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ABSTRACT
Injected compressed air energy storage (CAES) and brine may seep from deep reservoirs 
along weak zones upwards into shallow groundwater aquifers. These CAES and fluid phase 
leakages cause changes in the electrical resistivity, density and elastic moduli of the aquifers, 
and justify applications of various geophysical techniques. Applied geophysical techniques 
can resolve and monitor  these brine and CAES anomalies of a sufficient size and contrast 
inside the aquifer. Our sensitivity study shows that an investigation depth of conductive 
brine anomalies is at least twice that of resistive CAES anomalies. Based on sensitivity 
contrasts, seismic and gravity techniques are more sensitive to CAES leakages whereas 
electric and electromagnetic to brine intrusions.

INTRODUCTION
Renewable energy resources are intermittent and need a buffer storage to bridge the time-gap 
between production and demand peaks. The North German Basin has favourable conditions 
and a very large capacity for compressed air/gas energy storage (CAES) in porous saltwater 
reservoirs and salt caverns. However, the injected CAES and even saltwater can seep along 
weak zones and fractures upwards and migrate into shallow groundwater aquifers. These gas 
and fluid phase leakages cause changes in the electrical resistivity, density and elastic moduli 
of these aquifers, and justify applications of various geophysical techniques. Our current 
interdisciplinary project ANGUS+ deals with impacts of using geologic subsurface as a 
thermal, electric or material reservoir in context with alternative energy resources. Our main 
task is to develop an integrative geophysical monitoring strategy for this geologic CAES and 
its possible leakages for almost realistic scenarios.
Using numerical simulations of almost realistic scenario we study the applicability of 
techniques of elastic full wave inversion (FWI), electric resistivity tomography (ERT), 
transient electromagnetic induction (TEM) and gravity in monitoring these leakages in 
shallow groundwater aquifers.

HYDROGEOLOGICAL 
SIMULATION
We simulated two scenarios (Fig. 1). 
The first is a saltwater intrusion of 
4.2 g/s with different salinities for 10 
years due to pressure increase into a 
near surface potable aquifer. In the 
model the aquifer is homogeneous with 
a thickness up to 40 m. The salt water is 
transported with natural groundwater 
flow.
The second is a leakage of 1 kg/s 
compressed air for 10 years into a 500 m thick Quaternary aquifer with alternating layers of 
different sands, silt and clay. The geological structure has been determined by the State 
Agency for Agriculture, Environment and Rural Areas. It was imported into the simulation 
code TOUGH2-MP (EOS3) with help of the user interface PetraSim. The air migrates 

Figure 1: 3D saltwater and CAES leakages into 
shallow groundwater. After 10 years of leakage 
the density change of water is up to 4 kg/m3 for 
saltwater intrusion (salinity 4 g/l, a) and -340 
kg/m3 for CAES (saturation 0.654, b).

(b)(a)

2020

23rd Salt Water Intrusion Meeting, June 16-20, 2014, Husum, Germany 23rd Salt Water Intrusion Meeting, June 16-20, 2014, Husum, Germany





23rd Salt Water Intrusion Meeting, June 16-20, 2014, Husum, Germany 23rd Salt Water Intrusion Meeting, June 16-20, 2014, Husum, Germany

kg/m3). Sensitivity analyses show that a plume as in figure 1 yields a measurable vertical 
gravity anomaly �¿�C�í ���L���H���� �!�� ���� ���*�D�O���� �Z�K�H�Q��the density contrast approaches �•����5 kg/m3, i.e. 
�6�&�5�F�R�Q�W�U�D�V�W���•������5 g/l. Hence, only salt water intrusions with a �6�&�510 times higher than in 
the presented scenario can be detected by gravity. Seismic sensitivity analyses using reverse 
time migration (RTM) show that a plume detection is possible with a �6�&�5contrast is 50 
times larger than in the scenario (not shown).  

GEOPHYSICAL MAPPING CAES LEAKAGE
Reconstructed ERT models (Fig. 4)
show the technique capability (of 
different surveys and inversion 
constraints) to resolve the resistive 
anomalies of the CAES leakage within 
the conductive aquifer. The inverted 
model resolution is enhanced by 
applying a combined surface-borehole 
survey (instead the single surface or 
borehole survey alone, cf. Figs. 4d and 
4e) and by considering a constrained 
inversion (instead of no constraints, cf. 
Figs. 4d and 4f). We can see that the 
resolution of the surface survey 
decreases with increasing depth where 
the deep anomaly shows a smeared 
oversize and reduced amplitude.
Inverted 1D aero-TEM models show the 
technique capability to resolve these 
shallow and deep resistive anomalies. 
The shallow resistive anomaly is better 
resolved than the deep anomaly. 
Obviously, both ERT and TEM 
techniques can resolve these CAES 
anomalies. However, the resolution of 
resistive air plumes in conductive 
medium is governed by the equivalence principle of the transverse resistance (�é�D= constant, 
�D= layer thickness), where the smearing effect increases the thickness on expenses of the 
resistivity amplitude. i.e. the amplitude is underestimated.
Moreover, the 3D gravity technique applied here (not shown?) shows a high sensitivity to 
this shallow leakage in groundwater. For this leakage a negative anomaly approaches an 
�D�P�S�O�L�W�X�G�H���R�I���!�����������*�D�O���Z�K�L�F�K���L�V���I�D�U���K�L�J�K�H�U���W�K�D�Q���W�K�H���O�H�D�V�W���P�H�D�V�X�U�D�E�O�H���Y�D�O�X�H���R�I���������*�D�O���X�V�L�Q�J��
micro-gravimeters.
Applying Gassmann eq. yields changes of the elastic material parameters of �8�ã,�8�æ and bulk 
density �@�Õ(Fig.5a-c). Due to the free surface boundary condition the data of synthetic 
reflection seismic is dominated by the Rayleigh wave, which highly increases the 
nonlinearity of the inverse problem (Brossier et al. 2009). The synthetic seismic sections are 
the input data for the FWI. The initial model for the time-lapse waveform inversion at each 
time-step is the true elastic baseline model before the CAES leakage. No constraints to the 
time-lapse data, like sequential frequency/offset filtering or time windowing, are applied and 
all elastic model parameters are inverted simultaneously. The seismic inversion results (Fig. 
5d-f) are compared with the true changes (Fig. 5a-c). Due to the dominance of the Rayleigh 

Fig. 4: Vertical section of CAES leakage (a) with 
the 2D ERT forward (b) and inverted resistivity 
models from surface (c) and surface-borehole 
surveys (d-e), and 1D TEM sounding models (f) 
at three locations (see b). The resolution is 
enhanced for models of surface-borehole and 
constrained inversion compared to their other 
corresponding models.
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wave in the time-lapse data only �8�æ model variations could be recovered with some success, 
while the changes in �8�ã and �@�Õare underestimated.  

CONCLUSION
Applied geophysical techniques 
are capable to detect and monitor 
saltwater or CAES leakage. A 
comparative interpretation of 
results for both leakages may 
facilitate the sensitivity 
evaluation of the single 
techniques applied to each of 
these leakages. The CAES 
leakage is characterized by its 
resistivity highs and mass 
deficit, and the saltwater 
intrusion by its resistivity lows 
and mass excess. The lower 
boundary value of detectability has been determined. FWI technique can map the CAES 
plume better than the saltwater plume based on impedance contrasts. Applied integrative 
techniques complement each other. Gravity and FWI methods are more sensitive to CAES 
plumes yielding stronger density contrast than saltwater intrusions, whereas ERT and TEM 
are more sensitive to the conductive saltwater than the resistive CAES. Also the 
investigation depth for the resistive CAES plume is far shallower than that for the conductive 
saltwater intrusion.

ACKNOWLEDGEMENTS
This study has been carried out within the framework of ANGUS+ research project funded by the 
German Federal Ministry of Education and Research (BMBF).

REFERENCES
Archie G.E. 1942. The electrical resistivity log as an aid in determining some reservoir characteristics. 

Transactions of the American Institute of Mining Engineers 146, 54-62.
Batzle M. and Wang Z. 1992. Seismic properties of pore fluids. Geophysics 57, 1396-1408.
Brossier, R., Operto, S. and Virieux, J. 2009. Seismic imaging of complex onshore structures by two-

dimensional elastic frequency-domain full-waveform inversion. Geophysics 74(6), WCC63-WCC76.
Christiansen A.V. and Auken E. 2009. Presenting a Free, Highly Flexible Inversion Code: Near Surface 2009, 

Dublin, Ireland, Expanded Abstract, B09.
Gassmann, F. 1951. Über die Elastizität poröser Medien. Vierteljahrsschrift der Naturforschenden Gesellschaft 

in Zürich 96, 1-23.
Götze H.-J. and Lahmeyer B. 1988. Application of three-dimensional interactive modeling in gravity and 

magnetics. Geophysics 53(8), 1096-1108. 
Hagrey S. A. al 2012, 2D optimized electrode arrays for borehole resistivity tomography and CO2 sequestration 

modelling. Pure and Applied Geophysics 169(7), 1283-1292. 
Hese F. 2012. 3D Modellierungen und Visualisierung von Untergrundstrukturen für die Nutzung des 

unterirdischen Raumes in Schleswig-Holstein. PhD thesis, University of Kiel, Kiel.
Köhn D., De Nil D., Kurzmann A., Przebindowska A. and Bohlen T. 2012. On the influence of model 

parametrization in elastic full waveform tomography. Geophysical Journal International 191, 325-345.
Kunkel R., Hannappel S., Voigt H.-J., Wendland F. 2002. Die natürliche Grundwasserbeschaffenheit 

ausgewählter hydrostratigrafischer Einheiten in Deutschland. Endbericht eines FuE-Vorhabens im Rahmen 
des Länderfinanzierungsprogramms „Wasser und Boden“ der Länderarbeitsgemeinschaft Wasser. 97 p.  

Loke H., Acworth I. and Dahlin T. 2003. A comparison of smooth and blocky inversion methods in 2D 
electrical imaging surveys. Exploration Geophysics 34, 182–187. 

Tarantola A. 1986. A strategy for non-linear inversion of seismic reflection data. Geophysics 51, 1893-1903.

Fig. 5: Changes of the elastic material parameters P-
wave velocity (a, d), S-wave velocity (b, e) and bulk 
density (c, f) for the true model of the CAES leakage in 
the groundwater aquifer (a-c) and that resulting from 
FWI (d-f), respectively.
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Origin of saltwater in the groundwater systems of Indian 
subcontinent 
 
N. Alam1 and T. N. Olsthoorn1,2  
1Department of Water Management, Delft University of Technology, Delft, Netherlands 
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ABSTRACT 
Groundwater management and exploration in the important Indus Basin aquifer require 
discovering the mechanism of salt accumulation. It is undoubtedly clear that the infiltrating 
rivers in the Punjab are the cause of high evaporation gradually away from the rivers, which 
results into accumulation of saltwater in the Indus Basin aquifer. But, the presence of 
saltwater at greater depths confuses the Hydrogeologists working on the groundwater 
management of the area to build reliable models. In this paper, we explore the hypothesis of 
land formation in the Indian subcontinent, which unveils the noteworthy history as well as 
important origin of saltwater in the Indus Basin aquifer. A gigantic Himalayan’s river called 
as “Siwalik” had been involved in the land formation of Indian subcontinent since a few 
million years ago as revealed by archeological records. A huge amount of debris and 
alluvium as transported from the Himalayas by this great river were deposited in the sea, 
where the present-day lands of Pakistan, Indian Punjab and Indian state of Rajasthan exist. In 
this paper, we simulate the hydrogeological processes of land formation to date back the 
origin of saltwater in the Indus Basin aquifer. Borehole logs, which were drilled up to 
bedrocks in the recent past, are used to evaluate the pattern of deposition. The analysis of 
chemical and isotope samples, as collected in the past, also indicates a possible relation 
between the deeper groundwater and ocean water. 
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A Flexible Predictive Tool for Salt Water Intrusion in the Red 
River Delta 
 
Duc H. Nguyen1  
1Department of Hydrology and Water Resources, Water Resources University, Hanoi, 
Vietnam 
 
 
SUMMARY 
For the management of estuarine water resources, it is necessary to have an instrument to 
determine the salinity concentration for any given location on the basic of directly 
measurable parameters such as geometry, river flow, and tide. Such an instrument is called a 
predictive tool. This can be used to simulate a case, in which one or more of the input 
parameters are subjected to change. 
To date, numerous models for salt intrusion have become available. They are often used to 
make predictions of changes in salinity distribution under various boundary conditions. It is 
often implicitly supposed that if a model has been calibrated to reproduce measurements, 
then it will have some levels of predictive capability (Carter et al. 2006; Gallagher and 
Doherty 2007). However, this hypothesis is not always reasonable. It appears that a model 
developed for a specific condition of climate, geology, and hydrology does not represent the 
physical processes realistically and suitably in different environments (Beven 2000). In other 
words, the predictability of a model may only be fully achievable for a specific condition at 
which the model is calibrated, but it may uncertain to some extent.  
In many studies involving real world situations, a predominant disadvantage of the models is 
that they require a large number of measured data before the calibration and prediction can 
take place. The input data for boundary and initial conditions, such as topography, 
freshwater discharge, hydraulic conductivity, tidal velocity, and dispersion coefficient are 
extremely difficult to measure in reality that constrains the accurate modeling of the salt 
water intrusion. 
While the modeling theory seems to favor simple, characterized by a few components and a 
restricted set of parameters, practical applications often require detailed representation of 
processes, and predictive models have to address complex environmental problems (Fenicia 
et al. 2009). However, a predictive model must have complex simulation capabilities, and 
that model should be supported by the available large datasets (Hunt et al. 2007). As data 
availability may be much different from one location to another, establishment of model 
complexity is not always desirable. This requires flexible model structures that can adapt 
well to different requirements of specific applications. Predictive models should be 
developed in a way to strike a balance between model complexity and data availability, by 
keeping models as simple as possible, but complex enough to justify the dynamics of the 
data (Fenicia et al. 2008; Savenije 2009). 
The analytical salt intrusion model of Savenije (2005) is a good example of a flexible 
modeling approach. This model was originally developed for use in single channel estuaries 
considering the channel shape under tidally averaged conditions. The model involves two 
calibration coefficients that can be determined on the basis of an extensive salinity intrusion 
survey. It also contains some semi-empirical formulas that allow the prediction of the salt 
intrusion for a wide range of estuaries. However, there is no definitive answer to the question 
of whether the tidally averaged salt intrusion model can be applied to predict the future 
salinity distribution in complicated geometrically estuaries, in which the estuary shape 
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significantly varies as a function of tidal amplitudes. Such estuaries exhibit a narrow and 
nearly prismatic shape at low tide, but at high tide, they are very broad, and the banks 
strongly converge upstream.  
In this paper, we present a predictive solution for salt intrusion based on the work of 
Savenije (2005). The proposed method was developed based on the premise that a calibrated 
model can be used for making predictions of future system behavior if the information 
content of the calibration data is sufficiently enough to constrain the model parameters. 
Hence, the parameterizations estimated through calibration for different geometric and 
hydrologic conditions can ensure the model to reproduce the reality that it is designed to 
represent. This strategy allows us to utilize the model at a level of complexity that 
sufficiently represents all processes at which a prediction of interest depends. The method 
was extended to establish empirical relations for the model parameters as a function of 
directly measurable parameters such as geometry, freshwater flow, and tide. Thus, changes 
in boundary conditions and their influences on the salinity distribution can be predicted. 
The developed method was adapted for use in the Red River Delta (RRD) in North Vietnam. 
This delta comprises four estuary branches: Tra Ly, Red River, Ninh Co, and Day (Figure 1). 
Existing topography, tide, and salinity data during a month in the dry season of 2006, which 
were measured by the joint project between the Tokyo Metropolitan University and the 
Water Resources University (Nguyen 2012), were used to calibrate the model parameters. 
Predicted results of longitudinal salt intrusion profile were compared with collected datasets 
in 2008 and 2009 to validate the method. A relatively good agreement was found between 
the model calibrated parameters and those computed from the empirical relations. We also 
found that the predicted salt intrusion profiles agree well with the measured data. These 
findings provide a key for the further investigation of salt water intrusion in estuaries. 
 

 
Figure 1.  The study area. 
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