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Abstract. Lineaments, linear structures on the surface of the Earth, often represent the surface expressions of brittle 
structures, e.g., fault zones and fracture zones, or ductile shear zones. In addition, they may also represent other geological 10 
features such as lithological contacts, tectonic boundaries and Quaternary structures, or potentially a superposition of any 
of these. A lineament interpretation is usually the first step in the structural assessment of a crystalline bedrock setting, 
and the lineaments can further be used as basis for scientific research to more accurately determine the location of the 
previously mentioned various geological features. In this study, a multi-source lineament interpretation was performed 
within ArcGIS for the whole of Finland, based on light detecting and ranging (LiDAR), aerogeophysical and bathymetric 15 
raster data. The lineament database enhances the capability to produce more accurate geological maps for various 
geological purposes in Finland.    

1 Introduction 

Topographical highs and depressions, such as valleys and slopes, form sub-linear continuities on the surface of the Earth. 
Lineaments were first defined as lines interpreted, i.e., manually drawn by a geologist, along these topographical 20 
continuities (Hobbs, 1904, 1911). The accuracy of lineament interpretation continues to evolve and improve as new and 
better-quality datasets have become available for lineament interpretation. Notably, the introduction of aerial photos and 
later satellite images significantly improved the possible accuracy of lineament interpretation (Abrams et al., 1985; Tailor 
et al., 1986). Furthermore, when large-scale airborne geophysical measurement survey campaigns were initiated 
approximately fifty years ago, the resulting datasets could be used to complement the interpretation previously based 25 
almost solely on topography. Today, lineament interpretations are primarily based on photographic, topographical and 
geophysical source raster datasets (Tirén, 1991; Middleton et al., 2015; Yeomans et al., 2019; Ahmadi and Pekkan, 2021; 
Ceccato et al., 2022). These are, for example, aerial photos, elevation data, multi-spectral sensing, laser, radar and airborne 
geophysical data comprising magnetic and electromagnetic radiation measurements, and gravimetric measurements. 
Interpreting lineaments using these sources has uncertainties, which are both objective, i.e., related to the data and 30 
methods (see, e.g., Rohrbaugh et al., 2002; Zeeb et al., 2013) and subjective, i.e., related to the interpreter(s) (see, e.g., 
Bond et al., 2007; Scheiber et al., 2015). To increase the interpretation speed and to minimize subjective uncertainty, 
several semi-automatic and automatic interpretation methods have been developed in addition to the manual interpretation 
method (e.g., Middleton et al., 2015; Aghaee et al., 2021; Ahmadi and Pekkan, 2021), but even though these are rapid 
methods to interpret lineaments, the automatically produced datasets often need manual corrections and reviews before 35 
they can be used further (Ramli et al., 2010; Ahmadi and Pekkan, 2021). The first country-wide lineament interpretation 
in Finland was performed in the 1980s by the Geological Survey of Finland (GTK) (Vuorela and Äikäs, 1984), when the 
screening for a suitable nuclear waste disposal site commenced. An updated interpretation was performed 20 years ago 
(Kuivamäki, 2000). 

During recent years, a higher demand for groundwater, geothermal solutions, and increased use of underground rock 40 
volumes in construction projects has led to higher requirements for the understanding of subsurface brittle bedrock 
structures, e.g., fractures and faults (Ledésert et al., 1993; Berkowitz, 2002; Geiger and Emmanuel, 2010; Ceccato et al., 
2022). Consequently, this has resulted in the need for a new and improved lineament interpretation for identifying brittle 
structures reaching the surface. Another motivation for an updated and new lineament interpretation was initiated by the 
release of the new high-resolution light detection and ranging (LiDAR) data from the National Land Survey of Finland 45 
(0.5 points per square metre). Using these new data, an updated Digital Elevation Model (DEM) could be compiled for 
the entirety of Finland. As the DEM is the primary dataset used previously for lineament interpretation, the higher 
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resolution (2 m grid cell size) enables much higher accuracy in the interpretation of lineaments. Because of the very high 
level of detail of the new DEM, the resolution of the model is no longer the major limiting factor in interpretation, but 
rather the time investment required for the interpretation. 50 

Our new country-wide lineament interpretation, performed at a single scale of observation with the representative fraction 
of 1:500 000, started in 2019 and was finished in 2021. Our approach was to produce three separate lineament datasets 
(topographic, magnetic and electromagnetic), and to then integrate them into a single integrated lineament dataset in 
which lineaments from the separate source datasets are combined. The present work provides a new lineament database 
for Finland, which is more flexible for statistical analysis than prior interpretations and contains unique identifiers, along 55 
with crucial metadata for each interpreted lineament, to enable consistent references to the data and to allow tracking of 
the source of each lineament. However, the lineaments interpreted in this study can be assumed to represent several 
different geological features, such as ductile shear zones, lithological contacts, dykes and brittle structures (e.g., faults 
and fractures). These features have primarily been formed by tectonic processes, but, in addition, glacial processes can 
also produce linear structures that can be observed as lineaments, such as end moraine ridges and eskers (Henderson, 60 
1988; Krabbendam and Bradwell, 2014; Skyttä et al., 2015). Despite the broad variation of lineament-forming processes 
and the associated uncertainties of individual lineaments and their geological origin, the lineament database can be used 
further for various geological applications, such as for tunnel and groundwater projects, geothermal site studies and 
mineral exploration. The database can, for example, be used as an aid in regional geological tectonic studies (Gabrielsen 
et al., 2002; Engström and Klint, 2014), or applied as a basis for more detailed site characterization studies (Kuivamäki, 65 
2000; Munier, 2004; Korhonen et al., 2005; DesRoches et al., 2018). As part of this study, an initial lineament field 
examination was performed at selected locations for two lineaments in southern Finland. 

2 Materials and methods 

The multiscale lineament datasets were mapped in ArcGIS (© ESRI) using remote sensing methods based on airborne 
topographic LiDAR data (Abdullah et al., 2013; Soliman and Han, 2019) integrated with bathymetric and aerogeophysical 70 
raster datasets (Figure 1). The interpretation scale was set to 1:500 000, which roughly represents 300 m cell size raster 
images. The workflow for the lineament determination included initial compilation of three separate datasets, consisting 
of total magnetic (Mag) (see section 2.1), electromagnetic (EM) (see section 2.2) and LiDAR, together with bathymetry 
(see section 2.3) (Figure 1). All vector data were validated according to the procedures described in section 2.4 and 
afterwards integrated in concurrence with the steps described in section 2.5. Ideally, to better understand the geological 75 
nature of each lineament, the lineaments should be examined via fieldwork or drilling after the validation step. 

 
Figure 1: The lineament interpretation process chart illustrating all relevant steps for the interpretation and the source data used in 
the interpretation. 
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2.1 Total magnetic (Mag) 80 

The total magnetic lineaments were interpreted from the aerogeophysical data mapped by GTK as part of national low-
altitude airborne surveying projects between 1972–2004 (Hautaniemi et al., 2005). In the aerogeophysical measurement 
campaign, magnetic measurements were taken from an altitude of 30 m and with a line spacing of 200 m. The 
measurements were compiled into several types of magnetic rasters with a cell size of 50 m. For lineament interpretation, 
we selected three different magnetic rasters consisting of total field DGRF-65 greyscale, sharp-filtered total field DGRF-85 
65 greyscale and tilt derivative DGRF-65 greyscale (Verduzco et al., 2004) (Figure 1; Appendix A-C). Magnetic 
lineaments were interpreted from these maps based on both magnetic maxima and minima. The geophysical basis for the 
lineaments appearing as maxima compared to the surrounding rock is that oxidizing fluids intruding the rock during 
metamorphism may have deposited magnetic minerals, such as magnetite and pyrrhotite, into fractures or as pervasive 
dissemination. On the other hand, the magnetitic minima may have formed when reducing metamorphic fluids 90 
decomposed the magnetitic minerals. Low-temperature rock weathering may also physically and chemically decompose 
magnetitic minerals, consequently causing a local magnetitic minimum. In these cases, magnetite is oxidized into 
haematite and pyrrhotite into goethite and elemental sulphur. In addition to magnetic maxima and minima, lineaments 
were also interpreted at breaks in the magnetic texture, where faults have caused discontinuities in the bedrock (Paananen, 
2013; Middleton et al., 2015). 95 

2.2 Electromagnetic (EM) 

The electromagnetic lineaments were interpreted from aerogeophysical frequency domain  data collected during the same 
national survey campaign between 1972–2004 (Hautaniemi et al., 2005). The electromagnetic data were visualized using 
the 3 kHz quadrature component greyscale (Figure 1; Appendix D). In the interpretation process, only the quadrature 
component was considered, because it is more sensitive to poor conductors and not affected by magnetic properties, in 100 
contrast to the in-phase component. Lineaments are interpreted at the locations indicating resistivity minima. The 
geophysical basis for using resistivity minima is that the rock material in brittle deformation zones contains groundwater 
and the fractures may be coated with conducting minerals, such as graphite, sulphides and clay minerals. In addition, the 
brittle deformation zones form valleys, which are filled with conductive sediments and soil material such as peat. 
Furthermore, as these structures represent topographic depressions, they also act as collectors of rain and seepage water 105 
(Paananen, 2013; Middleton et al., 2015). Larger water bodies cause electromagnetic anomalies indicating decreased 
resistivity. 

2.3 LiDAR DEM and bathymetry (LiDAR) 

The primary dataset used in the interpretation was the highly accurate low-altitude airborne LiDAR-based topographical 
digital elevation model (DEM). To produce the DEM, the high-resolution LiDAR point cloud database, collected by the 110 
National Land Survey of Finland, was processed at GTK into a DEM that represents the bare earth surface. The point 
density for the cloud point data is 0.5 points per square metre and the elevation accuracy is 0.3 m. The process at GTK 
started by querying the point cloud database for only those points representing the surface of the Earth that were already 
classified by the National Land Survey of Finland. The points were then triangulated to form a terrain surface mesh and 
subsequently interpolated with the natural neighbour algorithm into a 2 m grid size DEM raster. We used the visualization 115 
described by Palmu et al. (2015), with the height colour classification set to calculate statistics from the current extent of 
the display. To highlight lineaments, we used multidirectional oblique-weighted hillshade (Jennes, 2013) without vertical 
exaggeration. Transparency was set at 50% for the hillshade layer placed on top of the DEM. To identify and extend 
lineaments into the sea areas, we used the sea-bottom topography, referred to as bathymetry, acquired from the European 
EMODnet Bathymetry Consortium (2018) open-source bathymetric data, retrieved from the website in March 2019 120 
(Figure 1; Appendix E). The EMODnet bathymetry dataset is an elevation model for the seabed with a cell size of circa 
115 m. 

2.4 Integration 

Integration of the separate lineament vector data was performed by merging electromagnetic, magnetic and LiDAR 
lineaments into one ESRI database layer with all lineaments superimposed. Overlapping lineaments were then removed 125 
in the following order: 1) electromagnetic lineaments overlapping magnetic or LiDAR lineaments and 2) magnetic 
lineaments overlapping LiDAR lineaments. In case the ends of the lineaments to be removed were branched off from the 
remaining lineament, the branches were preserved, and only the overlapping part was removed. Because the measurement 
point density and the resolution of the produced LiDAR raster DEM was the highest of all the source dataset rasters, the 
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LiDAR lineaments were used as a basis for the integration. Magnetic maps were considered more informative than the 130 
electromagnetic map due to having several different magnetic map layers. As part of the integration step, information on 
which layers the lineament had been observed in was stored in the attribute fields for data source classes and reliability. 
If the different lineaments overlapped with another lineament, even partly, this information was documented, and the 
lineaments were integrated. The reliability of an integrated lineament is considered to be higher if the lineament has been 
interpreted from more than one source (DesRoches et al., 2018). 135 

2.5 Metadata and validation  

The lineament vector data interpreted from the four raster sources consisted of geometric polylines. We supplemented the 
geometric information with a defined set of attribute metadata indicating, for example, the source raster and digitizer of 
each lineament (Table 1). Furthermore, the topological relationship (Manzocchi, 2002; Sanderson and Nixon, 2015) 
between the traces was preserved using the snapping functionality in ArcGIS. However, to keep the geometries, various 140 
metadata and the topological relations consistent between multiple interpreters and raster sources, a validation method 
was employed for all vector datasets. For this purpose, we first used the trace validation functionality of fractopo, a Python 
library (Ovaskainen et al., 2022a), to validate the geometry of individual traces and to validate the abutment relationships 
between the traces. Furthermore, we used the pandera Python library (Bantilan, 2020) to validate the associated metadata 
fields in the lineament datasets by defining strict rules (Table 1) for each field. The code for combining fractopo trace 145 
validation and pandera metadata validation capabilities is freely available on Zenodo and GitHub (Ovaskainen, 2022). 

Table 1: Metadata for the various lineament datasets. 

Column Description Validation rules Example 
Lineament_ID A unique identifier for 

each lineament. 
The prefix depends on 
the data source and 
scale. The full identifier 
must be unique within 
its own dataset. 

LiDAR_10 

Data_Source Interpretation source. Consists of ‘EM’, ‘Mag’ 
and ‘LiDAR’ identifiers 
separated by a plus 
symbol. 

LiDAR+EM 

Certainty Identifies whether only 
LiDAR or LiDAR and 
geophysical sources have 
been used. 

Either 
‘1_Geoph_OR_LiDAR’ or 
‘2_Geoph_AND_LiDAR’. 

2_Geoph_AND_LiDAR 

Scale Scale at which 
interpretation has been 
performed. 

Consists of pre-defined 
scales such as 1:500 
000. 

1:500 000 

Operator Interpreter of the 
lineament. 

One of set interpreters. Engström J. 

Date Date of digitization. A valid datetime string. 2019-04-11 
Remarks   A free-form text field for 

miscellaneous 
information related to 
the lineament. 

- Potential end 
moraine related to 
Salpausselkä II. 

 

The employed geometric and topological validation enables seamless usage of the lineament datasets in geospatial fracture 
network analyses of, for example, orientation or connectivity (Sanderson and Nixon, 2015; Ovaskainen et al., 2022a). All 150 
traces must be geometrically continuous without any gaps in the geometry and sublinear without abrupt sharp turns. We 
allowed two types of interactions between lineament traces: A trace can abut another trace, defining a Y-node interaction, 
or crosscut another trace, resulting in an X-node interaction between the traces (Manzocchi, 2002). To define a valid 
abutment interaction between two traces, we used the distance value of the trace endpoint to the closest point along the 
other trace. If this distance value was below our set threshold value of 0.001 m, we classified the first trace as abutting 155 

https://doi.org/10.5194/egusphere-2023-448
Preprint. Discussion started: 14 March 2023
c© Author(s) 2023. CC BY 4.0 License.



5 
 

the other trace. To avoid all inconsistent arrangements of trace interactions, fractopo has a set number of validation errors 
that it finds and highlights (Figure 2). Using this highlighting, we methodically removed all inconsistent trace interactions, 
such as V-nodes (Sanderson and Nixon, 2015). We validated all four separate lineament vector datasets using the above 
procedure. 

Figure 2: A subset of the topological arrangements that are identified as errors by fractopo. See fractopo documentation 
(https://fractopo.readthedocs.io/en/latest/validation/errors.html) for a full listing. 

The subjective uncertainty concerning interpretation biases for various operators can be reduced with a proper 
interpretation scheme and by setting a fixed scale for the interpretation (Scheiber et al., 2015). Therefore, an internal 
workshop between operators was organised before the work commenced. Objective uncertainties that are related to the 165 
data and methods of interpretation may, for example, be associated with the nature and extent of coverage with overburden 
that masks the bedrock surface. As we attempted to create continuous lineaments, it was unavoidable that some parts of 
lineaments might not be visible in any of the source rasters. In these cases, the lineaments were often continued across 
masked terrain, and the extent of interpolation in these cases was subject to operator bias. Furthermore, as the 
representation of the lineaments in each unique source raster differs, consequent subjective uncertainty manifests both 170 
during interpretation and in the integration phase, where the diverse lineaments are combined. In addition, objective 
uncertainty associated with a poor magnetic contrast between the rock mass and potential fractured zones can also limit 
the interpretation of lineaments from airborne magnetic survey data (Scheiber et al., 2015; DesRoches et al., 2018). Due 
to these and the numerous other uncertainties in lineament interpretation, verification of the interpreted lineaments is 
always preferable, but since lineament verification is a rigorous and time-consuming task, it is almost impossible to verify 175 
all or even a part of the lineaments and determine their geological characteristics in the field. Field mapping can typically 
only be conducted in quarries or road cuts, where detailed structural observations are possible. Usually, the centre of the 
lineament (core of the fault zone) is masked by Quaternary deposits, while the outer parts of the lineament (damage zone 
of the fault zone) can be visible. To exemplify the process of the field investigation of interpreted lineaments, two 
lineaments were examined in this study at selected locations, at a roadcut and a quarry that intersected these lineaments, 180 
to survey their local geological characteristics. 

2.6 Analysis 

Here, we present first-pass lineament orientation and topological analysis results from lineaments from each raster source, 
along with results from the integrated lineaments. Specifically, we present equal-area length-weighted rose plots 
(Sanderson and Peacock, 2020) to visualize the orientations of lineaments for each raster source and ternary node, and 185 
branch proportion plots to visualize differences in topological connectivity between the different lineament datasets 
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(Manzocchi, 2002; Sanderson and Nixon, 2015). As the lineament interpretation covers the entirety of Finland, the 
lithology and tectonic setting varies significantly within the interpretation area, which probably affects the characteristics 
of the lineaments of different areas. To analyse this variation, we also separately present orientation analysis results for 
the integrated lineaments of each tectonic province (Nironen, 2017). 190 

3 Results 

The three (magnetic, electromagnetic and LiDAR) lineament vector datasets were interpreted independently from each 
other, and the results from these are presented below. Several operators, i.e., geologists or geophysicists working at GTK, 
participated in the interpretation. To minimize the subjective bias of the different operators, a similar operation scheme 
was used. The interpretations were gathered into lineament vector datasets that were categorized according to the source 195 
raster used. These can be used independently from each other. The integrated vector dataset was produced as the final 
product in the lineament database. A statistical overview of the lineament vector datasets, based on number and length, 
is gathered in Table 2. 

Table 2: Statistical data for the magnetic, electromagnetic, LiDAR and integrated lineaments. 

Magnetic Lineaments 
Minimum 
(m) 

Lower 
quartile (m) 

Median (m) Mean (m) Upper 
quartile (m) 

Maximum 
(m) 

Number 

3947 15 182 23 023 28 908 36 376 146 314 983 
Electromagnetic Lineaments 
Minimum 
(m) 

Lower 
quartile (m) 

Median (m) Mean (m) Upper 
quartile (m) 

Maximum 
(m) 

Number 

3700 14 457 22 517 29 181 35 600 300 528 1244 
LiDAR and Bathymetric Lineaments 
Minimum 
(m) 

Lower 
quartile (m) 

Median (m) Mean (m) Upper 
quartile (m) 

Maximum 
(m) 

Number 

2580 15 358 24 119 31 688 38 295 298 717 1579 
Integrated Lineaments 
Minimum 
(m) 

Lower 
quartile (m) 

Median (m) Mean (m) Upper 
quartile (m) 

Maximum 
(m) 

Number 

2566 13 425 21 562 27 290 33 845 305 059 3476 
 200 

3.1 Magnetic 

The 983 magnetic lineaments were evenly scattered within the whole country, but with fewer lineaments within the 
Rapakivi batholite in the southeastern part of Finland (Figure 3). Magnetic maps continue partly offshore, enabling the 
interpretation of lineaments at sea. The lineament lengths varied from 3.9 km to 146.3 km, while the median length was 
23 km (Table 2). 205 
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Figure 3: A) Magnetic lineaments from the interpretation area of Finland, with the total magnetic base map (Geological Survey of 
Finland, 2007a) in the background. B) Magnetic lineaments from the interpretation area of Finland. 

3.2 Electromagnetic 

The 1244 electromagnetic lineaments were consistently distributed throughout the country (Figure 4). However, within 210 
the Rapakivi batholite in southeast Finland, the lineaments were even more scarce than in the magnetic rasters, and only 
a few linear anomalies were thus interpreted. Bodies of water have low electrical resistivity and they therefore appear as 
electromagnetic minima in the data. In sea areas, the electromagnetic lineaments are interpreted between or next to the 
areas of higher resistivity. The lineament lengths varied from 3.7 km to 300.5 km, while the median length was 22.5 km 
(Table 2). 215 
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Figure 4: A) Electromagnetic lineaments from the interpretation area of Finland, with the electromagnetic base map (Geological 
Survey of Finland, 2007b) in the background. B) Electromagnetic lineaments from the interpretation area of Finland. 

 
3.3 LiDAR and bathymetry 220 

Overall, 1579 topographical lineaments were interpreted within the whole country, including LiDAR-based terrestrial 
and the sea-bottom bathymetry-based lineaments (Figure 5). The lineaments were evenly scattered, except in the western 
part of Finland, in Ostrobothnia, where a thick overburden of Quaternary deposits partially masks the underlying 
topography, thus hindering interpretation in this area. The LiDAR and bathymetric dataset is the most extensive one, 
covering both terrestrial and sea areas. The lineament lengths varied from 2.6 km to 298.7 km, while the median length 225 
was 24.1 km (Table 2). 
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Figure 5: A) LiDAR and bathymetric lineaments from the interpretation area of Finland, with the topographic DEM in the background. 
Topographic DEM adapted from National Land Survey of Finland (2019) and European EMODnet Bathymetry Consortium (2018). 230 
B) LiDAR and bathymetric lineaments from the interpretation area of Finland. 

3.4 Integration 

The total number of magnetic, electromagnetic and LiDAR lineaments was 3806 (Figure 6A). After integration, 3476 
lineaments remained in the integrated dataset (Figure 6B). The integrated lineaments were evenly scattered across the 
country. Their length varied from 2.6 km to 305.1 km, while the median length was 21.6 km (Table 2). The LiDAR 235 
lineaments were used as a basis for the integrated lineament interpretation, and were thus extended or modified based on 
the geophysical anomalies. An example of the integration process from southwest Finland is illustrated in Figure 7. The 
LiDAR lineaments were mainly modified in the integration, while the geophysical lineaments either remained in their 
entity or as small branches that diverged out from the larger LiDAR lineaments (Figure 7D). 

 240 
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Figure 6: A) All interpreted lineaments defined by different colours from the interpretation area of Finland. B) The final integrated 
lineament interpretation.  

 

https://doi.org/10.5194/egusphere-2023-448
Preprint. Discussion started: 14 March 2023
c© Author(s) 2023. CC BY 4.0 License.

Torgersen_Espen
Sticky Note
In these figures I can see many lineaments that have not been mapped. Why? It seems that you have made definition of what to map or not that is not well-explained in the methodology chapter.



11 
 

Figure 7: Integrated lineaments from southwest Finland. A) Magnetic lineaments with filtered magnetic greyscale as a raster map 
(Geological Survey of Finland, 2007a)). B) Electromagnetic lineaments with quadrature component greyscale as a raster map 
(Geological Survey of Finland, 2007b). C) LiDAR lineaments with LiDAR and bathymetry as a raster map. Topographic DEM adapted 
from National Land Survey of Finland (2019) and European EMODnet Bathymetry Consortium (2018).  D) Black arrows indicate the 
locations of LiDAR lineament modifications performed during integration, red arrows indicate magnetic lineaments and blue arrows 250 
indicate electromagnetic lineaments. E) LiDAR and bathymetric raster map of Finland. Topographic DEM adapted from National Land 
Survey of Finland (2019) and European EMODnet Bathymetry Consortium (2018). The black box indicates the area of the lineaments 
in maps A–D. 

Most of the integrated lineaments (2732 out of 3476) were interpreted from only one data source. The other 744 lineaments 
were fully or partly visible in at least two out of the LiDAR, electromagnetic and magnetic data sources. In total, 159 255 
lineaments were fully or partly observed in all three data sources (Table 3). 

Table 3: Trace length statistics for lineaments determined in different data sources; data compiled from the integrated dataset. 

Data_Source Minimum 
(m) 

Lower 
Quartile 
(m) 

Median 
(m) 

Mean 
(m) 

Upper 
Quartile (m) 

Maximum 
(m) 

Number 

Mag 3562 12 834 19 094 22 963 28 492 109 282 697 
EM 2566 10 889 17 676 21 093 27 223 97 769 985 
LiDAR 2580 13 036 20 598 25 151 31 866 171 259 1050 
LiDAR+EM 6936 23 908 35 199 44 143 52 941 305 059 282 
LiDAR+Mag 7029 21 449 29 324 38 785 46 209 230 622 88 
LiDAR+Mag+EM 14 054 28 873 44 062 53 823 66 670 176 697 159 
Mag+EM 3702 17 873 28 301 33 722 44 863 106 795 215 
Total       3476 

 

3.5 Orientation and topological analysis of lineaments 

All the rose plots (Figure 8) of lineaments from different sources, including the integrated lineaments, show distinct 260 
orientation maxima along a NW–SE-oriented axis. Besides this trend, the lineament orientations are quite scattered, 
without other defined orientation trend maxima, except for a weak NE–SW trend visible in the electromagnetic (EM) 
lineament rose plot. Overall, no distinct differences between the LiDAR, electromagnetic and magnetic lineament 
orientations are visible. 
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Figure 8: Rose plots the orientation of the lineaments from each raster source. 

According to the ternary plots of node and branch proportions (Figure 9), the lineaments interpreted from aerogeophysical 
sources are less connected and have a significantly higher proportion of I-nodes (lineament ending in isolation). The 
magnetic lineaments also have a higher proportion of I-nodes compared to the electromagnetic lineaments. The integrated 
lineaments have similar node and branch proportions to the LiDAR lineaments, although with a distinctly higher number 270 
of X-nodes (Figure 9A). 
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Figure 9: A) Ternary plot of topological nodes (X, Y and I). B) Ternary plot of topological branches (C-C, C-I and I-I). For 
both subfigures, the counts of nodes and branches, respectively, are indicated. 275 
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Subdivision of the integrated lineaments into the tectonic provinces of Finland and subsequent orientation analysis (Figure 
10) does not highlight major differences between the orientations of lineaments from different tectonic provinces. The 
previously determined NW–SE trend is still visible in lineaments from most provinces, except for the Norrbotten 
province. However, the small areal extent and asymmetric shape of the Norrbotten province might cause a higher sampling 280 
bias compared to the other provinces. Similarly, the Central Karelia Subprovince has a limited sample count (n = 45), 
which should be kept in mind when making any further interpretations. 

 
Figure 10: A) Integrated lineaments clipped to the boundaries of tectonic provinces by (Nironen, 2017), which are delineated 
by the black border polylines. B) Rose plots of the integrated lineaments, cropped to each tectonic province. 285 

3.6 Field investigation of lineaments 

During this study, two lineaments in southern Finland (“Lineament_ID” identifiers: INT_296 and INT_357) were 
examined in more detail to verify their geological nature at selected locations (Figure 11A). An E–W-oriented lineament 
(INT_296) located between Turku and Helsinki was examined in the near vicinity of Karkkila. The lineament was 
assumed to be the Somero–Karkkila Fault Zone (SKFZ) (Torvela and Kurhila, 2022), even though the core zone was not 290 
located in outcrops and only some brittle shear structures within the damage zone were available for mapping (Figure 
11B). The shear structures within the damage zone were mapped as either parallel to the lineament or oriented NE–SW, 
but both sets of structures showed dip-slip kinematics on the slip surface, even though the slip orientation could not be 
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determined (Figure 11C&D). Since the core zone of the assumed fault zone could not be found, the overall kinematics of 
the fault zone remained uncertain. Another NW–SE-oriented lineament (INT_357) that was investigated as part of this 295 
study is related to a large ductile shear zone defined as the Kynsikangas Shear Zone (KSZ) (Reimers et al., 2018), located 
north of Turku in the Kokemäki area (Figure 11A). The ductile KSZ is approximately 2 km wide (Figure 11G), and the 
core of the shear zone is highly sheared and deformed. The core of the KSZ displays ductile stretching lineation with 
sinistral kinematics (Figure 11E&F) (Reimers et al., 2018). Since the KSZ is a wide and prominent ductile shear zone, 
the observed outcrops only represent a small portion of this structure (Figure 11G). 300 
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Figure 11: A) Integrated lineaments from southern Finland, with field investigated lineaments in red. LiDAR DEM adapted from 
National Land Survey of Finland (2019). B) The examination site for the E–W-oriented Somero–Karkkila Fault Zone (SKFZ). LiDAR 
DEM adapted from National Land Survey of Finland (2019). C) Photo of an NE–SW-oriented fault within the damage zone of the 
SKFZ. D) Photo of an E–W-oriented fault parallel to the SKFZ. E) Drone orthophoto of the core of a major ductile shear zone, the 305 
Kynsikangas Shear Zone (KSZ). F) Close-up photo of the KSZ, with prominent L-tectonites. G) Investigation site for the SE–NW-
oriented lineament, the KSZ. LiDAR DEM adapted from National Land Survey of Finland (2019). 

4 Discussion  

This lineament study and the subsequent analysis differs in several respects from those previously performed in Finland 
and other countries. The most significant addition to the previous studies is the use of high-resolution LiDAR data. The 310 
final product, the integrated lineament vector dataset, represents a combined analysis of the electromagnetic, magnetic 
and topographical lineaments. Compared to the previous nationwide lineament studies (Vuorela and Äikäs, 1984; 
Kuivamäki, 2000), this current study used more accurate data sources (LiDAR DEM with a 2 m cell size, combined with 
bathymetric data) and involved more systematic documentation of lineament metadata. Globally, nationwide lineament 
surveys are scarce, and compared, for example, to the study performed by Gabrielsen et al. (2002) in Norway, our multi-315 
source approach adds a higher level of confidence to the interpretation, as lineaments were identified from multiple raster 
datasets. DesRoches et al. (2018) also concluded in their study on a crystalline bedrock setting in Canada that a multi-
source approach to lineament interpretation enhances the reliability of the interpretation. Our interpretation differs 
methodologically from past interpretations. For example, in comparison to the interpretation by Kuivamäki (2000), we 
did not allow circular lineaments. Furthermore, in contrast to the lineament interpretation of Korhonen et al. (2005), we 320 
applied a specific scale of observation in which all raster data sources were used with the same representative fraction of 
1:500 000. Therefore, we avoided problems related to the lineament integration phase due, for instance, to differences in 
accuracy between source raster data, as described by Korhonen et al. (2005). Despite recent advances in automatic 
lineament interpretation methods (Middleton et al., 2015; Yeomans et al., 2019; Aghaee et al., 2021; Ahmadi and Pekkan, 
2021), we opted for a manual interpretation approach due to the current limitations of automatic methods. The manual 325 
method has the advantage that the operator can learn to distinguish geological lineaments from non-geological features 
such as roads, railway lines, power-cables, canals and crop–field boundaries (Ramli et al., 2010), which in automatic 
interpretations requires a review. Automated methods developed for fracture trace detection are also limited in 
recognizing abutments and the topological relationship between lineaments (Prabhakaran et al., 2019).  

We used strict geometric, topological and metadata validation methods to produce a cohesive vector dataset that is readily 330 
available for further analysis and also minimizes trace geometries and interactions that probably do not represent bedrock 
structures. The importance of the topological relationship between brittle structures and permeability, and subsequent 
fluid flow, has been highlighted in several studies on faults and fractures (Skyttä et al., 2021; Ceccato et al., 2022; 
Ovaskainen et al., 2022a, 2022b). Documentation of the topological relationships between lineaments enables, for 
example, analysis of the abutment relationships between azimuth sets, which could be analysed in a future study to reveal 335 
potential age differences between the lineaments (Procter and Sanderson, 2018; Skyttä et al., 2021). Nordbäck et al. 
(2023) used the current lineament database within a multiscale study on brittle structural frameworks and demonstrated 
that the lineament data can be applied in detailed site studies in crystalline bedrock settings. Even though specific site 
characterization studies acquire more detailed site studies and fieldwork for the assessment of crystalline bedrock 
suitability, this lineament database can be utilized in the first stage of site screening. 340 

The trend maxima of NW–SE-trending lineaments (Figure 10) is evident in the whole country, except for northern 
Finland, where the lineament orientations are more evenly distributed. This might be attributed to the ice movement 
direction, which in most parts of Finland was parallel to this lineament set and accordingly enhanced the occurrence of 
lineaments in that orientation due to scouring of the bedrock during glacial flow (Skyttä et al., 2015; Ovaskainen et al., 
2022b). In the rose plots for tectonic provinces, the different areas display similar lineament orientations as seen for the 345 
whole country, but the Southern Finland Subprovince display more diverse orientations. This is probably due to the 
geological characteristics of this tectonic subprovince, where the lineaments reflect prominent geological structures in the 
bedrock and distinct Quaternary glacially derived formations (Skyttä et al., 2015; Torvela and Kurhila, 2022). The other 
provinces in Finland are also differently affected by erosional processes (Hall et al., 2021), which is especially evident in 
western Finland, where a flatter topographical surface especially hinders the identification of topographical lineaments. 350 

The present work has provided a new lineament database for Finland, which is more flexible for statistical analysis and 
correlation than those that have been available so far. This database will be a part of the public domain of the Geological 
Survey of Finland (https://hakku.gtk.fi/en/locations/search?location_id=154), and all the trace vector datasets are 
available for further use. Each lineament trace has a unique identifier (Lineament_ID; Table 1), which can be used to 
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consistently reference each lineament separately in any work using the lineaments, whether in research or in industry. 355 
Performing a structural lineament interpretation is an important component of the assessment of a crystalline bedrock 
setting, where the interpreted lineaments have the potential to represent the surface expression of faults and fractures that 
may act as potential groundwater flow pathways, zones of geomechanical instability or potential reactivation. The current 
lineament database will be applied as a basis for various more detailed studies, such as groundwater site studies, 
infrastructure studies for tunnels, highways and railroads, but also in geological bedrock and tectonic studies.  360 

Conclusions 

• This nationwide lineament interpretation of Finland used magnetic raster maps, electromagnetic raster maps 
and a LiDAR DEM together with bathymetric data to produce three new separate lineament vector datasets. 

• An integrated lineament vector dataset was produced through the compilation of all three above-mentioned 
datasets.  365 

• The interpretation of lineaments preserves the abutments between lineaments and thus adds key insights into 
the topological relationships between lineaments. 

• The lineament vector datasets can be used in further interpretations and scales where they can be compared 
with more detailed lineament interpretation and other datasets. 

• However, the lineaments must be verified and examined to determine the true geological nature of the features. 370 
• These lineament vector datasets are publicly available from the Geological Survey of Finland and can be 

exploited in a wide variety of geological studies. 
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Appendix A: Magnetic total field DGRF-65 greyscale anomaly raster map (Geological Survey of Finland, 2007a). 
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Appendix B: Magnetic sharp-filtered total field DGRF-65 greyscale anomaly raster map (Geological Survey of 400 
Finland, 2007a). 
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Appendix C: Magnetic anomaly tilt derivate DGRF-65 greyscale raster map (Geological Survey of Finland, 2007a). 
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Appendix D: Electromagnetic 3kHz quadrature component greycale raster map (Geological Survey of Finland, 2007b). 405 
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Appendix E: LiDAR and bathymetry multidirectional hillshade DEM. Topographic DEM adapted from (National Land 
Survey of Finland, 2019) and European EMODnet Bathymetry Consortium (2018). 
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