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A1 Input materials to the reconstructions  
In this appendix, more background information is given on the datasets discussed in Chapter 2 and used in Chapters 3 and 6. While integrating existing 
datasets into new geomorphological reconstructions a set of priority rules was followed (e.g. which dataset provides the best information on age or 
extent?). This was based on their coverage, aims, and quality of the studies (described in Chapter 2 and this Appendix). Geological maps have the largest 
spatial coverage on deeper features and are therefore mostly used in the coastal plain (Figure A1). This data was supplemented with LiDAR data and 
information from local studies on age. In the fluvial area, existing natural levee reconstructions were refined using borehole and LiDAR data and local soil 
maps if available (Figure A2).  

 

Figure A1 | Priority on data intake coastal plain GIS.  

 

Figure A2 | Priority on data intake Rhine-Meuse delta geomorphological reconstruction maps.  

A1.1 Utrecht University LLG Borehole data 
Primary information:  Detailed lithological description per 10 cm interval logged in the field using the De Bakker & Schelling (1989) system for the 

lithological description. The logs were compiled using hand corings of typically 2-3 meter deep. Descriptions also contain a genetic 
facies interpretation, separating channel deposits, natural levee deposits, flood-basin deposits, etc.  

Coverage: Holocene wedge of the entire delta plain. 

Scale/resolution:  125,000 high-quality borehole descriptions digitally available and 90,000 non-digitised descriptions. Coring density of 30 to 200 
boreholes per km2. In the study area, the borehole density varies between 30/km2 to 200/km2. The lithological descriptions have 
10 cm intervals and contain facies interpretation (e.g. natural levee, residual channel, dike-breach deposits). 

Use in the coastal plain 
No coverage, not used. 

Use in the Rhine-Meuse delta 
Usage:  Queries on lithology from this database were the primary source for mapping the extent of the natural levees and other 

architectural elements (section 3.2.1). The surface elevation (in meters relative to the Dutch NAP datum: m OD) as recorded in the 
borehole database, was verified with the LiDAR national DEM (A1.3). 

Note:  - 

Main references:  Berendsen (1982); Berendsen & Stouthamer (2000; 2001). 

A1.2 TNO Geological Survey of the Netherlands DINO borehole data 
Primary information:  Lithological descriptions of (the upper meters of) boreholes, logged at varying intervals. The descriptions in the database are 

standardised (Bosch, 2000) and meta-information on its source, type of equipment and descriptive quality is maintained. The bore 
logs have a stratigraphical subdivision to Formation and Member level. Facies (e.g. flood basin, levee and channel deposits) are 
distinguished on lithology only.  

Coverage:  National 

Scale/resolution:  coring density varying between 5 – 20 boreholes per km2  
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Use in the coastal plain 
Not used. 

Use in the Rhine-Meuse delta 
Usage:  Used in addition to the LLG dataset, especially in areas with a lower density borehole coverage in the latter source. Hereto, the 

data was resampled to regular 10 cm intervals and the surface elevation was corrected using the LiDAR DEM. 

Note:  Used in areas with lower data density 

Main references:  www.dinoloket.nl/en; Stafleu et al. (2012); Van der Meulen et al. (2013). 

A1.3 LiDAR AHN  
Primary information:  LiDAR elevation set, processed into a DEM of ground-surface elevation.  

Coverage:  National 

Scale/resolution:  5 x 5m footprint, cm vertical resolution, 10-cm elevation accuracy.  

Use in the coastal plain and the Rhine-Meuse delta 
Usage:  This dataset was used to refine the extent of geomorphological units (e.g. natural levees, tidal ridges, and channels), inferred from 

other maps. In the delta it served for checks and corrections of absolute surface elevation recorded for borehole locations. Here, it 
was also used in tracing the boundaries of natural levee elements and residual channels between borehole sections.  

Note:  Geomorphological interpretations based on LiDAR data need confirmation checks, based on borehole data. The AHN2 dataset 
replaced AHN1 in 2013 (0.5 m x 0.5 m x 5 cm resolution).  

Main references:  Berendsen & Volleberg (2007); De Boer et al. (2008); Van der Zon (2013); www.ahn.nl  

A1.4 National geological map series 
Primary information:  Geological profile type map, with sequence of tidal deposits and their presumed absolute age. The geological maps compiled 

during the 1960s and 1970s (SW Netherlands) in the coastal areas show a strict chronostratigraphical division, whereas later 
mapping campaigns also included facies and environmental interpretation as a subdivision (e.g. Dunkirk I: supratidal deposits). 

Coverage: Most of the southwestern coastal plain area, part of western and northern coastal plain for the entire Holocene sequence 

Scale/resolution:  1:50,000; 9 borings per km2 

Use in the coastal plain 
Relevant units:  Dunkirk I-III deposits. Channel and tidal flat facies. 

Usage:  Most important input for architectural element extent intake into the GIS (Figure A1). The maps provide a consistent dataset with 
planform geometry and attributed relative ages to subsequent generations of tidal architectural elements. Their intake in the GIS 
worked particularly well for the areas where facies (channel deposits, tidal flat deposits etc.) were separately mapped (the younger 
map sheets).  

Note:  Absolute chronology based on now abandoned assumptions on synchronous sea level controlled development (Weerts et al., 
2005). Because in the original publication, the chronostratigraphy was used for relative dating, instead of absolute dating. Age-
attribution was rechecked by verifying the originally used dates (14C, archaeology) and where available also newer additional dating 
evidence. Parts of the coastal plain that have not been mapped are filled in based on additional datasets. 

Main references: General: Dubois (1924); Tavernier (1946); Hageman (1969); de Mulder & Bosch (1982); Oele et al. (1983); and Table A1. 

Table A1 | Geological map sheets 1:50,000 used in the coastal plain. 

Coverage Reference 
Southwestern coastal plain  
Goeree & Overflakkee  Hageman (1964) 
Zeeuwsch-Vlaanderen West/Oost Van Rummelen (1965) 
Schouwen-Duiveland  Van Rummelen (1970) 
Walcheren  Van Rummelen (1972) 
Beveland  Van Rummelen (1978) 
Western coastal plain  
Rotterdam West (37W) Van Staalduinen (1979) 
Alkmaar West/Oost (19W/O) Westerhoff et al.( 1987) 
Rotterdam Oost (37O)  NITG-TNO (1998) 
Northern coastal plain  
Sneek West/Oost (10W/O) Ter Wee (1976) 
Heerenveen West/Oost (11W/O)  De Groot et al. (1987) 

Use in the Rhine-Meuse delta 
Not used, newer and more accurate datasets are available. 

A1.5 Digital base map for delta evolution and palaeogeography 
Primary information:  Age and extent of the channel belts in the Rhine-Meuse delta, palaeogeography of the network of channel belts, with extensive 

documentation of the ages. The documentation separates dating of begin and end of sedimentary activity, and described the 
considered radiocarbon datings).  
The first version of the basemap (Berendsen & Stouthamer, 2001), was based on detailed geomorphogenetic field survey maps 
(section A 1.8: Fs units, except Fs5: alluvial ridge levee slopes flanking the channel belt) and geological information. Later releases 
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verified the mapping of alluvial ridges versus LiDAR elevation data and by direct confrontations with the LLG borehole data 
(besides the revising ages of channel belts; Berendsen et al. 2007; Berendsen & Volleberg, 2007; Cohen et al. 2012).  

Coverage:  Entire Rhine-Meuse delta plain and upstream valleys. 

Scale/resolution:  On-screen digitised map, positioning of boundaries based on LLG and DINO borehole data (typical spacing in sections: 100 meter), 
AHN1 (5x5m footprint), field mapping at scale 1:10,000 – 1:5,000 (production scale).  
Publication / intended reproduction scale: 1:100,000 – 1:25,000.  
Digital usage zoom scale: same as production scale.  

Use in the coastal plain 
No coverage, not used. 

Use in the Rhine-Meuse delta 
Relevant units:  Active channel belts and crevasse splays. 

Usage:  The active channel belts age at 1950, 1500, and 1150 BP and the position of older channel belts were directly incorporated in the 
reconstructions. The documentation provided and extensive overview of datings used to assign an end age of activity to the levees.  

Note:  The dataset provides the channel belt sand body extent below the natural levees.  

Main references:  Berendsen & Stouthamer (2000; 2001); Berendsen et al. (2001); Cohen et al. (2012; 2014). 

A1.6 National Geomorphological map  
Primary information:  Interpreted geomorphology, based on criteria established by Maarleveld et al. (1977). After the introduction of LiDAR DEMs a 

national coverage digital geomorphological map was released (Koomen & Maas, 2004), produced by verification against earlier soil 
mapping and underlying shallow borehole data (mostly from other databases than UU-LLG and TNO-DINO).  

Coverage:  National / Updated version: fluvial area in Gelderland (roughly covering the sections U1-U4, C3 and C4). 

Scale/resolution:  On-screen digitised map, positioning of boundaries based on topographic features AHN1 and 2 (5x5m footprint), and past detailed 
soil mapping using field maps at scale 1:10,000 to 1:5,000 (production scale). The publication scale and digital usage zoom scale is 
1:50,000. 

Use in the coastal plain (national map) 
Relevant units:  Supratidal levees, silted up tidal channels  

Usage:  Used where late Holocene pre-embankment geomorphology has been well preserved (mainly northern Netherlands). 

Note:  Only information of the surface morphology, no age information. More detailed information was obtained from LiDAR DEMs. 

Main references:  Maarleveld et al. (1977); Koomen & Maas (2004).  

Use in the Rhine-Meuse delta (update of the national geomorphological map) 
For the Rhine-Meuse delta, a regional revision was performed by Van der Meij (2014) using the AHN2 LiDAR dataset corrected for the river plain gradient.  

Relevant units:  Van der Meij (2014) identified amongst others alluvial ridge slopes (‘stroomrughellingen’), crevasse splay ridges (‘crevasseruggen’), 
residual channel depressions (‘restgeulen’), floodplain / flood basin (‘Rivierkomvlakte’). 

Usage:  The flood basin to levee boundaries were imported, verified and edited using borehole information. 

Note:  The revised map was based on geomorphological criteria only and not verified with lithology (Van der Meij, 2014). 

Main references:  Van der Meij (2014).  

A1.7 National Soil map 
Primary information:  Soil maps compiled by STIBOKA (Wageningen) from surveys in the 1960-1990-ies. Mapping based on soil-formative properties, 

including the lithological composition of the upper ca. 1.20 meter. Natural levees were mapped as soils of lighter texture, more 
suitable and hence in longer use as arable land and orchards than flood basins. Reports that accompany the maps include sections 
on geology, geomorphology and land-use history.  

Coverage:  National, see Table A2. 

Scale/resolution: Publication scale: 1:50,000.  

Use in the coastal plain 
Relevant units:  Clay soils, sandy soils 

Usage:  Local substitution where national geological maps are less detailed. Clay soils indicating tidal flats, sandy soils indicating channels 
or proximal tidal flats. 

Note:  Mapped boundaries have not been synchronised with geomorphology, geology maps, LiDAR data.  

Main references:  De Bakker & Schelling (1989); STIBOKA maps 1:50,000 

Use in the Rhine-Meuse delta 
Relevant units:  Crevasse splay soils; young natural levee soils, channels. 
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Usage:  The delineation of the peat extent were taken from this dataset. Furthermore it gave a first indication for the presence of levee 
and dike-breach deposits. 

Note:  Mapped boundaries have not been synchronised with geomorphology, geology maps, LiDAR data.  

Main references:  De Bakker & Schelling (1989); STIBOKA maps 1:50,000 (Table A2) 

Table A2 | The national soil maps used in the Rhine-Meuse delta. The segments used in this thesis that they (partly) cover in this study are indicated. 

Coverage Reference Scale 
‘s Hertogenbosch West (U4) STIBOKA (1969) 1:50,000 
Rhenen East/West (C3, U2) STIBOKA (1974) 1:50,000 
Arnhem East/West (U1-U3) STIBOKA (1975) 1:50,000 
Utrecht East (C1, C2) STIBOKA (1979) 1:50,000 
Gorinchem East (D) Harbers et al. (1981) 1:50,000 
Oosterhout West (D) Damoiseaux et al. (1987) 1:50,000 
Oosterhout East (D) Harbers (1990) 1:50,000 

A1.8 Detailed older soil maps (pedogenetic) 
Primary information:  Original soil maps, from surveys in the 1940-1960-ies (school of Edelman, Wageningen), were made prior to major rationalisation 

and field reorganisation campaigns. The maps were based on soil-formative properties, including the lithological composition of 
the upper ca. 1 meter. Natural levees were mapped as soils of lighter texture, more suitable and hence in longer use as arable land 
and orchards than flood basins. Reports that accompany the maps include sections on geology, geomorphology and land-use 
history. 

Coverage:  Regional maps: entire coastal plain, Local maps: For specific local study areas in the Rhine-Meuse delta (Table A3).  

Scale/resolution: Publication scale: 1:10,000. Field survey scales: 1:5,000. Soil surveys in the Netherlands conventionally strived for an observation 
density of 0.3 ha-1 = 30 boreholes per km2 (e.g. Kempen, 2011). 

Use in the coastal plain 
Relevant units:  Typical local pedological terms indicating tidal flat extent 

Usage:  Local substitution where national soil, geomorphological, and geological map series are less detailed or absent. The local 
pedological units were translated into lithological units and facies (e.g. soil developed in heavy clay formed as a supratidal flat). 

Table A3 | Detailed older soil maps used in the coastal plain. 

Coverage Reference 
Southwestern Netherlands Bennema et al. (1952) 
Western Netherlands van Liere (1950); de Roo (1953); Pons & Wiggers (1959/1960); 

Pons & van Oosten (1974) 
Northern Netherlands: Veenenbos (1949); Cnossen (1958); de Smet ( 1962) 

Use in the Rhine-Meuse delta 
Relevant units:  Crevasse splay soils; young natural levee soils, channels. 

Usage:  Where borehole data was not sufficient, these maps provided information on the extent of levees, residual channels, and dike-
breach fans. 

Table A4 | The detailed soil maps used in the reconstruction maps. The segments that they (partly) cover in this study are indicated. 

Coverage Reference Scale 
Overbetuwe (west) (U1 and U2) Egberts (1950) - 
Wageningen (U2, northern tip) Buringh (1951) 1:10,000 
Maaskant (U4, southern part) Van Diepen (1952) 1:10,000 
Land van Maas and Waal  
(U3 and northern part U4) 

Pons (1957; 1966) 1:10,000 

Land van Heusden Altena (C5) Sonneveld (1958) 1:10,000 
Vijfheerenlanden (D, west of C3) De Boer & Pons (1960) 1:50,000 
Biesbosch (D, west of C5) Zonneveld (1960) 1:10,000 

A1.9 Regional palaeogeographical reconstructions for the Roman period 
Primary information:  Detailed palaeogeographical maps of channel belts, residual channels and levees during the Middle Roman period.  

Coverage:  Regional to national, distinct time steps in the Holocene / Eastern river area (U1 - U3), Lower Rhine limes region (Utrecht-Leiden 
C1, C2). 

Scale/resolution: Willems (1986) 1:100,000; Van Dinter (2013): 1:50,000. 

Use in the coastal plain 
Relevant units:  Channels, tidal flats, beach barriers.  

Usage:  Check to our scripted-generated palaeogeographical output, which generally reproduced the featured developments from the 
basic elements stored in our GIS. 
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Note: The first maps on a macroregional scale (Netherlands for the Holocene) were compiled by Pons et al. (1963), the second 
generation was made by Zagwijn (1986). In both publications, the selected time steps coincided with the presumed transgression 
periods in the coastal and fluvial area derived from chronostratigraphy which was widely accepted at that time. Newest 
generations are also manually drawn, the maps however do not cover the entire timespan of landscape evolution as only distinct 
time steps are used. Whereas general decisions behind the series of palaeogeographical maps are documented (Vos, 2015), on the 
scale of individual elements the workflow has not been outlined. The manually produced map series is only available for fixed time 
steps based on archaeological periodization considerations (Vos, 2015). 

Main references: National: Pons et al. (1963); Zagwijn (1986); Vos & de Vries (2013); Vos (2015). Southwestern Netherlands: Vos & van Heeringen 
(1997); Vos & Zeiler (2008). Western Netherlands: Lenselink & Koopstra (1994); Vos & Gerrets (2005); Vos & Eijskoot (2015); Vos et 
al. (2015a; 2015b). Northern Netherlands: Knol (1993); Vos & Knol (2015) 

Use in the Rhine-Meuse delta (only regional reconstructions) 
Relevant units:  Overbetuwe area, Willems (1986): ‘Levee deposits’, ‘residual channels’ 

Utrecht area, Van Dinter (2013); ‘Natural levees’ Van Dinter et al. (2017): ‘levee on flood-basin deposits’. 

Usage:  The maps were used as source map and a check for the reconstructions. 

Note:  The maps show the situation during Roman Age only, for the Eastern river area reconstruction no LiDAR data was used.  

Main references:  Willems (1986); Van Dinter (2013); Van Dinter et al. (2017). 

A1.10 Lithostratigraphy 70ies 
Mapped information:  Their studies focused on lithostratigraphy rather than on their spatial extension or exact age. Clastic units were interpreted and 

labelled as transgressive, vegetation horizons and peat layers were labelled as regressive units. Regressions and transgressions in 
their deployment only represent lateral facies shifts of marine and coastal deposits and do not directly refer to sea-level 
fluctuations. Lithostratigraphical schemes divide the substrate into mappable units that have distinct lithological properties and 
distinct stratigraphical positions.  

Coverage:  Regional for the northern Netherlands, entire Holocene sequence. 

Scale/resolution:  - 

Use in the coastal plain 
Relevant units:  Groningen Formation and subunits 

Usage:  For some units both the extension and assigned age have been mapped (e.g. supratidal levees, transgressive surfaces), which was 
used for our dataset.  

Note:  No absolute chronology, very local stratigraphy. Information on chronology and development were taken from additional studies.  

Main references: Roeleveld (1974); Griede (1978) 

Use in the Rhine-Meuse delta 
No coverage, not used 

A1.11 Detailed older geomorphogenetical maps 
Primary information:  Geomorphogenetical maps are profile-type geomorphological maps with legend units based on geomorphological as well and on 

genetic criteria. The maps were developed by Berendsen (1982) based on borehole descriptions and of the upper 2 m (the UU-LLG 
dataset above) and geomorphological field observations. The system has been used in Utrecht University academic studies since 
the 1970ies, and on a small scale in archaeological studies (e.g. Willemse & Verhelst, 2012). 

Coverage: Published maps: see Table A5. Further unpublished maps by Utrecht University staff and students (field survey maps) cover the 
entire study area (Berendsen & Stouthamer, 2001). They have been used to verify accuracy of the LLG database in digitalisation 
projects prior to this study, as part of the efforts on channel belt mapping see above. 

Scale/resolution:  Field survey and map production scale: 1:10,000-1:5,000. Publication scale 1:25,000. In cross-sections, minimal borehole distance 
of 100m, and across boundaries of landforms this was densified. See LGG dataset above. 

Use in the coastal plain 
No coverage, not used 

Use in the Rhine-Meuse delta 
Relevant units:  Levees covering channel belts (‘Fs1-4’), levees flanking channel belts (‘Fs5’), residual channels within channel belts (‘Fs6-9’), 

crevasse splays (‘Fc1-4’).  

Usage:  The dataset gives a good impression of the thickness and extent of both levees and residual channels. We took their boundaries 
and adapted them using LiDAR, borehole data, and earlier mappings. The depth of the levee and sand below the surface was used 
as validation of borehole data.  

Note:  LiDAR data was not yet available when most of these maps were produced, and considerable reinterpretation of pre-LiDAR maps 
was needed to use them in our maps.  

Main references: Berendsen (1982); Berendsen et al. (1986); Bos et al. (2009). 

Table A5 | The detailed geomorphogenetical maps. The segments that they (partly) cover in this study are indicated. 
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Coverage Reference Scale 
SW Utrecht (C2) Berendsen (1982) 1:50,000 
Bommelerwaard (C4) Berendsen et al. (1986) 1:50,000 
Utrechtse Vecht area (north of C2) Bos et al. (2009) 1:100,000 

A1.12 Large cross-sections 
Primary information:  Extent, depth and thickness of lithostratigraphical units (e.g. overbank deposits, channel belt deposits).  

Coverage:  5 major delta-wide north-south oriented cross-sections every ca. 10 km. 

Scale/resolution: Based on borehole data described in A1.1. 

Relevant units:  Natural levee and crevasse splays or overbank deposits. 

Usage:  Used for correlating levees to channel belts and to estimate the depth of levees with a certain age.  

Note:  - 

Main references:  Berendsen (1982); Törnqvist (1993); Cohen (2003); Gouw & Erkens (2007); Makaske et al. (2007).  
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