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For the sake of clarity, the original comments are shown in italic, while our replies are bold 
Arial. 
 

Anonymous Referee #1 
 
This paper deals with the application of cross-hole ERT to monitor a freshwater injection 
experiment in a highly saline aquifer. A numerical model of plume migration and its 
comparison with the ERT results are also presented. The paper is well written and clear, 
although some figures could be enlarged and improved (see below) to help the reader. 
 
We thank Referee #1 for his/her comments. We found the comments constructive and 
accepted nearly all of them. They helped to improve the manuscript. 
 
Minor comments 
 
Improve quality of figure 3 
 
We improved the figure quality for the revised version of the manuscript. In particular 
we used different symbols for different curves. 
 
Line 235 Cumulated sensistivity, how to choose the limit 
 
An objective choice for a threshold, that identifies zones where “reliable” vs 
“unreliable” ERT imaging, is not feasible. In a more qualitative manner one can 
assume, empirically, that a cumulated sensitivity clearly below 1e-3 leads to weak 
imaging. We added a statement in this respect to the revised manuscript. 
 
Figure 5 Especify that is shown only after 5 m depth and why 
 
We extended the figure to show also the unsaturated zone. Initially that part was not 
shown as the focus of the paper is entirely on the saturated zone. 
 
Figure 6 show also the image for the plane 1-5-3 to see if there are 3D structures or 
anysotropy in the area 
 
We added the image relevant to the other plane. As shown, the system is apparently 
fairly homogeneous in the lateral directions.  
 
Figure 7 Show the position of injection chamber. Make the figure bigger It is clear from the 
figure that there should be some 3D effects or anisotropy. 
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The figure has been changed according to the referee’s comments. Yet, we do not 
quite agree that there are important 3D effects to be considered. Most of the features 
of the injected water bulb are noticeable along the vertical direction.  
 
Line 370. I do not understand which is the fine material. It is the clayley or the clay-silts and 
in figure 2 ? I think that you refer to the last one, but could you made this more clear in the 
test? There are not any evidences of this layer in the initial electrical model. 
 
The clay-silt layer we refer to is between 10.5 and 11.5 m depth. We specify this in the 
text of the revised manuscript. Yet, the layer is not visible per se in the ERT images, as 
the electrical conductivity of the pore water overwhelms the lithology contrasts. 
However, the effect of the layer is visible in the time-lapse imaging due to its hydraulic 
effects. 
 
Figures 10 and 11. Please make them bigger and mark the location of the injection 
chamber as well the fine material. 
 
We enlarged the figures and inserted also the injection chamber in the revised version 
of the manuscript. 
 

Anonymous Referee #2 
 
In general the structure of the article is quite good, but sometimes it is a bit repetitive, so I 
think the text should be reviewed to avoid this. In my opinion in the introduction, the 
objective, (what is new or what you want to demonstrate) should be much clearer. It seems 
the writer is not being clear about what he wants to achieve, consequently, the idea of what 
is going to be developed in the following points is too superficial. 
 
The conclusions are a bit weak, they should be improved. 
 
We partly agree with the reviewer. Introduction, discussion and conclusions have 
been tided up to focus more clearly on the assumptions, aims and results of the study. 
 
Line 26: From my point of view, I do not agree when you say that what is presented in this 
paper is a methodology, in any case it could be called demonstration or application (see Line 
507, when you are saying that the objective of the study was to assess, in my opinion this 
makes more sense) 
 
Maybe the term “methodology” may sound too formal and may be seem to refer to 
something fully coded. In this respect, we agree with the referee. The paper presents a 
possible approach to this type of problems, with no ambition to construct a formal 
methodology. This is now made clearer in the revised paper.  
 
Lines 114-116: Here you are saying which is the goal of the article, what is correct, but, I 

think as I said above, that it is not clear what’s new, what you are offering new to this field of 

study. Please, be more precise to capture reader’s interest. 

 

In the revised paper we made the statements clearer and the focus better defined.  

 

Line 116: When you say: ’Accurate numerical modelling’, I do not know what you mean with 
this, then you are not specifying anything about it. 
 
Details are given in the ensuing text. 
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Line 151: When you are referring to figure 3, you are not describing the type of injection 
realized (freshwater or saltwater, volume or time of injection) in the text or in the figure’s text. 
Then you describe it in the next point 2.2, but if you are doing a reference to the figure 
(injection evolution) before, you should describe the injection in the point 2.1 or you can put 
the figure then, in the point 2.2, or if you prefer you can do a better description of the figure in 
the text of it. 
 
We have fixed the order problem  in the revised version of the manuscript. 
 
Line 153: In my opinion, when you are saying ’to a depth of 7.5 m the water electrical 
conductivity is about 2 S/m’ the value is not correct or at least, it does not correspond to the 
graphic in the figure 3, where it seems it is 6.5 m, so, which one is correct? The text or the 
figure? 
 
This has been fixed in the revised manuscript. The figure is correct, of course. 
 
Line 306: I have seen in several sentences like this (line 32), that you refer to a simulator and 
then you indicate the reference of the article, I suggest, that if the code used has a name, it 
should be indicated, it will be easier to the reader find it, if he/she is interested on it or has a 
doubt about how it works. 
 
The code is a research code, not a commercial product. So it has no name. The 
application of this code is one of the novel aspects of the paper. 
 
Line 332: When you say ’the best compromise between mesh resolution and computational 
effort’, I would like to know how you know that, have you done some checking to decide it? I 
think that if you are not giving data about that affirmation, you should avoid it. 
 
While there has been no specific numerical study conducted solely to define in 
absolute terms the “best” compromise between resolution and computational time, we 
can safely state that the one adopted is a “good” compromise. So it is now stated in 
the revised paper. 
 
Line 379: I think the sentence: ’This is not surprising’ is not necessary, I would remove it. 
 
We changed this in “it is expected”. Maybe the meaning is clearer in this manner. 
 
Line 448: I have a question about your sentence here: Why was not possible to entirely stop 
the freshwater injection in your simulation? It sounds not good, it is really strange. Your code 
should give you the possibility of doing that, in any case you have an important problem. 
 
The boundary condition is imposed as a Dirichlet (head) condition so flux is computed 
depending on the applied head. We applied the head as actually measured in the 
injection tank. Consequently, the flow is never zero, not even at the end of the 
experiment. This is definitely not a problem, as it reproduces reality. The original 
statement in the paper was misleading, it has been corrected now.  
 
 
Line 471: When you say: see Section 4.4, I think there is an error, I cannot find that section. 
 
This is a mistake; this shall refer to the moment analysis section which is section 3.3. 
We changed this in the revised version of the manuscript. 
 
Line 540: Review some sentences, for example in this case, this sentence it seems not to be 
correct ( I think it should be more like: among these, there are.... , or do you want to say 
other thing? It is confusing) 
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We changed the sentence as suggested.  
 
Figure 4: When you describe the dipole-dipole measurement, I have a doubt, in the picture, 
you are indicating that both dipoles are in the same borehole, but if I read the text of the 
same picture you are saying the contrary. So, both things should be concordant. 
 
The text and the figure are not in contradiction.  
 

Anonymous Referee #3 
 
The paper addressed the application of time-lapse crosshole ERT imaging to monitor the 
injection of freshwater into a hypersaline aquifer. In addition, a coupled numerical flow and 
transport simulation was performed to produce synthetic ERT data that were later compared 
with field data. The work is within the scope of HESS journal since the problem was dealt in a 
multi-disciplinary manner. Moreover, this study may contribute to understanding complex 
saline-freshwater interactions, specially in the context of freshwater storage within brackish 
or salty aquifers. 
 
The overall presentation is very good, the language is fluent and easy to read. The used 
methodologies were correctly applied and authors demonstrated a deep knowledge about it. 
In fact, I consider that applied methodology is proper to this kind of problem. The title clearly 
reflects the contents of the paper and the abstract provide a complete summary of the study. 
In addition, the experiment is sufficiently described to allow reproduction. The methodology, 
results and discussion are supported by high quality bibliography. In general, the structure of 
the article is good but it seems that many results are included within the methodology. I 
suggest to move all the results to Results and Discussion section.  
 
We thank Referee #3 for his/her comments and effort. We believe that thanks to these 
comments, the manuscript can be improved. We accepted nearly all suggestions. In 
particular we tried and moved all results in the Results and Discussion section. 
 
Below, the part that should be moved 
173-182: This is the result of a measurement. I suggest to move to result section. 
 
We moved this part ito the section “ERT imaging results”. 
 
233-238: the results of sensitivity analysis should be moved to results. Also Figure 5. In 
addition, what electrode configuration (dipole-dipole, bipole-bipole) does sensitivity 
distribution refer to? (229-238)  
 
The sensitivity analysis has its role in the inversion section. It refers to the whole, 
filtered dataset, including dipole-dipole and bipole-bipole. This is now stated clearly. 
 
258-293: These are the results of time-lapse ERT imaging. Move to results. Moreover, to 
support the statements regarding the sensitivity of different electrode configuration, both 
(dipole-dipole and bipole-bipole) sensitivity analysis may be provided in figure 5.  
 
The time-lapse imaging is already in the Results section.  We computed the overall 
sensitivity of the entire configuration made of both dipole-dipole and bipole-bipole. We 
feel that going in more details with this would be out of scope for this paper. 
 
288-289: Why resistivity background image does not “detect” the layer of finer sediments. 
Likely, the high water conductivity masks resistivity variations due to lithology. But this fact 
should be addressed.  
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The conjecture is correct – we now state it clearly, see also replies to Referee #1. 
 
276-277: What is the explanation for “only a gradual change to higher resistivities in the 
upper part just below the water table can be seen”? Why the transition zone has this large 
thickness? Since the sediments above water table are mainly within sand fraction, the 
influence of capillary zone should be negligible. What is the water content of the unsaturated 
zone?  
 
Probably this is also due to the smoothness-constraint characteristics of the inversion 
code. However, we see also a decrease of the electrical conductivity in the 
conductivity log in figure 2. We discuss it now explicitly at this point of the 
manuscript. 
 
362: This sentence is part of the results.  
 
This is a comparison between the simulated and real boundary conditions, so it is not 
quite a “result” of the study as a whole, but rather a demonstration of how the 
modelling exercise was set up. 
 
371-387. These paragraphs, with their respective figures, should be moved to results. 
 
This part has been moved to the results in the revised paper. 
 
Some other comments: 
 
369-371: How were the hydraulic conductivities of the different scenarios selected? Were 
they manually calibrated? Please, clarify. 
 
Yes, they were manually calibrated. We have added a sentence to this effect in the 
revised version of the manuscript. 
 
477-478: “Considering the extreme salinity observed at the site, this is not surprising”. I’m not 
sure about the validity of this affirmation. In fact, Archie’s law better describe electrical 
conductivity-salinity relationship in saline to hyper saline conditions. Perhaps, the choice of a 
unique formation factor (F) value is one of the reasons for the total mass underestimation by 
ERT field data. 
 
The real issue is to what extent are these standard Archie’s law parameters applicable 
in the case of hyper-saline aquifers, where even linearity of Ohm’s law is at risk. We 
changed the sentence here, and made the consideration clearer. 
 
Figures:  
 
Fig. 2. The patterns in the lithology channel should be more contrasting. Please, make wide 
the line in the Fine fraction, porosity and electrical conductivity logs.  
 
The figure has been changed. 
 
Fig. 3. Please, change the symbols for different conductivity logs. The same for Fig. 13 Figs 
7, 10, 11 and 13 should be enlarged. 
 
The quality and size of the figures in the revised version of the manuscript have been 
improved. 
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Fig. 10: Why do x-coordinates for modeling results differ from those in figs. 7, 11 and 12? 
The coordinates should be the same? In relation to this, the 3D mesh in Fig 8 should include 
coordinates and the position of boreholes. 
 
The difference depends on the different grids used in the simulations and in the ERT 
inversion. However the Referee is right that this is confusing. So we have used the 
same coordinate system for all figures in the revised paper. 
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Abstract 21 

Saline-freshwater interaction in porous media is a phenomenon of practical interest 22 

particularly for the management of water resources in arid and semi-arid environments, 23 

where precious freshwater resources are threatened by seawater intrusion and where storage 24 

of freshwater in saline aquifers can be a viable option. Saline-freshwater interactions are 25 

controlled by physico-chemical processes that need to be accurately modelled. This in turn 26 

requires monitoring of these systems, a non-trivial task for which spatially extensive, high 27 

resolution non-invasive techniques can provide key information. In this paper we present the 28 

field monitoring and numerical modelling components of an approach methodology aimed at 29 

understanding complex saline-freshwater systems. The methodology approach is applied to a 30 

freshwater injection experiment carried out in a hyper-saline aquifer near Cagliari (Sardinia, 31 

Italy). The experiment was monitored using time-lapse cross-hole electrical resistivity 32 

tomography (ERT). To investigate the flow dynamics, coupled numerical flow and transport 33 

modeling of the experiment was carried out using an advanced 3D density-driven flow-34 

transport simulator. The simulation results were used to produce synthetic ERT inversion 35 

results to be compared against real field ERT results. This exercise demonstrates that the 36 

evolution of the freshwater bulb is strongly influenced, not surprisingly, by the system’s 37 

(even very mild) hydraulic heterogeneities. The study example also highlights how the joint 38 

use of the value of the ERT imaging field data at imaging the freshwater bulb behavior, as 39 

well theand gravity dependent flow and transport modelling value of the modelling results 40 

give fundamental information for this type of studiesat interpreting these data. Further steps 41 

towards a quantitative integration of monitoring and modelling tools are discussed.  42 

Keywords: Electrical resistivity tomography; Density-driven flow; Freshwater injection; 43 

Hyper-saline; Cross-hole ERT; Flow and transport modeling 44 

45 
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1. INTRODUCTION 46 

Multiphase flow in porous media has been the subject of intensive study for many decades, 47 

motivated, amongst other factors, by important economic considerations linked to the 48 

petroleum industry. Another field where interaction of pore fluids having different physical 49 

properties is particularly important is saline-freshwater systems. In this case, important 50 

density and viscosity differences between saline and fresh waters control the relative motion 51 

and mixing of the two phases. Characterizing and modelling these coupled flow and transport 52 

phenomena is a very challenging task, particularly in the presence of the hydraulic 53 

heterogeneities always present in natural porous media (e.g. Werner et al., 2013; Ketabchi et 54 

al., 2016).  55 

The most common situation where saline-freshwater systems have practical environmental 56 

and socio-economic implications is related to seawater intrusion in coastal aquifers, often 57 

exacerbated by overexploitation of groundwater, particularly in arid and semi-arid regions 58 

such as those surrounding the Mediterranean basin (e.g. Kallioras et al., 2010; Rey et al., 59 

2013; Dentoni et al., 2015). Another context where the study of saline-freshwater interactions 60 

is highly important is the injection and storage of freshwater in brackish or salty aquifers for 61 

later use in agriculture or for domestic purposes, also known as aquifer storage and recovery 62 

(ASR;- e.g., Pyne, 1995; Dillon, 2005).  63 

Many studies of density-dependent flow and transport phenomena in porous media have been 64 

conducted over the past decades (e.g. Gambolati et al., 1999; Simmons et al., 2001; Diersch 65 

and Kolditz, 2002). Instabilities and fingering can take place when denser  water overlies 66 

lighter water (e.g., Simmons et al., 2001). Ward et al. (2007) give an introductive literature 67 

review on density-dependent modeling, with a particular focus on ASR. The first studies on 68 

the injection of freshwater into a saline aquifer were performed by Bear and Jacobs (1965) 69 
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and Esmail and Kimbler (1967). The latter investigated the tilting of the saltwater-freshwater 70 

interface, a phenomenon known as “buoyancy stratification”. More recent studies have 71 

analyzed the efficiency of ASR for both field and synthetic cases (e.g., Kumar and Kimbler, 72 

1970; Moulder, 1970; Kimbler et al., 1975; Ward et al., 2007, 2008; Lu et al., 2011; Zuurbier 73 

et al., 2014). Ward et al. (2008) conducted a numerical study to evaluate the efficiency of 74 

ASR under density-dependent conditions with anisotropy and heterogeneity of high and low 75 

permeable layers. Van Ginkel et al. (2014) studied the possibility to extract saltwater below 76 

the freshwater injection to prevent the freshwater from floating upwards. Alaghmand et al. 77 

(2015) investigated fresh river water injection into a saline floodplain aquifer and developed 78 

a numerical model  for the optimization of injection scenarios. 79 

The behavior of saline-freshwater systems becomes increasingly complex with larger density 80 

and viscosity contrasts. To date, very little research has been done on the effects of 81 

freshwater injection in highly saline aquifers that can reach total dissolved solids (TDS) 82 

concentrations of 100 g/l. Understanding these complex systems is limited not only by the 83 

need to develop non-trivial coupled flow and transport models but also by the scarce 84 

availability of effective monitoring techniques. The latter are, under field conditions, 85 

typically limited to borehole measurements that can only provide point information in 86 

spatially heterogeneous hydraulic systems with time-changing salt concentrations.  87 

As in many other subsurface characterization problems, a major contribution can be made by 88 

non-invasive, spatially extensive, geophysical techniques. In particular, electrical and 89 

electromagnetic methods are very suitable in the context of saline-freshwater interactions, 90 

since electrical conductivity varies over orders of magnitude depending on solute 91 

concentrations. While the use of these methods is common in seawater intrusion studies (e.g., 92 

Goldman and Kafri, 2006; Nguyen et al., 2009)., only few studies have used geophysics to 93 

monitor ASR experiments. Davis et al. (2008) used time-lapse microgravity surveys to 94 
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monitor the utilization of an abandoned coal mine as an artificial ASR site. Maliva et al. 95 

(2009) investigated the use of geophysical borehole logging tools applied to managed aquifer 96 

recharge systems, including ASR, to improve the characterization of aquifer properties. 97 

Minsley et al. (2011) developed an integrated hydrogeophysical methodology for the siting, 98 

operation, and monitoring of ASR systems using electrical resistivity, time-domain 99 

electromagnetics, and seismic methods. Parsekian et al. (2014) applied geoelectrical imaging 100 

of the subsurface below an aquifer recharge and recovery site alongside with hydrochemical 101 

measurements to identify preferential flow paths. 102 

A major step forward in saline-freshwater systems monitoring can be made by improving the 103 

efficiency of advanced geophysical techniques, and electrical tomographic methods in 104 

particular. Electrical resistivity tomography (ERT) is widely used today in hydrogeological 105 

and environmental investigations. Often applied in  tracer studies (e.g., Kemna et al., 2002; 106 

Vanderborght et al., 2005; Cassiani et al., 2006; Doetsch et al., 2012), ERT is a natural choice 107 

for saline-freshwater interaction monitoring, given the correlation between the salinity of a 108 

pore fluid and its electrical conductivity. Time-lapse ERT, where only the changes in 109 

electrical conductivity over time are imaged (e.g., Kemna et al., 2002; Singha and Gorelick, 110 

2005; Perri et al., 2012), can be especially effective in tracking dynamic processes. Whereas 111 

tracer studies are typically designed with injection of a saline tracer into fresh surrounding 112 

groundwater, only very few studies have dealt with the inverse case of freshwater injection 113 

into a saline formation. For instance, Müller et al. (2010) conducted tracer tests using also a 114 

less dense tracer with lower electrical conductivity than the ambient groundwater, monitored 115 

with ERT.  116 

The goal of this study is to present a general approach methodology for the characterization, 117 

monitoring, and modelling of complex saline-freshwater systems, based on the combination 118 

of non-invasive techniques and accurate numerical modelling. To our knowledge, no such a 119 



6 
 

comprehensive hydro-geophysical approach concerning freshwater injection in saline 120 

aquifers has been presented so far in the scientific literature, thus we believe this case study 121 

can be very useful as a starting point for other, more comprehensive methodogical testing.  In 122 

this study wWe limit ourselves to integrating field data and modelling in a loose manner, with 123 

no aim at this stage to develop a full data assimilation framework, as implemented elsewhere 124 

for simpler systems (e.g., Manoli et al., 2015; Rossi et al., 2015). The key message that can 125 

be derived from the joint use of advanced field techniques and advanced numerical modeling 126 

is nonetheless apparent in the presented methodologycase study, and more complete 127 

assimilation approaches are possible provided that the advantages and limitations of the 128 

individual components (data and models) are fully understood as shown in the present paper. 129 

The approach methodology is presented in the context of a case study where we injected 130 

freshwater into a hyper-saline aquifer in the Molentargius Saline Regional Park in southern 131 

Sardinia, Italy. The experiment was monitored using cross-hole time-lapse ERT. To 132 

investigate the mixing processes, the resulting ERT images are compared with the results of a 133 

synthetic numerical study of the same experiment. We consider here both homogeneous and 134 

heterogeneous (layered) systems . For a quantitative comparison between the field and 135 

synthetic studies, spatial moments of the freshwater bulb are calculated.  136 

2.  FIELD EXPERIMENT 137 

2.1 Site description 138 

The Molentargius Saline Regional Nature Park is located west of Cagliari in southern 139 

Sardinia, Italy (Figure 1). The park is a wetland situated very close to the coastline. The 140 

exceptional nature of the site is given by the presence of both freshwater and salty water 141 

basins separated by a flat area with mainly dry features (called ‘Is Arenas’). The freshwater 142 
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areas include two ponds that originated as meteoric water retention basins. The salty water 143 

areas include the stretches of water of the former system of the Cagliari salt pans. 144 

The park area is characterized by an anoligo-miocenic sedimentary succession of some 145 

hundreds of meters (Ulzega and Hearty, 1986) overlaid by pleistocenic deposits of marine 146 

and continental origin and by alluvial and offshore bar deposits whose origin is still debated 147 

(Coltorti et al., 2010; Thiel et al., 2010). This ongoing scientific debate has implications for 148 

the comprehension of the phenomenon of hyper-saltiness of the park groundwater. 149 

The specific site of investigation is located in the flat dry area within the park (Is Arenas, 150 

Figure 1c). The water table of the unconfined aquifer is stable at 5.2 m below ground surface 151 

(b.g.s.), and practically no lateral groundwater flow and also no tidal effects are evident. The 152 

sediments are composed mostly of sands, with thin layers of silty sand, clayey sand, and silty 153 

clay (Figure 2). The groundwater reaches salinity levels as high as three times the NaCl 154 

concentration of seawater. Such high salt concentration is likely the long-term legacy of 155 

infiltration of hyper-saline solutions from the salt pans dating back, in this area, to Roman 156 

times. Electrical conductivity fluid logs (see Figure 3) recorded in boreholes allowed two 157 

zones to be discriminated, with a transitional layer in between: (1) from the water table to a 158 

depth of 6.5 m the water electrical conductivity is about 2 S/m; (2) below 12 m depth the 159 

water electrical conductivity reaches 18.5 S/m. Note that Figure 3 also reports the time-lapse 160 

evolution of the vertical electrical resistivity profile as a result of the freshwater injection 161 

described in the following section. 162 

2.2 Freshwater injection 163 

Five boreholes for ERT measurements were drilled with 101 mm inner diameter to a depth of 164 

20 m and positioned in the shape of a square with 8 m sides (4 corner boreholes) and one 165 
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borehole at the center (Figure 1b). All boreholes are equipped with a fully screened PVC pipe 166 

(screen with 0.8 mm size).  167 

In November 2011 19.4 m
3
 of freshwater with an electrical conductivity of 0.03 S/m, stored 168 

in a tank, was injected into the saline aquifer. This was done through the central borehole 169 

using a double packer system with an injection segment of 1 m length. The injection chamber 170 

was set between 13 m and 14 m b.g.s. The injection rate was entirely controlled by the natural 171 

pressure gradient, given by the water head in the tank and the depth of injection (i.e., 13 m to 172 

14 m b.g.s. plus 2 m head in the tank above the surface). The natural pressure gradient 173 

provided for an initial injection rate of 0.5 l/s. However, during injection (after about 1.5 h) 174 

this rate immediately rose to a rate of about 2.75 l/s. We assume that this was due to a 175 

clogging of the backfill material which was “de-clogged” after 1.5 h. In total, discharging the 176 

tank took about four hours.  177 

During the experiment, the water table as well as the electrical conductivity and the 178 

temperature of the borehole fluid were measured manually in all five boreholes. The water 179 

table rose about 1.5 m in the injection borehole and about 0.2 m in the surrounding four 180 

boreholes. The electrical conductivity log of the central borehole before, during, and after 181 

injection is shown in Figure 3. It can be observed that during injection (i.e., about 1 h after 182 

start of injection), the saltwater in the borehole was pushed up by freshwater. Shortly after 183 

injection stopped (5 h after start of injection) the freshwater filled the entire borehole length, 184 

whereas it is visible that the saltwater already entered the borehole in the bottom part (at 185 

about 16 m depth) and made its way upwards. One day after the injection experiment, the 186 

fluid electrical conductivities  in the central borehole were practically back to their initial 187 

values, with small differences between 8 m and 14 m depth still visible. The electrical 188 

conductivities of the fluid in the four corner boreholes showed only small changes that 189 

nonetheless indicate that part of the freshwater bulb also reached the outer boreholes. 190 
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 191 

2.3 ERT monitoring 192 

The direct electrical conductivity measurements described in the previous subsection 193 

correspond to the data that would be available as a result of a standard monitoring plan, and is 194 

highly insufficient for drawing any conclusions concerning the processes that take place 195 

during and after freshwater injection. The available dataset was great enriched by ERT 196 

measurements, described below.  197 

Data acquisition 198 

Time-lapse ERT monitoring was applied during the injection experiment in order to image 199 

the developing freshwater bulb, “visible” thanks to its lower electrical conductivity compared 200 

to the surrounding saltwater. Each borehole bears externally to the casing 24 stainless steel 201 

cylindrical electrodes, permanently installed from 0.6 m to 19 m depth with 0.8 m separation, 202 

with the exception of the central borehole where the first electrode is placed at the surface 203 

and the last at 18.4 m depth. ERT measurements were carried out in a 2D fashion, along two 204 

vertical planes diagonal along the boreholes, i.e., one plane was using the borehole numbers 205 

1, 5, and 3 and the second plane the borehole numbers 2, 5, and 4 (see Figure 1b), thus 206 

making use of 72 electrodes per plane. This choice, in contrast to a full 3D acquisition, was 207 

predicated on minimizing the acquisition time, given that the freshwater/saltwater movement 208 

was expected to be relatively rapid. 209 

The ERT measurements were conducted using a Syscal Pro and adopting different 210 

configuration setups, consisting of in-hole dipole-dipole measurements in a skip-zero mode 211 

(i.e., adjacent electrodes form a dipole) and cross-hole dipole-dipole (hereafter referred to as 212 

bipole-bipole) measurements (Figure 4). Measurements were collected in normal and 213 
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reciprocal configurations (i.e., exchanging the current and potential dipoles) for estimation of 214 

data errors. . The acquisition for one complete measurement frame (consisting of roughy 215 

7,300 individual readings) required about 40 minutes.  216 

ERT data were acquired in a time-lapse manner to investigate the changes over time caused 217 

by the electrical conductivity changes of the developing freshwater bulb within the saline 218 

aquifer. The first time step, T0, was acquired before the start of injection in order to compare 219 

the following individual time steps with the background image. These were measured on the 220 

day of injection, one day after injection, and five days after injection. 221 

Data processing and time-lapse ERT inversion 222 

Due to technical errors (such as bad connection of electrodes, problems with power supply) 223 

and varying data quality, the ERT data were processed prior to inversion. In particular, data 224 

having a misfit larger than 5% between normal and reciprocal readings were removed.  225 

The temperature difference between the groundwater (21 °C) and the injected freshwater 226 

(18 °C) was relatively small. Changes in electrical conductivity due to temperature effects are 227 

in this case about 5% (see, e.g., Sen and Goode, 1992). Compared to the variation in 228 

electrical conductivity between the two fluids, which is about three orders of magnitude, the 229 

temperature effect is considered negligible.  230 

The ERT field data from the freshwater injection experiment were inverted using the 231 

smoothness-constraint inversion code CRTomo. A full description of the code is given by 232 

Kemna (2000). In the inversion, the data errors are represented according to a linear model 233 

expressed as  = a/R+b, where 𝑅 is the measured electrical resistance. For the case at hand 234 

the error parameters 𝑎 (absolute) and 𝑏 (relative) were set to 0.0001 Ω𝑚 and 10%, 235 

respectively. 236 
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Resistivity images exhibit a variable spatial resolution (e.g., Ramirez et al., 1995; Alumbaugh 237 

and Newman, 2000; Nguyen et al., 2009). A useful indicator for this variation is the 238 

cumulative sensitivity 𝐬 (e.g., Kemna et al., 2002; Nguyen et al., 2009). The sensitivity 239 

indicates how a change in electrical resistivity of a certain model cell affects a transfer 240 

resistance measurement. Analogously, the cumulative sensitivity quantifies the change of a 241 

complete dataset to a changing model cell, and its analysis is an important step in the 242 

inversion process. Note that an objective choice for a threshold, that identifies zones where 243 

“reliable” vs “unreliable” ERT imaging, is not feasible. In a more qualitative manner one can 244 

assume, empirically, that a cumulated sensitivity clearly below 1e-3 leads to weak 245 

imaging.Figure 5 shows exemplarily the cumulative sensitivity distribution for the inversion 246 

of one dataset (image plane boreholes 1-5-3 at time T0, i.e., the background image). The 247 

geometry of the boreholes and the electrodes, in combination with the employed 248 

measurement configurations, yields a relatively good coverage within the area of interest (i.e., 249 

mainly the area around the central borehole). 250 

In a time-lapse monitoring framework, one is primarily interested in the temporal changes of 251 

data and parameters. Therefore, we used the “difference inversion” approach of time-lapse 252 

ERT (e.g., LaBrecque and Yang, 2000; Kemna et al., 2002), where the inversion results are 253 

changes with respect to the background data at time T0. The advantage of this approach is 254 

that modeling errors and data errors correlated over time are cancelled out to a significant 255 

degree and associated imaging artifacts that would occur in a standard inversion are 256 

suppressed. 257 

ERT imaging results 258 

The ERT dataset was collected under challenging conditions, in particular as the very large 259 

salinity contrasts are manifested as extreme electrical conductivity differences over space and 260 
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time. Large electrical conductivity can occasionally bring DC electrical currents into a 261 

nonlinear (non-Ohmic) regime, which in turn can lead to violation of the conditions for the 262 

reciprocity theorem (Binley et al., 1995; Cassiani et al., 2006). This has clear implications in 263 

terms of data processing, as in particular the error analysis based on reciprocal resistances 264 

may not guarantee that direct and reciprocal resistances are equal to each other. Filtering the 265 

data according to a reciprocity discrepancy equal to the data error level chosen for the 266 

inversion (see above) meant that a fairly large percentage of the data (about 50%) were 267 

rejected. Nonetheless a large volume of resistance data was still retained (nearly two 268 

thousand  values per time instant).  269 

The very high electrical conductivity of the system, which is characteristic of this experiment, 270 

has also another consequence: separated inversion of the different electrode configurations 271 

(dipole-dipole and bipole-bipole) showed that the bipole-bipole configurations provide better 272 

overall results than the dipole-dipole configuration results (not shown here). This is not a 273 

common situation, as observed elsewhere in situations of standard resistivity ranges (e.g., 274 

Deiana et al., 2007, 2008), where dipole-dipole data provide higher resolution images than 275 

bipole-bipole data that generally only give smoother images as information is averaged over 276 

large volumes. In the case shown here, for an in-hole current dipole, the current lines will not 277 

penetrate far away from the borehole as they are short-circuited by the large electrical 278 

conductivity of saline water surrounding at all times the external boreholes, while for the 279 

cross-hole current bipole the current lines “have to” penetrate through the volume between 280 

the boreholes. Thus, the sensitivity for the dipole-dipole configurations decreases very 281 

strongly with increasing distance from the boreholes. However, the dipole-dipole 282 

configuration still manages to provide high sensitivity in the area close to the central 283 

borehole, particularly at measurement times where the freshwater bulb surrounds this 284 

borehole. Hence, the data coming from both configurations were used for inversion. 285 
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Figure 6 shows the background image (time T0) before the start of freshwater injection. The 286 

electrical resistivity of the saturated zone is very low and vertical changes due to layering of 287 

lithologies are not visible. Only a gradual change to higher resistivities in the upper part just 288 

below the water table can be seen. This can partly be attributed to the smoothness-constraint 289 

applied in ERT inversion. However this feature is also, consistent with background 290 

conductivity logs (Figure 3).  291 

The obtained time-lapse ERT images of the freshwater injection experiment are shown in 292 

Figure 7: the distribution of the injected freshwater in the aquifer surrounding the central 293 

borehole is clearly visible, in agreement with the time-lapse conductivity logs in Figure 3. 294 

The very fast vertical migration of the freshwater plume is also apparent. Between 2 and 6 h 295 

after the start of injection, the injection borehole (and its surroundings) is nearly totally filled 296 

with freshwater, as confirmed by Figure 3 (after 5 h). However, from the ERT images the 297 

freshwater also seems to move downwards below the injection chamber. A few hours after 298 

injection, the freshwater plume nearly disappeared in the ERT images, and one day after 299 

injection the ERT image seems to have gone back to the background situation (as also 300 

confirmed by the conductivity logs in Figure 3).  301 

At about 10 m to 11 m depth the difference images show a separation of the plume into two 302 

parts. A layer of finer sediments (see Figure 2) is likely to cause this separation. Note that the 303 

overall high electrical conductivity masks these lithological differences in the background 304 

ERT images. This fine layer is a hydraulic barrier that forces freshwater to flow even more 305 

through the preferential flow path provided by the borehole itself and its surrounding gravel 306 

pack. Above the fine layer the plume expands again due to the larger hydraulic conductivity 307 

of the coarser sediments. 308 
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During the experiment, the water table as well as the electrical conductivity and the 309 

temperature of the borehole fluid were measured manually in all five boreholes. The water 310 

table rose about 1.5 m in the injection borehole and about 0.2 m in the surrounding four 311 

boreholes. The electrical conductivity log of the central borehole before, during, and after 312 

injection is shown in Figure 3. It can be observed that during injection (i.e., about 1 h after 313 

start of injection), the saltwater in the borehole was pushed up by freshwater. Shortly after 314 

injection stopped (5 h after start of injection) the freshwater filled the entire borehole length, 315 

whereas it is visible that the saltwater already entered the borehole in the bottom part (at 316 

about 16 m depth) and made its way upwards. One day after the injection experiment, the 317 

fluid electrical conductivities  in the central borehole were practically back to their initial 318 

values, with small differences between 8 m and 14 m depth still visible. The electrical 319 

conductivities of the fluid in the four corner boreholes showed only small changes that 320 

nonetheless indicate that part of the freshwater bulb also reached the outer boreholes. 321 

 322 

3. SYNTHETIC EXPERIMENT 323 

In order to investigate the behavior of the injected freshwater bulb, and assess in particular 324 

the influence of the subsurface hydraulic properties on the bulb evolution, we performed a 325 

synthetic study based on the field experiment. This was undertaken using a density-dependent 326 

flow and transport simulator. Given the computational burden of the simulations, and our 327 

goal of examining in detail some of the governing parameters, we did not use a data 328 

assimilation approach at this stage, opting instead for analyses of specific scenarios. We 329 

considered four scenarios of hydraulic conductivity distribution, and compared the simulated 330 

results to each other and with the field evidence in order to gain some first insights on the 331 

dynamic response of the hyper-saline/freshwater system.  332 
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3.1 Flow and transport modeling 333 

For the coupled flow and transport modelling of the freshwater injection experiment, we used 334 

a 3D density-dependent mixed finite element-finite volume simulator (Mazzia and Putti, 335 

2005). This algorithm was shown to be very effective in the presence of advection-dominated 336 

processes or instabilities in the flow field induced by density variations (Mazzia and Putti, 337 

2006). Here, groundwater flow is described by Darcy’s law 338 

𝒗 =  −𝐾𝑠𝛁(𝜓 + 𝑧), (1) 

where 𝒗 is the Darcy flux or velocity, 𝐾𝑠 is the saturated hydraulic conductivity tensor, 𝜓 is 339 

the pressure head and 𝑧 the elevation head. The hydraulic conductivity is expressed in terms 340 

of the intrinsic permeability 𝑘 and the properties of the fluid as 341 

𝐾𝑠 = 𝑘
𝜌0𝑔

𝜇0
, (2) 

with 𝜌0 the density of freshwater, 𝑔 the gravitational acceleration and 𝜇0 the viscosity of 342 

freshwater. For density-dependent flow, the density and viscosity of the solution are strongly 343 

dependent on the concentration of the solution: 344 

𝜌 = 𝜌0𝑒𝜖𝑐, (3.1) 

𝜇 = 𝜇0𝑒𝜖′𝑐 . (3.2) 

Here 𝑐 is the normalized concentration (i.e., the ratio between the concentration of the 345 

solution and the maximum concentration) and 𝜖 and 𝜖′ are the density and viscosity ratios, 346 

respectively, defined as 347 

𝜖 =
𝜌𝑠 − 𝜌0

𝜌0
, (4.1) 
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𝜖′ =
𝜇𝑠 − 𝜇0

𝜇0
, (4.2) 

where 𝜌𝑠 and 𝜇𝑠 are the saltwater maximum density and viscosity, respectively. In our case, 348 

the density and viscosity ratios are 𝜖 = 0.084 and 𝜖′ = 0.28, respectively (see also Table 1). 349 

For the exponential laws in Equations 3.1 and 3.2, we used a linear approximation (i.e., 350 

𝜌 = 𝜌0(1 + 𝜖𝑐), and 𝜇 = 𝜇0(1 + 𝜖′𝑐)) to reduce the computational cost while introducing 351 

only a negligible inaccuracy.  352 

The mass conservation equations for the coupled flow and transport model can be written as 353 

(Gambolati et al., 1999): 354 

𝑆𝑠(1 + 𝜖𝑐)
𝜕𝜓

𝜕𝑡
= 𝛁 ∙ [𝐾𝑠

1 + 𝜖𝑐

1 + 𝜖′𝑐
(𝛁𝜓 + (1 + 𝜖𝑐)𝜼𝒛)] − 𝜙𝜖

𝜕𝑐

𝜕𝑡
+

𝜌

𝜌0
𝑞∗, (5) 

𝒗 = −𝐾𝑠

1 + 𝜖𝑐

1 + 𝜖′𝑐
(𝛁𝜓 + (1 + 𝜖𝑐)𝜼𝒛), (6) 

𝜙
𝜕𝑐

𝜕𝑡
= 𝛁 ∙ (𝐷𝛁𝑐) − 𝛁 ∙ (𝑐𝒗) + 𝑞𝑐∗ + 𝑓, (7) 

where 𝑆𝑠 is the specific storage, 𝑡 is time, 𝜼𝒛 is the unit vector in z direction, 𝜙 the porosity, 355 

𝑞∗ is a source (positive)/sink (negative) term, 𝒗 is the Darcy velocity, D is hydrodynamic 356 

dispersion, 𝑐∗ is the normalized concentration of salt in the injected/extracted fluid, and 𝑓 is 357 

the volumetric rate of injected (positive)/extracted (negative) solute that does not affect the 358 

velocity field (Mazzia and Putti, 2006).  359 

For the flow and transport model we used a 3D mesh (Figure 8) with about 57,000 tetrahedral 360 

elements and 10,000 nodes. The size of the mesh was the besta good compromise between 361 

mesh resolution and computational effort. The computational domain extends for 20 m in the 362 

x and y directions and 15 m in z direction, starting at 5 m b.g.s., thus representing only the 363 

saturated zone. This choice focuses our attention on the processes of interest and reduces 364 

dramatically the numerical complexity of modelling coupled flow and transport processes in 365 
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variably saturated porous media. However, because a water table rise was observed in the 366 

boreholes during the injection experiment, we needed to account for this pressure transient in 367 

the flow and transport model. Thus, we simulated a comparable injection experiment using a 368 

3D variably saturated flow simulator (Paniconi and Wood, 1993). The changing pressure 369 

values due to the water table rise at 5 m depth were then taken as top boundary conditions for 370 

the fully saturated flow and transport model. 371 

In addition to the boundary condition described above for pressure and with 𝑐 = 0, we set 372 

Dirichlet conditions also on the lateral boundaries with a hydrostatic pressure, according to 373 

the concentration dependency 𝜓 = −(1 + 𝜖𝑐)𝑧, and Neumann no-flow conditions at the 374 

bottom of the mesh. The flow and transport parameter values are given in Table 1. The 375 

injection borehole was modeled as a preferential flow path by giving the corresponding cells 376 

a large value of hydraulic conductivity. Also the borehole backfill material was included in 377 

the simulation by giving it a slightly higher hydraulic conductivity than the surrounding 378 

aquifer material. The salt concentration was given as normalized concentration with a value 379 

of 1.0 for the saltwater and 0.0 for the injected freshwater. The initial conditions for the 380 

concentration in the aquifer were set to honor the transition zone observed in the borehole 381 

fluid conductivity log (Figure 2). 382 

The conditions for the injection were set by giving the cells that represent the injection 383 

chamber (between 13 m and 14 m b.g.s.) a pressure head 𝜓 2 m higher (from 15 m to 16 m). 384 

To simulate the emptying of the tank, the pressure head decreases over time, calibrated after 385 

the measured injection rate in the field. 386 

The immediate increase of the injection rate, observed in the field experiment, was modeled 387 

by a “de-clogging“ effect of the material closely surrounding the injection chamber (i.e., 388 

representing the backfill material). This was done by increasing the hydraulic conductivity of 389 
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the corresponding cells by about one order of magnitude after a corresponding time (i.e., 390 

about 5,000 s). The simulated and true injection rates are compared in Figure 9. 391 

Diffusion processes play a minor role within the time scale of the experiment since density-392 

driven flow enhances mixing processes and is therefore far greater than diffusional transport 393 

(Simmons et al., 2001). Diffusion was therefore not taken into account. Different dispersivity 394 

parameters were tested and compared (modeling results not shown here); their influence is 395 

not significant over the short time scale considered here. Thus, only advective transport is 396 

studied. 397 

To investigate the influence of heterogeneous hydraulic conductivity distributions in the 398 

aquifer, four different scenarios were simulated, including one homogeneous model and three 399 

different layered models, with a fine (clay-silt) layer between 10.5 and 11.5 m depth (Table 400 

2). The hydraulic conductivity values for the different scenarios were calibrated manually. 401 

Figure 10 shows the salt concentration of the flow and transport simulations for scenario 4, 402 

which represents the most complex parameterization of the aquifer and is assumed to be most 403 

realistic for the test site (see the site stratigraphy reported in Figure 2). A general upward 404 

motion of the injected bulb is visible, with the highest velocities occurring within the 405 

injection hole. After some time, the freshwater starts to enter the aquifer along the entire 406 

borehole length. Although its density is much less than the density of the surrounding 407 

saltwater, the freshwater also moves downwards within the borehole, pushed by the pressure 408 

gradients.  409 

The 1.2 m thick fine material layer also plays a clear role in the bulb dynamics. This is not 410 

surprising. In correspondence to this layer the flow only takes place along the borehole and 411 

the backfill material. Above the fine layer the plume expands laterally into the aquifer. Also 412 
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the transition between the saltwater and the upper freshwater layer above 7.4 m depth moves 413 

entirely upwards since the overall movement in the model domain is upwards. 414 

One can also observe in the simulation results the tilting of the freshwater-saltwater interface 415 

in the lower part of the borehole as well as below the groundwater level, as described by 416 

Ward et al. (2007, 2008). The higher the ratio of hydraulic conductivity between the two 417 

layers, the stronger is the tilting, as predicted by Ward et al. (2008) (results not shown here).  418 

3.2 Simulation of ERT monitoring 419 

In order to compare, at least in a semi-quantitative manner, the observed ERT inversions with 420 

the results of the synthetic study, it is necessary to convert first the simulated normalized salt 421 

concentration from the flow-transport model into bulk electrical conductivity, for example 422 

through Archie’s (1942) relationship, here expressed for saturated sediments: 423 

𝜎𝑏 =
𝜙𝑚

𝑎
𝜎𝑤 , (8) 

where 𝜎𝑏 is the bulk electrical conductivity, 𝑎 is a tortuosity factor, 𝜎𝑤 is the electrical 424 

conductivity of the fluid, and 𝑚 is the cementation exponent. The formation factor 𝐹 =425 

𝑎 𝜙𝑚⁄  accounts for the pore space geometry. Due to the high salinity of the groundwater in 426 

the present case, surface conductivity is assumed to be negligible, and thus Archie’s law is 427 

safely applicable. Since core data was available from one of the boreholes, it was possible to 428 

calibrate Archie’s law in the laboratory with F = 4.6. 429 

The next step is to simulate the field data that would be acquired given the simulated bulk 430 

electrical conductivity. For the 3D electrical forward modeling we used the same approach as 431 

Manoli et al. (2015) and Rossi et al. (2015). The electric potential field, Φ, for a current 432 

injection between electrodes at 𝒓𝑆+ (current source) and 𝒓𝑆− (current sink) is calculated by 433 

solving the Poisson equation 434 
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−𝛁 ∙ [𝜎𝑏𝛁Φ] = 𝐼[𝛿(𝒓 − 𝒓𝑆+) − 𝛿(𝒓 − 𝒓𝑆−)] , (9) 

together with appropriate boundary conditions, where 𝜎𝑏 is the given electrical conductivity 435 

distribution, 𝐼 is the injected current strength, and 𝛿 is the Dirac delta function. The mesh for 436 

the geoelectrical modeling includes the unsaturated zone, and the top boundary of the mesh 437 

(at z = 0 m) was set as a Neumann no-current boundary condition. For the lateral and bottom 438 

boundaries we used Dirichlet boundary conditions. Therefore, the mesh size was expanded in 439 

all directions with respect to the hydraulic mesh, so that the influence of the fixed voltage 440 

boundary conditions on the current lines was negligible. 441 

The final step was to process and invert the synthetic ERT data in the same way as the field 442 

data. 443 

3.3 Moment analysis 444 

In order to provide a more quantitative comparison between the field and synthetic 445 

experiments, we analyzed 2D moments as defined  for example by Singha and Gorelick 446 

(2005): 447 

𝑀𝑖𝑗(𝑡) = ∬ 𝐶(𝑥, 𝑧, 𝑡)𝑥𝑖𝑧𝑗𝑑𝑥𝑑𝑧
Γ

 
(10) 

where 𝑀𝑖𝑗 is the spatial moment of order 𝑖, 𝑗 between 0 and 2. 𝑥 and 𝑧 are the Cartesian 448 

coordinates and 𝑑𝑥 and 𝑑𝑧 the pixel sizes. Γ is the integration domain of interest. The zeroth 449 

moment represents the total mass in the system while the vertical first moment, normalized 450 

with respect to mass, defines the center of mass in the z-direction. The second moments relate 451 

to the spread around the center of mass. 452 

4 RESULTS AND DISCUSSION 453 
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 As a first step, let us consider the results of the synthetic study. Figure 10 shows the 454 

salt concentration of the flow and transport simulations for scenario 4, which represents the 455 

most complex parameterization of the aquifer and is assumed to be most realistic for the test 456 

site (see the site stratigraphy reported in Figure 2). A general upward motion of the injected 457 

bulb is visible, with the highest velocities occurring within the injection hole. After some 458 

time, the freshwater starts to enter the aquifer along the entire borehole length. Although its 459 

density is much less than the density of the surrounding saltwater, the freshwater also moves 460 

downwards within the borehole, pushed by the pressure gradients. The 1.2 m thick fine 461 

material layer also plays a clear role in the bulb dynamics. This is  expected. In 462 

correspondence to this layer the flow only takes place along the borehole and the backfill 463 

material. Above the fine layer the plume expands laterally into the aquifer. Also the transition 464 

between the saltwater and the upper freshwater layer above 7.4 m depth moves entirely 465 

upwards since the overall movement in the model domain is upwards. One can also observe 466 

in the simulation results the tilting of the freshwater-saltwater interface in the lower part of 467 

the borehole as well as below the groundwater level, as described by Ward et al. (2007, 468 

2008). The higher the ratio of hydraulic conductivity between the two layers, the stronger is 469 

the tilting, as predicted by Ward et al. (2008) (results not shown here).  470 

Figure 11 shows the inverted images for four different subsurface scenarios at time 4.2 h after 471 

start of injection for the flow and transport simulations and the synthetic ERT monitoring (see 472 

Table 2 for definition of the scenarios). The figure clearly shows the dramatic influence of the 473 

hydraulic conductivity distribution on the shape of the freshwater bulb, both in the “real” 474 

images and in the corresponding inverted ERT images. Scenario 4, which includes the fine 475 

layer, is closest to the field results as already discussed above. However, scenario 3, with just 476 

two layers, shows a similar behavior in terms of plume development. In general, given the 477 

strong influence that hydraulic conductivity has on the results, it is conceptually possible to 478 
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try and infer the site’s hydraulic properties on the basis of the freshwater injection 479 

experiment. However it is also apparent that calibrating in detail the true hydraulic 480 

conductivity distribution in the field experiment starting from the ERT images alone may be a 481 

very challenging task. In fact, while some main features are clearly identifiable, other smaller 482 

details may prove difficult to capture. 483 

Indeed, the governing hydraulic effect comes from the different conductivities of the upper 484 

and lower parts of the aquifer (scenarios 1 + 2 vs. 3 + 4), and the fine layer does not play such 485 

an important role as expected a priori. From the simulation results it is difficult to say 486 

whether scenario 3 or scenario 4 is closest to reality. However, for scenarios 1 and 2 ERT 487 

clearly overestimates the extent of the freshwater plume, whereas for scenarios 3 and 4 the 488 

plume extension is reconstructed quite well, in particular in the deeper region (Figure 10). 489 

It is instructive to examine in detail (Figure 12) the similarities and differences between the 490 

ERT field data and the reconstructed ERT images from the simulation scenario that visually 491 

appears better than the others (scenario 4). The simulated ERT images show the same general 492 

behavior in response to the injection process and associated plume development as the ERT 493 

field results. In the field ERT images the freshwater body disappears much faster. After 24 h, 494 

whereas in the field ERT images the freshwater bulb is hardly visible, the simulation still 495 

shows its presence. It should be noted that in the simulations the boundary condition at the 496 

well is imposed as a Dirichlet (head) condition, so flux is computed depending on the applied 497 

head. We applied the head as actually measured in the injection tank. Consequently, the flow 498 

is never zero, not even at the end of the experiment. On the other hand, the tilting of the 499 

freshwater-saltwater interface as seen in the flow and transport model results is much less 500 

visible in the ERT images.  501 
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The imaged resistivity changes in the field experiment show less contrast than in the synthetic 502 

study. The salinity difference between the freshwater and the saltwater is very large and thus 503 

so is the NaCl concentration. Within this range, the electrical conductivity of the water might 504 

no longer follow a linear relation with concentration (e.g., Wagner et al., 2013), while here it 505 

is assumed to be linear. This can lead to a shifting in the contrast when the concentration is 506 

converted into electrical conductivity. 507 

Note also that the gradual change of electrical conductivity in the transition zone (i.e., 508 

between 5 m and 7.4 m depth) is not visible in the ERT images (Figure 11). In the transport 509 

simulations it can be seen that this zone also moves upwards in the aquifer and becomes 510 

thinner (Figure 10).  511 

Another difference between the field and the synthetic ERT results is the sharpness of the 512 

freshwater body: the boundaries appear smoother in the field study. Although dispersion 513 

effects were not further investigated in this study, a higher value of 𝛼𝐿 and 𝛼𝑉 in the 514 

simulations would obviously lead to a smoother gradient across the plume boundaries. On the 515 

other hand, in the field results this may also be partly explained by the fact that one ERT 516 

measurement frame took about 40 minutes; and since the overall plume migration was 517 

relatively fast, the process is to some degree smeared in the inverted images. 518 

Figure 13 shows the spatial moments (0
th

 moment: total mass; 1
st
 moment: center of mass) of 519 

the freshwater bulb for the field and synthetic ERT inversion results, as well as the “true” 520 

moments from the flow and transport model (see Section 3.3). The total mass is well 521 

recovered by the synthetic ERT results (using backwards the same Archie’s law 522 

parameterization used in the forward modelling). However, the field ERT underestimates the 523 

total mass. While this is a known characteristic of moment analysis applied to ERT data for 524 

tracer tests (e.g., Singha and Gorelick, 2005), in this specific case it looks likely that the 525 
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chosen Archie’s law parameters are not fully adequate to represent the electrical 526 

conductivity-salinity relationship. Considering the extreme salinity observed at the site, this is 527 

not surprising.  Considering that even linearity of Ohm’s law is questionable at the high salt 528 

concentrations observed at the site, one could also question the overall validity of Archie’s 529 

law. Note that all other factors normally contributing to bad ERT mass recovery under field 530 

conditions are the same in the synthetic and the true case, and thus cannot be called into play. 531 

In contrast to the total mass, the vertical center of mass is, despite some early oscillations, 532 

well recovered also for the field data. This, however, is known to be a very robust indicator 533 

(e.g., Binley et al., 2002; Deiana et al., 2007, 2008). 534 

Overall, and in spite of the differences described above, the comparison between observed 535 

and modelled ERT images is satisfactory, particularly in the face of uncertainties concerning 536 

the heterogeneities of the real system that could not be investigated in extreme detail. In 537 

addition, we cannot exclude the possibility that the linearity of the current flow equation may 538 

be violated in such a highly conductive environment, thus leading to inconsistencies between 539 

field reality and theoretical assumptions.  540 

Despite the above limitations, the comparison shows that ERT imaging is a viable tool for 541 

monitoring freshwater injection in a hyper-saline aquifer. This, by itself, was not an obvious 542 

result. The ERT dataset was collected under extreme, challenging conditions. Even so, the 543 

ERT data are of fairly good quality considering that we retained only data that passed a fairly 544 

strict reciprocity check, knowing that larger reciprocity errors are likely to be related to 545 

nonlinear current effects occurring in such high electrical conductivity environments. The 546 

study also indicates how an accurate coupled model can mimic in an effective manner the 547 

behavior of the observed freshwater bulb that was injected into the domain, and this too was 548 

not self-evident. 549 
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5 CONCLUSIONS 550 

In this paper we present a hydrogeophysical approach that can be used to study freshwater 551 

injections in saline aquifers. In particular the approach is used to monitor and describe ed the 552 

results of a freshwater injection experiment conducted in a hyper-saline aquifer in the 553 

Molentargius Saline Regional Park in the south of Sardinia (Italy)., The experiment which 554 

was monitored using time-lapse ERT in five boreholes. A numerical study of the experiment 555 

(density-dependent flow and transport modeling in conjunction with ERT simulations) was 556 

carried out to investigate the plume migration dynamics and the influence of different 557 

hydraulic conductivity parameterizations. The numerical algorithm of the coupled flow and 558 

transport model proved to be stable and accurate despite the challenging conditions. 559 

The objective of the study was to assess the conjunctive use of non-invasive monitoring 560 

techniques and advanced coupled numerical modelling as an effective approach for 561 

characterizing flow and transport dynamics in saltwater-freshwater systems. The results 562 

demonstrate the feasibility and benefit of using athis combination of (a) time-lapse cross-563 

borehole ERT and (b) numerical modelling of coupled flow and transport to predict the same 564 

ERT results. The comparison between measured and simulated ERT images was used as the 565 

key diagnostics aimed at estimating the system’s governing parameters and consequently 566 

describing the saltwater-freshwater dynamics. More sophisticated data assimilation 567 

techniques can be used to further refine the presented methodology approach in future work. 568 

We can conclude from the present study that: 569 

(a) the complex dynamics of hyper-saline/freshwater systems cannot be tracked in 570 

absence ofusing high-resolution spatially extensive time-lapse non-invasive 571 

monitoring. On the contrary, Ttraditional monitoring techniques alone (e.g., 572 
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conductivity logs, as in Figure 3) give only a very partial image, largely inconclusive 573 

to understand the system dynamics. 574 

(b) numerical modelling of these coupled systems is very challenging due to the presence 575 

of strong density/viscosity contrasts and large hydraulic conductivity heterogeneities. 576 

The latter in particular largely control the dynamics of the saltwater-freshwater 577 

interaction. In absence of a robust numerical model it is impossible to estimate the 578 

impact of hydraulic heterogeneity on this dynamics. 579 

(c) a detailed comparison between field data (here, ERT time-lapse images) and modelled 580 

data of the same type enables a better understanding of the behavior of a freshwater 581 

bulb injected into a hyper-saline environment.  582 

Our study also serves to highlight some of the weaknesses or enhancements that should be 583 

addressed in future work: 584 

- fine-tuning of geophysical constitutive relationships, hydraulic and transport 585 

parameters, and system heterogeneities needs to be improved. We managed to bring 586 

the match between field and synthetic data to an acceptable level with relatively small 587 

effort, but it is very difficult to improve the match further. For instance, in the case 588 

presented here the injected freshwater bulb “disappears” from the real ERT images 589 

faster than in the simulation results. Also, the mass balance is honored easily in the 590 

simulations while in the real data lack of mass is apparent. All of this points towards a 591 

number of aspects that could be improved in the data matching. However, the target 592 

parameters to be modified for this improvement are not easy to identify, given their 593 

very high number and complex nature. Among these, there are hydraulic parameters 594 

and dispersivities, and their spatial heterogeneities, and also Archie’s law parameters. 595 

This task is likely to be challenging even in a rigorous data assimilation framework, 596 

and equifinality of model parameterizations is likely. 597 
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- the extreme hyper-saline system considered here is likely to exceed the limits of linear 598 

relationships between current and voltage (Ohm’s law) as well as between electrical 599 

conductivity and salinity. Therefore a full nonlinear analysis should be conducted, 600 

particularly concerning the electrical behavior of the system. In absence of this, we 601 

have to limit ourselves to a semi-quantitative interpretation, as shown here.  602 

Finally, with regards to practical aspects of freshwater injection and monitoring in saline 603 

aquifers, we can draw the following conclusions: 604 

- although in typical ASR applications the contrasts of density and salinity are usually 605 

smaller, this study shows that time-lapse ERT is a powerful monitoring tool for this 606 

(and also other) types of hyper-saline applications. ERT can provide spatial 607 

information that is unattainable using traditional monitoring techniques (e.g., in 608 

boreholes). 609 

- the movement and mixing of the freshwater plume can be very fast, thus any ERT 610 

monitoring must adopt configurations for quick measurements (e.g., in the conditions 611 

represented in this study an acquisition time of less than 30 minutes is recommended).  612 

- in hyper-saline systems, measuring reciprocity may not be the ideal error indicator 613 

since nonlinear phenomena may be triggered, or, during the time between the normal 614 

and reciprocal measurement the system may have already changed, thus invalidating 615 

the reciprocity check. 616 

 The example shown in this paper shows how the joint use of ERT imaging and 617 

gravity dependent flow and transport modelling give fundamental information for this 618 

type of studies. 619 
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Figures 805 

 806 

Figure 1. Geographical location of the test site: (a) Molentargius Saline Regional Nature 807 

Park located East of Cagliari in southern Sardinia, Italy, (b) Detailed sketch map of location 808 

and arrangement of the boreholes, (c) Sketch map of the Molentargius Park (modified after 809 

google.earth).  810 
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 811 

Figure 2. Generalized stratigraphy log from the five drilled boreholes including lithology, 812 

percentage of fine fraction, and porosity from samples as well as electrical conductivity of 813 

borehole fluid. The water table lies at 5.2 m b.g.s..  814 
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 815 

Figure 3. Electrical conductivity log of the fluid in borehole 5 at different times after start of 816 

freshwater injection (section 2.2). 0 h denotes the background measurement before injection. 817 

At 1 h there are no measurements below 12 m b.g.s. because the packer system occupied the 818 

borehole.  819 
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 820 

Figure 4. Schematic description of the ERT measurement configurations used. For dipole-821 

dipole measurements, one dipole is always within one borehole, the other dipole also moves 822 

into the adjacent borehole. Bipole-bipole measurements are done as cross-hole measurements 823 

and are also changing as diagonals (i.e., A stays while B moves downwards for up to five 824 

electrode positions before A is also moved; similarly for M and N). 825 

  826 
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 827 

 828 

Figure 5. Cumulated sensitivity distribution for the inverted background (T0) dataset along 829 

plane 1 – 5 – 3.  830 
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 831 

Figure 6: Inverted background (T0) image of plane 2 – 5 – 4 including the unsaturated zone. 832 

Black diamonds denote the position of the electrodes and the blue line shows the groundwater 833 

table at 5.2 m b.g.s.  834 
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 835 

 836 

 837 

Figure 7. Electrical imaging (difference inversion) results for the field experiment at 838 

different times (in h after start of injection). The top panel shows the results from borehole 839 

plane 1 – 5 – 3 and the bottom panel from plane 2 – 5 – 4. Black diamonds denote the 840 

position of electrodes.  841 
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842 

 843 

Figure 8. (a) 3D mesh with refinement in the central part and around injection layers and (b) 844 

conceptual model for the synthetic injection experiment.  845 

a) 

b) 
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 846 

Figure 9. Injection rate of the experiment. The dashed line shows the observed injection in 847 

the field experiment (total volume of injected water 19.4 m³) and the solid line shows the 848 

calibrated injection rate of the flow and transport model.  849 
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 850 

Figure 10. Flow and transport modeling results at different times (in h after start of injection) 851 

for scenario 4 (see Table 2). 852 

 853 
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 854 

Figure 11: Comparison of simulation results for different hydraulic conductivity 855 

parameterizations at time 4.2 h after start of injection. The top panel shows the flow and 856 

transport modeling results, the bottom panel the corresponding simulated ERT results. (a) and 857 

(e) homogeneous model, (b) and (f) fine layer within homogeneous model, (c) and (g) two-858 

layered system, and (d) and (h) two-layered system including fine layer at interface.  859 
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 860 

 861 

Figure 12: Results of synthetic ERT experiment for selected times (in h after start of 862 

injection) for scenario 4 (see Table 2). Black diamonds denote the position of electrodes.  863 
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 864 

Figure 13. Spatial moments for the field ERT data, synthetic ERT data, and the true data 865 

from the flow and transport model. The moments for the true field were calculated in 3D 866 

while those for the ERT tomograms were calculated in 2D. The field ERT data are separated 867 

into the two borehole planes. (a) shows the total mass in the system, normalized, and (b) is 868 

the center of mass in the vertical direction.  869 
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Tables 870 

Table 1. Flow and transport input parameters for the different zones in the model. 871 

 

Parameter 

 

Symbol 

 

Value 

 

Unit 

Model    

Aquifer thickness (z direction) H 15 m 

Horizontal extent (x and y direction) L 20 m 

    

Thickness of aquifer layers    

Upper layer  5.4 m 

Middle layer  1.2 m 

Bottom layer  8.4 m 

    

Hydraulic conductivities    

Aquifer    

Upper layer  10
-5

-10
-3 

m s
-1 

Middle layer  10
-6

-10
-5 

m s
-1

 

Bottom layer  10
-5 

m s
-1

 

Well    

Injection chamber  10
-3

 m s
-1

 

Packer system  10
-12 

m s
-1

 

Remaining well  1 m s
-1

 

Gravel pack    

Clogging effect  10
-4

-10
-3 

m s
-1

 

Remaining gravel  10
-2 

m s
-1

 

    

Solid and fluid properties    

Porosity 𝜙 0.35 - 

Longitudinal dispersivity 𝛼𝐿 10
-5 

m 

Transverse dispersivity 𝛼𝑇 10
-5 

m 

Diffusion coefficient 𝐷∗ 0  

Density difference ratio 𝜖 0.084 - 

Viscosity difference ratio 𝜖′ 0.28 - 

    

Injection parameters  
  

Injected volume 𝑉𝑚𝑜𝑑  20 m³ 

Injection duration  3.5 h 

872 
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Table 2. Hydraulic conductivities of each layer for the four different scenarios. 873 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 

Upper layer 5∙10
-5

 m s
-1 

5∙10
-5

 m s
-1

 1∙10
-3

 m s
-1

 1∙10
-3

 m s
-1

 

Middle layer 5∙10
-5

 m s
-1

 1∙10
-6

 m s
-1

  1∙10
-6

 m s
-1

 

Bottom layer 5∙10
-5

 m s
-1

 5∙10
-5

 m s
-1

 1∙10
-5

 m s
-1

 1∙10
-5

 m s
-1
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