ENVIRONMENTAL BIOTECHNOLOGY 13 (2) 2017; 1-13 doi:10.14799/ebms288

Plants and soil amendments for remediation of soil affected by
synthetic oil and gas production wastewater

Lucas H. Clay, John Pichtel

Ball State University, Natural Resources and Environmental Management, Muncie, Indiana, U.S.A.

Corresponding author: John Pichtel Ball State University Natural Resources and Environmental Management, Muncie, Indiana

47306-0495, U.S.A. Phone 765-285-2182; email: jpichtel@bsu.edu

Keywords: Bioconcentration factor; constructed wetlands; heavy metals; hyperaccumulator; produced water; soil remediation

Received in July 2017. Published in December 2018

ABSTRACT

Oil and gas production water (PW) is brought to the surface
when hydrocarbon reservoirs deep within geologic strata are
extracted. Large volumes of PW present environmental
challenges when released to the land surface due to high levels
of salinity and potentially toxic elements. The effects of PW on
soil chemical properties and plant response were investigated
in both growth chamber and field studies. In the growth
chamber, wheat (Triticum aestivum) and red clover (Trifolium
repens) were grown in soil which was flooded with synthetic
PW. The PW was enriched with several metals (Na, Cu, Cr, Pb)
and had an acidic pH (2.5) and EC of 33,650 dSm™. Soil
amendments included food waste compost, composted
biosolids, gypsum (CaSQO,) and NPK 10-10-10 fertilizer. Metal
concentrations in soil and plants were determined using flame
atomic absorption spectrophotometry. The food waste compost

provided for maximal uptake by clover of Cu, Cr and Pb
compared to all other amendments. In several soil treatments
both wheat and clover behaved as metal hyperaccumulators
having high bioconcentration factors (BCF, ratio of metal
concentrations of plant tissue to soil). Clover was the most
efficient in accumulating Cu and Cr in shoots (BCF = 22.2 and
30.6, respectively). Greatest metal uptake in both plant species
occurred in either the biosolids or compost treatment. In a field
study, plots were flooded with synthetic PW and grown to corn
(Zea mays) and a turf mixture (Kentucky bluegrass, Poa
pratensis and perennial ryegrass, Lolium perenne). Both corn
and turf accumulated substantial soil Cu and Pb. Corn
experienced significant die-off; however, turf survived the PW
application. Turf mixtures, clover and/or wheat may be suitable
for phytoremediation of PW-affected soil. Addition of organic
amendments to soil may enhance metal uptake by plants.

INTRODUCTION

Oil and gas production water (PW), also known dsfieid

brine, flowback water, or formation water, is geated as a

by-product of oil and gas production (Roach et aR93;
Ramirez, 2002; Veil et al., 2004). A large opergtail field
can produce several hundred thousand barrels adr vaaily

(Collins, 1975). Approximatel21 billion barrels of produced
water were generated in 2012 by on-shore and affesh

facilities (Produced Water Society, 2016), 87% dfich
originated from oil production activities (Clark @nVeil,

2009). As much as 15% to 100% of PW may be retutoed

the surface and require disposal (Wang et al., 2&ehm,
2011). Produced water has historically been digpbyedeep
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injection into underground injection control (UlG@)ass Il
wells (US EPA, 2017). Other management methodsudcl
placement in evaporation ponds, application to dfel
spreading on roads, and/or treatment and reustitiare oil
and gas operations (Wiseman, 2008; Deutch et 8012
Gilmore et al., 2014; Lee et al., 2011). The debeation of
whether PW can be used for agricultural purposes., (i
irrigation, land application, stock watering) dedsrboth on
the quality of the produced water and on the charestics of
the recipient site (Colorado, 2009). In Southertif@aia, 21
million gallons of oil field water are recycled Haifor
irrigation of 45,000 acres of fruit trees and otbesps (Cart,
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2014). Thousands of acres in the Powder River B@afx)
have been transformed to productive agriculturallasing
produced water (Aqwatec, 2015; deJoia, 2002; Ad@20s]1;
Bern et al., 2013). At some drilling sites, howevever-
application of drilling fluid waste has resulteddontaminated
soil that could not adequately support vegetatiomeéet state
regulatory requirements for well site closure (Welf al.,
2015).

Contamination of soil by PW can also occur throspifis
during drilling and fracturing processes, duringnsport by
truck or through wastewater pipelines, failure @liveasings,
equipment failures and corrosion of pipes and tdfkshtel,

Phytoremediation has become an attractive option fo
treatment of metal-affected soils, as it is a lastc solar-

driven green technology which imparts few adverse
environmental  effects  (Marchiol et al. 2013.
Phytoremediation is commonly divided into six catees.
Phytoextraction involves the uptake of metals bgnplroots
followed by translocation to shoots (Dary et al.l@p In
phytostabilization, extensive plant root systemsb seoil
contaminants, thus preventing leaching or latergtation. In
rhizosphere biodegradation, microorganisms residinghe
plant root zone enhance biological degradation
contaminants. Phytovolatilization involves plangkihg up

of

2016). Between 2009 and 2013 over 1900 spills werevater containing organic contaminants and releasihegn

documented in Colorado (NRDC, 2015). In 2013, sgit| 550
active wells were reported in Colorado. An analysis
permitted Pennsylvania wells shows a spill rat@%f (103 of
5,580 active wells) (NRDC, 2015). More than 64QIsgiom
oil and gas wells occurred in 2015 (Soraghan andgKi
2016).

The composition of PW varies widely and is a fiorcof
geologic setting and location of the producing fation,
depositional environment of the formation, deptll age of
the well, and type of hydrocarbon being produceitgRand
Nuccio, 2000; Veil et al., 2004; Benko and Drew2808).
Common naturally-occurring constituents of concerrPW
include organic compounds, total suspended soNas! et
al., 2004; Benko and Drewes, 2008; Wang et al.,4201
radionuclides, salts, and metals (Kemmer, 1988gkinet al.,
1999; Veil et al., 2004). Copper (Cu), chromium)(Gead
(Pb) and other metals have been identified in Rdkhfoil and
gas operations (US EPA, 1982). In addition, PW camtain
chemical additives that were used during oil praiduc(Veil
et al., 2004). For example, Cu may be added tokbrehuids,
which decrease fluid viscosity, and Cr occurs iosstlinked
gels to provide better transport of additives. $ave

into the air via the stomata. In phytodegradatiptants
metabolize and destroy contaminants within thegsue
(Pichtel, 2007). Hydraulic control involves the wusfetrees to
control groundwater movement.

A range of organic materials has been evetlaas
supplements for enhancing phytoremediation (Gholetral.
2012 Wang et al2013. Examples include animal manures,
humified lignite (Saengwilai et al., 2017), compastfood
waste, composted biosolids and others. Inorgamcpoands
such as gypsum (Ca$Omay stabilize Na-enriched soil,
improve aggregation, and in some cases immobiliza)
metals (lllera et al., 2004). The utilization of ganic
amendments has been found to improve the metal
accumulating potential of plants, depending on {pkpecies
and amendment properties (Zubillaga et ak012
Wiszniewska et al.2016. In metal-contaminated soils,
amendments have increased plant tolerance anédltates
of metal accumulation (Walker et #004 Chaiyarat et al.
2011). The presence of macronutrients and micronusi@mt
organic materials stimulates plant biomass produocti
Additionally, organic amendments improve soil #erg
water infiltration, and water and nutrient holdiegpacity,

components oPW, when present in high concentrations, canwhich increase crop yield (PaulidQ05.

pose threats to terrestrial plants when discharigedg:xample,
when used for irrigation or accidentally via pipelirupture.
Soils near well spills are affected by excessngtgliand
high concentrations of sodium (Na) (Sontag and Gé&bhe
2014; Alberta, 2001) and other metals. Salinity amtallic
contaminants are linked with a number of adver$ectf to

Many papers have addressed the effects oamadl gas
production wastewaters on the quality of groundwaed
surface water; however, significantly less inforimat is
available on the effects of PWs to soil produciivit
Furthermore, reclamation of PW-affected soils heseived
minimal attention in the scientific literatur€he present study

plantsincluding decreased chlorophyll content and stamat investigates the influence of soil amendmentem(posted

conductance, decreased enzyme activity, chloresiced
shoot and root length, inhibition of germinationdareduced

biosolids, composted food waste, calcium sulfateRKN
fertilizer) and of two plantswheat {riticum aestivum) and

flowering and seed productioffSharma and Sharma, 1993; red clover Trifolium repens), on soil chemical properties after

Panda and Patra, 2000; Hussain et al., 2013). €hecd of
toxicity depends on the properties of the contamtirzand its
concentration (Duruibe et &007).

To sustainably remediate metallic contamoratdf soil,
effective and low-cost technologies are

MATERIALS AND METHODS

Properties of synthetic PW

Synthetic PW was prepared using reagent grade chkmi
(Sigma) mixed with deionized (DI) water. Salts unbéd
AICl3, AlF;, AI(NOs3);, CuSQ, MgCQO; Mg(NOGy),, K-
acetate, KCI, Na-acetate, Mz0D;, and NaCl. Hydrocarbons

contamination from PW in growth chamber experiments
Additionally, the potential for bioaccumulation sbil metals
is assessed. In a field study, metal uptake by ¢tea mays
L.) and mixed turf species from PW was investigate

required.

included diesel fuel, ethanol, ethylene glycol, cglol,
hexane, 2-propanol, and toluene. Solution pH wgassstl
dropwise using NaOH or 4RO, (Alalade et al. (2017);
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Maguire-Boyle and Barron (2014); Marcellus (2016); concentrations of Na, Cu, Cr and Pb as describedealPlant

FracFocus (2015). tissue was harvested by cutting at the soil surfzsiag a
The pH of the PW was determinesing a glass electrode stainless steel Exacto™ knife.

pH meter (Accumet® model AP115, Thermo Fisher

Scientific, Waltham MA USA) and lectrical conductivity Plant tissue analysis

with an EC meter (Hanna instruments model HI 993310Plant tissue was oven-dried at 80°C for 24 h andwdight

Woonsocket, RI, USA). Total Na, Cu, Cr and Pbwas recorded. Dried tissue was cut into small siesih

concentrations were determined via flame atomiogii®on  stainless steel scissors. One-half gram (d.w.) laftptissue

spectrophotometry (FAAS) (Perkin Elmer AAnalyst 200 was transferred to an acid digestion vessel. Cdrated

Shelton, CT, USA), and K via flame atomic emission(70% Baker analyzedpHNO; was added and the mixture

spectrophotometry. digested using a MARS microwave digestion appardtatal
metal (Na, Cu, Cr, Pb) concentrations of the digyesere
Characterization of soil determined using FAAS.

Soil pH was analyzed using a glass electrode pHemet Several parameters were calculated to determinil me
(Accumet® AP115) on a 1:10 mixture of soil:DL® and uptake and translocation by both plant specidhe
eectrical conductivity was measured using an EC emet bioconcentration factor (BCF) is defined as théoraf metal
(Hanna instruments HI 993310). Total organic carlweas  concentration in the shoot to the extractable metal
determined via the Walkley-Blacknethod (Walkley and concentration in rhizosphere soil (Rezvani and Zaaf,
Black, 1934), and total N by the Kjeldahl methoda@, 2011):

1965). Soil P was determined by the Bray-ll mettiBecay

and Kurtz, 1945) and extractable K via flame atoemgssion = BCFgpo0t= Cshoof Csoil

spectrophotometry (Perkin Elmer AAnalyst 2000) mafte where Cy,00tiS metal concentration in shoot, a@g,; is the
NH4OACc extraction (Sparks, 1996). Extractable metaglNld,  metal concentration in soil.

Cu, Cr, Pb) concentrations were analyzed after DTPA

extraction; samples were extracted with 0.05 Mhjiene  Metal uptake indicates metal concentration in plginbots
triamine pentaacetic acid (DTPA) for 2 h on an keiig (Meeinkuirt et al2016):

shaker (120 osc./min). The suspensions were filténeough

Whatman no. 2 filter paper and analyzed using FASEIl M uptake = My,qoX plant dry biomass

particle size distribution was determined by th@royneter where M is the concentration in shoots.

method (Allen et al., 1974).

Field study
Growth Chamber Study Plots measuring 2 x 3 m were prepared on Glynwadildirs
Treatments Indiana, USA. Plots received N, P and K at 140, 206 120

In the growth chamber, plastic pots containing 1skij were kg ha', respectively. Plant treatments consisted of ¢@ea
packed with Glynwood silt loam (fine, illitic mesidquic  mays L.); mixed turf species (Kentucky bluegrasBpa
Hapludalf). Soil was obtained from the surface 29 from  pratensis; and perennial ryegraskplium perenne); and no
agricultural fields in central Indiana, air-drieor f7 days, and vegetation. Plants were watered by rainfall onkanB were

sieved to pass a 2-mm mesh sieve. allowed to grow for a total of 8 weeks prior to Apation of
Soil was saturated with PW and allowed to incukste PW.
ambient temperatures for 7 days. The soil was suiesdly The synthetic PW was applied to the plots at #te of 12

amended with either composted municipal wastewatet m? as a topdress. Control plots were grown to theesam
biosolids (1:20 w/w ratio), composted food wasteréafter plant species on non-contaminated soil.

termed ‘compost’) (1:20 ratio), calcium sulfate G&g?), or Plots were sampled four weeks after PW apiidina Soil
10-10-10 NPK fertilizer (15 g kY. The biosolids were material was collected from each plot from an up{fe20
obtained from the Southwesterly Compost Facility,cm) and a lower horizon (20-40 cm) using a stamis®el
Columbus, OH. Composted food waste was preparedy @i sampling tool. In the laboratory, soil material feach
mixture of fruit and vegetable scrap which was costed for  treatment was homogenized, air-dried, and sievqzh$s a 2-
60 d. Turning was provided twice per week. Amendisien mm mesh sieve.

were mixed with soil using a stainless steel rode T Entire plants were removed from the soil and sepdr
experimental design was a randomized complete blatk  into shoots and roots using an Exacto™ knife. I th
four replications. laboratory, roots were washed with tap water to aen

The soil was cultivated with wheaTr({ticum aestivum) attached soil particles and then rinsed with Dlewat
and red clover Trifolium repens). Wheat was sown at 10
seeds per pot. Clover was sown into pots at aofaé®prox.  Soil analysis
14 kg hé. Pots were kept in a growth chamber with a 16/8 hsoil chemical properties (pHextractable K, Na, Cu, Cr and
light/dark cycle, a day/night temperature of 22Q7and a Pb concentrations) were analyzed as describedhégtowth
relative humidity of 70% (Joner and Leyval, 200R)ants  chamber study.
were watered with tap water to 75% of field capadir a
total of 90 days. Plant tissue analysis
After 90 days incubation, soil material was cdiéecfrom  plant tissue was oven-dried at 80°C for 24 h arydveight

each pot and analyzed for pH and electrical cordtict  was recorded. Dried plant tissue was microwavestigeand
Samples were extracted with 0.5 M DTPA and analyiped
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tested for Na, Cu, Cr and Pb concentrations asridescfor
the growth chamber study.

Quality Control

To assess analytical precision, soil standard eafer material

follows: 0.3, 1.5, 3, 15 and 3 uglfor Na, Cu, Cr, Pb and K,
respectively.

Statistical analysis
One-way analysis of variance (ANOVA) was perfornfed

(NIST SRM® 2710a Montana soil) was used to deteemin comparing data among plant and soil treatments gusin

accuracy and precision of the sample data. Pereeovery
for the soil samples was in the range of 95.4-1a7 Blame
atomic absorption spectrophotometer detection $imiere as

RESULTS AND DISCUSSION

Properties of PW

The synthetic PW had a pH of 2.5 and an EC of 3B}65/cm
(Table 1). The pH of concentrated brines usualliess than
7.0. Igunnu and Chen (2012) measured a pH of 43arEC
of 4,200 pS/cm in oil field produced water. Prodlieeater
discharges from oil platforms in the North Searamorted to

SigmaStat™; least significant difference (LSD) weed for
post-hoc comparisons p0.05).

have pH levels of 6-7.7, while those from gas platfs are
more acidic (approx. 3.5-5.5) (Jacobs et al., 1982)s0me
brines with little buffering capacity, pH was aswvl@as 2.9
(Produced Water Society, 2016). In contrast, howdys
DOE (2006) noted a pH of 8.1 in PW.

Table 1. Selected chemical and physical propertieg synthetic produced water. fi = 3)

Parameter Value
pH 2.540.01
EC, dS m* 33,650-4900
Specific gravity 1.8140.44
Metals, mg I
K 1343.549.8
Na 2011.565.9
Cu 921.743.7
Cr 444.025.0
Pb 127.346.8

Concentrations of Na, Cu, Cr and Pb were 2011, 924

42.2 and 35.9%, respectively. Metal concentrationdoth

and 127 mg 1 respectively (Table 1). US DOE (2006) materials were low, with the exception of Cu in tiesolids
measured 486 mgINa in PW, and Igunnu and Chen (2012) (236 mg kg'). Sodium concentrations measured 310 and 255

measured Na concentrations ranging from 132-97r6§0™.

mg kg'in the biosolids and compost, respectively.

The US Geological Survey Produced Waters Database

(LlJSGS, 2016) recorded Cu and Pb concentrations @p tng
R

(2012) found Cu concentrations to range from < G®2.5
mg ' and Pb from 0.002 to 8.8 mg.ISuch variations in pH
and concentrations of other PW consitutents areeated,
given the wide range of formulations for preparmgiraulic
fracturing fluids as well as the varying geocheryisof
subsurface water (Agwatec, 2015).

Growth chamber study

Soil and Amendment Properties
The pH of the Glynwood soil was 6.4 (Table 2), t@aand N
contents were 3.9 and 0.36%, respectively. Levels

Soil properties after treatment

and 8187 mg?, respectively. In contrast, Igunnu and Chenlin the Glynwood soil grown with wheat, pH rangedrir 5.6

in the CaSQtreatment to 6.2 in the control (Table 3). In the
clover-treated soils, pH values ranged from 5.5 KNP
treatment) to 5.9 (biosolids). The PW in this studgs
extremely acidic (pH 2.2); however, Glynwood seiformed
upon dolomitic limestone deposits (USDA-NRCS, 2017)
which imparts substantial acid buffering capadiy. soil pH
values were significantly differenp ¢ 0.05) as a function of
plant or soil treatment.

Soil EC values were lowest in the non-amended (3c8
and 9.6 dS/m, respectively), and highest in the NR®O
dS/m and 35.9 dS/cm, respectively). The NPK fediliwas

ghrovided as a soluble salt, which accounts forfigh EC

extractable Cu, Cr and Pb (5.0, 4.9 and 3.7 mg, kg Values.

respectively) were consistent with those for nontaminated
soil. Soil texture was silt loam. The pH of the dnbds and
compost were 6.8 and 7.9, respectively, and TO€Eldewere
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Soil Na concentrations averaged 1611 and 1621 mig Kge  Na values were significantly differenp € 0.05) for any soil
wheat and clover treatments, respectively (TableN®) soil ~ treatment.

Table 2. Selected chemical and physical properties the Glynwood soil, and biosolids and food compbamendments.

Parameter Glynwood Biosolids Compost
pH 6.4 6.8 7.9
EC, uS/cm* 1,100 4,500 3,350
TOC", % 3.9 42.2 35.9
Total N, % 0.36 11 1.8
Bray-1 P, mg kg* 13.0 4.2 2.7
Extractable (mg kg?)

K 86.9 3480 1,500

Na 110.1 310 255

Cu 5.0 236 69.4

Cr 4.9 21 10.2

Pb 3.7 210 56.16
Texture, %

Sand 28.0 - -

Silt 51.0 - -

Clay 21.0 - -

"TOC= Total Organic Carbon

Table 3. Selected chemical properties of soil aft&0 d, growth chamber study. i§ = 4)

Crop Treit?rl:ent pH EC Na Extractable
Cu Cr Pb
ds mt mg kg'
Wheat
Compost 5.788.09" 13.1 1636.443.6 95.9+36.2 75.2049.9 95.9436.7
Biosolids 5.636.08 125 1622.965.7 84.8+60.8 53.4122.6 84.8460.8
CasQ 5.5840.07 224 1566.433.7 39.3+23.1 55.4419.3 39.3123.F
NPK 5.710.10 29.0 1613.350.F  59.1+55.0 72.0923.G 59.1455.0°
None 6.216.09 7.3 1615.823.7 25.8+4.4 65.99.0° 25.84.4
Clover
Compost 5.778.08 7.9 1593.244.7 22.6+8.1 61.241.4 22.648.1°
Biosolids 5.930.17 11.1 1632.064.4 21.1+14.8 62.2411.8 21.144.3
CasQ 5.6940.09 214 1646.2%6.6 42.1+31.9 63.0128.C0° 42.1_-*31.9J
NPK 5.54-0.08 35.9 1615.637.7  58.0+26.0 55.6419.7 58.0426.0°
None 5.889.10 9.6 1618.8%56.C0 20.1+6.9 50.3#28.7 20.146.2

*Means followed by the same number are not sigmiflgalifferent ata = 0.05.

Among all plant and soil treatments, extractable Cuwof wheat, a grain crop, versus clover, a legumean@bs in
concentration was greatest in the compost and lisso bioavailability of soil metals often results fromot-induced
treatments cultivated with wheat (95.9 and 84.8 kg, changes to soil properties (Tao et al., 2004),uiiclg metal
respectively) (Table 3). The biosolids and composthinding by root exudates, detoxification of metaby

amendments contained 236 and 69 mg K, respectively phytochelatins, root-induced microbial activitiesnd root
(Table 2). In contrast, however, low extractable d@gurred depletion as a consequence of plant uptake (Et886; Koo
in the compost and biosolids treatments cultivatedlover et al., 2010).

(22.6 and 21.1 mg Ky respectively). The differences in Certain microbial processes enhance metal baiyy

extractable Cu are attributed to differences irt operties  thereby increasing bioavailability, whereas otheocpsses
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result in immobilization, with subsequent decrease
bioavailability. Solubilization of metals can occuby
autotrophic and heterotrophic mobilization mostly the
release of inorganic and organic acids, sideroghanel other
complexing agents, thereby accelerating redox, ytettbn,
demethylation and biodegradation (Krebs et al.,7199n the
other hand, microbially-induced metal immobilizatican
occur by biosorption, precipitation, reduction, @twilation,
intracellular deposition, localization and sequetsin (Gadd

(2007) found, however, that reed canarygraBbal@ris
arundinacea) accumulated 20,376g kg* Na.

Clover germination was unsuccessful in the KNP
treatment. This may be due to the high EC in theatment
(35.9 dS/m; Table 3). Soil salinity imposes ion itity,
nutrient (N, Ca, K, P, Fe, Zn) deficiencies, nidrigl
imbalances, osmotic stress and oxidative stressplants
(Shrivastava and Kumar, 2015; Ashraf, 2004). Exsadisity
may cause adverse effects on plant growth and oleweint at

et al, 2010). Soil Cu concentrations in the amdndephysiological and biochemical levels (Ashraf, 2Q04nd at
treatments were significantly < 0.05) greater than those of the molecular level (Bano and Fatima, 2009). Sglihinders

non-amended treatments.

Soil Cr concentrations averaged 64 mg kgr the wheat
treatment and 58 mg Kgfor the clover treatment (Table 3).
Typical Cr values in natural soils range from 281 mg kg
(McBride, 1994). Soil Pb concentrations averagednglkg*
for the wheat treatment and 32.8 mgképr the clover
treatment (Table 3). High soil Pb concentrationsy nhe
inhibitory to the growth of plants; an upper linfior Pb
concentration of non-contaminated soil is suggeatetd mg
kg? (Pichtel, 2007).

Metal uptake by plants

Tissue Na content ranged from 10,850 (NPK) to 165,64
kg? in the wheat treatment, and from 10,683 to 15 @fjlkg
Lin the clover (Table 4Sodium is required by plants in only
minute quantities and can impart toxic effects wiaérhigh
levels (typically > 200 mg/kg) (Legg, 2017). Vymaz al.

seed germination; seedling growth; enzyme actividNA,
RNA and protein synthesis; and mitosis (Munns, 2002
Munns and James, 2003).

Copper content of wheat ranged from 24.0 (NPK)86.6
mg kg* (CaSQ) (p > 0.05) (Table 4), and the Cu content of
clover ranged from 24.8 (control) to 358 kg* (compost).
Copper uptake by clover was markedly higher contbari¢h
wheat — mean Cu content of the clover treatment 1856
mg kg', compared with a mean value of 81.1 mg' kg
wheat (Table 4). These data correspond with theldaweil Cu
concentrations in the clover treatment (mean 32¢8 k')
versus that for wheat (mean 51.0 mg‘k¢Table 3).Metal
concentrations in plants vary markedly by speditsaig and
Cunningham, 1996). Soil pH influences metal uptale,
acid conditions will favor metal solubilization. iBpH in the
clover and wheat treatments were both slightlyiadi.7 and
5.8, respectively).

Table 4. Metal contents of plants grown on Glynwad soil after 90 d, growth chamber study.rf = 4)

Crop Trei?rlrient Na Cu Cr Pb
mg kg'
Wheat
Compost 14924.04485.6 45.6+29.5 1289.6418.G 679.2+962.2
Biosolids 15946.42365.1 92.8+37.6 928.0851.G 836.8+667.3
CasQ 14384.88516.8 189.6+131.2 1308.8874.5 197.6+283.2
NPK 10850.4633.6 24.0+3.6 816.8844.6 760.0+1043.9
None 12493.63555.4 53.6+52.8 1106.4406.8 144.0+209.%
Clover
Compost 15411.2¥66.7 358.4+332.5 1297.6831.6 1372.8+10385
Biosolids 10674.43869.F 100.8+77.8 1147.2978.7 260.0+537.8
CasQ 14356.82540.5 266.4+180.3 1252.0239.8 1079.24877.2
NPK * * * *
None 10683.25996.F 24.8+26.8 1044.8254.9 451.2+385.9

*No plants survived in this treatment. Means folldviby the same number are not significantly diffemta = 0.05.

Nan et al. (2002) found that wheat was capable@iving on
soil containing up to 364 mg RKgCu. Rorison (1980)
suggested the involvement of a Cu complexing meshan
during Cu detoxification in certain grassel copper-
contaminated soil in P.R. China, leaf Cu conceiutnain

mg/kg, andElsholtzia haichowensis contained from 18 to 391
mg/kg Cu(Tang et al., 1999).

Chromium uptake by wheat was substantial; values
ranged from 816.8 (NPK) to 1308g kg* (CaSQ) with a
mean value of 1090 mg KgTable 4). In the presence of the

Rumex acetosa, a perennial grass, ranged from 340 to 110Zompost, CaS§ and control treatments, this species behaved
mg/kg; Commelina communis contained from 19 to 587 as a hyperaccumulatoThe threshold criterion for metal
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hyperaccumulators established by Baker (1981) isssue

clover had hyperaccumulator characteristics: Cr taun
ranged from 1044.8 (control) to 1298 mg*k@ompost) with

an overall mean of 1185.4 mg kgrhere were no significant
differences in soil Cr concentrations among thetptand soil

treatmentsg{ > 0.05).

In a study of metal uptake by grasses (Pichtel @atd,
1998), Agrostis capillaris took up 995 mg/kg (dw) and
ryegrass l(olium perenne) tissue accumulated 359 mg/kg Cr.
Gough and Severson (1976) measured 500 mg/kg Cr
sagebrush from the vicinity of a P fertilizer fagto
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metal concentration > 1,000 mg‘lk'gm shoots. Likewise,
The compost treatment clearly enhanced Pb uptgke b
clover (1372.8 mg Kg; in contrast, Pb content of clover in
the biosolids treatment was markedly lower, i.6Q 2ng kg'.
The difference in uptake is likely due to the faloat the
compost was relatively young and contained suhisfant
dissolved organic carbon (DOC) compounds. The higso
however, had been aged for over one year; as dt,rédse
organic fraction is likely to be complex and relaty
immobile in soil. Organic amendments may mobilizetas if
they contain high DOC contents which form soluble

Leptospermum scoparium leaves were found to contain 2470 complexes with metals in the soil solution (Khoklzotand

mg/kg Cr (ash dw) grown on a serpentine soil (Lgbral.,

Waara, 2010; Venegas et al., 2016). In a study bybidn et

1971), andSutera fodina leaves contained 48,000 mg/kg Cr al. (2012), amendments with high dissolved orgarddon

(ash dw) (Wild, 1974). These data demonstrate shaéeral
varied plant species are capable of toleratingi€r-soil and
accumulating Cr without toxic effects.

The Cr content in plants is controlled mainly Hyet
soluble Cr content of the soil (Kabata-Pendias,120Which
is presumably a function of soil Cr speciation. TB&VI)
form is highly soluble and plant-available compatedr(l1l)
(Shahid et al., 2017). Chromium redox speciatiors \wat
conducted in this study, however.

Lead content of wheat ranged from 144.0 (conttol)

(DOC) content provoked an initial increase in Packeng;
later, changes in Pb leaching corresponded witleddire in
DOC content.

There were no significant differences in soil
concentrations among the plant and soil treatm(@ms0.05).

Based on the above data a number of green plaays m
possess the potential for phytoextraction of heaeyals from
PW-contaminated soil.

Pb

Bioconcentration factor and metal uptake

836.8mg kg' (biosolids) with an overall mean value of 523.5 T,¢ " pioconcentration factor (BCF) reflects the pesgive

mg kg* (Table 4). Lead content of clover ranged from 260

(biosolids) to 1372mg kg* (compost) with a mean value of
790.8 mg kg

Tissue concentrations of Pb exceeded levelsidered
phytotoxic (> 5 mg kg) by Markert (1992). However, Nan et

al. (2002) found that wheat was able to grow onl soi

containing as much as 700 mgk@b. In a study by Pichtel et
al. (2000), Pb content in plants growing at a comated site
were as high as 1467 mgkgPichtel and Salt (1998) found
that P. pratense, A. capillaris and L. perenne accumulated
141, 122 and 120 mg/kg, respectively, of Pb. Canaond
Bowles (1962) reported that certain grasses suilviwith
tissue Pb concentrations as high as 3000 mg/kgGa¥una
wulgaris L. Hull (common heather) anl. vinealis Schreber
contained 327 and 2932 mg/kg dw, respectively, inos
tissue.

Table 5. Bioconcentration factors for Cu, Cr and Pb

accumulation of metal from soil into a specific migoart
(Branquinho et al., 2007). The process of phyt@etion
generally requires the translocation of heavy rsetaleasily
harvestable plant parts, i.e. shoots. By obserthedBCF, we
can compare the ability of different plants in takiup metals
from soil and translocating them to shoots. Tolenalants
tend to restrict soil-to-root transfers and therefaccumulate
little in biomass, while accumulators actively talyp and
translocate metals into above-ground biomass. #®lant
exhibiting BCF values less than one are unsuitdble
phytoextraction (Fitz and Wenzel, 2002).

Wheat shoots had BCF values for Cu rangingnfrb0
(biosolids and CaSgto 2.9 (compost); for Cr ranging from
13.1 (NPK) to 24.2 (CaSf and for Pb from 0.25 (control) to
1.6 (NPK) (Table 5).

in wheat and clover shoots, growth chamber study.

Na Cu Cr Pb
Wheat
Compost 9.1 2.8 18.5 1.32
Biosolids 10.7 1.0 21.2 1.35
CaSQ 9.0 1.0 24.2 0.40
NPK 1.2 5.9 13.1 1.64
Control 7.7 1.2 17.1 0.25
Clover
Compost 9.7 22.2 21.0 2.7
Biosolids 7.6 9.6 19.2 1.1
CaS04 8.2 9.4 245 2.4
NPK - - - -
Control 6.6 15 30.6 1.3
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Greatest metal uptake and accumulation in botmtpla 62.4 pg (compost); Cr from 37.2 (control) to 816.§

species was either in the biosolids or composttrireat
(Table 6). Wheat shoots had uptake values for Maing

(biosolids); and Pb from 4.3 (control) to 518.7 (@gmpost).
The ability of wheat shoots to take up soil Pb was

from 1905 (NPK) to 34,095 pg (compost); Cu from 5.1considerable (Table 6) — Pb concentrations in tmepost and
(CasQ) to 169.8 pg (compost); Cr from 214.8 (control) to biosolids treatments were 1174 and 1051 ug, respéct

2313.7 pg (biosolids); and Pb from 30.2 (NPK) td4ug
(compost).

Clover shoots had uptake values for Na ranginmfdd.3
(control) to 11,767 pg (compost); Cu from 1.7 (cohtto

This contrasts with Pb removal in the non-amendeatment,
i.e., 32 ug.

The above data demonstrate the capability of wéwedtor
clover, in combination with organic amendments,dossible
phytotreatment of metal-enriched PW.

Table 6. Removal of Cu, Cr and Pb in wheat and cl@r shoots, growth chamber study.f = 4)

Plant Soil Na Cu Cr Pb
Treatment
Hg -

Wheat
Biosolids 26342.132044.0 83.0¥2.3 2313.73135.5 1051.4%489.3
Compost 34095.643367.4 169.8%6.7 1969.7947.2 1174.9%335.4
NPK 1905.54352.4 26.624.7 165.7435.6 30.241.5
CasQ 2993.72317.8 5.1#7 1401.5%134.7 356.6943.7
None 2694.02564.5 11.4%¥3.8 214.8165.3 32.252.0

Clover
Biosolids 9457.58130.0 34.282.1 816.8¥04.5 129.7282.5
Compost 11767.7A740.6 62.446.7 744.9631.7 518.17.9
NPK 1111.2801.7 18.319.4 105.488.0 14.222.9
CasQ 1219.7920.9 1.92.9 584.9493.4 194.2301.2
None 413401.2 1.74.5 37.2%.6 4.36.3

Field Study

Soil properties
The pH of the PW-contaminated soil ranged from (@per

horizon, corn) to 6.8 (lower horizon, turf) (Tablg The pH of
the non-contaminated soil ranged from 6.4-7.3. Phé was
highly acidic (pH 2.2; Table 1), which contributed pH
decline in the upper horizon of the PW-contaminateit
Metal concentrations in the PW-treated soil
substantially higher than those in the non-contateid soil

experiment contained 3.9% TOC (Table 2), which mres a
moderate sorption capacity for metals. Copper fostneng
bonds with organic matter (Zhou and Wong, 2001)micu
acids and other organic molecules interact readiyy Cu
(Klucakova, 2012).

were

Plant Response and Metal Accumulation

(Table 7) p < 0.05). Highest soil Na occurred in the corn Corn plants experienced a 75% die-off within 7-a9slof PW

treatment upper and lower horizons (1688 and 158@ &g,
respectively). Lowest soil Na concentrations (10@ 408.2
mg kg?) were in the upper and lower horizons, respegtjvef
the non-vegetated plots. The synthetic PW was higbbic
(Na concentration = 2011.5 m§ [Table 1).

Sodium from PW application was clearly mobile hret
profile (Table 7) — in the corn treatment, Na corcaions in
the upper and lower horizons were 1688 and 1580kgy
respectively. The same effect was noted in the tredtment,
where Na concentrations in the upper and lowerzbos were
1521 and 1392 mg Ky respectively. Sodium is readily
leached from the profile (FAO, 2017).

In the PW-treated plots grown to corn, soil Cu @nications
showed a distinct distribution by depth (Table e upper
horizon contained 323 mg Rgwhile the lower horizon
contained 83.4 mg Ky(p < 0.05). The Glynwood soil in this

application. The effect is likely due to the highlisity and Na
concentration of the introduced PW. Toxicity sympo
included interveinal chlorosis; burning on leaf fases and
margins was also evident. Leaf burn became morersentil
defoliation and plant death occurred. These are noom
symptoms of Na toxicity (Stone and Downer, 2013di8m is
required by plants in only minute quantities and dapart
toxic effects when at high levels (typically > 2@8g/kg)
(Legg, 2017). Sodium concentration in the cornugssvas
2220 mg kg (Table 8). Excessive accumulation of Na in cell
walls can lead to osmotic stress and cell deattbyiTand
Demir, 2010). Chromium concentrations were low @& rig
kgl) for all treatments. Likewise, soil Pb

concentrations were not excessive.
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Table 7. Metal concentrations of field soil, uppeand lower horizons. ( = 4)

Plant Horizon PW  pH EC Na K Cu Cr Pb
treatment
ds mt mg kg*

Corn
Upper Y  451+0.28 17.946.2 1688.3¥8.F  111.881.5 323.2401.9 6.9+10.6  75.84108.0
Lower Y  6.34+0.65  6.640.1 1580.8450.8 54.2#¥2.9  83.4469.T 7.745.4  133.6476.0
Upper N  6.68+0.0° 14.7+0.1 69.¢+27.8 51.6+8.7° 2.8+0.€° 13.6+15.C  BDL"®
Lower N 6.1+0.22 9.7#4.1 39.746.4 20.24.8*¢ 2.640.3 2.643.7 BDL®

Turf
Upper Y  6.62+0.20 1.540.6 1521.8417.7 30.35.7° 301.0402.F 139940 254.4198.8
Lower Y  6.82+0.3%  0.940.2 1392.2¥5.7  8.0#0.4 3.14.0 754126  276.5928.7
Upper N  7.27+0.01 2.340.1 154.444.1 53.8433.5  1.840.8 8.9#12.6  BDL®
Lower N 6.84+0.01  2.140.1 180.6+14% 26.0+12.9 1.8+0.8 4.9+6.3 BDL®

None
Upper N  6.4+0.01 6.747.6 102.0+91% 51.8+8.2 2.8+0.8 13.8+15.0 BDL®
Lower N 6.5+0.50 2.240.8 108.2412.9  20.2#4.8* 2.6+0.08 2.643.7 BDL®

Means followed by the same number are not sigmifigaifferent ato. = 0.05.

Excess Nhis frequently assumed to be largely responsiblavas only temporary. Sodium and chloride may bectliye
for reductions in growth and yield under salineditions (Chi  toxic and cause characteristic leaf burn in susitiepspecies
Lin and Huei Kao, 2001; Tsat al., 2004; Honget al., 2009).  (Bernstein, 1965; Bernstein and Hayward, 1958). il8nd
Soil Na concentration in the upper horizon of thernc concentration in turf tissue was 3125 mg'k¢Table 8).
treatment was 1688.3 mgkgTable 7). In a greenhouse study Vymazal et al. (2007) found that reed canarygr&mléris
Miller et al. (1980) evaluated the effects of PWngmnents on  arundinacea) accumulated 20,376 kg* Na.
plant growth and found that NaOH and other compeund Lead content of the turf tissue was substbrtiz985 mg
reduced yields of sweet cor@e mays L. var. succharata) kg’ was measured (Table 8). In a study by Pichtellet a
and/or green bean®faseolus wulgaris L.). Six drilling fluids ~ (2000), Pb content in plants at a contaminatedvgite as high
reduced yields of green beans and sweet corn wiiéedato as 1467 mg kg Cannon and Bowles (1962) reported that
soil (Miller and Pesaran, 1980); high levels ofubid¢ salts or  certain grasses survived with tissue Pb conceatrsitas high
high percentage exchangeable® Neere considered to be the as 3000 mg/kg dw. Pichtel and Salt (1998) measi#ddmg
main causes of reduced growth. Adams (2011) repageere kg Pb in Timothy grassPhleum pratense). In a greenhouse
acute and chronic toxicity of mixed hardwood treed ground study ryegrass LOlium perenne L.) was grown in soil
vegetation Yaccinium L., Smilax rotundifolia L., andKalmia  containing synthetic hydraulic fracturing fluidsdldon et al.,
latifolia L.) that resulted in 56% vegetation mortality afteo 1983). The fluids increased soil EC and concemtnatiof total
years of land application of hydraulic fracturidgid. Soil N& and extractable Cu, Pb, and other metals. Ryegielss may
and CT concentrations increased by approximately 50-fsld ~ have been reduced by high soil Zn and EC levels.
result of land application of the fluids.

Lead accumulation by corn may also have inggatbxic  Soil remediation
effects to both plant treatments. Lead contentoim @nd turf ~ Remediation practices on PW-contaminated soil ofégr to
tissue was 1201 and 1985 mg'kgespectively (Table 8). Lead be straightforward (Pichtel, 2016).  In-situ renaidin
is known to induce a broad range of toxic effeotsriganisms, involves: (1) removal of salts via leaching withigation or
including those that are morphological, physiolagicand natural precipitation; (2) replacement of exchaitgaNa
biochemical in origin. Lead impairs plant growthoot with C&"; and (3) removal or immobilization of metals.
elongation, seed germination, seedling developmentSimple soil dilution may relieve salinity and satigroblems
transpiration, chlorophyll production, lamellar anization in  following release of PWSs. In a study by Wolf et 015),
the chloroplast, and cell divisioP¢urrutet al., 2011). where PWs occurred primarily at the soil surfacéimg of
Huang and Cunningham (1996) measured Pb uptakerin ¢ the less-contaminated deeper soil with surfacerssillted in
shoots as high as 375 mgghen grown in nutrient solution. dilution of contaminants. Addition of inexpensiveendments
Bricker et al. (2001) measured 2435 mg-ip in corn shoots is often successful in treating soil salinity anddisity
grown on contaminated soil. problems. Both inorganic amendments (e.g., GaSO

The turf mixture survived the shock loading of PW.(Anderson, 2015) and organic materials (de Jong@9)18ave
Approximately 50% of plants in the PW-treated plotsproven successful.
experienced minor leaf burn and chlorosis; howethés, effect
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Table 8. Metal concentrations in corn and turf tisue, field study.

Plant PW Na K Cu Cr Pb
mg kg*
Corn Y 2220+1018.6 9765.34272.6 129441745.F 104.0480.F 1201.3766.7
N 788.0481.¢ 5080.04216.2 37.2435.P 68.0484.9 28.045.7°
Turf Y 3125.34370.7  21155.343714.9 197.345.0 156.7245.8 1985.39216.0
N 444.0441.3 7712.08248.¢ 18.0#4.0° 43.0431.6 90.0468.2

Means followed by the same number are not sigmifigalifferent ato. = 0.05.

Phytoremediation is a cost-effective, low-techgglo

process defined as the engineered use of greentsplarWWang et al2013. In metal-contaminated soils, amendments

including vegetable crops, grasses and even anmegdls to
extract, accumulate and/or detoxify
contaminants (Prasad, 2004; Alkorta et al., 200drbGu et
al., 2002). Phytoextraction involves the use ofuawglating
plants to transport metals from soil to concenttagm into
roots and above-ground shoots. In certain casesmamants
can be concentrated thousands of times higher enptant
than in the soil (Pichtel, 2016). Following harvesdt the
extracting crop, the metal-rich plant biomass cahed to
reduce its volume, and the residue processed dsrento
recover the contaminant metals.

Phytoremediation is useful for soils contartédawith
metals to shallow depths. This technology can weel in
low-permeability soils, where many technologies énaviow
success rate. It can also be used
conventional cleanup technologies (e.g., ‘pump t@edt’ of
groundwater). Phytoremediation can be an alteraeaty
harsher remediation technologies such as soil ifigsh
(Pichtel, 2007).

In the clover treatment, the food waste cormposvided
for maximal uptake of Cu, Cr and Pb compared tootier

treatmentsin the field study, both corn and turf accumulate

substantial quantities of soil Cu and Pb. Consigrits
resilience to toxic soil conditions, mixed turf mag effective
for phytoremediation of PW-affected soilhe utilization of

organic amendments has been found to improve thalme

accumulating potential of plants, depending on igseand
amendment properties (Zubillaga et 2012 Wiszniewska et
al. 2016. Several organic materials have been evaluated

REFERENCES

Agwatec. 2015. Produced Water Beneficial Use Casedis.
Produced Water Treatment and Beneficial Use Inftioma
Center. http://aqwatec.mines.edu/produced watexdabs/case/.
(Accessed 3/14/17.)

Adams, M.B. 2011. Land application of hydrofraahgi fluids
damages a deciduous forest stand in West Virgidoarnal of
Environmental Quality 40(4): 1340-1344.

Alalade, O., J. Ferguson, J. Pichtel. 2017. Treatnoé¢ oil and gas
production wastewater usingypha latifolia in a pilot-scale
constructed wetland. Environmental Biotechnolog(1}): 1-10.

in combinatiotih wi

supplements for phytoremediation (Gholami et 2012

have increased plant tolerance, altered rates ofalme

environmentalaccumulation (Walker et a2004 Chaiyarat et al2011), and

stimulated biomass production.

CONCLUSIONS

In growth chamber and field studies, several pispecies
were capable of tolerating the application of sefithoil and
gas production water. Furthermore, several
accumulated substantial quantities of metals frowv- P
affected soil. In the growth chambelpwer was the most
efficient in accumulating Cu and Cr in shod®ant uptake of
metals was enhanced by application of organic waste
particularly biosolids and food waste compost,dih s

The turf mixture (Kentucky bluegrass and perennial
ryegrass)is considered a practical candidate for remediation

of PW-affected soil due to robust biomass productiwer a
short period, good adaptation to a wide range @ftgpes,
and tolerance to stressed environments. By virtu¢hese

dqualities, this species mix is recommended for diat®n of

PW-contaminated soilThe results of this study demonstrate
that specific crop and amendment
significantly affect the efficiency of reclamatiatrategies of
soils contaminated by oil and gas production wafere
reported study may be of practical value to oil agab
production industries which generate large quastitiof

_contaminated drilling wastewater.
as

Alberta Environment. 2001. Salt Contamination Assent &
Remediation Guidelines. Environmental Sciences diiw,
Environmental Service.
http://environment.gov.ab.ca/info/library/6144.pdf

Alkorta, 1., J. Hernandez-Allica, J.M. Becerril,Amezaga, |. Albizu,
C. Garbisu. 2004. Recent findings on the phytoreatiedh of
soils contaminated with environmentally toxic heawgtals and
metalloids such as zinc, cadmium, lead, and ars&wggiews in
Environmental Science and Biotechnology 3(1): 71-90

Allen, S.E., H.M. Grimshaw, H.M. Parkinson, J.A. @onby. 1974.
Chemical Analysis of Ecological Materials. Blackly&xford.

species

combinations can



Clay and Pichtel

Anderson, D. 2015. Effective saltwater remediatitthPC Brine Task
Force, Oasis Petroleum,
https://www.ndoil.org/image/cache/AndersonDustifi.pd
(Accessed 3/12/17.)

Aqgwatec. 2015. Produced water beneficial use casbes. Produced
Water Treatment and Beneficial Use Information @ent
http://agwatec.mines.edu/produced_water/assessi/ca
(Accessed 2/20/17.)

Arnon, D.l. 1949. Copper enzymes in isolated chitasts.
Polyphenoxidase iBeta vulgaris. Plant Physiology 24: 1-15.
Ashraf, M. 2004. Some important physiological sttec criteria for

salt tolerance in plants. Flora 199(5): 361-376.

Baker, A.J.M. 1981. Accumulator and excluder-sgyge in the
response of plants to heavy metals. Journal oftRlarrition
3:643-654.

Bano, A., M. Fatima. 2009. Salt toleranceZiea mays (L). following
inoculation with Rhizobiumand Pseudononas. Biology and
Fertility of Soils 45(4): 405—-413.

Benko, K., J.E. Drewes. 2008. Co-produced watethimm western
United States: Geographical distribution, occuregncand
composition. Environmental Engineering Science23®-246.

Bern, C.R., G.N. Breit, R.W. Healy, J.W. Zupandrk;, Hammack.
2013. Deep subsurface drip irrigation using coal-bedic water:
Part I. Water and solute movement. Agricultural ®vat
Management18: 122-134

Bernstein, L. 1965. Salt tolerance of fruit cropS& Dept. Agric. Bull.
292. 8 pp.

Bernstein, L., H.E. Hayward. 1958. Physiology oft salerance.
Annual Review of Plant Physiology 9: 25-46.

Black, G.R. 1965. Bulk density: Method of Soil Apsis. Monograph
No. 9 Part I. American Society of Agronomy, Madis@vi.

Branquinho, C., H.C. Serrano, M.J. Pinto, M.A. NtestLoucao.
2007. Revisiting the plant hyperaccumulation cideto rare
plants and earth abundant elements. Environmewtaltion 14:
437-443.

Bray, R.H., L.T. Kurtz. 1945. Determination of tht@rganic and
available forms of phosphorus in soil. Soil ScieB8e39-45.

Bricker, T.J., J. Pichtel, HJ. Brown, M. Simmong001.
Phytoextraction of Pb and Cd from a Superfund &ifects of
amendments and croppings. Journal of Environm&uigince
and Health A36: 1597-1610.

Cannon, H.L., and J.M. Bowles. 1962. Contaminatibuegetation by
tetraethyl lead. Science 137:765-766.

Cart, J. 2014. Central Valley's growing concerrof@rraised with oil
field water. Los Angeles Times,
http://www.latimes.com/local/california/la-me-drdutepil-water-
20150503-story.html#page=@Accessed 2/10/17.)

Chaiyarat, R., R. Suebsima, N. Putwattana, M. Kadhue, P.
Pokethitiyook. 2011. Effects of soil amendmentsgoawth and
metal uptake by Ocimum gratissmum grown in Cd/Zn-
contaminated soil. Water Air Soil Pollution 214:33892.

Chen, X., A.N. Jha, H. Rogers. 2014. Natural gasmfrshale
formation—the evolution, evidences and challengeshale gas
revolution in United States. Renewable and Sustéen&nergy
Review 30: 1-28.

Chi Lin, C., C. Huei, C. Kao. 2001. Relative importe of N& CI,
and abscisic acid in NaCl induced inhibition oftrgoowth of rice
seedlings. Plant and Soil 23: 165-171.

Clark, C.E., J.A. Veil. 2009. Produced Water Volsmeand
Management Practices in the United States, ANL/RV®3/1,
prepared by the Environmental Science Division, ofme
National Laboratory for the U.S. Department of EyeiOffice of
Fossil Energy, ANL/EVS/R-09/1.

Collins, G.A. 1975. Geochemistry of Oil Field Wat&isevier, New
York, 508 p.

Colorado School of Mines. 2009. Technical Assessmémproduced
water treatment technologies. An Integrated Framkwimr
Treatment and Management of Produced Water. RPSBj&d®
07122-12, Golden, CO, pp. 8-128.

Plant and soil amendments 11

Dary, M., M.A. Chamber-Pérez, A.J. Palomares, Budle. 2010. In
situ phytostabilization of heavy metal pollutedisaisingLupinus
luteus inoculated with metal resistant plant-growth proimg
rhizobacteria. Journal of Hazardous Materials BZ8-330.

DeJoia, A.J. 2002. Developing Sustainable Practifies CBM-
Produced Water Irrigation. 2002 Ground Water Ptaiac
Council Produced Water Conference, Colorado Spri@@s Oct.
16-17,
http://www.gwpc.org/Meetings/PW2002/Papers-Absgdutn
(Accessed 2/20/17.)

de Jong, E. 1979. The Final Report of a Study Cotedlon the
Reclamation of Brine and Emulsion Spills in the tiated Area
of Saskatchewan, Saskatchewan Department of MiRersburces
and the Canadian Petroleum Association, Saskatech®ivasion,
Saskatchewan, Canada.

Deutch, J., S. Holditch, F. Krupp, K. McGinty, Sefiney, D. Yergin,
et al. 2001. The Secretary of the Energy BoardeSBals
Production Subcommittee Ninety-Day Report.
http://energy.gov/downloads/90-day-second-repaatesas-
production-secretary-energyadvisory-bod#tcessed 2/22/17.)

Duruibe, J.0., M.O.C. Ogwuegbu, J.N. Egwurugwu. 220Bleavy
metal pollution and human biotoxic effects. Intdio@al Journal
of Physical Science 2: 112-118.

Ernst, W.H.O. 1996. Bioavailability of heavy metaland
decontamination of soils by plants. Applied Geocisemy 11:
163-167.

FAO.org. 2017. Sodic Soils and Their ManagementodF@nd
Agriculture Organization of the United Nations.
http://www.fao.org/docrep/x5871e/x5871e05.htm  (Accessed
5/12/17.)

Fitz, W.J., W.W. Wenzel. 2002. Arsenic transformatin the soil-
rhizosphere—plant system: Fundamentals and potepiication
of phytoremediation. Journal of Biotechnology 9992278.

Gadd, G.M. 2010. Metals, minerals and microbes: n@ebiology
and bioremediation. Microbiology 156: 609-643.

Garbisu, C., J. Hernandez-Allica, O. Barrutia, llkdkta, J. M.
Becerril. 2002. Phytoremediation: A technology gsigreen
plants to remove contaminants from polluted ar&eviews on
Environmental Health 17(3): 173-188.

Gholami, A., A. Jafarnejadi, E. Karden. 2012. Stndyeffect of
organic manure on increasing of phytoremediation dogss.
International Journal of Agriculture and Crop Scies 4: 633—
636.

Gilmore, K.R., R.L. Hupp, J. Glathar. 2014. Tram$paf hydraulic
fracturing water and wastes in the Susquehannar RBasin,
Pennsylvania. Journal of Environmental Engineetif@: 10-21.

Gough, L.P., R.C. Severson. 1976. Impact of pomree emission
from phosphate processing on the element conteptaofts and
soils, Soda Spring, Idaho. In D.D. Hemphill (ed.yade
Substances in Environmental Health, Vol. 10. Ursitgr of
Missouri, Columbia, MO. 225 p.

Hong, C.-Y., Y.-Y. Chao, M.-Y.Yang, S.C. Cho, Eluei Kao. 2009.
Na" but not Ct or osmotic stress is involved in NaCl-induced
expression of glutathione reductase in roots ofe ric
seedlings. Journal of Plant Physiology 166: 1598616

Houben, D., J. Pircar, P. Sonnet. 2012. Heavy nietabbilization by
cost-effective amendments in a contaminated sdilecEs on
metal leaching and phytoavailability. Journal ofed@hemical
Exploration 123: 87-94.

Huang, J.W., S.D. Cunningham. 1996. Lead phytoetitna: Species
variation in lead uptake and translocation. Newt&logist 134:
75-84.

Hussain, A., N. Abbas, F. Arshad, M. Akram, Z.A.dth K. Ahmad,
M. Mansha, F. Mirzaei. 2013. Effects of diverseefosf lead (Pb)
on different growth attributes o¥Zea mays L. Agricultural
Sciences 4(5): 262-265.

Igunnu, E., G.Z. Chen. 2012. Produced water tre@trigehnologies.
International Journal of Low-Carbon Technologies1-21.

Jacobs, R.P., R.O.H. Grant, J. Kwant, J.M. MarquezE. Mentzer.
1992. The Composition of Produced Water from Stglerated




12 ENVIRONMENTAL BIOTECHNOLOGY 13 (2) 2017

Oil and Gas Production in the North Sea. In J.Fy Rad F.R.
Englehart (eds.), Produced Water, Technologicalfénmental
Issues and Solutions. Plenum Press, New York.

Joner, EJ., C. Leyval 2001. Influence of arbuscuigcorrhiza on
clover and ryegrass grown together in a soil spikeith
polycyclic aromatic hydrocarbons. Mycorrhiza 10(#)5-159.

Kabata-Pendias, A. 2011. Trace Elements in SoisRlants, 4th ed.

CRC Press, Taylor and Francis Group, Boca Raton, FL

Kaewtubtim, P. W. Meeinkuirt, S. Seepom, and J.hfeic 2016.
Heavy metal phytoremediation potential of mangropiant
species of Pattani Bay, Thailand. Applied Ecolog)1): 367-
382.

Kemmer, F.N. 1988. The Nalco Water Handbook. McGHlly New
York, NY. 1280 p.

Khokhotva, O., S. Waara. 2010. The influence obalieed organic
carbon on sorption of heavy metals on urea-treaied bark.
Journal of Hazardous Materials 173: 689-696.

Knight, R.L., R.H. Kadlec, H.M. Ohlendorf. 1999. &huse of
treatment wetlands for petroleum industry. Envirental Science
and Technology 33: 973-980.

Koo, B., W. Chen, A.C. Chang, A.L. Page, T.C. GtanaR.H.
Dowdy. 2010. A root exudates based approach tsadke long-
term phytoavailability of metals in biosolids-amendd soils.
Environmental Pollution 158: 2582—-2588.

Klugakova, M. 2012. Complexation of copper(ll) with Haonacids
studied by ultrasound spectrometry. Organic

Chemnist

Nan, Z., C. Zhao, J. Li, F. Chen, W. Sun. 2002aRahs between soil
properties and selected heavy metal concentrationspring
wheat {riticum aestivum 1.) grown in contaminated soils. Water,
Air, and Soil Pollution 133: 205-213.

Natural Resources Defense Council (NRDC). 2015cking’'s Most
Wanted: Lifting the Veil on Oil and Gas CompanyI8pm@nd
Violations. IP:15-01-A, April 2015,
http://www.nrdc.org/land/drilling/files/fracking-eopany-
violations-IP.pdf.

Nelson, D.W., S.L. Liu, L.E. Somers. 1983. Extrhdity and plant
uptake of trace elements from drilling fluids. Juair of
Environmental Quality 13(4): 562-566.

Panda, S.K., and H. K. Patra. 2000. Nitrate and amiumm ions effect
on the chromium toxicity in developing wheat sewgti
Proceedings of the National Academy of Sciencedial@0: 75—
80.

Park, J.-H., D. Lamb, P. Paneerselvam, G. Choppal&olan, J.-W.
Chung. 2011. Role of organic amendments on enhanced
bioremediation of heavy metal(loid) contaminateifssdournal of
Hazardous Materials 185: 549-574.

Paulin, R. 2005. Identifying the benefits of conteds soil
amendments to vegetable production. Final repootti¢llture
Australia Ltd., Australia.

Petrowiki. 2017. Produced water properties.
http://petrowiki.org/Produced_water_properties#ptcdessed
4/28/17.)

Internationalhttps://www.hindawi.com/journals/oci/2012/206025/Pichtel, J. 2016. Oil and gas production wastew&eil contamination

(Accessed 5/9/17.)

Krebs, W., C. Brombacher, P.P. Bosshard, R. Bachdfe Brandl.
1997 Microbial recovery of metals from solids.
Microbiological Reviews 20: 605-617.

Lee, D.S., J.D. Herman, D. Elsworth, H.T. Kim, Hl®e. 2011. A
critical evaluation of unconventional gas recovdrpm the
Marcellus Shale, Northeastern United States. JouvheCivil
Engineering 15: 679-687.

Legg, J. Topsoil report ranges. AgriFood Laboratri
http://www.agtest.com/articles/TopsoilReportRandé.p
(Accessed 7 July 2017).

Lyon, G.L., P.J. Peterson, R.R. Brooks, and G.WtleBu 1971.

Calcium, magnesium and trace elements in a New addal

serpentine flora. Journal of Ecology 59:421-429.
Maguire-Boyle, S.J., A.R. Barron. 2014. Organic poonds in
produced waters from shale gas wells. Environme8taénce:
Processes and Impacts 16: 2237-2248.
Marcellus. 2010. List of 78 Chemicals Used in Hydia Fracturing
Fluid in Pennsylvania.

http://marcellusdrilling.com/2010/06/list-of-78-ahéals- used-

and pollution prevention. Applied and Environmer8all Science
p. 1-24. downloads.hindawi.com /journals/aess/@iprd89.pdf

FEMSPichtel, J. 2007. Fundamentals of Site RemediafisnMetal- and

Hydrocarbon-Contaminated Soils®2d. Government Institutes,
Rockville, MD, USA.

Pichtel, J., C.A. Salt. 1998. Vegetative growth atndce metal
accumulation on metalliferous wastes. Journal wéiBnmental
Quality 27: 618-624.

Pichtel, J., K. Kuroiwa, and H.T. Sawyerr. 2000stBbution of Pb, Cd
and Ba in soils and plants of two contaminated sienvironmental
Pollution 110:171-178.

Pourrut, B., M. Shahid, C. Dumat, P. WintertonPihelli. 2011. Lead
Uptake, Toxicity, and Detoxification in Plants. A3t 136. In
Whitacre, D.M. (Ed.) Reviews of Environmental Caniaation
and Toxicology Vol. 213. Springer, New York.

Prasad, M.N.V. 2004. Phytoremediation of metalth@a environment
for sustainable development. Proceedings of theiohait
Academy of Sciences, India Section B: Biologicak8ces 70(1):
71-98. Produced Water Society. 2016. Produced Whbdr.
http://www.producedwatersociety.com/produced-wa @t/

in-hydraulic-fracturing-fluid-in-pennsylvani§Accessed 2/20/17.)

Marchiol, L., G. Fellet, F. Boscutti, C. Montell®®. Mozzi, C.
Guarino. 2013. Gentle remediation at the formenti®la Sud”
zinc smelter: Evaluation of native species for phgtnediation
purposes. Ecological Engineering 53: 343-353.

Markert, B. 1992. Presence and significance of nafiju occurring
chemical elements of the periodic system in thextptaganism
and consequences for future investigations on amicg
environmental chemistry in ecosystems. Vegetat 1630.

McBride, M.B. 1994. Environmental Chemistry of SoilOxford
University Press, New York. p. 406.

Meeinkuirt, W., M. Kruatrachue, J. Pichtel, T. Pantsampan, P.

Saengwilai. 2016.
phytostabilization of Cd-contaminated soil
camaldulensis. ScienceAsia 42: 83-91.

Miller, R.W., P. Pesaran. 1980. Effects of drillifigids on soils and
plants: Il. Complete drilling fluid mixtures. Jown of
Environmental Quality 9(4): 552-556.

Munns, R. 2002. Comparative physiology of salt aveter stress.
Plant, Cell and Environment 25(2): 239-250.

Munns, R., R.A. James. 2003. Screening methods smity
tolerance: A case study with tetraploid wheat. Pland Soil
253(1): 201-218.

Influence of organic amendments
bffucalyptus

Accessed 4/28/17.

Rahm, D. 2011. Regulating hydraulic fracturing imle gas plays:
The case of Texas. Energy Policy 39: 2974-2981.

Ramirez, P.J. 2002. Oil field-produced water disgha into wetlands
in Wyoming: Contaminant Report R6/718C/02: U.S.hFand
Wildlife Service Region 6 Contaminant Program, Gheye, WY,
15p.

Rezvani, M., F. Zaefarian. 2011. Bioaccumulatiom aranslocation
factors of cadmium and lead #eluropus littoralis. Australian
Journal of Agricultural Engineering 2: 114-119.

Rice, C.A., V.F. Nuccio. 2000. Water produced vatfalbed methane.
U.S. Geological Survey Fact Sheet FS-156-00, 2shiligton,

o DC.

Roach, R.W., R.S. Carr, C.L. Howard. 1993. An aswest of
produced water impacts at two sites in the GalveB@ay system.
United States Fish and Wildlife Service, Clear L&keld Office.
Houston, TX.

Rorison, I.H. 1980. The effects of soil acidity oatrient availability
and plant responsdn T.C. Hutchinson and M. Havas (eds.)
Effects of acid precipitation on terrestrial ecdsyss. Plenum
Press, NY.

Shahid, M., S. Shamshad, M. Rafig, S. Khalid, biBN. Khan Niazi,
C. Dumat, M. Imtiaz Rashid. 2017. Chromium speoigti



Clay and Pichtel

bioavailability, uptake, toxicity and detoxificatioin soil-plant
system: A review. Chemosphere 178: 513-533.
Sharma D.C., and C. P. Sharma. 1993. Chromium eptaid its

effects on growth and biological yield of wheatr&# Research

Communications 21(4): 317-322.

Shrivastava, P., R. Kumar. 2015. Soil salinity: Aerisus
environmental issue and plant growth promoting éréetas one of
the tools for its alleviation. Saudi Journal of Bigical Sciences
22(2): 123-131.

Sontag, D., R. Gebeloff. 2014. The downside oflthem. New York
Times.
http://www.nytimes.com/images/2014/11/23/
nytfrontpage/scan.pdf

Soroghan, M., and P. King. 2016. Drilling mishapsnége water in
hundreds of cases. E&E News.
https://www.eenews.net/stories/1060041279

Sparks, D.L. 1996. Methods of Soil Analysis. Part Ghemical
methods. Book series, No.5. Soil Science SocietAwierica,
Madison, WI.

Stone, H.M., and A.J. Downer. 2013. Diagnosing eextifying salt
toxicity.
uploads/2012/06/BFsalinity2013.pdf

Tabur, S., K. Demir. 2010. Role of some growth fegus on
cytogenetic activity of barley under salt strestanP Growth
Regulation 60(2): 99-104.

Tang, S., B.-M. Wilke, C. Huang. 1999. The uptaKkecopper by
plants dominantly growing on copper mining spoileng the
Yangtze River, the People’s Republic of China. Plamd Soil
209: 225-232.

Tao, S., W.X. Liu, Y.J. Chen, F.L. Xu, R.W. Daws@&G. Li, J. Cao,
X.J. Wang, J.Y. Hu, J.Y. Fang. 2004. Evaluation fattors
influencing root-induced changes of copper fract@n in
rhizosphere of a calcareous soil. EnvironmentaluBloh 129: 5—
12.

Taylor, RW., 1.O Ibeabuchi, K.R. Sistani, J.W. 8&d. 1992.
Accumulation of some metals by legumes and theiaetability
from acid mine spoils. Journal of Environmental Qu&1: 176-
180.

Tsai, Y.C., C.-Y. Hong, L.-F. Liu, H. Kao. 2004. IRtve importance
of Na" and Ct in NaCl-induced antioxidant systems in roots
rice seedlings, Physiologia Plantarum 122: 86-94.

US EPA (United States Environmental Protection Awygn2016.
Class Il Oil and Gas Related Injection Wells. Umpgleuand
Injection Control (UIC). https://www.epa.gov/uicsk-ii-oil-and-
gas-related-injection-wells

US EPA (United States Environmental Protection Agyg¢nHydraulic
fracturing fluids. In: Evaluation of Impacts to Usrdround
Sources of Drinking Water by Hydraulic Fracturinf @oalbed
Methane Reservoirs, EPA 816-R- 04-003, Washindd@),2004.

US EPA (United States Environmental Protection Axygn1982.
Chemical composition of produced water at somehoffs oil
platforms. Project Summary. EPA-600/S2-82-034. Dimati,
OH. August 1982.

USDA-NRCS. (United States Department of AgricultureNatural
Resources Conservation Service). 2017. Soil Suirey
Delaware County, Indiana.
https://websoilsurvey.sc.egov.usda.gov/App/Web$oisy.aspx
(Accessed 1/12/17.)

US DOE (United States Department of Energy). 20065uide to
Practical Management of Produced Water from Onskbrend
Gas Operations in the United States, Interstate abd Gas
Compact Commission and ALL Consulting, 2006, hitpaw.all-
lic.com/publicdownloads/ALL-PWGuide.pdf.

USGS (US Geological Survey) 2016. Produced Watatalixse v2.0-
usgs.gov/Environmental

-Provisional Release. http://energy.
(Accessed 3/14/17.)

Veil, J.A., M.G. Puder, D. Elcock, et al., 2004. White Paper
Describing Produced Water from Production of CraileNatural

Plant and soil amendments 13

Vymazal, J., J. Svehla, L. Kropfepva, V. Chrgst?007. Trace metals
in Phragmites australis and Phalaris arundinacea growing in
constructed and natural wetlands. Science of thealTo
Environment 380(1-3): 154-162.

Venegas, A., A. Rigol, M. Vidal. 2016. Effect of eigg on the
availability of heavy metals in soils amended wétbmpost and
biochar: Evaluation of changes in soil and amendmeosperties.
Environmental Science and Pollution Research 281220627.

Walker, D.J., R. Clemente, M.P. Bernal. 2004. Casting effects of
manure and compost on soil pH, heavy metal aviétiatand
growth of Chenopodium album L. in a soil contaminated by
pyritic mine waste. Chemosphere 57: 215-224.

Walkley, A., C.A. Black. 1934. An examination of gtadation
method for determining soil organic matter: A prepd
modification of the chromic acid titration metho8oil Science
37:29-35.

Wang, F.Y., Z.Y. Shi, X.F. Xu, X.G. Wang, Y.J. Li2013.
Contribution of AM inoculation and cattle manure le&ad and
cadmium phytoremediation by tobacco plants. Enviental
Science: Processes and Impacts 15: 794-801.

http://www.thebrittonfund.org/wp-content/ Wild, 1974. Indigenous plants and chromium in RisiaeKirkia 9:

233-240.

Wolf, D.C., K.R. Brye, E.E. Gbur. 2015. Using sainendments to
increase Bermuda grass growth in soil contaminateth
hydraulic fracturing drilling fluid. Soil and Sedéent
Contamination 24(8): 846-864.

Wiseman, H.J. 2008. Untested waters: The rise dfaulic fracturing
in oil and gas production and the need to revisgufation.
Fordham Environmental Law Review 20: 115-169.

Wiszniewska, A., E. Hanus-Fajerska, E. Musia, K. Ciarkowska.
2016. Natural  organic amendments  for
phytoremediation of polluted soils: A review of eat progress.
Pedosphere 26: 1-12.

Wolf, D., K. Byre, E.E. Gbur. 2015. Using soil andements to
increase Bermuda grass growth in soil contaminatath
hydraulic fracturing drilling fluid. Soil and Sedent
Contamination 24: 846-864.

Zhou, L.X., J.W.C. Wong. 2001. Effect of dissolverhanic matter
from sludge and sludge compost on soil copper morpdournal

of  of Environmental Quality 30: 878-883.

Zubillaga, M.S., L. Bressan, R.S. Lavado. 2012.e&f of
phytoremediation and application of organic amenunan the
mobility of heavy metals in a polluted soil profilaternational
Journal of Phytoremediation 14: 212—-220.

Gas, and Coal Bed Methane. US. DOE, Argonne Ndtiona

Laboratory, Argonne, IL.

improved



