








Summary

Summary

Alluvial deposits in the subsurface are essential for geo-energy production and storage in many
regions worldwide. Accurate correlation and characterisation of alluvial stratigraphy requires an
understanding of how river channels were spatially deposited and which geomorphological processes
acted uponthem. isisespecially true for low net-to-gross alluvial stratigraphy, which has a relatively
low reservoir sandstone content and high non-reservoir oodplain deposits. Here, channel sandstones
are 0 en isolated from each other, and display poor three-dimensional connectivity with each other.
Due to this, both correlation and characterisation in low net-to-gross alluvial systems is challenging.

Regional continuous surfaces, such as palaeosols or coal seams, could help correlate such deposits
as they show a large lateral extent of up to tens of kilometres. e formation of palaeosols or coal
seams is commonly controlled by factors that operate independent of the uvial system at a basin-
wide scale, so-called allogenic factors. One of the main allogenic forcings in uvial systems on the
upstream end of the system (the source area) is climate variability which occurs at a range of temporal
scales. s climate controliso en cyclic in nature. In those cases where the signal is preserved, there
can be a strong vertical repetitive spacing between palaeosols or coal seams, making them helpful in
predicting alluvial architecture. By identifying and correlating these regionally continuous surfaces, it
may be possible to improve stratigraphic correlation and characterisation of sandstone distribution in
low net-to-gross uvial stratigraphy.

is thesis investigates the potential of orbital forced cyclic climate control on uvial systems
and its application to reservoir characterisation and subsurface correlation. To do so, six studies
are presented. Four of these studies are focused on an outcrop analogue case in the Bighorn Basin,
Wyoming, USA, where well-exposed oodplain red beds of the early Eocene are studied.  ese red
beds form a rhythmic alternation with pale brown colour beds and are hypothesised to be precession-
paced orbital forced. e ndings of these studies are subsequently applied in two subsurface case
studies in the North Sea.

Chapter 3 uses a three-dimensional digital outcrop model to study the lateral and vertical varaibility
of oodplain cycles in the Bighorn Basin. Most alternations are consistently traceable throughout the
model; however, there is signi cant lateral and vertical thickness variability. A strong relationship
exists between thickness variability and average palaeo ow in the lateral direction, where variability
in thickness is larger perpendicular to the palaeo ow than alongside the palaeo ow direction. s
variability is interpreted to result from morphological elements oriented in palaeo ow directions
causing more consistency of sedimentary features. In the vertical direction, there are signi cant
thickness variations among successive sedimentary alternations; thinner cycles follow thicker-
than-average oodplain cycles. is variability is argued to be caused by internal palaeotopographic
di erences and is believed to be counterbalanced by compensational stacking behaviour.

Chapter 4 investigates the sandstone bodies of the Bighorn Basin. A total of four channel lithofacies
associations are recognised, which are interpreted to be deposits of four river planform styles: crevasse
channel, trunk channel, braided-like channel, and sinuous-like channel, respectively, with the latter
two styles being dominant. e alternating presence of sinuous and braided river styleso ers insights
for a new reconstruction of a palaeogeographic model for the Bighorn Basin. In the schematised
model, several transverse systems con uence with an axial system roughly following the basin axis in
line with previous reconstructions.
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of zone RZ-6 forms a strong seismic marker and correlates well for the cluster of wells (D, E, F, G,
H, and I). However, this trend cannot be continued and maintained further away (3.5 and 3.8 km,
respectively). Reviewing seismic top-view amplitude maps of the top RZ-6 marker suggests that the
concentrated sandstone above the top RZ-6 marker is likely a larger channel belt complex (personal
communication, Sigrid Pillen 2022; Fig. 8.14). Wells A and B are positioned on the side of this
channel belt. In well A, there is a sandstone positioned above alternation 20. However, the character is
di erentto that of the well cluster mentioned above and does not display an amalgamated character or
block-pattern shape. In well B, there are only oodplain deposits in this stratigraphic interval. Cross-
reference with seismic re ectors is impossible for this interval as the area has poor seismic signal and
is highly faulted, causing uncertainty in the stratigraphic interpretation.

In wells C and E, the top of RZ-7 divides two sandstone bodies (located at 160 and 165 m,
respectively) positioned below alternation 28.  ese sandstone bodies could be located in the same
stratigraphic interval and closer related than assumed by the reservoir zonation based onthe oodplain
framework. However, observations from the Willwood Formation, Bighorn Basin, USA, (Chapters 3
and 5) suggest that the correlation of such intervals, even within one oodplain aggradation cycle, can
be challenging. Similarly, the oodplain-isotope framework suggested the correlation of a sandstone
body near the top of RZ-7 in wells H (175 m) and | (175 m). Both sandstone bodies are bounded
between alternations 26 and 28. Similarities in the above-lying splay suggest, combined with the
proximity of the wells, suggest higher stratigraphic relation between the two sandstone bodies than
now assumed. All these observations are below seismic resolution (Fig. 8.12 and 8.13).

8.8 Stratigraphic lithofacies trends
e average stratigraphic trends based on the oodplain-isotope correlation (stratigraphic solution 1)
and reservoir zonation (stratigraphic solution 2) are shown as vertical proportions curves in Figure
8.13. eindividual oodplain alternations are visible as characterised by lower V__levels (towards
25%) at their bases in the oodplain-based correlation. Similar spikes in the reservoir zonation-based
lithofacies record can be seen at this scale, spaced at an average of 7 m. e overall lithofacies trends
in both stratigraphies are relatively similar, and a comparable long-term trend is visible. e reservoir
zonation stratigraphic solution suggested more pulses of low V___and increased net-to-gross intervals
in the basal parts of every reservoir zone, such as RZ-3, -6, -7, and -8.  ese net-to-gross trends are
also visible in the oodplain-isotope stratigraphic framework but are less pronounced. In particular,
the RZ-3, -6, and -7 sand phases also seem evident from the oodplain-isotope stratigraphy.
is similar spacing also is apparent when comparing the carbon isotope excursions with the
two-dimensional display of sandstone body distribution (Fig. 8.14), as the thickness of the carbon
isotope excursions is in the range of the thickness of the reservoir zonation. Furthermore, In the two-
dimensional sandstone distribution plot, an apparent clustering of sandstone bodies can be seen for
wells H-J above the top RZ-6 zone. Laterally, sandstone bodies are dominantly absent in other wells.

8.9 Discussion

8.9.1 Floodplain environmental interpretation

e cumulative character of the soils that developed in the oodplain sediments of the upper Lunde
Formation suggests that conditions for soil development were good. is could relate to steady but
relatively low aggradation rates leading to fairly continuous palaeosol development, which each new
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Ch3S2 - Calculation compensational stacking index.
To practically identify Tc based on 1-D data, the following work ow can be implemented:

1. draw a line with a slope of -1 (i.e. k = 1).
2. move this line over the data points to best t the larger-value parts of the dataset.

3. identify the knickpoint where the le most data point can t be t by this line with a slope of -1 (i.e.
k=1).

4. observe the data points on the le of this knickpoint and get the slope of a new line that best ts
the data points (this line has a slope of -k ).

5. compare the value of -k with values in Figure 2 by Straub and Wang (2013) to see how large
autogenics in uence the stratigraphy.

Ch3S4 Variogram analysis explained

Schematic illustration of variogram components (modi ed from Pyrcz and Deutsch, 2003).a) ere
are lenses with high values in the low-value background, with various long axes (orange horizontal
lines with lengths of x,, x,, , X, averaging x__. ) and short axes (blue vertical lines with lengths of y.,
Y, .Y.averagingy );b) elongandshortrangescorrespondingtox . andy  ofthehigh-value
lens in Figure S1A, indicating the maximum distance of con dent correlation and thus re ecting the
spatial continuity of these lenses. Observations appear independent (i.e. variance no longer increases)
when the lag distance is beyond the range, indicating non-correlation between a pair of two points
when the distance between them is larger than the range.
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Samenvatting

Alluviale afzettingen in de ondergrond zijn essentieel voor geo-energieproductie en -opslag in veel
regios wereldwijd. Een nauwkeurige correlatie en karakterisering van alluviale stratigra e vereist
inzicht in hoe rivierguelen ruimtelijk zijn afgezet en welke geomorfologische processen hierop
invloed hadden. Dit geldt vooral voor alluviale stratigra e met een relatief laag zandsteen gehalte. Zo
genoemde low nett-to-gross stratigra e bestaat uit een relatief lage gehalte reservoirs van zandsteen
en veel klei en silt afzettingen die geen reservoir vormen. Hier zijn de zandstenengeulen vaak van
elkaar ge soleerd en vertonen ze een zwakke driedimensionale connectiviteit met elkaar. Hierdoor is
de zowel correlatie als de karakterisering in alluviale systemen met een lage netto-brutoverhoudingen
een uitdaging.

Regionaal doorlopende oppervlakken, zoals paleosolen of steenkoollagen, kunnen helpen bij het
correleren van dergelijke afzettingen omdat ze een grote laterale omvang van tientallen kilometers
kunnen hebben. De vorming van zulke paleosolen of steenkoollagen wordt vaak bepaald door
factoren die ona ankelijk van het riviersysteem zijn en gedreven worden op een bekkenwijde schaal,
zogenaamde allogene factoren. Een van de belangrijkste allogene invloeden in riviersystemen aan het
begin van het systeem (het bronnengebied) is klimaatvariabiliteit. Deze treedt op in verschillende
tijdschalen. Deze klimaatbeheersing is vaak cyclisch van aard. In die gevallen waar dit cyclische
signaal bewaard is gebleven, kan er een sterke verticale herhaling van ruimte tussen paleosolen of
steenkoollagen zijn, wat nuttig kan zijn bij het voorspellen van alluviale architectuur. Door deze
afzettingen te identi ceren en te correleren, kan het dus mogelijk zijn om stratigra sche correlatie en
karakterisering van zandsteenverdeling in alluviale stratigra e met een lage netto-brutoverhouding te
verbeteren.

Deze scriptie onderzoekt het potentieel van cyclische klimaatbeheersing door orbitale forcing in

uviale systemen en de toepassing ervan op reservoirkarakterisering en ondergrondse correlatie.
Hiervoor worden zes studies gepresenteerd. Vier van deze studies zijn gericht op een analoge locatie
in de Bighorn Basin, Wyoming, VS, waar goed blootgestelde rood gekleurde afzettingen van de vroege
Eoceen in de overstromingsvlakte worden bestudeerd. Deze rode afzettingen vormen een ritmische
afwisseling met afzettingen van lichtbruine kleur en worden verondersteld te worden aangedreven
door precessie-gestuurde orbitale forcing. De bevindingen van deze studies worden vervolgens
toegepast in twee casusstudies in de ondergrond van de Noordzee.

Hoofdstuk 3 maakt gebruik van een driedimensionaal digitaal model van de analoge locatie om
de laterale en verticale variabiliteit van de cycli in de overstromingsvlakte in het Bighorn Basin te
bestuderen. De meeste afwisselingen zijn consequent te traceren in het model, maar er is aanzienlijke
laterale en verticale diktevariatie. Er bestaat een sterke relatie tussen de diktevariatie en de gemiddelde
paleostroomrichting in laterale richting, waarbij de variatie in dikte groter is loodrecht op de
paleostroomrichting dan langs de paleostroomrichting. Deze variabiliteit wordt ge nterpreteerd als
het gevolg van morfologische elementen die geori®nteerd zijn in de paleostroomrichting, waardoor
er meer consistentie is in sedimentaire kenmerken. In de verticale richting zijn er aanzienlijke
diktevariaties tussen opeenvolgende sedimentaire afwisselingen; dunnere cycli volgen dikkere
dan gemiddelde cycli in de overstromingsvlakte. Deze variabiliteit wordt verklaard door interne
paleotopogra sche verschillen en wordt verondersteld te worden gecompenseerd door stapelgedrag.
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