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Abstract  23 

Back diffusion of groundwater contaminants from low permeability (K) zones can be a major 24 

factor controlling the time to reach cleanup goals in downgradient monitor wells. We identify the 25 

aquifer and contaminant characteristics that have the greatest influence on the time (TOoM) after 26 

complete source removal for contaminant concentrations to decline by 1, 2 and 3 Orders-of-27 

Magnitude (T1, T2 and T3).  Two aquifer configurations are evaluated: (a) layered geometry (LG) 28 

with finite thickness low K layers; and (b) boundary geometry (BG) with thick semi-infinite low 29 

K boundaries. A semi-analytical modeling approach (Muskus and Falta, 2018) is used to 30 

simulate the concentration decline following source removal for a range of conditions and 31 

generate ≈21,000 independent values of T1, T2 and T3.  Linear regression is applied to interpret 32 

this large dataset and develop simple relationships to estimate TOoM from three characteristic 33 

parameters – the mass residence time (TM), diffusion time (TD), and ratio of low K to high K 34 

mass storage (γ). TM is most important predictor of T1, T2 and T3 for both geometries and is 35 

equal to the combined high and low K contaminant mass divided by the mass flux, at the end of 36 

the loading period (TL). For LG, T3 is strongly influenced by TD = RLLD
2/(4D*), where RL is the 37 

low K retardation factor, LD is the half-thickness of the embedded low K layers, and D* is the 38 

effective diffusion coefficient.  For BG, T3 is strongly influenced by γ.  Contaminant decay in 39 

low K zones can significantly reduce cleanup times when λLTD> 0.01, where λL is the effective 40 

first order decay rate in the low K zone. The 1st Damköhler (Da), equal to TM/TD, provides a 41 

useful indicator of the relative importance of back diffusion on TOoM.  Back diffusion impacts are 42 

greatest on T3 when 0.01>Da>0.1, then decrease with increasing Da.  Back diffusion has less 43 

impacts on T2, with limited influence on T1.  The results are summarized in a simple conceptual 44 
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model to aid in evaluating the impact of back diffusion on the time for concentrations to decline 45 

by 1-3 OoM.  46 

 47 

 48 

Keywords: back diffusion, cleanup time, sensitivity, parameters, Damköhler 49 

 50 

 51 
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1. Introduction 53 

Diffusion can have major impacts on contaminant transport in unconsolidated sedimentary 54 

formations when the Darcy velocity in low permeability (K) zones is very small.  As a 55 

groundwater plume advances downgradient through high K zones, dissolved contaminants are 56 

transported by molecular diffusion into low K zones, slowing the downgradient migration of the 57 

contaminant plume. However, once the contaminant source is greatly reduced, contaminants 58 

diffuse out of low K zones, slowing the cleanup rate in the high K zone (Grisak and Pickens, 59 

1980).  This process, termed ‘back diffusion’, can greatly extend cleanup times following source 60 

removal, especially for chlorinated solvents where large reductions in contaminant 61 

concentrations are required to meet remediation goals.  62 

 63 

The impacts of back diffusion on aquifer cleanup times have been documented in several 64 

detailed field studies. Mackay et al. (2000) demonstrated that back diffusion from an underlying 65 

clayey aquitard increased the groundwater cleanup time for a pump and treat system enclosed 66 

within a sheet-pile test cell.  Model predictions based on diffusion of contaminant within the 67 

aquitard were consistent with measured concentration profiles (Liu and Ball, 2002).  At a 68 

DNAPL site in Connecticut, Chapman and Parker (2005) reported that trichloroethylene (TCE) 69 

concentrations in downgradient wells declined by roughly 1 Order-of-Magnitude (OoM), when 70 

the upgradient source area was isolated with sheet piling.  However, after this initial decline, 71 

TCE concentrations appeared to plateau or decline more slowly, consistent with back diffusion 72 

from an underlying aquitard.  Numerical simulations indicate that back diffusion will cause TCE 73 

concentrations in downgradient wells to remain above target cleanup levels for centuries.  Parker 74 

et al. (2008) showed that back diffusion of TCE from the thin low-K beds will significantly delay 75 



5 

groundwater cleanup at a well characterized TCE site in Florida, following complete source 76 

isolation with an innovative hydraulic capture system. 77 

 78 

The physics of back diffusion and impacts on aquifer cleanup have been examined in several 79 

well controlled laboratory experiments.  Doner (2008) measured the impacts of back diffusion on 80 

aquifer cleanup rate in a 1.07 m long laboratory tank containing a continuous sand body with 81 

suspended clay zones. A bromide and fluorescein tracer solution was flushed through the tank 82 

for 22 days followed by clean water for 100 days. The lower diffusion coefficient for fluorescein 83 

(5.5E-10 m2/s) compared to bromide (20.1E-10 m2/s), resulted in more extensive tailing of the 84 

fluorescein break-through curve.  Yang et al. (2015) measured diffusion driven solute transport 85 

between a high K sand and thin low K layers of varying thickness (1.5, 2, and 6 cm) in 0.28 m 86 

long laboratory tank experiments with rapid flushing of the high K layer (0.65 pore volumes/day).  87 

Mass flux from the low K layer to the high K layer was well described by analytical solutions 88 

using the method of images.  Tatti et al. (2018) measured back diffusion rates in a 0.68 m 89 

laboratory tank containing low K lenses in a continuous high K aquifer.  Increasing the solute 90 

transport velocity from 5 to 20 m/d increased diffusive flux by more rapidly removing the solute 91 

from the high K zone near the low K interface.   92 

 93 

The effects of back diffusion on cleanup time can be evaluated using existing analytical (Sale et 94 

al. 2008, Farhat et al. 2012) and numerical models.  Chapman et al. (2012) demonstrate that high 95 

resolution numerical models can accurately simulate the back diffusion process and predict 96 

concentration changes over 3 OoM in heterogeneous sand tank experiments (Doner, 2008), when 97 

the source condition and low K zone geometry is accurately incorporated in the models.  98 
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However, the high concentration gradients near the high/low K interface, require a fine vertical 99 

discretization to accurately simulate back diffusion (Farhat et al., 2020).   100 

 101 

Muskus and Falta (2018) develop a semi-analytical modeling approach to simulate the effects of 102 

diffusion in low K zones on solute concentrations in the more transmissive zones.  Contaminant 103 

concentration profiles in extensive low K aquitards and finite-thickness embedded low K zones 104 

are represented with a fitting function that is adjusted at each timestep. The resulting diffusion 105 

fluxes are added to the numerical model as linear concentration-dependent source/sink terms, 106 

eliminating the need for fine discretization of the low K region, greatly reducing computation 107 

time.  Simulation results closely match results from laboratory experiments with layered systems 108 

(Yang et al., 2015) and irregularly shaped low K lenses (Doner, 2008), fine grid numerical 109 

simulations, and analytical solutions for diffusion in fractured rock and with parent-daughter 110 

decay reactions (Muskus and Falta, 2018).   111 

 112 

Halloran and Hunkeler (2020) recognize that the interplay between advection, diffusion, sorption 113 

and degradation processes will control plume persistence, and use a high-resolution numerical 114 

model to examine the impact of simultaneously varying five key input parameters [layer 115 

thickness, aquifer K, retardation factor, decay rate (λ), and diffusion coefficient (DM)], requiring 116 

288 model runs for three different aquifer geometries.  To aid in interpreting this large and 117 

complex dataset, results are presented in a series of color maps and reduced dimension variables 118 

for key performance metrics.  Visual evaluation of these results indicates that back diffusion 119 

impacts on cleanup time are greatest in thin, confined high K zones with lower groundwater 120 

velocity, larger Dm and lower λ. 121 
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 122 

In summary, physically based analytical and numerical models can reproduce the results of 123 

controlled laboratory experiments and well characterized field investigations of back diffusion.  124 

The underlying physics indicate that aquifer cleanup times will be controlled by the physical 125 

characteristics of both the higher and lower permeability zones [hydraulic gradient (i), 126 

permeability (K), porosity (θ), and layer geometry], chemical properties of the contaminant and 127 

aquifer material [molecular diffusion coefficient (Dm), effective tortuosity ( τ ), linear 128 

equilibrium retardation factor (R), and effective first order decay rate ( λ )], and site 129 

characteristics [contaminant loading period (TL), contaminant source concentration (CS), 130 

remediation goals, and distance to the monitoring or compliance point (X)].  Generating accurate 131 

estimates for each of these parameters is an overwhelming challenge at most remediation sites.  132 

To effectively apply these models for site management, we must identify the model input 133 

parameters that have the greatest impact on simulation results and prioritize characterization 134 

resources on those key parameters.  135 

 136 

Here, we identify the aquifer, contaminant, and site characteristics that have the greatest impact 137 

on the time after complete source removal (TOoM) for contaminant concentrations at a specified 138 

compliance point to decline by 1, 2 and 3 Orders-of-Magnitude (OoM).  We vary all key input 139 

parameters influencing back diffusion over realistic ranges for unconsolidated sedimentary 140 

formations, generating a large database of TOoM values. Statistical analysis of this database 141 

provides insights into the dominant processes influencing cleanup time after source removal.  We 142 

demonstrate that TOoM is strongly correlated with characteristic scaling parameters and can be 143 

estimated using simple regression models. We identify the aquifer and contaminant 144 
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characteristics that have the greatest impact on TOoM, and the conditions when individual 145 

processes are most important.  These results can guide site characterization efforts and aid in 146 

interpreting model output for a broad range of site conditions and contaminants. 147 

 148 

2. Approach 149 

Numerical simulations are conducted to evaluate the effects of diffusive mass transfer between 150 

high and low K zones on the time to reach varying cleanup levels for a range of site conditions.  151 

Cleanup time (TOoM) is calculated as the time after complete source elimination for contaminant 152 

concentrations to decline by 1, 2 and 3 Orders-of-Magnitude (T1, T2 and T3) in downgradient 153 

monitor wells.  The contaminant source concentration is assumed to be constant for a loading 154 

period, TL, then completely removed, causing the concentration entering the downgradient 155 

aquifer to immediately drop to zero. OoM reductions are calculated based on the contaminant 156 

concentration at the well, at the time the source is eliminated.  For example, if the concentration 157 

in a monitoring well was 5,000 µg/L when the source was eliminated, then T3 is the time 158 

required for the concentration to decline to 5 µg/L, a factor of 1000 reduction, or 3 OoMs. 159 

 160 

The variation in high K zone contaminant concentrations with time is determined using the 161 

modeling approach developed by Muskus and Falta (2018) and incorporated in REMChlor-MD 162 

(Falta et al., 2018).  Advection, dispersion, linear equilibrium sorption, and 1st order decay in the 163 

mobile zone are simulated with a finite difference solution to the advection dispersion equation.  164 

Diffusion fluxes for each cell are calculated using the semi-analytical approach developed by 165 

Muskus and Falta (2018).  Groundwater velocity in the low K zone is zero in all simulations.  166 
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Mass transfer between the high and low K zones occurs by molecular diffusion with an effective 167 

diffusion coefficient (D*)  168 

D* = τ Dm 169 

where Dm is the molecular diffusion coefficient in ground water at the ambient temperature and τ 170 

is the tortuosity coefficient.  In all simulations, Dm=9.1E-10 m2/s (0.029 m2/yr), a representative 171 

value for trichloroethylene (Falta et al., 2018).  D* is lower than Dm due to increased diffusion 172 

distance along tortuous diffusion paths and increased viscosity in narrow pores (Grathwohl, 173 

1998).  τ is commonly reported to vary between 0.2 and 0.5 (Grathwohl, 1998; Carey et al., 174 

2016).  However, values less than 0.1 have been reported for soils with >25% clay (Ayral and 175 

Demond, 2014). 176 

 177 

Two aquifer geometries are evaluated (Figure 1): a) layered geometry (LG); and b) boundary 178 

geometry (BG).  For LG, the embedded low K layers are sufficiently thin such that the average 179 

contaminant concentration in the low K zone approaches the average high K zone concentration 180 

by the end of the loading period.  For BG, the semi-infinite low K boundaries are sufficiently 181 

thick that solutes diffusing into this zone do not reach the layer boundary within the simulation 182 

period.  For the BG, the homogeneous aquifer has a thickness B’ and is bounded on one side by a 183 

semi-infinite boundary.  Monitor wells located a distance X, downgradient of the source, 184 

represent the vertically averaged concentration in the high K zone (CH).   185 

 186 

2.1. Typical Simulation Results 187 

Figure 2a shows a typical contaminant break-through curve (BTC) in a monitor well located 100 188 

m downgradient of the source for the boundary geometry (BG).  For this example, the high K 189 
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aquifer is 3 m thick, K=0.02 cm/s, and the monitor well has a 3 m long screen.  1D results (Δx= 190 

1 m) are compared with vertically averaged concentrations from two-dimensional (2D) vertical 191 

profile simulations (Δx=1 m, Δz=0.1 m) with two different values of vertical dispersivity (αv).  192 

The normalized contaminant concentration (CH/CS) is equal to the average contaminant 193 

concentration in the high K zone (CH) divided by the source concentration (CS).  All other 194 

parameters are for the base case condition presented in Table 1.   195 

 196 

For both the 1D and 2D simulations (Figure 2a), CH/CS increases rapidly, reaching ~1 within a 197 

few years, remains high for the 50 yr loading period, and then rapidly declines once the source is 198 

eliminated, similar to simulation results by Chapman and Parker (2005).  At ~60 yr (10 yr after 199 

source removal), there is a slope-break in the CH/CS curve, and contaminant concentrations begin 200 

to decline more slowly.  In this example, CH/CS declined by 1 OoM at 56 yr, 2 OoM at 95 yr, and 201 

3 OoM at 255 yr, so T1 = 6 yr, T2=45 yr, and T3=205 yr.  In most simulations, T1 occurs before 202 

the slope-break and is controlled by advective flushing of the high K zone, while T3 generally 203 

occurs after the slope-break, and is influenced by both the advective flux in the high K zone and 204 

the diffusive flux out of the low K zone.  T2 may occur before or after the slope-break, depending 205 

on aquifer and site characteristics.   206 

 207 

One dimensional (1D) simulation results (Δx=1 m) closely match vertically averaged 208 

concentrations in 2D simulations with vertical dispersivity (αv) = 0.001 m (normalized root mean 209 

square error, NRMSE= 8.9%) and αv= 0.01 m (NRMSE=4.1%).  T1, T2 and T3 differ by 1%, 8% 210 

and 6% between the 1D simulation and 2D simulation with αv = 0.001 m.   211 

 212 
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Figure 2b shows concentration profiles for αv = 0.01 and 0.001 m at T=100 yr and X=100 m. 213 

Concentrations are highest immediately adjoining the low K boundary, then decrease rapidly 214 

with distance.  When αv < 0.01 m, most contaminant mass is within 2 m of the low K boundary.  215 

These results illustrate that 1D simulation results closely approximate 2D results when 216 

essentially all contaminants released from the low K boundary remain within the screened 217 

interval of the monitoring well (i.e., B’ = monitor well screened interval).  Increasing the aquifer 218 

thickness to greater than 3 m, reduces the vertically averaged concentration by dilution with 219 

uncontaminated water.  In the sensitivity analyses, 1D simulations with a maximum aquifer 220 

thickness of 3 m to reduce computation times.   221 

 222 

2.2. Sensitivity Analysis Database 223 

Model input parameters evaluated in the sensitivity analysis are presented in Table 1.  A ‘base 224 

case’ set of simulations is first conducted where KH, X, f, nL and B’ are varied to reflect the 225 

effects of aquifer geometry on TOoM, generating 840 individual values of T1, T2 and T3. Each 226 

base case simulation is then repeated for each value of θH, θL, RH, RL, τ, TL, and λL shown in 227 

Table 1. When the TOoM is greater than the 1,000 yr simulation period, these values are excluded, 228 

resulting in a total of ≈21,000 individual values of T1, T2 and T3 for use in the regression 229 

analyses.  Statistical moments for parameters in the dataset without decay (λL =0) are 230 

summarized in Tables S-1 for LG and S-2 for BG.  Many of the key indicator parameters are log 231 

normally distributed, and so Ln transformed values are also presented.   232 

233 
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Table 1.  Parameter values for base case simulations and sensitivity analysis 234 

Parameter Symbol Base Case 
Sensitivity 

Analysis 

Hydraulic gradient, m/m i 0.001 -- 

Longitudinal dispersivity, m αL 1.0 -- 

Molecular diffusion 

coefficient, m2/s 
Dm 9.1E-10 -- 

High K permeability, cm/s KH 0.01, 0.02, 0.03, 0.05, 0.1 -- 

Distance from source, m X 25, 50, 75, 100, 125, 150 -- 

High K volume fraction f 0.1, 0.2, 0.4, 0.6, 0.8, 0.9 -- 

Number of low K layers nL 1, 2, 3, 4 -- 

LG aquifer thickness, m B 3  

BG aquifer thickness, m B’ 0.5, 1, 2, 3 -- 

Loading period, yr TL 50 10, 25, 100 

Tortuosity coefficient τ 0.7 0.07, 0.35 

High K retardation factor RH 1 2, 5, 10 

Low K retardation factor RL 1 2, 5, 10 

High K porosity θH 0.3 0.15, 0.45 

Low K porosity θL 0.3 0.15, 0.45 

Low K decay rate, 1/yr λL 0 0.001, 0.01, 0.1, 1 

 235 

For BG, preliminary results showed that TOoM values are identical for an aquifer of thickness B’ 236 

with one low K boundary and an aquifer of thickness 2B’ with two low K boundaries, so the 237 

number of boundaries is not varied.  The BG aquifer thickness (B’) is varied from 0.5 to 3 m. For 238 

LG, the parameters X, f, and nL are varied to reflect the effect of aquifer geometry on TOoM. For 239 

LG, the aquifer thickness (B) is constant at 3.0 m, equivalent to the length of common monitor 240 

well screens. The LG aquifer contains nL low K layers of thickness 2LD=B(1-f)/nL where f is the 241 

volume fraction of the high K zone, so low K layer thickness varies between 0.075 and 2.7 m.  242 
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For both LG and BG, X and KH were varied to cover a broad ranges of site conditions, so the 243 

datasets also include some extreme values.  For example, the high K zone non-reactive travel 244 

time (Tt) to the monitoring or compliance point varies from 0.1 to 21 yr.  While this range is 245 

physically plausible, it is unlikely that a compliance point would be established 0.1 or 21 yr 246 

travel time away from the source.  By including some extreme values in the dataset, we ensure 247 

the regression relationships accurately reflect model behavior for a broad range of conditions. 248 

 249 

For both LG and BG, a fifty-year loading period (TL) is selected for the base case, which is 250 

equivalent to a spill occurring in 1970 with complete (100%) source removal in 2020.  In the 251 

sensitivity analysis, TL values of 25 and 100 yr are also evaluated.  The transverse dispersivity 252 

equal to zero in all simulations to eliminate the effects of transverse dispersion.  The longitudinal 253 

dispersivity, αL, is constant at 1 m, allowing limited longitudinal dispersion (Zech et al., 2015). 254 

 255 

2.3. Scaling Parameters 256 

To assist with interpretation of the modeling results, we identify a set of scaling parameters for a 257 

unit-width aquifer, based on the geometry of the high and low K zones, distance from the source 258 

to the monitoring point (X), high K porosity (θH), low K porosity (θL), high K retardation factor 259 

(RH), and low K retardation factor (RL).  Characteristic time scales include the high K travel time 260 

(Tt), hydraulic retention time (TH), mass retention time (TM), and loading period (TL).  Tt, TH and 261 

TM in years are defined as 262 

Tt = PVH/Q  263 

TH = (PVH + PVL)/Q  264 

TM = (RH PVH + RL PVL)/Q  265 
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based on the high K pore volume (PVH), low K pore volume (PVL), and volumetric discharge per 266 

unit width through the aquifer (Q).  Characteristic scaling ratios include the ratio of low K to 267 

high K zone thickness (α), ratio of low K to high K pore volume (β) and ratio of low K to high K 268 

contaminant mass storage (γ), defined at the end of the loading period (TL). 269 

 270 

For LG, the characteristic diffusion length (LD) is equal to half the low K layer thickness and is 271 

independent of time, allowing us to calculate a characteristic diffusion time (TD) where  272 

TD = RL LD
2/4D*.  For the BG, the volume of the contaminated low K zone will increase over 273 

time, as contaminants diffuse deeper into the semi-infinite low K boundary, so LD will increase 274 

with TL. For BG, we define TD = TL and  275 

Mass stored in low K boundary at end of loading period TL 276 

LD = -------------------------------------------------------------------------- 277 

              Source concentration * RL * θL * width * X  278 

 279 

In Supporting Information (Figure S-1), we show that for TL > 0.75 RH Tt, LD can be estimated 280 

using the relationship LD = (4.73 (TL -0.75 RH Tt) D*/RL)0.5. 281 

 282 

The 1st Damköhler number is a dimensionless parameter used to relate reaction rates to transport 283 

rates.  In this work, we define Da as TM/TD.  Characteristic time and length scales for LG and BG 284 

are defined in Table 2.   285 

 286 

 287 

 288 

 289 

 290 
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 291 

Table 2.  Definition of characteristic time and length scales 292 

Parameter Symbol LG Definition BG Definition 

Discharge (m2/yr) Q ��� � � ���′ � 
High K travel time (yr) Tt 

�	� ���
  

Hydraulic retention time 

(yr) 
TH 

��	�� + 	
�1 − �))
����  

��	��′ + 	
��)
���′�  

Mass retention time (yr) TM 
����	�� + �
	
�1 − �))

����  
����	��′ + �
	
��)

���′�  

Diffusion Time (yr) TD �
��� 4�∗
  TL 

Diffusion Length (m) LD 
��1 − �) 2�

  �4.73��
 − 0.75���!)�∗

�
 "
�
 

Low to high K  

thickness ratio 
α 

�1 − �)
�  LD/B’ 

Low to high K  

pore volume ratio 
β 

	
�1 − �)
	��  θL LD / (θH B’) 

Low to high K  

mass ratio 
γ 

�
	
�1 − �)
��	��  

�
	
����	��′  
1st Damköhler number Da TM/TD 

 293 

Box-whisker plots showing the distribution of the scaling parameters for LG and BG datasets 294 

without decay (λL=0) are shown in Figure 3.  For LG, median advection times (Tt, TH, TM) vary 295 

from 2 to 8 yr, while median cleanup times vary from 12 yr for T1 to 37 yr for T3.  The relatively 296 

narrow range between the median 1 and 3 OoM cleanup time, implies that mass transfer is often 297 

relatively rapid for the layered geometry, which is consistent with the relatively short median 298 
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diffusion time (TD) of 1.4 yr.  Median advection times (Tt, TH, TM) for BG vary from 2 to 8 yr, 299 

similar to the embedded geometry.  However, median cleanup times for BG are much more 300 

variable, ranging from 5 yr for T1 to 217 yr for T3.  The large difference between 1 and 3 OoM 301 

cleanup times for BG, implies that diffusive mass transfer is often slow relative to advection.  302 

The largest difference between the LG and BG datasets is for TD.  For LG, TD varied from 0.02 303 

to 227 yr, causing Da (TM/TD) to vary by 5 OoM. For BG, TD varied from 25 to 100 yr, causing 304 

Da to vary over a narrower range (0.004 to 5). 305 

 306 

3. Results and Discussion 307 

3.1. Base Case Simulations 308 

Figure 4 shows selected results from the REMChlor-MD simulations for the base case conditions 309 

for LG and BG. TOoM is a function of the hydraulic retention time (TH) and diffusion length (LD) 310 

for LG, and a function of the TH and B’ for BG. Note that for the base case conditions, RH=RL=1, 311 

so TM=TH for both LG and BG. The data points for each curve are individual simulation results 312 

for X between 25 to 150 m and KH between 0.01 and 0.1 cm/s. For constant values of LD and B’, 313 

the points plot on a smooth curve indicating X and KH are not important predictors of TOoM. 314 

 315 

For the base case LG, the time to 1 OoM cleanup (T1) varies approximately linearly with TH, and 316 

is relatively insensitive to LD, indicating diffusive transport between high and low K zones is not 317 

the primary control on cleanup time for the 1st OoM reduction.  T2 and T3 also vary with TH, but 318 

are more sensitive to LD, indicating the diffusive transport becomes more important when larger 319 

OoM reductions are required.  For larger TH, T2 and T3 are linear functions of TH, implying 320 

advective transport controls cleanup time.  However, for smaller TH, T2 and T3 increase much 321 
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more rapidly with TH, consistent with solute diffusion between high and low K zones influencing 322 

cleanup time.   323 

 324 

For the base case BG, T1, T2 and T3 are primarily controlled by TH, and, to a lesser extent, B’.  325 

Similar to the layered geometry, T1 increases approximately linearly with TH, indicating cleanup 326 

is controlled by advective transport. T2 and T3 increase approximately in proportion to the square 327 

root of TH and increase with smaller values of B’ as diffusive flux from the low K boundary 328 

becomes more significant relative to advective flux in the high K zone.   329 

 330 

3.2. Parameter Sensitivity 331 

The results presented above illustrate that cleanup time is due to complex interactions between 332 

advective and diffusive transport processes.  Traditional sensitivity analyses, where a single 333 

parameter is varied while all others remain constant, may not reveal the complex interactions that 334 

can occur.  To provide a more robust evaluation of parameter sensitivity, the distribution of TOoM 335 

values for the base case is compared with TOoM distributions for each value of θH, θL, RH, RL, τ, 336 

TL, and λL.  To aid in interpreting these results, box-whisker plots are presented showing the 337 

median value, 25%/75% quartiles, and 5%/95% limits of the TOoM distribution for several 338 

important parameters (Figure 5).  For presentation in Figure 5, TOoM values greater than 1000 yr 339 

are entered as 1000 yr.  340 

 341 

In general, the time to reach 1 OoM cleanup (T1) is relatively insensitive to most model 342 

parameters for both LG and BG.  This is likely due to the relatively minor impacts of back 343 

diffusion on T1.  In contrast, model parameters have a much greater impact on T3, since T3 is 344 
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much more strongly influenced by back diffusion. T3 is often much greater for BG, than LG, 345 

indicating back diffusion is a much more important process in aquifers with thick low K 346 

boundaries. 347 

 348 

Increasing contaminant loading period (TL) results in variable impacts on cleanup time.  For LG, 349 

increasing TL results in minor increases in T1, T2, and T3.  For BG, increasing TL results in 350 

substantial increases in T3, but variable impacts on T1 and T2.  For BG, longer TL results in 351 

greater penetration of contaminants into the low K boundary and increases the duration of back 352 

diffusion.  For LG, the characteristic diffusion time (TD) is often less than TL, so further 353 

increases in TL do not have a substantial impact on the TOoM distributions. 354 

 355 

Changes in tortuosity (τ) have a complex relationship with TOoM.  For the base case simulations, 356 

τ=0.7 and D*=0.02 m2/yr.  Reducing τ to 0.07, reduces D* to 0.002 m2/yr, increasing TD for LG 357 

by 3.16 (100.5).  In some LG cases, an increase in TD can shift the process from advection 358 

dominated to diffusion dominated, increasing TOoM.  For BG, reducing τ by a factor of 10, 359 

reduces LD by a factor of 3.16, which leads to a reduction in the mass stored in the low K 360 

boundary, reducing cleanup time. 361 

 362 

Changes in the low K retardation factor (RL) can also have unexpected impacts on TOoM.  For 363 

LG, increasing RL corresponds with an increase in T1, T2, and T3, with the largest impact on T3.  364 

However, for BG, increasing RL corresponds with more modest increases in T1, T2 and T3, with 365 

the least impact on T3. The limited impact on T3 is related to the reduced diffusion length (LD) 366 

with larger RL.  367 
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 368 

Changes in the low K porosity (θL) have a more consistent impact on TOoM.  Increasing θL 369 

increases the mass stored in low K zones for LG, increasing T1, T2 and T3.  For BG, increasing 370 

θL results in an increase in T3, but has very limited impacts on T1. 371 

 372 

Increases in the low K contaminant decay rate (λL) for LG result in minor reductions in T1, with 373 

somewhat greater reductions for T2 and T3.  For BG, increasing λL has minor impacts on T1, 374 

greater impacts on T2, and can result in very large reductions in T3, especially for λL=1/yr.  The 375 

much greater impact of λL on T3 for LG is due to the much greater impact of back diffusion on 376 

cleanup time for this geometry.   377 

 378 

3.3. Scaling Parameter Analysis 379 

Results from the base case simulations and sensitivity analysis show that back diffusion has a 380 

much greater impact on T3 than T1, and the ratio T3/T1 is large when back diffusion has a major 381 

influence on TOoM.  In Figure 6, T3/T1 is plotted versus the first Damköhler number (Da) for both 382 

LG and BG with no decay (λL =0).  Note that at an individual site, TD is constant, so Da 383 

increases linearly with distance from the source. 384 

 385 

The ratio T3/T1 is very sensitive to Da, varying over 2 OoM.  In a small number of BG cases near 386 

the source when velocity is high (Da<0.01), T3/T1 is reduced indicating limited impacts of back 387 

diffusion.  With increased travel time (lower KH and/or larger X), T3/T1 increases, reaching a 388 

maximum in the range 0.01<Da<0.1, for both LG and BG.  For LG, T3/T1 declines as Da 389 

increases, eventually approaching 1 for very large Da.  A similar pattern appears to occur for 390 
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BG.  However, the range of Da in the BG dataset is much smaller, so it is not possible to 391 

determine if T3/T1 continues to decline for large values of Da.   392 

 393 

A correlation analysis was conducted to identify relationships between different scaling 394 

parameters and TOoM.  Table 3 shows correlation coefficients (r) between Ln TOoM and scaling 395 

parameters for both geometries with no decay (λL =0). For LG, Ln T1 is strongly correlated with 396 

Ln TM , and weakly correlated with Ln TD, implying that T1 is primarily controlled by advective 397 

flushing.  For LG, the correlation between Ln TM and Ln T2 and Ln T3 is reduced, while the 398 

correlation with Ln TD increases, indicating diffusion is a more important influence on cleanup 399 

time for large OoM reductions. For BG, Ln TOoM is strongly correlated with Ln TM for 1, 2 and 3 400 

OoM, indicating the advective flux is a major influence for all cleanup levels.  Ln TD is a poor 401 

predictor of Ln TOoM for BG, possibly due to the relatively limited range of TD considered here 402 

(25 to 100 yr). Note that Ln γ is a better predictor of Ln TOoM and γ is a function of TD. For BG, 403 

Ln Da is strongly correlated with Ln TOoM, because it is strongly correlated with TM (r=0.99). 404 

 405 

Table 3.  Correlation coefficients (r) between scaling parameters and cleanup times for layered 406 

and boundary geometries. 407 

 408 

  

  
Layered Geometry (LG) Boundary Geometry (BG) 

Ln T1 Ln T2 Ln T3 Ln T1 Ln T2 Ln T3 

Ln Tt 0.61 0.43 0.32 0.79 0.72 0.67 

Ln TH 0.87 0.79 0.70 0.84 0.86 0.84 

Ln TM 0.98 0.91 0.83 0.96 0.92 0.89 

Ln TD 0.50 0.78 0.87 0.00 0.04 0.15 

Ln α 0.57 0.72 0.75 0.25 0.35 0.35 

Ln β 0.56 0.70 0.72 0.21 0.37 0.38 

Ln γ 0.60 0.74 0.76 0.10 0.45 0.49 

Ln Da 0.20 -0.17 -0.34 0.95 0.91 0.85 
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 409 

 410 

The impact of TM on cleanup time is illustrated in Figure 7, where TOoM is plotted versus TM and 411 

TOoM/TM is plotted versus Da, for both LG and BG with no decay (λL =0).  The strong correlation 412 

between TOoM and TM is evident for both LG and BG.  By dividing TOoM by TM, we eliminate the 413 

primary impact of advective flushing, and can look for secondary impacts of diffusion limited 414 

mass transfer.   415 

 416 

For LG, the ratio of TOoM/TM varies with Da, and can be separated into three regions.  When Da 417 

is very large (>100), diffusive mass transfer from the low K zone to the high K zone is rapid 418 

relative to advection, T1/TM, T2/TM, and T3/TM all decline to less than 1.5, similar to values 419 

predicted by the advection-dispersion equation (ADE) with αL=1 m (ADE results not shown).  420 

When Da<0.1, T1/TM and T2/TM are highly variable, and small values occur under certain 421 

conditions.  We hypothesize that for small Da, the average concentration in the high K zone 422 

approaches zero, the low K concentration gradient and diffusive flux reach a maximum, and 423 

further increases in the advective flux only dilutes contaminants released from the low K zone, 424 

reducing time to reach 1 and 2 OoM reductions.  Between the extreme behavior observed for 425 

very high and very low Da, cleanup time is influenced by both advection in the high K zone and 426 

diffusion in the low K zone.  The maximum values of T2/TM and T3/TM occur for Da<0.01, then 427 

decrease as Da increases. As discussed below, it is not possible to fit a single function to the full 428 

range of Da.   429 

 430 

For BG, TD=TL, so TD varies over a relatively narrow range (25 to 100 yr), and Da is generally 431 

less than 1.  T1/TM generally varies between 0.3 and 3, and does not correlate with Da.  T3/TM 432 
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may be low for very small Da, reaches a maximum near Da~0.01, then decreases steadily with 433 

increasing Da.  When Da<0.01, T3 can occur before the break in slope shown in Figure 2, when 434 

cleanup time is controlled by advective flushing only.  When Da>0.01, T3 is always in the slowly 435 

declining portion of the flush-out curve, after the slope break, when cleanup time is influenced 436 

by both the advective flux in the high K zone and the diffusive flux out of the low K zone.  In the 437 

database, T2 occurs before the slope break in about 15% of the simulations, resulting in low 438 

values of T2/TM.  For the remainder of the database where T2 occurs after the break in slope, 439 

T2/TM is higher and more variable.   440 

 441 

3.4. Regression Analysis  442 

A regression analysis is performed using JMP Pro (Sall et al., 2017) to identify the independent 443 

variables that have the greatest influence on cleanup time and develop simplified relationships to 444 

aid in interpreting both field characterization and simulation results.  Preliminary analyses 445 

indicate that most of the model input parameters are correlated with cleanup time (p<0.01), and 446 

their inclusion in the regression model would improve precision.  However, interpreting a 447 

complex regression model with multiple, sometimes poorly characterized inputs can be 448 

challenging.  In this work, regression models are developed with the minimum number of inputs 449 

that provide an acceptable estimate of cleanup time. ‘Acceptable’ is judged against the typical 450 

uncertainty in aquifer characteristics at remediation sites. 451 

 452 

TOoM can be estimated using equation 1a for the LG and equation 1b for BG.   453 

Ln TOoM = C1 + C2 Ln TM + C3 Ln TD      (1a) 454 

Ln TOoM = C1 + C2 Ln TM + C3 Ln γ      (1b) 455 
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 456 

where TM is the mass residence time, TD is the diffusion time, and γ is the ratio of the low K to 457 

high K contaminant mass. Ordinary linear regression estimates of C1 to C3 are presented in Table 458 

4 for the LG and BG.  Also included in Table 4 are the standard error of the estimate (SE) for 459 

each coefficient, the coefficient of determination (r2), root mean squared error (RMSE), and the 460 

90% confidence interval (CI) of the ratio Tregress/TREMCHlor.  It is not possible to fit a single 461 

relationship to the full range of Da for LG.  LG regression coefficients are presented for T1 for 462 

Da>1 and for T2 with Da>0.1.  By limiting regression dataset to Da greater than the threshold, 463 

we eliminate data points close to the source, where back diffusion does not exert a major 464 

influence on cleanup time, and T1 and T2 are less than 10 yr.   465 

 466 

Table 4. Regression coefficients and goodness of fit statistics for layered and boundary 467 

geometry. 468 

 469 

 Layered Geometry (LG) Boundary Geometry (BG) 

1 OoM 2 OoM 3 OoM 1 OoM 2 OoM 3 OoM 

Da Range Da>1 Da>0.1 All Da All Da All Da All Da 

C1 
0.671 

±0.004 

1.705 

±0.004 

2.317 

±0.004 

-0.430 

±0.014 

1.026 

±0.017 

3.925 

±0.008 

C2 
0.936 

±0.002 

0.692 

±0.002 

0.554 

±0.002 

1.123 

±0.006 

1.231 

±0.007 

0.685 

±0.004 

C3 
0.105 

±0.001 

0.306 

±0.001 

0.428 

±0.001 

-0.192 

±0.006 

0.313 

±0.007 

0.248 

±0.004 

r2 0.987 0.977 0.974 0.936 0.929 0.943 

RMSE 0.170 0.216 0.230 0.340 0.409 0.196 

n 11,517 13,982 13,984 2,583 2,571 2,462 

90% CI 0.76-1.32 0.70-1.43 0.68-1.46 0.57-1.75 0.51-1.96 0.72-1.38 

 470 

Cleanup times calculated with REMChlor-MD and Eq 1 (Regress TOoM) for LG and BG are 471 

compared in Figure 8.  Eq. 1 explains 97-99% in of the variation in Ln TOoM for LG and 93-94% 472 

of the variation for BG.  90% of the regression estimates are within a factor of 2 of the 473 
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REMChlor-MD results of T1, T2 and T3 for both LG and BG.  For LG, Eq. 1 may overestimate 474 

T1 for Da<1 and T2 for Da<0.1. 475 

 476 

Note that in Eq 1, TM, TD and γ reflect the collective influence of Dm, τ, KH, X, f, nL, B’, θH, θL, 477 

RH, and RL, on TOoM. Interestingly, the impact of contaminant loading time TL is different 478 

between the two considered low K geometries.  For BG, TL is incorporated in the TM and γ 479 

terms.  For LG, addition of TL improved r2 by less than 0.0005, and TL was not included in the 480 

final regression model.  The limited impact of TL on cleanup time is not surprising since the 481 

median value of TD is 1.4 yr for LG.  When TL>TD, the high K and low K layers will approach 482 

equilibrium and changes in TL will have little impact on TOoM.  483 

 484 

Ln Tt and Ln TH are also correlated with Ln TOoM (Table 3), and regression equations could be 485 

developed based on these time parameters.  However, TM provides the best prediction when there 486 

are significant variations in θ and R.  Note that when RH=RL=1, TM=TH.  487 

 488 

The impacts of TM and TD on TOoM are illustrated in Figure 9a for LG, downgradient from the 489 

source where Da is within the allowable range for the regression equations.  TOoM is calculated 490 

with Eq. 1a for TD = 0.03, 1.4, and 45 yr which correspond to the 5, 50, and 95 percentile values 491 

of TD in the database. T1 is not plotted for TD=45 yr, because Da<1 and the regression equation 492 

for T1 is less accurate in this region. Downgradient of the source (TM>5 yr), T1, T2 and T3 493 

increase nearly linearly with TM.  Order of magnitude increases in TD, result in substantial 494 

increases in T2 and T3, similar to results observed for the base case simulations (Figure 4).   495 

 496 
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For the BG, Figure 9b shows plots of TOoM versus TM generated with Eq. 1b for γ = 0.3, 1.5 and 497 

6.8 which correspond to the 5, 50, and 95 percentile values of γ in the dataset.  Similar to the 498 

base case results (Figure 4), T1 increases linearly with TM and is relatively insensitive to γ.  T3 499 

increases much more rapidly with TM and is more sensitive to γ, resulting in very long cleanup 500 

times for large values of γ. Cleanup times increase when contaminants diffuse deep into the low 501 

K boundary prior to source removal (long TL, large D*, low RL) or when Q is small.  These 502 

results are consistent with numerical simulation results by Halloran and Hunkeler (2020) who 503 

found that diffusive mass transport with low K zones had the greatest impact on concentrations 504 

in monitor wells when Darcy velocity and B’ are small or D* is large. 505 

 506 

3.5. Decay in Low K Zones 507 

Sensitivity analyses were conducted to evaluate the impact of variations in the 1st order decay 508 

rate in the low K zone (λL) on TOoM.  λL was varied between 0.001 and 1 per yr (half-life between 509 

690 and 0.69 yr).  The cleanup time ratio for decay (CTRλ) is used to evaluate the impact of λL 510 

on TOoM while keeping all other parameters identical.  511 

CTRλ = TOoM for λL>0 / TOoM for λL=0    (2) 512 

Sensitivity analysis results reveal that reductions in CTRλ are a function of λLTD.  Figure 10 513 

shows CTRλ plotted versus λLTD for LG and BG.  For both LG and BG, decay has minor impact 514 

on TOoM when λLTD<0.01.  Under certain conditions, the impacts of degradation on CTRλ can be 515 

estimated with the relationship Ln CTRλ = C4 + C5 Ln (λLTD). Ordinary linear regression 516 

estimates for C4 and C5 and goodness of fit statistics are presented in Table 5.  For T3 (both LG 517 

and BG) and T2 (LG only), the regressions provide reasonably precise estimates of Ln CTRλ 518 

(RMSE= 0.24-0.26) for T2 and T3 when λLTD>0.01.  For T1 (both LG and BG), and T2 (BG 519 
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only), the regressions provided a relatively poor fit to the data and coefficients are not included 520 

in Table 5. 521 

 522 

Table 5. CTRλ regression coefficients and goodness of fit statistics. 523 

 Layered Geometry (LG) Boundary Geometry (BG) 

2 OoM 3 OoM 3 OoM 

λLTD Range >0.01 >0.01 >0.01 

Da Range Da>0.1 All Da All Da 

C4 -1.182 ±0.007 -1.262 ±0.008 -1.514 ±0.011 

C5 -0.486 ±0.004 -0.538 ±0.005 -0.536 ±0.004 

r2 0.911 0.918 0.928 

RMSE 0.242 0.255 0.392 

n 1,219 1,219 1,380 

90% CI 0.67-1.49 0.66-1.52 0.52-1.91 

 524 

Contaminant decay in low permeability zones can occur through both biotic and abiotic 525 

processes. Based on compound specific isotope analysis, λL values for TCE degradation were 526 

reported to vary between 0.03 and 8.75/yr in an aquitard in Borden, Ontario, Canada (Wanner et 527 

al., 2016) and between 0.1 and 0.15/yr in a thin clayey aquitard in Florence, SC, USA (Wanner 528 

et al., 2018).  Schaefer et al. (2018) reported λL values between 0.0002 and 0.04/yr for abiotic 529 

reduction of TCE in low K unconsolidated sediments, with higher rates in sediments with more 530 

organic carbon and reduced iron.  Given typical values for TD in LG and BG systems, reported 531 

decay rates are sufficient to substantially reduce cleanup times in many systems. 532 
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 533 

3.6. Regression Model Evaluation 534 

Chapman and Parker (2013) present results from high resolution numerical simulations of 535 

forward and back diffusion for conditions equivalent to the LG and BG geometry for different 536 

values of RL, λL and X.  Figure 11 presents a comparison of T1, T2 and T3 values from Chapman 537 

and Parker (2013) and this work.  TOoM values were estimated using Eq. 1 for Da within 538 

allowable ranges.  When λL>0, cleanup times were adjusted for decay using Eq. 2.  Overall, the 539 

regression equations provide reasonably accurate estimates of TOoM for both geometries with r2= 540 

0.80 and normalized RMSE = 0.44 for pooled data.  The regression equations appear to slightly 541 

over-estimate T3 for BG and underestimate T3 for LG.  However, all regression estimates are 542 

within a factor of two of the Chapman and Parker values.  Additional testing is needed to 543 

evaluate the regression model performance for a wider range of conditions.   544 

 545 

3.7. Field Examples 546 

Results developed above are applied to two intensively characterized field sites, where TCE was 547 

released to the subsurface, resulting in extensive contaminant plumes.  Following source area 548 

isolation, TCE concentrations decline at both sites, but more slowly than would be predicted 549 

based on advection, dispersion and linear equilibrium sorption. 550 

 551 

3.7.1. Low K Layered Geometry 552 

Parker et al. (2008) document the impacts of thin low K layers on cleanup time in a series of 553 

monitor wells located 40 m downgradient from where a TCE plume was intercepted by a 554 

groundwater extraction, treatment, and reinjection system.  Most contamination is present in a 555 
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sandy zone containing thin low K clay layers.  Porosity and linear equilibrium retardation factors 556 

were reported to be 0.35 and 1.6 for the high K zone and 0.4 and 3.9 for the low K zone, 557 

respectively (Parker et al., 2008).  The non-reactive transport velocity in the high K zone (VH) 558 

was estimated to range between 29 and 117 m/yr based on a mass balance analysis and slug test 559 

results (Parker et al., 2008).   560 

 561 

In our analysis, the screened interval of the monitor well is represented as a 3 m thick 562 

heterogeneous aquifer with one 0.5 m thick embedded low K layer (f=0.83, LD=0.25 m).  563 

Assuming D*= 0.009 m2/yr, the characteristic diffusion time (TD) is ~6.9 yr.  The relatively large 564 

TD is due to the high value of RL, slowing mass transfer.  At 40 m downgradient, TM is between 565 

0.7 and 2.9 yr, and Da is between 0.1 and 0.4.  Estimated cleanup times based on Eq. 1 are T1= 2 566 

to 6 yr, T2 = 8 to 21 yr, and T3= 19 to 42 yr. Monitoring results presented by Parker et al. (2008) 567 

and Geosyntec (2020) show that TCE gradually declined in monitor wells located 40 m 568 

downgradient of the groundwater reinjection system, reaching 1 OoM cleanup levels in 2 to 10 569 

yr and 2 OoM in 9 to over 18 yr, consistent with Eq. 1 estimates. These wells have not yet 570 

reached the 3 OoM cleanup level, so it is not possible to directly compare T3 estimates. 571 

Uncertainty in TOoM is primarily due to uncertainty in the groundwater velocity and low K 572 

retardation factor. 573 

 574 

3.7.2. Low K Boundary Geometry 575 

Chapman and Parker (2005) document the results of back diffusion on aquifer cleanup time in a 576 

minimally heterogeneous aquifer underlain by a 20 m thick clayey silt aquitard.  The TCE source 577 

area was isolated with a sheet piling barrier, approximately 42 yr after the initial release. Porosity 578 
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and linear retardation factor were reported to be 0.35 and 1.2 for the high K zone, and 0.43 and 579 

1.2 for the low K aquitard, respectively.  Non-reactive travel time (Tt) to two monitor wells 580 

(MW-01 and MW-54) located 330 m downgradient was estimated to be ~1.6 yr based on lab 581 

permeameter testing, slug tests and borehole dilution tests.  Within the sheet pile enclosure, TCE 582 

had migrated almost 3 m into the aquitard, with the 50% break-through point at approximately 583 

1.2 m below the aquitard interface.  The measured profiles matched simulation results with D*= 584 

0.009 m2/yr (Chapman and Parker, 2005)  585 

 586 

Assuming, a loading period (TL) of 42 yr and D*=0.009 m2/yr, the estimated value of LD is 1.2 587 

m, similar to the 50% break-through point observed by Chapman and Parker (2005).  For MW-588 

01 which has a 1.5 m long well screen, B’=1.5 m, γ=0.8, TM= 3.8 yr, Da=0.09, T1= 3 yr, T2 = 13 589 

yr, and T3 = 119 yr.  For MW-54 which has a 3 m well screen, B’=3.0 m, γ =0.4, TM= 2.9 yr, 590 

Da=0.07, T1=2.5 yr, T2=8 yr, and T3=83 yr.  Monitoring results reported by Chapman and Parker 591 

(2005) show TCE concentrations declined by about 1 OoM in 3 yr after source isolation, 592 

followed by a slower tailing period where concentrations were stable or declined very slowly, 593 

which is generally consistent with the Eq. 1 estimates. Neither well MW-01 or MW-54 had 594 

reached 2 or 3 OoM cleanup levels, so it is not possible to directly compare cleanup time 595 

estimates.  The greatest source of uncertainty in the Eq. 1 estimates is the variation in TCE 596 

concentration over time, prior to source isolation.  Monitoring and modeling results by Chapman 597 

and Parker (2005) indicate that TCE concentrations were highest shortly after the initial release, 598 

then declined over time, as the source area was depleted by natural flushing.  In our analysis, the 599 

source concentration is assumed constant for the entire loading period, so estimated 600 

concentrations will decline more rapidly than in the field.   601 
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 602 

4. Conceptual Model and Conclusions 603 

A simplified conceptual model (CM) is proposed to aid site managers in evaluating the impact of 604 

back diffusion in unconsolidated sedimentary formations on the time after complete source 605 

removal for contaminant concentrations in monitor wells to decline by 1, 2 and 3 OoM (TOoM).  606 

While models that simulate the underlying physical processes can provide quantitative estimates 607 

of TOoM, implementation of these models requires significant resources for site characterization, 608 

high resolution model development, calibration, and interpretation of simulation results.  Our 609 

CM allows site managers to quickly evaluate if back diffusion substantially increases cleanup 610 

time at their site, by how much, and what site characterization information is most important for 611 

estimating cleanup time. 612 

 613 

In the CM, the contaminated aquifer is represented by three key parameters: (1) mass residence 614 

time (TM); (2) diffusion time (TD); (3) ratio of low K to high K contaminant mass storage (γ).  TM 615 

is equal to the total contaminant mass stored in high and low K zones divided by the 616 

downgradient mass flux.  For the layered geometry (LG), TD is calculated as TD = RL LD
2/4D* 617 

where RL is the low K retardation factor, LD is half the thickness of the low K layers, and D* is 618 

the effective diffusion coefficient.  For the boundary geometry (BG), TD = TL, LD= (4.73 (TL -619 

0.75 Tt) D*/RL)0.5 and γ = RL θL LD / (RH θH B’).  All parameters are calculated at the end of the 620 

contaminant loading period (TL).   621 

 622 

TOoM is influenced by both advection in the high K zone and diffusion out of the low K zone.  623 

More rapid advective flushing (smaller TM), reduces the contaminant concentration in the high K 624 
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zone, increasing the concentration gradient and diffusive mass flux out of the low K region, 625 

reducing T3.  More rapid diffusion (lower TD) increases advective flushing efficiency, reducing 626 

T3.   627 

 628 

The 1st Damköhler (Da) is equal to TM/TD and provides a useful indicator of the relative 629 

importance of back diffusion on TOoM.  Back diffusion has the greatest impacts on T3 when 630 

0.01>Da>0.1 with T3/TM varying generally between 20 and 100, then decreases with increasing 631 

Da.  Back diffusion has less impacts on T2, with limited influence on T1.  When Da is very large, 632 

diffusion is fast relative to advection, back diffusion does not substantially increase cleanup time, 633 

and TOoM calculated with REMChlor-MD approach values calculated with the traditional 634 

advection dispersion equation (ADE).  635 

 636 

Our simplified CM has important similarities with the power law model for source area treatment 637 

(Parker and Park, 2004; Falta et al., 2005) 638 

Ct/C0 = (Mt/M0)Γ 639 

where Ct is the time-dependent average contaminant concentration leaving the source zone, C0 is 640 

the initial concentration leaving the source zone, Mt is the time-dependent mass in the source 641 

zone, M0 is the initial mass in the source zone, and the exponent Γ is a fitting parameter that 642 

determines the shape of the discharge vs. mass curve.  When Γ<1 or Da is large, effluent 643 

concentrations remain high until most contaminant mass is removed, similar to conventional 644 

ADE behavior.  When Γ>1 or Da is small, effluent concentrations drop rapidly at first while 645 

substantial contaminant mass remains, then decline more slowly, resulting in extensive tailing of 646 
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the flush-out curve.  When Γ≈1 or Da≈1, effluent concentrations decline in proportion to the 647 

mass removed, similar to a continuously stirred tank reactor.    648 

 649 

The CM allows some generalizations about the effects of back diffusion on cleanup time for LG 650 

and BG. 651 

1. Back diffusion has limited impacts on T1. 652 

2. For LG, TD is commonly smaller than TM (Da>1), mass transfer between low K and high 653 

K zones is more rapid than advective flushing, and back diffusion will have less impacts 654 

on cleanup time.   655 

3. For LG, TM is a function of the total discharge (Q) per unit width through the aquifer, and 656 

does not require precise estimates of the high K fraction (f) of the aquifer.   657 

4. For BG, TD = TL, TD is commonly greater than TM (Da<1), and back diffusion may 658 

greatly increase T3.  Parameters that increase γ (larger TL, larger D*, smaller B’) will 659 

increase T3.  660 

5. Contaminant decay in low K zones can substantially reduce cleanup times when λLTD is 661 

large.  However, decay will have minimal impact on TOoM when λLTD< 0.01. Given 662 

typical values for TD in LG and BG systems, previously reported decay rates are 663 

sufficient to substantially reduce T3. 664 

 665 

The CM has several important limitations that need to be considered when applying this 666 

approach to a specific site.   667 

1. The CM was developed based on 1D simulations using REMChlor-MD (Falta et al., 668 

2018) and all results are subject to the limitations of this approach.   669 
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2. The regression equations are developed to estimate the time to reach 1, 2 and 3 OoM 670 

reductions in the vertically averaged concentrations in monitor wells.  When vertical 671 

dispersivity is low, concentrations immediately adjoining low K zones will be higher, and 672 

longer time periods may be required to reduce concentrations near low K interfaces. 673 

3. The parameter ranges used to generate the LG and BG datasets are intended to cover a 674 

broad range of conditions that may occur in unconsolidated sedimentary formations, and 675 

so the datasets include some extreme values that may not be representative of typical site 676 

conditions.  TOoM estimates at the extreme limits of the datasets will be less reliable.   677 

4. In layered aquifers, the LG regression equations are most accurate for TD<0.5TL.  When 678 

layer TD>2TL, TOoM is more accurately estimated using the BG regressions.  For TD 679 

between 0.5TL and 2TL, behavior is intermediate between LG and BG.  680 

5. In all simulations, the contaminant concentration discharging from the source area was 681 

constant for the loading period, TL, then was reduced to zero.  Yang et al. (2016) showed 682 

that gradual changes in contaminant source strength over time influence back diffusion 683 

rates, with greater diffusive flux for rapidly depleting sources.   684 

6. In this CM, groundwater velocity in low K zones is assumed to be zero.  However, under 685 

certain conditions, slow advection through low K zones can substantially increase mass 686 

transfer between high and low K zones (Li et al. 1994; Guswa and Freyberg, 2000), 687 

potentially reducing cleanup times.  Research is needed to better understand when slow 688 

advection substantially increases mass transfer between high and low K zones.   689 

 690 
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  809 

Figure 1.  Aquifer conditions evaluated: a) layer geometry (LG) containing finite thickness low 810 

K layers; and b) boundary geometry (BG) with extensive low K boundaries.  811 

812 



42 

 813 

 814 

 815 

Figure 2. Comparison of 1D and 2D simulation results: a) vertically averaged concentration 816 

breakthrough curves (BTC) at X=100 m; and b) vertical concentration profiles at X=100 m and 817 

T=100 yr.  818 

819 
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 820 

  821 

Figure 3. Scaling parameters for layered geometry (LG) and boundary geometry (BG) datasets 822 

without decay (λL=0).  Time in yr, distance in m. Plots show median, 25%/75% box and 5%/95% 823 

whiskers.   824 

825 
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 826 

 827 

Figure 4. Impact of varying hydraulic retention time (TH), diffusion length (LD), and normalized 828 

aquifer thickness (B’) on TOoM for 1, 2 and 3 OoM reductions for base case conditions. Note 829 

different vertical axes for 1, 2 and 3 OoM.  830 
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  833 
Figure 5.  Effect of varying input parameters on distributions of T1, T2 and T3 for LG and BG.  834 

Plots show median, 25%/75% box and 5%/95% whiskers.  Base case values highlighted in red. 835 
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 836 

 837 

Figure 6.  Ratio of T3/T1 with no decay (λL =0) versus Damköhler number (Da) for LG and BG.   838 
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 841 

 842 

Figure 7.  TOoM versus TM and TOoM/TM versus Da for layered and boundary geometry.  843 
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 846 

 847 

Figure 8.  Comparison of 1, 2 and 3 OoM cleanup times calculated with RemChlor-MD and 848 

simplified regression equations for layered geometry (LG) and boundary geometry (BG). 849 
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 852 

 853 

Figure 9.  Variation in cleanup time estimated with Eq. 1 for layered geometry and boundary 854 

geometry. Values of TD and γ are 5, 50 and 95 percentile values for the dataset. 855 
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 858 

  859 

Figure 10.  CTRλ versus λLTD for a) layered geometry; and b) boundary geometry. Coefficients 860 

for regressions (solid black line) in Table 4. 861 
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 864 

 865 

Figure 11.  Comparison of cleanup time estimates from regression equations and high-resolution 866 

numerical simulations by Chapman and Parker (2013). 867 
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