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ABSTRACT 

Pressure to decrease reliance on surface-water storage has led to increased interest 

in aquifer storage and recovery (ASR) systems, where boreholes are used to inject 

potable water into aquifers and subsequently recover the stored water during times of 

peak demand, seasonal deficit, or extended drought. The viability of an ASR scheme is 

usually measured by recovery efficiency, which is defined as the ratio of recovered water 

that meets a predefined standard to total volume of injected fluid.  Recovery efficiency 

can be enhanced or degraded by a number of physical and geochemical processes.  At 

ASR sites, rate-limited mass-transfer (RLMT), which describes the exchange of solutes 

between mobile and immobile porosity domains, may control transport behavior that 

cannot be explained strictly by advection and dispersion processes.  RLMT at ASR sites, 

in addition to dispersive mixing, can have a significant impact on the use and viability of 

the ASR scheme due to its impact on recovery efficiency.  Despite the apparent utility of 

ASR as an emerging technology, few studies have utilized numerical models in 

conjunction with field observations of flow and transport, or considered the impact of 

RLMT processes on ASR systems.  We present data from a pilot-scale ASR study in 

Charleston, SC and develop a three-dimensional (3D) finite-difference model to evaluate 

the impact of flow and transport processes, including different mechanisms of mass 

transfer, on ASR efficiency.  We present evidence that RLMT processes cause a rebound 

in salinity during freshwater storage in a brackish aquifer.  Single ASR-cycle model 

results demonstrate maximum efficiencies near 60%, and are degraded by large immobile 

pore volumes and high mass transfer rates between mobile and immobile domains.  
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Multi-cycle results show low efficiencies due to RLMT degrading water quality during 

storage over 1-3 ASR cycles; however, efficiencies can evolve and improve markedly 

over ten cycles, exceeding efficiencies generated by advection-dispersion only models.  

For an idealized ASR model where RLMT is active, our simulations show a discrete 

range of diffusive length scales over which storage of freshwater in brackish aquifers 

may not be viable. 
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immobile pore spaces.  Salinity drops briefly again in wells 733 and 
844 at the start of pumping (recovery), indicating an immediate 
response to pumping as fresh water from adjacent mobile zones is 
advected through the observation wells.  The salinity drop is not seen 
in well 843, presumably because 843 is less well connected to the 
pumping well than are 733 and 844. 
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into fractures in the confined aquifer, and possibly fractures of the 
overlaying aquitard.  (B) During storage, brackish water in the 
immobile pore spaces mixes with injected fresh water in the aquitard.  
(C) When pumping commences, fresh and mixed waters are pulled 
through the aquifer.  
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Figure 9 (A) Sensitivity of DDM to mass transfer coefficient, β.  Data and 
model results are for mobile pore fluid concentration at well 844.  
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at as the total amount of immobile pore fluids increases. 
 

Figure 10 Efficiencies over ten ASR cycles for the DDM and advection-        
dispersion model (SDM) are plotted for comparison.  All parameters 
are set to best fit values listed in Table 1 unless otherwise noted.  The 
DDM reaches a maximum efficiency after about 3 cycles, exceeding 
SDM efficiency.  Increased β further degrades early time efficiencies 
in the DDM. 
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Figure 11 Simulated salinity profiles (SDM and DDM) over ten ASR cycles at 
ASR well 736.  The cycle-to-cycle profile is static in the SDM, but 
salinity rebounding during storage is evident in the DDM.  The 
degree of rebounding decreases with each successive cycle in the 
DDM as the reservoir of brackish pore fluid in the immobile domain 
loses solute mass through continual diffusion with the fresh mobile 
pore fluids in the vicinity of well 736.  This process is also evident in 
improved late-cycle efficiency.  The salinity limit of 500 mg/L is 
shown for reference on the figure. 
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Figure 12 (A) Efficiencies over ten ASR cycles for a range of mobile porosities 
in the simplified, homogeneous DDM.  (B) Efficiencies over ten 
cycles for a range of mass transfer coefficients (β) in the simplified, 
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Figure C.1 (A) RMSD between DDM mobile concentration (as TDS) and field 

data at observation well 844 for a range of β values, defined with all 
other parameters fixed to values given in Table 4.1.  At small β 
values, misfit does not change because solute exchange between the 
mobile and immobile domains is too slow to affect the model results.  
Model fit is increasingly poor at β values larger than the reference 
value.  (B) The sensitivity of RMSD to perturbations in β, where 
relative sensitivity (R) is defined by equation C.2, shows misfit is 
sensitive to β close to the reference value, but less so at large 
perturbations from this value, where mixing does not occur or occurs 
instantaneously between the mobile and immobile domains.  (C) 
RMSD for a range of θm  values demonstrates larger misfit at high θm 
values, where the small-diameter lens of injected water does not 
come into contact with well 844.  (D) Relative sensitivity of misfit to 
θm demonstrates the largest R values of the sensitivity analysis at 
small perturbations in θm less than the reference value.  This is due to 
the large salinity rebounding that occurs over a narrow range of θm.  
(E) RMSD for a range of θim values shows that RMSD does not vary 
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as greatly in this case compared to (A) and (C), but does increase at 
low θim values, where there is no or limited salinity rebounding 
during storage.  The chosen reference value of θim does not generate 
the lowest RMSD, in this case.  The chosen value replicates the 
storage period behavior best, despite having increased misfit at other 
times.  The discrepancy between the lowest RMSD and our chosen 
reference RMSD is acceptable given the emphasis of this study on 
storage period salinity rebounding.  (F) Relative sensitivity of misfit 
to θim shows that R peaks when θim is perturbed 50% lower than the 
reference value.  This indicates the range of θim over which salinity 
rebounding, and the resulting misfit, is most sensitive to perturbations 
in θim.  
 

Figure C.2 Sensitivity of mobile concentration DDM results to adjustment of θm 
over one full ASR cycle.  Greater salinity rebound occurs at lower 
θm.  When θm approaches 0.50, we see no response to the ASR cycle, 
since the small diameter plume of injected water at high θm does not 
come into contact with our reference observation well.     
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Figure C.3 (A) A schematic map-view representation of fractured brackish 
aquifer into which fresh water has been injected and stored, showing 
the fresh water bubble (1), dispersive mixing zone (2), and unmixed 
aquifer (3).  Water has been injected through the ASR well, and an 
observation well (OW) exists within the unmixed fresh water bubble.  
(B) Under RLMT conditions, diffusive mixing may also occur within 
the freshwater bubble at the interface of fractures carrying mobile 
fresh water and poorly-connected immobile fractures.  The length 
along which this mixing occurs is the diffusive length scale (l).  This 
may also contribute to salinity rebounding at wells contained within 
the fresh water bubble during storage. 
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Figure C.4 Single-cycle recovery efficiency (TDS limit = 500 mg/L) of the 
DDM for a range of β values (A), is defined with all other parameters 
fixed to values given in Table 4.1.  Optimal efficiencies occur at the 
lowest β values, where there is no diffusive mixing degrading 
recovered water quality.  Efficiency is lowest between 0.1 and 1.0 
day-1, and improves the mobile and immobile domain become 
instantaneously mixed.  Relative sensitivity of efficiency to β, (B), 
where relative sensitivity (R) is defined by equation C.3, shows R is 
highest in the vicinity of the reference β value, indicating that 
efficiencies are highly sensitive to small perturbations of β in this 
range.  Single-cycle efficiency over a range of θm values, (C) and 
relative sensitivity of efficiency to θm, (D), demonstrates efficiencies 
that are relatively insensitive to perturbations in θm, except at θm 
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values slightly below the reference value.  As θm deceases, the 
amount of rebounding increases during storage, so that the initially 
recovered water at the ASR well when pumping commences has been 
degraded more than if there was little or no rebounding.  Single-cycle 
efficiencies for a range of θim values, (E), show evidence that 
efficiency is degraded as θim increases over the entire range of 
evaluated here.  This reflects the greater degree of rebounding that 
occurs during storage θm/θim ratio decreases. As is the case for β, 
relative sensitivity of efficiency to θim, (F), shows the highest R 
values occur in the vicinity of the reference value, indicating the 
sensitivity of efficiency to θim caused by the changes in salinity 
rebound during the storage period that occurs as θim is perturbed. 

 
Figure C.5 Ten-cycle efficiencies for the SDM over a range of θT values.  500 

mg/L TDS efficiency standard used for all models.  All parameters 
fixed to Table 4.1, except β is fixed at 0.5 day-1.  Overall, efficiency 
decreases as the porosity increases, and the diameter of the injected 
freshwater bubble decreases. Even though the diameter of the bubble 
is small at very high porosities, the diameter of the dispersive mixing 
zone at its edge remains the same, so that a larger percentage of the 
total volume of mobile pore fluids in the disc-shaped lens of injected 
water become mixed, lowering recovery efficiency.  
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Figure C.6 Explanation of results presented in Figure C.4.  A schematic aquifer 
with (A) relatively high porosity and (B) relatively low porosity into 
which fresh water has been injected, displacing native saline aquifer 
water.  In the SDM, total effective porosity determines the diameter 
or width of the injected bubble of fresh water.  In simulations where 
the width of the mixing zone (determined by longitudinal 
dispersivity), the thickness of the aquifer, and the total volume of 
injected water are fixed, a large diameter bubble (B) will have a 
larger volume of unmixed water compared to a small diameter bubble 
(A).  Because less of the total volume of injected water is degraded 
by dispersive mixing during storage, the efficiency of (B) will be 
higher. 
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Introduction 

As the world’s population continues to grow, so does the importance of water as a 

natural resource.  Per capita water use is increasing, especially in areas with low or 

marginal access to groundwater (Gleick, 2000), and new water-management strategies 

are needed to meet this increasing demand in an efficient and sustainable way.  Aquifer 

storage and recovery (ASR), where excess surface or municipal water is injected into 

subsurface aquifers for later recovery, is one promising strategy for managing surplus 

water and overcoming water shortages (Pyne, 1995).  Many ASR sites are in arid areas of 

brackish or saline native groundwater where water is scarce, such as western Australia 

(Le Gal La Salle et al., 2005).  The recharged water may be used for emergency storage, 

or to augment efforts to limit saltwater intrusion in coastal areas (Pyne, 1995).  The 

principle behind the former strategy is to displace the native aquifer fluid, creating a 

reservoir of potable or nearly potable water that can be utilized later (Eastwood and 

Stanfield, 2001). 

ASR is a promising technology because it (1) reduces the need for standard 

treatment and production facilities; (2) minimizes the need for additional infrastructure 

such as above-ground storage tanks or reservoirs; (3) requires only minimal treatment of 

recovered water; and (4) is assumed not to degrade the native groundwater quality 

(Mirecki et al., 1998).  The reduced infrastructure associated with ASR contributes, 

moreover, to its viability in crowded or urban areas.  Subsurface storage can also improve 
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the quality of injected water in some cases through natural attenuation and degradation of 

contaminants by chemical exchange with host minerals (Le Gal La Salle et al., 2005); 

solutes may be removed from injected fluids through sorption, or by reaching chemical 

equilibrium with the mineral content of the aquifer rock or sediments.  The premise 

underlying the increasing interest in ASR is that it constitutes a sustainable, and often 

inexpensive, way to develop groundwater resources, especially in groundwater-poor 

areas.  Water can be stored during periods of low demand and recovered when demand is 

high, such as during peak summer water usage in a hot climate (Brothers and Katzer, 

1990). 

The success of ASR schemes is normally measured in terms of recovery 

efficiency, which is defined as the percentage of water injected into a system in an ASR 

site that fulfills the targeted water-quality criteria when recovered.  In most 

hydrogeologic settings, the simplistic “underground storage tank” conceptual model 

applied to ASR systems may have limited utility.  Multiple parameters—physical, 

chemical, and anthropogenic—collectively control ASR efficiency. An extensive 

numerical modeling study of three ASR sites in Wisconsin found that dispersive mixing 

was the most important factor controlling efficiency (Lowry, 2004; Lowry and Anderson, 

2006); heterogeneity and preferential flow, however, may result in non-dispersive mixing 

processes with unforeseen effects.  For example, permeability heterogeneity may result in 

advection-dominated solute transport in high-permeability zones (i.e., the mobile 

domain), and diffusion-dominated transport in low-permeability zones (i.e., the immobile 

domain) (Zheng and Bennet, 2002).  Additionally, solute can be transported between 

multiple domains by rate-limited mass transfer (RLMT) (e.g., Pedit and Miller, 1994; 
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Haggerty and Gorelick, 1995).  The rate is determined by flow velocity, permeability, 

diffusive length scale, and molecular diffusion.  RLMT has been shown to occur in 

fractured bedrock, where advective transport dominates in fracture conduits and diffusive 

exchange occurs between the surrounding matrix rock and the fractures (e.g., Fleming 

and Haggerty, 2001; Haggerty et al.,2001; Zheng and Bennet, 2002); heterogeneous 

glacial and fluvial deposits (e.g., Harvey et al., 1994; Feehley et al., 2000; Zheng and 

Bennet, 2002); and soil where preferential flow occurs in macropores (e.g., van 

Genuchten and Wierenga, 1976; Rao et al., 1980; Haggerty and Gorelick, 1998; Haws et 

al., 2004).  

In the context of aquifer remediation, RLMT imposes severe limitations on the 

efficiency of pump-and-treat schemes because immobile contamination diffuses slowly 

into the mobile domain, from which pumping occurs; this can result in longer-than-

anticipated cleanup times (e.g., Haggerty and Gorelick, 1995).  Similarly, in the context 

of ASR, RLMT has the potential to degrade efficiencies if immobile saline or brackish 

fluids are in communication with mobile injected freshwater during injection and storage.  

Nonetheless, the effect of non-dispersive mixing processes such as RLMT on ASR 

systems has received little attention; furthermore, few studies have used models (e.g., 

Barker et al. 2000) in conjunction with field data to explore the evolution of efficiency at 

specific ASR sites.  Given the emergence of ASR as an important strategy in water-

resource development, quantifying the effects of processes such as RLMT on ASR 

efficiency and viability is necessary.   

In this study, we use numerical flow and transport modeling in combination with 

field-scale experimental data from Charleston, South Carolina, to test the hypothesis that 
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ASR efficiency is affected by RLMT.  We focus on efficiency as our main criteria for 

testing the viability of ASR.  Although our efforts primarily are focused on modeling the 

Charleston site, our results are general and point to the need to quantify mass-transfer 

processes for evaluation and design of ASR operations. 

Aquifer Storage and Recovery Efficiency 

Many water-quality standards have been used to define ASR efficiency in any 

given system.  One definition is based on the degree of mixing that has occurred between 

injected and native aquifer water, which can be calculated by particle-tracking methods in 

numerical models (Lowry, 2004; Lowry and Anderson, 2006), or by comparing the 

concentration of various cations or anions in samples of injected and recovered water in 

the field (Petkewich et al., 2004).  Another method is to use primary or secondary 

drinking water standards for one or more dissolved solutes in the recovered water, where 

sampling is done at regular intervals during recovery (Petkewich et al., 2004).  While this 

method is meaningful for brackish or saline aquifer systems where extensive mixing of 

the two fluids will degrade the quality of recovered water, the method will yield 100% 

efficiencies in aquifers that are saturated with potable native water, because injected 

water will never degrade below the drinking water quality standard; indeed, estimates of 

efficiency in excess of 100% are possible.  It follows, then, that site-specific criteria may 

be appropriate for measuring the efficiency of ASR systems in different geologic settings. 

An idealized ASR system would substitute subsurface storage for an above-

ground water tank and recover 100% of the injectant as potable water.  It is unlikely, 
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however, that such a scenario is possible in aquifers containing non-potable in-situ pore 

fluids.  Injected water is subject to degradation in quality by biogeochemical changes 

(e.g., Ma and Spalding, 1996 Mirecki et al., 1998; Parkhurst and Petkewich, 2001; Gaus 

et al., 2002; Petkewich et al., 2004 Vanderzalm et al., 2002; Herczeg et al., 2004; Le Gal 

La Salle et al., 2005).  While biological processes may be limited to the immediate 

vicinity of the wellbore, changes in water quality due to interaction with the rock matrix 

and native water can occur large distances from the injection (Le Gal La Salle et al., 

2005).  Mixing with native pore fluids is the primary mechanism by which injected water 

is degraded at the Charleston site (Petkewich et al., 2004).  Where only advection and 

dispersion are considered, mixing is confined to the edge of the injected freshwater lens.  

With RLMT, non-dispersive mixing may occur within the freshwater bulb, as chemicals 

exchange locally between overlapping mobile and immobile domains.   

Rate-Limited Mass Transfer 

RLMT has been used to explain solute transport in the subsurface where 

traditional advection/dispersion models are inadequate.  Laboratory-scale experiments on 

heterogeneous samples have shown non-Fickian behavior, such as early breakthrough 

and long tailing of tracers, in a variety of hydrogeologic settings (Haselow and 

Greenkorn, 1991; Haws et al., 2004).  Even in relatively homogeneous aquifer material, 

such as well-sorted sand, studies have found evidence for preferential flow paths and 

multiple rates of mass transfer (Haggerty and Gorelick, 1995).  Migrating contaminant 

plumes may linger for prolonged periods of time due to stagnation in immobile pore 
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spaces.  Similarly, rebounding of concentration following injection or pumping may be 

linked with RLMT (e.g., Harvey et al., 1994; Haggerty et al., 2001; Singha et al., 2007).  

Because preferential flow can occur in any geologic media that exhibits local 

heterogeneity, RLMT may be a widespread phenomenon.  RLMT is of primary 

importance to this study, as exchange of solute within the bubble of injected water may 

impact efficiencies at ASR sites.   

Dual-domain porosity models (DDM) have been use to simulate RLMT in a 

number of settings, including agricultural field soils and unconfined, alluvial aquifers 

(e.g., Coats and Smith, 1964; van Genuchten and Wierenga, 1976; Griffioen et al., 1998; 

Feehley et al., 2000; Haggerty et al., 2001; Molz et al., 2006).  The DDM differs from the 

commonly used single-domain porosity advection-dispersion model (SDM) in that a 

representative elementary volume (REV) comprises two interacting zones: (1) a mobile 

domain where advection and dispersion occur, and (2) an immobile domain where 

advective transport does not occur (e.g., Haggerty and Gorelick, 1995; Griffioen et al., 

1998; Flach et al., 2004). This system is expressed by (modified from van Genuchten and 

Wierenga, 1976): 

 
θm

∂Cm

∂t
+θim

∂Cim

∂t
= ∇ ⋅ θmD ⋅ ∇Cm( )−∇ ⋅ (qCm ) + qsCs

         (1) 

 
θim

∂Cim

∂t
= β Cm −Cim( )

                                                                              (2) 

where 

Cm = the concentration of mobile pore fluids [M/L3], 
Cim = the concentration of immobile pore fluids [M/L3], 
Cs = the concentration of sink/source fluids [M/L3], 
θm = the mobile porosity [-], 
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θim = the immobile porosity [-], 
D = the dispersion coefficient [L2/T], 
q = the vector of Darcy velocities [L/T], 
qs = the volumetric flow rate from sink/sources [T-1], 
β = the mass exchange rate coefficient between the mobile and immobile porosity 
       domain [T-1].  

 
Equation (2) describes the first-order rate law by which solute transfer occurs 

between the mobile and immobile porosity domains (van Genuchten and Wierenga 1976) 

where the total porosity θt = θm + θim.  These parameters should not be confused with 

total effective porosity (θe) in a SDM.  The solute exchange rate β is dependent on the 

concentration gradient between the two domains and length scale of contact between the 

mobile and immobile pore fluids.  Mass transfer may also depend on fluid velocities and 

sorption (Griffioen et al. 1998).  β can exist as a single transfer coefficient that links two 

discrete porosity zones in a DDM, or as a statistical distribution of diffusive pore length 

scales (Haggerty et al. 2001).  The model acts as a single porosity domain when β 

becomes either high or low relative to the scale of the system.  For low β values, virtually 

no solute is exchanged between the two domains, so the immobile zone is nullified, and 

the system acts similar to a SDM where θe ≈ θm.  For high β values, solute exchange 

becomes virtually instantaneous, such that the two porosity zones are evenly mixed and 

acts as a single domain where θe ≈ θt.  
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Figure 1: Salinity profiles for an idealized ASR scheme over one full ASR cycle.  (A) 
Pumping cycle for a hypothetical ASR system.  Injection rate is constant during the 
recharge period.  The pump is turned off during the storage period and production 
resumes at a constant rate during the recovery period.  (B) Schematic concentration 
profile at an observation well over the ASR cycle where fresh water is pumped into a 
saline or brackish aquifer.  This is what is expected for the traditional advection-
dispersion case, as in our single porosity domain model (SDM).  (C) The effects of 
RLMT processes and aquifer heterogeneity at the same well, as we reproduce in our dual-
domain porosity model (DDM).  Concentration recovers during the storage period as 
solute is exchanged between the mobile and immobile porosity zones. 



 

 

 
 

Site Description and Previous Work 

Two pilot-scale aquifer storage and recovery (ASR) projects were conducted 

between 1998 and 2002 in Charleston, South Carolina. The 420,000 residents of 

Charleston rely primarily on surface water sources for drinking water (Petkewich et al., 

2004).   Concern over damage or contamination to the surface water supply as the result 

of flooding, hurricanes, and other natural disasters led to the installation and evaluation of 

an ASR project in Charleston (Figure 2) by the Charleston Commissioners of Public 

Works and U.S. Geological Survey (USGS) (Mirecki et al., 1998; Petkewich et al., 2004). 

The 1993-1995 ASR tests were conducted at the “pilot study” site, west of the 

main Charleston peninsula, and the 1998-2002 “phase II” tests were done about 3 km to 

the east, on the main Charleston peninsula (see Figure 2).  The geology at both ASR sites 

is similar except for minor differences in formation depths.  The geology of the ASR sites 

consists of 760 m of Upper Cretaceous through Quaternary age sedimentary rocks; these 

sedimentary units are underlain by Precambrian and Paleozoic basalt (Petkewich et al. 

2004).  The aquifer targeted for development by the current project is the Black Mingo 

Group, a Tertiary-age marginal-marine and inner shelf deposit. The Black Mingo group is 

overlain by the Eocene Santee Limestone, a quartz-rich fossiliferous limestone.  These 

two formations act as a single hydrogeologic unit between about 118 and 137 m below 

land surface (Figure 3), and are referred to as the Black Mingo/Santee Limestone 

(BM/SL) aquifer (Campbell et al. 1997).  Figure 3 shows a generalized schematic of the 
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hydrogeology at the pilot study site.  Electromagnetic flowmeter data indicate two main 

permeable zones in the BM/SL, an upper zone located at 116 to 122 m, and a lower zone 

at 131 to 137 m (Figure 3); these zones accounted for 49 and 40 percent of total flow in 

the aquifer, respectively (Campbell et al. 1997; Mirecki et al. 1998; Petkewich et al. 

2004).  Underlying the BM/SL are consolidated silty muds, which form a lower confining 

unit at about 137 m depth (Campbell et al. 1997).  Above the BM/SL aquifer is the upper 

unconfined aquifer, which extends down to 20 m below the surface; these units are 

laterally continuous for several miles in Charleston.  The aquifer is saturated with 

brackish water and predevelopment flow was directed toward the coastline (Aucott and 

Speiran, 1985).  

The pilot study site ASR tests consisted of thirteen injection, storage, and 

recovery cycles with varying injection rates, and storage periods between 0 and 144 

hours.  Recovery efficiencies ranged between 38 and 81% (Campbell et al. 1997).  The 

phase II study performed four cycles of injection, storage, and recovery of the ASR 

system between 1999 and 2002; each cycle consisted of injection of approximately 7 

million liters of water for a storage period of one to six months (Petkewich et al. 2004).  

For the phase II study, recovery efficiency was between 21 and 34%, and did not vary 

greatly between the shorter and longer storage test periods.  Recovery efficiency was 

defined by the USEPA secondary standard for chloride (250 mg/L) for both the pilot 

study site and phase II site ASR tests, Sodium and sulfate concentrations of the recovered 

water demonstrate mixing of fresh and native water.  Calcium, magnesium, potassium 

and alkalinity concentrations in recovered water indicated cation exchange processes at 

work during the storage phase.  Some salinity rebound was observed in the BM/SL 
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during storage in these experiments, and was attributed to upwelling of salts from 

adjacent confining units (Petkewich et al. 2004).  
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Figure 2: Site map and well configuration for ASR experiment, Charleston, South 
Carolina.  A total volume of 870 m3 of water was injected at 174 m3/day over 5 days, 
stored for 2 days, and recovered at 468 m3/day over 4 days.  Observation wells 733, 843, 
and 844 are arranged around a central ASR well, 736, through which water is injected 
and recovered.  Wellbores are open to the formations below 10 m from ground surface. 
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Figure 3: Stratigraphy and geophysical logs for the Black Mingo/Santee Limestone 
(BM/SL) Group at the ASR site, Charleston, South Carolina.  The BM/SL Group is a 
clastic-limestone unit that acts as a single, confined aquifer.  Acoustic televiewer, gamma 
ray, EM (bulk) conductivity, mechanical caliper, acoustic caliper, and fluid conductivity 
under ambient and pumping conditions were logged from well CHN-733 at the “pilot 
study” site (see Figure 1).  Two primary productive zones were located in the BM/SL, at 
around 116 and 130 m below ground surface.



 

 

 
 

Field Experiment 

In the summer of 2005, we conducted an 11-day cycle of injection, storage, and 

recovery at the pilot study site used for the 1993-1995 tests near the main Charleston 

peninsula (see “pilot study site,” Figure 2), approximately 3 km west of the phase II site.  

Three observation wells, numbered 733, 843, and 844, are arranged around the central 

ASR injection/pumping well 736.  The observation wells are placed at similar radial 

distances from well 736, and are open through the BM/SL aquifer and the confining 

units.  Municipal fresh water was injected into the BM/SL aquifer at a rate of 174 m3/day 

for 5 days, stored for 2 days, and recovered at 468 m3/day for 4 days.  Water level, bulk 

electrical conductivity, and mobile fluid electrical conductivity were collected from three 

observation wells over the course of the 11-day ASR cycle.  

Fluid samples were taken by low-flow pumping from the two, targeted production 

zones in the three observation wells. A multi-parameter probe was used to determine the 

fluid specific conductivity, which is used as a proxy for total dissolved solids 

concentration (TDS) of mobile pore fluids in this study.  In the following discussion, we 

describe data interchangeably as salinity or TDS of fluids in the BM/SL aquifer.  We 

injected fluid with a salinity of 160 mg/L into the aquifer saturated with a pore fluid 

salinity of 3300 mg/L. 
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Drawdown and Salinity Data 

Drawdown data show the three phases of the ASR cycle in observation wells 843 

and 844 (Figure 4A). Drawdown data is not available from well 733 in this study due to a 

well sock that precluded head measurements.  Immediately after the start of injection, 

both wells record draw up (a positive gain in hydraulic head above the initial head); this 

draw up grows at a decreasing rate until injection ceases, at which point both wells 

recover quickly (days 6 and 7).  The drawdown response from the start of pumping (day 

7) until the end of the cycle is an inverted profile of the injection phase data; we see, 

however, a higher net change in head achieved during recovery (+6-8 m compared to -2 

m during injection) due to a pumping rate that is nearly 3 times the rate of injection.  

Although wells 843 and 844 are at a similar radial distance from extraction well 736, we 

observe less head change at well 843 relative to well 844 during both injection and 

recovery; this suggests that local heterogeneity results in less connectivity between wells 

843 and 736.  

The three phases of the ASR cycle are also evident in the salinity data (Figure 

4B).  For an ASR system in a brackish aquifer, we expect to see salinity drop during 

injection when the freshwater plume breaks through the zone being sampled. Conversely, 

salt concentration will rise during pumping as mixed and brackish waters are drawn back 

into the observation well; concentrations will reach the initial native water concentration 

if pumping continues long enough.  During storage, assuming standard advective-

dispersive transport, little change in concentration should occur.  Salinity data from the 
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2005 ASR cycle deviate substantially from the expected behavior expected given the 

simplistic conceptual model described above.   

Fluid specific conductance data recorded from downhole probes in observation 

wells during the ASR cycle is used as a proxy for the total dissolved solids concentration 

(TDS) of mobile pore fluids in this study.  Therefore, we can describe data in terms of the 

salinity of fluids in the BM/SL aquifer system according to and interchangeably with 

TDS.  We injected fluid with a TDS of 160 mg/L into the aquifer saturated with a pore 

fluid TDS of 3300 mg/L.  Salinity data from well 843 shows a weaker response to the 

injection and recovery stresses applied on the system than do the other wells.  Salinity in 

both the upper and lower productive zones in 843 did not decrease to the injectant 

concentration as salinity did in wells 733 and 844, indicating that proportionally less flow 

through well 843 is from fluid injected in well 736.  Salinity data from wells 733 and 844 

share a nearly identical profile over the entire ASR cycle.  An abrupt down-dip in salinity 

was observed in wells 733 and 844 on day 7 of the cycle in response to recovery 

pumping.  A similar decrease in salinity was not observed in well 843 (Figure 4B). 

Evidence for RLMT at the Charleston Site 

The salinity data show compelling evidence that RLMT processes may be 

affecting solute transport in the BM/SL aquifer.  This is most clearly evident in the 

rebound in salinity at wells 733 and 844 during the 2-day storage period (days 6 and 7) 

(Figure 4B).  This rebound is recorded in fluid electrical conductivity data recorded from 

downhole probes in observation wells arrayed around the ASR well.  Co-located bulk 
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electrical resistivity data, described in Singha et al. (2007), show comparatively little 

change.  This suggests local-scale solute exchange between the two domains is 

responsible for the anomalous salinity rebound, rather than advective upwelling of fluids 

from the confining units, as is proposed in earlier work (Petkewich et al., 2004).   

We propose the following conceptual model to explain the field data (Figure 5): 

(1) During the injection period, relatively fresh water displaces brackish native aquifer 

water in the mobile pore spaces; (2) during storage, local, diffusive solute exchange 

occurs between the two porosity domains, in the absence of substantial advection; and (3) 

during the pumping (recovery) period, water that has been degraded by diffusive mixing 

is recovered from the mobile zones of the aquifer, and is replaced in the mobile pore 

spaces by brackish native aquifer water from beyond the “bubble” of injected water.  To 

test this conceptual model and its implications, we constructed a series of flow and 

transport models to match the 2005 ASR data.  Flow models are calibrated to the 

drawdown data, and SDM and DDM models with RLMT are used to simulate solute 

transport at this ASR site.   
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Figure 4: (A) Data from the 2005 test at the pilot study site and simulated results for 
drawdown over one ASR cycle.  Local heterogeneity produces less connectivity between 
well 843 and the injection/pumping well.  (B) Salinity (TDS) data from 2005 test over the 
ASR cycle.  The injection concentration is 0.16 g/L.  Lower connectivity between wells 
736 and 843 is evident.  Salinity rebounds during storage, as solute is exchanged between 
fresh injected water and brackish water in immobile pore spaces.  Salinity drops briefly 
again in wells 733 and 844 at the start of pumping (recovery), indicating an immediate 
response to pumping as fresh water from adjacent mobile zones is advected through the 
observation wells.  The salinity drop is not seen in well 843, presumably because 843 is 
poorly connected to the pumping well relative to wells 733 and 844.  
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Figure 5: Conceptual model of RLMT processes over one ASR cycle.  (A) Injected water 
flows through the mobile porosity zone of the aquifer, into fractures in the confined 
aquifer, and possibly fractures of the overlaying aquitard.  (B) During storage, brackish 
water in the immobile pore spaces mixes with injected fresh water in the aquitard.  (C) 
When pumping commences, fresh and mixed waters are pulled through the aquifer.  



 

 

 
 

Numerical Modeling 

A series of numerical models are used to simulate flow and transport in the 

BM/SL for an ASR cycle identical to the one conducted in August 2005.  Both SDM and 

DDM transport models are evaluated and used for parameter estimation and sensitivity 

analysis.  We use well log data (Figure 3) to define the geometry of a 3-D finite-

difference grid representing the productive zones and confining units of the site.  

MODFLOW-2000 (Harbaugh et al., 2000) is used to simulate flow and MT3DMS 

(Zheng and Wang, 1999) with particle tracking is utilized for transport simulations in this 

study. 

Model Construction 

The finite-difference grid is composed of 154 rows, 144 columns, and 4 layers, 

for a total of 88,704 block-centered nodes.  The model is set up as a telescoping grid, 

with cells that are 0.5-m square around ASR well 736 and expand to approximately 17-m 

square at the boundaries.  The model domain is 1 km by 1 km.  The boundaries of the 

grid are far enough away from the area of our ASR and observation wells that they 

should have minimal impact on the model solution over the timescales we are interested 

in.  The small natural flow gradient of 5.0 x 10-4 m/m (Petkewich et al., 2004) is ignored, 

and the model domain has constant hydraulic head boundaries on all sides fixed at the top 
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of the system.  The fixed-head-and-salinity boundary conditions allow the system to 

return to equilibrium with respect to both water level and salinity during storage periods.  

Because each of the two productive zones in the BM/SL aquifer carry a similar 

proportion of flow and are surrounded by confining units (Petkewich et al. 2004), we 

simplify the model domain by presenting it as one 6-m-thick layer of relatively high 

hydraulic conductivity (K) with 5-m-thick over- and under-lying confining units.  There 

is no assumed variation in layer thickness.   

We simulate the study conditions, where fluid is injected at 174 m3/day for 5 

days, stored for 2 days, and recovered at 468 m3/day for 4 days.  Flow into each model 

layer is weighted by transmissivity, with the vast majority entering and exiting the system 

through the productive zone layer.  The hydraulic conductivity is considered isotropic in 

the model.  The initial estimates of hydraulic properties used in our models come from 

aquifer tests performed at the pilot study and phase II sites (Campbell et al. 1997; 

Petkewich et al. 2004).  Based on field observations, we assume a salinity of 160 mg/L 

for injected water, and a background salinity of 3300 mg/L for the aquifer. There is some 

spatial variability in the initial, pre-injection salinities at wells 843, 844, and 733.  The 

salinities range between 3100 and 3600 mg/L, so we generalize this to one initial salinity 

condition of 3300 mg/L for the entire system.  

Buoyancy stratification effects, which may in some cases degrade efficiency by 

causing migration of the injected freshwater bubble, are not considered in this study. 

Previous work at ASR sites in Florida show that substantial stratification is not expected 

when the targeted aquifer is thin and native ground-water salinity is less than 5000 mg/L, 

(Reese 2002).  These findings have been applied to previous ASR tests in the BM/SL 
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aquifer (Petkewich et al. 2004).  Additionally, we assume a non-sorbing system, where 

salinity acts as a conservative tracer similar to chloride.  This assumption is justified by 

previous work that confirmed the conservative nature of fluid electrical conductivity 

(and, in turn, salinity) in the BM/SL aquifer (Campbell et al. 1997).   

Estimation of Parameters Controlling Flow 

The flow model is calibrated to hydraulic head data from wells 843 and 844 to 

infer K and specific storage (Ss) with the aid of an analytical solution for a homogeneous 

system with an equivalent ASR cycle.  Although drawdown data are not available at well 

733, we consider the flow behavior to be similar to well 844 because the wells’ salinity 

profiles are similar. Table 1 lists the best-fit parameters for the flow model.  The low K of 

the confining units is based on estimates by Petkewich et al. (2004), while K in the 

aquifer is adjusted to calibrate the model.  A uniform Ss is estimated for the entire model 

domain.  The calibrated model successfully reproduces the water-level response at well 

844 during injection, storage, and recovery (Figure 4A), but does not match the hydraulic 

head data for well 843 as well. No single transmissivity value results in good matches to 

hydraulic heads observed at both wells 844 and 843, suggesting heterogeneity within the 

aquifer over distances of several meters. Aquifer tests performed at this site between 

1993 and 1995 suggest that anisotropy may also impact flow within the BM/SL aquifer 

(Campbell et al. 1997).  As mentioned above, well 843 is poorly connected to well 736.  

Imposing a localized zone of very low K around well 843 was found to be moderately 

successful.   
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Estimation of Parameters Controlling Transport: Single-Domain Model 

Salinity data from wells 733 and 844 were used to calibrate a SDM (advection-

dispersion only) for longitudinal dispersivity and θe.  Transverse dispersivities (αT) were 

fixed at αT = 0.10αL (longitudinal dispersivity) for all simulations. The best-fit values 

obtained for the SDM were a αL of 0.1 m and θe of 0.03 over the entire model domain.    

Figure 6A shows the resulting best fit for the SDM.  The simulated salinity profile is 

similar for all three observation wells due to the lack of heterogeneity imposed on the 

aquifer zone.  We are not able to reproduce the salinity rebound during storage days 6 

and 7 with the SDM; this suggests that processes in addition to dispersive mixing at the 

front of the freshwater bubble are responsible for the transport behavior observed at 

observation wells 733 and 844.  Geophysical data from Singha et al. (2007) suggest that 

advective upwelling of fluids is unlikely to be a controlling process because bulk 

electrical conductivity remains constant despite changes in observed salinity.  The 

apparent bulk conductivities from conduction simulations fit co-located, point values as 

described in Singha et al. (2007). 

Estimation of Parameters Controlling Transport: Dual-Domain Model 

The model described above was used as the basis for exploration of RLMT 

processes in a DDM.  The best-fit porosity value from the SDM is helpful, as it gives an 

idea of the amount of total advective porosity (θm) that might be expected in the DDM. 

Salinity data from wells 733 and 844 was used to calibrate a DDM with RLMT for mass 



24 

 

transfer coefficient β and mobile and immobile porosity (θm and θim, respectively).  The 

Chemical Reaction Package of MT3DMS was used to simulate two porosity domains in 

the model (Zheng and Wang, 1999).   The same pumping scheme, boundaries, and initial 

conditions are used as in the SDM.  

Application of the DDM is necessary to reproduce the salinity behavior observed 

during the storage period (Figure 6B).  Table 1 shows the best fit values for β, θm, and 

θim. Diffusive transport from the immobile porosity zone to the mobile zone reproduces 

the salinity rebound observed at the start of storage. The down-dip observed in wells 733 

and 844 at the start of pumping must result from re-introduction of low salinity fluids 

from over- or underlying confining units, or dead-end or terminal fracture spaces within 

the BM/SL aquifer itself. We interpret this down-dip as the result of injected freshwater 

reaching mobile pore space that is predominantly isolated from the immobile zones.  This 

would occur primarily at the tip or terminus of fractures, where fluids are pushed into the 

confining units with lower mass-transfer rate.  This injected fluid remains relatively 

unmixed, and is pulled back as low-salinity water past wells 844 and 733 at the start of 

pumping, resulting in the observed down-dip.  The fracture termini likely occur 

everywhere in the aquifer layer, but only ones in the vicinity of the sampling boreholes 

would contribute to the down-dip measured in those boreholes.  Consequently, in an 

attempt to simulate termini associated with our salinity data, we place the edge of the 

inner zone near the simulated observation wells.   

In our numerical model, the fracture networks connecting ASR well 736 to 

observation wells 733 and 844 are represented as a high-K zone (the inner zone in Figure 

7).  An outer zone, with a lower K (Table 1), encloses the high-K zone and extends to the 
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model the boundaries.  The observation wells are positioned at cells adjacent to the 

border of the inner and outer zones to simulate of the effect of fracture termini on the 

salinity measured at the boreholes.  A low β value of 1x10-4 day-1 is applied to the entire 

model domain except for the inner zone, where higher mass transfer is expected.  The 

best-fit values in Table 1 produce the storage period rebound observed in the data, and 

the lower β in the outer zone produces the down-dip at the start of recovery on day 7. The 

compartmentalization of the aquifer layer into inner and outer zones has a negligible 

impact on the model fit of drawdown at the observation wells, regardless of the 100-fold 

discrepancy in K between the two zones; the overall flow regime of the model is 

dominated by the much larger outlying zones that are in connection to the fixed-head 

boundaries.   

We hypothesize that the lack of connectivity that was observed in drawdown and 

salinity data at well 843 is due to relatively few fracture pathways connecting this 

observation well with well 736 (Figure 8).  To test this, we imposed a zone of low K 

around well 843 in the DDM to reproduce the lack of connectivity between well 736 and 

843 (Figure 7).  Our zonation of the localized low-K zone around the well 843 is arbitrary 

but results in drawdown fit difference of less than 1 m between wells 843 and 844 with 

negligible effects on the simulated transport behavior at wells 733 and 844.  Lowering K 

several orders of magnitude in the low connectivity zone improves the fit to drawdown, 

but not salinity at well 843.  The DDM fits well 843 rather poorly.  Achieving a perfect 

fit to all three wells would most likely require the imposition of anisotropy or statistical 

heterogeneity on the system, and is beyond the scope of this study; instead, we focus 

primarily on the anomalous transport behavior observed in wells 844 and 733, which are 
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in good hydraulic communication with ASR well 736.  The effect of anomalous 

processes is also less apparent in well 843; therefore, we do not fully explore the 

sensitivity of well 843 to transport parameters.   

The DDM is an improvement over the SDM in two important respects: (1) the 

DDM is able to reproduce the salinity rebound during storage, which is explained by 

diffusive solute exchange between two porosity domains; and (2) the DDM can 

reproduce the anomalous down-dip observed at the start of the pumping, which is 

explained by variability in the mass-transfer rate coefficient between the fractures and the 

matrix. Our best-fit value of β in the inner zone is 1.2 x 10-2 day-1.  Assuming open water 

diffusion based on Cl-, the primary anion in the pore fluid (Campbell et al. 1997), results 

in a β value corresponding to a diffusive length of 6 cm.  To relate β to a diffusive length, 

we consider mass transfer to be similar to open water diffusion and apply the known 

diffusion coefficient (i.e., Cl-) to approximate the length scale over which diffusion or 

mass transfer occur (see Appendix C). 
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Table 1: Best fit values for the SDM and DDM at an ASR site in Charleston, South 
Carolina.  The SDM is a single-porosity domain model, and the DDM is a dual-domain 
porosity model, to simulate Rate-Limited Mass Transfer (RLMT). 
 SDM aquifer 

(no 
heterogeneity) 

SDM 
confining 
units 

DDM 
aquifer 
inner 
zone 

DDM 
aquifer 
outer 
zone 

DDM 
aquifer low 
connectivity 
zone 

DDM 
Confining 
units 

K (m/day) 1.0 0.05 100 1.0 0.075 0.05 
Ss (m-1) 5x10-6 5x10-6 5x10-6 5x10-6 5x10-6 5x10-6 
θm  0.03 0.03 0.025 0.025 0.025 0.025 
θim  NA NA 0.25 0.25 0.25 0.25 
β (day-1) NA NA 0.012 1x10-4 0.012 1x10-4 

Longitudinal 
Dispersivity 
(m) 

0.1 0.1 NA NA NA  NA 
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Figure 6: (A) Fit of SDM to salinity data from observation wells 843, 844, and 733.  
Note that storage period behavior is not reproduced in this model.  Well 843 is not 
modeled as within a low connectivity zone.  (B) Fit of DDM to salinity data from the 
same three observation wells, with storage period salinity rebound and down-dip at wells 
733 and 844.  Well 843 has been isolated in a low connectivity zone. 
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Figure 7: (A) DDM aquifer layer in map view.  Observation wells are placed at the edge 
of a simulated “fracture zone” of high conductivity in order to reproduce storage period 
salinity profile.  An additional zone of heterogeneity is placed around 843 to reproduce 
the lack of connectivity.  (B) Cross section of the model domain showing the inner zone 
of fracture pathways connecting well 736 with wells 844 and 733 (dark grey), outer zone 
(light grey), and confining units (white).   
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Figure 8: A schematic map-view representation of an ASR system in a dual-domain, 
fractured, brackish aquifer during injection.  Fresh water from ASR well 736 flows 
through permeable fractures (mobile domain), while some fractures are not engaged by 
injection (immobile domain).  Observation wells 733 and 844 are well connected to the 
ASR well, while well 843 is not, due to low poorly connected fractures or low fracture 
density in the vicinity of this well.  RLMT can occur at the intersection between mobile 
and immobile fractures, degrading the recovered mobile fluids.  
 



 

 

 
 

Sensitivity Analysis 

A sensitivity analysis allows us to examine transport behavior in the model over 

an imposed range of parameters to evaluate the salinity response in the aquifer over a 

simulated ASR cycle to RLMT parameters.  We perform a sensitivity analysis for β, θm, 

and θim.  Model observations are mobile pore fluid concentration, immobile pore fluid 

concentration, and total concentration, where total concentration (Ct) is defined as: 

                             
Ct =

θm

θT

Cm +
θim

θT

Cim
                                                            (3) 

where Ct = total pore fluid concentration for both the mobile and immobile zones. 

The model results presented in Figures 6A and 6B are from the mobile porosity zone 

only, because our SALINITY data is representative of only mobile fluids in the BM/SL.  

Root-mean squared deviation (RMSD) is a dimensionless measure of the 

difference between values predicted by a model and actual observed values.  In this 

study, the two sets of values are the mobile concentration data from well 844, and the 

model results for mobile concentration at the node representative of this well.  A higher 

deviation, or larger value of RMSD, indicates less agreement between the model and the 

field data for a given location.  RMSD values ranged from 0.5 for the best fit parameters 

to as much as 1.5 for very inaccurate models. 
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Mass Transfer Coefficient 

The sensitivity of the DDM to β is illustrated in Figure 9A. β only was changed in 

the inner zone, where we observe the salinity rebound during storage.  β in the inner zone 

describes the terminal fracture zones in contact with the wells, as well as all interfaces 

between mobile and immobile fluids in the aquifer.  Outer-zone β values were kept 

constant at 1x10-5 day-1 to keep solute exchange low in this zone; this is needed to 

generate the down-dip at day 7 (Figure 4B).  Simulation results are relatively insensitive 

to β in the outer zone.  Solute exchange is very slow in our model below a β of 1x10-5 

day-1, hence the outer zone does have a significant contribution to salinity results over a 

storage period of only 2 days.  In the confining units, we use a low β because of the lower 

fracture density above and below the productive zones in the BM/SL.  Simulated mobile 

concentration does not reach the injectant salinity of 160 mg/L during the injection period 

when β is very high because of fast exchange of solutes with the immobile domain.  The 

salinity rebound is also sensitive to adjustment of β.  Simulated storage period behavior is 

only able to emulate the field data over a limited range range of β (Figure 9A).   

A large range of single cycle efficiencies was recorded for a range of β in the 

DDM (Figure 9B, for cycle number = 1).  We observe a rapid decrease in efficiency, 

defined as the proportion of recovered water below the EPA secondary water quality 

standard of 500 mg/L TDS, from 60% to 0%, as β varies from 10-3 to 10-2 day-1.  As β 

increases, more solute diffuses between zones during the storage period, so Cm rises. This 

lowers the quality of water when pumping commences, and decreases the total time over 

which potable water is recovered.  When a more conservative salinity limit is applied, 
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such as 250 mg/L (Campbell et al. 1997), this window of time is even shorter, resulting in 

lower efficiencies in all cases described in this study.  At β values higher than 0.1 day-1, 

efficiency begins to climb again, since diffusive mixing of the two zones is fast enough 

that most solute is flushed out of the immobile zone during injection; consequently there 

is little salinity rebound during storage, and water recovered after pumping resumes falls 

below our 500 mg/L standard.  

Porosities in this series of simulations are fixed to the best-fit values of θm = 0.025 

and θim = 0.25 (Table 1).  The relatively low θm/θim ratio provides a large reservoir of 

brackish native water that degrades single-cycle efficiency if diffusive transport of high 

salinity pore fluids into the mobile fluids occurs quickly.  Efficiencies are lowest when 

mobile water in the vicinity of the ASR well is degraded during storage, between β 

values of 1x10-2 day-1 and 0.5 day-1.  However, efficiency can improve when there is 

flushing of high salinity pore fluids out of the mobile zone adjacent to the ASR well 

during injection, at β values above 0.5 day-1. 

Mobile Porosity 

We also tested the sensitivity of the DDM to changes in the mobile porosity, θm. 

Well 844 is the reference point for all concentration data.  In this series of simulations, θm 

values for the entire model domain, not just the inner zone, were varied. β is fixed at 10-2 

day-1 for the inner zone and 10-5 day-1 for the outer zone.  θim over the entire model 

domain was fixed at 0.25.  Single-cycle efficiency fluctuates between 43 and 49% when 

θm varies between 0.01 and 0.25.  Efficiency declines as θm approaches 0.50 due to 
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mixing of mobile fresh and brackish water along the edge of the injected freshwater 

bubble.  Even though the diameter of this bubble is small at very high porosities, the 

dispersive mixing length is the same, so that a larger percentage of the total volume of 

mobile pore fluids in the disc-shaped lens of injected water become mixed, lowering 

recovery efficiency. 

As in the case of β, our DDM is only able to match the mobile salinity data over a 

relatively limited range of θm values.  For θm above 0.05, we see very little rebound in 

salinity during the storage period; fluids in the mobile zone are more dilute due to a large 

θm/θim ratio.  As the total volume of fluid in θm increases, so does the total mass of solute 

that can be removed from θim during injection.  The result is a less saline immobile 

domain during the storage period that transports less solute into the mobile domain 

(Equation 2), so there is less observed rebound.  The best fit θm value was determined to 

be 0.025.  This value is consistent with previous studies of fractured dolomite that used 

θm values between 0.01 and 0.05 in multi-region porosity models (Haggerty et al. 2001). 

The lack of well-defined trend between single-cycle efficiency and changes in θm 

suggest that determining θim, or θm/θim, may be more important for estimating efficiency 

at ASR sites where RLMT is affecting transport than θe or θm estimates alone.  In 

brackish aquifers, recovered water quality may be sufficiently degraded as long as 

immobile pore spaces make up significant portion of the θt. 
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Immobile Porosity 

Model sensitivity to θim was also tested similar to the evaluation of θm. Immobile 

porosities are adjusted for the entire model domain, and β is fixed at 0.012 day-1 (Table 

1).  Single-cycle efficiencies declined from 55% to a minimum of 35% between θim 

values of 0.01 and 0.30.  As the relative size of the reservoir of brackish immobile pore 

fluids increases, Cim drops more slowly, and the maximum Ct the system can reach (when 

Ct=Cm=Cim) is higher than when θim is small (Equation 2).  Above θim=0.30, efficiencies 

are stable, because Cim does not change enough over the length of the storage period to 

further expedite solute exchange.  The DDM used for this analysis does not appear to be 

sensitive to changes in θim during the injection and pumping phases.  The salinity rebound 

during storage is greater as θim increases (Figure 9B).  Below θim values of about 0.03, 

there is no observable rebound in the simulation.   

We find that θim values of around 0.25 generate a model fit closest to the field 

data at well 844. This is consistent with a 2002 study at the phase II site (Figure 2) that 

estimated a θt between 0.10 and 0.30 (Petkewich et al. 2004).  Our parameter estimation 

indicates that a θim of 0.25 and a θm of 0.02 provide the best fit to the data and are within 

the range of previously estimated values.  It may be appropriate to discuss sensitivity to 

θm/θim ratios with a fixed θt, and we do this in efficiency analyses for more simplified 

ASR models (See Conclusions).   
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Figure 9: (A) Sensitivity of DDM to mass transfer coefficient, β.  RMSD values are 
shown for each simulation (in parentheses), with higher RMSD indicating greater misfit 
to salinity data.  Data and model results are for mobile pore fluid concentration at well 
844.  Higher β values correspond with faster solute exchange between porosity zones in 
the model.  At the maximum and minimum β values, the DDM is similar to the SDM 
(results not shown) with a larger and smaller effective porosity θe, respectively.  (B) 
Sensitivity of DDM to immobile porosity, θim.  Salinity rebounding increases during the 
storage period at as the total amount of immobile pore fluids increases. 



 

 

 
 

Effect of RLMT on ASR Efficiency 

To simulate the effect of RLMT on ASR efficiency, we use the best-fit parameters 

from our DDM and SDM, excluding the heterogeneity that controls the down-dip 

described above.  Figure 10 shows modeled ASR efficiencies over ten ASR cycles for 

both the SDM and DDM.  We use the same 5-2-4 day injection-storage-recovery cycle 

used in the field, iterated over 10 cycles. There is little change in efficiency over the 

entire 10-cycle time domain for the SDM because solute exchange only occurs along the 

mixing front of the freshwater plume; hence the overall mass of solute in the system does 

not change substantially from cycle to cycle.  In the DDM, the presence of enhanced-

quality water in the immobile domain after cycles 2-3 may contribute to the improved 

late-time efficiency; i.e., the degradation of mobile fluids is offset by immobile 

freshwater in the vicinity of well 736.  Early-cycle efficiencies are between 40 and 50% 

for the best-fit DDM (Figure 10), which is higher than the maximum efficiencies reported 

by the pilot-scale 4-cycle study from 2002, which generated efficiencies between 20 and 

35% (Petkewich et al. 2004).  This difference is most likely due to the long storage 

periods used in the earlier study, which were months rather than days, allowing more 

time for solute exchange, as well as effects of any regional ground-water flow.  The 

simulated salinity profile at well 736 over the 110-day run of the DDM shows decreasing 

rebound as solutes are progressively removed from the immobile domain, whereas the 

SDM results show a consistent salinity profile over all ten cycles (Figure 11).  
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Additionally, we observe a drastic increase in efficiency over the first three cycles of the 

DDM at higher β values due to very high exchange of solute degrading recovered water 

quality in early cycles (Figure 10).  DDM efficiencies plateau at about 55 %.  
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Figure 10: Efficiencies over ten ASR cycles for the DDM and advection-dispersion model 
(SDM) are plotted for comparison.  All parameters are set to best fit values listed in Table 
1 unless otherwise noted.  The DDM reaches a maximum efficiency after about 3 cycles, 
exceeding SDM efficiency.  Increased β further degrades early time efficiencies in the 
DDM. 
 
 
 
 



40 

 

Figure 11: Simulated salinity profiles (SDM and DDM) over ten ASR cycles at ASR 
well 736.  The cycle-to-cycle profile is static in the SDM, but salinity rebounding during 
storage is evident in the DDM.  The degree of rebounding decreases with each successive 
cycle in the DDM as the reservoir of brackish pore fluid in the immobile domain loses 
solute mass through continual diffusion with the fresh mobile pore fluids in the vicinity 
of well 736.  This process is also evident in improved late-cycle efficiency.  The salinity 
limit of 500 mg/L is shown for reference on the figure.



 

 

 
 

Generalizations of Results to Other Field Areas 

To study the more general implications of RLMT for ASR, we model a simple, 

isotropic, homogeneous confined aquifer.  The hydraulic conductivity and storativity 

parameters for the homogeneous model are based on the Charleston drawdown data.  We 

also use the same initial salinity conditions, as well as the same injection, storage, and 

pumping scheme as in the heterogeneous model.  The homogeneous model is a 1 km x 1 

km square domain with 4 layers comprising 20 m of thickness.  We apply a fixed head 

boundary all sides of the domain.  This simplified model is not intended to represent the 

transport behavior of the Charleston field site, but rather to evaluate the sensitivity of 

efficiencies in a system with similar pumping conditions and storage timescales, using 

the same 500 mg/L standard for efficiency.   

Figure 12A represents the evolution of efficiency over 10 cycles and a range of 

θm/θim ratios.  All other parameters are fixed to the values in Table 1, except β, which is 

0.5 day-1.  For most ratios, an efficiency is achieved after a few cycles that does not 

fluctuate at late-time cycles.  We see that efficiencies at the maximum θm/θim ratio 

approach 60%, similar to the SDM efficiencies in Figure 10; however, multi-cycle 

efficiencies are degraded as θm/θim decreases, reaching a minimum of approximately 

40%, due to the greater potential for long-term degradation of injected water associated 

with a larger relative reservoir of brackish immobile pore fluids.   
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We also use the simplified model to evaluate recovery efficiency over a range of β 

values.  θt is fixed at 0.10 with a θm/θim ratio of 1.  In Figure 12B, there is some small 

cycle-to-cycle fluctuation in efficiency, but an equilibrium efficiency is reached by cycle 

10.  By the late cycles, the amount of solute transported out of the immobile domain 

during injection and storage, as well as the amount transported into the domain during 

pumping, does not change from cycle to cycle, so efficiencies are stable.   

 In contrast to the porosity analysis, however, we see that maximum efficiencies 

of 50% are reached towards the upper and lower limits of β.  The lowest efficiencies of 

25-30% occur at β values between 0.1 and 0.01 day-1, or, in geologic conditions where 

diffusive lengths are between 2 and 6 cm. At lower β values, solute exchange is slow 

enough that recovered water is not substantially degraded by mixing with the more saline 

immobile fluids.  With larger β. freshwater pumped into the mobile pore spaces during 

injection is rapidly mixed with the immobile domain.  This leaves low-salinity fluid in 

both the mobile and immobile domains during storage, so that usable water is withdrawn 

during the early times of the recovery period thus enhancing efficiency even during early 

cycles. 
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Figure 12: (A) Efficiencies over ten ASR cycles for a range of mobile porosities in the 
simplified, homogeneous DDM.  (B) Efficiencies over ten cycles for a range of mass 
transfer coefficients (β) in the simplified, homogeneous DDM.  Efficiency is highest at 
the maximum and minimum β, indicating a discrete range of conditions over which 
RLMT processes degrade efficiencies.



 

 

 
 

Discussion 

The success of the DDM in capturing the storage period salinity rebound supports 

our hypothesis that RLMT processes are affecting solute transport in the BM/SL.  In the 

SDM, there are a limited number of processes by which brackish native waters would 

come into contact with the observation wells during storage.  One is dispersive mixing 

along the front of the injected freshwater bubble.  We can rule this process out, as all 

three observation wells fall well within the bubble, based on our observations of plume 

diameter.  Our observation points also do not come into contact with the edge of the 

freshwater plume during storage. Advective flow into the wellbores from other areas of 

the aquifer or confining units could cause rebound; however, this explanation is 

contradicted by geoelectrical data, which do not indicate changes in bulk electrical 

conductivity (Singha et al. 2007). The success of the DDM in reproducing the storage 

period salinity rebound, the down-dip at the start of recovery, and the consistency with 

geophysical data, all strongly support our hypothesis that RLMT processes are affecting 

solute transport in the BM/SL aquifer.  Diffusive transport from an immobile porosity 

zone can explain this salinity rebound by reproducing the RLMT processes at work in the 

aquifer. 

Our model was sensitive to both θm and β, and the DDM presented here is 

sensitive to adjustments of θim.  This is especially evident during the storage period.  Our 

sensitivity analyses show that there is a minimum θim value of 0.10, below there is no 
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salinity rebound during storage in the DDM. This suggests that it may be more important 

to determine the θt than the simply the advective porosity or the θim/θm ratio at an ASR 

site. For this simulation, θim values between 0.20 and 0.50 provided a reservoir of 

brackish native waters large enough to produce salinity rebound during storage that 

match the field data.  This rebound, however, tends to cease beyond the first few ASR 

cycles in simulation, even at very high θim values, as the reservoir of solute is flushed out 

with each subsequent cycle. 

The equivalent porous media approach, in conjunction with a two-region porosity 

domain, appears to be an acceptable technique for modeling the fracture network 

connecting wells 733 and 844 with well 736.  In our conceptualization of the fracture 

network, the wells lie near the edge a fracture zone, which results in the down-dip in 

salinity at day 8 at wells 733 and 844.  This supports the interpretation of diffusive solute 

transport occurring at the contact area between the terminuses of mobile fracture 

networks and stagnant pore spaces in the vicinity of the wellbore.  A certain percentage 

of the mobile pore fluids remain relatively unmixed during storage, so it is necessary to 

have the outer zone in the model domain act as a source for these unmixed fluids once 

pumping begins; i.e., the freshwater could return laterally from outside the fracture zone 

(as in our conceptualization), or vertically from overlying and underlying confining units, 

or internally from dead-end fractures or poorly connected pore space. 

The difference in maximum multi-cycle efficiency demonstrated in Figure 10 

suggests that RLMT processes may degrade ASR efficiency during early cycles, but 

multi-cycle efficiency in the DDM ultimately exceeds that of the advection-dispersion 

case. It seems unlikely that the Charleston ASR site can achieve efficiencies as high as 
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60% over a single ASR cycle within the timescale used in this study, since our best-fit 

DDM produces efficiencies low efficiencies for the first 1-2 cycles (Figure 10).  Much of 

the native aquifer water in the BM/SL is displaced by injection, and the quality of 

immobile water is improved by diffusive exchange during injection and storage; it is 

unlikely, however, that the total mass of immobile solute remaining in the system is 

removed by ASR, since brackish waters continue to exchange solute with the immobile 

domain when they are drawn into the wellbore during pumping.  Although the θm of the 

SDM and DDM presented in Figure 10 are the same, the θt of each system is different, 

yielding different total volumes of brackish aquifer water.  It is reasonable to conclude, 

then, that the short-term degradation of efficiencies in the DDM may be due to the larger 

reservoir of brackish water in the system, in both the mobile and immobile pore fluids of 

the aquifer, relative to the SDM.  

Unlike the SDM, our DDM shows rapid improvement in efficiency over 2-3 

cycles, until the net exchange of solute between the mobile and immobile zones reaches 

an equilibrium condition.  Therefore, in evaluating sites for ASR, it may be necessary to 

conduct several cycles of injection, storage, and recovery in order to obtain meaningful 

information to predict long-term ASR efficiency.  Differing rates of solute exchange will 

degrade injected water quality on differing timescales; hence the number of cycles 

necessary for evaluation will vary with site conditions and the values of parameters 

controlling mass transfer.     

The best fit β most likely represents the exchange of solute between the largest 

fracture pathways in the BM/SL; however, an infinite range of exchange rates may exist 

in an aquifer.  The salinity data presented in Figure 4B shows some evidence for this 
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during the storage period rebound at wells 844 and 733.  Whereas salinity at well 844 

jumps rapidly and levels off after day 5, the salinity at well 733 climbs more or less 

linearly between day 5 and 7.  Although the profiles are similar, it is an important 

demonstration of the variability of solute exchange even within the small area that 

encloses these observation wells.  It is not known if other, slower diffusive pore scales 

exist in the BM/SL, but these may serve to degrade efficiencies on time scales well 

beyond the 11-day ASR cycle evaluated here. Also, previous work indicates that issues 

such as cation exchange and regional ground-water flow may affect efficiency in longer-

term operations (Campbell et al. 1997; Petkewich et al. 2004), but such considerations are 

beyond the scope of this study.  Nonetheless, for an emergency storage situation, in 

which the ASR system will be needed over the span of a few days, the large fracture β 

will dominate. 

More generally, results from the homogeneous DDM simulations should also be 

taken in the context of this 11-day timescale.  We see an interaction between θm/θim and 

efficiency (Figure 11A).  As more of an aquifer’s total pore space is in communication 

with the ASR well, the system acts more as the idealized underground storage tank.  

However, we see that our ASR system is not viable over a given range of β values 

(Figure 11B).  When solute exchange is very high or very low, we achieve efficiencies on 

the order of 60%; however, we see that for the scale of the system and cycle-length 

imposed on it, there is a discrete range of diffusive pore scales over which an ASR 

system like this will be less viable. 

It should be noted that there are additional processes, not considered here, that 

might play roles in transport during the field experiments. For example, late-time salinity 
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data climbs above the simulated concentrations (Figure 6B).  This increase in salinity 

may be due to introduction of mobile fluids from other areas of the aquifer under 

pumping, or dissolution of the limestone bedrock (Plummer 1975).  We extracted about 

2.7 times the volume of water injected; hence we may have drawn more saline fluids 

laterally or vertically toward the wells. Because the simulated aquifer is initially saturated 

with fluid containing 3300 mg/L TDS, no salinities higher than this occur anywhere in 

the model domain. Although we assumed uniform initial salinity for the modeling, in 

reality the background salinity may (1) be stratified by density, or (2) vary spatially 

because of prior ASR experiments at the site or regional flow and transport.



 

 

 
 

Conclusions 

The observed evolution of ASR efficiency has previously been attributed to 

geochemical reactions, rock dissolution, and the redistribution of solute by advection. 

Past research on the utility of ASR has focused on dispersive mixing and permeability 

heterogeneity as the principal controls on efficiency. Here, we have demonstrated 

through field experiment results and numerical modeling that rate-limited mass transfer 

may (1) explain observed changes in ASR efficiency; (2) have important implications for 

evaluation of potential ASR sites; and (3) explain anomalous salinity rebound observed 

during storage cycles.   

In the presence of RLMT, ASR efficiency will evolve over repeated cycles of 

injection, storage, and recovery, improving to a degree dependent on the parameters 

controlling mass transfer, i.e., the rate coefficient and immobile porosity. With repeated 

injections of potable water, the native pore fluids in immobile zones will be replaced with 

higher quality water. Initial site assessments may, thus, underpredict potential efficiency, 

and reliable site evaluation requires a number of ASR cycles. 

Sensitivity analysis indicates a discrete range of diffusive pore scales over 

which ASR efficiency is degraded by mass transfer; this range depends on the scale of 

the system and imposed cycle-length. For the Charleston site, numerical results suggest 

that ASR efficiency will plateau at about 60% after 3 cycles. Although geochemical 

processes may also contribute to changes in efficiency at the site, recent work (Singha et 
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al., 2007) indicates that the salinity rebound observed at the site results from local mass 

transfer rather than advection of salts from elsewhere in the aquifer system. 

ASR is emerging as a useful technology for creating sustainable water-resource 

infrastructure, as well as for coastal aquifer management.  At sites where injected water 

can be degraded by mixing within the aquifer, it is important that we are able to measure 

and characterize transport phenomena such as RLMT during one or many ASR cycles in 

the field.  Recovery efficiency is a straightforward parameter that allows us to explore the 

viability and limitations of an ASR system, and the development of traditional and multi-

rate transport models is a valuable predictive tool for evaluating aquifers for potential 

ASR development. 
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Appendix A 
 

Future Work 

This study presents a simulated ASR system containing either a single or dual 

porosity domain.  However, other modeling techniques besides the equivalent porous 

media method used here may be appropriate for exploring the role of RLMT at an ASR 

site.   Use of fracture flow models may be more appropriate for fractured bedrock 

aquifers where fracture densities and orientations are better known than at the Charleston, 

SC site, and may avoid the schematic compartmentalization of the aquifer required for 

parameter estimation in this study.  Multirate models, where transport can occur among 

large numbers of porosity domains, (e.g., Haggerty et al., 2001) may also be more useful 

to explore how injected water is degraded over varying timescales at sites with more than 

one major diffusive mechanism.  We focus on one solute transport rate between two 

zones in this study, which we hypothesize to be the well and poorly connected fracture 

zones (Figure 8).  Given the 11-day timescale of our study, the bulk of the solute transfer 

we observe probably occurs within the largest fractures.  However, solute exchange most 

likely occurs between the mobile domain and multiple immobile fracture dimensions, as 

well as with matrix rock.  Therefore, these slower scales of transport may be more 

important at longer storage times, and a multirate model would capture this. 

Predicting efficiency and optimal use is probably the most pragmatic application 

of ASR modeling.  A working knowledge of how ASR systems respond to RLMT 

processes would be aided by the coupling of numerical models to lab and field 
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experiments.  Evaluation of breakthrough curves in column experiments (e.g., Griffioen 

et al., 1998; Haggerty et al., 2004) can yield more meaningful model results and improve 

strategies for developing ASR systems.  Our simplified homogeneous DDM results show 

that it is possible to predict ranges of parameters over which an ASR system is viable 

using numerical modeling.  Expanding the sensitivity analysis over larger number of 

aquifer types, with varying physical, hydraulic, and chemical parameters, could lead to a 

more general, first-order criterion with which to predict ASR viability in any given 

aquifer over the operational parameter range (pumping scheme, total injected volume, 

etc.) a system will be operating under.   

Geochemical processes are an consideration in any ASR system, as they can be 

the primary mechanism by which recovered water is degraded.  Therefore, it would be 

wise to couple physical transport models to geochemical models for specific chemical 

species based on aquifer mineralogy and the geochemical signature of native pore fluids 

at a potential ASR site.  The biogeochemical processes that control the recoverability of 

injected water can be equally important in the characterization of an ASR site (Herczeg et 

al., 2004; Le Gal La Salle et al., 2005). 



 

 

Appendix B 
 

Modeling Packages 

MODFLOW-2000 (Harbaugh et al., 2000) is used for solving for groundwater 

flow in three dimensions.  The modular construction of the computer code consists of a 

main program and a series of highly independent subroutines.  The subroutines are 

grouped into “packages,” each dealing with a specific feature of the hydrogeologic 

system to be simulated.  The division of the code into packages, such as ones for 

discretization, wells, and observation locations, makes the program flexible, which 

permits the user to examine specific hydrogeologic features of the model independently 

(McDonald and Harbaugh, 1988).  The partial differential equation that MODFLOW 

solves is for transient, 3D flow of water in terms of hydraulic head (e.g., Harbaugh et al., 

2000): 

K ⋅ ∇2h = Ss
∂h
∂t

− R
                                                       (B.1) 

where  

h = hydraulic head [L], 
K = hydraulic conductivity in three (x,y,z) dimensions [L/t],  
Ss = specific storage [L-1],  
R = a source/sink term [L3/t].   

 

Because solving partial differential equations analytically is impossible for 

complicated systems, a finite difference approximation is made to this equation and 

solved for each rectangular voxel of a layered grid.  An iterative solution technique is 
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used to calculate the hydraulic head at each successive timestep, so closure criteria must 

be applied to our flow model.  This criterion is defined as a minimum change in hydraulic 

head from one iteration to the next, at which point the solution is reached.  The exact 

solution is unknown.  This value is generally very small (10-3 m, for our simulations).  

Although flow through a limestone aquifer may take place through dissolved conduits as 

well as the rock matrix, the models constructed here use the porous media assumption, 

which is based on average flow within a given volumetric element (Harbaugh et al., 

2000).   This is an acceptable assumption based on the scale of this study, as well as a 

poor understanding of fracture density and orientation in productive zones of the Black 

Mingo/Santee Limsetone aquifer (BM/SL). 

The use of the observation package aids in our parameter estimation process in 

the forward flow models.  This package uses the simulated heads calculated by the 

groundwater flow equation at specified locations to determine the equivalent observed 

head in an open well at that location (Hill et al., 2000).  We can specify a range of depths 

over which observations are developed, as well as specified times within the model run at 

which we make an observation.  In cases where our “well” is screened over several model 

layers, the observed head is a weighted average for each cell open to the screened interval 

(Hill et al., 2000).  In this way, it emulates an observation well sunk into the aquifer at the 

area corresponding to a given node in the model grid.  Equivalent hydraulic heads at our 

simulated observation well, Y [L], is defined as (modified from Hill et al., 2000): 

Y = pi
i=m

n

∑ hi
            (B.2) 

where 
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h = calculated hydraulic head at a model node within the well [L], 
p = a constant proportion to weight the calculated head, usually defined by cell thickness 
      [-],                      
i = a model node that falls within the screened interval [-]. 
 

Solutions for the transport of chemical species in a groundwater system can be 

complex because of the variety of interacting processes, including advection, dispersion, 

and chemical reactions (Zheng and Bennet, 2002).  A dissolved species in groundwater 

can be transported according to three main processes: carried by the advective 

groundwater flow, diffused through Brownian particle motion, or retarded or destroyed 

by reaction with other chemical species in the solution or aquifer.  In this study, we use 

MT3DMS (Zheng and Wang, 1999), which was developed for use with any finite-

difference flow model such as MODFLOW-2000, and is based on the assumption that 

changes in solute concentration in the system will not significantly affect the overall fluid 

flow pattern.  This differs from, for example, a two-phase model where flow may be 

density-dependent.  Buoyancy-related stratification of water is unlikely to occur at this 

site, given the relatively thin transmissive zones and low density gradient between the 

two fluids (Reese, 2002). Additionally, 5,000 mg/L is the salinity above which 

stratification is thought to occur in an open aquifer, and the native groundwater at the 

Charleston ASR site has a salinity lower than 4,000 mg/L (Petkewich et al., 2004).  

MT3DMS uses an Eulerian-Lagrangian approach to solve for advective-dispersive-

reactive chemical species transport.  The result obtained from this program is a 

simulation of the changes in concentration of a single miscible species in groundwater 

(Zheng and Wang, 1999).  We simulate the evolution of a low-salinity plume introduced 

into a brackish aquifer. 
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The primary transport equation solved by MT3DMS in the single porosity domain 

models (SDM) is as follows (modified from Zheng and Bennet, 2002): 

θe
∂C
∂t

= ∇ ⋅ (θeD ⋅ ∇C) −∇ ⋅ (qC) + qsCs
         (B.3) 

where 

θe = total effective porosity [-], 
C = total concentration [M/L3], 
D = the dispersion coefficient [L2/T], 
q = the vector of Darcy velocities [L/T], 
qs = the volumetric flow rate from sink/sources [T-1]. 
 

We can see that equations (1) and (2) 

θm
∂Cm

∂t
+θim

∂Cim

∂t
= ∇ ⋅ θmD ⋅ ∇Cm( )−∇ ⋅ (qCm ) + qsCs

                     (1) 

 
θim

∂Cim

∂t
= β Cm −Cim( )

                                                                              (2) 

are a form of equation (B.3) that has been expanded to include the immobile porosity 

domain (see the Introduction for full description).   

Particle-tracking is used to simulate transport with MT3DMS in this study.  This 

method introduces a number of imaginary particles into the flow field of the model either 

randomly or according to a fixed pattern, as in this study (Zheng and Wang, 1999).  

These particles are transported according to advection, diffusion, and in the case of the 

dual-domain porosity models (DDM), diffusion between the mobile and immobile 

porosity domain. Changes in concentration are defined by the changes in particle density 

at each cell in the model, and the simulated solute can be added or removed from the 

model domain through user-defined sinks and sources (pumping and injection wells, in 
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our case).  The particle-tracking method provides an efficient solution scheme with very 

little numerical dispersion, and is useful for models where advection is the dominant 

transport mechanism (as it is in the mobile domain of our DDM), and where there are not 

multiple sink/source areas or complex boundary conditions (Zheng and Wang, 1999).  

One drawback is mass balance errors that can be introduced by particle tracking due to 

non-mass conserving Eulerian-Lagrangian solution techniques (Zheng and Bennet, 2002).  

For the models presented here, mass balance discrepancies were below 1%, which is 

acceptable. 



 

 

Appendix C 
 

Expanded Summary of Results 

Model Misfit 

Root-Mean Squared Deviation (RMSD) between field data and model results 

gives us a dimensionless measurement with which we can evaluate model misfit.  RMSD 

is defined as: 

RMSD =
∑i=1

n x1,i − x2,i( )2

n                      (C.1) 

where 

x1 = field data mobile concentration [M3/L], 
x2 = mobile concentration from model results [M3/L], 
i = a vector of times at which x1 and x2 are sampled, 
n = length of vector i [-]. 

 

A higher deviation (higher RMSD) indicates less agreement between our 

concentrations output by our model and data collected in the field for a given location.  

Over the 11-day ASR cycle examined in the work presented here, we choose n=50 times 

where mobile concentration is sampled at well 844 in the field and at the nodes 

representing well 844 in the model grid.  We choose well 844 because it is one of two 

wells (844 and 733) where we observe a strong connection to ASR well 736, as well as 

salinity rebound during storage.  Results for well 733 are similar, so we focus on well 844 

only.  The RMSD presented in Figure C.1A, C.1C, and C.3E, and show misfit over a 
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range of β, θm, and θim, respectively.  These results demonstrate the impact of a parameter 

on model fit.  The best-fit value falls at the minimum RMSD value, except in the case of 

θm (see next section).  The largest RMSD values occur when θm and β are increased 

beyond the best-fit value.  Where the slope between points is flat, this indicates no 

change in model results between parameter values.  This is especially evident at very low 

values of β, where no RLMT is occurring.   

We also present the results of our sensitivity analysis as “relative sensitivities” by 

incrementally varying a given parameter from our best-fit reference value for that 

parameter.  We can imagine our chosen range of parameters in a number of ways.  Below 

is an example of the range of θim values to use in a sensitivity analysis (Table C.2).  We 

can think of our parameter in terms of its absolute value or compared to the best-fit value 

as a percent change.   

We estimate the change in misfit between simulated mobile concentration and 

field data as a result of perturbing the parameter of interest (the three RLMT parameters 

β, θm, and θim).  The relative sensitivity of RMSD for an incremental change in our 

parameter value above or below the reference value is defined as (e.g., Quinones-Aponte 

and Wexler, 1994): 

R =
PVr RMSD − RMSDr( )

RMSDr(PV − PVr)           (C.2) 

where 

R = the relative sensitivity of RMSD to a variation in the parameter, 
PV = parameter value (of β, θm, or θim), 
PVr = reference parameter value (best fit values of β, θm, or θim), 
RMSD = model misfit at PV 
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RMSDr = misfit at our best-fit parameter (PVr), 
 

 This method produces an R value between zero and infinity for each parameter 

value used in the sensitivity analysis.  If RMSD does not change with an incremental 

increase or decrease in PV, R is zero.  This would mean that our model results were the 

same for those two parameter values.  Conversely, if a small adjustment change in our 

PV results in a relatively large change in RMSD, R is large. In this way, we are able to 

see how a parameter influences model misfit relative to the degree to which that 

parameter varies from the best-fit value.  This approach allows us to compare the 

sensitivity of our model to β, θm, and θim in a meaningful way. β, θm, and θim have 

different units associated with them, and their values vary over different absolute ranges, 

so it is useful to compare relative sensitivity to percent change of a parameter from the 

best fit value.  Figure C.1 presents RMSD and R for ranges of β, θm, and θim used in the 

sensitivity analysis.   

The largest R occurs at θm values below our best-fit value (Figure C.1D). This 

tells us that the DDM is most sensitive to θm, since relatively small adjustments in this 

parameter produce the most misfit.  This behavior results from the large rebound in 

salinity that occurs with very small decreases of θm in the DDM below 0.025, due to 

faster transport at low θm/θim ratios. R falls within the same range for all other parameter 

variations, with maximum values between 0.1 and 0.2 for β and θim (Figure C.1D and 

C.3B).  R also tends to decrease or level off as percent change from the best-fit value 

becomes very large.  This tends to occur at large values of β and θm, where we observe 

the smallest R (Figure C.1).  In the case of θim, we observe a decreasing degree of salinity 



65 

 

rebounding during storage at θim values larger than the reference value, resulting in 

unchanging misfit, and low R values. (Figure C.1F). 

Sensitivity Analysis – Mobile Porosity 

Figure C.2 shows the simulated salinity behavior over on ASR cycle over a range 

of θm values.  There is little change at well 844 when θm=0.50 because the bubble of 

injected water is not in communication with this well.  At θm=0.10, we can clearly see the 

three phases of the ASR cycle in the simulated results at well 844 (Figure C.2). When the 

effective mobile porosity is high, the plume of freshwater introduced by the injection well 

has a low maximum radius, as there is more volumetric space into which fluid can flow.  

Thus, the plume does not come into contact with our reference observation well at these 

high θm values.  

Table C.1 lists the RMSD for a range of RLMT parameters used in our sensitivity 

analysis.  As previously noted, there are several reasons for poor model fit, notably poor 

recovery of the salinity rebound during storage, and the late-time data at the end of the 

pumping phase.  We were primarily interested in the storage phase salinity rebound in 

selecting our best-fit parameters, because the storage period salinity rebound observed in 

the field data is the most compelling evidence for RLMT at the Charleston site.  

Consequently, although the DDM matches the storage phase salinity behavior well at 

θm=0.025, the injection and pumping time data are more closely matched when θm=0.03, 

resulting in lower RMSD in the latter case.  Above 0.30, however, we see a rapid increase 
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in misfit (Table C.1, Figure C.2), as the injected freshwater bubble diameter decreases, 

such that it does not come into contact with well 844.   

Calculation of Simulated Efficiencies and Diffusive Length Scales 

Efficiency in this study was determined primarily though imposing an EPA 

secondary drinking water standard on the water recovered during pumping.  Water 

injected by the ASR well (TDS = 160 mg/L) is degraded by mixing with the native 

aquifer water (initial TDS = 3300 mg/L) for all simulated cases in this study.  Although 

water of varying quality is recovered during pumping (generally decreasing over the 

length of the pumping phase), we seek to establish a window of time over which potable 

water according to our standard is recovered.  For a secondary water quality standard of 

500 mg/L TDS, the total time over which we recover water lower than this standard 

determines efficiency. Recovery efficiency (E), then, is defined by: 

E =
tsqp

tiqi             (C.4) 

where 

ts = time over which water below the salinity limit is recovered [t], 
qp = flow rate into the pumping well [L3/t] (constant in the model), 
ti = total length of the injection period [t], 
qi = flow rate out of the injection well [L3/t] (also constant). 

 

In some cases, an ASR well can recover water that is above the secondary standard at the 

beginning of the pumping phase, particularly when salinity in the mobile zone has 
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rebounded significantly around the wellbore during storage, yielding an efficiency of 

zero.  

To relate β to a diffusive length scale, we consider the exchange of solute 

between mobile and immobile fractures in the aquifer similar to open water diffusion.  In 

the case of our DDM, we have concentration rebound occurring as the result of diffusion 

between mobile and immobile porosity domains.  Our model defines the time rate of 

change for solute in the immobile zone as modified from equation (2): 

∂Cim

∂t
=
β Cm −Cim( )

θim                       (C.5) 

where all parameters are the same as in equation (1) and (2).  We consider concentration 

in the immobile zone as the result of transport between two reservoirs of fluid along 

length (l): 

∂Cim

∂t
=
∂
∂l

D ∂Cim

∂l .                      (C.6) 

We have no advection between the mobile and immobile zone, so 

∂Cim

∂l  can be approximated as  
(Cm −Cim )

Δl ;        (C.7) 

therefore, 

β Cm −Cim( )
θim

= D ∂2

∂l2 Cm −Cim( )
.         (C.8) 

D = D* in this case, where D* is the molecular diffusion coefficient [M/L2], so  

β
θim

=
D*
Δl2

.               (C.9) 
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Assuming D* is the open water diffusion coefficient for chloride (Cl-), defined as 

D*=2.032x10-5 cm2/s (Lide, 1998), we can determine a length l.  The range of l for our 

DDM simulations fell between 1 and 10 cm.  This gives us an approximation of the 

fracture aperture length along which RLMT is taking place in the aquifer.  Figure C.3 

provides a schematic representation of processes associated within the bubble of injected 

water.  Dispersive mixing degrades water quality along the edge of the bubble, but also 

within the mobile fracture spaces close to the ASR and observation wells. 

 We performed a sensitivity analysis to determine how our RLMT parameters β, 

θm, and θim impact single-cycle recovery efficiency (TDS limit = 500 mg/L).  This 

analysis was done on the same DDM models used to evaluate RMSD.  Figures C.4A, 

C.4C, and C.4E present the efficiency results for a range of each parameter.  The lowest 

efficiencies occur when β is between 0.1 and 0.5 days-1.  Optimal (highest) efficiencies 

are on the order of 55%, and occur when β is very low, and there is very little solute 

exchange between the θm and θim domains.  Further discussion can be found in the 

Sensitivity Analysis section of this paper.   

Figures C.4B, C.4D, and C.4F present relative sensitivity of single-cycle recovery 

efficiency (TDS limit = 500 mg/L) for β, θm, and θim.  This is calculated in the same way 

as in equations (C.2) and (C.3), except we substitute best-fit efficiency (Er) for RMSDr, 

and the efficiency for each parameter value (E) for RMSD.  It should be noted that Er is 

not the best or highest efficiency, but the efficiency generated by the DDM to which our 

best-fit parameters have been applied.  In this case, R shows the degree to which 

recovery efficiency is sensitive to changes in a given parameter.  The maximum relative 
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sensitivity to efficiency is similar for β, θm, and θim, so no one parameter has an 

overwhelming impact on efficiency results.  The highest relative changes in efficiency 

tend to occur with small variations of β, θm, or θim above or below the best-fit value.  This 

demonstrates that first-cycle efficiencies can be highly variable, and vary greatly over 

small ranges of β, θm, or θim.   

We also evaluate the evolution of recovery efficiency over ten successive ASR 

cycles to determine how RLMT can impact an ASR system over longer time periods.  For 

discussion of multi-cycle efficiencies for the DDM, see the Discussion section.  Figure 

C.5 illustrates ten cycle efficiencies of the SDM over a range of total effective porosities.  

The model used here is based on the idealized homogeneous model, with no 

compartmentalization of the aquifer layer into differing zones.  Although a small range of 

porosities is evaluated, we see a fairly large range of efficiencies.  Efficiency tends to 

improve slightly over the course of ten successive cycles, but it improves markedly as 

porosity decreases.  This disagrees with some previous studies, including Lowry (2004 

and 2006) that found increased efficiency at higher total effective porosities.  The reason 

for this disagreement is most likely the relatively thin aquifer used in the SDM, where a 

large-diameter freshwater lens will have a greater proportion of unmixed fluid.  Because 

the mixing length does not vary between SDM simulations, the width of the mixing zone 

is constant while the total diameter of the injected bubble is variable over a range of 

porosities (Figure C.6). Running SDM simulations over a larger range of aquifer 

thicknesses may help determine the relationship between aquifer thickness and porosity 

in the context of ASR efficiency. 
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Table C.1: Range of θim values used in the sensitivity analysis.  Reference values are in 
bold. 
     Reference θim    
θim value 0.01 0.025 0.1 0.2 0.25 0.3 0.4 0.5 
% change from  
reference θim  -96 -90 -60 -20 0 20 60 100 
RMSD .494 .495 .495 .467 .462 .457 .461 .461 
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Table C.2: Root-mean squared deviation (RMSD) for a range of parameters used in the 
sensitivity analysis.  Note: all other parameters fixed to the values in Table 4.1 unless 
otherwise noted.  
Sensitivity to β Sensitivity to θm  Sensitivity to θim 
β [day-1] RMSD θm  RMSD θim RMSD 
1x10-4 0.489 0.010 0.832 0.010 0.494 
1x10-3 0.483 0.015 0.636 0.025 0.495 
5x10-3 0.489 0.020 0.538 0.100 0.495 
1.2x10-2 0.461 0.025 0.461 0.200 0.467 
1x10-2 0.467 0.030 0.434 0.250 0.461 
5x10-2 0.621 0.050 0.601 0.300 0.457 
0.1 1.000 0.100 0.915 0.400 0.462 
0.5 1.410 0.200 1.390 0.500 0.462 
  0.500 2.363   
 

 

 

 

 

 

 

 

 

 

 



72 

 

 
 
 
 
 
 

 

 

 

 

 

 



73 

 

Figure C.1: (A) RMSD between DDM mobile concentration (as TDS) and field data at 
observation well 844 for a range of β values, defined with all other parameters fixed to 
values given in Table 4.1.  At small β values, misfit does not change because solute 
exchange between the mobile and immobile domains is too slow to affect the model 
results.  Model fit is increasingly poor at β values larger than the reference value.  (B) 
The sensitivity of RMSD to perturbations in β, where relative sensitivity (R) is defined 
by equation C.2, shows misfit is sensitive to β close to the reference value, but less so at 
large perturbations from this value, where mixing does not occur or occurs 
instantaneously between the mobile and immobile domains.  (C) RMSD for a range of θm  
values demonstrates larger misfit at high θm values, where the small-diameter lens of 
injected water does not come into contact with well 844.  (D) Relative sensitivity of 
misfit to θm demonstrates the largest R values of the sensitivity analysis at small 
perturbations in θm less than the reference value.  This is due to the large salinity 
rebounding that occurs over a narrow range of θm.  (E) RMSD for a range of θim values 
shows that RMSD does not vary as greatly in this case compared to (A) and (C), but does 
increase at low θim values, where there is no or limited salinity rebounding during 
storage.  The chosen reference value of θim does not generate the lowest RMSD, in this 
case.  The chosen value replicates the storage period behavior best, despite having 
increased misfit at other times.  The discrepancy between the lowest RMSD and our 
chosen reference RMSD is acceptable given the emphasis of this study on storage period 
salinity rebounding.  (F) Relative sensitivity of misfit to θim shows that R peaks when θim 
is perturbed 50% lower than the reference value.  This indicates the range of θim over 
which salinity rebounding, and the resulting misfit, is most sensitive to perturbations in 
θim.  
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Figure C.2: Sensitivity of mobile concentration DDM results to adjustment of θm over 
one full ASR cycle.  RMSD values are shown for each simulation (in parentheses), with 
higher RMSD indicating greater misfit to salinity data.  Greater salinity rebound occurs at 
lower θm.  When θm approaches 0.50, we see no response to the ASR cycle, since the 
small diameter plume of injected water at high θm does not come into contact with our 
reference observation well.     
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Figure C.3: (A) A schematic map-view representation of fractured brackish aquifer into 
which fresh water has been injected and stored, showing the fresh water bubble (1), 
dispersive mixing zone (2), and unmixed aquifer (3).  Water has been injected through 
the ASR well, and an observation well (OW) exists within the unmixed fresh water 
bubble.  (B) Under RLMT conditions, diffusive mixing may also occur within the 
freshwater bubble at the interface of fractures carrying mobile fresh water and poorly-
connected immobile fractures.  The length along which this mixing occurs is the diffusive 
length scale (l).  This may also contribute to salinity rebounding at wells contained within 
the fresh water bubble during storage. 
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Figure C.4: Single-cycle recovery efficiency (TDS limit = 500 mg/L) of the DDM for a 
range of β values (A), is defined with all other parameters fixed to values given in Table 
4.1.  Optimal efficiencies occur at the lowest β values, where there is no diffusive mixing 
degrading recovered water quality.  Efficiency is lowest between 0.1 and 1.0 day-1, and 
improves the mobile and immobile domain become instantaneously mixed.  Relative 
sensitivity of efficiency to β, (B), where relative sensitivity (R) is defined by equation 
C.3, shows R is highest in the vicinity of the reference β value, indicating that 
efficiencies are highly sensitive to small perturbations of β in this range.  Single-cycle 
efficiency over a range of θm values, (C) and relative sensitivity of efficiency to θm, (D), 
demonstrates efficiencies that are relatively insensitive to perturbations in θm, except at 
θm values slightly below the reference value.  As θm deceases, the amount of rebounding 
increases during storage, so that the initially recovered water at the ASR well when 
pumping commences has been degraded more than if there was little or no rebounding.  
Single-cycle efficiencies for a range of θim values, (E), show evidence that efficiency is 
degraded as θim increases over the entire range of evaluated here.  This reflects the greater 
degree of rebounding that occurs during storage θm/θim ratio decreases. As is the case for 
β, relative sensitivity of efficiency to θim, (F), shows the highest R values occur in the 
vicinity of the reference value, indicating the sensitivity of efficiency to θim caused by the 
changes in salinity rebound during the storage period that occurs as θim is perturbed. 
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Figure C.5: Ten-cycle efficiencies for the SDM over a range of θe values.  500 mg/L 
TDS efficiency standard used for all models.  All parameters fixed to Table 4.1, except β 
is fixed at 0.5 day-1.  Overall, efficiency decreases as the porosity increases, and the 
diameter of the injected freshwater bubble decreases. Even though the diameter of the 
bubble is small at very high porosities, the diameter of the dispersive mixing zone at its 
edge remains the same, so that a larger percentage of the total volume of mobile pore 
fluids in the disc-shaped lens of injected water become mixed, lowering recovery 
efficiency (see Figure C.5).    
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Figure C.6: Explanation of results presented in Figure C.5.  A schematic aquifer with (A) 
relatively high porosity and (B) relatively low porosity into which fresh water has been 
injected, displacing native saline aquifer water.  In the SDM, total effective porosity 
determines the diameter or width of the injected bubble of fresh water.  In simulations 
where the width of the mixing zone (determined by longitudinal dispersivity), the 
thickness of the aquifer, and the total volume of injected water are fixed, a large diameter 
bubble (B) will have a larger volume of unmixed water compared to a small diameter 
bubble (A).  Because less of the total volume of injected water is degraded by dispersive 
mixing during storage, the efficiency of (B) will be higher. 
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Appendix D 
 

Definition of Terms 

Table D.1: Explanation of abbreviations. 

Abbreviation Description 
ASR Aquifer Storage and Recovery: the process by which water 

is injected into subsurface aquifers to be recovered later, 
often at the same wellbore. 

 
RLMT Rate-Limited Mass Transfer: in heterogeneous geologic 

material, where all advective solute transport occurs within 
mobile pore spaces, diffusive transport occurs between this 
mobile domain and one or more immobile porosity 
domains. 

 
BM/SL The Black Mingo/Santee Limestone aquifer: a confined 

fractured bedrock aquifer below Charleston, SC that has 
been targeted for ASR development. 

 
SDM Single-porosity domain model: a transport model under 

which advection and dispersion processes alone are 
responsible for solute transport. 

 
DDM Dual-porosity domain model: a transport model that defines 

a mobile and immobile porosity domain between which 
solute is exchanged according to a first-order rate law.  This 
model is used to simulate RLMT processes. 
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Table D.2: Definition of variables. 
Variable  Dimension
C or Ct Total concentration of solute 

 
M/L3 

Cm Solute concentration of mobile domain 
 

M/L3 

Cim Solute concentration of immobile domain 
 

M/L3 

Cs Solute concentration of source/sinks 
 

M/L3 

D Dispersion coefficient 
 

L2/T 

D* Molecular diffusion coefficient 
 

M/L2 

h Hydraulic head 
 

L 

K Hydraulic conductivity 
 

L/T 

l Open-water diffusive length 
 

L 

PV Parameter value (of θm, θim, or β) 
 

-, -, or T-1 

PVr Reference parameter value (best fit β, θm, or θim) 
 

-,-, or T-1 

q The vector of Darcy velocities 
 

[L/T] 

qs The volumetric flow rate from sink/sources  
 

[T-1] 

R The relative sensitivity of RMSD to a variation in the 
parameter (θm, θim, or β) 

 

- 

R A source/sink term 
 

L3/T 

Ss Specific storage 
 

L-1 

t Time 
 

T 

β Mass transfer coefficient (DDM only) 
 

T-1 

θim   Porosity of immobile domain (DDM only) 
 

- 

θm  Porosity of mobile domain (DDM only) 
 

- 

θt 
 

Total porosity (θm + θim) - 
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θe  Total effective porosity - 
 


