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Abstract

To gain more insight into thgeologicalisks that are related téong time storagen rocksalt diapirs,
this study provides quantitative and qualitativérst orderanalysison the growth and subrosion
ratesand therelationshipwith tectonics of four Zechstein saliapirs based on seismic data: the
Schoonloo, Hooghen, Anloo and GasseHarouwen diapirs in the nortieastern Netherlanddt
showssalt migration peaks during increased tectonic subsidentee Triassic and Late Cretaceous.
Salt migration was itiated during the Early to Midriassic along 18 trending fali zonestransecting

the Schoonloo diapand movel towards EW trending fault zonescludingthe Hooghalen and

Anloo diapirdgn the Late Triassi@ heGasselteDrouwen diapirbecame active during thEarly
CretaceousNet grow rates during the Late Cretaceous lay between 0,01 and 0,02 mm/year for the
Schoonloo, Hooghalen and Anloo diapirs, and around 0,005 mm/year for the Gd3smligen

diapir. Erosiornwas negative during this time for the first three diapirs, and around 0,08 mm/year for
the GasselteDrouwen structure. During the Cenozoic, net growth rates are around 0,005 and 0,008
mm/year and (sub)erosion around 0,04 mm/year maximdimese first ordercalculationsshow that
diapirgrowth isin line with other diapirs in the Zechstein basin andtttegtonic subsidence has a
positive relationship wittsalt migration

Front page imageTop ZechsteiGroupshowingsaltdiapirs in the Dutch Lower Saxony B43INO,
2019)
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1. Introduction

Exit signs and smoke detectors are of vital importance in case of a fire. Yet, both products can become
an environmental hazard when the emdife is reachedlue to their radioactive component$n the
Netherlands, COVRA (the Central Organization for Radioactive Waste) is responsible for collecting,
treating and safely storing radioactive was@urrently, allDutchradioactive waste is stored above
groundnear Borsele and will remain there for at least 100 years until it will be disposed in a deep
geological disposal facilityfhe subsurface is ideal for lotighe disposal as itloes not require
maintenance andlelays orinhibits the release of radionuclides intbe biosphere. Abroad, deep
geological repositories already have or Wwélconstructed for example in clay (Mont Terri, Swiss; Haute
Marne, France), crystalline rock (SFR, Sweden; Onkalo, Finland) arghlto@¥IPP, USAThese
repositoriesrely on a seies of barrierdetween the waste and the biosphete ensure safetyf the
environment and the peopléCOVRA, drafgn the leftfigure 1.1)

For geological disposal in the Netherlands, on

of the host rocks that isurrentlyconsiderda is ‘::::'::amm o
rock salt Rock salt is ideal for disposal, as roc

salt isimpermeable(Hansen et al., 2016), self p—

sealing for fractures (e.g., Urai et al.,, 2008 ]

Desbois et al.,, 2012Bérest et al., 2014), T Sporen s

encapsulates buried material by eq@ (Hansen N
et al., 2016) and has high thermal conductivity i
(COVRA, draftRock salt can form diapirs in  Natural barrier

system

the subsurface after deposition increasing T ——
locally in thickness, providingadditional
protectionfrom the radioactive waste if stored i g Yt T

in there. Yet, hese thick salt accumulations

- . Engi d barri
grow and shrink over time, and to be ° seem |
considered for future disposal, their temporal
behaviour needs to be assessed. Disposal concept Research programme

in insight i hi hai . Figure 1.1The barriers between the environment and the radioactive waste.
To g_am Insignt into  t 'Si teCAtom(E of the system can bengineered, while the remainder depends on natural fact
behaviour/ h +w! Q& OdzNNBY U IliNBedobydt tNIDHKIll, LINEsHrddd and the surrounding rock formatic

on rocksalt as a host rock focusses orfrom: COVRA (draft).

understanding the past, present and future diapirm rates and subro@msion below the surfade
rates of the rocksalt in the Netherlandén the right infigure 1.1 in blue)Thisnternshipreport, being
part of that initiative, aims to clarify the relationship between thetween diapir gowth, subrosion
and tectonics processedVith this goal in mind,olur diapirs in the nortkeastern Netherlandsvill be
studiedto make afirst order quantifi@tion of the diapirgrowth and subrosion rates The Anloo,
Hooghalen, Schoonloo and GassdMe®uwen diapirs (figur.1 for tectonic locatior).

To reach this goal seismicinterpretation will be made on the subsurface data provided by nlog.nl
usingPetrel Seismic Interpretatiosoftware Second, thigterpretationand the seismic dataill then

be used for agualitative study to gain insight intathe time spans during kich saltmigration was
highest. Nextthe salt related subsidence and the tectonic subsidence wildmaratedby analysing
burial gaphs. Additionallyto understand the rates ofalt migrdion, the neighbouringsalt withdraw
basins will bequantitatively analysedto calculate the salt budget, the subrosion and diapir growth
based on the methodfaZingast (996). Tle results will then beintegratedanddiscussd to establish
whetherthere isrelationship betveen theparametersand tectonics



2. Geological background

The Netherlands has a compilstxuctural history with various compression and exgonalphases.

The geological history of the study areastherefore also been affected by several structural phases

and has been part of large tectonic provinces such as the Carboniferous Variscan Foreland Basin, the
Permian Southern Permian Basin, the Peffmiassic Ems Low and the Late Kimmerian (Jurassic
Cretaceous) provinseas shown on figur2 1. The following paragraphs in this chaptgich assessing
different geological periodsim to provide a more detailed understandinglog (halo)tectonic history

of the area and surroundingand areprimarily based on Doornenbal and Stevenson (2010) and the
references therein.
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Figure 2.1. Study area with the studied diapirs over the Late Kimmerian tectonic provinces in teasteriih Netherlands
The study area is primarily part of the Lower Saxony Basin (LSB), the Friesland Platform (FP) and the Lauwersz
(LT). Neigbouring tectonic provincessroningen Platform (GP), Dalfen High (DWpdified from Ten Veen et al., 2012.



2.1 Carboniferous and Permian

Sediments of the Zechstein Group, a Late Permian stratigraphic group, are present in the subsurface
in a lage part of northwestern Europe, such as the Netherlands, Germany, Poland, Norway and the
UK (Kombink & Paino, 2020). The Zechstein group was deposited in thewast trending Permian
Basins, which are separated in a Northern and Southern part byideNorth Sea High and the
Ringkabing~ynHigh. The Permian basins, which lay in the foreland of the Variscan orogeny, were the
result of destabilisation and the end of the Variscan orogeny through thermal thinning of the
lithosphere, widespread magmatictivity, and wrenckinduced collapse as response to the final
assembly phases of the Pangea Supercontinent (Pharaoh et al, 2010). After thermal doming leading to
widespread erosion (Base Permian Unconformity), thermal subsidence set in creating the
intracontinental Northern and Southern Permian Basins.

During the Mid to Late Permian, mild extension and thermal subsidence continued in the Southern
Permian Basin in approximate easést direction (van Ojik et al., 2019). The southern margin of the
Southern Brmian basin was differentiated inmallerNNE trending swells and lows such as the Ems
Low (Pharaoh et al., 2010). The ldndked Southern Permian Basin got filled with the early rift
volcanaclastic sediments of the Lower Rotliegend group followethieythick synrift clastic deposits

of the Upper Rotliegend group (Gast et al., 2010). Deposits of the Lower Rotliegend Group are confined
to early rift features which are in the Netherlands limited to the northern offshore and the north
eastern onshoresuch as in the study ared’he Upper Rotliegend Group is widespreadthe other

hand Fault patterns in the Rotliegend groups can be linked to the Caledonian orogeny, Variscan
orogeny and younger orogenic and post orogenic (reactivation) events (Pharab2610; van Ojik

et al., 2019).

The Upper Rotliegend group shows periodic cyclic marine ingressions, whiclinalaedby the
Zechstein transgression which completely flooded the Southern Permian Bagi3 ¢ 1.6 M&Brauns

et a. 2003) (Gast et al., 2010). The continued subsidence in combination with a marine connection to
the Artic Ocean, led to cyclic deposits in the Zechstein Group wépcasent progressive evaporation:
marine sediments at the base succeeded by increasingly higheitysaediments at the top (Peryt et

al., 2010).The ZechsteiGroup becomes more continental over time and thins towards the southern
margin.

2.2 Triassi

During the Late Carboniferous, the Areflorth Atlantic rift system was realized and propagated
southwards into the North Sea and North Atlantic domain during the Early Triassic. The North Sea Rift
system consisted of the northerly trending Central Graben and Viking Graben transecting the Southern
Permian Basin. Previous existing swells and throogtke southern margin of the Southern Permian
Basin were reactivated during Early Triassic extension including the Ems Low (Pharaoh et al., 2010).

FirstZechsteirsalt movement is recognized as early as the Perffiigassic transition in the Central
North Sea by3ewart et al (2007), but for most regions the first salt swells are noted during the Mid
Triassic (De Jager, 2007; Pharaoh et al., 2010). Here, the geology below and above the Zeohptein
is mostly decoupled when the thickness of the salt layereed 300 meters (Ten Veen et al., 2012).

The Late Triassic is marked by the Early Kimmerian egeB8(0 M3, which was a response to the
transtensional ENB/SW stresses caused by accelerated activity along the pribamitic Ocean rift
(Pharaoh et al., 2@ van Qjik et al., 2019). Early Kimmerian active faulting was limited to the grabens
of the North German Basin and the Dutch Central Graben and Broad Fourteens Basin in the Southern
North Sea Basin, which was accompanied with salt mobilization (Pharaah, 010). Southern



German and Dutch basissich as the EmLowwidened,but subsidence was mostly thermal (Ziegler
et al., 2006).

2.3 JurassiandEarly Cretaceous

During the Early Jurassic the North Sea rift system remained aektension on the southern end of

the rift was compensated by activation ¥NW trending transtensional basirsuch as the_ower
Saxony Bagj along the southerrmarginof the Southern Permian Basin and led to inactivation of the
older NNE trending swelnd thoughts, such as the Ems Low (Betz et al., 1987; Pharaoh et al., 2010).
The Lower Saxony Basin formed over oMaiiscan eastwesttrending foreland stuctures (Betz et al.,
1987).

Mid-Jurassic uplift and Central North Sea doming {Kildmerianc. 170 Ma as response to a mantle
plume led to widespread erosion of Triassic and Lower Jurassic sedimentseamddtimmerian
unconformity in northwestern Europe. The event was not limited to the North Sea, as also the London
Brabant Massive lost 3000 meters of overlying sediment covan den Haute & Vercoutere, 1990

The doming was short lived, as by late Midassic times the dome had already subsided substantially.

The current structural provinces in the subsurface of th
Netherlands mostly originate from the Late Juras&arly "
Cretaceous Late Kimmerian rift pulsés. 145 Ma.

Combination of rifting in the North Sea area with / 4

subduction of the Neothethys oceanic plate, led to dextre ( /\

movement over the Dutch and German domains. T /’ fr,.-‘

comprise the dextral wrench deformation, the-enhelon / | -

NW trending pullapart basins along the former southern “5 | "5:‘(

margin of the Southern Permian Basin wereaggivated ‘~,L - \<_f b
or formed over preexisting basement structures and ‘\,‘! ‘"-\.;T;‘""é'a‘;’i'!,‘"g I\

subsided rapidly. In other areas, upliftin combination witl
a regional sea level lostand resulted in truncation and
erosion of strata in various degrees. Early and Middl .
Jurassic sediments were eroded over most areas in tl|gs’
Netherlands. The Friesland Platform got eroded down t % ‘
Zechstein levels, while areas as the Té¥kdelmeerand
Winterton highs got truncated even further down to
Westphaliarage strata.

... Platform

cmd

2.4. Late CretaceoandCenozoic

During the Aptian crustal separation in the North Atlanti
and the Bay of Biscay was realized, and the North Sea
system was abandoned. Thermalubsidence in the

Netherlands and continued sea level rise led to th
deposition of thick Chalk deposits (Chalk Group

n 100 km

i
A ower Saxony
i < Basin

e

. {2 Strong inversion

Lt 2202 Minor inversion

Convergence of Africa and Eurasia led to north to nortligure 2.2. Inverted basins in the Netherlands, with the are
east directed compressional stresses, which led to sevefgfrest in yellow. Magnitude of inversion is based on the C

Alpine inversion phas in the Netherlands. The Lower,
Saxony Basin was mostly affected by the first {Subrea of interest for this study was not inverted.
Hercynianc.80Ma) and the second (Laramide, 65 M3 inversion phases during which the basin got
completely inverted in Germany. In the Dutch Lower Saxony Basivever the Ché Group
sediments remain present, and inversion is limited (figure 2.2; de Jager, 2007).

Group. At the dark brown coloured regions, the Chalk Growpti
present. At the light brown areas, the Chalk Group is thinned.



3. Methodology

To determine the relationshipbetween salt diapirsrand tectonics and to quantify the salt budget,
diapirm rate andsubrosion rate, severatepsmustbe taken to produce the resultequiredfor this
analysis. First, a seismiiterpretation on the subsrface d the study area needs to be made (see
section 3.1) Which will then be used teeparatedsalt related subsidencérom tectonic subsidence
using a backstripping approaébee sectior8.2). Nextthe neighbouringsalt withdraw bains will be
guantitatively analysedto calculate the salt budget, the subrosion and diapir grodsed on the
method d Zimgast (996)(seesection3.3).

3.1.Seismianterpretation

Data for the seismic interpretation was sourced from nlog.nl (the Dutch oil and gas portal managed by
TNO ¢ Geological Survey), including 9 seismic surve@sor(ingen_Lite_ NAM_20183136,
L3NAM1997F, L3NAM1993B, L3NAM1992B, L3NAM1983A, L3NAM1985F, L3NAM1983B,
L3NAM1994C, L3NAM1985K) and the 80 wells in proximity to the salt domes. Unfortunately, the
guality of the seismic data is not sufficient to make anriptetation of the geology in the first 200ms

and below 2600ms twavay travel time.

A previous Petrel project including all nlog data created by the Utrecht University Tectonics Group was
used, in which well data had been converted to the time domaifittihe seismic cubes by using the
sonic logs. As the wells provide therefore information in both the time and depth domain, they were
used for timedepth conversion for the subsurface interpretation made on the time domain seismic
cubes. Detailed overvieof the steps taken for the timelepth conversion can be viewed in appendix

A

3.2.Thermatectonic subsidence

Abackstripping (burial history) analysis was méagquantify the subsidence over timBackstripping

is a backwardn-time process which remas the youngest stratigraphic interval at each time step and
calculates the response of the underlying stratigraphy via isostasy and decompaction (e.g. Allen &
Allen, 2013). Subsidence is therefore calculated at each time Btapthis purpose, a pythoscript

written by yz (2017) was applied to the region.

By applying this methodology to a region with and a region without salt, the salt related subsidence

can be separated from the tectonic subsiden¥et n the Dutch Lower Saxony Basithere are no

regions without salt.The assumption igherefore made that the mean thickness values of the

A0NF GAINI LIKAO INRAzLIA NBLINBaSyid GKS Wy2NXIf ASRAY
when no salt subsidence is presat it evens out both decread sediment thickness on top of the

diapir and the increased sediment thicknesses in the salt withdraw basins. It is outside the scope of

this study to calculate the thickness of each stratigraphic group for the entire basin. Therefore, the
DGMDEEP (v5) \1IR S f O¢bhZunmdpyd 61 & dzaSR (tBicknesSepdeA NB G K
stratigraphic interval by taking the mean thickness of the Dutch Lower Saxony Basin.

The parameters used to calculate the backstripping originate from litergdten & Allen, 2013nd

well data. The lithological composition of the stratigraphic groups was based on three wells in the
region: ELMO01, VTMO1 and HGD1 form which the bulk densities originate as wélie bulk densities
where then converted to grain density, by usithg@ expected porosity based on the porosity depth
relationship (from Allen & Allen, 2013).



3.3Calculatinghe salt budget
Salt diapirs are thought to form after deposition of salt due to 2

combination of extensional tectonics, differential loading, an1w__if

buoyancy differencée.g.Fossen, 2016A diapirgrows due to salt | hs Ad As

withdraw from its surroundingstesulting in thinning of the salt | h:c

layeraround the diapir The synsalt withdraw sediments thicken | Fo how h,
on top of the area from which the salt is withdrawfhe sediment | HEN /
thickness in the salt withdraw basin cahen be used to calculate | =" s ey

the salt volume that is withdrawn during depositioof the | ™~ -

+++ 4
+++ e

‘\ /'
stratigraphic group if the sediment thickness in the basin is M\/

compared to the normal sediment thicknesBhe salt withdraw terrb et OOt t:

e e e,

basins can thefore be used to understand the evolution of theFigure 3.1. The salt dome influence are} galt dome
salt diapirs, duringvhat time intervalsalt withdraw was initiated 2rea (A), salt source areas {adomal height (hp),

. . . . . minimal sediment thickness ) normal sediment
and during which the diapir was actigad how fastt rose For this .\ ness (), maximum sediment thickness in si

purpose,a 3D approaclon the salt withdraw basinwas adapted withdraw basin (k). Blue arrows represent th

based m the research by Zirngast (1996) on the development @ffection of salt flow, the red lines are the center of t
the Gorleb It d th t d fthe L S salt withdraw basins, the gen lines form the borde
e sorleben salt dome on the eastern edge o e Lower axorgyween salt accumulation and salt withdraw. TI

Basin, Germany. This approach has the advantage over othgied area is the sediment which has accumula
methods €.g Seni & Jackson, 1984; Heidari et al., 2017) becaus@Ug¢ to salt withdraw. Modified from Seni & Jackst
allows reconstruction of the entire salt budget, including erode

salt.

The salt source areas were delineated on the thickness maps of stygttigrintervals affected by salt
tectonics. To calculate the salt budget from tbe thickness maps, several assumptions and
simplifications had to be made. The first assumption made is that the local variation in sediment
thicknesses is purely caused bytdbow, and not by other thermdectonic subsidence processes.
Second, it is assumed that salt flows from low to high. And thirdly, when multiple salt structures are
present, the source area boundary runs perpendicular to the contours of the thicknesgailst The

salt influence area (Afigure3.1) can be found by determining the maximum sediment thickness on
the thickness maps in the salt withdraw basing,)XhThe salt influence area is then divided based on
the normal sediment thickness{h The aea with a thicker sediment cover is the salt source aren (A
and the area with a thinner sediment cover, the domal ared. (Fhe used approach differs therefore
from the original approach used by Zirngast (1996). Zirngast (1996) determines the don{@pbga

the current geometry of the diapir and determines a minimum and maximum which can be applied to
all stratigraphic groups while here, the domal area is determined on the thickness maps and therefore
differs per stratigraphic time interval.

To calclate the salt budget, the diapirism rate and the (sub)erosion rate, the salt source ayemdA

the domal area (4§ are determined per stratigraphic group that has been affected by salt
redistribution. The sediment volume in the salt withdraw basin mitmesnormal sediment volume is
equal to the withdrawn salt volume. This salt volume divided over the domal agggiy&s a column
height (€). This column height includes the total salt volume including the (sub)eroded salt. The
difference between the s#iment thickness above the salt domesdhand the normal sediment
thickness (k) determined how high the salt column was during deposition of that stratigraphic interval.
The difference between the actual column heigh) énd the total column height {c¢hen determines

the column of the eroded or subroded salt)(cThe diapirim rate is then calculated by dividing the
actual column height by the stratigraphic group time interval. Similairly, the (sub)erosion rate is
calculated by dividing the column tfe eroded or subroded salt over the stratigraphic time interval.



4.Resuls: Seismic interpretation

To acquire information on the salt domes, the first step is to make a seismic interpretation of the
subsurface. For this, nine seismétlectors have been relatet regional stratigraphic groups (figure
4.1) using thdormation tops of thewellsand have been interpreted in the study area. Depth maps of
these groups can be found in the appenBix
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Figure 4.1. Seismic reflectors reldtto the regional stratigraphic groups and their geological importanc

regional setting.



4.1: Geometry of the diapirs

The shapes and sized ofetfour salt diapirs camestbe studied on the basement and the thickness
map of the salt. As the Zechst&Bnoup does not contain large amounts of nealt stratigraphy in this
region, the ZechsteiGroup thickness can be used as tbalt layer thickness. The Zechst@&roup
Thickness map was constructed by calculating the depth difference between the base Zdatmipin
and the base of the overlying stratigraphic grauyghich canvary between Lower Germanic Triassic
Groupto Upper North Sea Group).

The base Zechstein Group map, which shows the base of thelsalis a rhomboid fault pattern with

the main fault trends being VEE and NWSE turning M6 on the southern side of the map. Depth of the
base Zechstein Group shallows towards the west on the Friesland Platform and towards the north on
the Groningen HigiBase @pth increases in the Lower Saxony Babire base Zechstein Group map
differs from the overlying stratigraphy by the number of faults, caused by the decoupling of the under
and overlying geology by the salt layer, which thickness is shown in figure 4.3.

The vertical thickness of the Zechstein Group varies between 3500 meters atetitee of the
Schoonloo diapir, and below 100 meters in thickness in salt withdraw badigufe 4.3. The four
diapirs have a thickness of Kllometres minimum and vary in shape. The éaldiapir is broad
compared to the other diapirs, and increased Zechstein Group thickness continues towards the west
over the EW fault line that it overlays (see figure 4.2). The Hooghalen diapir is elongated over a similar
EW fault and increased thickss of the Zechstein Group continues to the north and south of the
western end of the diapir. Similarly, the Gassét@uwen diapir is elongated, but over aS\trending
turning NESW at the southern end. The Schoonloo diapir lies on the same fault a$othghalen

diapir but is cylindrical instead of elongated and lies on three fault zon®¢:diiking fault zone
towards the Hooghalen diapir, a NV fault zone towards the Gasseldeouwen diapir and a 1$
trending fault zone south of the Schoonloo diapithich catinues towardsGermany (TNO, 20190
further study the processes affecting the diapirs, three seismic cross sections have been gelected
discussn this repat. The locations of these sections are shown on the Zechstein thickness maps with
the letters Q,Sand T.
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4.2.1 Seismic sectiomdénlooand GasselteDrouwen

Figure 4.4 shows the Anloo diapir on the left (north) and the GasBettewen diapir on the right
(south)including wellANL-01 which peng&rates the Anloo diapirThis wellconfirms that the salt within

the salt diapir consists of Zechstein Z2 (Strassfurh&tion) and Z3 (Leine formation). As the typical
chaotic transparent seismic appearance of the Zechstein salt in the Anloo diapir can be traced to the
GasselteDrouwen diapir, it ivery likely that the Gasselt®rouwen diapir consists of the sametsal
Inside in the reflector free Zechstein salt strong reflectors appear, which are typical anhydrite banks
(Strozyk et al., 2012). Anhydrite banks are circled on the flanks of the Anloo diapir, and also appear to
be present at the base of the Zechst&@roup throughout the seismic section.

Above the salt, thickness variations can be used to determinether salt redistribution has taken

place during a specific time interval (in more detail described in chapter 3). When stratigraphic
thickness variationare large, it is more likely that salt movement has taken place. The Lower Germanic
Triassic Group has a similar thickness everywhere in this seismic section, based on this interpretation
no salt redistribution is expected to have taken place during deiposiThe Upper Germanic Triassic
Group is thinnest above the Anloo diapir, on which the thicknesses are very certain due to well control,
and thickest next to the Gassel@rouwen diapir. Northwest of the Anloo diapir the group is thinner
than on the soth-eastern end, which could be related to regional tectonics as these locations lie on
different tectonic provinces. Due to the observed thickness variations, it thus is likely that salt
movement has taken place during deposition of the Upper Germarassici Group.

The Jurassic Altena Group (mid Jurassic) and Niedersachsen Group (LateglEabdsiCretaceous)

are in this section limited to the Lower Saxony Basin in the southeast. As the Jurassic groups do not
onlap on the soutkeastern flank of the Aoo diapir, it is likely that they have been eroded after
deposition. Both groups do not show major thickness variations, and do not thin towards the Gasselte
Drouwen diapir, which would be expected when the diapir was active during this time intersall Ba

on these observations, salt movement during the Jurassic is expected to be minimal.

The Cretaceous can be separatetbithe Early Cretaceous Rijnland Group and the Late Cretaceous
Chalk Group. Thickness of the Rijnland Group on the neestern flank of the Anloo diapir is similar

to that on top of the diapir, indicatig no salt movement. Also on the flanks of the GassBiteuwen

diapir no major thickness variations are observHthited salt movement ishus expected to have
taken place during deposition of the Rijnland Group. The Chalk Group is thicker than the other
stratigraphic groups whictould implyacceleratedectonic subsidence. Additionally, the group shows
local large thickness variations on top of the diapiwhere it is thinnest, and on the flanks. The Chalk
Group is thickest between the Anloo and GassBlteuwen diapirs on the side of the Gasselte
Drouwen diapir. While the Chalk Group is thickest between the Anloo and GaBselte/en diapirs

on the sideof the Gasseltdrouwen diapir, the overlying Lower North Sea Group is thickest on the
same location, but at the side of the Anloo diapir implying a shift in diapir growth rate from the
GasselteDrouwen diapir to the Anloo diapi{Seni and Jackson, 1983 he ANt0O1 well does not
distinguish in the North Sea Super Group and presence/absence of the Lower North Sea Group on top
of the Anloo diapir is therefore less certain.

At the Anloog GasselteDrouwen seismic section there are no major faults above the Zechstein sa
layer. Below the salt various normal faults can be differentiated at Rotliegend and Carboniferous level,
with the hanging wall primarily on the SSE side.
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4.2.2. Seismic sectiomdlooghalerand Wijlen

Figure 4.5 shows the Hooghalen diapir on the left (north) and Wijlen pillow on the right (south). Wells
surrounding these salt structures confirm that both are made up of Zechstein salt. Also here, the
seismic transparent Zechstein salt shows evidencegifiy reflective anhydrite banks in the matrix
and at the base.

Like the AnloeGasselteDrouwen section, the Hooghalen seismic section does not show large local
thickness variations in the Lower Germanic Triassic Group, implying limitedasedtnent. The Upper
Germanic Triassic Group shows limited local thickness variations, yet onlaps on the Lower Germanic
Triassic Group on the southern flank of the Hooghalen diapir. This onlap implies previous tilting of the
underlying strata which could belated to the underlying fault in and below the Hooghalen diapir or
high growth rate of the Hooghalen diapir. Similarly, the Jurassic Altena Group and Niedersachsen
Group onlap on the southern flanks of both structures. These Jurassic groups have dyesh feom

the top of the Wijlen pillow, implying salt migration into the pillow during the Jurassic.

Thickness variations of the Rijnland Group are regional, as the thickness of the Rijnland Group on top
of the Hooghalen diapir is similar to that on théeStand Platform and that on top of the Wijlen pillow
being similar to that on the flanks in the Lower Saxony Basin. The Chalk Qikely te beinfluenced

by salt tectonics: thin above the Hooghalen diapir and thick in the salt withdraw basinist is@th

noting that the Chalk Group is thinner above the Jurassic deposits in the Lower Saxony Basin. Both
stratigraphic groups in the North Sea Supergroup show thinning and thickening trends above the
diapirs and in the salt withdraw basins. These \tamies are stronger in the Lower North Sea Group
than in the Upper North Sea Group.



Friesland Platform Lower Saxony Basin

QNorth ... _:&;ooghalen Wijlen

South Q’
UNSG

LNSG

CK

~1000

KN

in"mlT (ms)

SK
AT
RN

3200 4000 4300 5600 8400 T200 8000

8800 220 10400 1200 12000 12800 13000 14400 15200 16000 10800 17800 18400 19200 20000 20800 21000 22400

7 z .. o
\ Fault \ Inferred Fault ==

Figure 4.5. NS seismic section showing the Hooghalen diapir to the left (north) and the Wijlen pillow to the right (south). Thetfier&jleinpillow have been penetrated by wells BEHI
& BEI02. The location of this profile is shown in figdr& The section is vertically exaggerated (5x). Section consists of the ZeGtmigi(iZE)the Lower Germanic Triassic Group (RB),

Upper Germanic Tassic Group (RN), Altena Group (AT), Niedersachsen Group (SK), Rijnland Group (KN), Chalk Group (CK), the LoweuN¢kiNS@enabih Upper North Sea Group
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4.2.3. Seismic section &thoonloo

The Schoonloo diapir (figure7}.lies on a junction of
multiple fault zones (figure 8) which complicates the :
salt movement interpretation of this diapir, as the "
thickness variations can be caused by combined faL
movement or salt movement. :

The Schoonloo diapir is confirmed to consisZechstein
salt by the SOGD1 and SOD2 well. SOD3 well £ ¢
penetrated the sediment on top of the eastern flank o N
the diapir but does not reach the salt. The SQlwell

also confirms the presence of an-8teter thick caprock,
which existence is ambigusufor the Hooghalen and
GasselteDrouwen diapirs and is confirmed to not be
present on top of the Anloo diapir by well ARL. The
seismic section on the Schoonloo diapir shows the
anhydrite banks are limited to the base of the Zechstei™
Group.

.".w IIICIleI‘; = |

The LowerGermanic Triassic Group is thinner on the M g e T e
2 NS, ‘& —.
eastern flank compared to the western flank ang®'® =" — ST s S
P Cl:igure 46: Fault zones (red dotted lines) over base Chalk Group ¢

increases again in thickness further towards the east,a Theschoonloddiapiris not covered by Chalk Group deposits.
This local thinning of the group continues over a narrow

zone towards the south over the norgputh trendingfault zone towards the German border to which

both faults shown on the seismic section belong to (BBEEP 5, TNO). The eastern fault on the
seismic section has a low angle, <45 degrees, and was therefore likely a thrust fault before being
reactivated as anormal fault after the midTriassic, which could explain the thin Lower Germanic
Triassic Group zone at this fault zone.

As mentioned, the thrust fault on the eastern side reactivated as normal fault after th& ni@dsic,
leading to increased thicknes$ the Upper Germanic Triassic Group on the dipping side of the fault.
The Upper Germanic Triassic Group slightly thins towards the diapir, but the local thickening and
thinning trend could also be related to the eastern fault movement. Yet, the faulement can in

turn be influenced by salt withdraw. The Upper Germanic Triassic Group is of similar thickness west of
the diapir.

The Altena Group was deposited during normal fault activity of the eastern fault. The stratigraphic
group on the eastern flankaes not thin towards the diapir, which could be an indication of limited
salt movement. On the western flank, the group is notably much thinner, which could again be related
to fault moment.

During deposition of the Niedersachs@noup, fault activity had almost seized and shows limited
thickness variations on the eastern side of the diapir. While on the eastern side, the strata seem to
thin slightly towards the diapir, the western side shows thicker depoSitslar observations can be
made for the Rijnland Group.

Theupper Cretaceou€halk Grougeems tashow an acceleration in salt movemexgthe Chalk Group

has a relatively constant regional thickness which appears to be influenced only by salt movement and
shows local variations ithe seismic section of the Schoonloo diapir. The group thins substantially
towards the diapir.



The axis of theimsyncline moves towards the diapirsrihg deposition oftie Lower North Sea Group,
indicating increased salt mement (Seni and Jackson, 198Buring deposition of the Upper North
Sea Group the maximum thickness stays around the same location.
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Figure 47. W-E seismic section showing the Schoonloo diapir and the surrounding geology. The Schoonloo diapir
penetrated at the flanksrad in the middle by the S@I1, SOI02 & SOIO3 wells. The location of this profile is shown
figure 4.3. The section is vertically exaggerated (5x). Section consists of the ZeGhstgin(ZE)the Lower Germanic
Triassic Group (RB), Upper Germaniassic Group (RN), Altena Group (AT), Niedersachsen Group (SK), Rijnlan

(KN), Chalk Group (CK), the Lower North Sea Group (LNSG) and Upper North Sea Group (UNSG).
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5. Results:Subsidence

To differentiate between salt related subsidence and tectaibsidence, a backstripping (burial
history) analysis was made. Four salt withdraw basins from the study area were sefeies4(.3)

and an analysis was made on the mean thickness values of Mesozoic and Cenozoic stratigraphic groups
the Lower Saxony&in (from TNO, 2019), representative for the normal sediment thickness (as
described in section 3). As the original Zechstein Group thickness is unknown due to (sub)erosion,
the sensitivity of the backstripping model to the Zechstein Group thicknessestesl using varying

group thicknesses, reaching from 600 meters, the current mean thickness and suggested by Ten Veen
et al. (2012), to 1200 meters. According to the burial curves in appe@dihe thickness of the
Zechstein Group only affects the sulmide rate of the Zechstein Group itself. Appen@ialso

includes the input values of the backstripping analysis.

As the normal sediment thicknesses are not influenced by salt withdraw, it is assumed that the
subsidence curve resulting from the backspiiy analysis is representative for the tectonic
subsidence. Subsidence in salt withdraw basiiziAclude both salt related and tectonic subsidence.
Comparing the salt withdraw basins subsidence curves to the tectonic subsidamvescan provide

an indcation of the time intervals with high salt related subsidenassuming the same tectonic
subsidence as calculated with the normal sediment thicknedsasiould be noted that the tectonic
subsidence curve here is calculated over the total Dutch Lower Saxonya&asihat the margin area

(the study area) may have tectonically subsided.less

Figure5.1 shows the total subsidence over time. Basin B, C and D subside more than the tectonic
subsidence, while basin A subsides much less, probably due to the location of basin A lying outside the
Lower Saxony Basin. Figise provides the subsidere rates per stratigraphic group in meters per
million years on a logarithmic scale. During the Triassic (Lower and Upper Groups) and Jurassic (Altena
and Niedersachsen Groups), subsidence of the salt withdraw basins is equal or less than the tectonic
subsdence. During deposition of the Rijnland, Chalk, Lower North Sea and Upper North Sea Groups,
tectonic subsidence is substantially less than the subsidence in the salt withdraw basins, suggesting
significant salt related subsidence.

Subsidence Subsidence rates per stratigraphic group in m/Ma
mm\-basin  esm=B-basin C-basin D-basin e Tectonic subsidence W A-basin M B-basin C-basin D-basin M Tectonic subsidence
0,1 1 10 100 1000

Time in million years
257 252 247 208 152 140 100 66 28 0 Zechstein

0

Lower Triassic
200
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600 \ Altena
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Subsidence in meters
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Figure5.1. Subsidence curves of the different basins over time. Figure5.2. Subsidence rates of the different basins per stratigraphi

group.
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6. Results:Salt budget

The salt budget has been calculated for the youngest three stratigraphic groups (Chalk Grolg and
North Sea GroupsThe salt budget was calculated based on the salt influence area, salt withdraw and
diapir area aslescribedn the methodology. These areas have been delineated on the thickness maps
of the stratigraphic groups and can be viewed in appeingether with the table with all input
values and results from the salt budget calculation.

The diapirm rateand subrosion rates have been plotted in fig@& and 6.2 Diapirism rates are
similar for all diapirs during deposition of the Upper and Lower North Sea Group but differ during
deposition of the Chalk Group. The Chalk Group shows negative rates figr¢sibn for all diapirs
except for the GassekBrouwen diapir due to the net growth of the diapir being bigger than the gross
growth. This could mean that (sub)erosion was very low during the Chalk Group interval for the diapirs
(except for GasseltBrouwen).

Based on the results of the salt budget, the Anloo diapir grew 1140 meters during the last three
depositional groups (00 Ma), Hooghalen 820 meters, Schoonloo 1050 meters and Gasselte
Drouwen 430 meters. For Schoonloo and Gasdeitaiwen these a minimum values, as part of the
overlying stratigraphy of the used stratigraphic groups have been removed. This leaves, based on the
current thickness of the diapirs and based on the current mean of the Zechstein thickness, around
maximum of 1000 metersf@rowth during the other stratigraphic time intervals for the Anloo diapir,
Hooghalen 600 meters maximum, Schoonloo 900 meters and GaBselteven 1500 meters.

NET DIAPIRISM RATES (SUB)EROSION RATES
Upper North Sea Group Lower North Sea Group W Chalk Group
Upper North Sea Group Lower North Sea Group W Chalk Group
mm/year
mm/vear -0,02 0 0,02 0,04 0,06 0,08 0,1
0 0,005 0,01 0,015 0,02 0,025
SCHOONLOO
SCHOONLOO T
00 A |
HOOGHALEN
HOOGHALEN 1]
"y
ANLOO ANLOO
L (I
GASSELTE DROUWEN GASSELTE DROUWEN

Figure 6.1 Net diapirm rates per stratigraphic time interval per di&gpibrosion has Figure 62. Subrosion rates per stratigraphic time interval per diapir
already beersubtractedfrom thegrossrate
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6.1 Sensitivity of the salt budget

In subsurface interpretationshere are often large uncertainties related to the time depth conversion
and processing of the seismic dataisltherefore inportant test the sensitivity of the results on the
salt budget to the input parameters. The subsurface interpretation made for this reskeasphimarily
beenused to differentiate between the diapir influence area, domal area anessailtce area. An eor

of £10%in sediment volume determined with these areisgads to at20% in subrosion rates, with the
subrosion rates during the Lower and Upper North Sea Group being the largest contributor. Diapirm
rates are only sensitive for these input parametetsew there is no well that penetrates the diapir,
which is the case for the Gassele#ouwen and Hooghalen diapir. Here, an errotd% leads ta5%
difference in diapirism rate of the Hooghalen diapir and +20% difference in the GaBselte/en
diapir, mainly caused by the +40% uncertainty at the Chalk Group diapirm rate.

The results are also influenced by the normal sediment thicknesses of each used stratigraphic group
calculated from the DGNDEEP model (TNO, 2019). An errorldf% in the normal sedinme thickness
leads to at20% in diapirm rates and4.0% in subrosion rates.
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7. Discussionmthe salt budget

7.1 Diapirim rates Upward velocity
To place the diapirism rates in a broader perspective, the mei
net diapirm rates from this study were compared to the meal
net diapirm rates from other studies conducted in the
Southern Permian Basin regi¢Zechstein salt) and show that Anloo (this research)
the diapirs from this study have lower diapirm rate (figr. D).

Schoonloo (this research) 0

Hooghalen (this research)

!
[

Gasselte Drouwen (this research)

Schoonloo & Gasselte Drouwen (De

The rates shown with an orange bar are from the same dom Gans & Duin, 2010)

as studied in this research. The reason of their higher rat Schoonloo Diasir (GDN, 1988)
may originate from the different ntbodologies and time
scales used. The Rijks Geologische Dienst (RGD sh@8&d
that based on the thickness variations in the Urk formaton Anloo (GDN, 1993) 0-65Ma
500K3 the diapirism rate of the Schoonloo diapir should b¢  siiemuren (6on,1993) 0 651
between 200 m/Ma and 250 m/Ma. By applying a difient

methodology, the Rijks Geologische Dienst adjusted the ra

to 100 m/Ma in 1993Baker et al (2001) conclude thatese Zuidwending (GDN,1593) 0-65Ma
diapirm rate from both 1988 and 1993may entirely be e e o)™
causedoy expansion of the caprocPue to increased pressure

by iceloadingduring the glacial periods, gypsum changes t ot ot ot Do Gronah ot Toae
anhydrite in the caprock, as anhydrite has a smaller volum  sasin (seni & jackson, 1983)
Together with the formation of anhydrite, this chemical

reaction from gypsum leads to the formation of unsaturatec

water, which can infiltrate andréicture the caprock and the Figure 7.1Diapir growth of different salt domes including tr
salt dome leading tancreasedsubrosion.Thus can lead to ©nes studied in this researcompared in meters per millio
significant caprock shrinkage during a glacial period (around %ars.

meters in 20.000 years). During an interglacial, this chemical reaction is reversed, leadapydt

increase of the caprock (Baker et,&001).Over longer time periods, as applied in this study, glacial

and interglacial periods alternate and average out the effect of climate variations on the diapirism rate.

De Gans & Duin (2010) base theites on the shallow (max. 15 meters deep) geological proéles,

leading to calculations over shorter time scales than this study. As longer time scales balance out
periods of stagnated and strong growth, the lower rates from this study can be explained

Schoonloo (GDN, 1993) 0-500Ka

Onstwedde (GDN,1993) 0-65Ma

Gorleben Salt Dome (Zirngast, 1996) 40

!
w
®

130

-

10 100 1000
m/Ma

The light blue bars in figuré 1 represent the diapirim rates neighbouring diapirs in the Netherlands.
These rates have been calculated over similar time scales as this study and show a similar range in
velocity. The dark blue bars in figurel show twodiapirs from Germany and Denmark. These diapirs
also fall in the same range as the rates calculated in this research and from the neighbouring diapirs in
the Netherlands. Thus, the calculated diapirim rates from this study are in agreement with similar
research conducted in the region.
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7.2 Subrosion rates

In a broaderegionalperspective, the subrosion rates of the salt domes in this studyaks@on the

low side. Especially the Anloo digpieaching only  m/Ma. Apart from the Anloodiapir, the
proximity to the surface appears to play a role here, as the highest rate are at the Schoonloo-diapir (
142 meters below the surface, SOL well) followed by Hooghaler800 meters) and Gasselte
Drouwen 1000 meters). The relationship with ppia is in agreement with the expectations, as
groundwater flow rate and the influence of meteoric water increase near the surface and thus
subrosion rates increase.(. Baker et al., Z).

(Sub)erosion rate

Gorleben (Bornemann et al, 2008)
Gorleben (Zirngast, 1996)

German salt dome (RGD,1988)
Schoonloo (RGD, 1988)

Modelling study (Glasbergen, 1989)
)

)

)

)

Gasselte Drouwen (this study
Anloo (this study

Hooghalen (this study
Schoonloo (this study

0,1 1 10 100
inm/Ma

Figure 7.2 Subrosion rates of the studied diapirs compared to difirs around the world
and the same diapirs from other studies applying different methodologies.

The roof of the Schoonloo diapir consists of am@€ter thick caprock, which confirms the expected
subroded volumes. The caprock can be used to calcthatesubrosion, which was done by the Rijks
Geologische Dienst in 1988. In this study, it is assumed that the caprock formed in 10 million years
during the OligocentMiocene transition. Yet it is not unlikely that the caprock started forming during
the CreiceousCenozoic transition when part of the Schoonloo diapir got eroded according to the
results from this study. The subrosion volume calculated by the caprock would then need to be divided
over 65 million years instead of 10 million years resulting limmaer subrosion rate. Just as with the
diapirism rates, the difference of the subrosion rate with other research are thus influenced by the
time intervals.

Thelow subrosion rate of thénloo diapirdoes not seem to follow the depth relationship. Unltke
Schoonloo diapir, the Anloo diagioes not have a capro@ndis overlain by 200 meters of Lower
Triassic Main Claystone Formation, based on the-@Nwell. The absence of a caprock may reveal
limited sulrosion but does not exclude dissolution oftsdhe Main Claystone Formati@mcapsulates

the diapir, consising of evaporitic claysand is known to be able to form a successful seal for
hydrocarbons (Jager & Geluk, 2007). It could be argued that the low permeability may also prevent
unsaturated groundwater to infiltrate thénloo diapir, leading to low subrosion rates.
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8. Discussion on thevolutionof the diapirs

8.1 Presalt:Basemenstructure

On thebasement map of the Zechstein sdig(re 4.2)the main falt trends that can balistinguished
are NS NNWSSE, #/ and NESW trending fault zonesThe Schoonloo diapir overlays tiple
junction, Hooghalerand AnloodiapirsoverlayEW faultzones and Gasselt®rouwen a NE-SN fault
system (figuret.3). Because thdiapirs do not overlay thBINW-SSHErendingfaultszones these faults
seem to have had little influena@n the salt structures. Yet also not atSNNESWand EW faults seen
in the base Zechstein are overlain by salt structures. Indicating that while these faclusés seem
to have had influence on the locations of the salt diapirs, there are other factors at play as well.

Theorigin of thesePermianfault structureshasbeen subject of study all over the subsurface in the
Netherlandsand beyond (e.g. Betz etl., 1987 de Jager, 20QAan Ojik et al., 2018nd references in

these studiey The EW striking faults seem to be a relic from the Variscan foredeep basin on which
the Lower Saxony Basin is superimposed (Betz et 87)18he NESW faults may relate to the thermal
doming during the Variscan collapse during the CarbonifeRarsnian transition and make a
conjugate set with the NNVBSE faults (Ziegler, 1990; Geiss, 2008; Pharaoh et al, 2010; van Ojik et al,
2019). The M6 could relate to the Ems Low (Pharaoh et al, 2010). These faults were therefore already
present prior toZechsteirdeposition and activity herein and in younger sediments is thus the result
of reactivation.

8.2 Salt: Zechstein Group

The postsalt geology does not show as many faults as thespiestrata and fault do not propagate
through the ZechsteirGroup towards the overlying stratigraphy. The geology below the Zechstein
Group ighusdecoupled from the younger geology by saét,Yotal detachment does not seem to be
the case as the posalt fault structures follow the same trends as the-gadt fault structures for the
N-S and BV trending fault zones. The faults are thus soft linkas defined by ten Veen (2012j)
certain areas, for example the mostorth-westernfault in figue 44, while others are completely
detached.

8.3 Postsalt: Triassic

During the early Triassic, the region rapidly tectonically subsided (108 m/Ma; id)neactivating
older NS trending faultof the Ems Low due to rifting in the North Sea rift system (Pharaoh et al.,
2010). As discussed in sectidil, the Lower Germanic Triassic Group shows little depositional
variations, except south and just east of Schoonloo diapir where the group is theaerthe NS
trending fault zone. The thinner zone follows this fault zone over approximatedijd3fetrestowards

the German border in the soutfTNO,2019) The results of sectiod.2.3on the Schoonloo diapir
suggest that in the early Triassic, theSNrending falt system formed a pojip structure, up thrusting

the Lower Germanic Triassic Group during deposition. Thisupogtructure is not in line with the
expected and measured extensional tectonics and might therefore be the result of early salt
movement. Saltvithdraw basin Qiear the Schoonloo diapghows increased (combined) subsidence
during deposition of the Lower Germanic Triassic Group (figuZe When tectonic subsidence is
subtracted, 15 m/Ma of subsidence could be salt subsidence related, progdihdor the popup
structure.

Based on thickness variations of the Lower Germanic Triassic Group and contradicting subsidence
rates, it is likely that earliest salt movement was initiated aloAg tkending thrust faults during Early

to Mid-Triassic times. Samigration was likely limited to these-8 fault zones, as there are no
indications of salt activity along the\V# or NESW trending fault zones. It is therefore expected that
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the Schoonloo diapir developed before the other studied diapirs, as this isnilgadiapir along a ¥
trending fault zone.

Recent research conducted in the Dutch offshetews similar resultgsrom which is concluded that
salt tectonics started in the late Early Triassic (Harding et al., 2014). Additionally, it confirms tlye theor
of Jackson & Seni (1983) that salt movement is triggered by extensional tectonics.

The eastern thrust fault of the pepp structure(shown in figuret.7) got reversed after erosion during
deposition of the Upper Germanic Triassic Group, leading to ¢hihower Germanic Triassic Group,

but thicker deposits of the Upper Germanic Triassic Group. This indicates that the salt that first moved
towards the NS trending faultzone south of Schoonloo, moved towards another location. This is
confirmed by the thikness variations and onlap configurations in the Upper Germanic Triassic Group
near the Anloo and Hooghaletapirs (figue 4.4 andigure 4.5). As theAnloo and Hooghalen diapirs

lie on EW trending fault zones, it suggests salt movement fror® Mendingfault zones to BV
trending fault zones.

8.4 Postsalt: Jurassic

Subsidence slowed down during the Jurassic, to approximately 4 m/Ma (bg))relurassic deposits

have been preserved in the Lower Saxony Basin and show that activity alongstireming normal

fault zones decreased (but not ceased: figdt@), while the BW fault zones show dextral oblique
movement These observations are likely linked to the extension of the southern end of the North Sea
rift system, which led to a series of WNW riting dextral trantensional basins along the southern
margin of the Southern Permian Basin such as the Lower Saxony Basin and inactivation of the Ems Low
and related NS trending fault systems (Betz et al., 1987; Pharaoh et al., 2010).

The Jurassic depasishow a regional thickening trend towards the centre of the Lower Saxony Basin
(TNO,2019). Local variations are limited in the study area, implying limited to no salt movement into
the studied diapirs. Limited salt migration is confirmed by the subseleates of the salt withdraw
basins compared to the tectonic subsidence, apart from salt withdraw basin C which shows increased
subsidence during deposition of the Niedersachsen Group. This is probably due to the initiation of salt
movement tovardsthe Wijlen pillow as this pillonshows thinning andonlap of the Niedersachsen
Group onto the southerrilank (figure 45).

Compared to TNOs DGBDEEP model from 2019, there are some differences in interpretation
regarding the Jurassic Groups, especially on the Gad3sdteven diapir. In this study, the Jurassic
stratigraphic groups (Altena and Niedersaahseere interpreted as flanking the Gasselleouwen
diapir, but not overlying the diapir (figure4). In TNOs model, both Juras&oups overlay the diapir

with clear thinning above the diapir and thickening on the flanks. Based on this study, firstraiol

of the Gasseltdrouwen diapir took place in the Cretaceous, while based on TNOs model, first
movement would have been during the Jurassic.

8.5 Postsalt: Early Cretaceous

The early Cretaceous Rijnland Group was deposited after theKliatmerian eent, which led to uplift

of the Friesland Platform and increasedtonicsubsidence of the Lower Saxony Basin (Pharaoh et al.,
2010 and references therein). The uplift of the Friesland Platform can be noted by the missing Upper
Triassic and Jurassic strata on thestern side of the study area (for example fig4r8). Alsothe
Lauwerszee Through lost it Jurassic strata during this event according ® 4igulhe tipping point
between LateKimmerian erosion and deposition occurs at the Hooghalen and Anloosjigyhiich led

to erosion of the older overlying strata and possible part of the salt dome of the Hooghalen diapir and
erosion of the Jurassic Groups on top of the Anloo diapir. It is unclear if the Schoonloo and Gasselte

25



Drouwen diapirs have been affected emuch during the Lat&immerian event, as these are located
deeper in the Lower Saxony Basin.

Limited salt movement indicators have been found for the Rijnland Group in the subsurface
interpretation, yet salt withdraw basin B, C and D show increaseddrrixe of approximately 1m/Ma
compared to the tectonic subsidence. As the Rijnland Group was deposited in 40 million years, this
results in 40 meters of additional subsidence, including not quantifiable uplift. Salt movement is
inferred from local thicknes variations, yet the thickness variations seen in figdrdsand 4.5 are
classified as regional as the thickness on top of the Anloo and Hooghalen diapirs resembles the
thickness on the neighbouring Friesland Platform and Lauwerszee Trough. If these nanati@
characterized as local which the subsidence curves suggest, it would explain the increased subsidence
and part of the calculated remaining growth for the Anloo and Hooghalen diapirstiapger6) which

cannot be linked to the Chalk and Cenozaioups.

8.6 Postsalt: Late Cretaceous

Analysis on the subsurface interpretation shows that the Chalk Group has large local thickness
variations, implying a substantial amount of salt redistribution. This is coeditby the calculated salt
budget, during which 3,5*10710 cubic meters of salt moved from the salt withdraw basins into the
diapirs.Tectonic subsidence accelerated during this timeerval (to 6m/Ma) and the subislence rates

of the salt withdraw basinsere almost @duble (up to 11m/Ma). It thus seemsthat this increasdn
subsdence may have led to accelei@t of thesalt withdraw.

The axis of the rimsynclines in tkalt withdraw basin between Anloo and Gasséht®uwenare closer

to the GasselteDrouwen diapir during Chalk deposition, implying a change from subtle folding over
the GasseltedDrouwen diapir towards taller salt structures (Seni & Jackson, 1888)rding to the salt
budget, the Gasselt®rouwen diapir grew 2800 meters during this stage, yet only 143 meters remain
due to 2700 meters of suberosion. As the Chalk Group overlies the Gadsalteen diapir, it is very
likely that during this time intervalhe diapir reached the surface and got heavily erqdsaksibly
during the subHercynian even{c. 80Ma), whichis an intraChalk eventGross growth for the other
diapirs is much less, resulting in 450 meters, 150 meters and 200 meters for the Schoonloo, Hooghalen
and Anloo diapirs respectively. Why the GassBlteuwen diapir receivethore salt during this time
interval is uncertain. It could relate to its location being more basin inward or to the different trending
underlying fault activating at other moments than tha\Eand NS trending fault zones.

During the Late Heymian (c. 80Ma) and Laamide (c. 65M3 events, the Lower Saxony Basin in
Germany got heavily inverted losing all its Chalk Group (e.g. de Jager, 2007). Yet here, the Chalk Group
is present and inversion structures are limitedddesappear that the regional thickness of the Chalk
Groupis influenced by these inversion events as the Chalk Group is thicker on the Friesland Platform
than in the Lower Saxony Basin (figdrd), implying erosion of the Chalk Group in the basin. At local
scale, the Schoonloo diapir was mostly affedigdhe Laramide everft.65Ma) and prdbably reached

the surface as all stratigraphic groups younger than the Cenozoic have been eroded.

8.7 Postsalt: Cenozoic

After inversion, thaectonic subsidence rates decreased substantially and the North Sea Super Group
was deposited in the Netherlands, whighhere separated in a Lower and Upper. Analysis on the
subsidence curves shows that the percentual difference between the tectonic subsidence and
combined subsidence in the salt withdraw basins is largest during this time interval, but the actual
difference is low (about 1m/Ma).
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In the salt withdraw basin between Gasseldeouwen and Anloo, the rim syncline axis shifts towards
the Anloo diapir during deposition of the Lower North Sea Group, implying that the Anloo diapir grew
faster during this stratigragic time interval.Also, salt withdraw basin A subsided most during this
interval, which provides salt for the Anloo diapir. The Anloo structure grew with, at least, 320 meters
and the Gasselt®rouwen diapir with 150 meters confirming the variations iickinesses interpreted

in the subsurface.

The rapid growth of the Anloo diapir is confirmed by thierred missing Lower North Sea Group on
top of the diapir. Little of this stratigraphic group which overlaid the Anloo diapir was eroded during
the latest Alpinenversion pulses separating the Lower North Sea Group from the Upper North Sea
Group. The Anloo and Gasseldeouwen structures grew most during deposition of the Upper North
Sea Groupluring the Cenozoic.

Subrosiondoes not seem to balirectly related to tectonics, asit is mosty influenced bythe
groundwater flow rate and th@roximity of the salt dome to the surfacBut as subrosiomplayed an
increasing role over time during tle Cemzoic, these parameters may have had additional
contributions Thismay be caused bincreasedirequency ofglacial and interglaal cyclesyet these
are short cycle processea@areoutside the scopef this study.
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9. Conclusions

This research aimed to quantify the diapir growth, subrosion ratelo analysehe evolution and
to determinerelationship with tectoniceind diapirimof the Hooghalen, Schoonloo, Anloo and
GasselteDrouwen Zechstein salt diapirs in the noghstern Netherlands

Based on the research conductetdcan beconcluded thasalt movemenin the study aeais linked

to tectonic subsidenceas salt movement increases when tectonic subsidence increaaks.
movementwas initiated during deposition of the Lower Germanic Triassic Group al@gewding
active extensional faults related to the Ems Low wtgtgonic subsidence was fasit (100m/Ma).
Tectonic gbsidence decreasetio 4m/Ma) and salt movement also decreased during deposition of
the Jurassic Altena and Niedersachsen Groups. W4atanic subsidence rosegainduring thelLate
Cretaceous (to 6m/Ma), salt movemeatceleratedas well.During the Cenozoic, salt migration
decreased following the decreasing tectonic subsideaceupdl m/Ma).

As the diapirs overly different fault zones, they havénailar but different evolution through time.
Initiation of salt migration towards the Schoonloo diapir developed prior to the other diapirs during
deposition of the Lower Germanic Triassic Group, as the Schoonlooiditironly diapir overlying

a NS rending fault zone. Salt migration towards the Anloo and Hooghalen diapirs, overlying/an E
trending fault zone, developed during deposition of the Upper Germanic Triassic Gaitip.
movement towards thé&sasselteDrouwen onlystartedduring the Cretaceaca

It is therefore also that the Hooghalen, Schoonloo and Anloo diapirm and subrosion rates are similar.
Based on analysis on tiseirrounding salt withdraw basins for the youngest stratigraphic groups, it
was calculated that during the Cretaceous theoghalen, Schoonloo and Anloo diapirs rose fastest
with diapirm rates between 0,01 and 0,02 mm/year. Subrosion rates during deposition of the Chalk
Group were around 0 mm/year. Diapirism rates decreased over time while (sub)erosion rates
increased, leadig to 0,005 0,01 mm/year and 0,02 mm/year respectively during the Cenozoic. The
GasselteDrouwen diapir follows a different trend, with 2700 meters of salt subrosion during
deposition of the Chalk Group (0.08 mm/year) and grew with 0,005 mm/year dunrisgrme

interval. In contrast to the others, subrosion rates decrease over time to ~0 mm/year subrosion
during the Cenozoic and 0,006 mm/yewsat diapir growth With these calculated rates, these diapirs
lie in the same range as other Zechstein diapirs infRhethern Permian Basin area.

10. Recommendations

This research focussed on the relationship between the salt diapir growth rates and the tectonic history
of the area.Thevalues cdculatedfor the subrosion andhet diagr growth are first ader estimates

over long timescales To gaina more preise approximation,shorter time scales kould also be
considered. For examplan interesting addibn would be to look into the influence of glacial cycles

on these diapirs, as they akmown to play a large role in the expansion and contraction of the caprock
and the externalgross)upward velocity Additionaly, an enhancement on the salt flow mechanism
couldincrease the preision of the diasismand subrosion rates, which wasthis study simplified to
simple linear bw omitting the complexinternal diapir folding structures.
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12. Appendices

AppendixA
Timedepth conversions forsia large uncertainty. The conversion for this study was done for each
formation group base using the following steps in Besoftware(see alsdigure A.1)

1. Horizon interpretation on seismic time cubes and wells. Horizons consist of lines and points

2. Creation of a surfacéontinues data) from the horizons (point data)the time domain
from the created horizon with the following settings:

a. Geomety grid size and position is set to automatidé&sed on input data).

b. Algorithm set to convergent interpolation (= Tayler series projection, adapts to
sparse data, trends are extrapolated).

3. Quality check with the wells and TNO DGEEP 5 modé2019) in the time domairHere
the surface is checkddr outlier data.

4. Creation of a surface in the depth domain:
a. Algorithm set to convergent interpolation.
b. Geometry grid size and position is set to automatibgsed on input data).

c. Global adjustmento the wells of the underlying formation tops in depth. Residual
surface follows the minimum curvature approach (= Briggs Biharmonic methodology,
creates a smooth surface between points and keeps trends going).

d. If multiple formation tops underlay the suida, for example at a large unconformity,
multiple surfaces need to be made for the different formations and merged at the
point where the difference between these surfaces is 0.

5. Quality checKor outliersand comparison to thavith the wells and thefNO DGMDEEP 5
(2019) model in the depth domain

The horizons made on the Groningen_Lite_ NAM_2R3&36 seismic cube were already in the depth
domain. Therefore, only step 2 was performed on these horizons (but in the depth domain) and step
5.
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Fgure A.1. Fbwchat of the steps taken for timelepth conversiorof the interpretationmade inthe time donain.

AppendiB
Base depth maps of the Zechstein Group, Lower Germanic Triassic Group, Upper Germanic Triassic

Group Altena Group, Niersachsen Group, Rigmd Group, Chalk Group Lower North Sea Group

and Upper North Sea Group are shoamthe next fev pages, including theriginalinterpretation
made in TWT
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Figure B4. BaseLower Germanic Triassic Group in T\WKIhst northern part of the map originates from the Grmingendepth cube.
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FigureB.5. Upper Germanic Triassic G

oupiterpreted on seismic time data.
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Figure B.6BaseUpper Germanic Triassic GroupTVD. Northen part of the map originates from the Grdngen depth seismic cube.
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Figure B.7Base Altena Group asterpreted on seismic datan TW
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Figure B.8. Base Altena Group in TVD.
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Figure B.9. Base Niedersachsen Groainterpreted on the Seismic cubes.




Figure B10. Base NiedersachsenTivVD.
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