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Abstract: Increasing prevalence of cyanotoxins in surface water bodies worldwide threatens ground-
water quality when contaminated water recharges an aquifer through natural or artificial means.
The subsurface fate of anatoxin-a (ATX) is not well studied. Laboratory batch experiments were
performed to expand the current knowledge of ATX sorption affinities to geologic media, with a focus
on natural soil (Vertisol, Ultisol, Alfisol, and Inceptisol) and physical, chemical, and mineralogical
characteristics. For a range of aqueous ATX concentrations (0.3–14 µg/L), linear, Freundlich, and
Langmuir isotherms fit observed data well (r2 = 0.92–1.00, RMSE = 0.4–6.3 µg/kg). Distribution
coefficient (Kd) and retardation factor (Rf) values were computed for the linear isotherm, giving Kd of
22.3–77.1 L/kg and Rf of 62–256. Average percent removals were 85.0–92.2%. The strongest predictors
of Kd were kaolinite and smectite group mineral abundances and for Rf were smectite group and silt
and clay abundances. Results indicate that loamy, silty, or clayey soils—particularly Vertisols—tend
to substantially slow migration of ATX through natural soil systems. Where implemented as a
functionalized amendment in an engineered pollution control media, such soils may enhance natural
ATX attenuation processes, thereby supporting the protection of in situ and extracted groundwater
during irrigation, natural and managed aquifer recharge, or riverbank filtration.

Keywords: anatoxin-a; cyanotoxin; emerging contaminants; sorption; soil; clay mineralogy; pollution
control

1. Introduction

Groundwater shortages are increasing worldwide, leading to an increasing use of arti-
ficial recharge techniques to support sustainable aquifer management [1,2]. Using surface
water for enhancement of aquifer recharge or irrigation carries with it the risk of contami-
nants impacting groundwater quality. One group of contaminants of emerging concern are
toxins produced by cyanobacteria—also called cyanotoxins—which commonly proliferate
in rivers, lakes, and reservoirs [3–6]. Cyanotoxins pose a risk to human and animal health
and can bioaccumulate in food crops [7–10]. This risk is of particular concern for artificial
recharge facilities where infiltrated water may subsequently be withdrawn for consumption
or irrigation, such as riverbank filtration and stormwater harvesting [11,12]. Consequently,
recognition is growing of the need for groundwater protection technologies [13].

Cyanotoxins comprise over 100 compounds with differing toxicological characteristics
that generally can be classified into one of three groups based on targeted organ systems:
hepatotoxins (causing liver damage), neurotoxins (causing neuromuscular disruption), or
dermatoxins (causing skin irritation) [4]. One particularly potent neurotoxin is anatoxin-a
(ATX), which is a secondary bicyclic amine, related to alkaloids in structure, produced
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by various species of cyanobacteria in freshwater ecosystems [14,15]. Once ingested by
livestock or other animals, this cyanotoxin irreversibly disrupts nerve receptors in the
muscular system, which results in paralysis, respiratory arrest, and death, usually within
a few minutes to a few hours after ingestion [16], earning it the dubious distinction of
being termed “Very Fast Death Factor” upon its discovery in 1961 [17]. ATX is described
as an acutely toxic compound—having a median lethal dose (LD50) of 20–250 µg/kg in
mice—and has been observed in water bodies throughout North America, Europe, Asia,
and Australia as well as in New Zealand and Kenya [18–22]. The toxin was found to be the
likely culprit responsible for the rapid deaths of over 100 elk in rural New Mexico during
the summer of 2013, and several cases of dog poisoning by ATX have been reported over
the years [23–25]. The first known case of a human death attributed to possible poisoning
by ATX occurred in Wisconsin in 2002 after a teenager ingested pond water containing the
cyanotoxin; however, the cause of the fatality remained inconclusive [19]. Recently, the
first cases of human food poisoning where ATX was definitively identified as the possible
cause were reported by Biré et al. [26], where 26 people reported being sick after eating
sea figs over three events in 2011, 2012, and 2018. Despite its acute toxicity, no water
quality standards have been outlined for ATX by federal agencies in the United States or
by governments in many other countries, and concerns regarding human injury by ATX
and other cyanotoxins are becoming more prevalent [7,27]. Based on the limited data
currently available for acute and subchronic (28 days) ATX toxicity, Testai [28] recommends
provisional health-based reference values for short-term exposure via drinking water of
30 µg/L for adults and 6 µg/L for infants and small children; exposure to concentrations
up to these values is expected to be safe.

ATX is highly soluble in water, thus environmental transport of the toxin is a concern.
ATX has a low molecular weight of 165 Da and the chemical formula C10H15NO [21,29].
ATX occurs predominantly in the protonated form under typical environmental conditions
(pH of 6–9) and has been shown to decompose rapidly in sunlight as well as under alkaline
pH conditions [30–32]. Stevens and Krieger [31] found that ultraviolet (UV) radiation con-
verts the toxin into harmless organic compounds within a few hours in natural hydrologic
systems at a pH of 8–9. However, the rate of ATX degradation as a function of UV radiation
is disputed among studies [32]. Although Stevens and Krieger [31] found ATX to have a
half-life of only 1–2 h under natural sunlight conditions at pH of 8–9, a study by Smith and
Sutton [33] showed a much slower degradation time. Smith and Sutton [33] reported, at
pH 8 and 10 under laboratory experiments using reservoir water spiked with the toxin and
natural photoperiod conditions, less than 5% of ATX was present after 14 days, implying
a half-life of 3.2 days assuming an exponential decay. Kaminski et al. [34] reported only
a 10% degradation of ATX after 1 h of irradiation under photosynthetically relevant UV
conditions, but this may be largely attributable to acidic experimental conditions with a pH
of 3.5. Furthermore, Stevens and Krieger [31] noted that the rate of ATX degradation in
natural systems is dependent on the UV radiation intensity and radiation exposure in the
water column. The New Zealand Ministry of Health [22] reports that the lifespan of ATX
can range from days to months in the absence of sunlight.

Accounts of ATX in lakes and rivers have been extensively reported and investigated
since the toxin was discovered decades ago. Owing to its photosensitivity, ATX persistence
and transport in surface water may be limited; however, few researchers have investigated
ATX occurrences in wells, aquifers, or vadose zone systems. The presence of ATX in an
agricultural setting has been confirmed, with the toxin being found in agricultural soil,
subsurface tile drainage water, and in groundwater from an artesian well at the farm [35].
Zhang et al. [35] also identified the prevalent cyanotoxin microcystin in agricultural soil
and groundwater from municipal drinking water wells in the watershed. Microcystin-LR
has also been measured at concentrations exceeding 1 µg/L (the World Health Organiza-
tion has issued a provisional guideline of 1 µg/L in drinking water [27]) in groundwater
samples from open wells in Saudi Arabia, and several studies have reported the accumu-
lation of microcystin-LR as well as cylindrospermopsin in crops that were irrigated with
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contaminated water [8,36,37]. Understanding the transport and fate of ATX in addition to
other cyanotoxins in these environments could help identify potential groundwater sources
vulnerable to cyanotoxin contamination.

Given the net positive charge of the ATX molecule under typical environmental condi-
tions, its fate may be significantly affected by electrostatic attraction with negatively charged
sites on soil particle surfaces or ion exchange with other soil cations. Klitzke et al. [38] were
some of the first researchers that investigated ATX sorption affinities to different geologic
media using equilibrium batch experiments. They quantified the abilities of ten hydro-
morphic sediments and three soils to remove ATX via adsorption to sediment or soil
grains. The researchers produced two nonlinear adsorption isotherms from batch test
results and reported adsorption coefficients for six of the sediments and two of the soils.
Klitzke et al. [38] concluded that clay-rich and organic-rich materials removed ATX from
water more efficiently than sandier materials; however, the study is limited with respect to
ATX adsorption in natural soils since sorption coefficients for only two soils (a sandy soil
and an organic mud) was reported. Bialczyk et al. [39] conducted kinetic batch experiments
to measure the ATX adsorption and desorption characteristics of three clay minerals (paly-
gorskite, kerolite, and sepiolite) and one clay sample (bentonite predominantly composed
of montmorillonite) and found that sorption was related to clay mineralogy, particularly
surface area. All samples had low organic carbon content (0.2–1.6 weight [wt.] %), thus the
effects of organic materials were not apparent. The sorption properties of other cyanotoxins,
such as nodularin, microcystin LR, and cylindrospermopsin, have been reported in the
literature [12,36,38,40,41], but different charge characteristics of these molecules limits the
relevance of these findings to ATX.

Even though batch experiments using geologic materials have been performed with
respect to ATX to describe sorption characteristics of the cyanotoxin in geologic media, the
current literature on this topic is limited and rarely focuses on the toxin adsorption as a
function of soil type, individual soil horizons, or soil chemical or mineralogical properties.
Therefore, the purpose of this study is to expand the current knowledge of ATX sorption
affinities to geologic media, specifically with a focus on the physical, chemical, and miner-
alogical characteristics of natural soils (Vertisol, Ultisol, Alfisol, and Inceptisol). The results
from this study will provide additional insight regarding the transport and fate of ATX
in natural soil systems, including those involving bank filtration, agricultural irrigation,
and artificial recharge. In closing, we discuss the potential to protect groundwater from
impacts posed by the presence of ATX in the environment, and we comment on the role of
functionalized amendments for targeting ATX removal via engineered media.

2. Materials and Methods
2.1. Study Area

Soil samples were collected at five sites along an east–west transect through Grenada
County in north-central Mississippi (MS), USA, across a gradient of land resource areas
and a variety of soil types overlying Eocene (56 Ma) to Quaternary (present) age sediments
(Figure 1). Land resource areas are defined by the Natural Resources Conservation Service
(NRCS) by geographic location, topography and landscape features, geology, soil group,
hydrologic unit, and land use, and are typically used for agricultural planning and resource
conservation programs [42]. The land resource areas in Grenada County (from west to east)
are the Delta, Upper Thick Loess, Upper Thin Loess, and Upper Coastal Plain (Figure 1).
Soils in these areas include Quaternary expansive clay deposits in the Delta [43], silty pe-
doglacial Pleistocene soils in the loess hills of western and central Grenada County, and soils
from Eocene fluviomarine deposits in the hilly eastern half of the county. Grenada County
is also home to Grenada Lake, which serves as a major flood-prevention and recreational
reservoir in MS. Although ATX has not been reported in these waters, Dash et al. [44]
revealed the presence of a cyanobacterial pigment, phycocyanin, and microcystin-LR in
Grenada Lake. This suggests that the lake is prone to harmful algal blooms and, therefore,
these surface waters could serve as potential sources of ATX in the study area.
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Figure 1. Locations of study area and land resources areas (modified from Vanderford [45]) in
Mississippi, USA, and sample collection sites. Soil and sediment abbreviations are At, Alligator
Association; Cs, channel sand; Ct, Cuthbert Series (Ct1, A horizon; Ct2, B horizon); Ff, Falaya Silt
Loam Series; MeF, Memphis Silt Loam Series; Ru, Ruston Series (Ru1, A horizon; Ru2, E horizon).

The climate in the study area is humid and subtropical, with average temperatures
ranging from −0.4 to 33 ◦C and an annual average rainfall of 156 cm (1991–2020 climate
normals; [46]). These climatic factors affect soils in the county by leaching or removing solu-
ble materials, encouraging moderately to highly acidic soil conditions, and by transporting
colloids and organic substances deeper into soil profiles, resulting in the rapid formation of
soils in younger sediments and well-developed horizons in older soils [43].

2.2. Soil Characteristics
2.2.1. Pedology

Eight samples were collected in Grenada County, MS, representing four soil orders:
Vertisol, Ultisol, Alfisol, and Inceptisol. The soils chosen for this study were selected based
on general prevalence in each of the four land resource areas in the county indicated by
NRCS [47]. Samples consisted of soils from the Alligator Association and the Memphis,
Falaya, Cuthbert, and Ruston Series, as well as sediment from gullied land that visual
observation indicated is ephemerally inundated.

Because previous research has shown adsorption of cyanotoxins occurs in clays [38,39],
it is assumed that clay-dominant soils will adsorb ATX more effectively than coarser-grained
soils. Thus, sampling focused on soils with greater proportions of fines, containing more
than ~25% silt and clay.



Water 2022, 14, 2869 5 of 24

Alligator Association

Soils in the Alligator Association (At) are thermic Vertisols that occur in broad flat
woodlands, backswamps, and meander scrolls within the Mississippi River alluvial plain in
the Delta land resource area of Grenada County [43,48]. Alligator Association soils are moist
for most of the year and, thus, belong to the Aquert soil suborder [48]. These soils generally
consist of strongly acidic, poorly-drained, plastic, dark-grey to brown montmorillonitic
clays and silty clay loams [43]. Alligator soils contain few organics, lack a B horizon, and
have similar A and C horizons [43,47].

Memphis Silt Loam Series

The Memphis silt loam (MeF) is a thermic Alfisol that is commonly found along
narrow ridges and steep slopes in forested areas in the western parts of the Upper Thick
Loess as well as on terraces in the Upper Coastal Plain [43,48]. Alfisols are weathered
soils that form in humid climates (often in forests) and show apparent signs of downward
clay movement within the soil profile [49]. In Grenada County, the Memphis silt loam
was derived from pedoglacial windblown silt and clay [50], and the loess deposits that
underlie this soil generally range in thickness from ~3 to 16 m, with the maximum thickness
occurring along the eastern margin of the Delta land resource area [51]. The A horizon
of this well-drained soil is composed of a slightly-acidic brown silt loam underlain by a
strongly-acidic dark-brown silty clay loam to silt loam in the B horizon [43].

Falaya Silt Loam Series

The Falaya silt loam (Ff) is derived from floodplain alluvium and has been described
as an Inceptisol as well as an Entisol [43,48]. These soil orders are similar in that they
describe immature soils that lack well-developed horizons; however, Inceptisols are con-
sidered better-developed than Entisols [49]. Since the Grenada County Soil Survey [43]
characterizes the Falaya silt loam as an Inceptisol, the soil is classified as such in this study.
The Falaya soil serves as a major agricultural soil in the county and is commonly found
adjacent to streams in the Upper Thick Loess, Upper Thin Loess, and Upper Coastal Plain
regions. This soil consists of strongly-acidic, friable, brown to grey silt loams containing
only A and C horizons within a depth of ~1.5 m [43].

Ruston Series

Ruston Series soils (Ru) are siliceous Ultisols found in the middle to upper parts of
steep slopes in the hilly uplands in eastern Grenada County [43]. Soils in this series are
derived from highly weathered fluviomarine sediments in the Eocene Claiborne Group,
which consist of sands, loamy sands, and sandy clays [43,51]. These soils are extremely
well-developed. The A horizon in Ruston Series soils is composed of dark-brown to
yellow-brown fine sandy loams underlain by a yellow-red sandy clay loam or loam in
the B horizon [43,45]. The presence of an eluviated or leached E horizon has also been
reported in Ruston soils [48]. These soils are well-drained, are strongly to very strongly
acidic, and have thick soil profiles that extend to a fine sandy loam C horizon at a depth of
~1–1.5 m [43].

Cuthbert Series

Cuthbert soils (Ct) are Ultisols that occur with and are very similar to the Ruston soils,
but generally contain more clay and have shallower soil profiles [43,48]. These soils contain
distinct A, B, and C horizons that generally grade from friable grey-brown or brown fine
sandy loams to yellowish-red and mottled brown clays to light-brown or light-grey clay
shales and yellow-red sand lenses [39]. These soils are somewhat poorly-drained, strongly
to very strongly acidic, and contain a strong fragipan near the ground surface [43,45].
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Channel Sand

Although not a true soil, a fluvial channel sediment (Cs) was collected in an area
mapped as sandy gullied land downslope of Ruston soils in the Upper Thin Loess region.
The sample location is near the base of the gullied section in an ephemerally inundated
area near a stream (Gibbs Creek). Sediment is composed of poorly-sorted, yellow-brown,
angular to sub-rounded, fine to coarse sand grains (~70–75%) with notable silt or clay
fractions (~25–30%) and little to no gravel. Sand lenses are common in the parent materials
of the Cuthbert and Ruston soils; therefore, it was suspected that the channel sediment
might serve as an analogue for soils in the deeper C horizons of soils from these series [43].

2.2.2. Sample Collection

A 91.4-cm chrome-plated soil probe with a 30.5-cm long by 1.9-cm diameter core
extractor was used to collect core samples from each of the five soils and channel sediment.
The collected cores ranged from 15.2 to 76.2 cm in total length, were first described in the
field, and then subjected to a more thorough analysis at the University of Mississippi (UM)
to identify the soil horizons, horizon depths, soil grain-size composition, and soil series at
the sampling locations. The cores were stored in 76.2-cm split polyvinyl chloride (PVC)
pipes. Loose soil samples from each horizon were collected using a small hand shovel and
stored in labeled resealable bags.

The At and Ff soils contained only a single observable horizon, thus, only one sample
was collected from each of these soils. The MeF soil contained two observable horizons,
but only the upper horizon was sampled. The Ct soil contained apparent A and B horizons
from which samples were collected. These horizons are referred to as “Ct1” and “Ct2”,
respectively, in this study. The Ru soil contained three notable horizons in the upper 76.2 cm;
however, only samples from the uppermost A and E horizons were sampled (labeled “Ru1”
and “Ru2”, respectfully). Soil materials from a total of seven horizons and the channel
sediment were sampled for ATX sorption analyses.

After collection and description, the soil core samples were oven-dried for 12 h at
37 ◦C. Once dry, the samples were disaggregated using a mortar and either a rubber or
ceramic pestle so that the maximum surface area of the soil grains was exposed without
crushing the grains.

2.2.3. Physical and Extractable Chemical Properties

Soil grain size analyses were performed for each sample to estimate the overall abun-
dances of sands and combined silt and clay fractions. The grain size analyses were
conducted by mechanical sieving using standard 1400, 500, 355, 250, 180, 125, 90, and
63 µm sieves.

The bagged samples were sent to the Mississippi State Extension Service Laboratory at
Mississippi State University (MSU) to determine the following soil chemical properties: pH,
cation exchange capacity (CEC), and abundances of extractable P, Na, K, Mg, Ca, and Zn.
Soil pH values were measured using a soil:water slurry with a 1:2 ratio of soil to distilled,
deionized water and mercury-free pH combination electrodes (AccuTupH Rugged Bulb;
PN 13-620-183A, Fisher Scientific, Pittsburgh, PA, USA). Elemental concentrations were
measured using an inductively coupled plasma-optical emission spectrometer (Specroblue
ICP-OES SOP; PN 760004562, Spectro Analytical Instruments, Inc., Mahwah, NJ, USA), and
CEC values were calculated using the sum of measured K, Ca, Mg, and acidity as described
by Sikora et al. [52].

2.2.4. Elemental Composition and Mineralogy

Samples analyzed for elemental composition and mineralogy were pulverized using
a benchtop ring mill batch pulverizer (Rocklabs-Scott, Charlotte, NC, USA). The pulver-
izer was thoroughly cleaned prior to and between samples to minimize any potential
contamination between samples. Samples were sent to the University of Florida (UF)
Environmental Pedology Laboratory for X-ray fluorescence (XRF) analysis to quantify the
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elemental composition of the soil samples. XRF was conducted in a He atmosphere using
an X-ray fluorescence spectrophotometer (EDX 7000, Shimadzu Corporation, Kyoto, Japan).
Each sample was loaded in a polypropylene cup with a mylar bottom and analyzed twice:
once for 100 s with an X-ray voltage of 15 kV (for improved sensitivity of light elements)
and once for 100 s with an X-ray voltage of 50 kV. Elemental concentrations (Al, Si, K, S,
P, Ca, Ti, Cr, Mn, Fe, Zn, Sr, Zr) were estimated using linear calibration curves based on
five standard reference materials analyzed alongside unknown samples. Coefficients of
determination for the calibration curves ranged from 0.95 to 1.00 with a median of 0.98.
Silica (SiO2) concentration was computed from the measured Si concentration.

After XRF analysis, samples were analyzed by X-ray diffraction (XRD) at the UF
Mineralogy and Soil Chemistry Laboratory. Due to the limited sample size, the clay-
sized fraction of soil samples was collected using a modified micropipette method [53].
The sample was suspended in deionized water (DIW) at a 1:10 soil to DIW ratio, shaken
overnight, and allowed to settle for 1 h and 50 min, after which the top 2.5 mL of the
suspension was collected. The sample was then centrifuged briefly at 14,000 rpm, after
which the DIW was decanted and replaced with 1 M MgCl2. The sample was resuspended,
shaken for 10 min, and centrifuged once again. The MgCl2 was pipetted off and replaced
with DIW, after which the clay particles were resuspended. This sample was dried down
on a low-background silicon-based slide mount in a laminar flow hood and analyzed. If
clay minerals were present, the slide was subjected to glycerol treatment and heating at
110 ◦C as needed to identify minerals present.

XRD analysis [54] was conducted using a computer-controlled X-ray diffractometer
(Ultima IV, Rigaku Corporation, Tokyo, Japan) equipped with stepping motor and graphite
crystal monochromator. Scans were conducted from 2–60◦ 2θ at a rate of 2 degrees 2θ
per minute using Cu Kα radiation. Minerals were identified by referencing XRD data
for minerals published by the Joint Committee on Powder Diffraction Standards (JCPDS).
Semi-quantitative relative abundances of minerals were estimated using a modified version
of the method reported by Poppe et al. [55] and reported as percentages of water-dispersible
clay fraction.

2.3. Batch Experiments

Equilibrium batch experiments were performed for each of the soil and sediment samples
and generally follow procedures outlined in similar adsorption studies by Miller et al. [56] and
Klitzke et al. [38]. For each experiment, six batch tests were performed for each soil sample
at ATX concentrations ranging from 0 to 15 µg/L. These relatively low concentrations were
selected based on environmental concentrations summarized by the New Zealand Ministry
of Health [22] and the U.S. Environmental Protection Agency (USEPA; [57]), which indicate
that ATX commonly occurs in natural waters at concentrations below about 15 µg/L and
concentrations exceeding 500 µg/L are relatively rare. The ATX-water solutions were
prepared using anatoxin-a (+) standards (PN 300620, Abraxis, Inc., Warminster, PA, USA)
and diluted with DIW to yield nominal concentrations of 0.3, 1, 3, 7, and 15 µg/L. The
concentration of ATX-water and batch test solutions were analyzed by enzyme-linked im-
munosorbent assay (ELISA) using a microtiter plate kit (PN 520060, Abraxis, Inc., Warmin-
ster, PA, USA) and an Abraxis Cyanotoxin Automated Assay System (PN 475200S, Abraxis,
Inc., Warminster, PA, USA) at MSU. Batch tests were prepared by placing 6 g of soil in
six separate 50 mL centrifuge vials and then adding 30 mL of DIW in one vial and the
ATX-water solutions to each of the other vials to yield concentrations of 0, 0.3, 1, 3, 7, and
15 µg/L The vials were capped, placed in a covered box to prevent photodegradation, and
shaken on an orbital shaker at 110 rpm for 24 h. The solutions were then centrifuged at
400 rpm for 10 min; the resulting supernatant was withdrawn from each vial and filtered
using 0.2-micron polyethersulfone syringe filters (PN SF020E, Environmental Express,
Charleston, SC, USA). Toxin concentrations in each filtered sample were measured in du-
plicate on the microtiter plate following the standard instructions provided with the ELISA
kit, and a 4-parameter logistic curve was used to calculate toxin concentrations from each
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sample via colorimetric absorbance methods. The ATX quantification limit recommended
by the ELISA kit manufacturer is that concentration equal to a relative absorbance of 90%
(0.1 µg/L); for this work, data up to a relative absorbance of 98% were retained (0.02 µg/L).
Percent recoveries for the ATX-water nominal concentrations were 93–109% with an aver-
age of 100%; the measured values—0.32, 1.09, 2.83, 6.77, and 13.99 µg/L—were used for
all subsequent calculations. A detailed description of the methods applied to perform the
batch experiments and analyze ATX concentrations as well as all original absorbance data
and computed aqueous ATX concentrations are provided in the Supplementary Materials.

2.4. Data Analysis
2.4.1. Sorption Isotherms

Linear, Freundlich, and Langmuir isotherm equations (Equations (1)–(3), respectively)
have commonly been used to model cyanotoxin adsorption abilities in geologic materials.
Therefore, these isotherms were selected for describing ATX sorption in the collected samples:

Cs = KdCe, (1)

Cs = K f Cn
e , and (2)

Cs = Cm
KlCe

1 + KlCe
, (3)

where Cs is the sorbed concentration [M sorbate/M dry sorbent], Kd is the linear isotherm
distribution coefficient [L3 solution/M dry sorbent], Ce is the equilibrium aqueous sorbate
concentration [M sorbate/L3 solution], n is an exponential decay term in the Freundlich
equation, Kf is the Freundlich isotherm coefficient [L3 solution/M dry sorbent], Kl is
the Langmuir isotherm coefficient [L3 solution/M sorbate], Cm is the maximum sorbed
concentration [M sorbate/M dry sorbent] that can be held by the sorbent [58,59].

Linear, Freundlich, and Langmuir isotherm models were developed for each soil from
the batch experiment results by plotting the average equilibrium concentrations (Ce) of
ATX in the filtered solutions against the toxin mass sorbed on respective soils (Cs). The
observed concentration of ATX sorbed on the soil particle surfaces was determined by:

Cs = (Cw − Ce)
Vw

Mt
, (4)

where Cw is the aqueous toxin concentration in the initial stock solution, Vw is the volume
of the aqueous solution, and Mt is the dry mass of sorbent (soil). In all experiments, Vw
was 0.030 L and Mt was 0.006 kg. All isotherm equations were fit using the Microsoft Excel
Solver function by minimizing the sum-of-squared errors between observed and predicted
Cs values.

2.4.2. Retardation Factors

Retardation factors were calculated to provide an estimate of ATX transport in natural
soil systems. Values of retardation factors (Rf) were calculated for the soils using the
following equations [49,59]:

R f = 1 + Kd
ρd

b
φ

(5)

φ = 1 −
ρd

b
ρs

, (6)

where, ρd
b represents dry soil bulk density [M/L3 bulk], φ is the soil porosity [L3 voids/L3

bulk], and ρd
b is the soil solid fraction [M/L3 soil solid]. Values for ρd

b were estimated using
bulk density measurements reported by Bruce et al. [46] for the Cuthbert Series samples
(Ct1 and Ct2), Memphis Series sample (MeF), and Ruston Series samples (Ru1 and Ru2).
Values for ρd

b were estimated using soil solid fraction data for the Alligator Association
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sample (At) based on observations by Keenan et al. [60], and for the Falaya Silt Loam (Ff)
sample based on observations by Longwell et al. [61]. Data were not available for Cs, and
its bulk density was assumed to be equal to the average of Ru1 and Ru2 given their similar
soil and clay percentages and considering that Cs may be composed of eroded sediments
from upslope Ruston soils. Porosity values were estimated using a value of 2.65 g/cm3 for
ρs in Equation (6), assuming soil solids are predominantly composed of quartz or similar
silicate minerals.

2.4.3. Statistics and Correlation

Error-based and correlation-based goodness-of-fit statistics were computed for the
fitted isotherm models, consisting of the mean error (ME), root-mean-square error (RMSE),
and r2. Associations among values for Kd and physical, chemical, and mineralogical
properties were quantified using the Pearson product-moment correlation coefficient (r).
Given the small sample size, r values are meant to provide only an approximate estimate
of the degree of linear association, and are intended to be interpreted only in a more
qualitative predictive fashion.

Multilinear regressions were performed for Kd and Rf against potential explanatory
variables consisting of physical, mineralogical, extractable chemical, and total solid-phase
chemical characteristics. All multilinear regression equations were fit using the Microsoft
Excel Solver function by minimizing the sum-of-squared errors between observed and
predicted Kd and Rf values. Candidate explanatory variables were selected based on r
values computed in the correlation analysis, and final explanatory variables were selected in
a stepwise fashion. Both forward and backward variable selection processes were applied,
with variables added one-by-one or removed one-by-one, respectively, in an iterative
process until reaching the lowest RMSE. Given the small sample size, the final equations
were restricted to no more than three degrees of freedom.

3. Results
3.1. Soil Properties
3.1.1. Physical and Extractable Chemical Properties

Samples represent a range of soil horizons, with five samples from the A horizon and
one each from the B and E horizons (Table 1). The non-soil sample (Cs) may be represen-
tative of eroded sediment from the C horizon of Cuthbert and Ruston soils. Under this
assumption, the following samples represent a downward gradient in the soil profile from
a zone of greater soil development/weathering to a zone of lesser weathering: Cuthbert
Series, samples Ct1 (A horizon), Ct2 (B horizon), and Cs (C horizon analogue); and Ruston
Series samples Ru1 (A horizon), Ru2 (E horizon), and Cs.

Table 1. Sample physical and extractable chemical characteristics (SC, specific conductance; CEC,
cation exchange capacity).

Sample Soil
Type Horizon Depth Silt + Clay pH SC a CEC b Extractable Concentrations (mg/kg)

(cm) (wt%) Soil c Soil + ATX d (µS/cm) (cmol+/kg) Na Mg P K Ca Zn

Ru2 Ultisol E 15 24.3 4.0 5.3 40.4 5.2 16 92 21 86 227 2.6
Ct1 Ultisol A ~8 87.8 5.0 6.4 113.2 18.0 21 699 46 461 4062 14.3
At Vertisol A ~30 88.4 4.3 5.5 40.0 33.2 158 2191 123 660 5500 7.9
Ff Inceptisol A 15 83.0 4.4 5.0 48.6 10.5 48 256 120 195 1135 6.2
Ru1 Ultisol A 8 29.9 4.1 5.5 43.8 7.1 25 138 33 114 444 3.0
Ct2 Ultisol B ~15 96.7 4.4 5.6 31.2 14.5 30 596 40 430 2432 6.8
MeF Alfisol A 15 80.1 4.0 5.5 31.5 14.2 25 839 98 308 1010 4.2
Cs e - - ~30 28.1 4.5 5.4 44.4 7.5 33 293 42 106 1179 6.9

a SC, specific conductance. b CEC, cation exchange capacity. c Measured on soil and distilled water slurry.
d Measured on soil and anatoxin-a solution used in batch experiments. e Non-soil fluvial channel sediment,
possibly representative of the C horizon of the Cuthbert and Ruston soils.
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All samples had an appreciable fine-textured fraction. Values for the combined silt and
clay percentage are based on the mass fraction passing a 63 µm sieve. Three samples (Ru1,
Ru2, and Cs) consisted of 24–30% silt and clay, with the remaining five samples exceeding
80% up to nearly 97% (Table 1). The coarser grained samples had lower CEC values, ranging
from 5.2 to 7.5 centimoles of positive charge per kilogram of dry soil (cmol+/kg), whereas
values for the finer grained samples ranged from 10.5 to 33.2 cmol+/kg. Extractable
concentrations of Na, Mg, P, K, Ca, and Zn varied among the samples (Table 1). Sample At
had the highest concentrations for all extractable elements other than Zn, which contributed
to it having the largest computed CEC. Organic carbon content was not measured. All
samples were mineral dominated and no organic matter was visually apparent, although
small fractions of organic matter are probable in all samples given their locations within or
adjacent to forested areas and the shallow collection depths.

Silt and clay abundance and CEC have a moderate linear association, with an r value
of 0.68, whereas CEC is more strongly correlated with extractable Na, with an r value of
0.86 (Supplemental Table S1).

3.1.2. Elemental and Mineralogical Composition

All samples had generally similar solid-phase elemental total concentrations as de-
termined by XRF, with Si, Al, Fe, and K exceeding 1% (10,000 mg/kg) by weight (Table 2).
The sum of SiO2 and all other measured elements varied from ~60% for At to 116% for Ru2.
These variations are attributable to one or more of the following factors: analytical error in
XRF measurements (most likely where sum exceeds 100%), omission of elements especially
those lighter than Al, or the assumption of SiO2 for silicate minerals. For all eight samples
on average, based on using SiO2 in place of Si, the sum total of all elemental abundances
is 99.7%.

Table 2. Sample solid-phase elemental total concentrations (mg/kg) from XRF analysis.

Sample Al Si P S K Ca Ti Cr Mn Fe Zn Sr Zr SiO2

Ru2 29,757 543,071 4044 3239 5584 3433 3268 641 264 36,664 40 41 470 1,161,734
Ct1 67,519 378,292 4288 2484 18,937 5931 3922 81 611 22,602 87 98 487 809,241
At 86,600 279,652 4314 1099 19,187 5766 3751 75 537 39,178 109 103 217 598,230
Ff 72,471 415,679 3903 2776 16,860 4150 3762 68 467 17,195 57 90 499 889,218
Ru1 46,026 517,550 4308 2699 8330 3533 3016 122 259 10,765 34 39 427 1,107,141
Ct2 84,261 349,958 4764 1261 19,195 4737 4158 63 445 32,091 87 93 431 748,628
MeF 72,480 378,583 4002 1787 20,579 4422 3573 80 678 22,771 76 109 506 809,863
Cs 64,389 408,612 4096 2504 10,988 4475 3100 129 411 24,979 64 61 381 874,101

Clay minerals identified by XRD—kaolinite, chlorite minerals, mica minerals, and
smectite minerals—dominated the water-dispersible clay fraction of all samples with the
exceptions of Ru1, Ru2, and MeF, which had quartz (SiO2) abundances exceeding 50%
(Table 3). Kaolinite was the dominant clay mineral in the water-dispersible clay fraction for
all samples, ranging from 9 to 44%.

Table 3. Sample water-dispersible clay-fraction mineralogical characteristics.

Sample Clay Fraction Mineral Abundance (wt%)

Chlorite Kaolinite Mica Smectite Quartz

Ru2 0 9 0 0 91
Ct1 0 28 35 0 37
At 0 19 30 16 35
Ff 0 35 33 0 32
Ru1 0 44 0 0 56
Ct2 3 25 37 0 35
MeF 0 37 0 0 63
Cs 0 53 0 13 34
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Smectites, micas, and chlorites each represent groups of clay mineral species, and
hereafter are referred to as smectite, mica, and chlorite for simplicity. Smectite was found
in samples Cs and At with abundances of 13% and 16%, respectively. Sample At has a CEC
over four times that of Cs (Table 1). This difference may be due to the presence of mica in
At (30% of the clay fraction) compared to its absence in Cs and a kaolinite abundance in
Cs over double that of At (Table 3). Mica was present in four samples, ranging from 30 to
37% of the clay fraction. Chlorite was present in only one sample representing 3% of the
clay fraction.

Varying linear correlations were identified among elemental and mineralogical abun-
dances and physical and extractable chemical properties. Total Ca (from XRF analysis)
was moderately correlated with soil pH (r = 0.71); CEC had moderate positive correlations
with total Al, Ca, Zn, and Sr (r > 0.7) and moderate inverse correlations with total Si and
S (r < −0.7); and silt and clay fraction was moderately to strongly positively correlated
with Al, K, Ti, Mn, Zn, and Sr (r ≥ 0.85) and inversely correlated with Si (r = −0.80).
Mica abundance was moderately correlated with extractable K+ and silt and clay fraction,
with r values of 0.70 and 0.83, respectively (Supplemental Table S1). Quartz abundance
was inversely correlated with total Al (r = −0.80) and positively correlated with total Si
(r = 0.70).

3.2. Sorption Isotherms

Linear, Freundlich, and Langmuir sorption isotherms generally fit the measured ATX
aqueous equilibrium and sorbed concentrations well (Table 4). As expected, the Freundlich
and Langmuir isotherms fit the data better, but only slightly. Values of RMSE and r2 for
the linear isotherm were 2.60–6.31 µg/kg and 0.92–0.99, respectively; and were slightly
better for the Freundlich (0.40–6.10 µg/kg and 0.92–1.00, respectively) and Langmuir
isotherms (0.75–6.12 µg/kg and 0.92–1.00, respectively). Values of ME, however, were
substantially greater in magnitude for the linear isotherm compared to the Freundlich
and Langmuir isotherms, with average values (all eight samples) of −5.11, 1.95, and
1.55 µg/kg, respectively. The fact that all fitted models are biased is attributable in part to
the limited set of only five data points for each isotherm. Differences between duplicate
ATX aqueous equilibrium concentrations were typically small, with a median standard
deviation of 0.022 µg/L ranging from 0.00 to 0.60 µg/L (Figure 2). Owing to the relatively
high sorption affinity of all samples, values of Ce were below the quantification limit
(0.1 µg/L) recommended by the ELISA kit manufacturer for some batch experiments,
specifically those with Cw of 0.3 µg/L for all samples and Cw of 1 µg/L for some samples
(At, Ct1, Ff, Ru1, Ru2). All Ce values were retained (minimum 0.02 µg/L) and used in
further analyses; exclusion of data where Ce < 0.1 µg/L resulted in negligible change in
best-fit isotherm parameter values (for example, percentage differences for Kd were <0.3%).

Table 4. Linear, Freundlich, and Langmuir isotherm parameters and goodness-of-fit statistics.

Sample
Linear Isotherm Freundlich Isotherm Langmuir Isotherm

Kd
(L/kg)

RMSE a

(µg/kg)
ME b

(µg/kg)
r2 c Kf

(L/kg) n RMSE
(µg/kg)

ME
(µg/kg) r2 Kl

(L/µg)
Cm

(µg/kg)
RMSE
(µg/kg)

ME
(µg/kg) r2

Ru2 22.31 2.60 −7.12 0.99 25.56 0.83 1.19 −0.25 1.00 0.15 202.6 1.27 −1.85 1.00
Ct1 31.83 3.56 −10.21 0.99 35.87 0.76 0.40 0.66 1.00 0.33 152.9 0.75 −1.55 1.00
At 33.83 6.31 −5.40 0.92 35.41 0.89 6.10 −0.78 0.92 0.12 335.1 6.12 −1.65 0.92
Ff 36.73 4.11 3.01 0.97 36.73 1.00 4.11 3.01 0.97 0.01 3141.0 4.16 2.92 0.97
Ru1 37.54 4.48 −10.93 0.98 41.16 0.75 1.89 2.19 0.99 0.46 138.4 1.28 0.66 1.00
Ct2 50.74 4.73 2.98 0.96 50.78 0.98 4.72 4.06 0.96 0.10 580.8 4.61 5.71 0.97
MeF 51.75 3.90 −5.29 0.97 52.29 0.84 2.72 3.50 0.99 0.39 191.9 1.97 4.08 1.00
Cs d 77.15 6.08 −7.92 0.94 73.16 0.82 5.06 3.24 0.96 0.68 175.4 4.57 4.06 0.96

a RMSE, root-mean-square error. b ME, mean error. c r2, coefficient of determination. d Non-soil fluvial channel
sediment, possibly representative of the C horizon of the Cuthbert and Ruston soils.
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Figure 2. Sorbed (Cs) and aqueous equilibrium (Ce) concentrations for each sample (error bars
represent ±1 standard deviation; At, Alligator Association; Cs, channel sand; Ct1, Cuthbert Series A
horizon; Ct2, Cuthbert Series B horizon; Ff, Falaya Silt Loam Series; MeF, Memphis Silt Loam Series;
Ru1, Ruston Series A horizon; Ru2, Ruston Series E horizon).

All samples indicate substantial removal of ATX via sorption. Average percent re-
movals ranged from 85.0% to 92.2% for all samples. Values for Kd varied by a factor of
nearly 3.5, with the lowest value of 22.31 L/kg for Ru2 and highest value of 77.15 for Cs
(Table 4), giving substantial differences in slope of the linear isotherm (Figure 3). Correla-
tions between Kd and physical, mineralogical, extractable chemical, and total solid-phase
chemical characteristics were limited. The strongest linear correlation is with kaolinite
abundance with an r value of 0.76 (Supplemental Table S1). Other weakly correlated an-
alytes are smectite abundance and total solid-phase Al concentration (r = 0.38 and 0.33,
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respectively), and inverse correlations with total solid-phase Cr concentration and quartz
abundance (r = −0.43 and −0.42, respectively). All other analytes had correlations with
magnitudes less than 0.30.

Figure 3. Best-fit linear isotherms for all samples (At, Alligator Association; Cs, channel sand; Ct1,
Cuthbert Series A horizon; Ct2, Cuthbert Series B horizon; Ff, Falaya Silt Loam Series; MeF, Memphis
Silt Loam Series; Ru1, Ruston Series A horizon; Ru2, Ruston Series E horizon).

3.3. Retardation Factors

A retardation factor describes the reduction in chemical mobility in porous media
due to sorption processes and is only applicable when sorption equilibrium occurs quickly
between adsorbate and adsorbent and a linear adsorption isotherm is applicable [59]. Under
these conditions the computed Rf values can be used to estimate the propensity of ATX
migration in soil given the good fit of the linear isotherms for all samples. Retardation
factors generally were higher for larger Kd values, with two notable exceptions. Samples
At and Ru1 had the third and fifth smallest Kd value, respectively (Table 4), but the highest
and third lowest Rf value, respectively (Table 5). Larger and smaller values of ρd

b and φ,
respectively, result in higher Rf for a given Kd in accordance with Equation (5). Thus, on
a per unit mass basis the Cs sample can sorb the greatest amount of ATX as indicated by
its large Kd of 77.15 L/kg, whereas under typical in situ conditions the At sample would
sorb the most ATX. The heavy, swelling clay and silty clay loam nature of the Alligator
Association soil is consistent with this finding.

Table 5. Sample bulk density (ρd
b), porosity (φ), and retardation factor (Rf).

Sample ρd
b

a (g/cm3) φ b (-) Rf (-)

Ru2 1.35 0.49 62
Ct1 1.22 0.54 73
At 1.96 0.26 256
Ff 1.36 0.49 104

Ru1 1.22 0.54 86
Ct2 1.37 0.48 145
Mef 1.36 0.49 146
Cs 1.29 0.52 193

a Values for ρd
b based on literature values typical for soil type. b Computed from ρd

b and soil mineral solid density
of 2.65 g/cm3.

Correlations between Rf and physical, mineralogical, extractable chemical, and to-
tal solid-phase chemical characteristics tended to be stronger compared to those for Kd
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(Supplemental Table S1). Moderate positive correlations with Rf were identified for smec-
tite abundance (r = 0.88) and extractable Na and Mg (r = 0.79 and 0.76, respectively),
and moderate inverse correlations occurred with total solid-phase concentrations of Zr
(r = −0.82) and Si and S (r = −0.75 for both). Positive correlations with magnitudes be-
tween 0.50 and 0.70 were indicated between Rf and CEC, all measured extractable element
concentrations except Zn, and total solid-phase concentrations of Al and Zn. Correlations
with K+, Mg2+, and Ca2+ are expected, however, given that CEC is computed from these
extractable cation concentrations.

3.4. Association between Sorption Affinity and Textural and Mineralogical Characteristics

When considered together rather than individually, soil properties representing texture
and mineralogical composition have the strongest association with sorption affinity as
represented by Kd and Rf values. A generally positive relation exists between Kd and the
sum of kaolinite and smectite abundances (Figure 4A) with an r value of 0.81. The relation
with kaolinite does not hold for Rf, where the two samples containing smectite had the
largest Rf value (Figure 4B).

Figure 4. Water-dispersible clay-fraction mineral abundances and (A) linear isotherm coefficient (Kd),
and (B) retardation factor (Rf) and silt and clay fraction (At, Alligator Association; Cs, channel sand;
Ct1, Cuthbert Series A horizon; Ct2, Cuthbert Series B horizon; Ff, Falaya Silt Loam Series; MeF,
Memphis Silt Loam Series; Ru1, Ruston Series A horizon; Ru2, Ruston Series E horizon).

Multilinear regressions were performed for Kd and Rf against potential explanatory
variables representing clay mineralogy and texture (silt and clay abundances and miner-
alogical abundances), concluding that a bivariate regression showed reasonable relations for
each. The strongest predictors of Kd were identified as kaolinite and smectite abundances
and for Rf were smectite and silt and clay abundances (Figure 5).
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Figure 5. (A) Linear isotherm coefficient predicted using clay-fraction kaolinite (Ka) and smectite
(Sm) weight percentages, and (B) retardation factor (Rf) predicted using smectite and silt and clay
fraction (S&C) (RMSE, root-mean-square error).

4. Discussion
4.1. Sorption Isotherm Characteristics

Linear isotherms closely fit observed data (Figure 2). Linear isotherms are commonly
observed when adsorbate concentrations are relatively low or where the number of adsorp-
tion sites greatly exceeds the number of adsorbed molecules. For example, Homenauth
and McBride [62] reported similar behavior for sorption of aniline on several clay minerals
(montmorillonite, vermiculite, and kaolinite) and an organic muck. Freundlich isotherms
are only slightly nonlinear, with best-fit n values of 0.75–1.00 and Kf values similar to Kd
values. Very large values of Cm for Langmuir isotherms (Table 4) also indicate their nearly
linear nature within the concentration range tested. For these reasons, the slight curvilinear
nature indicated by the Freundlich and Langmuir isotherms should not be overinterpreted,
and given their simplicity the linear isotherms are better suited for representing ATX
sorption for aqueous concentrations (Cw) below 15 µg/L. Klitzke et al. [38] also reported
linear behavior for isotherms at low equilibrium concentrations (Ce) of ATX (less than
~5–10 µg/L).

The sorption capacities of many soils likely would not be met at the relatively low ATX
concentrations tested. Considering a charge of +1 per ATX molecule, 1 µg/L is equivalent
to 0.60 × 10−6 cmol+/L or 3.03 × 10−6 cmol+/kg for the 30 mL ATX solution and 6 g of
soil used in the batch experiments—many orders of magnitude smaller than the CEC of
any of the samples. Thus, even considering competition with other cations for sorption
sites, it is unlikely the maximum sorption capacity would be reached with the maximum
ATX nominal concentration of 15 µg/L.

Separate batch experiments using sterilized samples were not performed, thus degra-
dation due to microbial activity cannot be definitively excluded. Biological degradation
likely was a minor effect, however, given the 24-h duration of the batch experiments com-
bined with the fact that our samples were from locations not perennially submerged with
potentially ATX-contaminated water. Rapala et al. [30] noted a 4-day lag in degradation
in ATX water solutions inoculated separately with water and sediments from several
lakes. Klitzke et al. [38] also reported little (8%) to negligible differences between batch
experiments using unsterilized and sterilized samples. However, samples At and Cs were
collected in areas that possibly had been occasionally inundated; although mixed results
were found in terms of sorption affinity, with Cs having the largest Kd value, whereas At
has the third smallest.



Water 2022, 14, 2869 16 of 24

4.2. Influence of Clay Mineralogy on Anatoxin-a Sorption

Results suggest that clay mineralogy and texture are important factors for explaining
ATX sorption in natural soils. Clay minerals have a permanent negative charge that
is independent of pH owing to isomorphous substitution of lower charge metal ions
(typically Al3+, Mg2+, Fe2+, or Li+) for the central cation in a tetrahedrally coordinated
Si-O crystal and octahedrally coordinated Al-O (or Al-OH) crystal [63,64]. Formation
of the crystals into tetrahedral and octahedral sheets distributes this negative charge
imbalance across layers composing the clay platelet. The ATX cation thus would tend to be
electrostatically attracted to the minerals’ surfaces. Clay minerals also possess a variable
charge owing to the coordinated O2− or OH− ions being exposed at the clay platelet surface
as well as charges exposed by broken crystal bonds at platelet edges, all of which may be
protonated and deprotonated. This pH-dependent charge can be characterized by the pH
at which the net surface charge is zero, called the point of zero charge (pHpzc). Values of
pHpzc vary by clay mineral type and impurities due to site-specific geologic conditions or
processing of the sample. Some reported values of pHpzc include <2–4.6 for kaolinite, <3.3
for mica (muscovite), <3 for chlorite, and <2–3 for bentonite/montmorillonite (smectite
group mineral) [58,59,65]. The pH values of the ATX and soil solutions used in the batch
experiments (5.0–6.4, Table 1) were higher than these pHpzc values, indicating that the
pH-dependent charge on the clay platelet surface would be negative. This variable charge
would supplement the permanent charge, further attracting ATX cations, although perhaps
less so for kaolinite given its potentially higher pHpzc value.

Kaolinite, mica, and smectite were the most prevalent minerals identified by XRD
in eight samples tested. Both Cs and At samples had similar smectite abundances (13%
and 16%, respectively), which when combined with the high silt and clay abundance for
At of 88.4% may explain the large Rf value of 256. Additionally, even though Cs has the
lowest silt and clay abundance of 28.1%, the presence of smectite may contribute to it
having the second largest Rf value of 193. Sample Ru2 has the smallest sorption affinity
as indicated by the lowest Kd value and the lowest Rf value of 62. This may be related to
the presence of kaolinite as the only identified clay mineral in Ru2, occurring at only 9% of
the water-dispersible clay fraction, which represents the smallest percentage compared to
other samples (Table 3).

The characteristics of individual clay minerals likely influence ATX sorption. Kaoli-
nite is a non-expansive high Al clay mineral with a 1:1 layer structure that consists of
one sheet of tetrahedrally coordinated Si-O shared with one sheet of octahedrally coor-
dinated Al. Among the clay minerals identified, kaolinite typically has the lowest CEC
(~1–5 cmol+/kg; [66]). Smectite, mica, and chlorite have 2:1 layer structure with one
octahedral sheet sandwiched between two tetrahedral sheets.

Smectite has the highest shrink/swell potential of all 2:1 clays [67]. In wet soils, water
is drawn into the interlayer space within the 2:1 structure and the clay swells [68]. This
allows for an increased surface area to potentially be exposed for adsorption, substantially
increasing the potential ability of smectite to adsorb cations compared to other clay minerals.
Norrish [69] reported an interlayer distance of ~5 nm for a solution of distilled water and
Na-montmorillonite (smectite group mineral) at a water content of 2 g H2O/g clay, with an
increasing linear trend at higher water contents. Our batch experiments were conducted
at 5 g H2O/g soil. The relatively small size of an ATX molecule, six times smaller in mass
than microcystin LR which is reported to have an estimated size of 1.2–2.6 nm [70], would
allow ample space for ATX molecules to migrate into the interlayer space. Among the clay
minerals identified, the swelling potential of smectite contributes to it typically having the
largest CEC (~80–150 cmol+/kg; [71]).

Micas have a separate cation (usually K+) held in the interlayer space between two
adjacent tetrahedral sheets which minimizes the expansion ability of the minerals [67],
limiting the adsorption potential to that slightly greater than kaolinite.
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Chlorite is similar to mica in its non-expansive nature, except it generally has complex
cations (typically Al and Mg hydroxides) in the interlayer space between 2:1 layers, limiting
the adsorption potential to that similar to kaolinite [72].

Larger values of Rf indicate slower chemical transport by advection or dispersion pro-
cesses, thus migration of ATX would likely be most limited in soils with higher smectite or
silt and clay abundances (At and Cs, Figures 4B and 5B). The strong positive effect of smec-
tite is consistent with its high CEC compared to other clay minerals. Mica abundance was
not correlated with either Kd or Rf (r = −0.26 and 0.12, respectively; Supplemental Table S1),
even though mica (muscovite) has been reported to readily sorb mono- and multivalent
cations via ion exchange [73]. The apparent lack of sensitivity of mica on ATX sorption may
be due to the small range of mica abundances of 30–37% for our samples. Also, sorption
could be limited by other cations, as Shao and Czajkowsky [74] described the inhibiting
action of monovalent cations K+, Na+, and Li+ on protein sorption on muscovite mica. We
found that mica abundance was moderately correlated with extractable K+ concentration
(r = 0.70; Supplemental Table S1), consistent with the common presence of K+ between mica
layers that limits sorption. Kaolinite typically has the lowest CEC compared to smectite
and mica, and its importance as a predictor for Kd may be related to its prevalence in all
soil samples, ranging from an estimated 29 to 100% (average of ~68%) of the non-quartz
water-dispersible clay fraction.

Studies specifically on ATX sorption in natural soil systems are limited, but our results
are generally consistent with previous research in regard to the importance of particle
size. Klitzke et al. [38] reported that sediment texture is a key parameter, with greater
sorption for clayey sediments but also significant sorption to sandier sediments. Using
batch experiments with ATX concentrations of 1–30 µg/L, their sample that experienced
the greatest sorption (Kf = 24.45 L/kg, n = 0.93) was 26% silt and clay, whereas a sand
sample with 1% silt and clay had the least sorption (Kf = 1.42 L/kg, n = 0.75). Organic
carbon content was also an important predictor of sorption, with an organic mud with
66% silt and clay showing the second greatest sorption affinity (Kf = 12.28 L/kg, n = 0.87).
Overall, our samples showed greater ATX sorption than those of Klitzke et al. [38], with
all Kf values exceeding 25 L/kg (Table 4). These differences may be due in part to particle
size. Our samples were generally finer textured, with all eight having silt and clay contents
exceeding 24%, whereas four of the eight samples analyzed by Klitzke et al. [38] had silt
and clay contents below this level.

Bialczyk et al. [39], reported substantial removal of ATX on four clay minerals with
maximum removals of 34.2%, 44.8%, 64.5%, and 92.1% for bentonite, sepiolite, palygorskite,
and kerolite, respectively. The bentonite sample was composed primarily of montmoril-
lonite, a smectite group mineral, yet had the lowest removals contrary to our findings. Our
removal efficiencies of 85.0–92.2% fell within the upper end of this range. Differences may
be attributable in part to the much higher ATX concentration of 5000 µg/L used in the
Bialczyk et al. [39] experiments. Additionally, the presence of other minerals could be an
important factor. Bialczyk et al. [39] used relatively pure samples, but noted the presence
of calcite, dolomite, quartz, and organics in their samples despite the use of commercially
available clay minerals. Comparison of our results based on natural samples collected di-
rectly from a temperate environment with the mineral-specific results of Bialczyk et al. [39]
is difficult. Any natural soil would contain a wide range of minerals as well as organic com-
pounds, which likely were present to some degree in our samples but were not quantified.
For example, Fe oxides are a group of minerals that may be present owing to the Fe-rich
nature of our samples (Fe ranging from ~1 to nearly 4 wt%; Table 2), which commonly
have substantial sorption capacity [75]. Nevertheless, our results illustrate the potential
importance of clay mineralogy and silt and clay content on estimating the commonly
applied transport parameters, Kd and Rf.

Rapala et al. [30] found removals of 25–48% attributable to sorption, which are substan-
tially lower than our results but similar to the lower end of the range of removals measured
by Bialczyk et al. [39]. Experiments were performed using ATX water solutions inoculated
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separately with water and sediments from several lakes and then sterilized by autoclaving.
Texture of the lake sediments was not reported, although they were characterized as either
mud or sand. Differences with our removal efficiencies also may be partly attributed to the
higher ATX concentrations of 2200–2600 µg/L used in the Rapala et al. [30] experiments.

Further elucidation of mechanisms driving the observed sorption behavior is limited
by our experimental conditions, in part, due to the relatively small size of the ATX molecule
and the low concentrations used, which were selected to be consistent with typical environ-
mental concentrations. Conditions limiting sorption, such as saturation of sorption sites,
that could provide insight into sorption mechanisms likely were not encountered under
our experimental conditions. The potential number of sorption sites as implied by reported
CEC values is at least four orders of magnitude greater than the total charge attributable to
ATX sorption, considering sample Ru2 which has the smallest clay abundance composed
of kaolinite with the lowest CEC combined with the highest ATX concentration of 14 µg/L.
Likewise, given the small size of an ATX molecule (<1.2 nm), a monolayer of molecules at a
concentration of 14 µg/L would cover an area at least three orders of magnitude smaller
than the 5–39 m2/g specific surface area for kaolinite [66], which typically would have the
smallest specific surface area of the clay minerals identified in our samples.

4.3. Influence of Soil Horizons on Anatoxin-a Migration

An examination of the possible influence of position in the soil profile suggests that
sorption affinity may be related to the degree of soil leaching/weathering in Ultisols, based
on the assumption that Cs can serve as an analogue for parent material of the Cuthbert
and Ruston Series soils. Leaching of soluble minerals may deplete a horizon of potential
adsorbents, transporting the solutes deeper in the soil profile where they may precipitate
and accumulate as potential adsorbents; or deeper, less weathered soil horizons may
preserve existing adsorbents. For the Cuthbert Series, samples Ct1, Ct2, and Cs represent
the A, B, and C horizons, respectively, showing an increasing trend in Kd and Rf consistent
with decreasing soil weathering with increasing depth. A similar increasing trend in Kd
and Rf is indicated for the Ruston Series by samples Ru2, Ru1, and Cs that represent the
E, A, and C horizons, respectively, but is not depth related. Sample Ru2, lying below Ru1,
had the lowest Kd and Rf values of all samples. Even though the E horizon lies below the
A horizon (Ru1), greater eluviation of soluble minerals from this horizon may limit the
availability of adsorbents. Implications under these conditions is the migration of ATX may
be faster in the shallow soil profile—for example, in the root zone of cultivated crops—and
retarded with increasing depth as water percolates through the vadose zone. The greater
partitioning of ATX to the soil solid phase is illustrated by the findings of Zhang et al. [35],
where ATX in soil extracts (3.3–5.8 µg/L) were over an order of magnitude greater than
those in subsurface tile drainage water (maximum of 0.2 µg/L) or groundwater (maximum
of 0.3 µg/L) from a nearby well.

Soils tested here were not subject to prolonged inundation under natural field condi-
tions, other than possibly Cs and At that could have been submerged occasionally, and sorp-
tion behavior might be different for sediments under saturated conditions. Klitzke et al. [38]
analyzed samples collected from saturated sediments and unsaturated soils and found ATX
sorption varied for both types, suggesting ATX sorption might not correlate strongly with
saturation status. Therefore, our soil samples collected under unsaturated conditions may
also be reasonable surrogates for saturated sediments with similar physical, chemical, and
mineralogical characteristics.

4.4. Implications of Anatoxin-a Migration on Groundwater Protection

Results from this study illustrate the importance of considering the potential impact
of ATX migration in the subsurface—and ultimately on groundwater—due to natural and
artificial recharge with contaminated surface water. Given the appropriate soil conditions,
physicochemical sorption processes likely can substantially retard the transport of ATX in
natural soil systems. For soils containing more than ~25% silt and clay, migration of ATX in
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the subsurface may be reduced by factors of ~60 to 250, based on the eight soils tested. Such
behavior is relevant for irrigation conditions and managed aquifer recharge via infiltration.
Under agricultural irrigation, for example, loamy, silty, or clayey soils would tend to
slow migration of ATX to the water table, although limitation of retardation by sorption
capacity and potential desorption may exist. Results may be beneficial for initial screening
assessment of potential ATX migration under saturated flow conditions such as riverbank
filtration. Given the substantial retardation of ATX in fine textured soils, consideration
of sediment texture in or near the riverbed may be desirable with regard to ATX removal
during selection of riverbank filtration sites. Under infiltration-based managed aquifer
recharge, incorporation of loamy, silty, or clayey soils as an amendment may enhance
natural ATX attenuation processes prior to recharge water reaching the water table.

Incorporation of functionalized amendments targeted at mitigating contaminant leach-
ing is becoming more common in stormwater management in the context of green infras-
tructure for the protection of groundwater quality [13,76,77], but this technology has seen
little application in managed aquifer recharge. A layer of native soil can be replaced with
an engineered layer where one or more specific amendments, such as clay [76,78], iron
filings [79], woodchips [80], or biochar [81], are added to achieve required functionality,
such as meeting moisture content [76,80], sorption capacity [78,81], or water flux [76,80]
specifications. Even though fine-grained materials such as loamy, silty, or clayey soils may
reduce hydraulic conductivity, incorporation of an appropriate fraction can provide suffi-
cient pollution control while not reducing water flux to unacceptable levels. For example,
Shokri et al. [78] and O’Reilly et al. [76] incorporated silt/clay fractions of 5% and 27%,
respectively, in engineered media to remove nutrients (nitrogen and phosphorus species)
from stormwater runoff in roadway and suburban residential settings. In both applications,
hydraulic performance of the media was sufficient to maintain adequate water fluxes in a
roadway vegetated filter strip [78] and an infiltration basin [76] to satisfy stormwater vol-
ume control requirements. The effectiveness of clay minerals for sorption of environmental
contaminants has been demonstrated frequently in the literature, with recently published
work including metals [82–84], uranyl [85], aflatoxin [86,87], and polyelectrolytes [88]. In
the water treatment field, potential sorbents, such as activated carbon [89], have been shown
to remove ATX, although further research is recommended [32]. By combining successful
pollutant control technologies from the fields of green infrastructure, surface and interfacial
science, and water treatment with the improved understanding of ATX sorption affinity
that our results provide, opportunity exists to develop engineered media incorporating
functionalized amendments. Specific amendments can be targeted at limiting the envi-
ronmental migration of ATX during irrigation, natural and managed aquifer recharge, or
riverbank filtration, thereby advancing the protection of in situ and extracted groundwater.

Finally, it is important to note that conclusions drawn from these results are limited
by the relatively small number of soil samples. Variations in the properties of natural soils
extend well beyond those tested here. Thus, correlations and predictive relations reported
herein should be interpreted only qualitatively and with caution when considered in
relation to other soils based on similar physical, mineralogical, or chemical characteristics.
Furthermore, results are applicable only for the range of aqueous ATX concentrations
tested (0.3–14 µg/L); extrapolation of sorption isotherms for higher concentrations should
be avoided as ATX removal would be expected to eventually decrease as sorption sites
become filled.

5. Conclusions

The sorption of cyanotoxins, including microcystin-LR, cylindrospermopsin, and ATX,
has been described in the literature, with solution and substrate properties of pH, ionic
strength, particle size, and CEC generally found to be most influential. Little information,
however, is available on the mineralogy of the substrate in previous studies, and the authors
are unaware of other publications that relate ATX sorption to the mineralogy or extractable
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chemical and solid-phase elemental composition of natural soils including Alfisols, Ultisols,
Vertisols, and Inceptisols.

Mineralogy is expected to be particularly relevant given its fundamental control on
sorption affinity. Results from this study are generally consistent with this hypothesis,
showing the influence of kaolinite and smectite on ATX sorption capacity. Results suggest
that potential retardation of ATX transport through in situ soil systems is most highly
related to smectite abundance and particle size (silt and clay) fractions, and that soils with
greater silt and clay fractions composed of minerals with moderate to higher sorption
affinities would be more likely to retard movement of ATX through natural soil systems.
No particular trend was found in regard to the four soil types tested, other than Vertisols
likely have relatively large Kd and Rf values given the expansive clay-rich nature typically
attributed to smectite group minerals common in these soils as identified in sample At. A
potential effect of soil leaching/weathering is suggested by trends in sorption affinities
showing smaller Kd and Rf values in the more highly leached A and E horizons of the two
Ultisols tested.

Ultimately, results from this study indicate that ATX sorption in geologic materials
may be more complex than previously thought, with soil mineralogy and particle size
likely being key factors influencing sorption capacity. More investigations are needed to
develop a mechanistic understanding of the effects of soil profile leaching/weathering and
mineralogical and chemical soil properties on ATX removal as well as potential desorption
in soil systems, focusing separately on contributions by the sand, silt, clay, and organic
fractions. Fruitful future research may include transient variably saturated laboratory soil
column tests run under realistic field water-flux conditions as well as field observations
during irrigation, natural and artificial recharge, or riverbank filtration. Finally, further
development of enhanced groundwater protection technologies is needed—such as engi-
neered media incorporating functionalized amendments—to optimize in situ retardation
of ATX migration based on an improved mechanistic understanding of the subsurface fate
and transport of ATX.
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and raw absorbance values for all samples and the standard curves.
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