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ABSTRACT 18 

The diffusive gradients in thin films (DGT) technique has been successfully and widely applied 19 

to investigate the labile fractions of inorganic contaminants in soils and sediments, but there 20 

have been almost no applications to organic contaminants. Here we developed and tested the 21 

approach for the pesticide Atrazine (ATR) in a controlled soil experiment and in situ in an intact 22 

lake sediment core. The soil study explored the relationships between soil solution, DGT 23 

measured labile ATR and solvent extractable ATR in dosed soils of different organic matter, pH 24 

status and incubation times. The results are further interpreted using the DIFS (DGT-induced 25 

fluxes in soils and sediments) model. Re-supply of ATR to the soil solution was partially 26 

sustained by the solid phase in all the soils. This was due to small labile pool size and slow 27 

kinetics, with soil pH being an important controlling factor. The in situ sediment study 28 

successfully used a DGT probe to examine labile ATR distribution through the core on the sub-29 

cm scale. It demonstrated – for the first time – an easy to use in situ technique to investigate 30 

the effects of redox on re-supply kinetics and biogeochemical processes of trace organic 31 

contaminants in sediments. 32 

Keywords: Passive sampling, in situ sampling, pore water, desorption, sediment profile, fine 33 

scale, Atrazine 34 

35 
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INTRODUCTION 36 

The availability of pesticides for transport and degradation processes in soils and sediments is 37 

determined by adsorption-desorption interactions with the solid phase.1 Several factors, such 38 

as moisture, pH, organic matter (OM) content, contact time with the solid phase, soil type and 39 

initial applied concentrations, have been reported to affect their availability in soils.2-6
 In 40 

sediments, the redox state could be the controlling factor for exchange processes of pesticides 41 

between pore-water and solid phases.7 Interactions of the solution and solid phases are 42 

traditionally characterized by a distribution coefficient (Kd), which is the ratio of the amount 43 

of chemical adsorbed to the solid phase to that in the solution phase.8 However, not only the 44 

pesticide in the solution, but also that readily desorbed from the solid phase could be potentially 45 

available.9 When the pesticide concentration in the solution phase is depleted, following uptake 46 

by plants or organisms in soils or reactions in sediments, that adsorbed on the solid phase may 47 

be released to resupply the available pool. The dynamic sorption-desorption processes can be 48 

characterized by the capacity (labile pool size) for re-mobilization and the rate of re-supply of 49 

the pesticide from the solid phase. 50 

Traditional approaches used for adsorption/desorption studies of pesticides in soils and 51 

sediments (sequential extraction, batch experiments)10, 11 do not represent in situ conditions, 52 

nor provide any dynamic information. Some extractants are unrealistically harsh, while batch 53 

experiments disturb the soil system with unrealistic physical and chemical conditions. However, 54 

recently developed diffusive gradients in thin-films (DGT) techniques for organic chemicals 55 

can measure the concentrations and fluxes of compounds in soils.12-15 DGT is a dynamic 56 

technique (i.e. it perturbs the equilibrium system and induces re-supply) and its measurements 57 

in soils and sediments depend on labile (i.e. species that can be easily dissociated and re-58 

supplied) concentrations in the solution and their re-supply from the solid phase. To further 59 

interpret the information obtained by DGT, a numerical model simulating DGT uptake and 60 
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soil/sediment dynamic systems has been developed, known as DIFS (DGT-induced fluxes in 61 

soils and sediments). It has been successfully used for studying exchange kinetics of metals 62 

and nutrients16-18 and to interpret DGT measurements in soils and sediments in terms of labile 63 

pool size and resupply kinetic parameters. Only two studies have been published, using DGT 64 

and the DIFS model for organic compounds and both of them investigated antibiotics in soils.13, 65 

19 These studies on inorganics and antibiotics lay the foundation for our use of DGT to assess 66 

pesticide availability, resupply kinetics and labile pool size in soils and sediments. Depending 67 

on the scientific questions and objectives, environmentally realistic and elevated 68 

concentrations can be studied with DGT, either in field soils brought to the laboratory or in 69 

spiked systems. Controlled conditions (e.g. solid/solution ratios, temperature) should be used 70 

and the influence of experimental variables (e.g. pH, redox, soil composition, ageing) can be 71 

tested. 72 

Our sediments study was focussed on obtaining the aforementioned information at different 73 

depths in situ in undisturbed sediment cores. In most previous studies of organics in sediments, 74 

the sediments were either treated as soils and samples mixed and stirred to obtain the bulk 75 

concentrations of pesticides or by slicing the sediment core, followed by drying and extraction 76 

of the sediment to obtain pesticide distribution at depth.20 Only one in situ profile of pesticide 77 

(Dichlorodiphenyltrichloroethane - DDT) in sediment pore-water at 2 cm resolution was 78 

reported.21 Based on successful applications of the DGT technique for measuring metals and 79 

nutrients distributions directly in situ in sediments at mm resolution,22-24 this is the first study 80 

to determine the in situ fine scale distribution of a trace organic, which is crucial for 81 

determining its potential release to the overlying water.  82 

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine, ATR) was chosen as the 83 

target pesticide. It is one of the most frequently detected and well researched pesticides. It has 84 

been used since 1958 and is registered in more than 70 countries worldwide.25 It is applied to 85 
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control broad-leaf weeds during the cultivation of corn, sorghum, sugarcane, rangeland and 86 

other crops pre- and post-emergence.25 The soil concentration of ATR after application may 87 

typically be ~3-6 mg kg-1 as a result of a normal application rate of 1.12 - 2.24 kg ha-1.25 88 

However, in some contaminated soils, following handling, spillages, accidents etc., the 89 

concentration of ATR could be 100s-1000s mg kg-1, requiring remediation26-29. Its half-life in 90 

soils is usually reported as weeks to months,30,31 but it has also been detected in soils >20 years 91 

after application.32,33 Validated DGT methods have been developed previously for this 92 

compound.15,34 93 

The purpose of this paper was to use DGT to investigate the in situ kinetic exchange of organic 94 

pollutants between solution phase and solid phase in two different environments. In the soil 95 

experiments, realistic agricultural treatment levels and reported contaminated levels of ATR 96 

were used, while an intact sediment core from a natural lake was used for in situ fine scale 97 

DGT measurements. The labile pool size and the ability of soils/sediments to re-supply ATR 98 

induced by depletion were assessed. The DIFS model was used to show how the dynamic 99 

processes of ATR in soils and sediments can be further understood quantitatively, by estimating 100 

response time and kinetic rate constants of the desorption processes. 101 

MATERIALS AND METHODS 102 

Chemicals 103 

ATR standard was purchased from Sigma-Aldrich (https://www.sigmaaldrich.com/). Its 104 

physico-chemical properties are given in Table S1. ATR product was stored as 38% suspension 105 

liquid. Stock solutions were dissolved in pure methanol (MeOH). ACN (Acetonitrile) and 106 

MeOH were purchased from Fisher (Poole, U.K.). 107 

Soil sample treatments  108 

Four typical UK agricultural soils were collected and used for the experiments. They were 109 

selected to represent varying pH (4.8 - 7.7) and organic matter content (3.9% - 8.1%) of 110 

https://www.sigmaaldrich.com/
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agricultural land. Details of soil sites and properties are listed in Table S2. All soils were 111 

collected from the sub-surface (10-20 cm), air-dried and passed through a 2 mm sieve. 112 

ATR was added into 500 g soils at 2 doses, to give soil ATR concentrations of 5 (normal 113 

agricultural level)25 and 100 (reported in contaminated soil)26-29 mg kg-1. The soils were then 114 

wetted to 15-20% maximum water holding capacity (MWHC), They were kept in plastic bags 115 

and stored in the dark at room temperature for the experiments. 116 

Sediment sample collection 117 

The sampling site in the northeast of Lake Chaohu, Anhui Province, China was selected 118 

because it has been studied previously and the intact core could be efficiently transferred to the 119 

laboratory. Routine agricultural use of ATR had occurred in the catchment previously, so ATR 120 

was found in the sediments. Sediment cores were collected as described previously35 by gravity 121 

corer (Ke Fan, China) with PVC sampling tubes (length: 60cm, diameter: 8cm), then kept in 122 

an incubator (15℃) in the dark for 4 days before and then during DGT deployment. 123 

DGT deployment in soil and sediment  124 

In the soil experiment, standard DGT devices (DGT Research Ltd, UK) with HLB resin gels, 125 

agarose diffusive gels and GH Polypro (GHP) filters were used. After 1, 3, 6, 10, 15 and 23 126 

days of incubation (from the time of ATR addition), soils were wetted to 80-100% MWHC and 127 

well-mixed to obtain a soil paste, 24 h before DGT deployment. Up to 23 days was selected to 128 

observe possible aging effects over the typical half-life of ATR in soils. For DGT deployment, 129 

small amounts of soil paste were carefully smeared onto the DGT filter, then the DGT device 130 

was gently pressed into the soil with twist and turn actions to ensure maximum contact between 131 

the soil surface and the device.13,16 All deployments were triplicated and maintained at room 132 

temperature for 22 h.  133 

After deployment, DGT devices were retrieved, the filter surface was jet washed with MQ 134 

water, the resin gels were removed and placed into 20 mL amber glass vials. Then 10 mL ACN 135 



7 

 

was added to each vial, the vials were put in an ultrasonic bath for 30 min to elute. The eluents 136 

were filtered through 0.2 μm syringe filters (PTFE, Whatman, UK) prior to analysis. The 137 

triplicate soils were combined and mixed well. Then ~50 g soil paste was placed into a 50 mL 138 

centrifuge tube and centrifuged at 3000 rpm for 40 min. The soil solution obtained from 139 

centrifuging was filtered using 0.2 μm syringe filters into 2 mL vials. About 5g of the soils 140 

remaining after centrifugation were mixed in 20 mL ACN. The mixture was shaken (rotary 141 

shaker, 2 h), then centrifuged (3000 rpm, 30 min). The supernatants were filtered (as above) 142 

into 20 mL vials. All experiments were replicated. 143 

In the sediment experiment, a standard DGT sediment probe (DGT Research Ltd. UK), 144 

containing HLB resin gel, agarose diffusive gel and a PES (polyethenesulfone) filter was 145 

carefully inserted into the intact sediment core to 10 cm depth and deployed for 48 hours (based 146 

on pilot studies and method detection limits). On retrieval, the probe was thoroughly washed 147 

with MQ water and the gels were cut from the window area with a razor blade. The binding gel 148 

was then sliced at 5 mm intervals and each slice was eluted (3 mL ACN, 30 min ultrasonic 149 

extraction). Then the sediment core was sliced at 1 cm intervals and each segment was 150 

centrifuged as described above to obtain pore-water samples; these were pre-concentrated 151 

(HLB SPE cartridges - details in SI). Finally, solvent extraction on sediment samples were 152 

carried out following the same procedure as for soils. 153 

Chemical analysis 154 

All samples from soil and sediment experiments were analysed by HPLC-MS/MS. Details are 155 

given in the SI. 156 

Principle of DGT in soils and sediments  157 

When DGT is deployed in soils and sediments, the HLB resin gel binds the compounds that 158 

diffuse through the diffusion layer, establishing a linear concentration gradient in the diffusion 159 

layer (see Figure 1). According to Fick’s first law of diffusion (Eq. 1), the flux (F(t)) is 160 
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determined. D is the diffusion coefficient of the labile pesticide. D of ATR at 25 °C was taken 161 

as 5.67×10-6 cm2s-1, based on a previous study.34 With increasing deployment time, the 162 

interfacial concentration of the labile analyte, Ci, tends to decline due to depletion, which 163 

induces the desorption of the pesticide from the solid phase to resupply Ci. This contributes to 164 

the flux of pesticides measured by DGT. 165 

  166 

 167 

Figure 1. Processes induced by deployment of a DGT device in soils or sediments. The analyte 168 

diffuses across the diffusion layer and is accumulated by the resin gel. Analytes in the soil 169 

solution (CSS) become progressively depleted. Desorption from the solid phase (with labile 170 

concentration Cls) is induced. Ci is the instantaneous concentration of the analyte at the interface 171 

between DGT and the soil, k1 is the sorption rate constant and k-1 is the desorption rate constant. 172 

The extent of re-supply (the efficiency with which analyte concentrations are sustained in soil 173 

solution relative to their initial level) is determined by the labile pool size (capacity of the 174 

available compound on the solid phase) and the kinetics of adsorption/desorption. 175 

F(t)= 
DCi(t)

∆g
                           (1)                          176 

CDGT= 
M ∆g

DAt
                           (2) 177 

  R= 
CDGT

Css
                            (3) 178 

The time averaged interfacial concentration (CDGT) is calculated from M (the mass of analyte 179 

accumulated by DGT), which is determined analytically after extracting the analyte from the 180 

binding gel (Eq. 2). A is the exposed area of the diffusion layer and t is deployment time. An 181 
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indicator of the extent of depletion of soil solution concentrations at the DGT interface, R, is 182 

the ratio of CDGT to the initial soil solution concentration (CSS) (Eq. 3). Zhang et al.36 identified 183 

the 3 possible modes of re-supply to the DGT devices (see Figure 1), which can be determined 184 

by R values as follows: 185 

(a) Fully sustained case: analyte taken up from the solution phase is re-supplied from the solid 186 

phase at a rate that sustains the initial CSS (R ≥ 0.95) 187 

(b) Partially sustained case: there is some resupply from the solid phase, but insufficient to 188 

maintain the initial CSS (0.1 < R < 0.95) 189 

(c) Diffusion only case: there is no resupply from the solid phase to the solution phase. Supply 190 

of the analyte is solely accounted for by diffusion (R < 0.1) 191 

Case (b) is most common in the real environment. The value of R is affected by analyte pool 192 

size and kinetics of the process.37  193 

DIFS model  194 

The DIFS model38-40 was developed to quantify the above processes. It uses Kdl (Eq. 4) and the 195 

response time (Tc - Eq. 5) to describe labile pool size and kinetics of adsorption (rate constant 196 

k1) and desorption (rate constant k-1). Kdl is the distribution coefficient based on labile solid-197 

phase components that can exchange with the solution phase and represents the labile pool size 198 

in the solid phase. Tc is the response time to depletion and directly related to the rate constant 199 

of the supply process from solid phase to solution (k-1). The model quantifies the relationship 200 

between R, Kdl and Tc. Tc and k-1 can be obtained if R and Kdl are known. Pc is the particle 201 

concentration of the soil or sediment (Pc = m/V, where m is the total mass of all solid particles; 202 

V is the pore-water volume in a given total volume of soil or sediment).  203 

 Kdl= 
Cls

Css
= 

k1

Pc k-1
                            (4) 204 

 Tc= 
1

k1+ k-1
= 

1

k-1(1+Kdl Pc)
                          (5) 205 
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The concentration of labile ATR (Cls) was measured by ACN extraction as CSE, so the value of 206 

Kdl was represented with Kd, estimated by measuring the concentrations of ATR in soil solution 207 

or pore-water and extracted by ACN. Tc was obtained from the model when R and Kd values 208 

were used as input parameters and the desorption rate constant k-1 was calculated using Eq.5. 209 

RESULTS AND DISCUSSIONS 210 

ATR distribution in soils 211 

The four soils varied in pH (4.8-7.7) and OM (3.9-8.1%) (Table S2). Soil Malpas (MAL) had 212 

the lowest pH (4.8) and OM (3.9%), Dares (DAR) was acidic (pH 5.7) with more OM (5.4%), 213 

Reddish (RED) had neutral pH (6.7) with low OM (4.8%) and Kettering (KET) had the highest 214 

pH (7.7) and OM (8.1%). ATR data quality was good, as shown by error bars on replicates (e.g. 215 

see Figure S1, Figures 2, 3).  216 

Concentrations of ATR in soil solution (CSS) and the solid phase obtained by solvent extraction 217 

(CSE) are presented in Figure 2 and Table S4. The masses of ATR in solution and the solid 218 

phase were calculated using the concentrations from Table S4, soil solution volumes and the 219 

weight of solid phase. Results of ATR distribution between solution and solid phase are 220 

presented in Figure S1. The proportion of ATR in the solution phase for all soils showed no 221 

marked changes after the first 10 days, showing the added ATR had approached equilibrium 222 

with the soils in this time.  223 

The results of soil solution show different orders between soils at the two different doses 224 

(Figure 2, a and b). In 5 mg kg-1 dosed soils, the concentrations slightly decreased with time in 225 

the first 10 days, as expected.41
 Soil MAL had the highest concentration. In 100 mg kg-1 dosed 226 

soils, MAL and DAR had the lowest soil solution concentration. Previous research has shown 227 

that i) OM may reduce the release of ATR to soil solution as sorption is greater in soils enriched 228 

with OC2,4,8,41 and ii) high H+ concentration (low pH) also enhances ATR sorption in soils.30,31 229 

Interactions between ATR and OM and between ATR and H+ play different roles in different 230 
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situations. Soil MAL with the highest H+ and lowest OM, displayed two opposite effects on 231 

ATR sorption. It is possible that the sorption process is mainly controlled by OM in low dosed 232 

soils and by pH in high dosed soils, due to ATR saturation on OM. Therefore, soil MAL (with 233 

lowest OM) had the highest soil solution concentration (lowest sorption) for 5 mg kg-1 dosed 234 

soils and soils MAL and DAR with low pH had the lowest soil solution concentrations (highest 235 

sorption) for 100 mg kg-1 dosed soils. 236 

The ATR extractable from the solid phase declined slightly with time, but did not differ 237 

significantly between soils (Figure 2, c and d), except for soil MAL at the higher dosage. For 238 

both doses solvent extractable ATR constituted >60% of the ATR in all soils (Figure S1). There 239 

was a small proportion of non-extractable residues, the environmental and regulatory 240 

significance of which has been discussed elsewhere.42, 43 241 
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Figure 2. ATR concentration measured by 3 approaches (a, b: soil solution; c, d: solvent 242 

extraction; e, f: DGT) over incubation time in 4 soils dosed at 2 levels (a, c, e: 5 mg kg-1; b, d, 243 

f: 100 mg kg-1) 244 

 245 

DGT measured labile concentration 246 

DGT gives the available concentration from both soil solution and weakly adsorbed on the 247 

solid phase. The CDGT results showed decreases in low dosed soils and variations in high dosed 248 

soils for the first 10 days of the incubation (Figure 2, e and f), similar to the trend and the order 249 

of Css. Soil MAL again displayed different behaviours for the two different doses, with the 250 

highest CDGT of the 4 soils at the low dose and the lowest CDGT at the high dose. The same 251 

explanation presented above for the soil solution results can be used here for the DGT results. 252 

CDGT values were much less than the corresponding CSS, implying that the supply from the 253 

solid phase to the soil solution could not be fully sustained to the depletion of the pesticide by 254 

DGT (see below). 255 

Resupply of ATR in soils 256 

The R value reflects ATR resupply from the solid phase to soil solution, in response to the 257 

depletion by DGT. The R values varied between 0.09-0.18 for all the soils and doses, indicating 258 

ATR was partially resupplied in all cases (Figure 1). If there was no supply of ATR from the 259 

solid phase at all and only supply from diffusion, R would range from 0.06 to 0.07 (obtained 260 

from DIFS as Rdiff). This suggests that ATR resupply from the solid phase in the 4 soils was 261 

significant and would play an important role in its bioavailability. The R values did not change 262 
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significantly with incubation time, indicating that ATR resupply was not affected markedly by 263 

aging up to 23 days. The differences of R values between soils were more obvious at higher 264 

doses. Higher values were found for soils MAL and DAR which have low pH, so there is more 265 

ATR on the solid phase (see Figure 2d) and more resupply from the labile ATR pool (see Figure 266 

3d) at the higher dose. The differences of R values between soils were much smaller in lower 267 

dosed soils, averaging 0.12±0.01 (RSD 8%). However, in contrast with the high dosed soils, 268 

soil MAL had the lowest R value, due to the dominating influence of its low OM, with 269 

consequent low sorption of ATR and less resupply from MAL’s smallest labile pool size 270 

(Figure 3c). 271 

  

  

Figure 3. R values (Figures a and b) and labile pool size Kd (Figures c and d) of ATR at two 272 

dosed levels (a,c: 5 mg kg-1; b,d: 100 mg kg-1) in 4 soils plotted with incubation time. 273 
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of labile ATR in the solid phase extracted by ACN and the Css) has been used to indicate the 278 

compound’s labile pool size in soils. Reported Kd values have ranged from 0.01-64 cm3 g-1, 279 

with most <10.44-46 Values obtained in this study were between 1.3-4.0 cm3 g-1 (Figure 3c and 280 

3d), within the published range.  281 

Kd in the lower dosed soils increased slightly with incubation time for soils RED and DAR and 282 

remained constant for soils MAL and KET (See Figure 3c). In higher dosed soils, Kd varied 283 

slightly in the first 6 days of incubation and remained stable thereafter for all soils. This 284 

suggests that the ATR labile pool size was not affected significantly by the incubation time used 285 

in this study. Kd decreased with time in the 100 mg kg-1 treatment, while it increased slightly 286 

with time for the 5 mg kg-1 treatment. This is an interesting and important observation. Possible 287 

factors that may influence/cause this effect are dose-dependent differences in: i. strength of 288 

binding to the solid phase; ii. losses from the system over time, such as ATR degradation or 289 

formation of non-extractable residues. At the higher dose, the soils binding capacity may be 290 

approached or exceeded (see discussion below).  291 

There were marked differences in labile pool size between soils for both doses. In the lower 292 

dosed treatments, Kd values in soils RED and DAR were higher than in soils KET and MAL. 293 

Kd in soil MAL was the lowest, indicating the smallest labile pool. Soil MAL is lowest in OM, 294 

which is a dominant sorbent for ATR.47
 As a slightly basic herbicide, the adsorption of ATR 295 

would be weakened with increasing pH, explaining the lower Kd value in soil KET, despite its 296 

higher OM content. The labile pool size was not affected by the ATR dose for soil KET and 297 

DAR as the Kd values were similar for both doses. It was significantly reduced for soil RED 298 

and much increased for soil MAL in higher dosed soils. This demonstrates that the effect of the 299 

higher dose on the labile pool size was different between soils. The results suggest that the 300 

sorption sites might be saturated in soil RED and more ATR adsorption occurred on weaker 301 

binding sites in acidic soil MAL. McGlamery et al. 48 reported that the degree of adsorption 302 
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and desorption was independent of concentration in a clay loam and increasing application of 303 

ATR over ‘reasonable limits’ (0.37–40 mg kg-1) appeared to not saturate the adsorption sites. 304 

This is true for soils KET and DAR, but not for the other two soils. The 100 mg kg-1 dose used 305 

here may be beyond ‘reasonable limits’ and soil properties are also important. 306 

Resupply kinetic characteristics of ATR in different soils 307 

The labile pool size (Kd) determines the capacity of a chemical to be re-supplied by the solid 308 

phase. The response time (Tc) and desorption rate constant (k-1) directly relate to the rate of its 309 

resupply to solution.37 The kinetic information obtained from DIFS model calculations for ATR 310 

in the 4 soils is presented in Figure 4 and Table S5. 311 

The incubation time had no significant influence on the kinetics of ATR resupply in these soils 312 

at both doses as Tc was in the similar order of magnitude, as were the k-1 values, except for 313 

some fluctuations in soil DAR (Figure 4). The Tc values were >103 sec in soils RED and KET, 314 

indicating that ATR was supplied slowly from the solid phase to the solution phase in these 315 

soils. These two soils also had relatively low Kd values (Figure 3), particularly for higher dosed 316 

soils. Kinetics of resupply is normally important when there is a large labile reservoir on the 317 

solid phase (high Kd).
13 In the case of small labile pool size, Tc has little effect on the uptake of 318 

analyte by DGT, since the pool will be depleted rapidly.49 Hence soils RED and KET had little 319 

capability to resupply ATR to the solution phase. Both soil RED and KET had much higher pH 320 

(2-3 units higher) than MAL and DAR; pH is probably the major factor controlling the labile 321 

pool size and resupply kinetics of ATR in soils (see below).  322 

Tc values in soils DAR and MAL were lower (by several orders of magnitude) than the other 323 

soils with exception for MAL at high doses, indicating shorter response time and faster resupply 324 

kinetics for ATR in lower pH and lower OM soils. 325 

There were several extreme values (outliers) of Tc or k-1 obtained by the model at different 326 

incubation times, despite the minor differences between other parameters. Lehto et al.50 used 327 
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an error function (E) for the quantitative assessment of Kdl and Tc using 2D DIFS model. It was 328 

suggested that the estimation of Tc could sometimes have large uncertainty. Therefore, we do 329 

not intend to over-interpret these extreme values. Instead, we use Tc and k-1 information 330 

cautiously, as relative values to make comparison between different soils and incubation times 331 

and to assess their kinetic resupply of ATR relatively.  332 

  

  

 333 

Figure 4. logTc and logk-1 values of ATR at different incubation time up to 23 days for two 334 

dosed levels (5 mg kg-1 and 100 mg kg-1) in four different soils. (a) logTc vs time in 5 mg kg-1 335 

dosed soils; (b) log k-1 vs time in 5 mg kg-1 dosed soils; (c) logTc vs time in 100 mg kg-1 dosed 336 

soils; (d) log k-1 vs time in 100 mg kg-1 dosed soils.  337 

 338 

The DIFS model can simulate profiles of ATR concentrations in soil solution and solid phase 339 

through the soil layer and diffusion layer, with respect to distance. The profiles were modelled 340 

at incubation times of 1 and 23 days with DGT deployment for 5, 11, 16 and 22 h. The results 341 

are shown in Figures S2 and S3 (lower and higher dosed soils, respectively). ATR 342 

concentrations in soil solution and solid phase were normalized to their maximum 343 

concentrations. At the lower dose, soils MAL and DAR showed less depletion into soil solution 344 
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and significant depletion from the solid phase with DGT deployment time. The opposite trends 345 

were demonstrated for soils RED and KET, where more ATR was depleted from soil solution 346 

and much less from the solid phase. There was no significant difference between profiles at 1 347 

and 23 days incubation. Similar profiles with similar characteristics for each soil and case were 348 

obtained for higher dose soils (Figure S3), indicating total concentration did not affect the 349 

relative distribution of ATR in soils in response to a sink (e.g DGT samplers or plant roots). 350 

Soils RED and KET have higher pH than soils MAL and DAR. The results suggest that soil 351 

pH is the controlling factor for depletion and resupply of ATR and its distribution in soil 352 

solution and solid phase.  353 

Comment on mechanism of pH and OM effects 354 

Within the limits of this study with just 4 soils, the influence of pH can be interpreted 355 

mechanistically. ATR is a weakly basic herbicide with a pKa of 1.68.51 In near neutral pH 356 

environments (e.g. soil RED), ATR stays in its neutral form, with adsorption mainly via van 357 

der Waals forces or hydrogen bonding. Under acid conditions (soils MAL and DAR), ATR will 358 

be protonated to the cationic form and its affinity to negatively charged soil colloids becomes 359 

stronger. Ion exchange then dominates the binding process. Maximum adsorption of ATR on 360 

soils normally occurs at pH close to its pKa, when cationic and neutral ATR forms both exist.51, 361 

52 At higher pH values (soil KET) the cationic fraction of ATR declines and the protonation 362 

effect weakens. Higher soil pH will also enhance hydrolysis of carbonyl, hydroxyl and other 363 

functional groups on the soil surface and promote dissolution of SOM, leading to less 364 

adsorption of ATR.53 Note that the differences in the order of Css, CDGT and R values between 365 

soils can therefore be understood in terms of the differences in labile pool size and re-supply 366 

kinetic characteristics, which are themselves controlled simultaneously, but not equally, by pH 367 

and OM. 368 
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ATR availability and resupply in sediments  369 

As we have demonstrated above, the combination of the DGT technique and DIFS modelling 370 

can provide useful information about interactions between solution and solid phases, kinetics 371 

and lability of ATR resupply in soils. Application of DGT and DIFS in sediment is therefore a 372 

potentially very valuable approach to obtain in situ information and advance understanding of 373 

biogeochemical processes of pesticides and other trace organics.  374 

DGT sediment probes were deployed in the top 10 cm of the sediment core, as it is normally 375 

the most reactive part of the sediment.54 The results of DGT measured concentrations, CDGT, 376 

together with porewater concentrations, CPW, and the extracted solid phase concentrations, CSE, 377 

at different depth are shown in Figure 5 (a-c). A sharp peak appeared at -2 cm for all three 378 

profiles. For DGT, the labile concentration of ATR initially decreased with depth until -1.5 cm, 379 

then increased to its maximum (0.23 μg L-1) at -2.0 cm. It subsequently decreased to its 380 

minimum (~0.05-0.06 μg L-1) and stayed relatively constant below. The CPW and CSE profiles 381 

were very similar, with lower concentrations at -1.0 cm and increasing to a maximum at -2.0 382 

cm. The concentrations in both phases then declined to their minimum values at -3.0 cm depth. 383 

There was a slight increase for CPW at -6.0 cm. For labile solid phase ATR, the profile was 384 

relatively uniform below -3.0 cm. These concentration profiles are likely determined by redox 385 

conditions. Labile Fe (II) and Mn (II) concentrations were measured in situ at 5 mm resolution 386 

in the same sediment core using DGT trace metal probes. Labile Fe and Mn concentrations 387 

increased sharply from the sediment surface until -4.0 cm, with the sharpest at -2.0 cm (Figure 388 

S4). The results indicate that i) Fe and Mn oxides/hydroxides become reduced to labile Fe(II) 389 

and Mn(II) with depth; ii) the anoxic/reduction condition intensified at -2.0 cm and -4.0 cm 390 

depths. Reduction of Fe/Mn oxides greatly influences the sorption/desorption and 391 

remobilisation of other elements and chemicals. Therefore, the profiles of ATR observed above 392 

could be the result of redox conditions and the reduction of Fe/Mn oxides/hydroxides.    393 
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To assess ATR labile pool size and kinetic resupply, the R value (ratio of CDGT and CPW) was 394 

calculated. DGT concentrations measured at 0.5 cm resolution were averaged to 1 cm intervals 395 

for the calculations. The R value depth profile is presented in Figure 5d. The R value was 0.47 396 

at -1.0 cm, then decreased to 0.19 at -2.0 cm. There was slight variation in R values below -2.0 397 

cm, but these were not significant for interpretation. The profile for labile pool size Kd (obtained 398 

by CSE/CPW), was similar to the R value trend, with the largest Kd (8.21) at -1.0 cm depth, 399 

decreasing to <5 at -2.0 cm depth and below (Figure 5e). These results indicate ATR resupply 400 

from the solid phase to pore-water and the labile pool size were greater at the top layer of the 401 

sediment and significantly less below -2.0 cm, due to redox conditions.  402 

The DIFS model was used to obtain the response time, Tc, and the desorption rate constant, k-1 403 

at different depths. The k-1 results are shown in Figure 5f and Tc in Table S6. The highest rate 404 

constant was at -4.0 cm, demonstrating fastest resupply at this depth.  405 

All the results discussed above reflect that the surficial layer of sediment had a greater 406 

capability to resupply ATR, while there was less available ATR present in the sediment below 407 

-2.0 cm. All features that occurred at -2.0 cm and -4.0 cm depth for ATR concentrations, labile 408 

pool size, resupply capability and kinetics of resupply are closely linked to the redox conditions 409 

and the reduction of Fe/Mn oxides/hydroxides. This precise information can only be obtained 410 

with an in situ high spatial resolution technique, such as DGT.  411 

   

   

 412 
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Figure 5. ATR distribution profiles in the sediment measured by three methods (a: DGT; b: 413 

porewater extraction; c: solid phase extraction), R (d), Kd (e), and logk-1 (f) value distribution 414 

with depth. 415 

Environmental implications and future research directions 416 

This Special Issue highlights the key roles of soils and sediments as sources/sinks in the 417 

regional and global scale cycling of organic contaminants. However, detailed understanding of 418 

the kinetics of solid-solution exchange and fine scale distributions of organic chemicals that 419 

control fluxes to/from soils and sediments are still very limited. This is at least partially because 420 

we have lacked the appropriate tools and techniques to perform the necessary measurements, 421 

until now.55 422 

There is already a large body of research and development on the use of DGT to investigate 423 

the speciation, bioavailability, dynamic solid-solution interactions and fine scale distribution 424 

of heavy metals and nutrients in soils and sediments.12,16-18,20,23,24,36,37,56-59 This paper has taken 425 
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a first step to apply DGT and the DIFS model as tools to investigate the labile pool size and 426 

kinetic resupply of organic chemicals in soils and sediments.  427 

Although ATR was selected for this study, DGT devices have already been developed and 428 

validated to quantitatively measure ~170 different organic chemicals, including antibiotics, 429 

pesticides, personal care products, pharmaceuticals, oestrogens, flame retardants and 430 

perfluorinated compounds.34,55,60,61 So far, they have been used to monitor surface and 431 

wastewaters, but not for biogeochemical process studies in soils and sediments. There is 432 

therefore a wide range of potential future DGT applications in the fields of environmental 433 

organic biogeochemistry and ecotoxicology. 434 

DGT can be used in controlled experiments, to investigate how environmental factors and aging 435 

influence solution-solid phase exchange. This type of systematic work has been crucial for 436 

improving our knowledge of biogeochemical processes of inorganics. Many of the same issues 437 

warrant similar attention for organic chemicals, to better understand mobility/retention in soils, 438 

their bioavailability and link to microbial processes and their influence on persistence. 439 

Knowledge of the kinetic re-supply and the labile pool size is of key importance to 440 

bioremediation of trace organics, for example, and help improve risk assessment. This 441 

approach can be useful in the fields of agrochemicals (pesticides in soils), waste management 442 

(e.g. biosolids addition to soils) and bioremediation.  443 

This paper is the first to use the DGT sediment probe to investigate an organic chemical in situ 444 

in sediments. The probe makes it possible to obtain finely spatially resolved (mm scale) 445 

information in intact sediment cores. We achieved detection with a resolution of 5mm and for 446 

ng L-1 concentrations in a lake system. Finer spatial scales can be achieved in future, to improve 447 

understanding of processes in water-sediment surface micro-layers and the role of oxic/anoxic 448 

conditions in controlling retention in sediments or resupply to the water column. DGT has been 449 

deployed to study trace elements in 2-dimensions at the sub-mm scale.38 This is achievable for 450 
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organics, subject to suitable detection systems and limits, with the potential to make a step-451 

change in fundamental understanding of trace organics biogeochemistry.  452 
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