The potential of time-lapse GPR full-waveform inversion as high resolution
Imaging technique for salt, heat, and ethanol transport
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Introduction:

Time-lapse geophysical imaging of tracer tests is essential to infer preferential pathway characterization. Thereby, the mapping
of small-scale heterogeneities within aquifers is crucial for characterizing flow and transport in the critical zone as realistic as
possible. Compared to ray-based inversion methods for ground penetrating radar (GPR) data [1], the full-waveform inversion
(FWI) of crosshole GPR data has shown a high potential to characterize soil properties of the near surface with a decimeter-
scale resolution [2]. GPR FWI can provide high-resolution images of the geophysical properties relative dielectric permittivity
&r and electrical conductivity o. The &r can be linked to the aquifer porosity, and o can the related to the pore fluid and clay
content. Thus, tracers of different geophysical properties, which change (a) only electrical conductivity (e.g., salt [3]), and, (b)
both electrical conductivity and permittivity (e.g., heat [4], ethanol [5]) are promising for GPR techniques.

In this regard, this abstract shows first a synthetic ethanol tracer test monitored by GPR FWI. As first step in the methodology,
the synthetic tracer test is simulated and monitored by time-lapse crosshole GPR FWI, mimicking an experiment in typical
aquifer conditions using a realistic aquifer model of the Krauthausen test site in Germany [6, 7]. Scenarios of different tracer
types and magnitude of geophysical parameter changes are investigated. Thereby, different FWI starting models (SM) and two
time-lapse FWI strategies are investigated to estimate the limitations of the techniques. The gained knowledge is used to
perform real time-lapse GPR field measurements for several tracer tests. Field results, using for example heat as tracer
(conducted at Krauthausen alluvial aquifer. site description in [6]), are preliminary interpreted in time-lapse by ray-based
inversion and crosshole zero-offset (ZOP) attenuation analysis. In the next step, FWI will be applied on the GPR data with
perspective whether it improves transport imaging resolution compared to other geophysical methods.

Synthetic time-lapse GPR full-waveform inversion for monitoring ethanol tracer test:

Synthetic 3D flow and transport simulations (PARTRACE code, [8]) were used to generate a plume fate for synthetic GPR
FWI modeling. Therefore, a lithological aquifer model with a cell size of 0.09 m was generated using sequential Gaussian
simulation (SGEMS, [9]) software. Realistic widths of preferential paths (Figure 1f) were implemented by simulating log-
conductivity, where the scale of heterogeneity is controlled by the vertical correlation length (CL) simulated with 0.18 m
(derived from [6]). GPR property models (ér, o) were generated using a vertical CL of 0.12 m [7]. Such a CL can be challenging
for the GPR resolvability, which is influenced by the wavelength physical limits [10] (dominant wavelength A~1.02 m). As an
ex$mp|e, we show the results for an ethanol tracer experiment. The geophysical properties of ethanol [5] were used (ér and o
lower than of groundwater), to generate realistic GPR time-lapse changes. Synthetic 2D crosshole GPR data was simulated in
background and time-lapse plume scenarios (Figure 1a,i;d,l) that will be used to perform the FWI. Thereby, different FWI
starting model strategies for time-lapse data were tested to investigate which SM provides the most accurate plume
reconstruction. As one result we observed that for a scenario with small &r and o changes caused by the tracer (here for ethanol
max. Aer=-5, Ac=-8), a SM that uses the background recovered &r and the uniform average value of the o (Figure 1c,j) provides
the best reconstruction. Time-lapse independent FWI and double difference [11] FWI strategies show similar results (Figure
1g,h,0,p). For ethanol, the FWI is able to recover changes from both properties of about Aér=1 and Ac=1 mS/m. Note that the
&r reconstruction tomograms are less smoothed than o (Figure 1g,0), thus show a better potential to resolve preferential paths at
~ 0.1 m scale.

Field time-lapse GPR measurements for monitoring a heat tracer test, preliminary results:

Time-lapse crosshole GPR data was acquired during a natural gradient heat experiment at the Krauthausen test site using a
multi-offset gather (MOG) setup with transmitter locations (Figure 2a, in circles) every 0.4 m, and receiver (crosses) every 0.1
m. For the heat tracer the time-lapse wave velocity (related to permittivity, v= c/ver) of the ray-based inversion tomograms
(Figure 2a) already indicate er temporal changes. As expected for an alluvial aquifer with low clay content, a positive feedback
between wave velocity and temperature effect can be observed [4].
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Figure 1: Ethanol plume reconstruction in a crosshole plane derived from synthetic GPR full-waveform inversion. True
background (a,i) and time-lapse (d,l) permittivity and conductivity models are shown, while true permittivity and conductivity
plume distribution is shown in (f) and (n). Red ellipses show the location of the plume. Starting models for background data
inversion are smoothed background for permittivity (b) and uniform averaged conductivity (j). Starting models for time-lapse
data inversion are the background recovered permittivity (c), and (j) for conductivity. Plume reconstructions from independent
(9,0) time-lapse and background data inversions were performed by subtracting the FWI models (e,m) from the FWI
backaround (c.k). Plume reconstruction usina double-difference time-lanse strateav is shown in (h.n).
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Figure 2: (a) Time-lapse crosshole GPR ray-based inversions of a field heat tracer at 5 m down-gradient for four different
days. (b) Tracer breakthrough curves at 5 m down-gradient from a temperature logger at the left borehole in (a) at a depth
of 8.9 (blue), and from a CDE fit (dashed curves) derived from GPR measurements (circles and asterisks), at 8.9 (black)
and 5.1 m (green) depths (locations are shown with arrows in a). Temperatures of injected heat tracer and groundwater
were 43.5 and 10.2 °C, respectively.

Below 4.5 m depth the electromagnetic wave velocity increases until day 9 by up to Av~5 m/ns, and afterwards in day 27 decreases
to nearly the recovered velocities (Figure 2a). Temperature logger data of a cased well located 5 m down-gradient from injection
(Figure 2b, blue) shows a first temperature arrival after 2.58 days and the maximum temperature was measured 9.18 days after
injection. This seems to agree with changes in the tomograms at depths below 4.5 m. Tracer breakthrough curves (BTC) were
also derived from time-lapse GPR zero-offset trace attenuation (1 — “GPR relative trace energy”) to provide 1D BTC depth
profiles in 0.1 m intervals. They were fitted to the convection—dispersion equation (CDE) analytical solution [12] with R? =0.88
(Figure 2b), showing that this analysis is useful for monitoring the tracer in the plane. For a sand-gravely layer at 8.9 m depth
with a known [7] higher hydraulic conductivity, an earlier arrival of the heat tracer is observed than for a sandy layer at 5.1 m
depth.

Conclusions and outlook:

This study highlights the potential of time-lapse GPR full-waveform inversion as high resolution imaging technique for tracers
of different geophysical properties. From first preliminary ray-based inversions using time-lapse field data, an approximation
of permittivity changes can be derived. Also, simple attenuation analysis as depth profiles indicates major transport processes.
But still ray-based or attenuation analysis are limited in expressing the tracer behavior, as fine heterogeneity is smoothed. As a
realistic tracer quantification is required for robust transport, the study shows that enhanced geophysical methods like the time-
lapse GPR FWI are promising to overcome these limitations and to come up with a high-resolution image of transport. FW1 of
acquired GPR field data consisting of two separate salt and heat tracer test will be used to apply FWI starting model strategies
derived from the synthetics, and which will be tested for its resolution of transport imaging.
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