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ABSTRACT

Natural processes and anthropogenic activities mesult in the formation and/or
introduction of perchlorate (ClQ at elevated levels into the environment. Peretéom soil
environments on Earth and potentially in Mars magdify the dynamics of metal release and
their mobilization. Serpentine soils, known foritredevated metal concentrations, provide an
opportunity to assess the extent that perchloratg enhance metal release and availability in
natural soil and regolith systems. Here, we asdesselease rates and extractability of Ni,
Mn, Co and Cr in processed Sri Lankan serpentinks ssing a range of perchlorate
concentrations (0.10-2.50 w/v CJP via kinetic and incubation experiments. Kinetic
experiments revealed an increase of Ni, Mn, Co @nddissolution rates (1.33x1§
2.74x10", 3.05x10" and 5.35x18° mol m? s?, respectively) with increasing perchlorate
concentrations. Similarly, sequential and singlgastions demonstrated that Ni, Mn, Co and
Cr increased with increasing perchlorate concantratcompared to the control soil (i.e.,
considering all extractions: 1.3 - 6.2 (Ni), 1.226 (Mn), 1.4 - 34.6 (Co) and 1.2 - 6.4 (Cr)
times greater than the control in all soils). Desphe oxidizing capability of perchlorate and
the accelerated release of Cr, the dominant oxidastate of Cr in solution was Cr(lll),
potentially due to low pH (<2) and Cr(VI) instabfi This implies that environmental
remediation of perchlorate enriched sites mustomdy treat the direct hazard of perchlorate,

but also the potential indirect hazard of relatetahcontamination.

Keywords: Perchlorate; heavy metals; serpentine soils; disisol rate; bioavailability
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1. Introduction

Perchlorate (CIQ) is a strong oxidizer and an environmental contate in soils and
related waters (Duncan et al., 2005; Motzer, 20Bbjh natural processes and anthropogenic
activities may result in the formation and relea$gerchlorate where it has been detected
from trace to micro levels in soils and water ia thnited States, Chile, Canada, China, South
Korea and India (Calderdn et al., 2014; Gan et24l14; Kannan et al., 2009; Kim et al.,
2014; Rao et al., 2007; Wang et al., 2009). Despitariety of natural pathways related to
the formation and accumulation of perchlorate, mgbgenic activities (i.e., fireworks,
explosives, stick matches, highway safety flared amlitary operations) appear to be the
major source(s) of perchlorate contamination ingheironment (Backus et al., 2005; Gan et
al., 2014; Wilkin et al., 2007). Numerous studiesd focused on the direct contamination
issues of perchlorate (Her et al., 2011; Ye et2813); however, a potential indirect hazard
of perchlorate in soils and rocks is the acceldrated enhanced leaching of heavy metals. In
Senanayake et al. (2011), the increased dissolafidh and Co in the presence of perchloric
acid in laterite was examined demonstrating 90 @8 leaching, respectively, within 6 hr
contact time. However, the extent perchlorate canelarate metal release or modify metal
availability in soils have not been systematicaliigressed.

Soils derived from ultramafic material such as gatite and serpentinite are termed as
serpentine soils and characteristically have eésl/aig concentrations. Additionally,
serpentine soils are known for their elevated metalcentrations including Ni, Cr, Mn and
Co (Rajapaksha et al., 2012; Vithanage et al., pathd these soils provide an opportunity to
assess the dynamics of potential metal-perchlonatieractions. Despite the rarity of
serpentine soils on Earth, these soils and thkite@ ultramafic sources (i.e., rocks and soil)
are common in highly populated and industrializedaa of the Circum-Pacific Margin,

Mediterranean, North America, Europe and Austratantinents. Additionally, ultramafic
3
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rocks and related regolith are common on Mars wiperehlorate has been identified at
elevated concentrations (~ 1 wt %) (Davila et2013; Kounaves et al., 2014). Here, the aim
is to obtain a basic understanding of the readtiartics of Ni, Mn, Co and Cr release from
serpentine soils utilizing a range of perchloratmnaentrations, initially introduced as
perchloric acid prior to perchlorate salt formatidiased on those identified on Earth and
Mars (Catling et al., 2010b; Kounaves et al., 20RBsults garnered here will provide much
needed insight if serpentine soil-perchlorate sd@ons should occur. Finally, this study
attempts to elucidate on one of the many environahgmoblems faced with perchlorate in

the environment and its potential impact on satilfty.

2. Material and methods
2.1. Serpentine soil collection and preparation

Serpentine soil, obtained from Ussangoda (UD)t(ldé 6° 05' 54" N and longitude 80°
59' 11" E) and Yudhaganawa (YD) (latitude 7° 74" 8l and longitude 80° 93' 33" E), Sri
Lanka, was used for this study. These soils aectliveathering products of ultramafic rock
and were collected from 0-15 cm below from the aef Soil samples were air-dried and
mechanically sieved to <2 mm fraction. Total Ni, Mo and Cr concentrations in the
serpentine soils shown in Tablenkre determined by triple acid digestion (HN®ICI and
HF) and subsequent analysis by atomic absorptioectspmetry and were reported
(Vithanage et al., 2014). Specific surface areathefserpentine soils were determined by

using methylene blue test (Yukselen and Kaya, 2008)

2.2 Metal release rates with perchlorate
Perchlorate concentrations of 0.10, 0.15, 0.25),005/5, 1.00, 1.50, 2.00 and 2.50 w/v

(0.01, 0.015, 0.025, 0.05, 0.075, 0.1, 0.15, 0.25 MM, respectively) were used to evaluate
4
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Ni, Mn, Co and Cr removal from the processed sdmersoil. This concentration range was
selected based on perchlorate concentrations preseBarth (i.e., Atacama (Catling et al.,
2010a)) as well as on the Martian regolith and istiduggested that perchlorate initially
deposits as perchloric acid (Davila et al., 2018uKaves et al., 2014). Serpentine soil (50
g/L) was placed in polypropylene tubes and 25 mpefchloric acid (AR, BDH, 70%) was
added with different concentrations. These tubesevemjuilibrated for 11 days at room
temperature (~ 25 °C) and agitated at 75 rpm (EYHBG693 shaker). The supernatant was
transferred by membrane filtration (0.45 um) aftentrifugation. The filtered solutions were
analyzed for Ni, Mn, Co and Cr using flame methéthe Atomic Absorption Spectrometry
(AAS-Model GBC 933 AA). Each treatment was perfodme triplicate. The concentration
Cr(VI) was determined by following 1,5-diphenylcadide method and the absorbance was
measured using a UV-Visible spectrophotometer (B@A) at A 540 nm. The final
calibration standard solutions of Cr(VI) rangednir®.05 to 1 mg/L, providing a linear
relationship with a correlation coefficieri®(of 0.998).

Nickel, Mn, Co and Cr release rates were studieth wespect to perchloric acid
concentration and pH to determine the extent oh lgwbton and ligand promoted metal
release. Analyses based on the perchloric acidettration were assessed using Eq. 1 below

(Hamer et al., 2003; Rajapaksha et al., 2012).

Rr = Kyl (2)

Here,Ry is the rate of dissolutiotky is the empirical rate constant for total Ni, Mn, &ud Cr
released due to perchloratg,corresponded to experimentally determined fa@todaygq is

the concentration of the perchloric acid for thattigular experiment. Additionally, the pH
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dependency of the total Ni, Mn, Co and Cr releadesrwas evaluated using the following
equation (Eq. 2) (Hamer et al., 2003).
logR: =logk; —n pH 2)
Using Eq. 3, the sum of the rates of hydrogen Ry) &nd ligand promotedR() dissolution
provides the total rate of mineral dissolutid)((Stillings et al., 1996; Welch and Ullman,
1996). Serpentine soils consist of a variety oferais, therefore, total dissolution or metal
release may not be from one particular mineral.ddethe relationship in Eq. 3, below, is
valid whether examining mineral dissolution ratesvetal release rates (Rajapaksha et al.,

2012).

R =R, +R 3)

The effect of ligandR ) promoted dissolution can be calculated by subtrgdydrogen
promoted dissolutionRy) from total metal release rater. The enhancement factor{Ry)
allows the comparison of hydrogen ion and liganohpoted dissolution in acids. Typically,
low enhancement factors demonstrate hydrogen iom@ied dissolution, whereas, high
enhancement factors indicate ligand promoted dissol (Hamer et al., 2003; Zhang and

Bloom, 1999).

2.3. Metal complexation with perchlorate incubatexperiments

Soil incubation experiments were performed to eatgluhow the addition of different
perchlorate concentrations affected the Ni, Mn, @od Cr complexation and its
bioavailability in soil. Three different conceniaats (0.50, 0.75 and 1.00 w/w) of perchlorate
and a control (i.e., no perchlorate) were usedHertreatments. The corresponding samples

are referred as US1, US0.75, US0.5 and USC for ngesta serpentine soil and YD1,
6
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YDO0.75, YDO.5 and YDC for Yudhaganawa serpenting, sespectively. Serpentine soll
(100 g) was placed in polypropylene bottles andclgeric acid was added with three
different concentrations mentioned above. In addjtwater was added to ~70% of water
holding capacity of the soil and then allowed floe thcubation in airtight condition at room
temperature (~ 25 °C) for period of three weeksadde moisture levels were not maintained
during the incubation, after the initial additiohwater to ~70% of the soil's water holding
capacity. Each treatment was performed in tripdicéffter three weeks, sequential and single
extractions were carried out to evaluate solid phagtal fractionation in serpentine soils.
Prior to the sequential and single extractiongesgtine soil was air dried.

Sequential extraction experiments were carriedusintg the method described by Tessier
et al. (1979). A mass of 1 g of air dried serpensnil was used for the initial extraction. The
sample extracted at each steps was centrifuge®@®d 8pm for 15 min. The supernatant was
filtered using 0.45 pum filter paper prior to AASadysis.

Single extractions were performed on each incubatixperiment. Extractable metals in
the soil were quantified by the diethylene triamipentaacetic acid (DTPA) soil test
developed by Lindsay and Norvell (1978). Additidpal0.01 M CaC} extraction was
performed to assess extractable fraction of heastals (Houba et al., 2000). As previously
mentioned, the soil solution was centrifuged améred through membrane filtration (0.45

pm) prior to AAS analysis.

3. Results

The release of serpentine soil metals in waterigesva baseline to assess metal release
rates, prior to perchlorate additions. Metal redeestes using distilled water were relatively
low in Yudhaganawa (Ni - 1.51x2®mol m? s*; Mn - 1.77x10"* mol m? s*; Co - 6.85x10

3 mol m? s*; Cr - 0) and Ussangoda (Ni — 2.31%2@nol m* s*; Mn - 1.68x10"* mol m? s
7
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1 Co - 1.37x10* mol m? s*; Cr - 0) serpentine soils. However, rates of Nij,Mo and Cr
dissolution increase with addition of perchlorak@g( 1). Yudhaganawa serpentine soils
yielded higher dissolution rates for Ni (1.33%{Gnol m? s%), Mn (2.74x10"* mol m? s%)
and Co (3.05x1¢” mol m? s') compared to the Ussangoda serpentine soils (M2 §10'
mol m? s, Mn: 5.14x10** mol m? s and Co: 5.91xI& mol m? s in 2.5 wiv
perchlorate. Comparing metal release rates, NiMndare preferentially released compared
to Co and Cr in both Ussangoda and Yudhaganaweersanp soil. In the Ussangoda
serpentine soil, the Cr dissolution rate was 5.88%Imol m? s; however, low Cr
dissolution rate was observed in Yudhaganawa stngesoil (3.39x18° mol m? s?)
compared to the Ussangoda serpentine soil in 2/50evchlorate. Additionally, Cr(VI) was
only present at and below trace concentrationst§1@ > mol m? s* - 2.81x10** mol m? s

1) potentially demonstrating that Cr is dominantiggent as Cr(lll) in solution.

Figure 2 shows the relationship of perchlorate-igdds and release rates of Ni, Mn, Co
and Cr. pH dependencies demonstrate a linearae#dtip allowing rate constantky)( and
reaction ordersng) for Ni, Mn, Co and Cr release to be obtained (@ab). We used
hydrochloric acid at the same concentration wipegt to the perchlorate for estimating the
ligand promoted dissolution (Fig. 3a and 3b). FertR; (Eq. 3) in hydrochloric acid was
assumed to be equal Ry allowing for the calculation of ligand promotedeatn this sense,
ligand promoted dissolution becomes zero with ttesgnce of hydrochloric acid. Similarly,
Rajapaksha et al. (2012) assessed the metal ralg@sen the serpentine soils using three
inorganic and organic acids and assumedrRhydrochloric acid to be equal toyRn all
acids investigated. The low enhancement factorsl&lobserved during the experiments
revealed that hydrogen ion promoted dissolutionidated the release of Ni, Mn, Co and Cr

in both serpentine soils.
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Sequential and single extractions provide a praxyhbw metals are bound into different
fractions of soil and what amount may be availdbtdiving organisms as an exchangeable
fraction with the presence of perchlorate. Metatfionation based on sequential extractions
for the both serpentine soil locations are presente Fig. 4. The highest Ni and Cr
concentrations in serpentine soils was found tinki&e residual fraction, whereas, Mn and
Co were dominantly bound in the Fe-Mn oxide phalevertheless, metals in the
exchangeable fraction were higher compared to ¢éiméral soil with addition of perchlorate
for both serpentine soils (Fig. 4). Additionallyhese metals at different perchlorate
concentrations in all soils ranged between 1.%-(Ri), 1.3 - 37.5 (Mn), 1.4 - 5.1 (Co) and
1.6 - 6.4 (Cr) times their respective control, destaating that the bioavailability of Ni, Mn,
Co and Cr may increase possibly due to the prodomponent of perchloric acid.

DTPA and CaGl single extractions on the incubation experiment®vide a
representation for evaluating plant bioavailabibfymetals in soils and solutions (Kashem et
al., 2007; Peijnenburg et al., 2007). Both DTPA &walC}L extractions demonstrated that
release and bioavailability of Ni, Mn, Co and Crrevéncreased with increasing perchlorate
concentrationsFig. 5a shows that the DTPA extractable fractionNof Mn, Co and Cr
ranged between 1.3 - 1.9 (Ni), 1.2 - 10.4 (Mn),-128.7 (Co) and 1.2 - 1.7 (Cr) times greater
than the control in all soils. Similarly, Fig. Shasvs that the Caglextraction of Ni, Mn, Co
and Cr increased with the presence of perchl@aa2e9 - 6.2 (Ni), 20 - 126 (Mn), 2.6 - 34.6

(Co) and 1.6 - 2.4 (Cr) times greater than therobnt

4. Discussion
Despite high metal concentrations (Table 1), metdtase rates are constrained to
particular low solubility minerals. Simply, high taé concentrations in serpentine soils do

not necessarily mean that there will be high metldase rates. Although the magnitude of
9
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metal release is important to characterize, howahmeiease rates change with increasing
perchlorate concentrations provides a more relepeory to assess the potential mobility of
metals in these systems. In our experiments, nmetahse rates for Ni, Mn, Co and Cr
increased with increasing perchlorate concentratiothus, demonstrating the proton
promoted dissolution of soil/regolith systems. Hoer it seems that the rate of dissolution
change at lower perchlorate concentrations is higien that of the rate change at higher
perchlorate concentrations in particular for Ni &a. The enhanced release was dominantly
related to proton promoted dissolution where ligaffécts were minimal. According to the
electron probe microanalysis (EPMA), heavy metalshsas Ni, Mn and Cr were not
homogeneously distributed in bulk serpentine sahgles, suggesting that those are bound in
particular mineral phases (Vithanage et al., 20E4d). instance, antigorite is the dominant
mineral in the Ussangoda serpentine soil and isgeses a relatively low surface area in
comparison with clays or organic matter capabléeafling to less release of heavy metals
(Vithanage et al., 2014). Overall, perchlorate oid& soils appears to moderate and/or
accelerate metal release and potentially its awditha

Sequential and single extractions of the incubagaperiments all demonstrated that
perchlorate greatly enhanced the abundance ofadaimetals present in the soil system as
well as the metals available for plant uptake. &guential extractions, the pattern of
individual exchangeable metal concentrations was tin > Ni > Co > Cr and hence, Mn
showed the highest bioavailability in 1 w/w perchle addition. In terms of metal bound
fractionations, Fe and Mn oxides bound concentngfiowhich have the highest
concentrations of Mn and Co, showed reduced coratestis with increasing perchlorate
concentrations, suggesting that the Fe and Mn dxadmd fractions may have increased the
exchangeable fractions’ concentration compared therofractions. The residual fraction

retained the highest concentration of Ni and ofilghfly varied. Concentrations of Fe and
10
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Mn in the oxide bound fractions were reduced withréasing perchlorate concentrations,
potentially increasing the exchangeable fractioNpfAdditionally, DTPA and CaGlsingle
extractions revealed that Mn and Ni are availalblaigher concentrations compared to the
Co and Cr in terms of individual concentrations.e€@, compared to the control soils, the
bioavailability of Ni, Mn, Co and Cr appears to kalbeen greatly influenced by proton
promoted dissolution of serpentine soils.

Chromium geochemistry related to these experimpndsides a means to assess the
involvement and potentially oxidative capability pérchlorate. Chromium was present at
elevated concentrations (10,707 (Ussangoda) ar@8A4Yudhaganwa) mg Kg Table 1) in
both serpentine soils where chromium was domingmigent in the residual fraction (more
than likely in spinels such as chromite) as Cr(IDespite the total Cr concentrations, Cr
release rates were the lowest of all the metaléyzed in both serpentine soils. In all the
metal release experiments, all aqueous Cr wasmgraseCr(l1l) with no Cr(VI) detected. One
potential reason for the lack of Cr(VI) may be tethto the low pH values which is more
conducive to Cr(lll) stability (see the Cr Eh-pHalslity diagram in (Oze et al. (2004)) in
which these experiments were conducted. In essknweepH (<2) soils with perchlorate
appear to limit the potential oxidation of Cr(lIBringing the pH of soil/regolith up to more
neutral conditions may result in the productiorCoV1) if perchlorate is present.

Permissible levels of Ni, Mn and Cr in drinking eatare set as low as 20, 400 and 50 ug
L, respectively (WHO, 2004). The permissible linfitGo is not specified yet by the World
Health Organization (WHO) for drinking water. Based the average metal release rates,
metals released in solution from these soils wileed drinking water standards for Ni, Mn
and Cr in less than 1 hr. Other non-serpentine soil sediments may have less total metal
concentrations; however, metals in these soils Imaypresent in less labile phases and

potentially capable of releasing metals at fasiées. Regardless, the presence of perchorate
11
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accelerates metal release where even low percéla@icentrations will influence release
rates.

Soil-plant systems may be detrimentally affected itgreased Ni, Mn, Co and Cr.
Although, many metals including Ni, Mn and Co arssemntial for plant health and
development, they are toxic at elevated concentratiFor instance, higher level of Ni in soil
can exert direct toxicity in plant tissues and @&mnpgently, can indirectly exert toxicity due to
induced nutrient deficiencies such as Fe (Azid.ea15). The production of dark specks on
leaves and dying at leaf margins are possible symgtdue to the excess Mn uptake (Alves
et al., 2011). It seems logical that higher leva<r in plants may result in morphological
and physiological alterations of plants possiblye da overproduction of reactive oxygen
species (Gill et al., 2015). Plants can accumulatee amount of Co; however, excess metal
uptake causes dysfunction of plants (Caillaud et 2009). It was well established that
antioxidant enzymes (i.e., superoxide dismutadejase and ascorbate peroxidase) may play
a vital role in the defensive mechanism of planggimst heavy metals. However, the
antioxidant capacity of plants is not enough toteomntoxic effect of heavy metal under
severe stress conditions (Adrees et al., 2015)higrespect, heavy metal uptake by plants
and subsequent introduction into the food chainaaarse a potential risk to animals as well
as human health. Additionally, heavy metals at @igtoncentrations may become toxic for

soil microflora.

5. Conclusions

The addition of perchlorate, whether from natunabnthropogenic sources, to soils and
regolith may modify the rate of metal release atsdawvailability for plant uptake. When
remediating perchlorate contaminated soils and litbgattention needs to be paid to the

metals released and/or modified by the remedigirocess. If this is not taken into account,
12
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‘perchlorate-remediated’ soils may still remaineiriie and/or be capable of producing
vegetation unfit for human consumption.

Implications of high perchlorate concentrations1(-wt%) in Martian regolith and its
conversion crop cultivation is of significant contewith regard to the future human
habitation of Mars. Martian perchlorate has beesitpd to be produced from photochemical
reactions in the upper atmosphere via hydrochlag™ from volcanic eruptions and/or
through gas-phase reactions (i.e., chloride beaaegpsols reaction with Oor HO,).
Perchlorate is subsequently deposited as perchdoriton the surface with suspended dust.
However, the high solubility of perchlorate in wateay concentrate it in patches in Martian
regolith. When utilizing Martian regolith as a grog medium, it will not only be a matter of
removing the perchlorate, but also about addressieigl release and availability. Increased

metal accessibility, as shown in our experimenty nesult in plant infertility.
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Tables
Table 1
Total metal concentrations (mgKgin Ussangoda and Yudhaganawa soils.

Table 2
Rate constantsk{), reaction ordersnf), total rate of dissolutionR;) and ligand promoted
dissolution R.) with the presence of perchlorate.

Figure Legends

Fig. 1. Metal releasing rate for Ni, Mn, Co and Cr in Uggasia (a) and Yudhaganawa (b)
serpentine soil with the presence of different pen@ate concentrations.

Fig. 2. Metal releasing rate (in log R) for Ni, Mn, Co a®@f in Ussangoda (a) and
Yudhaganawa (b) serpentine soil with the presehdéferent pH in perchlorate.

Fig. 3. Metal releasing rate (in log R) for Ni, Mn, Co af@f in Ussangoda (a) and
Yudhaganawa (b) serpentine soil with the presehdéferent pH in hydrochloric acid.

Fig. 4. Effect of perchlorate on different phases of hemetals: (a) Ni, (b) Mn, (¢) Co and
(c) Cr.

Fig. 5. Bioavailability of heavy metals with the presencé different perchlorate
concentrations: (a) DTPA extraction, and (b) Ga&kraction.
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Tables
Table 1
Total metal concentrations (mgKgin Ussangoda and Yudhaganawa soils.

Location Metal concentrations (mg g Specific surface
area (M g%
Ni Mn Cr Co
Ussangoda 6,776 1,117 10,707 157 70.99
Yudhaganawa 6,567 2,609 14,880 555 67.32
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Table 2
Rate constants {k reaction orders (i), total rate of dissolution (R and ligand promoted
dissolution (R) with the presence of perchlorate.

Location Metal Log kr Nt Rt RL Rt/Ry
mol m? s* x 10"

Ussangoda Ni -11.23 -0.10 4.39 0.01 1.00
Mn -11.26 -0.08 4.35 0.00 1.00
Co -12.20 -0.10 0.46 0.15 0.99
Cr -11.53 -1.08 0.16 0.15 0.68

Yudhaganawa Ni -10.73 -0.23 9.46 1.20 1.15
Mn -10.41 -0.29 16.12 0.07 1.05
Co -11.36 -0.31 1.73 0.03 1.02
Cr -12.22 -0.44 0.16 0.03 0.61
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HIGHLIGHTS
Perchlorate vs serpentine soil interactions were assessed
Total dissolution rates of Ni, Mn, Co and Cr increased with perchlorate addition
Exchangeable and extractable fractions of heavy metals increased by perchlorate

Formation of Cr(V1) wastrivial dueto itsinstability and low pH



