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ABSTRACT

The spill of petroleum drilling wastes and fluids erop lands would produce negative effects on €igmowth and
development of and soil properties. In this conteitbased drill cuttings concentrations (2, 4,8y 10%) effect on
vegetative characters of soybean (Glycine maxNlelr.) were evaluated. Moreover, heavy metal (Bia,Cr, Cd,
Pb, Zn and Fe) concentration changes in the mistared their influence on plant shoot heavy met&aton were
determined. Stem diameter did not show changesli®?2 combinations, throughout the six weeks of grgwin
contrast, plant height exhibited drastic reductianweek five and six with 8 and 10% doses, andekeanmber
showed adverse effect at week six with the mixifr@and 10%. Addition of oil-based drill cuttinggs savannah
soil increased Ba, Cr and Zn concentrations in thigtures but they did not overcome the stabledtdirar the
concentrations found in oil-based drill cuttingsd,CNi y Pb concentrations, steady as traces throuwgtdrill
cuttings additions (2-10%), increasing only Ba camttation, and Cr, Zn and Fe concentrations wersilsir. Shoot
Ni, Cd y Pb concentrationmaintain similar values to control (savanna saiijd soil-oil based drill cuttings
mixtures (2-10%). Shoot Ba, Zn and Fe increasatkpito their increment in the combinations. Accogtl to bio-
accumulation coefficients (BAC), soybeans can hesidered as a Fe-low accumulator (BAC=0.02-0.053; B
moderate accumulator (BAC=0.5-0.6) and Zn-hypermaalator (BAC=4.3-6.2).

Keywords: Glycine maxheavy metals, savannah soil, drill cuttings, \zereta.

INTRODUCTION

Drilling fluids are used in the oil industry durimgell drilling and construction. Specifically, ditlg fluids are used
for cooling, wall stabilization, pore sealing ancegsure control of the oil well, lubrication of thges and as a
means of accumulation and drag of the excavatekl sodrill cuttings [26]. There are three mairnrtpan the
composition of drilling fluids: a liquid base (wat®il, or emulsion), a solid part (including bdtie soluble material
that gives thixotropic characteristics and high ditgninsoluble material for weight), and additionghemical
substances that added directly or in solutionsptdrol desired characteristics [5].
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Drill cuttings, muds and other polluting wastes gemerated at the beginning of the oil well drdliprocess. Drill
cuttings are composed of a mixture of rock, radivacsubstances, hydrocarbons and other potertiaitants [11].
After the well drilling is completed, the waste® aften spilled on agricultural lands, where thayse changes in
the soil physical, chemical and microbiological pedies. Adequately addressing the environmentphohof this
practice is a main priority of the oil industry,thaat national and international level. This disdqeactice has led
to the establishment of world regulations for tregiplication to agricultural lands [27,49].

Untreated drill cuttings may contain from 10 to 18%«otal hydrocarbons, as well as heavy metaldipisotopes
and chlorides that can raise the electrical condtictof the soils [20,37]. The United States Evimental
Protection Agency has incorporated 16 hydrocarbfmome oil-based drill fluids or cuttings in the prity list of
pollutants that are potentially harmful and may dacinogenic and mutagenic, These include: nafdnba
acenaphthylene, acenaphthene, anthracene, phesvamtttuorene, pyrene, benzo [a] anthracene, fhibeme,
chrysene, dibenzo [a,h] anthracene, benzo [b] flothrene, benzo [k] fluoranthene, benzo [a] pyr&eazo [g,h,i]
perylene and indeno [1,2,3-cd] pyrene [21,29;3Feavy metals detected in drill waste include caomilead,
mercury, copper, chromium, cobalt, iron, manganesdybdenum, antimony, barium, silver, thalliuntatium, tin,
zinc, chromium and vanadium, as well as the sentahselenium and the non-metal strontium [38]. Tdmtioactive
isotopes Radio 266and Radio 228 have been detected in the formation water astre$uhe decomposition of
uranium and thorium present in the oil-producingnfation rocks [42]. There are many studies thatslize
negative impacts of drill cuttings on plant growaitid development and on soil properties [15,16 3&}vever, there
are discrepancies between studies, explained bstioans in the content of heavy metals in the dritting types
and rates applied to the soil by investigators [8].

Venezuela, a founding member of the OrganizatioRetfoleum Exporting Countries (OPEC), is one oflés

major oil producers. The largest reserve of hedlisdocated in the eastern part of the countrijoh is also an
area with high agricultural activity. Thus, them high interest in knowing the effects of oil puotion and
transport on crop growth and productivity as wallpmtential ways for remediation of impactedssoihot only
from the ecological point of view but also to preg agricultural productivity [33].

The purpose of this study is to assess the imgdatitferent concentrations of oil-based drill catgs on growth and
development of soybean and its relationship with cbncentration of heavy metals in soil/oil-basell duttings
combinations and plant shoot.

MATERIALS AND METHODS

The experiment was carried out in a greenhousev@dsidad de Oriente, Campus "Juanico", Maturin:dituae
10° 44' N and Latitude 63 ° 23' W, 90 masl, Monagtase, Venezuela), under a randomized block desith four
repetitions, with savannah soil classified as Olitpustulf, from the Experimental Station of Samah of
(Universidad de Oriente, Campus "Jusepin”, Monagas)nclusion rates of 0, 2, 4, 6, 8 and 10 p&roé oil-based
drill cuttings (PRO-AMBIENTE Co., Venezuela), fortatal of six treatments. Both, savannah soil aitdhased
drill cuttings were analyzed for fertility, micraghents, salinity and heavy metals. In additioravigemetal
concentrations in the mixtures soil-drill cuttingefore planting and plant shoot at 47 days aftantplg were
determined. Analyses were performed in the Laboyatd Agricultural and Environmental Services ofeth
Universidad de Oriente (LABSEA, UDO).

Soybean seeds var. Samba (GROSOSCA, Monagas\#tatezuela) were disinfected with chlorine solut{@6%)

for 3 minutes, then washed seven times with stelitilled water, and left soaking for one houthe final wash
water. Three seeds were planted in each polyeteyeay (capacity 3 kg) loaded with the correspontliegtment
mix of soil and oil-based drill cuttings. The seedsre inoculated just before planting wiBradyrhizobium
japonicum(BIOAGRO 10), which was prepared and incorporaiedseeds in accordance with the manufacturer’s
recommendations. Fertilizer was applied at the tifihplanting and consisted of 95.2 mg of (lM$O;, 93.1 mg of
KH,PQ, and 20.9 mg of KCI per bag. Irrigation was cafrmut every 3 days (300-400 ml of water per bag) to
cover plant requirements. Weed control was perfdrmanually.

Plants were evaluated weekly for height, stem diamand number of leaves starting on the seconk \aéer
planting and up to the sixth week (beginning ofvidming). Variance analysis for experimental desigprrelation
analysis and averages comparison were executegl thgn_east Significant Difference{p.05) [2].
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RESULTS AND DISCUSSION

Physico-chemical characteristics of substrates

Savannah soil (control) had a sandy-silty textuith Wow organic matter content and characterizedakstightly
acidic pH, low phosphorus and potassium concenptratimedium levels of calcium and magnesium, teameunt
of aluminum and low effective cation exchange cagd&CEC). The microelements zinc, copper and raaege
were found below the values of reference, except iHHeavy metal content was traces. Analysis afigalshowed
values for electrical conductivity (EC) and sodiabsorption ratio (SAR) below normal levels (Tabje 1

Table 1. Analysis of microelements, fertility, sahity and heavy metals carried out on savannah sodnd oil-based drill cuttings, prior to

planting.
Fertility®
Identification unit Reference values Determination
Low Medium High SoiP OBDC
pH 52 8,90
P mg k¢t <11 >11-30 >30 1,97 2,9¢
Ca me 1009 <0,50 >0,50-1 >1 0,88 0,91
de suelo
Mg <0,2t >0,25-0,65 >0,6¢ 0,42 0,3(C
K <0,13 >0,13-0,26 >0,26 0,02 0,02
Al <0,25 >0,25-0,50 >0,50 Trazas Trazas
H 0,13 0,08
CICE 1,46 1,31
Al saturation % 0,00 0,00
Organic matter <15 >1,5-3,0 >3,0 0,70 2,56
Texture
Clay % 7,2 17,2
Class Sandy-silty Silty- sandy
Microelements
Zn mg kg* <15 >1,5-2,5 >2,5 0,88 2,88
Cu <0, >0,6-1,2 >1,2 Trace: 0,1¢€
Mn >1,5 >1,5-2,5 >2,5 0,6 7,22
Fe <7,0 >7,0-11,0 >11,0 20,40 97,60
Salinity?
Soil 0BDC
Normal level§ Determination Limit® Determination
Sulphates met >5,2 0,106 5,37
Carbonates Trazas 0,342
Bicarbonate <5,0 0,108 5,94
Chloride <10,0 Traces <2.50,00 4,39
Ca >25 0,255 0,565
Mg >3,0 0,175 0,07
K >1,0 0,136 0,187
Na 0,061 19,17
SAR >15,0 0,13 <8,0 34,23
EC <3,5 1,85
Heavy metaf
Soil 0BDC
mg kg* Determination Limit Determination
Pb Traces 150,0 13,0
Ni Traces 35,5
Ba Traces 20.000,00 395,5
Cd Traces 8,0 Traces
Cr Traces 300,0 16,0
Zn Traces 300,0 108,5
Fe 4.415,0 23.405,0 38.225,0

2Laboratory of Agricultural and Environmental Semic(LABSEA), Universidad de Oriente, Nicleo de MasaMaturin® Savannah soil
Oxicplinthustulf type® Oil-based drill cuttings.

Oil-based drill cuttings had silty-sandy texture, very alkaline pH, low concentratiohphosphorus and potassium,
and medium levels of calcium and magnesium, andumedrganic matter content. With the exceptiorcopper,
the microelements zinc, manganese and iron wersepten higher concentrations higher than the waloke
reference and much higher than in the Savannahkeidvy metals were found in concentrations wedivabthose
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found in the Savannah soil, with the exception afmium. Salinity analysis revealed an EC (fr@&hoscm)
within the limit (<3,5) and SAR (34,23 mg kg well over the authorized maximum (<8) (TaHl). In
accordance with the United States

Department of Agriculture [48] and Guerrero-Alvd¥], the following characteristics SAR>15, EC<4,0H>8.5
and interchangeable Na > 15, characterize theasied drill cuttings as a sodic soil.

It is clear that the microelements, except coppere found in higher concentrations in the oil-luadell cuttings
than in savannah soil, which suggests that it celdised as fertilizer through their incorporatioto the soil at
low concentrations and frequent monitoring thropglysico-chemical analysis; however, the pH couldatieely
affect the nutrients absorption by plants. Drilttlwgs specifically have a very alkaline pH (8.9Tpis high pH
could affect the availability of microelements kyfliencing fixation, or predominance of non-avaiéatand
interchangeable forms as previously observed idissuon the availability of copper, iron, manganesd zinc
[36,43].

Evaluation of vegetative characters of soybean

Variance analysis for soybean plants stem diamstewed no statistically significant differencescmm the
different inclusion rates of oil-based drill cutjs at two to six weeks after planting (F=1,49, 0323, 0,23 and
0,38, respectively) (Figure 1). In contrast, pllaeight showed significant differences between tneats at fifth and
sixth weeks (F=3,16 and 3,22, respectively) (FigeA stunting effect was observed for the inadusrates of 8
and 10%, with an observed height reduction of 40%eafifth week and 35% at the sixth week.
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Figure 1. Stem diameter of soybean plants grown &ix concentrations (0 - 10%) of oil-based drill cutings at two, three, four, five and six
weeks of growing. Different letters indicate statigcally different means (LSD test, 0.05).
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Figure 2. Height of soybean plants grown for six @eks in various concentrations (0-10%) of oil-basedrill cuttings. Different letters
indicate statistically different means (LSD test, §0.05).
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Similar to plant height, the number of leaves wHiscéed by both inclusion rates of 8 and 10% atgix¢h week
(F=3.45); 10.8 leaves were observed in control tglawhile 5.5 and 5.7 leavewere detected for 8% and 10%,
respectively (Figure 3).
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Figure 3. Leaves number of soybeans plants cultivad for 2, 3, 4, 5 and 6 weeks in savannah soil mikevith different concentrations of
oil- based drill cuttings (0-10%). Different letta's indicate statistically different means (LSD testp<0.05).

Drill cuttings inclusion rates of 8 and 10% negelyvaffected the growth of soybeans, shown by duiction of
height and the number of leaves. On one hand,ctiidd be attributed to reduced availability of roicatrients
caused by the high pH in the drill cuttings. Wetlokvn are the detrimental effects of alkaline pH ¥@H on

availability and absorption of the macroelementogpiorus, calcium, magnesium and potassium, and the

microelements zinc, copper, manganese and ironitsiimdpact on plant growth. In this context, isHzeen reported
that the availability of phosphorus is stronglhydti® soil pH; the maximum solubility and availatyiloccurs at pH

6.5, declining as it increases [19], such as oceuth calcium, magnesium and potassium, whose raofge
appropriate pH is reported between 6 and 80A41].

Phosphorus deficiency leads to stunted plant gromitkinly observed as a decrease in shoot growthriggered
deep changes in plant development and biochemissryyell as at gene expression level [44,45]. hindase of
symbiosis in legumes, there has been observedwensadeffect on nodule development and functiofndQ]. For

its part, calcium is a crucial regulator on planmbwgth and development whose deficiency resultsdarpgadical

development, leaf split and necrosis, among otlsrders associated with the stabilization of #&dues of pectin
in the wall, the increased permeability of plasmamhrane and the adverse effects of the enzyme pergd

oxidase and cell wall damages [3,18,50]. MoreoyErtassium deficiency can induce growth retardatom

downgrading of fruit quality, as result of the wigable effect on photosynthesis, enzyme activatissimilation
and transport of nutrients, cell turgor and ion leostasis [22,24,34]. Likewise, magnesium deficgjeaifects the
synthesis of chlorophyll, such as being a componéttie chlorophyll molecule, the processes of phosylation,

dephosphorylation and hydrolysis of several compsubecause it acts as a cofactor. Also, it caruplisthe

aggregation of ribosomal subunits since it operatea bridge; the ultimate consequence of thesetsffesults in
the reduction of growth and the modification of tbet/stem relationship [13].

Coupled with deficiencies of macronutrients resigitfrom the alkalinity of the 8 and 10% inclusiaie treatments
(pHs 7.90 and 8.03, respectively), a negative efféalkaline pH on availability and absorption rafcroelements
may occur. In this regard, Broadley [12] and Matiet al [32] indicate that zinc deficiency is the mostrooon

among the micronutrients deficiencies in soilseshperate and tropical regions. Incipient zinc deficy produces
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reduction of protein and starch synthesis and sesaf severe zinc deficiency, death of radical"digback’,
interveinal chlorosis, reddish or bronze spots aimilas response to auxin deficiency, such as irddes
shortening, epinasty and leaf size twisting andicidn may occur. Meanwhile, copper deficiency pross general
growth depression with reduction in leaves size aodhber, and mature flower number, thus with lower
productivity given by the lowest number of fruitadaseeds produced. In addition, deterioration cau seed
quality due to reduction in protein and carbohyelrégugars and starch) concentrations and decreaksaves
chlorophyll a and b concentrations [9,28]. In &ddi, manganese is essential in respiratory antbgen
metabolism, where a deficiency inhibit the actestiof the enzymes nitrate reductase, glutaminehsiade and
glutamic-oxaloaceto transaminase, with consequericethe synthesis of chlorophyll and soluble pnogei
Manganese deficiency is characterized by chlomid necrotic areas between veins of young leav&2(l The
detrimental effects described above, may be adgakcia or in addition to others effects due to idaficiency. Iron
is essential in chlorophyll synthesis and electrimassport in photosynthesis and respiration. h&tmitochondrial
level, it is essential for the synthesis of the begnoup and the Fe-S complex of proteins. Chaiatiteof its
deficiency is the development of chlorotic or whitteas between the veins of young leaves, whidilyidevelop
in necrotic areas [4,7,30]. However, total iron cemtration in leaves did not correlate to iron cieficy.

In addition to the above effects on plant minerakition, there is the possibility of adverse effeproduced by the
probable sodicity at the concentrations of 8 anélb1@s it was quoted earlier, oil-based drill cugsn can be
catalogued as a sodic soil (pH: 8.90, SAR: 34,23, E85 and Na:19,17), according to Guerrero-Alied and
USDA [48] whichper sebrings negative consequences on plant growth,lojewent and productivity. In context,
Alhajhoj [1] observed an increase of sodicity oil eébSaudi Arabia by the addition of oil sludgedsits consequent
negative effects on the growth \dinca rosea The sodicity may negatively affect root penetnatas well as water
and air movement in soil. In addition, Nean displace Ca from link points on the outsidefamer of root cells
plasma membrane, so inducing not only calcium é@afiy, but also radical cells lengthened in raftiaih and non-
axial form, leading to the formation of thickenets [39].

Heavy metal concentrations in savannah soil andrseh soil/oil-based drill cuttings mixtures

Values of cadmium, nickel and lead were unchangedds) all over the various inclusion rates (2-1@¥ooil-
based drill cuttings to savannah soil only bariwunaentrations increased in all inclusion rates e} Chromium,
zinc and iron remained similar. It should be ndteat by mixing savannah soil and oil-based drittiogs there was
an increase of barium, chromium, zinc and iron wéhard to the concentrations found in soil, buany case they
exceeded the permissible limits (Table 2).

Table 2. Heavy metal concentrations in savannah 3¢BS), oil-based drill cuttings (OBDC) and SS/OBDGnixtures.

Element (mg/kg)  Limit (mg/kg) Séil  OBDC® SS/OBDC mixtures (%)

2 4 6 8 10
Ba 20.000 T 395,5 68,0 228,0 300,0 309,5 310,0
Ni T T 35t T T T T T
Cr 300 T 16,0 7,5 9,5 9,5 8,5 75
Cd 8 T T T T T T T
Pk 15C T 13,C T T T T T
Zn 300 T 108,5 16,5 20,5 18,5 23,0 23,0
Fe 23.405,0 4.415,0 38.225,0 3.560,0 3.890,0 40780.220,0 4.305,0

3Savanah soif Oil-based drill cuttings®savannah soil/oil-based drill cuttings mixturé3races.

Heavy metal concentrations in shoots

Shoot chromium concentration remained similar @sac¢o that found in savannah soil, so that theease that
occurred in mixtures (2-10%) with the additional-based drill cuttings might not be available for absorption;
likewise, cadmium, nickel and lead did not showrgdes in the concentrations (traces), maintainidgegsimilar
to those found in control soil (savannah soil) anthe mixtures withoil-based drill-cuttings. The rise of barium
and zinc concentrations (68 to 310 mg*kand 16.5 to 23.0 mg Ky respectively) in mixtures (2 to 10%) was
reflected in shoot barium and zinc concentratiovisich indicates their absorption by the plant (Esb2 and 3).
The majority of plants have small amounts of baridmo 50 mg kd) in their tissues, thus higher concentrations
could become toxic [13]. Suved al [47] found foliar soybean concentrations of baritanging from 75 to 450 mg
kg™, which resulted in reduced growth, oxidative ssrand inhibition of photosynthetic activity (phigieic effect)
by closing the stomata and disturbing carbon mditrhoZinc is an essential micronutrient when ipigsent in soil
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at trace levels, but it has been found to beconytopxic at concentrations ranging from 100 to 50§ kg® [23].
Kim and McBride [25] found a reduction in soybednrbass as a result of zinc’'s phytotoxic effectthis study,
zinc concentrations above 100 mg*kgere found at inclusion rates of 6, 8 and 10% (@,1043.0 and 142.0 mg kg
! respectively) which could lead to the observatainphytotoxic effects. Kabata-Pendias and Pens]
identified zinc concentrations from 100 to 500 nuj'&s toxic limits. The occurrence of Zn and Ba ihkbaised
drilling cuttings is attributed to the zinc carbtmand barite (BaSppresent in the drilling fluid [26].

Table 3. Heavy metal concentrations in foliage afoybeans grown in savannah soil (SS), oil-based ltiduttings (OBDC) and SS/OBDC

mixtures.

Element (mg/kc  Limit (mg/kg)  Soif OBDC SS/OBDC mixtures (%

2 4 6 8 10

0

Ba 20.000 T 395,5 45,0 134,0 142,0 1480 169,0 1850
Ni T T 35,5 T T T T T T
Cr 300 T 16,0 T T T T T T
Cd 8 T T T T T T T T
Pb 150 T 13,0 T T T T T T
Zn 300 T 108,5 T 85,0 88,0 110,0 1430 1420
Fe 23.405,0 4.415,0 38.225,0 116,0 109,0 93,0 0138,78,0 200,0

aSavanah soif Oil-based drill cuttingsSsavannah soil/oil-based drill cuttings mixturé3races.

Bio-accumulation coefficients

Bio-accumulation coefficient (BAC) has received felient names in the literature [e.g., see 29, B4lwas

calculated as the ratio of shoot metal concentna®ACsh) to soil metal concentration (BACso), ay @deight

basis. In accordance with Malé al [31], BAC = BACsh/BACso (mg KY. Sekabiraet al [46] consider the bio-
accumulation coefficient as the rate of metal cuativé efficiency. On the basis of the categorizatiwoposed by
these authors: < 0.01 non accumulator plants, 0.01ew accumulator plants, >0.1-1 moderate accataulplants
and >1-10 high accumulators or hyper- accumulalamtp, soybeans can be regarded as Fe-non accompilaint

(BAC = 0.02-0.05), Ba-moderate accumulator plarBAG= 0.5-0.6), except for the lowest level of odded drill

cuttings (2%) and Zn-hyper- accumulator plant (CBA.3-6.2) (Table 4).

The Phytoremediation is a promising method thatvadlthe cleaning of contaminated soils with toxietats by use
of hyper- accumulator plants [14,31]; in this catggthis variety of soybean could serve for decomtation of
zinc contaminated soils. Similarly, Kisit al [26] typified soybean as a Zn-moderately to hjghtcumulating
plant, with higher content in aboveground biomassitin seeds.

Table 4. Heavy metals (Fe, Ba and Fe) bio-accumtilan coefficients in soybeans aerial biomass.

SS-OBDC mixtures BAC?
(%) Fe Ba Zn
2 0,02 2C 572
4 0,02 06 43
6 0,03 05 59
8 0,0/ 0E& 672
10 005 06 62

@Savannah soil/oil-based drill cuttings mixturBBjo-accumulation coefficients.
CONCLUSION

Among the measured vegetative parameters, stemetbandid not show (statistically significant diféerces)
changes at all inclusion rate treatments throughbetsix weeks of measured growth., However, plaight
reduction was observed at weeks five and six Her& and 10% inclusion rate treatments, while dacton in leaf
number was observed at week six for both 8 andI@dasion rate treatments.

All the savannah soil/oil-based drill cuttings mirts showed an increase in the Ba, Cr and Zn ctratiems, in
comparison with the control soil (savannah soil0& inclusion rate), but the concentrations did erteed
permissible limits nor the concentrations founaiidbased drill cuttings. Cd, Ni and Pb conceritrag remained in
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traces through all the inclusion rates of oil-baskdl cuttings, increasing only for Ba; and the, @n and Fe
concentrations remained similar.

Shoot Ni, Cd and Pb concentrations did not shomgés, thus maintaining similar values (traceshtsé found in
control (savannah soil) and soil/oil-based drilttiigs mixtures (2-10%). Shoot Ba, Zn and Fe inseeatogether
with their increase in soil/oil-based drill cuttggnixtures. There was Cr presence in the mixtugsaining as
traces in all combinations.

According to bio-accumulation coefficients (BAChybean can be considered as a Fe-low accumulatot (BAC
= 0.02-0.05), Ba-moderate accumulator plant (CB&5-0.6) and Zn-hyper-accumulator plant (BAC = 8.3}.
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