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ABSTRACT 

During the production of petroleum and gas a by-product, known as congenital water, is obtained, which varies in com- 
position depending on the geological formation from which it is extracted. In the industrial process its composition is 
modified and then it is known as “produced water”. These waters can contain high concentrations of mineral salts that 
can potentially be used for crop fertilization. The aim of this study was to evaluate the effects of the application of pro- 
duced water on the mineral contents of the plants and levels of BTEX and TPH in the fruits of greenhouse tomato cul- 
tivation. The produced waters used were derived from gas producing zone of Sabinas-Piedras Negras in northern Mex- 
ico. These waters were analyzed according to NOM-143-SEMARNAT-2003. Waters from three different stations, 
(Buena Suerte, Forasteros and Monclova 1), were mixed with fresh water to obtain the treatment waters used. As a con- 
trol, we used a complete Steiner solution. The results showed that the produced waters modified the absorption of es- 
sential minerals in tomato plants; it was observed that the mineral concentration in plant tissues was highest in the con- 
trol plants, except for Na, in which the plants irrigated with produced water had the highest concentrations. The treat- 
ments with produced waters also affected negatively the root length, leaf dry weight, stem dry weight, number of fruits 
per plant, and the dry weight of the fruits. 
 
Keywords: Congenital Water; Salt Content; THP; NOM-143-SEMARNAT-2003 

1. Introduction 

Congenital water or connate water is the water trapped in 
the pores of sediment in the moment of their formation. 
This water can contain a large quantity of salts and be- 
come part of rock and minerals as water adsorbed in 
clays. Considering that this water does not evaporate nor 
circulate between different strata, it has not been consid- 
ered part of the hydrological cycle [1,2]. In 2002, 12.09 × 
106 m3 of produced water was generated in México [3], 
and in 2010 there were 12.04 × 106 m3, according to in- 
formation provided by Petróleos Mexicanos, in the docu- 
ment named Reporte de Responsabilidad Social [4]. In 
México, NOM-143-SEMARNAT-2003 [3] has establi-  

shed the environmental specifications for the manage- 
ment of congenital water (produced water) associated 
with hydrocarbon exploitation. The norm establishes the 
acceptable limits for compounds contained in this water, 
as well as the forms authorized in México for the dis- 
posal of these waters. The most common technique used 
is to increase output of hydrocarbons by the injection of 
produced water into productive wells [3,5]. In respect to 
its physiochemical composition and volume, the pro- 
duced waters show variation depending on the extraction 
site, and the age and the geology of the formation from 
which the oil and gas is produced [6-8]. Various studies 
have indicated a great variability in the characteristics of 
salinity and content of elements of the produced water, 
and such variability can obtain even between hydrocar- *Corresponding author. 

Copyright © 2013 SciRes.                                                                                  JEP 



Effect of the Application of Produced Water on the Growth, the Concentration of Minerals and 
Toxic Compounds in Tomato under Greenhouse 

139

bon extraction sites in relatively close proximity1. This 
variation occurs in the same way in the produced water 
derived from marine platforms [4,9]. Some sources of 
produced water contain high salt content, as much as five 
or six times as much as sea water. They also may contain 
concentrations of Cl− 150,000 to 180,000 mg·L−1 (sea 
water contains an average of 35,000 mg·L−1) and show 
an average electrical conductivity (EC) of 3200 dS·m−1 
[10]. With these levels of salts the water is toxic for 
many forms of life [11,12]. For crop plants the irrigation 
water is considered saline when the electrical conductiv- 
ity is more than 3 dS·m−1 or 2000 mg·L−1 of total dis- 
solved solids (TDS) [8,13,14]. In addition, the produced 
water can contain compounds of low molecular weight, 
organic acids, condensers, oils and fats, aromatic hydro- 
carbons such as benzene, toluene, ethylbenzene, xylene, 
polycyclic hydrocarbons (PAH) and phenols [7]. When 
present in the water, these compounds contribute to the 
toxicity, individually and together [7,8]. It can also con- 
tain chemical additives used during the drilling and pro- 
duction operations [8]. The concentration of metals in the 
produced water depends on the specific site, the charac- 
teristics and age of the geologic formation from which 
the petroleum or gas is produced [7]. Normally, the wa- 
ters derived from gas wells contain several times greater 
concentration of metals than that derived from oil wells 
[15].  

There are industrial uses for produced water [8,16], 
which will not be considered here. Also, it is commonly 
used for injection into oil wells to increase output (frack- 
ing). Agricultural uses include irrigation of vegetable 
crops in soil and hydroponic trough for livestock or wild- 
life [7,17]. It has been shown experimentally that some 
types of produced water, with low salt content, are feasi- 
ble for such agricultural uses [7,16]. Since in México 
there is not sufficient information available about the use 
of the produced waters, and its effects on greenhouse 
crops, the objective of this study was to evaluate the ef- 
fect of produced water application on tomato plants un- 
der greenhouse conditions verifying growth and the con- 
tents of minerals and toxic compounds in plant tissues. 

2. Materials and Methods 

The experimental work was performed in the greenhouse 
of the Departamento Forestal at Universidad Autónoma 
Agraria Antonio Narro located in Buenavista, Saltillo, 
Coahuila, México, whose geographic coordinates are: 
north latitude, 25˚22′ West longitude 101˚00′, at an alti- 

tude of 1760 meters above sea level. 

2.1. Produced Waters 

The produced water utilized for the present study was 
obtained from three PEMEX gas producing wells (Buena 
Suerte, Monclova 1 and Forasteros) located in the mu- 
nicipalities of San Buenaventura, Monclova and Abasolo, 
located in the gas production area Sabinas-Piedras Ne- 
gras of Coahuila State, México. Each of these stations 
gets portions of produced water from as many as 25 
wells; therefore the water from each station was a mix- 
ture from different nearby wells. These stations were 
selected because of the high electrical conductivity val- 
ues of their produced waters. 

In order to characterize the produced water taken from 
the three stations, some samples were analyzed according 
to the NOM-143-SEMARNAT-2003 [3]. For compara- 
tive purposes a complete Steiner Solution [18] at 75% 
concentration was also analyzed under this norm. This 
analysis took into account the hydrocarbons (fraction 
light, medium and heavy), fats and oils, and also consid- 
ered the concentrations of Zn+2, Pb+2, Ni+2, Cd+2, Cu+2, 
Hg+2, As+3, Cr+3 total nitrogen, total phosphorous, nitro- 
gen as nitrates, nitrogen as nitrites, and the sum of ni- 
trogenous compounds. We also assessed the pH, the 
biochemical demand of oxygen (BDO), solid sediments, 
floating matter, total solids, total dissolved solids (TDS), 
total suspended solids (TSS) and total volatile solids 
(TVS). 

2.2. Formulation and Application of Treatments 

In preparing the mixtures to be applied to the tomatoes 
we took into account the EC from each one of the pro- 
duced water samples. A dilution of the produced waters 
was made with the available fresh water in the green- 
house, to achieve an EC value approximately equal to the 
fertilizer solution (Steiner), applied at each of the phe- 
nological stages. Finally, the pH of each mixture was 
adjusted to a value of approximately 6.0. These mixtures 
were then used for irrigation treatments on the plants 
(Table 1). As a control application (T0), only the Steiner 
fertilizer solution [18] was used. This solution was ad-
ministered in different concentrations according to the 
phenological stage of the plant. 

2.3. The Cultivation and Treatment Applications 

The cultivation in the greenhouse was done from April 
30th to August 24th, 2012. Tomato plants, hybrid saladette 
(Solanum lycopersicum L.) variety “El Cid,” with an 
undetermined growth pattern, were used. The seed plant 
was produced in 200 cavity polystyrene trays, using as 
substrate a mixture of peat moss and perlite (3:1). The  

1Benavides-Mendoza, A. 2008. Proyecto de Manejo de Agua Congé-
nita para el Desarrollo Sustentable del Activo Integral Burgos (Análisis 
de Variables Básicas del Agua). Reporte Técnico entregado al Activo 
Integral Burgos de Pemex Exploración y Producción. 
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Table 1. Description of the treatments. Shows the propor- 
tion of produced water with the fresh water used in differ- 
ent phenological stages. 

Treatment Station 
Produced 
water (L)

Fresh  
water (L) 

pH 
EC  

(dS·m−1)

T0 Fertilizer solution 0.0 1.0 6.0 0.98 

T1 Buena Suerte 1.0 7.5 6.0 0.98 

T2 Monclova 1 1.0 315.6 6.0 0.98 

T3 Forasteros 1.0 8.0 6.0 0.98 

T0 Fertilizer solution 0.0 1.0 6.0 1.50 

T1 Buena Suerte 1.0 4.9 6.0 1.50 

T2 Monclova 1 1.0 189.4 6.0 1.50 

T3 Forasteros 1.0 5.2 6.0 1.50 

T0 Fertilizer solution 0.0 1.0 6.0 1.94 

T1 Buena Suerte 1.0 3.79 6.0 1.94 

T2 Monclova 1 1.0 157.8 6.0 1.94 

T3 Forasteros 1.0 4.0 6.0 1.94 

T0 Fertilizer solution 0.0 1.0 6.0 2.78 

T1 Buena Suerte 1.0 2.6 6.0 2.78 

T2 Monclova 1 1.0 105.2 6.0 2.78 

T3 Forasteros 1.0 2.8 6.0 2.78 

 
transplant was done in black polystyrene pots with a 
volume of 16 liters in a substrate mixture of peat moss 
and perlite (3:1). A system of soil-less cultivation was 
utilized, and an irrigation system was conducted through 
high flow stakes. The plants were pruned to a single stem 
and were cultivated by a standard method.  

In order to obtain plants with homogeneous vigor and 
growth, they were watered only with the fertilizing solu- 
tion for 23 days before initiating treatments. Application 
of waters was done three times per day, at 9:00, 13:00 
and 18:00 hours, applying around 800 ml per plant. Pro- 
duced water treatment application was done in the first 
and third watering, while in all cases the fertilizing solu- 
tion was applied in the second watering. 

2.4. Morphologic Variables Assessed 

The morphologic variables determined in tomato plants 
were the stem diameter (SD) (mm) measured in the first 
internode on the stem base utilizing a digital Vernier 
calibrator. The height of the plant (H) (cm) was meas- 
ured from the stem base to the terminal bud, and the root 
length (RL) (cm) was measured from the base of the 
stem to the central root cap. To measure these variables a 
measuring tape was used. Dry weight (g) of the leaves 

(LDW) and stem (SDW) was obtained in the flowering 
stage (30 days after transplanting, DAT), and in the fruc- 
tification stage (108 DAT). The dry weight of leaves 
(LDW), stems (SDW) and fruits (FDW) was determined 
in separate measurements. In both stages the weight was 
measured after drying in the dehydrating stove at 60 de- 
grees Celsius for three days. An analytical scale, brand 
OHAUS, model SCOTPROSP6000 was used. To deter- 
mine the number of fruits per plant (FN), five plants per 
treatment during the fructification stage were chosen at 
random. In these plants the number of fruits was counted 
in every cut. The dried fruit per plant (g) (DFP) was got- 
ten from the sum of six cuts during the harvest stage be- 
tween the 78 and 108 DAT. In this case the dry weight 
was measured after drying in an oven at 60˚C dehydra- 
tion during four days. 

2.5. Mineral Contents in the Plants 

In order to determine mineral content (N, P, K, Ca, Mg, 
Na, Fe, Cu, Zn, Mn, Mo, Ni, Cd, Pb and Cr), five plants 
per treatment group were chosen at random in the flow- 
ering stages (30 DAT) and fructification stage (108 
DAT). In the flowering stage, root steam and leaf were 
collected; while in the fructification stage, root, steam, 
leaf and fruit samples were collected. The samples were 
dried in a dehydrating stove at 60˚C, pulverized and sub- 
jected to acid digestion, to be later analyzed with an 
atomic absorption spectrophotometer brand Varian AA, 
according with AOAC [19]. The phosphorus was deter- 
mined by the Olsen method [19] utilizing a spectrometer 
UV-Vis model Helios Epsilon of wave-length 640 nm. 
The nitrogen was determined by using the macro Kjeld- 
hal method in conformance with the standard techniques 
[19]. 

2.6. MFH and BTEX Content in Fruit 

To verify the possible accumulation of toxic substances 
in the fruits produced by tomato plants treated produced 
water mixtures, fruits were analyzed to measure the con- 
centration of hydrocarbons from the middle fraction 
(MFH) and aromatic hydrocarbons benzene, toluene, 
ethylbenzene and xylenes (BTEX). For MFH analysis 
method EPA-8015B-1996 [20] was used, while for 
BTEX analysis method EPA-8260C-2006 [21] was used. 

2.7. Statistical Analysis 

The experimental procedure was totally at random, with 
26 repetitions per treatment in the case of morphology 
variables, but in the case of mineral analysis only five 
repetitions were considered. The experimental unit was a 
pot with a plant. For this analysis we utilized a variance 
analysis (ANOVA) and a measure test according to 
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Tukey ( ≤ 0.05). For this, software SAS [22] was used. 

3. Results and Discussion 

3.1. Analysis of Produced Water 

Results of the analysis of produced waters made accord- 
ing to NOM-143-SEMARNAT-2003 [3] are depicted in 
Table 2. In addition, we included for comparative pur-  
 
Table 2. Analysis of produced waters according to the 
NOM-143-SEMARNAT-2003 (SEMARNAT 2003a) refer- 
enced to the Steiner (1961) at 75%, also analyzed according 
to the same norms. All concentrations are expressed in 
mg·L−1, except for pH. 

Parameter 
Buena 
Suerte 

Monclova 1 Forasteros
Fertilizer 
solution

Light fraction 
hydrocarbons 

<0.30 <0.30 <0.30 <0.30 

Medium fraction 
hydrocarbons 

103.20 1.80 20.70 <0.50 

Heavy fraction 
hydrocarbons 

<4.10 <4.10 <4.10 <4.10 

pH 4.43 6.50 6.67 4.29 

Biochemical oxygen 
demand  

12353.0 499.3 1515.3 1.50 

Total phosphorous <0.30 <0.30 <0.30 11.09 

Kjeldahl total nitrogen 30.50 66.90 15.10 73.10 

Nitrite nitrogen 0.06 <0.02 <0.02 <0.02 

Nitrate nitrogen 4.34 0.93 5.61 0.29 

Sedimentable solids <0.10 <0.10 <0.10 <0.10 

Floating matter ND ND ND ND 

Total solids 10760.0 153750.0 5120.0 2070.0

Total dissolved solids 10732.0 153750.0 5120.0 2070.0

Total suspended 
solids 

28.00 <9.00 <9.00 <9.00 

Total volatile solids 6110.0 20570.0 670.0 560.0 

Nitrogen sum 34.90 67.83 20.71 73.39 

Fats and oils 18.10 10.40 6.60 9.10 

Zn+2 0.78 0.17 0.11 0.94 

Pb+2 <0.50 1.77 <0.50 <0.50 

Ni+2 <0.10 1.22 <0.10 <0.10 

Cd+2 <0.05 0.37 <0.05 <0.05 

Cu+2 <0.10 0.148 <0.10 0.65 

Hg+2 <0. 001 <0.001 <0.001 <0.001

As+3 <0. 001 <0.001 <0. 001 <0.001

Cr+3 <0. 10 0.39 <0.10 <0.10 

ND = none detected. 

poses the fertilizer solution Steiner [18] at a 75% con- 
centration, verified under the same official regulation. 
The results show that the produced water coming from 
either Buena Suerte or Forasteros station had high hy- 
drocarbon content according to NOM-143-SEMARNAT- 
2003 [3]. These waters could cause toxicity in soil and 
crops if used as irrigation water [23-25], provoking phy- 
siological problems such as germination inhibition, vege- 
tal growth suppression or plant death [26]. None of the 
produced waters exceeded the permissible maximum 
limit of fats and oils for irrigation waters, according to 
NOM-001-SEMARNAT-1996 [27]. We further deter- 
mined that the produced water in Buena Suerte station 
was out of the pH optimal range to be used as irrigation 
water [13,28]. It was observed that the total volatile sol- 
ids (TVS), and total dissolved solids (TDS) and volatile 
solids (VS) of produced waters in Buena Suerte and 
Monclova 1 stations were above limit of NOM-001- 
SEMARNAT-1996 [27]. Besides, the total phosphorous 
in the produced waters from all stations was in no way 
optimal [26], nor were the nitrates and nitrites, according 
to the FAO [13]. On the contrary, the total nitrogen level 
in the water from Monclova 1 station and in the fertiliz- 
ing solution was above indicated norms of NOM-001- 
SEMARNAT-1996 [27]. Regarding the minerals, the 
water from Monclova station 1 was out of permissible 
range for Pb according to NOM-001-SEMARNAT-1996 
[27] and was over the toxic threshold according to the 
guide, ARPEL [12]. All the other minerals were inside 
the limits set by the NOM-001-SEMARNAT-1996 [27] 
(Table 2). 

3.2. Morphological Variables Evaluated 

Table 3 depicts the results of the morphological vari- 
ables assessed in tomato plants during the crop develop- 
ment. The results are shown in flowering stage (30 DAT) 
and fructification stage (108 DAT). We can see that in 
the flowering stage the RL shows statistical differences, 
while the rest of the variables evaluated in this stage (H, 
SD, LDW and SDW) between treatments are equal. No- 
tably, the T2 treatment corresponding to Monclova 1 
station presented the highest root length, while the T1 
treatment corresponding to Buena Suerte station had the 
lowest root length (Table 3). 

In the fructification stage, it was observed that only the 
variables H and SD showed no statistically significant 
differences. As for the variables, RL, LDW, SDW, FN 
and DFP clear differences were observed in all cases 
showing that the T1 treatment was statistically the lowest. 
Also it was found that T0 treatment showed the highest 
values in LDW, SDW, FN and DFP variables (Table 3). 
The results obtained in this stage can be attributed to the 
mineral content in the tissues of plants, since T1 consis-  
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Table 3. Average values for the morphologic variables eva- 
luated in tomato plants that were irrigated with produced 
water using the irrigation system. Data shows flowering1 
and fruiting2 stages. 

Treatment 
H 

(cm) 
SD 

(mm) 
RL 

(cm) 
LDW 

(g) 
SDW 

(g) 
FN 
- 

DFP
(g) 

T01 65.0 a† 9.46 a 65.0 ab 20.83 a 4.34 a na na 

T11 60.4 a 9.14 a 47.1 b 13.61 a 3.64 a na na 

T21 68.4 a 9.34 a 92.2 a 18.30 a 4.40 a na na 

T31 64.4 a 8.70 a 65.7 ab 15.24 a 3.63 a na na 

T02 257.4 a 16.46 a 65.4 a 243.1 a 75.5 a 108.6 a 414.9 a

T12 215.0 a 14.44 a 46.2 b 68.6 c 31.7 c 53.2 c 262.2 b

T22 255.8 a 13.38 a 72.2 a 131.7 b 54.2 b 90.0 b 385.3 ab

T32 259.8 a 15.50 a 69.2 a 132.8 b 63.0 ab 91.4 b 374.9 ab

-: dimensionless. na: not available. H: height. SD: stem diameter. RL: root 
length. LDW: leaf dry weight. SDW: stem dry weight. FN: number of fruits 
per plant. DFP dried fruit production per plant. †Different letters indicate 
statistically significant differences (Tukey,  ≤ 0.05). T0: Control (Steiner 
fertilizer solution). T1: Produced water treatment Buena Suerte station. T2: 
Produced water treatment Monclova 1 station. T3: Produced water treatment 
Forasteros station. 

 
tently presented the lowest concentrations and the oppo- 
site was true for T0 (fertilizer solution Steiner), which 
presented the highest concentrations (Tables 4-7). Since 
the content of hydrocarbons was especially high in the 
water sample of T1, the negative response can be attrib- 
uted to those hydrocarbons which are known to cause 
toxicity [23,24] and oxidative stress [29] in plants. Also, 
these results agree with Jackson and Myers [30], and 
although it is feasible the use of water produced in plants, 
those who were treated only with nutrient solution (T0) 
showed better results (Table 3). 

3.3. Mineral Content in Plant Tissues 

The results of the concentration of minerals in the root of 
the tomato plants both for the flowering stage and fruit- 
ing stage are showed in Table 4. Considering that the 
concentration of minerals by the treatments was highly 
variable, we were to be expected significant differences 
in mineral content of plant tissues. Nevertheless at the 
flowering stage it was observed that the concentration of 
N, P, K, Ca, Fe, Cu, Mn, Mo, Ni, Cd, Pb and Cr showed 
no statistically significant differences. At this stage only 
the concentration of Mg, Na and Zn were statistically dif- 
ferent: with the plants irrigated with water corresponding 
to T1 Buena Suerte station with the lowest concentration 
of these minerals (Table 4). In the fruiting stage statistic- 
cally significant differences in minerals N, Na, Cu, and 
Mn were found. For most of the minerals (P, K, Ca, Mg, 
Fe, Zn, Ni, Cd, Pb and Cu) again there were no signifi- 
cant differences. Also, it was observed that the T0 
(Steiner fertilizer solution) had the highest concentra- 
tion of N, Cu, Mn and Mo. On the other hand, for Na, the 
T0 solution showed the lowest concentration (Table 4). 

Table 5 presents the results of the concentration of 
minerals in the stem of the tomato plants during the sta- 
ges of flowering and fruiting. In the flowering stage only 
N, Mg, and Na, of the 15 evaluated mineral, showed sta- 
tistical differences. It can be seen that the T0 presented 
the highest concentration of N while for Na showed the 
lowest concentration. It was further shown that the T1 
had the highest concentration of Na and the lowest Mg 
concentration (Table 5). In the fruiting stage it was 
found that the concentrations of Fe, Mo, Ni, Cd, and Pb 
were statistically equal between treatments. It is also ob- 
served that for the concentration of N, P, K, Ca, Mg, Cu, 
Mn and Cr, T0 was the greatest, while for T1 it is the  

 
Table 4. Concentration of minerals in the root of the tomato plants receiving produced water through the irrigation system. 
Data shows flowering1 and fruiting2 stages. 

Treatment N P K Ca Mg Na Fe Cu Zn Mn Mo Ni Cd Pb Cr 

T01 1.63 a† 0.50 a 0.80 a 1.08 a 0.22 ab 0.08 ab 279.7 a 31.30 a 152.5 a 59.95 a 15.99 a 121.7 a 4.29 a 0.00 a 38.95 a

T11 1.51 a 0.39 a 0.43 a 0.89 a 0.18 b 0.05 b 261.7 a 30.32 a 94.5 b 54.91 a 15.39 a 301.7 a 2.25 a 1.06 a 39.37 a

T21 1.57 a 0.32 a 1.21 a 0.92 a 0.26 a 0.12 a 473.8 a 27.57 a 110.9 ab 50.15 a 14.98 a 375.2 a 2.48 a 0.03 a 41.03 a

T31 1.64 a 0.41 a 0.77 a 0.90 a 0.23 ab 0.08 ab 327.6 a 31.01 a 114.3 ab 57.95 a 15.80 a 87.8 a 3.49 a 0.00 a 42.17 a

T02 1.85 a 0.40 a 0.80 a 1.22 a 0.23 a 0.15 b 218.2 a 24.84 a 149.8 a 75.72 a 2.10 a 17.9 a 0.0 a 0.0 a 3.22 a

T12 1.41 ab 0.25 a 0.96 a 1.52 a 0.22 a 0.56 a 206.2 a 13.41 b 107.3 a 71.32 ab 0.32 b 13.3 a 0.0 a 0.0 a 1.82 a

T22 1.39 ab 0.19 a 0.61 a 1.04 a 0.21 a 0.40 a 178.2 a 11.48 b 137.0 a 34.08 b 0.00 b 32.6 a 0.0 a 0.0 a 2.55 a

T32 1.31 b 0.24 a 1.17 a 0.98 a 0.23 a 0.56 a 145.6 a 10.29 b 157.9 a 42.91 ab 0.21 b 19.7 a 0.0 a 0.0 a 2.40 a

The concentrations of N, P, K, Ca, Mg and Na are expressed in % on a dry matter basis. The concentrations of Fe, Cu, Zn, Mn, Mo, Ni, Cd, Pb and Cr are ex- 
pressed in mg·L−1. †Different letters indicate statistically significant differences (Tukey,  ≤ 0.05). T0: Control (Steiner fertilizer solution). T1: Produced water 
treatment Buena Suerte station. T2: Produced water treatment Monclova 1 station. T3: Produced water treatment Forasteros station. 
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Table 5. Concentration of minerals in the stem of the tomato plants receiving produced water through the irrigation system. 
Data shows flowering1 and fruiting2 stages. 

Treatment N P K Ca Mg Na Fe Cu Zn Mn Mo Ni Cd Pb Cr 

T01 2.51 a† 0.60 a 1.15 a 1.19 a 0.25 a 0.02 b 145.5 a 26.17 a 125.2 a 52.19 a 15.81 a 7.74 a 7.50 a 0.0 a 39.03 a

T11 2.42 a 0.52 a 1.27 a 0.63 a 0.18 b 0.09 a 219.8 a 23.86 a 93.4 a 40.49 a 14.72 a 35.66 a 6.48 a 0.0 a 40.73 a

T21 1.42 b 0.51 a 0.98 a 1.61 a 0.25 a 0.03 b 242.2 a 24.23 a 128.3 a 60.17 a 15.25 a 29.90 a 6.78 a 0.0 a 39.45 a

T31 1.98 ab 0.60 a 1.17 a 1.52 a 0.24 a 0.03 b 290.1 a 24.71 a 127.4 a 55.11 a 15.25 a 27.84 a 6.48 a 0.0 a 40.39 a

T02 1.40 a 0.98 a 2.79 a 1.45 a 0.45 a 0.06 b 167.6 a 14.65 a 241.2 ab 90.03 a 0.0 a 30.29 a 0.0 a 0.0 a 3.53 a

T12 0.96 b 0.37 b 1.22 c 0.76 b 0.37 ab 0.30 a 277.4 a 3.67 b 120.3 b 39.10 b 0.0 a 31.50 a 0.0 a 0.0 a 0.94 b

T22 1.33 ab 0.49 b 1.60 bc 1.16 ab 0.15 b 0.19 ab 125.8 a 6.74 b 324.2 a 56.00 b 0.0 a 53.48 a 0.0 a 0.0 a 2.55 ab

T32 1.06 ab 0.40 b 2.29 ab 1.02 ab 0.34 ab 0.28 a 163.4 a 4.12 b 135.5 b 44.75 b 0.0 a 24.84 a 0.0 a 0.0 a 1.89 ab

The concentrations of N, P, K, Ca, Mg and Na are expressed in % on a dry matter basis. The concentrations of Fe, Cu, Zn, Mn, Mo, Ni, Cd, Pb and Cr are ex- 
pressed in mg·L−1. †Different letters indicate statistically significant differences (Tukey,  ≤ 0.05). T0: Control (Steiner fertilizer solution). T1: Produced water 
treatment Buena Suerte station. T2: Produced water treatment Monclova 1 station. T3: Produced water treatment Forasteros station. 
 
Table 6. Concentration of minerals in the leaf of the tomato plants receiving produced water through the irrigation system. 
Data shows flowering1 and fruiting2 stages. 

Treatment N P K Ca Mg Na Fe Cu Zn Mn Mo Ni Cd Pb Cr 

T01 3.22 a† 0.60 a 1.15 a 3.38 a 0.31 a 0.03 b 233.98 a 26.76 a 56.46 a 94.47 a 16.61 a 26.50 a 6.76 a 0.0 a 41.14 a

T11 1.90 b 0.52 a 0.88 a 2.41 ab 0.28 a 0.11 a 177.25 a 22.82 b 75.37 a 63.14 a 15.13 b 10.98 a 7.37 a 0.0 a 39.93 a

T21 2.48 ab 0.48 a 0.89 a 2.26 b 0.30 a 0.03 b 103.47 a 23.57 ab 102.3 a 69.21 a 15.65 ab 12.20 a 7.35 a 0.0 a 39.57 a

T31 2.87 ab 0.47 a 0.86 a 2.53 ab 0.28 a 0.03 b 183.51 a 23.63 ab 63.04 a 74.24 a 15.28 ab 18.23 a 7.15 a 0.0 a 38.72 a

T02 2.94 a 0.88 a 1.27 a 2.78 a 0.56 a 0.06 a 150.2 a 5.51 a 56.05 a 273.1 a 0.00 a 16.57 a 0.0 a 0.0 a 4.48 a

T12 1.98 b 0.49 b 0.75 a 2.76 a 0.57 a 0.18 a 459.6 a 4.65 a 92.04 a 192.4 a 0.60 a 24.59 a 0.0 a 0.0 a 5.19 a

T22 2.34 ab 0.56 b 0.95 a 3.32 a 0.67 a 0.11 a 98.8 a 1.61 a 41.73 a 273.8 a 0.24 a 2.89 a 0.0 a 0.0 a 4.52 a

T32 2.66 ab 0.47 b 1.46 a 3.28 a 0.36 a 0.19 a 156.8 a 2.40 a 48.62 a 278.7 a 0.02 a 6.73 a 0.0 a 0.0 a 2.55 a

The concentrations of N, P, K, Ca, Mg and Na are expressed in % on a dry matter basis. The concentrations of Fe, Cu, Zn, Mn, Mo, Ni, Cd, Pb and Cr are ex- 
pressed in mg·L−1. †Different letters indicate statistically significant differences (Tukey,  ≤ 0.05). T0: Control (Steiner fertilizer solution). T1: Produced water 
treatment Buena Suerte station. T2: Produced water treatment Monclova 1 station. T3: Produced water treatment Forasteros station. 
 
Table 7. Concentration of minerals in the fruit of the tomato plants receiving produced water through the irrigation system. 
Data present the results of the first1 and sixth2 picking. 

Treatment N P K Ca Mg Na Fe Cu Zn Mn Mo Ni Cd Pb Cr 

T01 1.78 a† 0.61 a 1.43 a 0.30 a 0.11 a 0.02 a 277.0 a 30.95 a 75.78 ab 42.1 a 14.57 a 3.08 a 7.51 a 0.00 a 38.98 a

T11 1.47 a 0.40 b 0.89 b 0.26 a 0.10 a 0.03 a 239.2 a 23.41 b 63.02 b 34.6 b 14.22 a 3.37 a 7.53 a 0.00 a 37.90 a

T21 1.81 a 0.42 b 0.90 b 0.32 a 0.10 a 0.04 a 251.4 a 25.01 b 103.48 a 37.09 ab 14.22 a 2.86 a 7.56 a 0.01 a 39.05 a

T31 1.49 a 0.46 b 0.96 b 0.32 a 0.37 a 0.03 a 181.6 a 23.47 b 58.83 b 35.19 ab 14.49 a 2.89 a 7.66 a 0.00 a 37.94 a

T02 1.64 a 0.57 a 2.58 a 0.20 a 0.13 a 0.02 b 366.8 a 7.97 a 35.94 a 10.58 a 0.0 a 60.8 a 0.0 a 0.0 a 2.99 a

T12 1.22 b 0.33 b 1.04 b 0.07 b 0.09 b 0.14 a 238.2 a 2.47 b 12.34 a 1.43 b 0.0 a 46.2 a 0.0 a 0.0 a 2.80 a

T22 1.75 a 0.40 b 1.81 ab 0.17 a 0.11 ab 0.06 ab 173.6 a 4.97 ab 30.63 a 6.28 ab 0.0 a 40.3 a 0.0 a 0.0 a 3.53 a

T32 1.71 a 0.39b 1.86 ab 0.16 a 0.11 ab 0.08 ab 432.2 a 4.38 b 38.56 a 3.58 b 0.0 a 48.9 a 0.0 a 0.0 a 2.26 a

The concentrations of N, P, K, Ca, Mg and Na are expressed in % on a dry matter basis. The concentrations of Fe, Cu, Zn, Mn, Mo, Ni, Cd, Pb and Cr are ex- 
pressed in mg·L−1. †Different letters indicate statistically significant differences (Tukey,  ≤ 0.05). T0: Control (Steiner fertilizer solution). T1: Produced water 
treatment Buena Suerte station. T2: Produced water treatment Monclova 1 station. T3: Produced water treatment Forasteros station. 
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inverse, since with the exception of Mg, T1 had the low- 
est concentration in all the above minerals (Table 5). 

The concentration of minerals in the leaf of tomato 
plant is presented in Table 6. As in previous cases, we 
considered the stages of flowering and fruiting. In the 
flowering stage it was found that mineral N, Ca, Na, Cu 
and Mo showed statistically significant differences, while 
the rest were the same (P, K, Mg, Fe, Zn, Mn, Ni, Cd, Pb 
and Cr). It was observed also that for N, Ca, Cu and Mo, 
T0 had the highest concentration, while T1 had the high- 
est concentration of Na (Table 6). In the case of the 
fruiting stage, it was found that only the concentration of 
N and P presented statistical differences between treat- 
ments. It was further observed that for the mineral con- 
tent in both stages, T0 had the highest concentration 
(Table 6). 

Finally, the concentrations of minerals in the fruit of 
tomato plants, considering the first and sixth cut, are 
shown in Table 6. It can be appreciated that in the first 
cut only the concentration of P, K, Cu, Zn and Mn 
showed statistical differences between treatments. For 
the remaining minerals (N, Ca, Mg, Na, Fe, Mo, Ni, Cd, 
Pb and Cr), no significant differences were obtained be- 
tween treatments. It is observed that in terms of P, K, Cu 
and Mn, T0 was the highest concentration, while for Zn, 
T2 (corresponding to Monclova 1 station) was higher 
than the other treatments. In the sixth cut was observed 
that there were statistically significant differences be- 
tween treatments in the concentration of N, P, K, Ca, Mg, 
Na, Cu and Mn. Also it is seen that in all cases consis- 
tently, with the exception of Na, the T1 had the lowest 
concentration. Also in terms of the concentration of Na, 
T1 was a higher concentration (Table 7). 

It was systematically observed that minerals, except 
Na, when there were differences between treatments, the 
T0 had the highest concentrations tested (Tables 4-7). 
This phenomena can be explained because the T0 only 
applied Steiner solution, which ensured that all mineral 
elements required by the plant were available [18], thus 
facilitating their absorption by the plant. In the case of 
treatments with produced water, it was found that these 
showed great variability in their physicochemical com- 
position and salt content [6-8] that might interfere with 
the absorption of different minerals by plants. Coupled 
with this, the presence of hydrocarbons in produced wa- 
ter could damage the root structure of the tomato plant 
due to its toxic effect [7,8], which consequently limited 
the absorption of the minerals needed for the plant. 

In most cases where there were significant differences 
in the concentration of Na in different tissues, the T1 was 
the greatest (Tables 5-7). It is known that the Na is one 
of the major cytotoxic ions [31], and contributes to ion 
imbalances triggered in plants by excessive absorption, 

which generates toxicity and side effects associated with 
the nutritional problem of ion uptake essential for growth 
and development of plants [32]. So this can account for 
why the plants treated with T1 (treatment Buena Suerte) 
showed lower mineral content (Tables 4-7), which was 
also reflected in the morphologic variables (Table 2). 

3.4. MFH and BTEX Content in Fruit 

Table 8 presents the results of the analysis of the fruits of 
tomato plants under methods EPA-8015B-1996 [20] and 
EPA-8260C-2006 [21]. It was found that none of the 
treatments produced an accumulation of toxic compound 
(MFH, benzene, toluene, ethylbenzene and xylenes). 
There is evidence that total petroleum hydrocarbons 
(TPH) can cause toxicity in multiple organisms for dif- 
ferent reasons. At the cellular level plants are capable of 
producing free radicals, which can damage cell structure 
and DNA [33], from direct contact [34], or from absorp- 
tion through the stomata or roots [35]. Considering the 
above, the results are an indication that in this particular 
case possibly plants were unable to absorb any type 
compound MFH and BTEX (Table 8). Moreover, there 
was a negative effect on the root, as the treatment with 
Buena Suerte station water was lower than the other 
treatments by about 30% based on the root length (Table 
3), which may be due to damage by direct contact [34]. 
Considering these two facts, it is possible that the roots 
of the tomato plants are very susceptible to petroleum 
compounds, so that when in contact with these, it gener- 
ates a direct damage to the root which prevents proper 
absorption. 

4. Conclusions 

Produced waters use growing greenhouse tomato is fea- 
sible. However, the effectiveness of its use will depend  
 
Table 8. Hydrocarbon concentration of middle fraction 
(MFH) and aromatic hydrocarbons in the fruits of tomato 
plants were produced water through the irrigation system. 
The results correspond to fruit samples collected from first, 
third and sixth picking. 

Parameter Units T0 T1 T2 T3 

MFH mg·Kg−1 <0.01 <0.01 <0.01 <0.01

Bencene mg·Kg−1 <0.001 <0.001 <0.001 <0.001

Toluene mg·Kg−1 <0.001 <0.001 <0.001 <0.001

Ethylbenzene mg·Kg−1 <0.001 <0.001 <0.001 <0.001

Xylene mg·Kg−1 <0.001 <0.001 <0.001 <0.001

T0: Control (Steiner fertilizer solution). T1: Produced water treatment 
Buena Suerte station. T2: Produced water treatment Monclova 1 station. T3: 
Produced water treatment Forasteros station. 
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on the biochemical characteristics of the waters used. 
Produced water significantly affects the absorption of 

essential minerals by tomato plants, and can affect the 
growth of same. Therefore, growers should pay particular 
attention to the content of salts produced by the different 
waters if they want to use these waters for growing 
greenhouse vegetables. 

The fruits of tomato plants showed no accumulation of 
toxic petroleum such as middle fraction hydrocarbons or 
aromatic compounds such as benzene, toluene, ethyl- 
benzene and xylenes. 
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