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Summary 
 
The primary goals of the "Gravity Data in Northern Switzerland and Southern Germany" project 
were to (i) compile a new Bouguer gravity map approximately centred about Nagra's five siting 
regions in Northern Switzerland and (ii) derive a suite of residual and filtered gravity maps that 
can be used to delineate tectonic features, geological contacts, buried Quaternary valleys and 
other structures. Initially, gravity data and digital terrain models from multiple sources were 
evaluated. Based on this evaluation, gravity data from one source in Switzerland and three 
sources in Germany were eventually included in the gravity compilation, and 25 × 25 m digital 
terrain models for Northern Switzerland and Southern Germany and a 60 × 60 m digital terrain 
model for neighbouring regions were combined to form a composite digital terrain model. For 
calibration purposes and to fill in gaps, new gravity data were acquired. Standard processing of 
the compiled gravity data set that was based on the composite digital terrain model produced a 
complete Bouguer gravity map for Northern Switzerland and Southern Germany in Swiss 
coordinates. The initial part of the project was concerned with the entire complete Bouguer 
gravity map. Upward continuation proved to be an appropriate method for defining the regional 
component of the Bouguer gravity field and associated residual gravity field. Before applying 
various filters to the Bouguer gravity data, it was necessary to suppress the effects of numerous 
very short wavelength anomalies (many of these low amplitude anomalies were defined by only 
one or two data values) by upward continuing the data 200 - 1000 m. Filters that produced 
useful maps included the analytic signal, tilt derivative, maximum horizontal gradient and 
second vertical derivative. The suite of maps was displayed using colour schemes based on 
linear or histogram-equalised distributions. To enhance subtle but potentially important 
structures, histogram-equalised shaded relief was added to the residual gravity maps.  

In addition to the images based on the entire complete regional Bouguer gravity map for 
Northern Switzerland and Southern Germany, a variety of large-scale residual and filtered 
gravity maps were derived for six investigation sites in order to study the gravity signatures of 
geological features in the shallow subsurface. Features of specific interest were Permo-
Carboniferous troughs and buried Quaternary valleys. Four sites encompassed the proposed 
siting regions for high- and low-level radioactive waste disposal in northern Switzerland (i.e. (1) 
Zürich Nordost and Südranden, (2) Nördlich Lägern, (3) Jura Ost and (4) Jura-Südfuss). The 
other two sites included a length of the Thur Quaternary valley and another incorporated part of 
the Upper Glatt Quaternary valley.  

Relatively negative residual gravity anomalies correlate with the proposed locations of Permo-
Carboniferous troughs. Many buried Quaternary valleys have distinct expressions in the various 
gravity-based maps, whereas others are barely perceptible. Some relatively narrow buried 
valleys are not well-delineated as a result of the sparse sampling of the gravity data and/or due 
to small density contrasts between valley fills and bedrock. 
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Enclosure 126 from the respective part of the NOSSOG Bouguer gravity field. 

Enclosure 131: For investigation site 6 (Upper Glatt Quaternary valley), residual gravity field 
defined by subtracting the 10000  m upward-continued regional gravity field in 
Enclosure 127 from the respective part of the NOSSOG Bouguer gravity field. 

Enclosure 132: Analytic signal of the 500 m upward-continued version of the Bouguer gravity 
field of Enclosure 122 (investigation site 6 - Upper Glatt Quaternary valley). 

Enclosure 133: Tilt derivative of the 500 m upward-continued version of the Bouguer gravity 
field of Enclosure 122 (investigation site 6 - Upper Glatt Quaternary valley). 

Enclosure 134: Maximum horizontal gradient of the 500 m upward-continued version of the 
Bouguer gravity field of Enclosure 122 (investigation site 6 - Upper Glatt 
Quaternary valley). 

Enclosure 135: Second vertical derivative of the 500 m upward-continued version of the 
Bouguer gravity field of Enclosure 122 (investigation site 6 - Upper Glatt 
Quaternary valley). 
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1 Introduction 

1.1 Background and scope of the Report 
Nagra contracted gravity surveys in the 1980s with an average density of 2 gravity stations 
per km2 (Klingelé and Schwendener 1984). By applying modern data processing and imaging 
techniques, more information can be expected from reprocessed versions of existing Nagra 
gravity data in combination with gravity data from other sources. It is the principal objective of 
this report to provide a series of gravity-based maps that can be used to delineate subsurface 
features (e.g. tectonic features, geological contacts, buried Quaternary valleys and other 
structures) both on a regional scale and on a local scale cantered around Nagra's proposed siting 
regions in northern Switzerland.  

The scientific leader of the project was Prof. Dr. A. G. Green (ETH Zurich).  

Dr. U. Marti (swisstopo) compiled the Bouguer gravity data set. 

S. Guillaume and K. Merz (both ETH Zurich) collected the field data using a Scintrex CG-5 
Autograv gravity meter owned by the Geodesy and Geodynamics Lab of ETH Zurich. K. Merz 
processed the data and prepared the Enclosures. 

T. Spillmann (Nagra) edited this report. 

1.2 Regional study 
The principal objective of the Northern Switzerland and Southern Germany (NOSSOG) study 
was to derive a series of gravity-based maps that can be used to delineate subsurface features 
(e.g. tectonic features, geological contacts, buried Quaternary valleys and other structures). A 
critical element of this study was the creation of a data base of reliable complete Bouguer 
gravity values1 that encompassed Nagra's five northern siting regions in Northern Switzerland 
and seamlessly straddled the Swiss - German border. Specific milestones included: 

1. compile observed gravity data for Northern Switzerland and Southern Germany (there are 
two principal sources of gravity data within Switzerland and five within Germany; not all 
data sets are independent); 

2. modify Swisstopo software to perform the computations involved in steps 3 - 8 below; 

3. convert all coordinates to those of the Swiss national triangulation network (LV03) and all 
elevations to those of the Swiss national levelling network (LN02); 

4. adjust all observed gravity values to a common reference station value; 

5. check the accuracy of older gravity data by (i) identifying obvious outliers, (ii) recording 
new data using state-of-the-art methods at selected points, (iii) comparing coincident or 
nearly coincident gravity data from different sources and (iv) comparing the elevations 
provided with the gravity data with elevations interpolated from accurate digital terrain 
models;  

6. make gravity measurements in regions of Northern Switzerland and Southern Germany 
where data coverage is considered to be inadequate;  

                                                           
1  The complete Bouguer gravity field is corrected for the simple infinite slab Bouguer term plus the effects of near 

and distance topography. It has been the basis for most previous gravity studies of Switzerland. It is also the basis 
for all figures and enclosures in this report. In the following, the complete Bouguer gravity field will be simply 
referred to as the Bouguer gravity field. 
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7. compile an accurate digital terrain model for the study area and for a larger surrounding 
region in order to make reliable Bouguer gravity corrections; 

8. produce a new Bouguer gravity map for the study area using the GRS 80 ellipsoid;  

9. determine a variety of plausible regional and associated residual gravity fields;  

10. apply a wide range of filter and other imaging processes to the Bouguer gravity data. 

1.3 Local study 
In a second step, Nagra’s siting regions (four of the investigation sites described here 
encompass five siting regions) and portions of two major Quaternary valleys were the focus of a 
detail study in which various gravity-based maps were produced. For each of the six 
investigation sites, local large-scale maps were produced, whereby the colour scale for each 
large-scale map was optimised to provide maximum information. 

1.4 Report outline 
This Nagra report NAB 13-40 provides access to all of the relevant gravity maps that were 
produced for the regional and local studies. Chapter 2 provides an account of the compilation of 
the NOSSOG gravity data set and focuses on the data processing. It also describes the resultant 
gravity maps and profiles for the entire NOSSOG study area. The detailed maps for the six 
investigation sites selected for the local study are presented in Chapter 3. Chapter 4 offers a 
summary of the findings and results as well as some conclusions. 
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2 Compilation of gravity data in Northern Switzerland 

2.1 Definition of the study area 
The study area is roughly centred about Nagra's five northern siting regions. It is chosen to be 
sufficiently large to enable plausible regional Bouguer gravity fields to be defined. A large-scale 
Bouguer gravity map compiled for the European Geotraverse (EGT; Schwendener and Mueller 
1990; Klingelé et al. 1992) demonstrates that the dominant gravity gradient in the study area is 
approximately north-northwest - south-southeast, parallel to the increasing Moho depth 
associated with the thickened crust of the Alpine mountain belt. In the coordinates of the Swiss 
national triangulation network LV03, the study area extends from 600000 - 730000 m in a west 
to east direction and 210000 - 330000 m in a south to north direction. The study area is shown 
within a slightly larger rectangle in most of the first 51 enclosures of this report. In some of 
these enclosures, for example those showing topography and the regional Bouguer field 
computed from a published crustal model, the information extends to the edges of the larger 
rectangle. The crustal model itself is shown for a much larger region that includes substantial 
parts of neighbouring countries. The total area used for the computations of the terrain 
corrections also extends over a much larger area, which again includes neighbouring countries. 

2.2  Gravity Data 

2.2.1  Use of Swiss gravity data prior to this study 
Although some early studies of crustal structure in Switzerland included gravity field 
information (Mueller and Talwani 1971; Kahle et al. 1976), it was not until the early 1980's that 
the gravity field in Northern Switzerland was relatively well defined with approximately 
2 values / 10 km2 over most of the area and 2 values / 1 km2 across the region of particular 
interest to Nagra (Klingelé and Schwendener 1984). Most gravity data in Northern Switzerland 
were collected for the Swiss Geophysical Commission (http://www.sgpk.ethz.ch/) or Nagra 
(Klingelé and Schwendener 1984). The gravity data in Germany were acquired by diverse 
groups, such that it is difficult to find a single source for all reliable data in that country.  

Interpretations of gravity data across the Swiss Alps and regions to the north, including the 
NOSSOG study area, have been presented by, among others, Kissling (1980, 1982), Klingelé 
and Schwendener (1984), Schwendener and Mueller (1990), Cassinis et al. (1990), Holliger and 
Kissling (1992), Marchant and Stampfli (1997), Burov et al. (1999) and Deubelbeiss (2005). 
Klingelé and Schwendener (1984) defined a regional Bouguer gravity field for Northern 
Switzerland based on least-squares fitting a 3rd-order polynomial to the Bouguer gravity data. 
They suggested that a linear gravity low observed in contour maps of the resultant residual 
gravity field delineated a Permo-Carboniferous trough. After making certain assumptions about 
density contrasts, they estimated the depth to the base of the trough. Other studies based on the 
gravity field within Switzerland have mostly concerned the development and interpretation of 
2D and 3D crustal-scale models. 

Recently, Professor Emile Klingelé has produced numerous regional and residual gravity maps 
designed individually for 51.2 × 51.2 km areas throughout Switzerland (see his yearly reports 
on the Swiss Geophysical Commission's web page: http://www.sgpk.ethz.ch/). He has also 
produced maps that approximate the gravitational effect of low density sediments overlying 
Molasse sedimentary rocks and depth maps based on Euler deconvolution (Thompson 1982; 
Read et al. 1990; Keating 1998; Nabighian and Hansen 2001) and analytic signal analyses 
(Nabighian 1972, 1984; Roest et al. 1992; Blakely 1995). From the information contained on 
the Swiss Geophysical Commission's web page, it is not possible to evaluate the reasons for 
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choosing the different degrees of the polynomials used to define the various regional fields and 
to assess the parameters and methodology employed for the depth estimates. 

2.2.2  Compilation of existing gravity data 
Data sets from the following organisations were compiled for the NOSSOG project: 

SGPC -  Swiss Geophysical Commission 
   horizontal datum - Swiss national triangulation network (LV03) 
   vertical datum - Swiss national levelling network (LN02) 
  gravity datum - SG95 
 

SGC -    Swiss Geodetic Commission 
     horizontal datum - Swiss national triangulation network (LV03) 
   vertical datum - Swiss national levelling network (LN02) 
  gravity datum - SG95 
 

BGI -    Bureau Gravimétrique International, Toulouse 
    horizontal datum - not specified 
  vertical datum - not specified 
  gravity datum - not specified  
 
LIAG -  Leibnitz Institut für Angewandte Geophysik, Hannover 
     horizontal datum - World geodetic system 84 (WGS 84) 
   vertical datum - Probably the German principal levelling network (DHHN) 
  gravity datum - not specified  
 

DGFI -   Deutsches Geodätisches Forschungsinstitut, Munich 
     horizontal datum - Ellipsoidal coordinate reference system 89 (ETRS89) 
   vertical datum - German principal levelling network (DHHN) 
  gravity datum - IGSN71 
 

BKG -   Bundesamt für Kartografie und Geodäsie, Frankfurt 
  horizontal datum - Ellipsoidal coordinate reference system 89 (ETRS89) 
  vertical datum - German principal levelling network (DHHN) 
  gravity datum - DSGN76 
 

LGL1 -  Landesamt für Geoinformation und Landentwicklung Baden-Württemberg, 
LGL2  Stuttgart 
  horizontal datum - German national triangulation network (DHDN)  
  vertical datum - German principal levelling network (DHHN) 
  gravity datum - (DHSN96 = DSGN76) 
 

The LGL1 data set contains 1st to 3rd order gravity values, whereas the LGL2 data set contains 
so-called densification points. Midway through the NOSSOG project, it was clear that the 
gravity data available to the project at that time (all of the above except LGL2) were inadequate 
in many regions of Germany. As a consequence, the LGL2 data set was purchased by Nagra and 
additional gravity and differential GPS measurements were made. 
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2.2.3  Transformations of the compiled gravity data 
The horizontal coordinates of all data are transformed to those of the Swiss national 
triangulation network (LV03) using Swisstopo GEOREF software and the elevations are 
transformed to those of the Swiss national levelling network (LN02).  

Horizontal Coordinates 
The horizontal coordinate transformations have the following accuracies: 

• WGS84 to LV03: ± 1 m 

• ETRS89 to LV03: ± 0.01 m 

• DHDN to LV03: ± 1 m 

The horizontal coordinates of the BGI data are assumed to be WGS84 / ETRS89, which are the 
same to within 1 m. 

Elevations 
The differences in the elevations of the Swiss national levelling network (LN02) and those of 
the German principal levelling network (DHHN) are between 0.27 m (Basel) and 0.33 m 
(Kreuzlingen), with the Swiss elevations higher. According to the standard free air gravity 
gradient of ~0.3 mGal/m, a 0.03 m difference translates to ~0.01 mGal difference. Since this 
value is well below the target accuracy of ±0.1 to ±0.2 mGal and taking into account other 
probable inaccuracies associated with the coordinates and elevations, the elevations of all 
German data are increased by 0.3 m. 

Gravity values 
Minor differences between the various gravity reference systems, caused principally by different 
reference-station values, result in differences of ~0.07 mGal between gravity values in the two 
Swiss data sets and those in the five German data sets and differences of ~0.019 mGal or less 
within the five German data sets. As a consequence, all Swiss values are increased by a constant 
0.07 mGal and relevant values within the German data sets are adjusted by 0.019 mGal. 

2.2.4 Assessment of the compiled gravity data 
Careful assessments and comparisons of the various gravity data sets demonstrate: 

• The SGPC data set includes gravity data within Switzerland and along the southernmost 
parts of Germany. It also includes some gravity data transformed from the BGI gravity data 
set (project numbers 112 and 999 in the original SGPC data set). Because of unexplained 
inconsistencies between the BGI data contained in the SGPC and BGI data sets themselves 
and duplication between values in the two data sets, the BGI data within the SGPC data set 
are not included in the final NOSSOG compilation. In addition, some duplication of data 
and obviously erroneous data in the SGPC data set are also excluded. 

• The purpose of the SGC data has been to determine corrections for levelling measurements. 
Because their locations are not always well suited for gravity studies (e.g. some observation 
points are in towns near the disturbing effects of buildings), the SGC data are not included 
in the final NOSSOG compilation.  

• The BGI and DGFI data sets are virtually the same, except that some horizontal coordinates 
differ by ~100 m in north - south and east - west directions. Plots of the observation points 
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on an accurate satellite image demonstrate that many BGI coordinates cannot be correct 
(e.g. points appear at such impossible locations as the middle of rivers). In addition, the 
gravity values of the 2 data sets differ by 0.11 to 1.24 mGal, with the differences dependent 
on the provider of the BGI data. Considering the uncertainties associated with the BGI data 
set and the fact that it practically duplicates the DGFI data set, it is not included in the final 
NOSSOG compilation. 

• The LIAG data set is mostly a subset of the DGFI data set. Accordingly, it is not included in 
the final NOSSOG compilation. 

• The LGL and BKG data sets contain the same points east of ~650000 m in the Swiss 
coordinates (i.e. the Swiss national triangulation network, LV03). To the west of 
~650000 m, the BKG data set provides limited extra coverage. The elevations of the 
common points are generally identical, but in some cases there are differences of up to 
0.5 m. The quality of these two data sets are considered to be equal. 

• The DGFI and LGL / BKG data sets are totally independent of each other with only a few 
points that nearly coincide. For the nearly coincident data points, the gravity values and 
elevations differ by ~0.1 mGal and a few tenths of a metre, respectively. The DGFI data set 
is much smaller than the combined LGL / BKG data sets, providing a relatively dense suite 
of values only along levelling lines and some values in several regions of relatively sparse 
coverage. 

• The SGPC and LGL/BKG data sets are totally independent of each other. 

2.2.5  New data acquisition 
To calibrate existing data and increase the density of values in two general areas, a two-person 
crew comprising personnel from the ETH Institute of Geodesy and Photogrammetry and the 
ETH Applied and Environmental Geophysics Group acquired gravity data as follows: 

• 22 calibration values near the Swiss - German border (project number 700),  

• 91 values in Germany near Schaffhausen (project number 750), 

• 31 values in the Zurich Weinland (project number 760). 

The most modern gravimeter (Scintrex CG5) and a state-of-the-art differential GPS system were 
used to measure the gravity data and determine the horizontal and vertical coordinates, 
respectively. 

2.2.6 Summary of the compiled NOSSOG gravity data set 
The data contained in the final compiled NOSSOG data set are summarized in Table 1. The 
total number of gravity values in the NOSSOG data set provided by Swisstopo to the ETH 
Applied and Environmental Geophysics Group was 12877. All data had been transformed to 
have horizontal coordinates of the Swiss national triangulation network (LV03) and elevations 
of the Swiss national levelling network (LN02). 
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Table 1:  Details of the various gravity data sets included in the final NOSSOG data set. 
 

Data Set Project 
numbers 

Total number 
of points 

Comments 

SGPC 024 - 220 8917 gravity values increased by 0.07 mGal 

DGFI 600 1156 elevations increased by 0.3 m 

BKG 500 88 gravity values decreased by 0.019 mGal; elevations 
increased by 0.3 m 

LGL1 780 1395 1st - 3rd order points; 
elevations increased by 0.3 m; 
for locations measured multiple times, only the most 
recent measurements were included 

LGL2 785 1177 densification points; 
elevations increased by 0.3 m; 
for locations measured multiple times, only the most 
recent measurements were included 

NOSSOG 700, 750, 760 144 new data recorded for NOSSOG 

 

2.2.7 Accuracy of the transformed coordinates, transformed heights and 
gravity values in the NOSSOG gravity data set 

The accuracy of the transformed coordinates is estimated to be ~1 m relative to the original 
horizontal coordinates. However, many original coordinates were estimated from topographic 
maps with an expected accuracy of ~10 m (Klingelé and Schwendener 1984). The accuracy of 
the original elevation estimates is more difficult to assess. Many are levelling benchmarks with 
an accuracy of ~0.01 m. Other elevations have been determined by diverse methods 
(triangulation, GPS, topographic maps, barometric heights) that may have uncertainties of ~1 m. 

Based on a careful error analysis, Klingelé and Schwendener (1984) estimated the average 
accuracy of their Bouguer gravity values to be ±0.12 mGal for data measured at triangulation 
points, ±0.15 mGal for data measured at points for which the heights were based on 
photogrammetry and 1:25000 maps, and ±0.3 mGal for data measured at points for which the 
heights were barometrically determined. Significant components of the first two quoted error 
estimates, which were relevant to the data they recorded within Switzerland, were due to the 
approximations required to compute terrain corrections at that time. For the NOSSOG project, 
the accuracies of the terrain corrections have been improved (see Section 2.3), such that errors 
have been reduced to a total of only ± 0.1 mGal (compared to the cumulative errors of ± 0.01, 
± 0.07 and ± 0.07 mGal for the 0 - 20 m, 20 - 2500 m and 2500 - 167,000 m distance ranges in 
Klingelé and Schwendener 1984). Based on this comparison, we judge that the average 
accuracy of the Swiss data in the NOSSOG data set is ± 0.1 to ± 0.2 mGal with some accuracies 
in the ± 0.2 to ± 0.5 mGal range. It is more difficult to determine the average accuracy of the 
German data, but for the modern data it is likely to be comparable to the modern Swiss data at 
± 0.1 to ± 0.2 mGal, whereas the accuracies of the older DGFI data are probably in the ±0.2 to 
± 0.5 mGal range. 

At the beginning of the processing, 83 values of the NOSSOG gravity data set received by the 
ETH Applied and Environmental Geophysics Group were flagged as being duplicates or 
unreliable either because of obvious errors (e.g. their elevations were more than 20 m different 
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from values interpolated from the 25 × 25 m digital terrain models) or because they constituted 
outliers. These data were not included in the preparation of maps presented in this report. 

2.3  Digital terrain models (DTMs) 
In hilly to semi-mountainous regions, such as that of the study area and neighbouring parts of 
Switzerland, Germany, France and Austria, the computation of reliable terrain corrections 
requires accurate topographic data. Considerable effort was needed to determine reliable 
topographic information for the NOSSOG project in a cost-effective manner. The original 
intention was to use the Swiss digital terrain model DHM25 with a 25 × 25 m resolution and 
one of several no-cost digital terrain models for Germany. By comparing elevations provided 
with the various gravity data sets with interpolated elevations at the same horizontal locations in 
the respective digital terrain models, it was possible to estimate the consistency / accuracy of the 
independent data sets. For example, elevations provided with the SGPC gravity data set agreed 
closely with elevations interpolated using the Swiss digital terrain model DHM25; the root-
mean square difference between the two suites of elevation estimate was ~2 m.  

The following free digital terrain models were assessed and found to be inadequate: 

• SRTM3, which is a product of the Shuttle Radar Tomography Mission, has a nominal 
resolution of 3" (~90 m) and nominal elevation accuracy of ± 16 m. This model represents 
the elevation of the surface (i.e. tops of trees and buildings) rather than the required 
elevation of the ground. It was found to lack the accuracy and resolution necessary for the 
NOSSOG project. 

• ASTER-GTM, which is produced by NASA in the US and METI in Japan, has a nominal 
resolution of 1" (~30 m) and a nominal elevation accuracy of ± 20 m. This model also likely 
represents the elevation of the surface (i.e. tops of trees and buildings) rather than the 
required elevation of the ground. Plots demonstrate that its true resolution is closer to 150 m 
and that it contains a relatively large number of artefacts. It was found to lack the accuracy 
and resolution necessary for the NOSSOG project. 

• EURO-DEM, a compilation of EuroGeographics seemingly based on the best 25 × 25 m 
digital terrain models of each country (e.g. DHM25 was used for Switzerland and DGM25 
was used for Southern Germany), has a nominal resolution of 2" (~60 m) with an accuracy 
of ± 8 - 10 m. Interpolation of elevations provided by this model on to a grid with 25 × 25 m 
spacing produces values that are not accurate enough for the NOSSOG project, other than 
for computing the gravitational effects of regions at distances greater than 200 m from each 
observation point (i.e. the accuracy of the EURO-DEM model is sufficient at a 50 × 50 m 
resolution). By using the EURO-DEM for all calculations, the errors in the Bouguer gravity 
values are found to be ~0.5 mGal, markedly larger than the target ±0.1 to ±0.2 mGal 
accuracy. Although EURO-DEM is much higher quality than SRTM3 and ASTER-GTM, it 
lacks the resolution necessary for the NOSSOG project. 

As a result of the assessment exercise with free digital terrain models, Nagra purchased (from 
the Landesamt für Geoinformation und Landentwicklung Baden-Württemberg) the high quality 
DGM25 model with 25 × 25 m resolution for Southern Germany. 

To compute reliable terrain corrections for gravity data within the study area, it is necessary to 
have a terrain model that extends from 410000 - 900000 m in a west to east direction and 
90000 - 450000 m in a south to north direction. As a result of this large terrain model, the 
accuracy of the final terrain corrections should be better than 0.1 mGal (see discussion in 
Section 2.2.7). The topographic data for this larger area comprise the 25 × 25 m DHM25 data 
for Northern Switzerland, the 25 × 25 m DGM25 data for Southern Germany and the 60 × 60 m 
EURO-DEM data for neighbouring parts of France and Austria. 
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2.4  Reduction of the gravity data 
To determine the Bouguer gravity field gBA, it is necessary to use the following standard 
equation (LaFehr 1991; Blakely 1995): 
 

 gBA = gobs - (gnorm + ∆gFA + ∆gBA + ∆gter), (1) 
 

where gobs is the observed gravity value corrected for instrumental drift and the effects of tides, 
gnorm is the theoretical or normal gravity value for a homogeneous rotating reference ellipsoid at 
the latitude of the observation point, ∆gFA accounts for variations in the distance of the 
observation point from the centre of the Earth (it assumes an infinite slab of air lies between the 
observation point and the geoid), ∆gBA is the gravitational attraction of an infinite slab equal in 
thickness to the height of the observation station above the geoid, and ∆gter is the integrated 
effect of the topography surrounding the observation point. Note, that the signs of the various 
terms in equation (1) are compatible with the convention used in LaFehr (1991) and Blakely 
(1995), but not with the convention used in several general geophysics textbooks. 

2.4.1  Calculation of the correction terms  
Theoretical or normal gravity value gnorm 

The theoretical or normal gravity values gnorm  are calculated using the Somigliana formula with 
the parameters for the GRS 80 ellipsoid: 
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where a and b are the semi-major and semi-minor axes of the GRS 80 reference ellipsoid, φ is 
the geodetic latitude, and geq and gpol are the normal gravity values at the equator and poles of 
the GRS 80 ellipsoid. Note, that published gravity values of the Swiss Geophysical Commission 
are based on the older GRS 67 ellipsoid. At the mean latitude of the study area, the normal 
gravity based on the GRS 80 ellipsoid is ~0.85 mGal larger than that based on the GRS 67 
ellipsoid. 

Free air correction ∆gFA  

For the free air correction, ∆gFA, the following 2nd order expansion of the normal gravity field is 
used (Heiskanen and Moritz 1967): 
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where h is station elevation. 
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Simple Bouguer correction ∆gBA  

The simple Bouguer correction is calculated according to:  
 

 ∆gBA = 2 π G ρ h,  (4) 
 

where G is the gravitation constant and ρ is the density of the ground in the vicinity of the 
observation point, which for this and many studies worldwide is taken to be 2.67 g/cm3 
(2670 kg/m3). 

Terrain correction ∆gter 

The terrain correction ∆gter represents the integrated effects of mass deficits (e.g. valleys) and 
mass excesses (e.g. hills) relative to the assumed infinite slab of the Bouguer correction ∆gBA. It 
includes the effects of the Earth's curvature and has the same sign regardless of whether there 
are mass deficits or mass excesses. For the NOSSOG project, Table 2 shows the sampling of 
topography and approximate formulas used to compute the terrain corrections for the various 
distance ranges from each observation point.  
 

Table 2:  Sampling of topography and approximation formulas used for computing the 
terrain corrections at various distances from each observation point. 

 

Distance  
(m) 

Sampling of topography  
(m) 

Approximation formulas 

0 - 200 25 polyhedron 

200 - 3000 50 prism 

3000 - 100,000 500 prism 

100,000 and greater 10,000 prism 
 

2.5  Regional - residual separation 

2.5.1  Objective regional and residual gravity field estimation 
The Bouguer gravity field gBA represents the sum of gravitational effects due to all bodies 
beneath the measurement surface that have densities different from the reduction density of 
2.67 g/cm3 (2670 kg/m3; Blakely 1995). As a consequence, it includes the gravitational effects 
of: 

1. variations in the lithologies and thicknesses of the Quaternary sediments (gQ-Sed), 

2. variations in the lithologies and thicknesses of the consolidated sedimentary units (gSed), 

3. variations in the lithologies and thicknesses of units within the upper crystalline crust (gU-C) 
and lower crystalline crust (gL-C), 

4. the changing depth to the crust - mantle boundary (gC-M) or Moho, across which the density 
contrast is estimated to be in the 0.28 - 0.45 g/cm3 range within Switzerland (Kissling 1980; 
Klingelé and Schwendener 1984; Schwendener and Mueller 1990; Cassinis et al. 1990; 
Holliger and Kissling1992; Marchant and Stampfli 1997; Burov et al. 1999; Deubelbeiss 
2005), 

5. variations in mantle lithology (gM).  
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In total: 

 gBA = gQ-Sed + gSed + gU-C + gL-C + gC-M + gM.   (5) 
 

Variations in temperature and water content may also have subtle effects on the Bouguer gravity 
field.  

This study is primarily concerned with gQ-Sed, gSed and to some extent gU-C, together referred to 
as the residual gravity field gres in the following. Accordingly, it is necessary to eliminate or 
minimise the influence of gL-C, gC-M and gM, together referred to as the regional gravity field greg. 
If reliable independent information is available for the deep parts of the crust and the upper 
mantle (e.g. from seismic reflection and refraction studies), it may be possible to compute their 
gravitational effects. This would provide a relatively objective estimate of greg, which when 
subtracted from the Bouguer gravity field gBA would provide a relatively objective estimate of 
gres. Several studies have demonstrated that greg is dominated by gC-M within Switzerland 
(Kissling 1980; Klingelé and Schwendener 1984; Schwendener and Mueller 1990; Cassinis et 
al. 1990; Holliger and Kissling 1992; Marchant and Stampfli 1997; Burov et al. 1999; 
Deubelbeiss 2005). 

2.5.2 Subjective to semi-objective regional and residual gravity field 
estimation 

Objective separation of greg and gres would be relatively straightforward along profiles for which 
high quality seismic data are available and for which the relationships between seismic velocity 
and density are relatively well established, but it is challenging for 3D studies of the type 
undertaken in this study (see Section 2.8.3). For this reason, alternative subjective to semi-
objective approaches of separating greg and gres are required. Four other methods of estimating 
greg were considered: 

i. construct by hand a smoothed version of the Bouguer gravity field gBA (i.e. draw a 
smoothed contour map); 

ii. remove a linear trend (determined using a least-squares approach) from the Bouguer gravity 
field gBA and then Fourier transform the remaining field - choose the low-order Fourier 
coefficients which when inverse Fourier transformed "best" represent the regional gravity 
field; 

iii. fit using least-squares methods low-order (usually 1st, 2nd or 3rd) polynomials to the 
Bouguer gravity field gBA - choose the polynomial field that "best" represents the regional 
gravity field; 

iv. upward continue the Bouguer gravity field gBA to various heights - choose the upward-
continued version of the Bouguer gravity field that "best" represents the regional gravity 
field. 

Method (i) is clearly subjective, such that each interpreter of the data would determine a 
different regional field. Methods (ii) to (iv) are semi-objective in that the same range of possible 
regional and residual fields would be computed by all interpreters. That the interpreter can 
choose his/her preferred regional and residual fields makes these methods semi-objective as 
opposed to objective. 

Method (i) was not applied to the NOSSOG data because of the complexity of the Bouguer 
gravity field gBA and the high level of subjectivity associated with the method. Method (ii) 
proved to be impractical because after the linear trend was removed, the dominant trend of the 
gravity field had a markedly acute angle relative to the borders of the study site, such that severe 
edge effects would have resulted.  
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2.6  Diverse filters (attributes) 

2.6.1  Conventional derivative filters 
A wide range of filters or attributes are available for enhancing or minimising features in gBA, 
greg or gres. The three relatively conventional filters (Bhattacharya 1965; Gree 1972; Blakely and 
Simpson 1986; Sharpton et al. 1987) are the maximum value of the horizontal derivative 
(usually referred to as the horizontal gradient) HD1, the first vertical derivative VD1 and the 
second vertical derivative VD2:  
 

 HD1 = 2 2g g
x y

 ∂ ∂  +   ∂ ∂   
, (6) 

 

 VD1 = 
g
z

∂
∂ , (7) 

 

 VD2 = 

2

2

g
z

∂
∂ , (8) 

 

where g may be either gBA, greg or gres. 
 

2.6.2  Relatively new derivative filters 
Over the past couple of decades, the conventional derivative filters have been supplemented by 
the absolute value of the Hilbert Transform (also known as the energy envelope of the signal) or 
analytic signal AS (Nabighian 1972, 1984; Roest et al. 1992; Blakely 1995), the tilt derivative 
TD (Miller and Singh 1994; Verduzco et al. 2004; Wijns et al. 2005) and the horizontal 
derivative of the tilt derivative HD-TD (Verduzco et al. 2004): 
 

 AS = 2 2 2g g g
x y z

 ∂ ∂ ∂   + +    ∂ ∂ ∂    
,  (9) 

 

 TD = tan-1 

1
1

VD
HD

 
   ,  (10) 

 

 HD-TD = 2 2TD TD
x y

 ∂ ∂  +   ∂ ∂   
. (11) 

 

2.6.3  Expected effects of the derivative filters 
All of the derivative-based filters and attributes tend to enhance the short wavelength features, 
with emphasis on the edges of bodies or narrow linear features; zeros in VD2 and TD and 
maxima or minima in HD1, AS and HD-TD occur close to the edges of bodies (Miller and Singh 
1994; Verduzco et al. 2004). A particular advantage of TD is that it responds equally well to 
low amplitude long-wavelength (usually deeper) and high amplitude short-wavelength (usually 
shallow) features. In this report, we concentrate on HD1, VD2, AS and TD representations of 
various upward-continued versions of gBA. No additional information was provided by the VD1 
filtered versions, and the HD-TD maps appeared very noisy. 
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2.6.4  Shaded relief 
In addition to the derivative-based filters and attributes, shaded relief offers the possibility of 
enhancing subtle features in diverse types of map (e.g. topographic and potential field maps; 
Horn and Bachman 1978; Broome et al. 1985; Broome 1990). Shaded relief is obtained by 
computing the apparent reflectance of a surface defined by the amplitude of the gravity field, 
whereby the apparent reflectance is the proportion of a simulated light beam reflected from the 
surface. It is a function of the angular relationship between the illumination direction and the 
tangent to the surface. Since apparent reflectance is determined by the local surface gradient, 
shaded relief enhances small high wavenumber features. Variations in the high wavenumber 
content can generate textural variations that may be diagnostic of local and regional structures. 

2.6.5  Cosine directional filters 
Gravity maps generally represent a superposition of features with different trends. It may be 
desirable to suppress features in one or more directions in order to observe and study weaker 
features that trend in other directions. One efficient method to achieve this goal is to pass the 
data through a cosine directional filter, in which trends within specified directions are rejected.   

2.7  Density models 
All potential field data, including gravity data, are inherently non-unique, such that there are an 
infinite number of bodies (ranging from a thin surface layer of varying density to a concentrated 
mass at a maximum depth) that can explain any gravity anomaly. Despite this intrinsic 
limitation, there are a number of semi-automated to automated methods for estimating the 
depths and thicknesses of bodies that explain the recorded potential field anomalies. These 
methods include iterative inversions (e.g. Cordell and Henderson 1968; Blakely 1995; 
Herwanger et al. 2000; Jacoby and Smilde 2009) and Euler and Werner deconvolution 
(Thompson 1982; Read et al. 1990; Keating 1998; Nabighian and Hansen 2001). In addition, 
there are several simple techniques for computing depths to sources based on the gradients or 
half-widths of the causative gravity anomalies (Blakely 1995). In all methods, either the shapes 
or density contrasts of the sources of the anomalies must be known or assumed. 

For the NOSSOG study area, the depths and thicknesses of buried Quaternary valleys are 
important issues because they may restrict the spatial arrangement of a potential repository. To 
extract this information from the NOSSOG gravity data requires reliable knowledge about the 
manner in which density varies with depth. Since increases in density with compaction and 
consolidation are dependent on the sediment type, this is not a trivial matter. Application of any 
method that does not account for variations in density contrast with depth is likely to yield 
erroneous results (gravity-based estimates of basement depths along major Swiss valleys were 
found to be incorrect by a factor of 2 once seismic reflection data became available; Kissling 
and Schwendener 1990). For example, basement depths based on Euler or Werner 
deconvolution are likely to be inaccurate at the level needed for Nagra investigations. 
Interpretation of the NOSSOG gravity data, including inversion and modelling, is outside the 
scope of this project. Plausible ranges of depth and thickness of buried Quaternary valleys could 
be the focus of a future investigation in which all relevant information is included in the 
modelling or inversion process. 
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2.8 Results for the entire NOSSOG data set (enclosures 1 - 51) 

2.8.1  Details contained in the enclosures  
The principal outputs of this project are a newly compiled Bouguer gravity data set and various 
regional, residual and filtered gravity data sets for the study area. A side product of the project is 
a newly compiled digital terrain model. These outputs are provided as maps (enclosures). It is 
not always easy to assess differences in maps that represent moderate to small changes in the 
processing, especially some of the regional and residual gravity maps. To aid the comparison 
process for the entire NOSSOG study area, data extracted from the Bouguer, regional and 
residual gravity data sets along 5 representative profiles are presented in enclosures to this 
report.  

At the beginning of the processing by the ETH group, the irregularly spaced Bouguer gravity 
data were interpolated on to a uniform grid with 200 × 200 m spacing using a minimum 
curvature technique (Briggs 1974; Swain 1976). All maps shown in this report were plotted 
using the coordinates of the Swiss national triangulation network (LV03) and were based on 
values sampled at 200 × 200 m. Likewise, the profile data have been interpolated from the 
gridded data at a 200 m sampling interval. The majority of maps in the first 51 enclosures show 
the locations of (i) Nagra's five northern siting regions (outlined by white lines), (ii) the 
Swiss - German and French - German borders, (iii) the profiles, (iv) the major lakes and (v) the 
proposed boundaries of the Permo-Carboniferous trough after Leu (2008). The latter feature 
provides a guideline to aid comparisons between the various enclosures; its inclusion in the 
enclosures does not constitute an endorsement by the authors of this report. 

Depending on the details contained in each map, the amplitude scaling represented by the 
different colours is either linear or histogram-equalised2. To enhance details, the residual gravity 
anomaly maps have histogram-equalised shaded relief added (Horn and Bachman 1978; 
Broome et al. 1985; Broome 1990). Application of various illumination angles to the maps 
shown in this report did not produce significant new information. As a consequence, all maps 
with histogram-equalised shaded relief were produced using a common illumination direction 
defined by an inclination of 45o and an azimuth of 45o.  

To facilitate comparisons between the different results for the entire NOSSOG study area (i.e. 
enclosures 1 - 51), we have employed common representation schemes wherever possible. The 
colour and scaling schemes used for the various maps are as follows: 

• Bouguer and all regional gravity fields - linear colour representation with a maximum range 
of -148.8 to -5.9 mGal (the maximum range of the Bouguer field) - values in the regional 
gravity fields above and below the specified range are clipped - the actual maximum and 
minimum values are provided in the base or side panels; 

• all residual gravity fields - linear colour representation with a maximum range of -4 to 
+9 mGal and histogram-equalised shaded relief - values above and below the specified 
range are clipped - the actual maximum and minimum values are provided in the base or 
side panels; 

                                                           
2 Division of data into discrete levels is a form of quantisation. Linear scaling or quantisation involves finding 

minimum and maximum values and linearly dividing the data amongst them. If the populations of some levels are 
small, especially the extreme populations, the resulting images may reveal only limited details. Under such 
circumstances, more informative images are produced when each quantisation level has an equal population. 
Scaling or quantisation based on the equal population criterion is called histogram equalisation (Broome 1990). 
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• topography, depth to Moho and all filtered fields - histogram-equalised colour representa-
tion - the actual maximum and minimum values of topography and Moho depth are 
provided in the base or side panels; 

• thickness of the Quaternary sediments - linear colour scale. 

The topographic and gravity profiles are also plotted with consistent scales. For comparison 
purposes, profiles extracted from the 3rd-order polynomial regional and residual gravity maps 
are shown in all enclosures that display the profile information. 
 

2.8.2  Newly compiled digital terrain model and Bouguer gravity map for the 
entire NOSSOG study area 

Enclosure 1 shows the new topographic map for the entire NOSSOG study area plotted at a 
scale suitable for working with the various gravity maps. Since the sampling of the original 
digital terrain models is 25 × 25 m in Switzerland and Germany and 60 × 60 m elsewhere, 
the newly compiled digital terrain model contains far more details than represented by 
Enclosure 1. These details could be extracted by plotting much larger scale maps, using shaded 
relief with colour or grey shading and/or applying filters. 

The Bouguer gravity values are located at the 12794 observation points displayed in 
Enclosure 2. The Bouguer gravity map is presented in Enclosure 3a and b, and the observation 
points are superimposed on the Bouguer gravity map in Enclosure 4. These maps demonstrate 
the importance of the LGL1 and LGL2 data sets, which were purchased by Nagra, in achieving 
reasonable coverage throughout large parts of Southern Germany. They also show where the 
new gravity data recorded specifically for the NOSSOG project were required to bring the 
coverage to 2 values / 10 km2 in two general regions of Southern Germany. As reported by 
Klingelé and Schwendener (1984), there is a much higher density of 2 values / 1 km2 in the 
vicinity of Nagra's five siting regions in Northern Switzerland. Some of the new gravity data 
recorded specifically for the NOSSOG project increase the number of values to the east of this 
region of higher coverage. 

A strong approximately north-northwest - south-southeast trending gradient dominates the 
Bouguer gravity map, such that few other features are discernible in Enclosure 3. This strong 
gradient correlates with the increasing Moho depth determined from an integrated interpretation 
of refractions and reflections recorded on multiple crust- and upper mantle-scale seismic data 
sets (Enclosure 5; Waldhauser et al. 1998). The Moho is shallower than 30 km depth in the 
northwestern part of the study area where most of the highest Bouguer gravity values are 
observed and it approaches 40 km depth in the southeastern part of the study area where the 
lowest Bouguer gravity values are observed (compare Enclosure 3 with details contained within 
the small box of Enclosure 5). Clearly, to extract meaningful information about the sediments 
and upper crust (i.e. gQ-Sed, gSed and gU-C in equation 5) from the Bouguer gravity data, it is 
necessary to minimize or remove the effects of the lower crust and mantle (i.e. gL-C, gC-M and gM 
in equation 5) by either separating the regional and residual components or by applying filters 
that selectively enhance the effects of the sediments and upper crust. 

2.8.3  Separating the regional and residual components of the Bouguer 
gravity data set - crustal model method 

The strong correlation between the Bouguer gravity values and Moho depth suggests that it may 
be possible to define useful regional Bouguer gravity fields on the basis of the crust and upper 
mantle models derived from the extensive network of seismic data acquired in Switzerland and 
Southern Germany (Waldhauser et al. 1998); this region is one of the most densely sampled 
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areas of the world in terms of crust- and upper mantle-scale seismic data. To test this possibility, 
the gravity field due to a large number of possible crust and upper mantle density models were 
computed. These models included structural details of (i) the Molasse sedimentary basin based 
on existing interpretations of Nagra and industry seismic reflection data and (ii) the crystalline 
crust and upper mantle described by Waldhauser et al. (1998) and papers referenced therein. In 
various models, the effects of the Molasse basin and a distinct 10 or 15 km thick lower crustal 
layer were either excluded or included. Although velocities provided by seismic data and 
densities (required for modelling gravity fields) are generally correlated, there is no simple 
relationship between the two parameters. Accordingly, in gravity modelling studies it is possible 
to vary density over quite a wide range for a given velocity and still produce physically 
meaningful results.  

Table 3 shows a compilation of densities for the sedimentary units, crystalline crust and upper 
mantle within Switzerland that have been assumed in various gravity studies. It demonstrates 
that there is a wide spectrum of plausible density contrasts, with the assumed density contrast 
between the Molasse and the underlying part of the upper crust ranging from 0.05 - 0.4 g/cm3 
and at the Moho ranging from 0.28 - 0.45 g/cm3.  
 

Table 3: Density values in g/cm3 (103kg/m3) used by various researchers in gravity studies 
of Switzerland. Some values have been averaged. 

 

Geologic units 

References 

K
is

sl
in

g 
(1

98
0)

 

K
lin

ge
lé

 a
nd

 
Sc

hw
en

de
ne

r (
19

84
) 

Sc
hw

en
de

ne
r a

nd
 

M
ue

lle
r (

19
90

) 

C
as

si
ni

s e
t a

l. 
(1

99
0)

 

H
ol

lig
er

 a
nd

 K
is

sl
in

g 
(1

99
2)

 

M
ar

ch
an

t a
nd

 S
ta

m
pf

li 
(1

99
7)

 

B
ur

ov
 e

t a
l. 

(1
99

9)
 

D
eu

be
lb

ei
ss

 (2
00

5)
 

Quaternary 2.45        

Tertiary (Molasse) 2.58 2.6 2.53 2.57  2.5 2.4  

Upper Crust (without 
Quaternary and Tertiary) 

2.81 2.65 2.73 2.67 2.7 2.75 2.8 2.67 

Middle Crust   2.88 2.81 2.8    

Lower Crust 3.0  2.96 2.92 2.95 2.9 2.95 2.85 

Lithospheric Mantle 3.3  3.27 3.2 3.25 3.25 3.3 3.3 

 
The regional Bouguer gravity map in Figure 1 and Enclosure 6 was computed using the density 
contrasts shown in the cross-section of Figure 1 and the Moho depth model in Enclosure 5, and 
the residual gravity map in Enclosure 7 is the result of subtracting the map in Enclosure 6 from 
the Bouguer gravity map of Enclosure 3. Although the trend of the map in Enclosure 6 appears 
similar to that in Enclosure 3, the large extreme values of Enclosure 7 (-42.3 to +111.8 mGal in 
the side panel) demonstrate the inadequacy of this regional model. This point is highlighted by 
the profiles extracted from the regional and residual gravity fields that are represented by red 
lines in Enclosures 8 - 12. These profiles show that a general north-northwest - south-southeast 
gradient is predicted by the density model, but that the gradient is uniformly much too high. 
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Gravity fields for more than twenty density models were computed using the density ranges 
given in Table 3 and even densities outside these ranges. Profiles extracted from regional and 
residual gravity maps resulting from two of these other computations are illustrated by the green 
and mauve lines in Enclosures 8 - 12. One density model is the same as that shown in Figure 1 
but with a zero density contrast at the base of the Molasse sedimentary unit (green curves) and 
the other is the same as that shown in Figure 1 but with a zero density contrast at the base of the 
Molasse sedimentary unit and an implausibly low density contrast of  0.05 g/cm3 at the Moho 
(mauve curve). Removing the effect of the Molasse sedimentary unit decreases the simulated 
gradient somewhat, but not enough to make a significant difference. Decreasing the density 
contrast at the Moho decreases the gradient to values that are too low for some profiles and 
about correct for others. None of the tested density models produced satisfactory regional and 
residual gravity fields for the entire NOSSOG study area; a density model that explained the 
regional gravity gradient in one region failed to explain it in other regions.  

The unsuccessful application of this approach is likely due to a combination of Moho depth 
errors and substantial lateral variations of density that are not included in the models. Previous 
interpretations of the crust- and upper mantle-scale seismic data in the study area and 
neighbouring regions focussed on the gross geological and tectonic features, with strong 
emphasis on mapping Moho depth (Professor E. Kissling, personal communication). A fresh 
look at these data with emphasis on velocity variations throughout the crust together with 
information provided by the large number of Nagra and industry seismic data may provide a 
more accurate seismic model that could be the basis for another attempt to explain the regional 
gravity field by an objectively determined density model.  
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Figure 1: Regional gravity field based on a crust and upper mantle density model. 
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2.8.4  Separating the regional and residual components of the Bouguer 
gravity data set - polynomial fitting method 

The second suite of attempts at determining one or more plausible regional gravity fields 
involved fitting 1st-, 2nd- and 3rd-order polynomials to the Bouguer gravity data. This was the 
approach adopted by Klingelé and Schwendener (1984) in their modelling study of the original 
Nagra gravity data set. After several tests, they concluded that a 3rd-order polynomial was the 
most appropriate representation of the regional gravity field. More recently, Professor Emile 
Klingelé has chosen polynomials of varying order (again 1st to 3rd) to represent each of the 
much smaller regions that he has chosen to investigate (see his yearly reports on the Swiss 
Geophysical Commission's web page: http://www.sgpk.ethz.ch/). 

Enclosures 13, 15 and 17 show the regional gravity fields determined by least-squares fitting 
1st-, 2nd- and 3rd-order polynomials to the Bouguer gravity data set, and Enclosures 14, 16 and 
18 show the respective residual gravity fields. The extracted profiles are displayed in Enclosures 
19 - 23. All of the regional fields produced by this procedure appear to represent well the 
general trend of the Bouguer gravity field. None of the regional fields shown in Enclosures 13, 
15 and 17 represent the isolated gravity high intersected by Profile S1 (Enclosure 20), but this 
could be caused by a shallow crustal feature.  

Although the regional gravity fields in Enclosures 13, 15 and 17 appear reasonable, there is a 
disturbing characteristic of the resultant residual gravity fields: the signs of some residual 
gravity anomalies depend on the order of the polynomial chosen to represent the regional 
gravity field. A good example is the zone underlain by the proposed Permo-Carboniferous 
trough. In Enclosure 14 most of this zone appears as a region of mass excess (positive gravity 
anomalies), whereas in Enclosure 16 it appears as a zone of mass deficit (negative gravity 
anomaly). As a consequence, the existence or not of a low density Permo-Carboniferous trough 
in the residual gravity field is a function of the order of the polynomial selected for the regional 
gravity field. The same argument applies to a number of other prominent features delineated in 
Enclosures 14, 16, 18 and 19 - 23. Klingelé and Schwendener's (1984) residual gravity maps 
contain a prominent linear gravity low practically coincident with that shown in Enclosure 18 
because they defined the regional field by a 3rd-order polynomial (but only for the data 
recorded in Northern Switzerland and possibly the immediately adjacent regions of southern-
most Germany). 

2.8.5  Separating the regional and residual components of the Bouguer 
gravity data set - upward continuation method 

The third and final suite of attempts at determining one or more plausible regional gravity fields 
is based on upward-continued versions of the Bouguer gravity field. Upward continuation by a 
constant height is a relatively straightforward process (Henderson and Zietz 1949; Green 1972; 
Blakely 1985). As for all potential fields, effectively increasing the height of the measurements 
acts as a natural low-pass filter, such that the deeper usually longer wavelength features are 
enhanced at the expense of the shallower usually shorter wavelength ones. In many regions, 
upward-continued maps can be interpreted as regional gravity fields (as an extreme example, 
satellite gravity data represent very broad-scale crust and mantle structures). Of course, any 
long-wavelength features at shallow depths caused by broad lateral density variations would be 
included in the upward-continued or any other wavelength-based regional gravity field. 

Upward-continued regional gravity fields at nine different heights between 200 and 10000 m 
and the associated residual gravity fields were computed. Enclosure 28 shows the regional 
gravity field defined by the 5000 m upward-continued version of the Bouguer gravity data, and 
Enclosure 29 shows the respective residual gravity field. Maps that resulted from the 200, 2000 
and 10000 m upward continuations are presented in Enclosures 24 - 27 and 30 - 31, and profiles 
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for all nine heights are displayed in Enclosures 32 - 36. Unlike the polynomial fitting approach, 
regional fields determined by upward continuation result in residual gravity fields in which the 
anomalies have consistent signs (i.e. they are consistently positive or negative, independent of 
the height of continuation).  

The choice of which upward-continued regional gravity field to use is somewhat subjective, but 
too much short-wavelength shallow information appears to be included in the 200 - 2000 m 
upward-continued regional fields (Enclosures 24 - 27 and 32 - 36). Based on the continuity of 
features in the respective residual gravity fields, the 5000 and 10000 upward continuation 
results seem to be close to optimum (Enclosures 28 - 36).  

The similarity between the residual gravity field based on the 3rd-order polynomial regional 
gravity field in Enclosure 18 and the residual fields based on the 5000 and 10000 m upward-
continued regional gravity fields in Enclosures 29 and 31 suggests that the residual gravity field 
determined by Klingelé and Schwendener (1984) is not too different from that determined to be 
close to optimum in the present investigation. 

2.8.6  Filtered gravity maps 
A wide variety of derivative-based filters (see Section 2.6 and equations 6 - 11) have been 
applied to the Bouguer, regional and residual gravity fields. Because of numerous small 
variations in the Bouguer and residual gravity fields (e.g. see the numerous small "bumps" and 
"pits" in most of the residual gravity maps displayed in the enclosures; some of these "bumps" 
and "pits" are associated with observations at single points), all derivative-based filters applied 
to these fields produced extremely noisy images. To usefully apply the derivative-based filters 
to Bouguer gravity data at ground level would require higher quality observations at a much 
higher density. Even with such an improved data set, it would probably be necessary to remove 
very local variations before applying the derivative-based filters. 

Useful maps were obtained by applying various derivative-based filters to upward-continued 
versions of the Bouguer gravity field. The following filters produced meaningful maps: analytic 
signal (AS - equation 9), tilt derivative (TD - equation 10), maximum value of the horizontal 
gradient (HD1 - equation 6) and second vertical derivative (VD2 - equation 8). Successively 
smoother filtered maps resulted from applying the filters to the Bouguer gravity field upward 
continued to successively greater heights.  

For the 200, 500 and 1000 m upward-continued gravity data sets, the analytic signal maps are 
presented in Enclosures 37 - 39, the tilt derivative maps in Enclosures 40 - 42 and the maximum 
horizontal gradient maps in Enclosures 43 - 45. The second vertical derivative maps are only 
shown for the 500 and 1000 m upward-continued data sets (Enclosures 46 and 47), because the 
results for the 200 m upward-continued data set were excessively noisy.  

Most of the displayed filtered maps reveal regional trends similar to those observed in the 
preferred residual gravity maps of Enclosures 29 and 31. These include numerous broad-scale 
northeast - southwest to north - south trending features. On all filtered maps, the southern 
east-northeast - west-southwest trending boundary of the proposed Permo-Carboniferous trough 
is delineated by a relatively narrow lineament. The character of the lineament depends on the 
type of filter applied; it is a distinct low in the analytic signal and maximum horizontal gradient 
maps and a zero (i.e. boundary between highs and lows) in the tilt derivative and second vertical 
derivative maps. These characteristics are all consistent with the presence of a major structural 
boundary (see discussion in Section 2.6.3; Miller and Singh 1994; Verduzco et al. 2004). 
According to the analytic signal maps, this boundary may extend uninterrupted across the width 
of the entire study area, but according to the other filtered maps it may be somewhat 
discontinuous.  
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Distinct narrow north-northwest - south-southeast trending lows south of the S4 profile in the 
residual gravity maps of Enclosures 29 and 31, most of which are probably caused by buried 
Quaternary valleys (see Enclosure 48; Jordan 2007, Nagra 2008), are relatively well delineated 
on the tilt derivative and second vertical derivative maps of Enclosures 40 - 42 and 46 - 47. 
These features coincide with many of the valleys outlined in the topographic map of  
Enclosure 1. 

The final pair of filters applied to the entire NOSSOG data set represents an attempt to extract 
additional information from the residual gravity field defined by the 5000 m upward-continued 
regional gravity field of Enclosure 29. The idea is to minimise the effects of dominant trends in 
order to image subtle features in other directions. Enclosures 49 and 50 show the results of 
selectively rejecting features that trend in general northeast - southwest and 
northwest - southeast directions, respectively. Although one map (Enclosure 49) clearly 
highlights the narrow north-northwest - south-southeast trending gravity zones and the other 
(Enclosure 50) emphasises the broad-scale northeast - southwest striking gravity features, much 
closer scrutiny of these maps and comparisons with other representations of the gravity field 
and other geoscience data are required to understand their significance.  

2.9 Possible interpretation procedures for the entire NOSSOG data set 
Although some limited explanations of gravity anomalies are mentioned in previous sections, 
interpretation of the maps presented in this report is beyond the scope of the project. Following 
are some points that should be considered in any interpretations of the new topography and new 
Bouguer, regional, residual and filtered gravity maps: 

1. The topographic data can be plotted at significantly larger scales than presented here (even 
the 200 × 200 m sampled data), but because of numerous small-scale artefacts the various 
gravity fields should probably be limited to plots at the 1:100000 scale. 

2. Considering the numerous single-point anomalies throughout the Bouguer gravity data set 
(best seen in the various residual maps) and the generally irregular coverage of data points, 
before interpreting short lineations (i.e. < 5 km extent in the region of high coverage and 
<10 km extent in other regions), especially on the filtered maps, it would be prudent to 
establish that there are sufficient data points to reliably define the lineations in relation to 
adjacent regions. It is emphasized that all filtering processes that enhance short wavelength 
features can be affected by the irregularity of data coverage (e.g. an artificial lineation can 
be created by a simple alignment of data points).  

3. Interpretation of the topography and various gravity maps should involve comparisons of 
the most significant maps and correlations with other geoscientific data. 

4. The choice of maps to use in interpretations is somewhat subjective, but the following maps 
(or larger scale versions thereof) constitute a reliable and consistent package:  

• topography (Enclosure 1);  

• Bouguer gravity field (Enclosure 3);  

• 3rd-order polynomial regional gravity field (Enclosure 17), primarily because of its 
similarity to the upward-continued regional gravity fields; 

• associated residual gravity field (Enclosure 18), primarily because of its similarity to the 
upward-continued residual gravity fields;  

• 5000 and 10000 m upward-continued regional gravity fields (Enclosures 28 and 30); 

• associated residual gravity fields (Enclosures 29 and 31);  
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• analytic signal, tilt derivative and maximum horizontal gradient maps of the 500 m 
upward-continued gravity field (Enclosures 38, 41 and 44); 

• second vertical derivative map of the 1000 m upward-continued gravity field 
(Enclosure 47); 

• cosine directional filtered maps of the preferred residual gravity field (Enclosures 48 
and 49). 
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3 Detailed Bouguer gravity maps for six investigation sites 

3.1 Large-scale Bouguer gravity maps 
This chapter is concerned with gravity-based maps for six investigation sites:  

i. Zürich Nordost and Südranden (Enclosures 52 - 65), 

ii. Nördlich Lägern (Enclosures 66 - 79),  

iii. Jura Ost (Enclosures 80 - 93) 

iv. Jura-Südfuss ((Enclosures 94 - 107), 

v. Thur Quaternary valley (Enclosures 108 - 121) 

vi. Upper Glatt Quaternary valley (Enclosures 122 - 135).  

Bouguer gravity maps for each of the six investigation sites are displayed in Enclosures 52, 66, 
80, 94, 108 and 122. These enclosures also show the distribution of gravity stations and 
boreholes that intersect the bedrock (i.e. the Molasse sedimentary rocks) and boreholes that do 
not reach the bedrock. As for the entire NOSSOG study area, it is clear from these enclosures 
that the effects of the regional field (i.e. the influence of deep crust- and mantle-scale structures) 
need to be removed in order to discern the effects of shallow geological features in the gravity 
field. Although the density of gravity data points is judged to be sufficient for investigations at 
the scale of the entire NOSSOG study area, these enclosures demonstrate that the data are 
relatively sparse at the scale of the investigation sites. 

3.2 Quality control - elevation differences 
During the compilation of the NOSSOG gravity data, a modest number of poor quality data 
points were discarded. One criteria for discarding a data point was a large discrepancy between 
the gravity-station elevation in the data file and the elevation in the digital terrain model (DTM) 
used for processing the gravity data. Enclosures 53, 67, 81, 95, 109 and 123 highlight the 
remaining gravity data points for which these elevation differences exceed 1 m (the circle sizes 
in these enclosures represent the elevation differences dH; the background residual gravity maps 
in these enclosures are based on the 5000 m upward-continued regional gravity data). The 
elevation differences could be caused by lack of resolution in the DTM (25 m grid spacing) or 
by errors in the spatial coordinates or elevations of the measured gravity points. Only be re-
measuring the gravity values, coordinates and elevations would it be possible to establish the 
source of these elevation differences  

The largest elevation differences occur within investigation sites 1 and 4 (Zürich Nordost and 
Südranden - Enclosure 53 and Jura-Südfuss - Enclosure 95). Nevertheless, a comparison of 
residual gravity maps for investigation site 1 with and without data points for which the 
elevation differences are > 3 m (corresponding to errors of > 0.9 mGal in the Bouguer gravity 
field) demonstrate that the key features in the two versions of the residual map are essentially 
the same.  

3.3 Regional and residual maps based on the entire NOSSOG data set 
plotted at large scale 

The following four regional fields and associated residual fields were investigated: (i) least-
squares fit of a first-order polynomial to the Bouguer gravity field, (ii) least-squares fit of a 
third-order polynomial to the Bouguer gravity field, (iii) 5000 m upward-continued Bouguer 
gravity field and (iv) 10000 m upward-continued Bouguer gravity field. Enclosures 54 – 57, 
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68 – 71, 82 – 85, 96 – 99, 110 – 113 and 124 – 127 demonstrate that all regional gravity fields 
are dominated by increasingly negative values to the southeast, best explained by the changing 
deep crustal and mantle properties within the NOSSOG map area, with the most important 
component being the increasing depth to the crust - mantle boundary as the Alps are 
approached. The various regional gravity fields for each region look quite similar, but the 
residual gravity maps displayed in enclosures 58 – 61, 72 – 75, 86 – 89, 100 – 103 and 128 -
 131, which are obtained by subtracting the respective regional gravity fields from the Bouguer 
gravity field, demonstrate that there are some important differences between the regional fields, 
in particular between the first-order polynomial regional fields and the others. We conclude 
from these enclosures that simple planes do not represent well the regional gravity fields in the 
NOSSOG study area, but that a third-order (cubic) surface or upward-continued versions of the 
Bouguer gravity field are comparably good representations. A qualitative comparison between 
the third-order polynomial and upward-continued residual maps suggests that differences 
between them are mostly less than 10%. 
Residual gravity maps in Enclosures 58 – 61, 72 – 75, 86 – 89, 100 – 103 and 128 – 131 reveal 
significantly more details than the respective residual gravity maps in Chapter 2. The extra 
details result from the much larger scale and the individually tailored amplitude colour schemes 
of maps in the present chapter. As an example, the -2.2 to +3.0 mGal residual gravity values in 
Enclosure 102 are represented by the entire blue to red-purple colour range, whereas the same 
residual gravity values in the equivalent part of Enclosure 51 are represented by limited shades 
of green. 

3.3.1 Residual gravity maps of investigation site 1 (Zürich Nordost and 
Südranden) 

A large prominent positive anomaly (red to orange colours) dominates the residual gravity maps 
of investigation site 1 (Enclosures 51, 58 - 61). It has a hummocky character with numerous 
NW - SE trending linear features outlined by the shaded relief. The source of the positive 
anomaly is not established. It could either have a deep origin (simple forward modelling 
demonstrates that its long wavelength character can be explained by a relatively concentrated 
source as deep as ~ 20 km) or it could represent a bedrock high associated with the formation of 
the proposed Permo-Carboniferous trough (i.e. it could be a horst-like structure). Migmatitic 
gneissic basement is encountered in the deep Benken borehole (the most northerly borehole 
located in Enclosures 52 - 61; Nagra 2001) and the proposed Permo-Carboniferous trough 
identified by dashed lines in the enclosures is interpreted on the basis of 2D and 3D seismic 
reflection data (Naef et al. 1995; Birkhäuser et al. 2001; Marchant et al. 2005). For the 
explanation in terms of bedrock topography, the northern truncation of the positive anomaly 
could be related to another smaller Permo-Carboniferous trough (e.g. Marchant et al. 2005), to 
the Klettgau Quaternary valley, or to lithological differences in the Mesozoic and/or crystalline 
bedrock (e.g. gneiss versus granite). 

3.3.2 Residual gravity maps of investigation site 2 (Nördlich Lägern) 
A broad ENE-WSW trending negative anomaly flanked to the north and south by positive 
anomalies characterises the residual gravity maps of investigation site 2 (Enclosures 51, 72 –
 75). The negative anomaly coincides with the proposed Permo-Carboniferous trough 
(Enclosure 51). Smaller scale anomalies are emphasised by the shaded relief. The N-S-trending 
linear feature in the SE corner delineates an extension of the Upper Glatt Quaternary valley, 
whereas the ubiquitous NW-SE to NNW-SSE trending linear features may delineate bedrock 
structures cutting the proposed Permo-Carboniferous trough (e.g. Diebold et al. 1991).  



 25 NAGRA NAB 13-40 

3.3.3 Residual gravity maps of investigation site 3 (Jura Ost) 
Like investigation site 2 (Nördlich Lägern), the residual gravity field within investigation site 3 
(Jura Ost) is dominated by the elongated negative anomaly associated with the proposed Permo-
Carboniferous trough (Enclosures 51, 86 – 89). The more negative residual gravity field toward 
the eastern border of investigation site 3 probably represents a change in the structure or fill of 
the proposed Permo-Carboniferous trough.  

3.3.4 Residual gravity maps of investigation site 4 (Jura-Südfuss) 
The residual gravity maps for investigation site 4 (Jura-Südfuss) are dominated by a positive 
anomaly in the east (Enclosures 51, 100 - 103), which most likely represents a basement-high 
intersected by the Schafisheim deep borehole (Matter et al., 1988). The gravity lows north and 
west of this positive anomaly may indicate the outline of this basement high. 

The gravity low near the southern border of the maps is part of a larger negative anomaly that 
dominates the area south of investigation site 4 (Enclosure 51). The large-scale negative 
anomaly may be caused by a roughly E-W-striking Permo-Carboniferous trough. Locally this 
feature may be influenced by density changes in the shallow sedimentary units. 

3.3.5 Residual gravity maps of investigation site 5 (Thur Quaternary valley) 
ENE-WSW trending bands of positive and negative anomalies are the principal features of the 
residual gravity maps of investigation site 5 (Enclosures 51, 114 - 117). The central negative 
anomaly is caused by the Thur Quaternary valley, whereas the northern negative anomaly may 
be related to the easterly extension of the proposed Permo-Carboniferous trough (Enclosure 51; 
Klingelé and Schwendener 1984; Leu 2008). It is perhaps noteworthy that a second more 
southerly branch of Leu’s (2008) interpreted Permo-Carboniferous trough is a region of positive 
residual gravity anomaly in Enclosures 114 – 117.  

Some of the NW - SE trending linear features within investigation site 5 may represent buried 
Quaternary sedimentary valleys, whereas others may represent deeper tectonic structures (e.g. 
those in the western to southwestern parts of the maps). Prominent NW-SE trending bedrock 
structures mapped in the adjacent Black Forest region may offset at least the northern boundary 
of the proposed Permo-Carboniferous trough in northern Switzerland (e.g. Diebold et al. 1991). 

3.3.6 Residual gravity maps of investigation site 6 (Upper Glatt Quaternary 
valley) 

Three NW-SE trending gravity lows are the most important features in the residual gravity maps 
of investigation site 6 (Enclosures 51, 128 – 131). The two northeastern gravity lows define 
branches of the Upper Glatt Quaternary valley and the southern gravity low delineates the 
Limmat Quaternary valley. The NW-SE trend of the southern gravity low is best seen in 
Enclosure 51.  

3.3.7 Derivative-based filtered maps 
Analytic-signal, tilt-derivative, maximum horizontal-gradient and second vertical-derivative 
filters have been applied to the 500 m upward-continued Bouguer gravity maps (Enclosures 
62 – 65, 76 – 79, 90 - 93, 104 – 107 and 132 – 135); Chapter 2 reviews the characteristics of 
these filters and provides appropriate references. Since many of the short-wavelength features in 
these figures are associated with the one- or two-point anomalies, only the longer wavelength 
features should be interpreted.  
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A comparison with the respective residual gravity maps suggests that the derivative-based 
filtered maps add very little to the interpretation of the gravity data. The predicted coincident of 
the maxima or minima in the analytic-signal and maximum horizontal-derivative maps with the 
zeros in the tilt-derivative and second vertical-derivative maps is observed, but virtually the 
same information can be inferred from the residual gravity maps. In regions of high complexity 
or insignificantly low amplitude variations, the second vertical derivative maps are not useful 
(e.g. Enclosures 65, 79 and 93). 
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4 Conclusions  
 
A Bouguer gravity map was constructed for a large area approximately centred about Nagra's 
five siting regions in Northern Switzerland. It included an extensive region of Northern 
Switzerland and Southern Germany extending from 600000 - 730000 m in a west to east 
direction and 210000 - 330000 m in a south to north direction (coordinates according to the 
Swiss triangulation network LV03). The gravity data obtained from diverse sources and newly 
recorded were reduced to complete Bouguer gravity values using a consistent processing 
scheme based on the GRS 80 ellipsoid and topographic data compiled from three high 
resolution digital terrain models (the 25 × 25 m DHM25 model for Northern Switzerland, the 
25 × 25 m DGM25 model for Southern Germany and the 60 × 60 m EURO-DEM model for 
neighbouring parts of France and Austria). The regional gravity field of the entire investigation 
area was dominated by increasingly negative values to the southeast. An approach to model the 
regional field using variations of a crust and upper mantle density model was unsuccessful. This 
was likely due to a combination of Moho depth errors and substantial lateral variations of 
density that were not included in the model.  

Polynomial fitting and upward continuation was used to define the longer wavelength regional 
component of the Bouguer gravity field. The associated residual gravity maps and maps 
produced by applying diverse derivative based filters (analytic signal, tilt derivative, maximum 
horizontal gradient and second vertical derivative) to upward-continued versions of the Bouguer 
gravity field were rich in detail. The various maps were produced using colour schemes based 
on linear or histogram-equalised distributions and the residual gravity maps have histogram-
equalised shaded relief added. The paper and digital versions of the maps that resulted from this 
project were in a form ready for integrated interpretations with other relevant geoscience data.  

Residual gravity fields plotted as large-scale maps provided significantly more details than the 
original maps for the entire NOSSOG region. The large format and individually tailored 
amplitude colour schemes resulted in the appearance of many features, including buried 
Quaternary sedimentary valleys, that were either not visible or hardly visible in the original 
maps. A downside of the extra details was that numerous one- and two-point anomalies were 
emphasized in the large-scale plots. Little extra information was provided by the derivative-
based filtered maps. One reason for this was the sparse nature of the observation points. 

Some Quaternary sedimentary valleys were observed to have distinctive gravity signatures, 
whereas others were less well represented in the residual gravity maps. The apparent lack of a 
gravity signature could have been due to small density contrasts between the Quaternary 
sediments and underlying bedrock or to inadequate sampling of the gravity data.  

Some of the negative gravity anomalies, typically those characterised by longer wavelengths, 
coincided with proposed Permo-Carboniferous troughs. Other anomalies may represent deeper 
tectonic structures or geological features for which the source is not established. Once reliable 
details on the thickness of the proposed Permo-Carboniferous trough are available from deep 
drilling and/or seismic reflection data, the gravity data might be useful for extrapolating or 
interpolating this information along the length of the NOSSOG study area. Lateral variations in 
the widths and thickness of the trough could be estimated. Moreover, the existence of additional 
troughs could be tested (assuming that their fill has sufficient contrast with the surrounding 
crystalline rocks) and important lithological variations in the crystalline basement could be 
identified. 
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