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Introduction

TNO – Geological Survey of the

Netherlands runs four subsurface

mapping programs that serve three

main application domains. Down to a

depth of about 7 km, the DGM-deep

program maps 13 Carboniferous to

Neogene seismostratigraphic hori-

zons, using exploration data that en-

ergy and mining companies have to

submit to the Survey under the Min-

ing Law.

Down to about 500 m, the country is

covered by the layer-based model

DGM, which maps the geometries of

Neogene to Quaternary

lithostratigraphic units. While DGM

is used in its own right for any appli-

cation requiring geological informa-

tion, its primary purpose is to serve as

the framework for REGIS II, which

subdivides DGM lithostratigraphic

units into hydraulically parameterized

hydrogeological units. REGIS II is a

de facto standard used in groundwater

flow models and other assessments

for Dutch water and environmental

authorities.

The fourth model GeoTOP is a 3D

voxel raster having lithostratigraphic

and lithologic attributes, covering the

subsurface up to 50 m below MSL. A

positive business case for its applica-

tion in the planning of national infra-

structure and hydraulic engineering

works has been instrumental in pass-

ing a new law on subsurface informa-

tion and getting the implementation

funded, thereby securing the continu-

ity, role, and data position of the Sur-

vey.

This chapter is largely based on the

overview paper on geological survey-

ing in the Netherlands (Van der

Meulen et al., 2013), an earlier edi-

tion of this Synopsis (Stafleu et al.,

2011a) and technical papers on the

subsurface models DGM (Gunnink et

al., 2013) and GeoTOP (Stafleu et al.,

2011b).

Organizational Structure
and Business Model

The Geological Survey of the Nether-

lands is part of TNO (Netherlands Or-

ganization for Applied Scientific Re-

search), an independent Dutch

research and technology organization

active in technical, earth, environ-

mental, life, societal and behavioural

sciences, focussing on healthy living,

industrial innovation, energy, trans-

port and mobility, built environment,

the information society, and defence,

safety and security.

The present Survey has its roots in

1) the former State Geological Sur-

vey; and 2) TNO’s former Institute

for Groundwater and Geo-energy. In

1997, these predecessor organizations

merged into a new TNO institute, the

Netherlands Institute of Applied

Geosciences. The current Geological

Survey of the Netherlands is the re-

sult of a number of reorganizations of

that institute, as well as the transfer of

much of its shallow-subsurface exper-

tise to Deltares, a research institute

for delta issues established in 2008.

While it previously covered the full

range of applied geosciences, the Sur-

vey is now almost exclusively fo-

cussed on gathering, interpreting and

delivering subsurface information,

and on providing the Ministry of Eco-

nomic Affairs and Climate Policy

with advice on geological matters to

the Mining Law.

The Survey activities are conducted

under a single government-funded

program, the main elements of which

are data management (including

ICT, the ‘DINO Department’) and

geomodelling (systematic 3D

subsurface mapping, the

‘Geomodelling Department’). Data-

management projects deal with main

processes in the data-handling

workflow, i.e., retrieval, quality assur-

ance and control (QA/QC), storage

and delivery. Geomodelling runs sep-

arate projects for shallow and deep

subsurface models; the distinction is

primarily based on application and

modelling methods. The shallow

modelling project includes product-

oriented work packages for frame-

work models (DGM, REGIS II),

voxel models (GeoTOP),
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parameterization and characterization,

and 4D modelling. In addition, invest-

ments are made in quality control,

communication, representation and

maintaining and developing our

knowledge base.

The work is subject to yearly plan-

ning cycles. The annual survey pro-

gram as well as its results are ap-

proved by a board with

representatives of the Ministry of

Economic Affairs and Climate Policy

and of the Ministry of Infrastructure

and Water Management. The research

aspects of this program (supple-

mented by externally funded re-

search), are approved by a board with

representatives of the three geosci-

ence faculties in the Netherlands. The

recommendations of both boards are

then adopted by a council with high-

level representatives from the same

ministries, the academia and industry.

In support of our survey task, we de-

velop our understanding of user needs

in commissioned projects: how is

subsurface information used, for

which applications, now and in the

future? The aim of every such project

is to learn how to improve the prod-

ucts and services developed under our

survey program. Two mechanisms are

used to increase the momentum of our

R&D efforts: collaboration with sister

organizations abroad, mostly in EU-

funded projects, and investments in

our relationship with the academia

(e.g. through the sponsoring of extra-

ordinary professorships).

Overview of 3D
Modelling Activities

The Geological Survey of the Nether-

lands systematically produces 3D

models of the Netherlands. To date,

we build and maintain two different

types of nation-wide models: 1) layer-

based models in which the subsurface

is represented as a series of tops and

bases of geological, hydrogeological

units and 2) voxel models in which

the subsurface is subdivided in a reg-

ular grid of voxels attributed with a

number of geological properties.

Layer-based models of the shallow

subsurface include the national geo-

logical framework model DGM

(Gunnink et al. 2013) and the geohy-

drological model REGIS II (Vernes

and Van Doorn 2005). A third layer-

based model is DGM-deep with Car-

boniferous to Neogene seismostrati-

graphic units up to a depth of 7 km.

The two main voxel models are the

aggregate resources model (Maljers et

al. 2015) and the multi-purpose

GeoTOP model (Stafleu et al. 2011b).

Our models are disseminated free-of-

charge via the DINO-web portal

(www.dinoloket.nl/en/subsurface-

models) in a number of ways, includ-

ing an on-line map viewer with the

option to create virtual boreholes and

cross-sections through the models,

and as a series of downloadable GIS

products. A freely downloadable

Subsurface-Viewer® was added to

the portal, allowing users to down-

load and visualize the layer-based

models as well as GeoTOP on their

desktop computers.

The deep mapping program was the

first systematic modelling effort un-

dertaken by the Survey. In 1985, we

were commissioned to compile a con-

sistent, regional-scale petroleum geo-

logical framework. Eleven geological

horizons, ranging from Permian to

Neogene in age, were mapped, the re-

sults of which were first published on

paper and later became the constitu-

ents of a stacked grid model now re-

ferred to as DMG-deep (Figure 1C;

Duin et al., 2006; Kombrink et al.,

2012). The model is based on 2D and

3D seismic survey data, combined

with a variety of well data, and sup-

ported by biostratigraphic, petro-

physical and geochemical analyses.

Attribution of hydrocarbon and later

of geothermal reservoirs relies on

well data as well as burial history

analysis and basin modelling tech-

niques. The latter approach is used to

predict maturation levels of source

rock, as well as reservoir and seal

properties (porosity, permeability,

geothermal gradients). The general

approach and workflow of the deep

mapping program correspond to that

of the hydrocarbon exploration and

production industry, but on a regional

instead of a reservoir scale.

Modern digital mapping of the shal-

low Dutch subsurface started in 1999

with the development of the so-called

Digital Geological Model (DGM;

Figure 1B; Gunnink et al. 2013).

DGM, constructed using a set of c.

26,500 consistently interpreted bore-

holes, is a 3D stacked-layer litho-

stratigraphic model of the entire on-

shore part of the Netherlands up to a

depth of c. 500 m (with a maximum

of 1200 m in the Roer Valley

Graben). It consists of a series of ras-

ter layers, where each lithostrati-

graphic unit is represented by rasters

for top, base and thickness of the unit

(cell size 100 × 100 m). Raster layers

are stored in the raster format of ESRI

(ArcGIS). The lithostratigraphic units

are at formation level; the complex

fluvio-deltaic Holocene deposits are

represented by one layer only.

Another important step in digital

mapping was the development of the

hydrogeological model REGIS II

(Vernes and Van Doorn 2005). The

model uses the same dataset of c.

26,500 boreholes as used in DGM.

REGIS II further subdivides the

lithostratigraphic units of DGM into

hydrogeological units (aquifers and

aquitards). In addition, representative

values of hydrological parameters

(e.g., hydraulic conductivity and ef-

fective porosity) are calculated and

assigned to the model, making it suit-

able for groundwater flow modelling

on a regional scale. Like DGM,

REGIS II models the complex Holo-

cene deposits as a single confining

layer. Both DGM and REGIS II are

widely used by regional authorities

and water supply companies in

groundwater flow modelling studies.

GeoTOP is the latest generation of

Dutch subsurface models at the Sur-

vey. GeoTOP schematizes the shallow
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Figure 1. Cross-sections through three of the four subsurface models in the Groningen area (northeastern Netherlands):
A) GeoTOP; B) DGM; C) DGM-deep. Abbreviations are for groups, formations and members. The cross-sections were cre-

ated using the DINO-web portal at www.dinoloket.nl/en/subsurface-models. After Kruiver et al. (2017b).



subsurface in millions of voxels of

100 x 100 x 0.5 m up to a depth of

50 m below MSL, which is the main

zone of current Dutch subsurface ac-

tivity (Figure 1A; Stafleu et al. 2011b,

Maljers et al. 2015). In GeoTOP, we

are able to model all Holocene forma-

tions as well as several Holocene and

upper Pleistocene members and beds

as separate stratigraphic units by de-

ploying virtually all borehole descrip-

tions available in the national data-

base (c. 456,000) complemented by

some 125,000 auger holes of Utrecht

University. The model provides prob-

ability estimates of lithostratigraphy

and lithological classes (including

grain-size classes for sand) per voxel,

based on the average of 100 equi-

probable model realizations. At pres-

ent, GeoTOP covers 23,325 km2

(57%) of the surface area of the Neth-

erlands. We are currently extending

the model towards the south-eastern

part of the country and expect to

reach a coverage of 28,605 km2

(70%) in 2019.

Resources Allocated to
3D Modelling Activities

The annual budget for geologists,

hydrogeologists and modellers at the

Geomodelling Department is about

7.5 million euros. There are approxi-

mately 23 geologists, 7 hydrogeolo-

gists, 11 modellers, 7 geochemists

and 10 supporting staff working on

the modelling projects, albeit not full-

time. Each separate 3D modelling

project allocates about 4 modellers

and 2 geologists.

Overview of Regional
Geological Setting

The Geological Survey of the Nether-

lands operates in a northwestern Eu-

ropean state, with a surface area of

41,500 km2, about 8,000 of which is

inland water. Dutch territorial waters

encompass about 57,000 km2 of the

North Sea. Introductions to the Qua-

ternary geology of the Netherlands

can be found in Zagwijn (1989) and

De Gans (2007), amongst others. The

following summary is largely adapted

from Rondeel et al. (1996).

The Netherlands are located on the

SE rim of the North Sea Basin (Fig-

ure 2). The edges of this basin are

close to the country’s eastern and

southern borders. The sediments at

the surface are almost exclusively

Quaternary. The thickest Quaternary

succession (600 m) occurs in the

northwest. Neogene and older sedi-

ments are only exposed in the ex-

treme east and south of the country,

where the edges of the North Sea Ba-

sin were uplifted and eroded. The

southeast of the Netherlands is af-

fected by a SE-NW striking fault sys-

tem, which formed a number of horst

and graben blocks during the Ceno-

zoic. These faults are still active.

The Dutch landscape essentially con-

sists of a Holocene coastal barrier and

coastal plain, and an interior with

Pleistocene deposits cut by a Holo-

cene fluvial system. The coastal bar-

rier is interrupted in the south by the

estuary of the rivers Rhine, Meuse

and Scheldt, and in the north by the

tidal inlets of the Wadden Sea. The

barrier bears dunes and is locally up

to ten km wide. In places it had to be

reinforced with dikes. The coastal

plain covers the western half of the

country and consists mainly of clay

and peat. Much of it would be

flooded in the absence of dikes. Not

only the distribution of land and wa-

ter is strongly influenced by man, but

also the present-day limited extent of

peat, for instance, is artificial. In the

past, peat was exploited as fuel, both

in the coastal plain and further inland

where moors partially covered the

Pleistocene deposits.

At the surface, the Pleistocene is

largely sandy and of glacial, fluvial

and aeolian origin. Ice-pushed ridges

locally reach heights of 100 m, but

most of the Pleistocene occurs as flat-

lying land. The Holocene alluvial val-

leys of the rivers Rhine and Meuse,

clearly expressed in the Pleistocene

area, merge downstream with the

coastal plain. In many places the

rivers are straightened artificially and

virtually everywhere they are con-

fined by dikes.

Pre-Pleistocene sediments are only

exposed near the borders of the coun-

try. In the east, these sediments in-

clude various Mesozoic and Paleo-

gene formations, whereas those to the

southwest are of Pliocene age. In one

particular valley in the hills of the

southernmost province, Neogene and

Paleogene sands, clays and lignites as

well as Cretaceous chalk are eroded

down to their Carboniferous substra-

tum.

Data Sources

The 3D modelling relies heavily on

the national DINO database contain-

ing a carefully maintained dataset of

standardized geological information

of the Netherlands. The DINO data-

base currently contains:

• Data from 6,300 deep exploration

and production boreholes licensed

under the Mining Law; mainly for

hydrocarbons, but also for salt and

geothermal energy. The data in-

cludes 28,000 borehole logs,

193,000 sample measurements,

production statistics of 1,349 pro-

duction wells, as well as 136,000

borehole-related documents.

• 456,000 standardized descriptions

of shallow boreholes, ranging

from a few meters (the majority)

to hundreds of meters deep. This

number includes 326,000 original

survey boreholes, drilled for

1:50,000 geological mapping; the

remaining 126,000 were supplied

by third parties, and drilled for a

variety of purposes, for example

groundwater mapping or monitor-

ing.

• Data of 150,000 cone penetration

tests (CPT’s).

• 7,000 digital seismic lines (post-

stack) with a cumulative length of

360,000 km, and 29,000 km of an-

alogue lines (with digital
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metadata) spanning 1.5 million

km.

• 335 3D seismic surveys (post-

stack) covering an area of

146,000 km².

• Groundwater level data from

74,000 filters in 49,000 monitor-

ing wells.

• Chemical and physical analyses of

more than 195,000 samples, in-

cluding almost 150,000 groundwa-

ter composition analyses.

• 23,000 core sample photographs.

• The four 3D subsurface models

DGM-deep, DGM, REGIS II and

GeoTOP.

Because different types of borehole

descriptions had to be combined dur-

ing designing and filling of the data-

base, standardized data formats were

developed for a uniform, coded de-

scription of borehole lithology, grain

size and admixture information. Sev-

eral systems existed throughout the

years but at present, all data is avail-

able in the SBB 5.1 coding system

(Bosch, 2000).

The Geological Survey also devel-

oped a standardized lithostratigraphic

coding system. The latest system,

published by Westerhoff et al. (2003),

is a revision of the classification of

Doppert et al. (1975). The new sys-

tem better follows lithostratigraphic

rules of macroscopic recognition and

mappability, allowing a more practi-

cal use in lithostratigraphic coding.

Both the well maintained DINO data-

base and the standardized coding sys-

tems strongly facilitated the construc-

tion of a uniform dataset for the 3D

models. Without these standardized

systems, which took decades to de-

velop, the modelling would not have

been possible.

3D Modelling Approach

3D modelling at the Geological Sur-

vey of the Netherlands is primarily

data-driven which puts us on the im-

plicit end of the implicit – explicit

modelling spectrum. However, the

emphasis on data does not imply that

explicit geological knowledge is ig-

nored. Both DGM and the GeoTOP

voxel model are good examples of

implicit models incorporating explicit

geological knowledge. Details on the

modelling approach of these two

models are described below.

Borehole data and interpretation –

DGM uses a selection of 26,500

borehole descriptions from the DINO

database. This selection aims at an

even distribution of good quality

borehole data derived from the Qua-

ternary and Neogene deposits. The se-

lected boreholes are stratigraphically

interpreted by assigning the revised

lithostratigraphic classification

(Westerhoff et al., 2003) to the indi-

vidual description intervals. The base

of each of the lithostratigraphic units

in the boreholes is subsequently used

for interpolation and modelling. The

basic strategy for the lithostrati-

graphic interpretation was to work

from nation-wide cross-sections to re-

gional-scale cross-sections that con-

stitute the geological framework for

the final interpretation of individual

boreholes. These cross-sections are

however not explicitly used for inter-

polation.

Fault mapping – In addition to the

boreholes, a tectonic map showing all

known major faults in the Cenozoic

deposits was constructed. The map is

a thorough revision of fault patterns

from earlier publications, including

maps based on seismic data acquired

for the exploration of oil and gas. Ad-

ditional seismic data came from high

resolution surveys in the Roer Valley

Graben which is the most prominent
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tectonic feature in the Netherlands.

For every lithostratigraphic unit, the

faults that influenced the base of the

unit are selected and used as ‘barriers’

in the interpolation process.

Interpolation – The depths of the base

of each lithostratigraphic unit as de-

rived from the borehole data are inter-

polated to raster surfaces using the

‘block-kriging’ algorithm (Goovaerts,

1997; Chilès & Delfiner, 2012) as im-

plemented in the geostatistical soft-

ware-package Isatis® by

Geovariances. The top surface fol-

lows indirectly from the joined basal

surfaces of overlying units when all

units are stacked (see ‘stacking the

units’ below). The base surface was

chosen because this surface is formed

by depositional processes that are

linked to the unit itself, whereas the

top surface is often the result of mul-

tiple geological processes (e.g. ero-

sion, incision).

Assisting the interpolation – Block

kriging alone often fails to produce a

result that corresponds to the geologi-

cal concept one has in mind. There-

fore, additional information is taken

into account, including maps with the

maximum spatial extent of each

lithostratigraphic unit; trend surfaces

showing geological structures (bas-

ins) or trends (dip direction and dip

angle); guiding points (‘synthetic

boreholes’) inserted at locations with

specific geological features like thin-

ning out or incised channels.

Stacking the units – The last step in

the modelling process consists of

stacking the basal surfaces of each

unit in a stratigraphically consistent

way. In the stacking process, the basal

surfaces may intersect which each

other. In general there are three types

of intersection possible: 1) The upper

unit has eroded the lower units. In

this case the lower units are clipped

by the upper unit; 2) The upper unit

has been deposited against the relief

of the lower unit. In this case the up-

per unit is clipped by the lower unit;

3) The intersection is an artefact of

the interpolation process occurring

between two conformable units. In

this case the basal surfaces of the two

units are adjusted in such a way that

the intersection is removed.

The choice of the type of intersection

one wants to apply depends on the

geological concept one has in mind.

The stacking process is performed

within Isatis®, using grid-to-grid op-

erations that are also available in

standard GIS software.

An impression of the resulting DGM

model is shown in Figure 3.

The GeoTOP workflow consists of

four main modelling steps (Figure 4).

In the first two steps, a layer-based

model is constructed (Figure 4A, B).

This layer-based model is more re-

fined than the DGM model described

above because it features all Holo-

cene formations that DGM combines

in one unit, as well as certain Holo-

cene and upper Pleistocene members

and beds, and it uses in principle all

available coded digital borehole de-

scriptions rather than a subset. Given

the large number of boreholes – tens

of thousands per model region and c.

580,000 in total – we developed auto-

mated stratigraphical interpretation

routines. A region-specific lithostrati-

graphical concept, featuring superpo-

sition, areal extent, diagnostic proper-

ties and approximate depth ranges, is

used to identify and label the units in

each borehole. This procedure deliv-

ers a uniform, consistent and repro-

ducible set of interpreted boreholes

(Figure 4A).

Next, 2D interpolation techniques are

used to construct surfaces bounding

the bases of the stratigraphic units

(Figure 4B). The interpolation algo-

rithm allows for calculation of a mean

depth estimate of each surface and its

standard deviation. Subsequently, all

surfaces are stacked according to their

stratigraphic position, resulting in a

consistent layer-based model with es-

timates of top and base of each strati-

graphic unit (Figure 4B). Top surfaces

are derived from the bases of the

overlying units. The surfaces are then

used to place each voxel in the model

within the correct lithostratigraphic

unit.

In the third step, the boreholes are re-

visited and classified in six different

lithological classes (peat, clay, sandy

clay, fine sand, medium sand, coarse

sand and gravel; Figure 4C). In the

last modelling step, a 3D interpolation

is performed for each stratigraphic

unit separately. The interpolation re-

sults in 100 equiprobable realizations

of lithological and grain-size class for

each voxel. Post-processing of the re-

alizations results in probabilities of

occurrence as well as a ‘most likely’

estimate of lithological and grain-size

class (Figure 4D).

Figure 5 shows an impression of the

GeoTOP model in the central part of

the Netherlands.

Clients

The DGM-deep model is used to at-

tract investments in exploration, up

until now primarily for hydrocarbons,

but gradually shifting to geothermal

energy and other new uses of the deep

subsurface.

Typical clients of the shallow subsur-

face models are regional authorities

(i.e., provinces, municipalities, and

water management agencies), water

supply companies, construction com-

panies, and consultancy firms com-

missioned by the aforementioned or-

ganizations.

REGIS II is widely used by regional

authorities (i.e., provinces and water

management agencies), and water

supply companies in groundwater

flow models.

The lithological detail that is charac-

teristic for the GeoTOP model is used

in several areas, including, amongst

other applications: exploration for ag-

gregate resources, detailed groundwa-

ter studies and the study of the propa-

gation of contaminant plumes,
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detailed studies of salt penetration

from sea-water, land subsidence stud-

ies and the planning stage of large-

scale infrastructural works such as

tunnels and railroads.

During the construction of the mod-

els, we collaborate with stakeholders

from the region under investigation.

For example, we constructed several

detailed layer-based models for the

two southernmost provinces in a se-

ries of commissioned projects. The

results of these projects will be used

in future updates of DGM-deep,

DGM and REGIS II. Furthermore, the
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Figure 3. Cross-sections through DGM, top panel looking north, bottom panel looking west. The figures show the North Sea
Basin fill in the middle and western part of the Netherlands (Breda, Oosterhout and Maassluis formations) and the shallower
fringe of the basin in the east, to which the above-mentioned formations pinch-out. In the southern part of the country the
Roer Valley Graben with its thick deposits of late Neogene and early Quaternary sediments is seen. In the southwest and
easternmost part of the Netherlands, Paleogene units (Rupel Formation and older) are close to the surface, while in the
southernmost part the oldest sediments (up to Cretaceous) are shown. After Gunnink et al. (2013).



GeoTOP model of the same two prov-

inces will be attributed with hydraulic

conductivity as an additional parame-

ter to the standard set of the model.

Recent Jurisdictional-
Scale Case Study
Showcasing Application
of 3D Models

The addition of physical properties to

voxels enables the deployment of

GeoTOP in a wide range of applica-

tions such as: groundwater manage-

ment, risk assessments, the planning

of infrastructural works and aggregate

resource assessments. The underlying

assumption is that the spatial varia-

tion of many subsurface properties,

such as hydraulic conductivity and

seismic shear-wave velocity, strongly

depends on the two main geological

properties in the model: stratigraphy

and lithology. A recent application of

the GeoTOP model is the hazard and

risk assessment of damage caused by

induced seismicity in the Groningen

gas field (Kruiver et al. 2017a;

2017b).

The Groningen gas field in the Neth-

erlands is one of the largest gas fields

of Europe and has been in production

since the 1960’s. Due to the progres-

sive depletion of the reservoir, in-

duced seismic activity has increased

in recent years. In 2012, an earth-

quake of magnitude 3.6 initiated fur-

ther research into the prediction and

management of risks related to man-

induced earthquakes.

In risk-assessments of earthquake

damage, the shear wave velocity (Vs)

for the upper 30 m of the subsurface

column (Vs30) plays an important role.

Kruiver et al. (2017a; 2017b) com-

bined the GeoTOP model of the

Groningen area and Seismic Cone

Penetration Tests (SCPT’s) into a Vs

model of the area covering the gas

field. Statistical distributions (with

mean and standard deviation) of Vs

for each combination of lithostrati-

graphic unit and lithologic class

derived from 60 SCPT’s were used to

randomly assign a specific Vs to each

voxel in the model (Figure 6).

The Vs30 for each voxel stack was

then calculated using the harmonic

mean of the Vs of the 60 voxels that

cover the upper 30 m and plotted as a

raster map. The uncertainty in Vs30

was determined by repeating this pro-

cedure 100 times.

The resulting 3D Vs model and 2D

Vs30 map reveal zones with distinct

Vs30 characteristics: areas containing

predominantly soft Holocene deposits

with low Vs30 are differentiated from

areas with predominantly stiff Pleisto-

cene deposits with high Vs30. Previ-

ously only a single Vs30 value was

used for the entire in the Groningen

gas field. Both the new Vs30 map and

vertical voxel stacks attributed with

Vs and other soil properties have been

used as input for site amplification
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Figure 4. The four main modelling steps in the construction of layer-based and voxel models from borehole data: A) auto-
mated stratigraphic interpretation of borehole descriptions; B) 2D interpolation of stratigraphic surfaces; C) subdivision of
boreholes into lithological and grain-size classes; D) 3D interpolation of lithological class for each stratigraphic unit sepa-
rately. In part C, yellow colors indicate sand in three different grain-size classes, green colors are clays and brown peat.



predictions (Kruiver et al., 2017a;

2017b).

Current Challenges

In 2015, Dutch parliament passed a

new law, which puts subsurface data

and information in the system of so-

called key registries

(‘Basisregistraties’). The key registry

for the subsurface (‘BRO’, or

‘Basisregistratie Ondergrond’), to be

managed by the Geological Survey of

the Netherlands, will hold subsurface

data, including the four subsurface

models (DGM-deep, DGM, REGIS II

and GeoTOP), as well as information

on permits and underground infra-

structure.

The new law invokes a number of

challenges. First of all, the design, de-

velopment, testing and implementa-

tion of a complex information system

with 28 different data types and many

stakeholders allowing thousands of

users to interact with the data using

fully automated procedures (mainly

webservices), is a major challenge in

its own right. Most of this work is

carried out by the DINO data man-

agement department.

Secondly, the obligatory delivery of

data is expected to substantially en-

large our borehole and cone

penetration test datasets, allowing us

to create more accurate subsurface

models. As a consequence, users will

expect a high update frequency of the

models so they can benefit from the

data they were obliged to deliver.

However, our current update fre-

quency is rather low: it takes 2 –

3 years to develop a new GeoTOP

model area and eight years have

passed between the publication of the

two most recent versions of

REGIS II. We expect that model inte-

gration (see below) is part of the so-

lution to this problem.
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Figure 5. GeoTOP 3D views of the Gelderse Vallei area in the central part of the Netherlands. A) Lithostratigraphic units of
Holocene and upper Pleistocene formations, members and beds; B) lithologic classes (below). The displayed block mea-
sures 62 x 24 km; depth of the base is 50 m below MSL; vertical exaggeration is 75x. After Stafleu & Dubelaar (2016).



Thirdly, the obligatory consultation

will increase and formalize the Sur-

vey’s accountability and responsibil-

ity associated with its modelling ef-

forts, potentially up to the level of

liability. Model reliability will have to

be better resolved: while we presently

limit ourselves to calculating standard

deviations and probabilities based on

multiple model realizations, we will

eventually have to address data uncer-

tainty, and possibly the propagation of

both data and model uncertainty to

downstream applications.

Lessons Learned

As described above, the availability

of a single national database with

standardized geological information

(borehole descriptions, cone penetra-

tion tests, seismic data) has proven to

be key to systematic 3D modelling of

the subsurface of the Netherlands.

Another important lesson is that in or-

der to run a successful 3D subsurface

modelling program, it has to become

the centerpiece of the Survey’s activi-

ties rather than a sideshow that has to

compete for budget with other tasks.

In our case, focussing on 3D models

implied the discontinuation of our

1:50,000 onshore and 1:250,000 off-

shore geological mapping programs.

Next Steps

Model integration – A new model di-

rective (DGM+) was initiated in 2015

to integrate the national framework

model DGM with GeoTOP on a na-

tional scale. DGM+ will incorporate

the GeoTOP workflow of a more re-

fined layer-based model including all

Holocene formations that DGM now-

adays models as one unit, as well as

additional Holocene and Pleistocene

members and beds. Furthermore, the

original regional GeoTOP models will

dissolve into a single national layer-

based model that displays a great

amount of detail in the upper tens of

meters, but at the same time reaches,

albeit with less detail, depths of sev-

eral hundreds of meters. In doing so

we eliminate differences between

models of the same geological units

for the subsurface reaching down to

c. 500 m depth. In addition, the work

efficiency and reproducibility will in-

crease by using a single national

framework model.

The integration of the shallow frame-

work models appears to be a rela-

tively straightforward step, mainly be-

cause they are constructed using

comparable datasets (mainly bore-

holes) and the same modelling soft-

ware (Isatis®), but is nevertheless

time-consuming. The new integrated

model will serve as the future carrier

of the GeoTOP voxel models with de-

tailed lithological information as well

as our hydrogeological REGIS II

model with aquifers and aquitards.

Other data types – The GeoTOP

model captures sedimentary architec-

ture down to the detail level of

depositional units such as barrier and

tidal systems. At the chosen voxel

resolution, there is still a considerable

residual heterogeneity, associated

with smaller-scale phenomena such as

bedforms. Such heterogeneity needs

to be better resolved for an adequate

appraisal of, for example, hydrologi-

cal and geotechnical behaviour. How-
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Figure 6. GeoTOP model of the Groningen area in 3D, attributed with shear
wave velocity (Vs) estimated from the mean of 100 randomly drawn values from
the statistical distribution of measured values: A) the model with all strata youn-
ger than the glacial (Elsterian) Peelo Formation removed; B) the full model from
50 m below MSL up to land surface. (After Kruiver et al., 2017b).



ever, borehole data density is a limit-

ing factor, and it is therefore

worthwhile to explore using other

data types. At present, effort is put in

incorporating cone penetration test

data: if successful this would make a

very large set of data available to

GeoTOP modelling. Other data types

under consideration are high resolu-

tion seismic profiling, ground pene-

trating radar and airborne electromag-

netic prospecting.

4D modelling and the urban environ-

ment – Our 3D subsurface models are

static and therefore not particularly

suited to be used in areas with a more

dynamic subsurface. These dynamics

may be either the result of active nat-

ural processes, man-induced natural

processes (e.g. layer compaction and

land subsidence due to artificial

groundwater lowering), or active

anthropogenic alterations and addi-

tions to the natural subsurface stratig-

raphy, e.g. in connection to building

activities. Especially in heavily popu-

lated areas, integrated 3D planning of

the above-surface and subsurface do-

mains asks for more detailed, up-to-

date subsurface information than is

currently available. To optimize the

applicability of 3D subsurface models

in urban areas and being able to in-

corporate the small-scale heterogene-

ity that is often associated with

anthropogenic subsurface alterations,

we therefore focus our modelling ef-

forts in the built environment on

1) increasing the resolution of our

models by increasing the amount and

diversity of input data (see also ‘other

data types’ above); 2) Develop new

techniques to map and characterise

man-made deposits; and 3) develop

methods to integrate 3D models of the

geology, man-made deposits and

subsurface infrastructure, and visually

combine these with above-ground in-

formation.
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