H5Cl) Veil et al. 2004 0.008 Veil et al. 2004 0.019
Chrysene (C18H12) Manfra et al. 2010 0.005 Manfra et al. 2010 0.007
Dibenzo(a,h)anthracene (C22H14) Manfra et al. 2010 0.004 Manfra et al. 2010 0.004
Diethylene glycol (C4H10O3) Manfra et al. 2010 2.400 Manfra et al. 2010 13.000
di-n-Butylphthalate Veil et al. 2004 0.006 Veil et al. 2004 0.016
Steranes or  
cyclopentanoperhydrophenanthrene Veil et al. 2004 0.033 Veil et al. 2004 0.077
Ethylbenzene (C8H10) Manfra et al. 2010 0.0077 Manfra et al. 2010 0.115.2
Phenanthrene (C14H10) Manfra et al. 2010 0.008 Manfra et al. 2010 0.0013
Phenol (C6H5OH) Veil et al. 2004 0.54 Veil et al. 2004 1.54
Fluoranthene (C16H10) Manfra et al. 2010 0.010 Manfra et al. 2010 0.012
Fluorene (C13H10) Manfra et al. 2010 0.004 Manfra et al. 2010 0.016
Polyalcohol glycol (DEG) Hum et al. 2006 NA Hum et al. 2006 NA
Hexane (C6H14) Hum et al. 2006 NA Hum et al. 2006 NA
Indenopyrene (C23H14) Manfra et al. 2010 < 0.001 Manfra et al. 2010 0.003
Methylnaphthalene (C11-H10) Hum et al. 2006 NA Hum et al. 2006 NA
Naphthalene (C10H8) Veil et al. 2004 NA Hum et al. 2006 NA
n-Alkanes (CnH2n+2) Veil et al. 2004 0.66 Hum et al. 2006 1.64
n-Decane (C10H22) Hum et al. 2006 NA Hum et al. 2006 NA
n-Dodecane (C12H26) Hum et al. 2006 NA Hum et al. 2006 NA
n-Eicosene (C20H42) Hum et al. 2006 NA Hum et al. 2006 NA
n-Octadecane (C18H38) Hum et al. 2006 NA Hum et al. 2006 NA
n-Tetradecane (C14H30) Hum et al. 2006 NA Hum et al. 2006 NA
o-Cresol (C7H8O) Hum et al. 2006 NA Hum et al. 2006 NA
p-Chloro-m-cresol (C7H7ClO) Veil et al, 2004 0.010 Veil et al. 2004 0.25
p-Cresol (C7H8O) Hum et al. 2006 NA Hum et al. 2006 NA
n-Hexadecane (C16H34) Hum et al. 2006 NA Hum et al. 2006 NA
Polyhydroxyalkanoates (PHA) Hum et al. 2006 NA Hum et al. 2006 NA
Pyrene (C16H10) Manfra et al. 2010 0.007 Manfra et al. 2010 0.010
Toluene (C7H8) Manfra et al. 2010 0.0077 Veil et al. 2004 1.901
Triterpene (C30H48) Veil et al. 2004 0.031 Veil et al. 2004 0.078
Xylene (C8H10) Manfra et al. 2010 0.014.8 Manfra et al. 2010 0.8600
PAHs 2- 3 ring congeners Manfra et al. 2010 0.054 Manfra et al. 2010 0.087
PAHs Manfra et al. 2010 0.150 Manfra et al. 2010 100

Compounds added during the industrial process of hydrocarbon extraction

Various additives Veil et al. 2004 NA Veil et al. 2004 NA
Biocides Veil et al. 2004 NA Veil et al. 2004 NA
Coagulants Veil et al. 2004 NA Veil et al. 2004 NA
De-emulsifiers Veil et al. 2004 NA Veil et al. 2004 NA
Corrosion inhibitors Veil et al. 2004 NA Veil et al. 2004 NA
Products that remove chem surfactant Veil et al. 2004 NA Veil et al. 2004 NA
Solvents Veil et al. 2004 NA Veil et al. 2004 NA

NA = Not available. ND = Not detected
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environment, mainly on soil, water and ecosystems, 
and therefore on living organisms (Veil et al. 2004, 
Clark and Veil 2009).

The concentration of metal ions in produced wa-
ter has a complex relationship with the interactions 
between rocks and water (Rittenhouse et al. 1969). 
Such concentrations and availability differ from one 
site to the next because the variations in age and 
geology of the formations from which petroleum or 
gas are extracted (Veil et al. 2004). In average, water 
extracted from gas-producing wells contains several 
times the concentration of metals in ionic form rela-
tive to water from petroleum-producing wells (Jacobs 
et al. 1992). In addition, the natural composition of 
such water can be affected by chemical additives used 
during drilling and production operations (Clark and 
Veil 2009).

Moreover, produced waters may contain micro-
organisms (Head et al. 2003), and there is evidence 
of active microbial communities in petroleum reser-
voirs (Bailey et al. 1973), where the highest level of 
activity of such microorganisms is normally found 
at the water-hydrocarbon interface (England et al. 
1987). Specifically, these bacteria are anaerobic 
and thermophilic and capable of living at depths 
where connate waters are found (Head et al. 2003) 
because of a variety of physiological and metabolic 
adaptations. Such microorganisms include several 
different phylogenetic affiliations, including metha-
nogenic archaea, bacteria, sulfate-reducing archaea 
and firmicutes, as well as a large number of ferment-
ing bacteria genera with mesophilic, thermophilic, 
hyperthermophilic and halophytic attributes. Many 
of these organisms use hydrocarbons as a source of 
energy, as they produce biogenic gas (CO2 and CH4) 
and reduce the viscosity of petroleum (Youssef et 
al. 2009). This metabolism of petroleum reduces 
the content of saturated and aromatic hydrocarbons 
(Head et al. 2003) and increases petroleum’s density, 
sulfur content, acidity and metal content, thus altering 
the quality of the product (Peters and Fowler 2002). 
In addition, microbial activity modifies the chemical 
characteristics of produced water (Murali-Mohan et 
al. 2013).

During the exploitation period of a hydrocarbon-
producing well, the concentration of organic and 
inorganic compounds in the produced water does 
not remain constant but varies over time, in conse-
quence, it is difficult to predict it (Veil et al. 2004). 
Organic and inorganic components of produced 
water can vary in their physical states, including 
solution, suspension, emulsion and adsorption of 
particles (Tibbetts et al. 1992). Manfra et al. (2007) 

conducted a series of sampling runs on produced 
water from four platforms in gas-producing wells 
over three years, and they found that a single well 
could include variations in the concentrations of 
organic and inorganic components over time without 
a predictable trend. Results of sampling conducted 
by Kuipers et al. (2004) showed that the charac-
teristics of produced water varied among different 
sites and even between sites that were located in 
close proximity. Similar results were reported by 
Rittenhouse et al. (1969), who analyzed 823 samples 
of produced water from different locations in the 
United States and Canada.

Variability in the composition of produced water
Because of the wide variability in the content and 

concentration of inorganic and organic compounds 
in produced waters (Veil et al. 2004, Manfra et al. 
2007, Manfra et al. 2010, Martel-Valles et al. 2013), 
all sources must be analyzed before use in produc-
tive activities. Depending on results, such produced 
water must be treated using different technologies 
(osmosis, distillation, ion exchange, physical separa-
tion, coalescence, etc.) before use (Fakhru‘l-Razi et 
al. 2009, NPC 2011).

If the produced water has a low percentage of total 
dissolved solids (TDS), it may represent a valuable 
resource for crop irrigation (GWPRF 2003, Veil et 
al. 2004). Based on an analysis of the minerals found 
in produced waters, Paetz and Maloney (2002) con-
cluded that the most critical variables for determining 
the direct use of produced water on agricultural lands 
are salinity (which affects plants), measured as TDS 
or EC, sodicity or relative content of Na over other 
cations (which affects soil), and the potential toxicity, 
mainly determined by the presence of hydrocarbons 
and metals.

In a study conducted by Manfra et al. (2010), 
different degrees of sensitivity to produced waters 
were observed among different organisms. This sen-
sitivity varied according to species and trophic level, 
as certain levels can transform inorganic substances 
into organic substances, whereas others can feed on 
and degrade organic matter. Because the composition 
and concentration of different components varies in 
produced water extracted from different sites (Clark 
and Veil 2009) and different responses to such com-
ponents are observed among different organisms 
(Manfra et al. 2010), each source of water must be 
analyzed and proposed for a specific potential use. 
Such uses will most likely be limited on a regional 
basis, however, there is a significant information gap 
related to such uses.
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To characterize produced waters, the following 
documents (FAO 1994, Hum et al. 2006, ARPEL 
2012) have been suggested as guidelines:

a) Water quality guide for agricultural irrigation 
(FAO 1994).

b) Heavy metal limits in water (SEMARNAT 1996, 
ARPEL 2012).

c) Organic and inorganic compound standards for 
water quality in the United States of America 
(SEMARNAT 1996, ECFR 2015).

d) Criteria for drinkable and irrigation water (USEPA 
2014).

e) Concentration of trace elements in plant tissues for 
solutions under normal and toxic growth condi-
tions (ARPEL 2012).

f) Normal and toxic concentrations of trace ele-
ments in soils related to plant growth (Berrow 
and Burridge l979, Kabata-Pendias and Pendias 
l984).

g) Concentration of elements in plants related to 
toxicity and tolerance in animal feed (ARPEL 
2012).

In a case study of the possible agricultural ap-
plication of produced waters, Martel-Valles et al. 
(2013) carried out tests in which they used three 
sources of produced water that were character-
ized according to Mexico’s NOM-143-SEMAR-
NAT-2003, which establishes the environmental 
specifications for handling connate water associated 
with hydrocarbons, and according to FAO (1994) for 
irrigation water quality. These waters were diluted 
with irrigated water of good quality (SEMARNAT 
1996) to reduce the EC and element concentration, 
and the mixture was used to irrigate tomato plants. 
Results suggested that produced waters diluted 
with water of good quality can be used for crop 
irrigation, although certain water characteristics 
may limit mineral absorption (except Na), which 
negatively affected the morphological variables and 
the number of harvested fruits. The highest impact 
was found in plants irrigated with produced water 
containing high concentrations of hydrocarbons, 
Cu+2 and Cl–1. Produced waters commonly have a 
cost associated with extraction, separation, storage, 
transportation and confinement. Such waters can be 
used directly or diluted, such as in the previously 
mentioned study in which the ions in the produced 
water were sufficient to achieve growth and fruit 
production of plants.

Therefore, the characterization of produced waters 
has been extensive and variable, and in most cases, 

has focused on measuring dissolved salts, either 
through the content of dissolved solids or via the EC, 
as well as the amount of heavy, medium and light 
hydrocarbon fractions carried by the water, because 
this information on salinity and hydrocarbons will 
guide the potential applications or uses of this water 
resource. However, a review of different publications 
indicates that a number of variables have been used 
to describe the properties of water, which are shown 
in table II.

GENERATED VOLUME OF PRODUCED 
WATERS

The quality of produced water can vary with 
time, and the volume of water extracted from petro-
leum- or gas-producing wells can also be modified 
over time (Veil et al. 2004). The water-petroleum 
ratio can change according to the well age, and 
wells with a short time under production generate 
a smaller water volume relative to the petroleum 
content. However, the opposite trend occurs with 
time, with the percentage of water increasing and 
the percentage of petroleum decreasing to the 
point where the productive activities of the well 
are finally suspended (Khatib and Verbeek 2003). 
In the case of gas, an opposite trend to that of pe-
troleum has been found, with newer wells usually 
producing a large amount of water and the volume 
of gas increasing and the amount of water decreas-
ing over time as gas converges into the reservoir 
in the space previously occupied by water (Lee 
et al. 2002). It is estimated that the oil and gas 
industry in the United States of America generates 
ten times more water than oil and gas on average 
(U.S. Bureau of Reclamation and Sandia National 
Laboratories 2003). In 2007, the United States of 
America generated approximately 3.3 × 109 m3 of 
produced water from nearly 1 000 000 oil and gas 
producing wells (Clark y Veil 2009).

The situation in Mexico appears to be different 
because much less water from oil industry is pro-
duced than oil and gas. In 2002, a volume of 12.09 
× 106 m3 (equivalent to approximately 76.04 × 106 
barrels) of produced water were obtained (SEMAR-
NAT 2003), and in 2010, the amount was 12.04 × 
106 m3 according to the social responsibility report 
by the company Petróleos Mexicanos (PEMEX 
2010). However, even though these numbers are 
significantly lower than those reported by the United 
States of America, they still represent a significant 
volume of water.
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CURRENT AND POTENTIAL USES OF PRO-
DUCED WATERS

At present, 71 % of the produced water is used by 
the oil industry to maintain pressure in oil reservoirs 
and to hydraulically drive the hydrocarbon to produc-
ing wells (GWPRF 2003). In terms of volume, almost 
all the water extracted from oil and gas producing 
wells is injected into non-productive reservoirs, and 
the remainder is dumped into the sea after treatment 
(GWPRF 2003, SEMARNAT 2003).

However, available literature report that there are 
other urban and industrial uses for that water, such as 
the production of potable water using desalinization 
systems, recharging of shallow aquifers with water 
obtained after treating produced water (NETL 2014) 
or the direct recharging of aquifers with untreated 
produced water that exhibits low salt concentrations 
(GWPRF 2003). Industrial uses include dust control 
on unpaved roads, in which water does not leave the 

boundaries of the road or is applied near streams 
or buildings (Murphree 2002), and fire control in 
locations where fire would cause greater damage 
relative to the application of saline water to the 
soil (GWPRF 2003). Other uses include vehicles 
and equipment washing before transport to other 
fields to avoid the distribution of seeds or undesir-
able pathogens (Veil et al. 2004), steam generation 
(Brost 2002), and cooling of electricity production 
systems (Veil et al. 2004).

In addition, produced water has also been consid-
ered for food production use, such as the agricultural, 
livestock or forestry sectors.

Agricultural application of produced water
Produced waters can contain essential minerals 

for the nutrition of plants, such as K+, Ca+2, Mg+2, 
Na+, Zn+2, Cu+2, SO4

–2, CO3
–2, Cl–, NO3

–, and oth-
ers (Martel-Valles et al. 2014), which availability is 
a function of salinity and the interaction of essential 

TABLE II. VARIABLES USED TO CHARACTERIZE PRODUCED WATERS

Variable used for characterization Reference Minim Limit
mg/L

Reference Maxim Limit
mg/L

Total solids Martel-Valles et al. 2013 5 120.0 Martel-Valles et al. 2013 153 750.0 
Total suspended solids Martel-Valles et al. 2013 <0.9 Martel-Valles et al. 2013 28
Total dissolved solids Guerra et al. 2011 100 Guerra et al. 2011 400 000
Sedimentable solids Martel-Valles et al. 2013 <0.10 Martel-Valles et al. 2013 <0.10
Total volatile solids Martel-Valles et al. 2013 670 Martel-Valles et al. 2013 20 570.0 
Electrical conductivity Martel-Valles et al. 2014 0.72 Martel-Valles et al. 2014 103.20
Salinity Hum et al. 2006 NA Hum et al. 2006 NA
Effective salinity Martel-Valles et al. 2014 7.87 Martel-Valles et al. 2014 768.42
Base saturation Hum et al. 2006 NA Hum et al. 2006 NA
Sodium adsorption ratio  Martel-Valles et al. 2014 0.23 Veil et al. 2004 32
Total nitrogen (Kjeldahl) Martel-Valles et al. 2013 15.1 Martel-Valles et al. 2013 66.9
Alkalinity Liske and Leong 2006 367 Liske and Leong 2006 482
Total hardness (as CaCO3 mg/L) Liske and Leong 2006 303 Liske and Leong 2006 1 100
Turbidity Hum et al. 2006 NA Hum et al. 2006 NA
Floating material Veil et al. 2004 NA Veil et al. 2004 NA
pH Martel-Valles et al. 2013 4.43 Martel-Valles et al. 2014 8
Oils and fats Martel-Valles et al. 2013 6.60 Veil et al. 2004 23
Total recoverable oils and fats Hum et al. 2006 NA Hum et al. 2006 NA
Light fraction hydrocarbons Martel-Valles et al. 2013 <0.01 Martel-Valles et al. 2013 <0.01
Medium fraction hydrocarbons Martel-Valles et al. 2013 1.80 Martel-Valles et al. 2013 103.2
Heavy fraction hydrocarbons Martel-Valles et al. 2013 <4.10 Martel-Valles et al. 2013 <4.10 
Total petroleum hydrocarbons SEMARNAT 2003 NA SEMARNAT 2003 NA
Benzene, toluene, ethylbenzene, 
and xylenes Manfra et al. 2010 1.281 Manfra et al. 2010 47.0
Total organic carbon Hum et al. 2006 NA Hum et al. 2006 NA
Dissolved oxygen Hum et al. 2006 NA Hum et al. 2006 NA
Biochemical oxygen demand Martel-Valles et al. 2013 499.3 Martel-Valles et al. 2013 12 353.0 
Chemical oxygen demand Hum et al. 2006 NA Hum et al. 2006 NA
Total microorganism content Hum et al. 2006 NA Hum et al. 2006 NA

NA = Not available. ND = Not detected
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ions with other organic and inorganic components 
present in the produced water (Pessarakli 2011).

Studies on the application of produced waters in 
crops should include at least an analysis of essential 
minerals both in water and plants, especially those 
plant parts consumed by animals or humans. These 
analyses can be framed according to environmental 
guidelines and may even include a greater number 
of variables than those required by the guidelines 
to define the composition of both, water and plants 
(Martel-Valles et al., 2013, 2014). Such studies can 
be broadened to include heavy metals or toxic met-
alloids, organic compounds and even radioactive 
elements, with the objective of ensuring the safety 
of food and the health of ecosystems.

Jackson and Myers (2002) used produced water 
in a combination of hydroponics and aquaculture and 
found that the production of tomato and lettuce was 
lower when produced water was used as compared 
with a fertilizer solution. They mentioned that this ef-
fect was possibly caused by nutritional imbalances in 
the produced water, which is consistent with the results 
of Martel-Valles et al. (2013). However, the complete 
system described by Jackson and Myers (2002) was vi-
able for the production of vegetables and fish. Contact 
between the produced water and soil was avoided by 
using a system for recycling water (Jackson and Myers 
2002, Veil et al. 2004, NPC 2011). In another study, 
Paetz and Maloney (2002) used produced water from 
methane gas extraction to irrigate 100 ha of arid land 
to produce native forage. These authors applied careful 
management techniques and treated each water source 
as unique by constantly monitoring the volume of water 
and its composition, and also verifying the concentration 
of Na+ Ca+2, Mg+2 and HCO3

–. Similarly, soil param-
eters were controlled with the application of amend-
ments as required. The productive process described 
by Paetz and Maloney (2002) produced a successful 
harvest, although an analysis of the forage similar to 
that of Martel-Valles et al. (2013) was not conducted to 
determine the effect of produced waters on the harvest.

The variability of chemical compounds in terms 
of their profile and concentration in produced waters 
will have an effect on the composition of food, but 
limited investigations have studied this aspect. The 
mentioned authors used produced waters diluted with 
irrigation water to irrigate tomatoes in greenhouses 
and evaluated their morphological response variables 
such as root, stem, leaf and fruit mineral composition 
and fruit hydrocarbon content. They concluded that 
the use of several sources of produced water did not 
cause detrimental effects in the quality and produc-
tivity of the plants.

In another study with tomato plants (Martel-Valles 
et al. 2014), the use of produced water led to results 
consistent with those of their 2013 study. However, it 
is difficult to extrapolate these results to other crops, 
and additional experiments with other plant species 
are required, including ornamental and medicinal 
species.

There is a lack of data on the impact of produced 
waters on soils, although certain sources of produced 
water are known to cause negative impacts on the 
environment, including soil degradation, as well 
as ground water and surface water pollution (Otton 
2006), because they may contain high levels of salts, 
heavy metals and hydrocarbons (Benko et al. 2008). 
As a result, hydrocarbon-producing countries have 
published regulations on the safe limits of compounds 
contained in the water and authorized methods of 
disposing of such water (USEPA 1993, SEMARNAT 
2003) because its components can have negative im-
pacts on the environment when improperly handled 
(SEMARNAT 2003).

Mexican regulations state that all sources of 
connate water are saline or hyper saline. However, 
studies on the characterization of produced water 
in Mexico indicate that this not always occurs, and 
there are sources of water with EC values below the 
maximum value for irrigation water (Martel-Valles 
et al. 2014).

Livestock applications for produced water
Produced waters with low concentrations of salt 

and hydrocarbons have been used as a water source 
for animals. In the Rocky Mountains of Colorado, 
reservoirs were built as water sources for wildlife, 
fish habitat and water fowl (GWPRF 2003). How-
ever, species of fish or birds were not included, and 
regulations on this type of produced water were not 
reported, although negative impacts from the pro-
duced waters in the local wildlife were not observed. 
For the application of produced waters in water holes 
for livestock, such water must not contain more than 
1000 mg/L of TDS (GWPRF 2003). Although tests 
have been conducted showing that animals survive 
after consuming those water (GWPRF 2003, Veil et 
al. 2004), there are also reports of produced water 
provoking diarrhea. In a study by Jackson and Myers 
(2002), produced waters were used to farm tilapia, 
and the fish reached greater weights compared with 
those in the control treatment. Nevertheless, the 
authors reported deaths in certain fish living in pro-
duced water tanks, although they did not specify any 
causes, neither the composition and salt concentration 
of the water.
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The mentioned tests suggest that it is possible to 
use produced waters in livestock applications at a 
larger scale. However, because of the great variability 
evidenced by such waters, it is necessary to chemi-
cally characterize and monitor the water sources to 
avoid toxic effects. Similarly, constant monitoring 
of weight, size and mineral absorption in animals is 
essential to prevent illness.

Forestry application of produced water
In California, USA, Brost (2002) described a 

system used by Chevron Texaco for the treatment 
of produced water that provides approximately 
76 314 m3 to the Kern River field in central California. 
After treatment and filtering the water, it is pumped 
to the Cawelo water district to be used for irrigation 
of orchard and other crops, and it is also used to re-
charge shallow aquifers. Although, this study does 
not mention the effects on soil, trees, fruit or their 
development, and also it does not mention the kind 
of analyses conducted on the fruits.

CONCLUSIONS

Produced waters are used by the hydrocarbon-
producing industry to increase pressure within oil-
producing wells, which is often the only productive 
use. National and international regulations (USEPA 
1993, SEMARNAT 2003) consider such waters toxic, 
which is why only the maximum allowable limits 
are established for their discharge into receiving 
bodies and confinement to non-producing wells is 
recommended.

According to their characteristics, produced 
waters have the potential to be used in domestic, 
industrial and agricultural sectors. However, it is 
essential to characterize such waters according to 
the applicable rules for specific sites and situations 
before incorporating them into productive activities. 
Although produced waters have been used to irrigate 
crops, limited information is available on their effects 
on plants, animals, microorganisms and in the whole 
ecosystem. Therefore, it is suggested to conduct 
experiments to analyze the response of organisms 
exposed to such waters. 

In most the reviewed references, an insufficient 
number of variables were used to characterize the 
produced water quality and organisms in contact with 
it. The available information suggests that produced 
water has potential to be used in agriculture, livestock 
and forestry, although its possible environmental 
impact is unknown.

REFERENCES

ARPEL (2012). Disposición y tratamiento de agua produ-
cida. Asociación Regional de Empresas de Petróleo y 
Gas Natural en Latinoamérica y el Caribe. Guidelines. 
Alberta, Canada, 111 pp.

Bailey N. J. L., Jobson A. M. and Rogers M. A. (1973). 
Bacterial degradation of crude oil: comparison of field 
and experimental data. Chem. Geol. 11, 203-221.
DOI: 10.1016/0009-2541(73)90017-X

Berrow M.L. and Burridge J. C. (1979) Sources and 
distribution of trace elements in soils and related 
crops. Proceedings of the International Conference 
on Management and Control of Heavy Metals in the 
Environment. CEP Consultants, Edinburgh, UK, pp. 
304-311.

Benko K. L. and Drewes J. E. (2008). Produced water in 
the western United States: geographical distribution, 
occurrence and composition. Environ. Eng. Sci. 25, 
239-246.
DOI: 10.1089/ees.2007.0026

Birkle P., Martínez B. G. and Milland C. P. (2009). 
Origin and evolution of formation water at the Jujo-
Tecominoacán oil reservoir, Gulf of Mexico. Part 1: 
chemical evolution and water-rock interaction. Appl. 
Geochem. 24, 543-554.
DOI: 10.1016/j.apgeochem.2008.12.009

Brost D. F. (2002). Water quality monitoring at the Kern 
River Field. Proceedings. 2002 Ground Water Protec-
tion Council Produced Water Conference. Colorado 
Springs, CO, USA. October 16-17. [Online] http://
www.gwpc.org/sites/default/files/event-sessions/
Dale_Brost_PWC2002_0.pdf 01/14/15.

Burchi S. and Mechlem K. (2005). Groundwater in 
international law: compilation of treaties and other 
legal instruments. Legislative Study no 86. Food and 
Agriculture Organization of the United Nations. Rome, 
Italy, 181 pp.

Burke J. J. (2002). Groundwater for irrigation: productiv-
ity gains and the need to manage hydro-environmental 
risk. In: Intensive use of groundwater challenges and 
opportunities (R. Llamas and E. Custodio, Eds.). 
Balkema, Abingdon, UK, pp. 59-92.

Connolly C. A., Walter L. M., Baadsgaard H. and Long-
staffe F. J. (1990). Origin and evolution of formation 
waters, Alberta Basin, Western Canada Sedimentary 
Basin, II. Isotope systematics and water mixing. Appl. 
Geochem. 5, 397-413.
DOI: 10.1016/0883-2927(90)90017-Y

Clark C. E. and Veil J. A. (2009). Produced water vol-
umes and management practices in the United States. 
[Online]. http://www.osti.gov/scitech/biblio/1007397 
19/02/16.



473PRODUCED WATERS FOR FOOD PRODUCTION

CNH (2010). Factores de recuperación de aceite y 
gas en México. Comisión Nacional de Hidro-
carburos. Technical Report (DT–1). [Online]. 
h t t p : / / w w w . a c a d e m i a . e d u / 1 0 9 8 1 2 2 0 /
DOCUMENTO_T%C3%89CNICO_1_DT_1_FAC-
TORES_DE_RECUPERACI%C3%93N_DE_
ACEITE_Y_GAS_EN_M%C3%89XICO 07/10/16.

IWMI (2007). Water for food, water for life: A compre-
hensive assessment of water management in agri-
culture. International Water Management Institute. 
[Online] http://www.iwmi.cgiar.org/assessment/
files_new/synthesis/Summary_SynthesisBook.pdf 
19/02/16.

CONAGUA (2012). Agua en el mundo. Comisión Na-
cional del Agua. [online] http://www.conagua.gob.
mx/Contenido.aspx?n1=3&n2=60&n3=87&n4=37 
19/02/16.

Deng S., Yu G., Jiang Z., Zhang R. and Ting Y. P. (2005). 
Destabilization of oil droplets in produced water from 
ASP flooding. Colloids and Surfaces A: Physicochem. 
Eng. Aspects. 252, 113-119.
DOI: 10.1016/j.colsurfa.2004.09.033

DOE (2012). Produced water management technology 
descriptions.  Department of Energy of the United 
States. Fact sheet - Agricultural use. [Online]. http://
www.netl.doe.gov/technologies/pwmis/techdesc/
aguse/index.html 19/02/2016.

ECFR (2015). Part 141-National primary drinking water 
regulations. Electronic code of federal regulations. 
[Online]. http://www.ecfr.gov/cgi-bin/text-idx?tpl=/ 
ecfrbrowse/Title40/40cfr141_main_02.tpl 19/02/16.

England W. A., Mackenzie A. S., Mann D. M. and Quig-
ley T. M. (1987). The movement and entrapment of 
petroleum fluids in the subsurface. J. Geol. Soc. Lond. 
144, 327-347.
DOI: 10.1144/gsjgs.144.2.0327

FAO (1994). Water quality for agriculture. Food and Ag-
riculture Organization of the United Nations. [Online]. 
http://www.fao.org/DOCREP/003/T0234E/T0234E00.
htm 19/02/16.

FAO (2005). Optimización de la humedad del suelo para la 
producción vegetal. Hidrología, arquitectura del suelo 
y movimiento del agua. Food and Agriculture Orga-
nization of the United Nations. [Online]. ftp://ftp.fao.
org/docrep/fao/008/y4690s/y4690s00.pdf 19/02/16.

FAO (2014). La labor de la FAO en el agua. Food and 
Agriculture Organization. [Online]. http://www.fao.
org/water/es/ 19/02/16.

Fakhru‘l Razi A., Pendashteh A. R., Dayang-Radiah A. 
B., Luqman Chuah A., Madaen S. S. and Zurina Z. A. 
(2009). Review of technologies for oil and gas pro-
duced water treatment. J. Hazard. Mater. 170, 530-551.
DOI: 10.1016/j.jhazmat.2009.05.044

Fillo J. P., Koraido S. M. and Evans J. M. (1992). Sources, 
characteristics, and management of produced waters 
from natural gas production and storage operations. In: 
Produced Water. Technological/Environmental Issues 
and Solutions (J. P. Ray and F. R. Englehart, Eds.). 
Plenum Press, New York, USA, pp. 151-161.

Guerra K., Dahm K. and Dundorf S. (2011). Oil and 
gas produced water management and beneficial use 
in the Western United States. [Online]. http://www.
usbr.gov/research/AWT/reportpdfs/report157.pdf 
19/02/16.

GWPRF (2003). Handbook on coal bed methane produced 
water: Management and beneficial use alternatives. 
Ground Water Protection Research Foundation, U.S. 
Department of Energy, and U.S. Bureau of Land 
Management. [Online] http://www.all-llc.com/public-
downloads/CBM_BU_Screen.pdf 19/02/16.

Hum F., Tsang P., Harding T. and Kantzas A. (2006). Re-
view of produced water recycle and beneficial reuse. 
Paper No. 19 of the Alberta Energy Futures Project. 
The Institute for Sustainable Energy, Environment and 
Economy. Calgary, Canada, 51 pp.

Head I. M., Jones D. M. and Larter S. R. (2003). Biological 
activity in the deep subsurface and the origin of heavy 
oil. Nature 426, 344-352.
DOI: 10.1038/nature02134

Jackson L. and Myers J. (2002). Alternative use of pro-
duced water in aquaculture and hydroponic systems at 
naval petroleum reserve No. 3. Proceedings. The 2002 
Ground Water Protection Council Produced Water 
Conference, Colorado Springs, CO, USA. October 
16–17, 2002. [Online]. http://www.gwpc.org/sites/de-
fault/files/event-sessions/Lorri_Jackson_PWC2002_0.
pdf 19/02/16.

Jacobs R. P. W. M., Grant E., Kwant J., Marqueine J. M. 
and Mentzer E. (1992). The composition of produced 
water from shell operated oil and gas production in 
the north sea. In: Produced Water. Technological/
Environmental Issues and Solutions. (J. P. Ray and F. 
R. Englehart, Eds.). Plenum Press, New York, USA, 
pp. 13-21.

Kabata-Pendias A. and Pendias H. (1984). Trace elements 
in soils and plants. 3rd ed. CRC Press. Florida, USA, 
432 pp.
DOI: 10.1201/b10158-25

Karim M. D. (2000). Arsenic in groundwater and health 
problems in Bangladesh. Water Res. 34, 304-310.
DOI: 10.1016/S0043-1354(99)00128-1

Khatib Z. and Verbeek P. (2003). Water to value - 
produced water management for sustainable field 
development of mature and green fields. J. Petrol. 
Technol. 55, 26-28.
DOI: 10.2118/0103-0026-JPT



J.F. Martel-Valles et al.474

Kuipers J. R., MacHardy K. A., Merschat W. and Myers T. 
(2004). Coal bed methane-produced water: Management 
options for sustainable development. Proceedings. 11th 
International Petroleum Environmental Conference. 
Albuquerque, NM, USA. October 12-15. [Online]. 
http://ipec.utulsa.edu/Conf2004/Papers/kuipers_mach-
ardy_merschat_myers.pdf 19/02/16.

Lee R., Seright R., Hightower M., Sattler A., Cather 
M., McPherson B., Wrotenbery L., Martin D. and 
Whitworth M. (2002). Strategies for produced water 
handling in New México. [Online]. http://wrri.nmsu.
edu/publish/watcon/proc47/lee.pdf 19/02/2016. 

Liske R. A. and Leong L. Y. C. (2006). Beneficial reuse 
of San Ardo produced water. Final report. [Online]. 
http://www.osti.gov/scitech/servlets/purl/898785 
19/02/16.

Llamas J. (1993). Hidrología general. Principios y aplica-
ciones. Editorial Universitaria del País Vasco. Bilbao, 
España, 635 pp.

Luo X. R., Zhou B., Zhao S. X., Zhang F. Q. and Vasseur 
G. (2007). Quantitative estimates of oil losses during 
migration, part I: the saturation of pathways in carrier 
beds. J. Petrol. Geol. 30, 375-387.
DOI: 10.1111/j.1747-5457.2007.00375.x

Manfra L., Moltedo G., Virno C., Lamberti C. M., Finoia 
M. G., Giuliani S., Onorati F., Gabellini M., Di Mento 
R. and Cicero A. M. (2007). Metal content and toxicity 
of Produced Formation Water (PFW): Study of the pos-
sible effects of the discharge on marine environment. 
Environ. Contam. Toxicol. 53, 183-190.
DOI: 10.1007/s00244-006-0098-z

Manfra L., Maggi C., Bianchi J., Mannozzi M., Fara-
ponova O., Mariani L., Onorati F., Tornambè A., 
Virno-Lamberti C. and Magaletti E. (2010). Toxicity 
evaluation of produced formation waters after filtration 
treatment. Natural Sci. 2, 33-40.
DOI: 10.4236/ns.2010.21005

Martel-Valles J. F., Benavides-Mendoza A., Valdez-
Aguilar L. A., Juárez-Maldonado A. and Ruiz-Torres 
N. A. (2013). Effect of the application of produced 
water on the growth, the concentration of minerals 
and toxic compounds in tomato under greenhouse. J. 
Environ. Prot. 30, 138.
DOI: 10.4236/jep.2013.47A016

Martel-Valles J. F., Benavides-Mendoza A., Mendoza-
Villarreal R., Zermeño-Gonzalez A. and Juárez-
Maldonado A. (2014). Agronomic use of produced 
water in tomato plants (Lycopersicon esculentum 
L.) under greenhouse conditions. Rev. Int. Contam. 
Ambie. 30, 365-377.
DOI: 10.4236/jep.2013.47A016

Morales-Bautista C., Domínguez-Rodríguez V. and Ad-
ams R. H. (2011). Estudio cinético del intercambio 

catiónico con Ca(OH)2 y evaluación de la fertilidad en 
un suelo arcilloso contaminado con aguas congénitas. 
Bioagro 23, 129-134.

Murali-Mohan A., Hartsock A., Hammack R. W., Vidic 
R. D. and Gregory K. B. (2013). Microbial communi-
ties in flowback water impoundments from hydraulic 
fracturing for recovery of shale gas. FEMS Microbiol. 
Ecol. 86, 567-580. 
DOI: 10.1111/1574-6941.12183

Murphree P. A. (2002). Utilization of water produced from 
coal bed methane operations at the North Antelope/
Rochelle complex, Campbell County, Wyoming. 
Proceedings. 2002 Ground Water Protection Council 
Produced Water Conference, Colorado Springs, CO, 
USA. October 16-17. [Online]. http://www.gwpc.
org/sites/default/files/event-sessions/Phil_Murphree_
PWC2002_0.pdf 19/02/16.

NETL (2014) Fact sheet - Domestic use. National Energy 
Technology Laboratory. [Online]. http://www.netl.
doe.gov/research/coal/crosscutting/pwmis/tech-desc/
domuse 19/02/16.

NPC (2011). Management of produced water from oil and 
gas wells. The National Petroleum Council. [Online]. 
http://www.npc.org/Prudent_Development-Topic_Pa-
pers/2-17_Management_of_Produced_Water_Paper.
pdf 19/02/16.

Otton J. K. (2006). Environmental aspects of produced-
water salt releases in onshore and coastal petroleum-pro-
ducing areas of the conterminous U.S. - a bibliography. 
U.S. Geological Survey. [Online]. http://pubs.usgs.gov/
of/2006/1154/pdf/of06-1154_508.pdf 19/02/16.

Paetz R. J. and Maloney S. (2002). Demonstrated econom-
ics of managed irrigation for CBM produced water. 
Presented at the 2002 Ground Water Protection Council 
Produced Water Conference, Colorado Springs, CO, 
USA. Oct. 16-17. 

Pearson D.G., Brenker F.E., Nestola F., McNeill J., Nasdala 
L., Hutchison M.T., Matveev S., Mather K., Silversmit 
G., Schmitz S., Vekemans B. and Vincze L. (2014). Hy-
drous mantle transition zone indicated by ringwoodite 
included within diamond. Nature 507, 221-224.
DOI: 10.1038/nature13080

Peters K. E. and Fowler M. G. (2002). Applications of 
petroleum geochemistry to exploration and reservoir 
management. Org. Geochem. 33, 5-36.
DOI: 10.1016/S0146-6380(01)00125-5

PEMEX (2010). Informe de responsabilidad social. 
Petróleos Mexicanos. [Online]. http://www.pemex.
com/informes/pdfs/descargas/pemex_irs_comple-
to_2011.pdf 10/03/12.

Pessarakli M. (2011). Handbook of plant and crop stress. 
3rd ed. CRC Press. New York, USA, 1195 pp.
DOI: 10.1201/9780824746728.ch12



PRODUCED WATERS FOR FOOD PRODUCTION 475

Rittenhouse G., Fulton III R. B., Grabowsk R. J. and Ber-
nard J. L. (1969). Minor elements in oil field waters. 
Chem. Geol. 4, 189-20.
DOI: 10.1016/0009-2541(69)90045-X

Ruggieri G., Dallai L., Nardini I., Henriquez E. T. and 
Arias A. (2010). Thermo-chemical variations of the 
hydrothermal fluids in the Berlin geothermal field (El 
Salvador). Proceedings. World Geothermal Congress 
2010. Bali, Indonesia. April 25-29, pp. 1-7.

Santamaría-Orozco D. M., Amezcua-Allieri M. A. and 
Carrillo-Hernández T. D. J. (2009). Generación de 
petróleo mediante experimentos de pirólisis: revisión 
sobre el conocimiento actual. Bol. Soc. Geol. Mex. 
61, 353-366.

SEMARNAT (1996). Norma Oficial Mexicana NOM-
001-SEMARNAT-1996. Límites máximos permisibles 
de contaminantes en las descargas de aguas residuales 
en aguas y bienes nacionales. Secretaría de Medio 
Ambiente, Recursos Naturales y Pesca. Diario Oficial 
de la Federación. 24 de junio de 1997.

SEMARNAT (2003). Norma Oficial Mexicana NOM-
143-SEMARNAT-2003. Especificaciones ambientales 
para el manejo de agua congénita asociada a hidro-
carburos. Secretaría de Medio Ambiente Recursos 
Naturales y Pesca. Diario Oficial de la Federación. 03 
de marzo del 2005.

Shah T., Burke J. and Villholth K. (2007). Groundwater: a 
global assessment of scale and significance. [Online]. 
http://www.iwmi.cgiar.org/assessment/Water%20
for%20Food%20Water%20for%20Life/Chapters/
Chapter%2010%20Groundwater.pdf 19/02/16.

Schmandt B., Jacobsen S.D., Becker T.W., Liu Z. and 
Dueker K.G. (2014). Dehydration melting at the top 
of the lower mantle. Science 344, 1265-1268.
DOI: 10.1126/science.1253358

SWRCB (2004). Electrical conductivity/salinity. 
Fact sheet. State Water Resources Control Board. 
[Online]. http://www.waterboards.ca.gov/water_is-
sues/programs/swamp/docs/cwt/guidance/3130en.
pdf 24/02/16.

Tibbetts P. J. C., Buchanan I. T., Gawel L. J. and Large R. 
(1992). A comprehensive determination of produced 
water composition. In: Produced Water. Technological/
Environmental Issues and Solutions (J. P. Ray and F. 
R. Englehart, Eds.). Plenum Press, New York, USA, 
pp. 97-112.

U.S. Bureau of Reclamation and Sandia National Labo-
ratories (2003). Desalination and water purification 
technology roadmap (No. BR-DWPR-95). Bureau of 
Reclamation. [Online]. https://www.usbr.gov/research/
AWT/reportpdfs/report095.pdf 19/02/16.

USEPA (1993). Development document for effluent limita-
tions guidelines and new source performance standards 
for the offshore subcategory of the oil and gas extrac-
tion point source category. United States Environment 
Protection Agency. [Online]. https://www.epa.gov/
sites/production/files/2015-06/documents/o_g_off-
shore_dd_1993.pdf 08/10/16.

USEPA (2014). Water quality criteria. United States Envi-
ronment Protection Agency. [Online]. http://water.epa.
gov/scitech/swguidance/standards/criteria/ 12/09/14.

Veil J. A., Puder M.G., Elcock D. and Redweik Jr. R.J. 
(2004). A white paper describing produced water 
from production of crude oil natural gas and coal 
bed methane. [Online]. http://www.ipd.anl.gov/anl-
pubs/2004/02/49109.pdf 23/02/16.

Youssef N., Elshahed M. S. and McInerney M. J. 
(2009). Microbial processes in oil fields: Culprits, 
problems, and opportunities. Adv. Appl. Microbiol. 
66, 141-251.

https://www.epa.gov/sites/production/files/2015-06/documents/o_g_offshore_dd_1993.pdf
https://www.epa.gov/sites/production/files/2015-06/documents/o_g_offshore_dd_1993.pdf
https://www.epa.gov/sites/production/files/2015-06/documents/o_g_offshore_dd_1993.pdf

