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The impact of extensively used arsenic-containing herbicides on groundwater beneath golf courses
has become a topic of interest. Although currently used organoarsenicals are less toxic, their
application into the environment may produce the more toxic inorganic arsenicals. The objective of
this work was to understand the behavior of arsenic species in percolate water from monosodium
methanearsonate (MSMA) applied golf course greens, as well as to determine the influences of root-
zone media for United State Golf Association (USGA) putting green construction on arsenic retention
and species conversion. The field test was established at the Fort Lauderdale Research and Education
Center (FLREC), University of Florida. Percolate water was collected after MSMA application for
speciation and total arsenic analyses. The results showed that the substrate composition significantly
influenced arsenic mobility and arsenic species transformation in the percolate water. In comparison
to uncoated sands (S) and uncoated sands and peat (S + P), naturally coated sands and peat (NS
+ P) showed a higher capacity of preventing arsenic from leaching into percolate water, implying
that the coatings of sands with clay reduce arsenic leaching. Arsenic species transformation occurred
in soil, resulting in co-occurrence of four arsenic species, arsenite (As"), arsenate (AsY), mono-
methylarsonic acid (MMA), and dimethylarsinic acid (DMA) in percolate water. The results indicated
that substrate composition can significantly affect both arsenic retention in soil and arsenic speciation
in percolate water. The clay coatings on the soil particles and the addition of peat in the soil changed
the arsenic bioavailability, which in turn controlled the microorganism-mediated arsenic transformation.
To better explain and understand arsenic transformation and transport after applying MSMA in golf
green, a conceptual model was proposed.

KEYWORDS: Monosodium methanearsonate (MSMA); golf course green; arsenic transportation and
transformation; arsenic speciation

INTRODUCTION anthropogenic sources of arsenic contamination in the environ-
ment include smelting of metals, burning of coal, and the use

Arsenic has received increasin ntion fi ; - .
senic has received increasing attention because of its of arsenical pesticideb{8). About 75% of the total arsenic

potential toxicity and the considerable environmental contami- . : .
nation as a result of natural and anthropogenic activities. consumption for more than 100 years in the United States was

Naturally occurring arsenic is commonly found in groundwater 2rsenical pesticides used in agriculti @rsenical pesticides
in many countriesk). Long-term exposure to low concentrations ar€ applied for turf maintenance on golf courses throughout
of arsenic in drinking water can lead to skin, bladder, lung, and Florida. An elevated arsenic level has been found in the nearby
prostate cancers2( 3). The U.S. Environmental Protection €nvironment and is becoming a serious concern. A survey
Agency (EPA) has lowered the maximum contaminant level conducted on Florida golf courses showed that about 96% of
(MCL) of arsenic in drinking water from 50 to 10g L to golf courses spray herbicides containing the active ingredient
better achieve the goal of protecting public headth The major monosodium methylarsonate (MSMA)-3 times every year
at an application rate of~2 Ib/acre (0). After MSMA
* To whom correspondence should be addressed. Telephone: 305-34g-application, a variety of chemical processes occurring in the
62}%;%2 Iﬁ?:fﬁ;%ggranﬁ—en:gitl: cai@fiu.edu. heterogeneous environment produce several arsenic spkbies (
Y The Dade County Department of Environmental Resources

* Fort Lauderdale Research and Education Center, University of Florida. - ”
8 Everglades Research and Education Center, University of Florida.  Management (DERM) and Florida Department of Agriculture

10.1021/jf047908) CCC: $30.25 © 2005 American Chemical Society
Published on Web 04/06/2005



Arsenic Transport and Transformation J. Agric. Food Chem., Vol. 53, No. 9, 2005 3557

and Consumer Services (FDACS) conducted a collaborative are 0.1 and 45 cmol/kg, respectively. Detailed information about these
study in 1999 to monitor the ground and surface water quality materials has been reported previousty)(

at five Miami-Dade County municipal golf courses2]. The Field Experimental Setup and Sampling.A total of 12 experi-
study revealed that the groundwater contamination by arsenicmemal_ plots (4 for each substrate) were construct_ed at the U_nivers_ity
was widespread beneath the five golf courses studied. Theof Florlda_‘s Fort Lauderdale Rgsearch and Education Center in Davie,
presence of arsenic in groundwater samples was at concentral Details of the plot establishment can be found elsewh2i}: (

. . . . _ - Briefly, plots (0.5 x 2.0 m) were constructed following the United
1
tions of potential concern, with the highest as g48."*. High State Golf Association (USGA) specifications with 30 cm root zone

concentrations of arsenic were also detected in the surroundingy|aced over 5 cm of an intermediate “choker” layer and 15 cm of quartz
surface soils. The study on arsenic mobility in the soils from pea gravel with one “40 quart stock pot’, 35.6 cm inside diameter,

some selected golf course43f demonstrated that arsenic and 40.6 cm tall lysimeter in the center. This design provides the

present in these soils was relatively mobile or mobilizable, beneficial characteristics of resistance to compaction, rapid infiltration,

suggesting a high potential for arsenic leaching. rapid percolation, and adequate aeration. The plots were encased with
Once arsenicals reach the soil, they can be subjected toPlywood along the perimeter to a depth of 30 cm to hydraulically isolate

various processes such as reduction/oxidation and methylation/"'® 2dded soil mixtures from the surrounding root-zone media. The
. . . .__root-zone mix, choker layer, and pea gravel in each lysimeter was
demethylation reactions. The environmental fate and behavior

f . d . . f . f suspended on a perforated-metal stainless-steel plate, as previously
of arsenic and arsenic species transformation are of gréalyegcrined2). The surface of the plots was covered by bermudagrass

importance for properly assessing the risk of applying arsenic- yf. The lysimeters collected the percolate water as it filtered through
containing herbicides and have attracted much attention amonghe three layers and were pumped out approximately weekly or more
scientific research units, government agencies, local communi-often, depending on leaching events. MSMA was applied on 8/29/2002,
ties, and MSMA manufacturerd4, 15). Although historically 9/5/2002, and 9/12/2002 at 104 mg Asdper application. Total arsenic
used inorganic arsenical pesticides have been largely replacedwpplication was 312 mg ™. The soil was sampled to a depth of 10
by the less toxic organoarsenicals, release of these compound§™ before MSMA applications (8/29/2002) and 1 week after the third
into the environment can still be a problert6-18). Soil application (9/19/20_02)_. The percolate water was collected prior to
properties influence arsenic retention and mobility as well as eekly MSMA applications on 8/29/2002, 9/5/2002, and 9/12/2002

- . ; - L and then every 1 or 2 weeks after that. The total volume of percolate
conversion of arsenic species by biotic and abiotic processes

. water was recorded. Water samples were kept in high-density poly-
(19, 20). These processes may result in the occurrence of more gy jene (HDPE) bottles and placed in a cooler containing ice.

toxic inorganic arsenicals. The repeated use of organoarsenical  arsenic Analysis and SpeciationArsenic speciation analysis was
herbicides on golf courses results in concentrated application performed within 24 h of sampling, using high-performance liquid
of arsenic in the localized areas. Retention of these arsenicalschromatography coupled with hydride generation atomic fluorescence
in golf course soil and their subsequent leaching to percolate spectrometry (HPLEHG—AFS). The HPLC system consisted of a
water and further into irrigation water may cause environmental P4000 pump and an AS3000 autosampler with aAl0@sjection loop
problems with respect to human health. To understand and(Spectra-Physics Analytical, Inc., Fremont, CA). A Hamilton PRP-X100
manage the risks posed by MSMA application on golf courses, anion-exchange HPLC column (250 4.6 mm, 10#m particle size)

it is essential to know the effects of soil properties on arsenical ‘;JV:SSEEZ?et?ngﬁiﬁ’:r;tgsd;ﬁgs“; Z;Sa?tngzﬂsopvscri;tz "(‘)’:}q ?n E'_%‘; ;‘ZOl L
retentlon’_mo_blhty’ an_d SPECIES conversion. . HG—AFS instrument used was a PS Analytical Millennium Excalibur
The objective of this work was to understand the behavior gystem (PSA 10.055, PS Analytical, Kent, U.K.). This system is an

of arsenic species in percolate water from MSMA-applied golf integrated atomic fluorescence system incorporating vapor generation,
course greens, as well as to determine the influences of root-gas-liquid separation, moisture removal, and atomic fluorescence
zone media for United State Golf Association (USGA) putting stages. Data were acquired by a real-time chromatographic control and
green construction on arsenic retention and species conversiondata acquisition system. With this instrumental set up, all major species
The field test was established at the Fort Lauderdale ResearctPresent in percolate water including arsenite '(jsarsenate (A3,

s Ecaton Cantr (FLREC), Uniersy f s Percite (Rt snlesnic s (1), o debysn so0 ()
water was collected periodically and analyzed for arsenic HPLC—HG—AFS were about g L for As", MMA, gnd DMA g
speciation and total arsenic. The results indicate that arsenic

. . . . and 1.5ug L™ for AsY, respectively, calculated based on the 3 times
retention and arsenic species leached vary with the substrat€ e paseline noise. The relative standard deviation gt

composition, providing important information on how to reduce  ¢oncentration level was below 7% for all species for triplicate analysis.

the risk of arsenic contamination. Total arsenic determination was carried out using inductively coupled
plasma mass spectrometry (ICP/MS). Soil samples (0.5 g) were digested
MATERIALS AND METHODS in 10 mL of concentrated nitric acid using an open vessel method at

110°C for 1 h and additional 30 min after adding 1 mL of®3. The

Soil SelectionsThree types of substrate composition have been used digested solutions were transferred to 50-mL volumetric flasks and
for simulated golf course greens, including uncoated sand (S), uncoateddiluted to the mark with DDI water. Further dilutions were performed
sand and peat ($ P), and naturally coated sand and peat (N®). to make test samples in 2% nitric acid. Water samples for total arsenic
The use of coated sands and peat can increase moisture and nutriergnalysis by ICP/MS also contained 2% nitric acid. Internal standard
retention and improve turfgrass growth in sand-based putting greens(Y) was added to each sample at&@L* prior to ICP/MS analysis.
without negatively influencing the putting green physical characteristics. Standard check solutions and spiked samples were analyzed for QA/
Canadian sphagnum peat moss was added at 10% (v/v) in each mixtureQC purposes. The detection limit for total arsenic analysis was 0.05
Uncoated sands and naturally coated sands are the normal substratesg L.
for golf course putting greens. The uncoated sand used was common Arsenic Stability Test. To ensure that arsenic species were not
guartz sand, light gray or colorless, and did not have clay-sized coatings.altered during sample storage time, the stability of arsenic species in
Naturally coated sands, collected from Lake County, FL, had a reddish- field samples was tested using different preservation methods. The
brown hue because of oxidized Fe and Al in the clay-sized fraction of percolate water collected from each type of substrate was spiked
the coating. It consisted of quartz and clay fractions including hydroxy- immediately at 2Q«g L~ in the field with Ad", As¥, MMA, and DMA,
interlayered vermiculate [(Mg,Z&Al)3(Al,Si),0:(0OH)z-4(H,0)], ka- respectively. One set of the spiked samples was frozen immediately
olinite [Al;Si,Os(OH)4], geothite [FeO(OH)], and gibbsite [Al(OH]) and stored in liquid nitrogen prior to speciation analysis. Another set
The cation-exchange capacities of sands and naturally coated sandsvas stored in a cooler with ice {4 °C) during transportation to the
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Table 1. Recoveries (%) of Arsenic Species Spiked in Percolate Waters under Different Storage Conditions?

in liquid nitrogen cooler, same day analysis cooler, next day analysis
substrate Asl DMA MMA AsV Asl DMA MMA AsY As'l DMA MMA AsY
S 116 121 118 88 93 92 93 96 100 94 109 91
S+P 99 109 112 87 88 82 93 80 92 111 100 103
NS +P 94 106 105 113 89 91 96 97 97 109 96 93

2§, uncoated sand; S + P, uncoated sand and peat; NS + P, naturally coated sand and peat.

Table 2. Total Arsenic Concentration (mg kg=t%, n = 4) in Substrates “E" 100 e ST
before and after MSMA Applications? = S i
time S S+P NS +P E
week 0 0.27 £ 0.02 0.27 £ 0.01 0.34+0.04 § L
week 3 0.45£0.04 0.58 £0.04 0.69 £0.08 ;,'
<
@
S, uncoated sand; S + P, uncoated sand and peat; NS + P, naturally coated %
sand and peat. s L 1 | 1
g
=iilo

lab and analyzed immediately and then stored in a refrigerator for the
next day analysis. The recoveries of the spiked arsenic species were
calculated to evaluate the sample preservation efficiency.

0 2 4 5] 8 10 12 14 16
Time (weeks)

RESULTS AND DISCUSSION S+P

Sample PreservationField water samples from three types
of substrate, with or without standard addition, were analyzed
using HPLC-HG—AFS for arsenic speciation. All sample
storage methods were shown to be effective in arsenic preserva-
tion with recoveries of the spiked arsenic standards ranging from
80 to 120% Table 1). Thus, all of the field samples were stored
in an ice-cold cooler for transportation and analyzed within 24
h of sampling. or iz e | e | ez e ks

Arsenic Retention and Leaching. The arsenic level in Time (weeks)
untreated substrates{Q0 cm) before MSMA application was
at 0.27-0.34 mg kg and increased to 0.49.69 mg kg on
9/19/2002 after three MSMA application3dble 2). In the
meantime, some of the applied arsenic leached into percolate
water. At a depth of 810 cm, arsenic retained in uncoated
sands (S) in week 3 was significantly less than those in substrates
S+ P and NS+ P, suggesting a higher arsenic mobility and
faster leaching rate for uncoated sands.

Total arsenic concentrations in percolate water vary among
substrates and sampling time. Highest concentrations were
obtained following the application of MSMA with an average o eyl s A 10 12 14 18
(from four plots) of 21.83+ 10.47, 10.2% 5.71, and 8.05: Time (weeks)

.4'84 mg mfor S, S+ P and NS’_ P, respect_wely, measured Figure 1. Cumulative arsenic leaching curves for S, S + P, and NS + P.

in week 2. Decreases in arsenic concentrations were obServed iy arsenic was the sum o all of the arsenic species detected by HPLC

with samp!lng time. Arsenic leaching in percolate water HG-AFS. Data were the average of four replicates for each type of
measured in week 14 was found to be 0:870.54, 0.53+ substrate.

0.63, and 0.40t 0.47 mg m?, for S, S+ P, and NS+ P,

respectively.Figure 1 illustrates the results of the average arsenic mobility and leachability (see below on arsenic specia-
cumulative arsenic leached from all three substrates during thetion studies). Starting from week 5 (10/3/2003), the total arsenic
course of the experiment. Over the 14 week interval after the leached in each plot again increased, most likely because of
first MSMA application, the total amount of arsenic leached the increase in percolat&igure 2).

varied with substrate compositions. During the first 2 weeks, Large standard deviations of the accumulative arsenic leached
the greatest leaching was observed for all three substrates. Thisvere observed among the four plots for each substrate, especially
was associated with the three MSMA applications during the for S and S+ P (Figure 1). The cumulative arsenic leached
time period. After the first 2 weeks, arsenic leaching declined from each substrate was determined by several factors, including
in each plot, showing a decrease in the slope of the cumulative substrate composition, water amounts from rain, and sprinkler
leaching curve. This can be explained by the lack of rainfall system used. It can be seen frétigure 2 that the percolate
during this time period, which caused a sharp decrease in thevaried with sampling time. For a specific substrate, the
volume of percolate wateiF{gure 2), and by the termination  differences in accumulatively leached arsenic most likely
of MSMA application after 2 weeks. The transformation of resulted from the sprinkler system, which may not have watered
arsenic species that occurred during this time period could affectthe plots uniformly. Therefore, the results shownFigure 1

20

Cumulative As Leached (mg n?)

100

NS+P

20

Cumulative As Leached (mg m?)
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Figure 2. Changes of percolate water volume with sampling time. Data E °
were the average of four replicates for each type of substrate. < 0 S 2 4 6 8 1 © 1 ®
may not provide fully representative information on arsenic Time (weeks)

leaching ability for a specific substrate. To eliminate the effects Figure 3. Normalized cumulative arsenic concentration (NCAC) in
from variations in the amount of percolate in different plots percolate water versus sampling time. The NCAC was calculated by using
and to compare the results from different substrates, the the cumulative arsenic leached (mg m~2) at a certain time divided by the
accumulative arsenic leached was normalized to the accumulategumulative volume (L) of the percolated water collected at the same time.
water volume collected at each plot for the 14-week experi-
mental period Figure 3) and termed “cumulative leaching Table 3. Normalized Arsenic Leaching Rate («g L) during a
concentration”. The deviations between the 4 replicates were 14-Week Period?
reduced compared with the cumulative total arsenic leaching
shown inFigure 1, while the similar leaching trends still remain.
The large deviations in the normalized arsenic leaching rate
(Table 3) observed from substrates S ana-% likely resulted
from the large variations in the volumes of percolate water
collected among the four plot&igure 2). Compared to S and
S+ P, NS+ P showed a higher capacity of preventing arsenic formation of arsenic species during their transport through the
from leaching into percolate water, with leaching rate at46  substrate. Speciation studies can provide an insight into arsenic
4 ug L1, implying that the coatings of sands with clay reduce distribution patterns, identify its toxicity in ecosystems, and
arsenic leaching. It appears that the clay fractions in the Coatedexplain arsenic transformation and mobility.
sands play an important role in adsorbing arsenic because of |t should be pointed out that the analytical technique
their high surface area and high iron and aluminum contents. employed in this study, HPLEHG—AFS, determines the
In general, soils with higher clay content retain more arsenic hydride-forming arsenic species, i.e.,"AsAs’, MMA, and
than soils with lower clay content. The adsorption of arsenic DMA, which are reported to be the major arsenic forms in
on soil is also dependent on the type of clays, which follows agricultural soils and water@%). The total arsenic concentration
the order for arsenic sorption as kaolinite vermiculite > in percolate waters was also measured using ICP/MS, and the
montmorillonite @3, 24). The greater the sorption of arsenic  results were in accordance with the sum of concentrations of
onto soil, the less that is available for transport through substrateall arsenic species detected using HPHEG—AFS. This
pores. confirmed that the four hydride-forming arsenic specied!! As
Arsenic Species Transformation and Leachability.The AsY, MMA, and DMA composed of the majority of arsenic
determination of arsenic leachability through measuring the total present in the percolate water (data and chromatogram not
arsenic concentration does not provide information on trans- shown). Thus, the results from HPEEGIG—AFS analysis are

S S+P NS +P
100 + 42 85+ 17 46+4

2§, uncoated sand; S + P, uncoated sand and peat; NS + P, naturally coated
sand and peat.
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0 sl Small amounts of A% were found in the percolate water only
- :m S s . l for S and S+ P at about 0.4 mg n?. Arsenic leached in the

o _AsV form of As' represented a minor fraction of the total arsenic
in percolate. A4 was not detectable in the coated (NSP)
substrate. AS was the only arsenic species that leached out
continuously over the entire experimental period for all sub-
strates. The average A¢eached from S, S- P, and NS+ P
substrates were 19.7, 19.5, and 14.1 mg,mespectively. The
longer the arsenic remained in the substrate, the more likely it
was transformed to As After 8 weeks for uncoated sand
substrates (S and-8 P) and 3 weeks for coated sand substrate
(NS + P), A8’ was the only species detected in the percolate
(Figure 4).

On the basis of the results obtained in this study, a conceptual
model is proposed to help explain and understand arsenic
transformation and transport after applying MSMA to a golf
= | green Figure 5). Note that the arrow size is proportional to
\ the importance of the process. After MSMA application, a
variety of chemical and biological processes occurring in the
4 heterogeneous environment may alter the arsenic speciation.
MMA was detected soon after application of MSMA and
13 3 3 disappeared immediately after stopping application of MSMA,
10 12 14 suggesting that MSMA was efficiently transformed via meth-

ylation and demethylation to other arsenic species, most likely
——Asll | NS4p DMA and As’ in this case. Many soil and water microorganisms
14 { —m—DMA 1 are capable of mediating arsenic methylati@®, (27). Once
12 im DMA was formed, it could undergo several processes including
10 adsorption to soil particles, leaching with percolate water,
demethylation back to MMA, and further methylation to volatile
arsenic species (e.g., trimethylarsine). High concentrations of
\ DMA observed in percolate indicate that leaching is an
02 ——all important pathway of arsenic biogeochemical cycling in these
~——o soils. Adsorption of MMA and DMA to soils has been correlated
¥ to soil clay content, showing much more adsorption in soils
8 10 12 14 with greater contents of clay and iron oxidez8); This was
Time (weeks) clearly demonstrated by the leaching behavior of both MMA
Figure 4. Cumulative leaching of the four arsenic species in different and DMA in the three substrates, where their leaching capability
types of substrate. The data show the average of four replicates for each was lower in the coated sand substradtg(re 4). Leaching of
type of substrate. MMA and DMA seemed to be limited by the presence of peat
in the sand root-zone medium. The leachability/mobility of

used throughout the discussion. It can be seen that arsenid’MA and I?éMA has been found to be higher than that of
species transformation clearly occurred after MSMA application a'Senate (AS because they are much less particle-reactive

20
15

10

Cumulative As leached (mg m?)

25
—e—Aslll
—i— DMA
20 | —A—MMA
—e— AsVY

15

10

Cumulative As leached {mg m?)

Cumulative As leached (mg m %)

and during its transport through the substraféigyre 4). The compared to arsen'atea). Eormation of volatile methylated
extent and magnitude of species transformation was dependen'Sine from DMA is possible. However, the magnitude of
on substrate compositions. producing these compounds seemed to be minor because large

MMA was leached from all three substrates but mainly in amounts of DMA were rapidly leached into percolate water.
the first few weeks when MSMA was applied. For substrate S Degradation of MMA to A¥ appeared to be the major
that showed less arsenic sorption capacity, a large quantity oftransformation pathway. It can be seen fréigure 4 that As’
MMA leached out unaltered at 12.1 mg A which consisted ~ was the predominate species, with DMA and MMA having
of 20.8% of the total arsenic leached in 14 weeks. MMA leached disappeared completely after 8 weeks of MSMA application.
from S + P and NS+ P were 1.1 and 0.3 mg T} The arsenie-carbon bond in MMA, like most metal/metalloid
corresponding to 3.2 and 1.4% of the total arsenic, respectively carbon bonds, lies in the normal range of chemical-bond energies
(Figure 4). These results suggest that, compared to substrate(26). The practical stability of the AsC bond does not preclude
S, MMA underwent a faster transformation in and/or stronger the transformation of this compound into others. Indeed, intense
adsorption on St P and NS+ P. UV irradiation of alkylarsenic under oxidizing conditions results

Much larger amounts of DMA were leached from all three in quantitative formation of arsenate. The photochemical cleav-
substrates compared to MMA. Significant differences in arsenic age could be an important degradation pathway on the grass
leaching amount and time among the substrates were observedeaf and in surface soil environments. The most significant
with higher DMA concentrations leached continuously in the MMA demethylation process in the soil is likely mediated by
first 7 or 8 weeks for S and S P after MSMA application a variety of microorganismsl{, 25, 26). The type of micro-
and lower DMA concentration only in the first 2 or 3 weeks organisms, their populations, and the chemical and physical
for NS + P (Figure 4). Average cumulated DMA leaching were  factors of the soils affect the rate of degradation/demethylation.
25.8, 13.3, and 7.4 mg M for S, S+ P, and NS+ P, Woolson et al. reported that the estimated half-life of MMA
respectively. and DMA applied to a field was 2622 days 29).
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Note: Arrow size proportional to

the importance of the interaction Percolate water
Figure 5. Conceptual model showing arsenic transformation and transport after MSMA application in a golf green.

Transport of A¥ in the substrates is affected strongly by the Table 4. Total Arsenic Leaching Rate in 14 Weeks
soil properties. Many studies have suggested th¥thas alow  (~8/29/2002-12/4/2002)*
potential for leaching and can be very persistent in soil. This is s S+p NS+ P
thought to be due to the low solubility of arserisoil cation
complexes 30). As a result, arsenic introduced into the ~ meanrate (%) 186 108 7.0
rate range (%) ~5.0-32.4 ~5.6-16.8 ~6.3-8.2

environment may accumulate in soil layers near the surfbke (
31, 32). As' transport through the substrates utilized in this
study, however, was fairly rapid. The lower arsenic retentions
in uncoated sands (S antHSP) compared to naturally coated
sands (NS+ P) were likely caused by the lack of strong

2§, uncoated sand; S + P, uncoated sand and peat; NS + P, naturally coated
sand and peat.

related to its mineral-clay coatings, which may produce an

interactions between arsenic and the sand surfaces. The presencgidizing environment on the coated sands.

of organic matter (peat) did not significantly change the arsenic
retention in soil Figure 4).

Microorganism-mediated arsenic transformation, including
methylation, demethylation, oxidation, and reduction are de-
pendent on the bioavailability of arsenic speci2g)( Strong

In summary, three substrates, all used in Florida golf courses,
were studied on arsenic transport and transformation associated
with MSMA application on a golf course green. The results
showed that the substrate composition significantly influenced
arsenic mobility and arsenic species transformation in the

adsorption of arsenic on soil particles reduces arsenic uptakegpstrate and in the percolate water. After 14 weeks of MSMA

by microorganisms, consequently limiting the rate of transfor-
mation. This seems to be the case for DMA production it S

P and NS+ P (Figure 4). The possibly strong interactions
between colloids derived from substratest? and NS+ P
and MMA may also contribute to the limited bioavailability of
MMA, resulting in a reduced formation of DMA. On the other
hand, the lack of strong interactions between MMA and
uncoated sands enhanced the methylation of MMA (Sgure

4). The formation of AY in some substrates was likely from
the reduction of A% via microorganism-mediated processes.
Microbial reduction of A¥ to As" may occur by at least two
principal mechanisms: dissimilatory reduction, where’ As
utilized as a terminal electron acceptor during anaerobic
respiration, and detoxification activity, which involves anvAs
reductase and an Asefflux pump @3). The A¢' reduction via
detoxification can occur under both anaerobic and aerobic
conditions. Reduction of Asvia either of these two mechanisms
requires the presence of bioavailableYAs soil solutions. A
relatively high concentration of ASs found in substrate S
resulted mainly from the highly available Agpresent in this
substrate Figure 4). According to previous reports, several
natural clays such as kaolinite and illite have been found to
enhance the oxidation of Als(34, 35). Therefore, the lack of
As'' in the percolate water in substrate NSP was possibly

application, the total arsenic leached into the percolate water
was 18.6, 10.8, and 7.0% for S;1SP, and NS+ P, respectively
(Table 4). In comparison to S and $ P, NS+ P showed a
higher capacity of preventing arsenic from leaching into
percolate water, implying that the coatings of sands with clay
reduce arsenic leaching. Arsenic species transformation clearly
occurred after MSMA application and during its transport
through the substrates. The extent and magnitude of species
transformation was dependent on substrate compositions. Mi-
croorganism-mediated processes were likely involved in arsenic
transformation. The soil composition, including clay coating on
the soil particles, and the addition of peat in the soil affected
not only the transport of arsenic in the soil but also its
bioavailability, which in turn controls the microorganism-
mediated arsenic transformation. A conceptual model was
proposed to help explain and understand arsenic transformation
and transport after applying MSMA in golf course green.
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