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Summary 

 
Time-lapse geophysical imaging of tracer tests is essential 

to infer channelized transport properties. Cross-hole 

ground-penetrating radar (GPR) tomography is a high 

resolution imaging method to characterize the near-surface. 

We present preliminary results of crosshole GPR full-

waveform inversion of time-lapse synthetic data during a 

saline tracer test. The tracer movement was obtained from a 

3D transport simulation in a hydrogeological model 

representing the Krauthausen aquifer where in future also 

field tests will be performed. The full-waveform inversion 

accurately resolved the infiltrated tracer distribution in the 

plane within decimeter scale. The results indicate the 

potential of GPR full-waveform inversion for saline tracer 

detection and high-resolution time-lapse transport 

characterization. 

 

Introduction 

 

Time-lapse geophysical imaging methods are used in 

environmental science and engineering to monitor tracer 

migration (Singha and Gorelick, 2005), contaminant leaks 

(Binley et al., 1997), tide-driven salinity changes (Slater and 

Sandberg, 2000), hydrogeophysical characterization of 

transport processes (Shakas et al., 2016) and other 

applications. Time-lapse changes can be quantitatively 

characterized due to the changing geophysical properties of 

the groundwater and soil states. Especially, GPR has shown 

a high potential to map and monitor time-lapse changes. The 

method is able to provide two electromagnetic properties the 

relative permittivity 𝜀𝑟 and electrical conductivity 𝜎𝑏, while 

both parameters are sensitive to soil water content, salinity 

and soil texture. Until now, permittivity measurements were 

used to monitor water content changes using GPR (Daily 

and Ramirez, 1989; Huisman et al., 2003), and electrical 

conductivity to indicate changes in salinity using ERT 

studies (Daily et al. 1992; Müller et al. 2010) and changes 

in temperature (Ramirez et al., 1993; Hermans et al., 2005). 

Time-lapse numerical simulations to evaluate the potential 

of geophysical imaging techniques have been used to 

investigate GPR mapping of DNAPL-spill (Wilson et al., 

2009) and ERT inferring aquifer transport characteristics 

(Vanderborght et al., 2005). 

Cross-hole ground-penetrating radar (GPR) tomography is 

a powerful tool to map the spatial distribution of subsurface 

properties such as porosity (Nielsen et al., 2010), moisture 

content (Binley et al., 2001), and flow and transport 

properties (Day-Lewis et al., 2003). Models for permittivity 

and conductivity are often achieved by ray-based inversion 

techniques which use first arrival travel times and first cycle 

amplitudes of the measured signal. However, inversion 

models of these methods are smoothed and have low-

resolution. Improved resolution is obtained using the full 

waveform inversion (FWI) method where the entire 

received signal is used in the inversion technique (Ernst et 

al., 2007a). GPR-FWI was tested on synthetic crosshole data 

(Ernst et al., 2007b, Meles et al., 2010) and was proven 

successful in characterizing a gravel aquifer (e.g. Klotzsche 

et al., 2010) and for porosity estimation in chalk (Keskinen 

et al., 2017). 

In this work, synthetic time-lapse GPR-FWI imaging of a 

saline tracer test was performed to test the potential of GPR-

FWI to detect transport processes in a hydrogeological 

model of an alluvial aquifer. Thereby, testing different 

synthetic tracer scenarios will allow us to better predict and 

plan an optimized field tracer test. 

 

3D hydrogeological model of the Krauthausen aquifer 

 

The Krauthausen test site in Germany has been investigated 

by well logging, time-lapse tracer measurements 

(Vereecken et al., 2000; Kemna et al., 2002), cone 

penetration tests (Tillmann et al., 2008), direct-push 

hydraulics measurements (Gueting et al., 2017), and high-

resolution GPR-FWI (Gueting et al., 2015). These 

investigations allowed to derive the spatial variability of the 

basic aquifer parameters, transport properties, hydraulic 

conductivity and porosity. As a first stage of the 3D model 

created by Gueting et al. (2018), co-located data of GPR and 

grain size along 3 boreholes were used to derive an 

empirical relationship between GPR properties and grain 

size (Gueting et al., 2017). This relationship was used to 

predict the distribution of three grain size facies at locations 

where no grain size data exist. From 2D GPR planes (white 

dashed lines in Figure 1), a 3D hydrogeological model was 

constructed using multiple-point statistics simulation 

(Gueting et al., 2018).  
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Figure 1: 3D hydrogeological model (modified from 

Gueting et al. (2018). White dot and purple line show the 

locations in the numerical test of the injection borehole and 

the GPR crosshole plane, respectively. The model 

dimensions are 23x44x5.4 𝑚3 and the cell size 

is (0.18𝑚)3. 

Facie 𝐾[𝑚 𝑑𝑎𝑦⁄ ] 𝜙 𝛼𝐿[𝑚] 𝛼𝑇[𝑚] 

1 (sand) 14.3 0.29 0.1 0.01 

2 (sandy gravel) 70.2 0.25 0.1 0.01 

3 (gravel) 626 0.18 0.1 0.01 

Table 1: Flow and transport parameters of the 3D model: 

hydraulic conductivity (K), porosity (𝜙), longitudinal (𝛼𝐿) 

and transverse dispersivity (𝛼𝑇).   

 

Tracer transport simulation 

 

Flow and transport simulations were used to predict the 

tracer distribution in time and space in the 3D Krauthausen 

model. Hydraulic and transport parameters related to the 

Krauthausen aquifer were adapted from Gueting et al. 

(2017) and Vanderborght et al. (2005)  as shown in Table 1. 

A natural hydraulic gradient of −0.002 (from Müller et al., 

2010) is applied between the xz planes of the model to 

stimulate flow along the y-axis. Given the velocity field 

from the flow simulation, transport of a conservative halite 

(NaCl) solute injected through a whole column of a borehole 

(see injection borehole in Figure 1) in the saturated porous 

medium is modelled and governed by the advection-

dispersion equation (ADE). The flow and transport 

simulations were computed by the TRACE and 

PARTRACE codes using the particle tracking method 

(Vereecken et al., 1994 and Neuendorf et al., 1997). The 

result of the transport simulation is a spatio-temporal 

distribution of tracer concentration. 

 

Petrophysical relations 

 

In order to monitor the tracer distribution with ground 

penetrating radar, petrophysical relations are required to 

convert the tracer concentration to bulk relative permittivity 

(𝜀𝑟) and electrical conductivity (𝜎𝑏). Whereas permittivity 

is not affected by introducing electrolytes in the 

groundwater, bulk conductivity is influenced by it 

(Giannakis, 2016). First, the total groundwater salinity 

𝑆𝐺𝑊,𝑇𝑜𝑡𝑎𝑙 was calculated as sum of the ambient salinity and 

the tracer salinity: 

 𝑆𝐺𝑊,𝑇𝑜𝑡𝑎𝑙(𝒙, 𝑡) = 𝑆𝐺𝑊,𝑎𝑚𝑏𝑖𝑒𝑛𝑡 +
𝐶(𝒙,𝑡)

𝐶𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛
× 𝑆𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛. (1) 

where 𝐶(𝒙, 𝑡) is the spatio-temporal tracer concentration, 

and 𝐶𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 and 𝑆𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 are the injected tracer 

concentration and salinity. Then, the water conductivity was 

related to salinity and temperature of the water using 

empirical relations (Stogryn, 1971): 

𝜎𝐺𝑤(𝒙, 𝑡) = 𝑓(𝑆𝐺𝑊(𝒙, 𝑡), 𝑇).                          (2) 

Finally, the bulk conductivity was calculated from Archie’s 

empirical law (Archie, 1942): 

𝜎𝑏(𝒙, 𝑡) =
𝜎𝐺𝑤(𝒙,𝑡)

𝐹(𝒙)
 ,            (3) 

where the electrical formation factor F is an intrinsic 

measure of material microgeometry. 𝐹(𝒙) was calculated 

once in ambient conditions from GPR-FWI bulk 

conductivity 𝜎𝑏(𝒙) (Figure 2b) and measured uniform 

groundwater conductivity 𝜎𝐺𝑤, using Equation 3. 

 
Figure 2: Relative permittivity and conductivity 

background true models (a, b) and starting models (c, d) 

for the FWI. 

 

GPR synthetic and Full Waveform inversion 

 

At selected times during the tracer test, synthetic crosshole 

GPR forward model simulations were performed in a plane 

perpendicular to the mean flow direction located 20 m 

downstream from the injection borehole (Figure 1). The 

synthetic crosshole GPR datasets were calculated using a 

Ricker wavelet with 120 MHz centre frequency. Multi-

offset gather (MOG) data using a semi-reciprocal 

acquisition setup with spatial sampling of 0.1 m and 0.2 m 

for the receivers and transmitters, respectively, were 

calculated to obtain a high resolution of the full-waveform 

inversion (Oberröhrmann et al., 2013). The MOG dataset 

consists of 56 gathers and each gather has 55 traces. 

The full-waveform tomographic inversion scheme (Meles et 

al., 2010) returned spatial distributions of εr and 𝜎𝑏 that 

minimize the squared norm 𝑆(𝜀𝑟 , 𝜎𝑏) of the difference 

between the FWI inverted model data and the observed data 

that resulted from the forward model simulations by using 

the “true model”). Crosshole planes during the tracer 

x 
y 

z 
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infiltration are inverted by FWI, and models are compared 

to the background FWI model to calculate the differences in 

permittivity and conductivity. The background true model 

(Figures 2a, b) which is used in a forward model to calculate 

the observed data is taken from a GPR-FWI plane as 

estimated by Gueting et al., 2017. The permittivity true 

model (Figure 2a) is the same for all scenarios for the reason 

given in the former subsection. For both the background and 

tracer scenarios, the permittivity starting model for the FWI 

is a smoothed image of the background (Figure 2c) and for 

the conductivity (Figure 2d) starting model is a uniform 

average value of the background conductivity,  

𝜎𝑏 = 13.3 mS m⁄ . 

 

Figure 3: 3D transport simulation 20 days after injection (a-

c) spatial distribution of the tracer in planes across x-,y-z- 

axes. (d) 3D spatial distribution of the particles. (e-g) tracer 

concentration, total groundwater salinity and electrical 

conductivity in a plane perpendicular to the mean flow 

velocity (between the black columns in (d)). 

 

Results and Discussion 

 
Results of the 3D transport simulation 20 days after the 

injection are shown in Figure 3. Time-lapse observation 

reveals that a part of the tracer plume is transported quickly 

at depths between 3-3.5m (Figure 3d). This depth belongs to 

the gravel facie 3, showing a narrow hydraulically 

conductive layer (Figure 1, Table 1). A slower and larger 

part of the tracer plume travels at the bottom of the model 

between depths 6.3-8.25 m in a thicker and less conductive 

sandy gravel facie 2. Vertical transverse dispersion of 

particles belonging to the upper part of the plume causes a 

continuous decrease in tracer particles at 3-3.5 m depths 

(Figure 3c) and an increase at a depth of ~4m in facies 1 and 

2 with higher porosity. At depths between 6.3-8.25 m we 

observe a lower transverse dispersion than at the top layer 

because of lower velocity. Along the x-axis the spreading 

behaviour of the plume is almost Gaussian (Figure 3a) due 

to transverse dispersion. The horizontal layering in the 3D 

model generated a larger horizontal surface area of the 

plume front in the horizontal orientation, which led a larger 

transverse dispersion in the direction of the z-axis than in 

direction of the x-axis.  

 

Figure 4: (a, b) FWI results of background model; (c, d) FWI 

results of tracer model data 20 days after injection; (e) 

Difference of permittivity models (c) and (a); (f) Difference 

of conductivity models (d) and (b). 

 

Synthetic GPR Full-waveform inversion 

Twenty days after the injection the tracer passes the 

crosshole plane at 4-5.5 m depths. At that time the plume 

width is about 3m (Figure 3e). We converted concentrations 

into salinity and then to conductivity (Figures 3f, g) using 

Equations 1-3 (groundwater ambient salinity was calculated 

to 0.398 g/kg). Injection of 20% seawater salinity (7.1 g/kg) 

was used to test the GPR-FWI, where after 20m transport 

distance the maximal total salinity was 0.64 g/kg, 

corresponding to a maximal bulk conductivity of 26 mS/m. 

The conductivity plane in Figure 3g is the true model used 

for the forward model to obtain the “observed” data that will 

be inverted with the FWI approach to investigate the 

reconstruction possibilities. 

The FWI results for the background and tracer models are 

shown in Figures 4a-d. The background model was 

successfully reconstructed and returned very similar images 

compared to the true model (compare Figures 4a, b with 2a, 

b). Also the FWI of the tracer data is in agreement with the 

true model (compare Figures 4c and 2a). As expected, the 

tracer and background FWI permittivity models are very 

similar and show a low residual (Figure 4e). The difference 

between the FWI conductivity models of the tracer and 

background data resulted in a smoothed reconstruction of 

the plume (compare Figures 3f and 4f) having a maximal 

bulk conductivity of 5.79 mS/m. The average tracer salinity 

-x y 

z 
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at the centre of the plume obtained from FWI (0.16 g/kg) is 

similar to that from the transport simulation (0.12 g/kg).  

In addition to the residual of FWI model planes to test the 

inversion, we  compared the transmitter gathers (see 

Keskinen et al., 2017)  of the observed and modelled data 

based on the FWI results (Figure 5b, c) and investigate the 

residual (Figure 5d). The residual is very small, suggesting 

that the FWI converged successfully to the observed data. 

Comparison between the background modelled data (Figure 

5a) and tracer modelled data shows large differences in 

amplitudes for transmitter gathers located at the upper part 

of the boreholes (traces 200-800 for transmitters at the left 

borehole, and traces 1700-2300 at the right borehole). This 

amplitude difference is explained by the conductivity and 

thus attenuating tracer plume that infiltrated in the upper 

part of the measured plane, which is in agreement with the 

residual in permittivity and conductivity FWI model planes 

(Figure 4e, f).  

Note that the occurrence of the tracer at depths shallower 

than 4.75m through the crosshole plane was not detected in 

a time-lapse ERT tracer test in Krauthausen (Müller et al.,  

 

2010). Close observation shows that the upper part of the 

model near the injection borehole (white dot in Figure 1) is 

located in facie 2 having a lower conductivity than facie 3. 

We suggest that the upper part of the injection borehole (~3-

4.75m depths) has even lower conductivity or is clogged, 

thus constraining the tracer from traveling through the 

aquifer at shallow depths.  

For future work, we plan to test the full-waveform inversion 

with larger conductivity contrasts in synthetic tests. Based 

on the prediction from transport simulations and the ability 

of synthetic GPR-FWI to detect the tracer in various 

concentrations, a field tracer test will be planned. 

 

Acknowledgements  

 

This study is part the Enigma ITN program (European 

training Network for in situ imaGing of dynaMic processes 

in heterogeneous subsurfAce environments). This project 

has received funding from the European Union's Horizon 

2020 research and innovation programme under the Marie 

Sklodowska-Curie Grant Agreement No 722028. 

 

Figure 5: (a) Background FWI modelled data. (b) Tracer observed data. (c) Tracer FWI modelled data. (d) Residual of the tracer 

modelled data obtained from the FWI results with the observed data. (e) Difference between tracer FWI modelled data with the 

background FWI modelled data. The x-axis denotes trace number starting from the first trace of first transmitter gather and ending 

to last trace of last transmitter gather. 
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