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Abstract—Globally, the largest geothermal resources are

linked to the crystalline basement, which could be exploited using

Enhanced Geothermal Systems (EGS). The planned underground

laboratory GeoLaB aims to facilitate the large-scale application of

EGS technologies by performing in-situ high-flowrate experiments

on fault zones. The Tromm Granite at the northwestern margin of

the Upper Rhine Graben was preselected as one of two potential

sites for GeoLaB. To improve the understanding of the natural fault

network in the target area, a drone-based aeromagnetic survey was

conducted in March 2022, covering an area of about 13.3 km2 in

the center of the pluton. A selection of eight filters to enhance the

signal was tested against each other using a synthetic model. Based

on this comparison, the tilt derivative appears to be the most reli-

able method for mapping and characterizing natural fault zones.

The filtered aeromagnetic dataset reveals a network of linear

anomalies interpreted as altered fault zones. The relative abun-

dance of magnetic lineaments correlates broadly with slip tendency

in the current stress field. Thus, the aeromagnetic may provide

insights into the reactivation potential and deformation history of

fault zones, which significantly influence the hydraulic properties.

However, additional geophysical surveys or exploration wells are

needed to validate the results.

Keywords: GeoLaB, Aeromagnetics, Signal processing,

Odenwald, Upper Rhine Graben, Geothermal energy, Faults,

Crystalline basement.

1. Introduction

Climate change and the current energy crisis

related to the war in Ukraine urged the need to reduce

the consumption of fossil fuels and increase renew-

able energy sources (IPCC, 2022). In this context,

deep geothermal energy plays a key role as its base-

load capability can effectively compensate for

weather-dependent fluctuations of other renewable

energy forms. The overall largest geothermal

resources are found in the crystalline basement

(Paschen et al., 2003; Tester et al., 2006; Frey et al.,

2023), accessible by deep drillings in many regions

worldwide. This study focuses on the Upper Rhine

Graben (URG), where the geothermal resources have

already been exploited for power and heat supply as

well as for balenological purposes in the past (Frey

et al., 2022a).

As the natural permeability of the crystalline

basement is usually very low (\ 10–16 m2), so-called

Enhanced Geothermal Systems (EGS) need to be

developed in order to make the geothermal resources

usable (Huenges, 2010). They represent artificial

reservoirs created by hydraulic, thermal or chemical

stimulation. Depending on the applied technology

and the subsurface conditions, existing fractures or

new fractures are opened, resulting in a permeability

increase of several orders of magnitude. Successful

development of EGS is based on a comprehensive

understanding of the natural fracture and fault net-

work as well as fluid-rock interactions. However,

first-order questions remain regarding the hydro-

thermo-mechanical-thermal processes during stimu-

lation and operation of the power plant. To make

EGS feasible on a broad scale, these issues will be

addressed in the upcoming GeoLaB (Geothermal

Laboratory in the Mine) project (KIT, 2022). GeoLaB

will consist of a newly constructed subsurface labo-

ratory at the eastern margin of the URG, where high-

flowrate experiments on faults will be conducted. The

selection of a suitable site is based on the criteria

catalog of Schill et al. (2016). Accordingly, the

location should be geologically homogeneous, have

controllable hydraulic boundary conditions (prefer-

ably no mining history), exhibit undisturbed stress
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conditions (several hundred meters overburden above

the laboratory), and contain sufficient fractures that

may potentially be reactivated in the recent stress

field. Two sites have already been preselected that

meet these requirements: the southern Black Forest

and the Tromm Granite in the Odenwald. This article

concentrates on the latter.

For the planning of the approximately 1.5 km

long GeoLaB tunnel, potentially permeable faults

have to be identified beforehand on which the above-

described experiments can be carried out. Initial

characterization of the fault and fracture network in

the Tromm Granite has already been carried out by

Frey et al., (2022b), locally using LIDAR surveys in

outcrops and regionally by analyzing morphological

lineaments in high resolution digital elevation models

(DEMs). However, fault zones of hundreds of meters

to several kilometers length are always buried under a

meter thick sedimentary cover, preventing any direct

assessment of structural and hydraulic properties. In

addition, uncertainties remain as to whether the DEM

lineaments indeed reflect faults in the subsurface. The

characterization of the fault and fracture network

therefore relies mainly on indirect geophysical mea-

surements. Gravity data, also acquired by Frey et al.,

(2022b), show several hundred meters wide anoma-

lies indicative of broad zones in which the fracture

porosity may be as high as 6%. This study presents an

improved mapping of potentially porous and perme-

able faults based on a newly acquired aeromagnetic

dataset.

Aeromagnetic surveying is a widely used geo-

physical method that allows more efficient mapping

of the crustal magnetic field than ground-based

methods (Isles & Rankin, 2013). These measure-

ments are particularly useful in rugged and remote

areas like the Tromm Granite, where other datasets,

such as seismic or borehole data, are sparse or

unavailable. Aeromagnetic datasets are further

advantageous when field mapping is not possible due

to a sedimentary cover of the target structures.

Applications are diverse and include geological and

tectonic mapping as well as mineral and hydrocarbon

prospection. Depending on the target size, the cor-

responding surveys are carried out at a wide range of

scales, from a few hectares to several thousand km2.

Until a few years ago, the surveys were mostly

conducted with airplanes or helicopters, but the use of

UAVs (Unmanned Aerial Vehicles) has recently

increased (Cherkasov & Kapshtan, 2017; Kim, 2020;

Walter et al., 2020). UAVs enable small to medium-

sized surveys to be carried out generally at a lower

cost and with less environmental impact.

2. Geological Setting

The aeromagnetic survey covers the central part

of the Tromm Granite, an approximately 60 km2

large intrusion in the southern Odenwald (Fig. 1)

(Amstutz et al., 1975; Krohe & Willner, 1995; Stein,

2001). The study area is located at the northeastern

URG margin, which is part of the Mid-German

Crystalline High (MGCH), consisting of mafic to

felsic plutonic rocks intruded into Paleozoic meta-

morphic units. The crystalline basement of this region

was primarily shaped during the Variscan orogeny

(Kossmat, 1927), that reached its peak continental

collision phase during the Carboniferous. In this

context, the MGCH is commonly regarded as the

exposed former active continental margin of the

Armorican Terrane Assemblage (Altherr et al., 1999;

Krohe, 1991; Okrusch et al., 1995).

The Tromm Granite consists of medium- to

coarse-grained, orthoclase-rich, biotite-bearing, and

often reddish granitoids characterized by large

potassium feldspar inclusions (Maggetti, 1975;

Nickel, 1953). The southern part additionally features

a fine-grained variety of this granite with similar

mineralogical composition but at a younger age. The

granite is often intruded by aplitic or pegmatitic

dykes and veins (Klemm, 1933). To the east, the

Tromm Granite is bounded by the 1–2 km wide

Otzberg Zone (Schälicke, 1975), a first-order crustal

shear zone that has been repeatedly reactivated since

the Paleozoic. In the south, the granite gradually

merges into the lithologically heterogeneous

‘‘Schollenagglomerate’’ (Nickel, 1975), which com-

prises gneiss, schists, amphibolites, and various

magmatic rocks. In the northwest, the Tromm Granite

adjoins the granodiorites of the Weschnitz Pluton.

Clark (2020) reported that the Koenigsberger ratio of

felsic igneous rocks is usually well below 0.5 (typi-

cally around 0.2). Accordingly, magnetization in the
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Tromm Granite is expected to be mainly influenced

by induction, while remanent magnetization may be

of minor importance.

The structural inventory of the Tromm Granite is

characterized by its multiphase evolution, during

which the regional stress field was repeatedly reori-

ented (Behrmann et al., 2003; Bossennec et al., 2021;

Buchner, 1981; Dèzes et al., 2004; Schumacher,

2002). On the one hand, the pluton was structurally

overprinted directly after its emplacement, i.e. during

the final phase of the Variscan continental collision

and the subsequent collapse of the orogen. At this

time, deformation was especially concentrated along

the Otzberg Zone, which is documented by the

extensive cataclasis and mylonitization. On the other

hand, opening or reactivation of fractures and faults

in the Tromm Granite occurred with the formation of

the adjacent URG. The main crustal extension took

place between the late Eocene and early Miocene,

with the orientation of the largest horizontal stress

rHmax between NW–SE and NNE–SSW. This was

followed by the still ongoing transtensive reactivation

of the graben faults, with an orientation of rHmax

around NW–SE. Frey et al. (2022b) demonstrated

that the orientation of fractures in the study area is

largely consistent with measurements from the URG,

e.g., at Soultz-sous-Forêts. This indicates that the

majority of fractures are associated with the rifting.

Nevertheless, the poor outcrop situation makes it

difficult to draw reliable conclusions on the exact

timing of fault activity in the Tromm Granite.

Direct stress measurements are not available for

the southern Odenwald due to the lack of deep

boreholes. Instead, stress information is derived from

wells and seismic events some tens of kilometers to

the west in the URG (Reiter et al., 2016). Ahlers et al.

Figure 1
Overview of the study area: (A) geological map of the Odenwald (modified after HLUG, 2007), (B) geological map of the Tromm Granite in

the southern Odenwald (Klemm, 1900, 1928, 1929, 1933), including in-lines and tie-lines of the aeromagnetic survey. HG Heidelberg Granite,

OZ Otzberg Shear Zone, SA Schollenagglomerat, SH Sprendlinger Horst, TG Tromm Granite, WP Weschnitz Pluton

Vol. 180, (2023) Mapping Buried Fault Zones in a Granitic Pluton 2243



(2021) combined all available stress data into a

Germany-wide stress model, and suggest that rHmax

strikes * 165� in the study area.

3. Material and Methods

3.1. Aeromagnetic Survey and Basic Data

Processing

The acquisition and basic processing of the

aeromagnetic dataset from the Tromm area were

carried out by French company TERREMYS with

their self-developed magnetic mono-sensor quad-

copter. A Bartington MC03 fluxgate magnetometer

was used for the magnetic measurements, which is

attached to a 1 m long rigid pole and records data at

25 Hz. The survey was conducted in March 2022,

covering an area of 13.3 km2 during 6 days of

measurements (Fig. 1). A total of 252 linear km was

recorded with in-line and tie-line spacings of 70 and

210 m, respectively. The flight altitude was 70 m

above ground, using a barometer for vertical naviga-

tion. A 1 m precision GNSS was used for the

horizontal positioning. Due to legal restrictions,

buildings, gardens, and streets were excluded and

the survey area was divided into seven sectors with

separate take-off locations. An overlap of 60 m was

chosen at the respective boundaries to ensure a good

connection between the sectors.

The magnetic sensor was calibrated twice a day or

when the take-off point was changed. This calibration

enabled measurement sensitivity of about 1 nT.

Additional measurements by an independent mobile

base station were used to correct for diurnal variations.

However, technical problems occurred after two days,

which is why the corrections were based on data from

the observatories Manhay (MAB) in Belgium and

Fürstenfeldbruck (FUR) in Germany. The reference

field IGRF-13 was subtracted from the measured

field to calculate the total magnetic intensity anoma-

lies (TMI). Subsequently, leveling correction was

performed, which minimizes the anomaly differences

at the crossing points of in- and tie-lines (the standard

deviation is 0.1 nT after correction). A minimum

curvature algorithm was applied to calculate a grid of

the TMI anomalies with a cell size of 25 m,

corresponding to about one third of the in-line spacing.

Finally, a reduction to the magnetic north pole (RTP)

was performed at 70 m above ground using the

direction given by the IGRF-13 model. The RTP

calculation facilitates the geologic interpretation of the

data since it places the magnetic anomaly above the

causative magnetic volume.

3.2. Anomaly Enhancement Filters

The RTP anomalies is often dominated by

regional trends typically with wavelengths of several

kilometers. Therefore, various filter techniques have

been developed to enhance fine details and detect

edges of near-surface source bodies. For this study,

eight well-established algorithms were selected and

compared against each other. Their mathematical

principles are summarized below.

The vertical derivative (VDR) is a high-pass

filters commonly calculated when interpreting mag-

netic anomalies. This method concentrates the

anomalies above their sources in the subsurface.

Expressed in a cartesian coordinates system (x,y,z)

with z being the vertical coordinate, VDR of the

magnetic field component (F) is:

VDR ¼ oF

oz

The total horizontal gradient (THG) of the field

places extreme values above the edges of the source

body (Cordell, 1979):

THG ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oF

ox

� �2

þ oF

oy

� �2
s

Ma and Li (2012) proposed the normalized total

horizontal gradient (NTHG), which equalizes the

amplitudes of THG within a moving window of pre-

defined size:

NTHGi;j ¼
THGi;j

maxðTHGi�m
2
:iþm

2
;j�n

2
:jþn

2
Þ

where m and n are the width and length of the win-

dow. The analytical signal amplitude (ASA) (Roest

et al., 1992) combines the gradients of the magnetic

field from all three dimensions and can be used to

detect the sources edges:
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ASA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oF

ox

� �2

þ oF

oy

� �2

þ oF

oz

� �2
s

The tilt derivative (TDR), proposed by Miller and

Singh (1994), normalizes VDR using THG. This filter

enhances the short-wavelength content of the mag-

netic field while preserving the polarity of the

anomalies. The zero crossing marks the edges.

Maxima and minimal are centered above the source

bodies:

TDR ¼ tan�1 VDR

THG

� �

The theta map h, normalizes THG using ASA

(Wijns et al., 2005) and marks the sources edges by

the signal’s minima:

h ¼ cos�1 THG

ASA

� �

A modified version of the tilt derivative was

introduced by Cooper and Cowan (2006), which

normalizes THG with the absolute value of VDR.

The normalized horizontal tilt derivative (TDX)

marks the sources edges by the signal maxima, thus

yields similar results as the theta map:

TDX ¼ tan�1 THG

jVDRj

� �

Finally, Oksum et al. (2021) recently proposed an

edge detection method based on a modified fast

sigmoid function (FSED), which incorporates the

vertical and horizontal gradients of THG. The filter

provides a sharp image of the source edges:

FSED ¼ R� 1

Rj j þ 1

with

R ¼
oTHG
oz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oTHG
ox

� �2 þ oTHG
oy

� �2
r

3.3. Synthetic Model

Before being applied to the field data, the

described filters were first tested on a synthetic model

(Fig. 2) that reflects the expected subsurface structure

of the Tromm Granite in a simplified way. The model

was created with the software IGMAS ? (Interactive

Geophysical Modelling ASistant) (Götze & Lah-

meyer, 1988; Schmidt et al., 2020), spanning 500 m

horizontally and 200 m vertically. Three 25 m thick

faults were modeled, one vertical and two dipping

with 70�. An overburden of 50 m was further

specified for one of the dipping faults. Different

magnetic susceptibilities were assigned to generate

contrasts compared to the reference background. In

addition, artificial noise was added to the synthetic

field.

For an objective selection of the most appropriate

filtering method, the following criteria were defined

that the filtered anomalies should satisfy:

• Amplification of the short-wavelength content of

the magnetic anomalies.

• Correct positioning of the modelled structures

without filter artifacts.

• Amplification of the anomalies from buried

sources.

• Preservation of the polarity of the anomaly to

enable the best geological interpretation.

• Robustness to noise in the data (detection of

magnetic sources should not be obstructed by the

noise).

3.4. Assessing Reactivation Potential

After applying the selected filter to the aeromag-

netic dataset from the Tromm Granite, linear features

in the filtered magnetic field with a minimum length

of 250 m were digitized and could be compared with

the DEM lineament analysis performed by Frey et al.

(2022b). The clustering of lineaments in specific

azimuth intervals was interpreted for the recent stress

conditions in the survey area based on the geome-

chanical modelling of Ahlers et al. (2021). For this

purpose, the two parameters slip and dilation ten-

dency were used (Ferrill & Morris, 2003; Morris

et al., 1996), which are measures of the reactivation

potential of a fault zone. The slip tendency Ts is

defined as:
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Ts ¼
s
rn

where s is the shear stress and rn the normal stress

acting on the fault plane. The dilation tendency Td

can be written as:

Td ¼
r1 � rn
r1 � r3

where r1 and r3 are the largest and the smallest

principal stresses, respectively.

4. Results

4.1. Comparison of Different Filter Methods

A comparison of the eight filter methods

described above is presented for the synthetic mag-

netic dataset in Fig. 3 (without noise) and Fig. 4

(with noise). The visual evaluation of the filters is

based on the criteria defined in the subchapter ‘‘Syn-

thetic model’’. All filter methods amplify the short

wavelength components of the field, concentrating

the anomalies over the source volumes or their edges.

VDR, ASA, TDR, theta map, and TDX render the

location of the modelled faults with a maximum

horizontal deviation of 20 m and without producing

filter artefacts. The THG filter result, in contrast, does

not allow an unambiguous interpretation of the fault

locations. NTHG and FSED produce significant

artefacts. All filter methods can detect the buried

fault zone (50 m overburden), with the best gain

achieved by TDR, theta map, and TDX. VDR and

TDR are the only filters that preserve the original

polarity of the anomalies, which is essential for the

subsequent geological interpretation. Finally, the

eight filters show varying sensitivity to noise in the

dataset. VDR, TDR, theta map, and TDX still allow

detecting all modelled faults.

In summary, only VDR and TDR meet all the

predefined criteria. Since TDR amplifies the signal of

the buried fault more effectively, this method was

selected for filtering the aeromagnetic dataset from

the Tromm Granite.

4.2. Magnetic Anomalies of the Tromm Granite

Figure 5a illustrates the magnetic anomalies

recorded in the Tromm area. The RTP anomalies

range from - 22.5 to 67.5 nT. Positive values of RTP

are predominant at the boundary with the Schol-

lenagglomerate in the south, which roughly coincide

with mapped amphibolite bodies (Fig. 1). From the

Figure 2
(A) 3D model comprising three fault zones, each with a thickness of 25 m. The dip angle of the red fault is 90�, while that of the blue and

green faults is 70�. The top of the green line is 50 m below the surface to represent a buried structure. The magnetic properties of the faults

and surrounding rock mass are given in the table below. (B) Synthetic magnetic field calculated for this model, including the fault traces. Note

that the anomalies are reduced to the magnetic north pole

2246 M. Frey et al. Pure Appl. Geophys.



petrophysical investigations of rock samples from

Odenwald by Frey et al. (2020) it is known that

amphibolites (v = 0.003 ± 0.008 [SI]) exhibit on

average almost one order of magnitude higher

magnetic susceptibility than the Tromm Granite

(v = 0.0007 ± 0.001 [SI]). This observation thus

explains the concentration of positive anomalies over

the amphibolite bodies. Further north, where no

macroscopic changes in lithology are evident from

geological mapping (Fig. 1), the magnetic anomalies

indicate a concentric zonation of the Tromm Granite,

with the magnetic maximum in the center and

minima at the edges of the pluton.

The TDR filter amplifies the short wavelengths of

the RTP anomalies, revealing a connected network of

linear magnetic minima (Fig. 5b). Magnetic linea-

ments with a minimum length of 250 m are

interpreted as potential fault zones. In total 118

lineaments, with a maximum length of 1.3 km, were

extracted from the filtered anomaly map. A compar-

ison of the magnetic with the morphological

lineaments obtained by Frey et al. (2022b) from the

high-resolution DEM of the Tromm Granite is shown

in Fig. 5c. Along the prominent structures in the

northern part of the aeromagnetic survey, a high level

of agreement between these two independent data

sets is evident. In contrast, the correlation is low in

the remaining parts of the Tromm Granite.

Figure 3
Comparison of eight different enhancement filters for the magnetic data: (a) forward modeled magnetic field for the synthetic model shown in

Fig. 2, (b) vertical derivative, (c) total horizontal gradient, (d) normalized total horizontal gradient, (e) analytical signal amplitude, (f) tilt

derivative, (g) theta map, (h) normalized horizontal tilt derivative, and (i) fast sigmoid function. The dashed lines represent the fault traces in

the synthetic model
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4.3. Reactivation Potential of Lineaments

Slip and dilation tendency in the current stress

field were calculated for the Tromm Granite at

various fault orientations (Fig. 6a). The dilation

tendency exhibits a sinusoidal pattern with the

maximum parallel to rHmax (* 165�) and the

minimum parallel to rhmin. In contrast, the slip

tendency is more complex, with two maxima at about

005� and 140�. For comparison, the cumulative

lengths of lineaments at discrete strike intervals are

given in Fig. 6b. Lineaments based on the DEM do

not display a preferred direction, except for the

cluster between 070� and 110�. No correlation with

slip or dilation tendency can be detected. The

magnetic lineaments are distributed more

heterogeneously. Between 040� and 180�, there is a

high degree of correlation with the slip tendency. The

maximum cumulative length is found between 110�
and 150�, coinciding with the slip tendency peak.

Likewise, few magnetic lineaments were detected in

the directions of minimum slip tendency. However,

only a few lineaments are present between 000� and
040�, even though another maximum of the slip

Figure 4
Comparison of eight different enhancement filters for noisy magnetic data: (a) forward modeled magnetic field for the synthetic model shown

in Fig. 2, (b) vertical derivative, (c) total horizontal gradient, (d) normalized total horizontal gradient, (e) analytical signal amplitude, (f) tilt

derivative, (g) theta map, (h) normalized horizontal tilt derivative, and (i) fast sigmoid function. The dashed lines represent the fault traces in

the synthetic model

cFigure 5
Results of the aeromagnetic survey from the Tromm Granite:

(A) magnetic anomalies after reduction to the pole (RTP) at 70 m

above ground and with a lateral resolution 25 m, (B) Tilt derivative

(TDR) of the anomalies, and (C) TDR of the anomalies with

morphological and magnetic lineaments

2248 M. Frey et al. Pure Appl. Geophys.
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tendency is reached here. A correlation with the

dilation tendency is not observed.

5. Discussion

A high-resolution aeromagnetic survey was per-

formed for the Tromm Granite at the northwestern

URG margin. The calculated RTP anomalies indicate

a concentric magnetic zonation of the pluton. Similar

observations have been made for other granitoid

intrusions worldwide (Antolı́n-Tomás et al., 2009;

Aydin et al., 2007; Benn et al., 1998; Gleizes et al.,

1993). This possibly reflects the geochemical

differentiation in the magma chamber during cooling

and crystallization, resulting in a heterogeneous dis-

tribution of ferrimagnetic minerals (mainly

magnetite) within the pluton. In addition, hydrother-

mal alteration and metamorphic overprinting may

cause magnetic zonation.

Applying the TDR filter to the RTP anomalies

reveals a network of magnetic lineaments character-

istic of crystalline settings and usually interpreted as

faults or fracture zones (Henkel & Guzmán, 1977).

The transformation of magnetite into paramagnetic

minerals is considered to be the main reason for the

locally reduced magnetic susceptibility. This process

is accelerated in active fault zones, on the one hand,

Figure 6
(A) Slip and dilation tendency for the Tromm Granite at various fault plane orientations, (B) normalized cumulative length of lineaments from

the high-resolution digital elevation model and the enhanced aeromagnetic anomaly map

2250 M. Frey et al. Pure Appl. Geophys.



through alteration processes caused by fluid-rock

interaction and, on the other hand, through the

crushing of larger mineral grains as a result of tec-

tonic deformation (Isles & Rankin, 2013). In some

cases, the fault core may also exhibit in increase in

magnetic susceptibility compared to the surrounding

undisturbed rock (Hirono et al., 2006; Tanikawa

et al., 2008). Possible reasons for this include min-

eralogical changes caused by hydrothermal or

thermo-mechanical processes in the fault zone.

However, due to the lack of suitable outcrops in the

Tromm Granite, this cannot be reliably assessed.

A comparison of the magnetic lineaments with

lineaments from the high-resolution digital elevation

model of the Tromm Granite shows that these two

independent datasets are only partially correlated.

Good agreement is generally found for prominent

lineaments with a minimum length of 1 km. The

discrepancies for the shorter lineaments might indi-

cate that they do not necessarily represent fault zones.

Alternatively, lithological variations in the pluton or

magmatic veins could be responsible for the observed

magnetic signal. However, the interpretation of the

magnetic lineaments as fault zones is supported by

the high correlation with the slip tendency under the

current stress conditions. A possible explanation for

this could be the repeated reactivation of favorably

oriented fault planes in the Tromm Granite. The

reduction of the magnetic susceptibility could be

result of crushing and alteration of magnetite in these

zones (Isles & Rankin, 2013).

Interestingly, significantly more magnetic linea-

ments occur between 110� and 150� than between

000� and 040�, although a maximum of slip tendency

is reached here in each case (Fig. 6). One possible

reason could be the multiphase evolution of the

crystalline basement along the URG. As described in

the chapter ’Geological Setting’, the regional stress

field has been repeatedly reoriented since the intru-

sion of the Tromm Granite (Behrmann et al., 2003;

Bossennec et al., 2021; Buchner, 1981; Dèzes et al.,

2004; Schumacher, 2002). Accordingly, the seem-

ingly abundant NW–SE striking faults may have been

reactivated most frequently during the past 330 Ma,

as indicated by the magnetic signal. However, a

reliable reconstruction of the reactivation potential

over the entire geologic history is not possible

because of the large uncertainties concerning paleo-

stress conditions. Alternatively, the NW–SE faults

could already have been established during the Var-

iscan orogeny. Schumacher (2002) and Edel et al.

(2007), for example, reported that large-scale pre-

existing Variscan structures, such as the Otzberg

Zone on the eastern margin of the Tromm Granite,

had a major influence on the location and geometry of

the URG. Unfortunately, however, dependable state-

ments about the timing of the formation and

activation of local faults in the study area cannot be

made because no suitable outcrops of such faults

exist.

Bertrand et al. (2020) analyze a comparable

aeromagnetic dataset consisting of two separate sur-

veys from the western URG shoulder. Their data

were acquired over a significantly larger area

(* 1500 km2) than the one presented here, with a

greater linespacing of 400 and 500 m, respectively

(Gavazzi et al., 2020). They calculated the horizontal

derivative of the RTP, which allows a delineation of

the Variscan basement blocks, separated by ENE–

WNW striking first-order fault zones. Furthermore, a

compartmentalization of the N–S striking rift related

faults is evident (Bertrand et al., 2020). However,

internal structural features within homogeneous

basement units are poorly resolved, most likely due to

the lower resolution of the magnetic data compared to

the Tromm survey.

The aeromagnetic survey presented here is a

cornerstone of the preliminary geological-geophysi-

cal exploration for GeoLaB. A roughly 13 km2 area

of the Tromm Granite, for which little structural

geological data were previously available, was sur-

veyed at high resolution. The magnetic lineaments in

the TDR map (Fig. 5) indicate potential fault zones

that serve as target structures of GeoLaB. However,

in addition to permeable faults, stress conditions

unaffected by topography are required, suggesting

that the overburden of the approximately 1.5 km long

GeoLaB tunnel should be in the range of several

hundred meters. Figure 7 compares this overburden

with the location of magnetic lineaments. The highest

overburden of up to 350 m is reached at the eastern

boundary of the survey. Several magnetic lineaments

are observed in this area, at least five of which have a

high reactivation potential (Ts[ 0.8). The TDR
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anomalies should now serve as a basis for more

specific geophysical investigations, for example with

terrestrial gravimetry and magnetics, geoelectrics,

and reflection seismics. This could provide evidence

of the actual existence of faults associated with the

magnetic lineaments. The final proof will be ulti-

mately provided by exploratory drilling or the tunnel

itself. Once GeoLaB is constructed, detailed suscep-

tibility measurements across fault zones in the tunnel

would be useful to verify the interpretation of the

aeromagnetic anomalies.

6. Conclusions

A high-resolution aeromagnetic dataset of the

Tromm Granite (Odenwald, SW Germany) was

acquired by drone to map and characterize the natural

fault network. The following conclusions can be

drawn from the investigations:

• Aeromagnetic surveys allow efficient investiga-

tions of large surface areas in rugged and remote

regions, such as the Tromm Granite.

Figure 7
Comparison of the maximum overburden over a 1.5 km long horizontal tunnel with the magnetic lineament extracted from the TDR filtered

RTP anomalies in the Tromm Granite. The relative slip tendency of the lineaments under the current stress conditions is indicated.

Futhermore, the local road infrastructure is plotted on the map
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• Different filters for enhancing the shortwave mag-

netic signals have been reviewed and compared

using a synthetic model. For the mapping of fault

zones, the tilt derivative (TDR), applied after RTP,

was shown to be the most reliable method.

• The unfiltered RTP anomalies from the Tromm

Granite indicate a concentric zonation of the

pluton, which might be associated with the differ-

entiation of the magma chamber during its

emplacement.

• The filtered RTP anomalies exhibit more than 100

magnetic lineaments that may be interpreted as

potentially permeable fault and fracture zones. The

clustering of these lineaments at the maximum slip

tendency indicates preferential reactivation of

favorably oriented fault planes.

• The TDR anomaly map provides a significant

decision-making basis for the site selection process

of GeoLaB.

• Further exploration using geophysical methods or

drilling is required to validate the results presented

here.
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Gleizes, G., Nédélec, A., Bouchez, J.-L., Autran, A., & Rochette, P.

(1993). Magnetic susceptibility of the Mont-Louis andorra

ilmenite-type granite (Pyrenees): A new tool for the petrographic

characterization and regional mapping of zoned granite plutons.

Journal of Geophysical Research, 98(B3), 4317–4331. https://

doi.org/10.1029/92JB01590

Götze, H.-J., & Lahmeyer, B. (1988). Application of three-di-

mensional interactive modeling in gravity and magnetics.

Geophysics, 53(8), 1096–1108. https://doi.org/10.1190/1.

1442546

Henkel, H., & Guzmán, M. (1977). Magnetic features of fracture

zones. Geoexploration, 15(3), 173–181. https://doi.org/10.1016/

0016-7142(77)90024-2

Hirono, T., Lin, W., Yeh, E.-C., Soh, W., Hashimoto, Y., Sone, H.,

et al. (2006). High magnetic susceptibility of fault gouge within

Taiwan Chelungpu fault: Nondestructive continuous measure-

ments of physical and chemical properties in fault rocks

recovered from Hole B. TCDP. Geophys. Res. Lett. https://doi.

org/10.1029/2006GL026133

HLUG. (2007). Geologische Karte von Hessen. Hessisches Lan-

desamt für Umwelt und Geologie.

Huenges, E. (Ed.). (2010). Geothermal Energy Systems. Wiley.

IPCC (2022). Climate Change 2022: Impacts, Adaptation, and

Vulnerability. Contribution of Working Group II to the Sixth

Assessment Report of the Intergovernmental Panel on Climate
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Dacal, M.L., Meeßen, C., et al. IGMAS?—a tool for interdis-

ciplinary 3D potential field modelling of complex geological

structures. In: EGU, ed. EGU General Assembly; 4–8 May;

online; 2020. Doi: 10.5194/egusphere-egu2020-8383.

Schumacher, M. E. (2002). Upper Rhine Graben: Role of preex-

isting structures during rift evolution. Tectonics, 21(1), 6–17.

https://doi.org/10.1029/2001TC900022

Stein, E. (2001). The geology of the Odenwald crystalline complex.

Mineralogy and Petrology., 72(1–3), 7–28. https://doi.org/10.

1007/s007100170024

Tanikawa, W., Mishima, T., Hirono, T., Soh, W., & Song, S.-R.

(2008). High magnetic susceptibility produced by thermal

decomposition of core samples from the Chelungpu fault in

Taiwan. Earth and Planetary Science Letters., 272(1–2),

372–381. https://doi.org/10.1016/j.epsl.2008.05.002

Tester, J. W., Anderson, B. J., Batchelor, A. S., Blackwell, D.

D.,DiPippo, R., Drake, E. M., Garnish, J., Livesay, B., Moore,M.

C., Nichols, K., Petty, S., Toksoz, M. N., & Veatch, R. W.(2006).

The future of geothermal energy: Impact of enhancedgeothermal

systems (EGS) on the United States in the 21stCentury. MIT.

Walter, C., Braun, A., & Fotopoulos, G. (2020). High-resolution

unmanned aerial vehicle aeromagnetic surveys for mineral

exploration targets. Geophysical Prospecting., 68(1), 334–349.

https://doi.org/10.1111/1365-2478.12914

Wijns, C., Perez, C., & Kowalczyk, P. (2005). Theta map: Edge

detection in magnetic data. Geophysics, 70(4), L39–L43. https://

doi.org/10.1190/1.1988184

(Received September 28, 2022, revised March 9, 2023, accepted March 19, 2023, Published online March 31, 2023)

Vol. 180, (2023) Mapping Buried Fault Zones in a Granitic Pluton 2255

https://doi.org/10.1007/BF01829373
https://doi.org/10.1016/j.cageo.2011.08.016
https://doi.org/10.1016/0926-9851(94)90022-1
https://doi.org/10.1016/0926-9851(94)90022-1
https://doi.org/10.1130/0091-7613(1996)024%3c0275:STAAFR%3e2.3.CO;2
https://doi.org/10.1130/0091-7613(1996)024%3c0275:STAAFR%3e2.3.CO;2
https://doi.org/10.1130/0091-7613(1996)024%3c0275:STAAFR%3e2.3.CO;2
https://doi.org/10.4430/bgta0348
https://doi.org/10.4430/bgta0348
https://doi.org/10.5880/WSM.Germany2016_en
https://doi.org/10.5880/WSM.Germany2016_en
https://doi.org/10.1190/1.1443174
https://doi.org/10.1186/s40517-016-0049-5
https://doi.org/10.1186/s40517-016-0049-5
https://doi.org/10.1029/2001TC900022
https://doi.org/10.1007/s007100170024
https://doi.org/10.1007/s007100170024
https://doi.org/10.1016/j.epsl.2008.05.002
https://doi.org/10.1111/1365-2478.12914
https://doi.org/10.1190/1.1988184
https://doi.org/10.1190/1.1988184

	Mapping Buried Fault Zones in a Granitic Pluton Using Aeromagnetic Data
	Abstract
	Introduction
	Geological Setting
	Material and Methods
	Aeromagnetic Survey and Basic Data Processing
	Anomaly Enhancement Filters
	Synthetic Model
	Assessing Reactivation Potential

	Results
	Comparison of Different Filter Methods
	Magnetic Anomalies of the Tromm Granite
	Reactivation Potential of Lineaments

	Discussion
	Conclusions
	Author Contributions
	Data Availability
	References




