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Abstract

Sediment mass-balance analysis provides key constraints on stratigraphic ar-
chitecture and its controls. We use the data-rich Middle Jurassic Brent Delta
sediment routing system in the proto-Viking Graben, Northern North Sea, to
estimate sediment budgets and mass-balance between source areas and depo-
sitional sinks. Published studies are synthesised to provide an age-constrained
sequence stratigraphic framework, consisting of four previously defined genetic
sequences (J22, J24, J26, J32). Genetic sequence J32 (3.9 Myr) records transverse
progradation of basin-margin deltas, sourced from the Shetland Platform to the
west and Norwegian Landmass to the east. Genetic sequences J24 (1.1 Myr) and
J26 (0.9 Myr) record the rapid progradation and subsequent aggradation of the
Brent Delta along the basin axis, sourced from the uplifted Mid-North Sea High
to the south, and the western and eastern source regions. Genetic sequence J32
(2.2Myr) records the retreat of the Brent Delta. Sediment budgets for the four
genetic sequences are estimated using palaeogeographical reconstructions,
isopach maps, and sedimentological analysis of core and well-log data. The es-
timated net-depositional sediment budget for the mapped Brent Delta system is
2.0-2.8 Mt/year. Temporal variations in net-depositional sediment budget were
driven by changes in tectonic boundary conditions, such as the onset of uplift
before the deposition of genetic sequence J24. Over the same time period, the
Shetland Platform, Norwegian Landmass and Mid-North Sea High source regions
are estimated to have supplied 2.3-5.6, 5.0-14.1, and 2.8-9.4 Mt/year of sediment,
respectively, using the BQART sediment load model and independent geometri-
cal reconstruction of eroded volumes, which are constrained by isostatic uplift
estimates based on the geochemistry of syn-depositional volcanic rocks. The net-
depositional sediment budget in the sink is an order-of-magnitude smaller than
the total sediment budget supplied by the source regions (13.9-23 Mt/year). This
discrepancy suggests that along-shore transport by wave-generated currents into
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1 | INTRODUCTION
Sediment routing systems dynamically link sediment
source regions (e.g., erosional catchments) to depositional
sinks (e.g., basin floor) via sediment transfer or dispersal
conduits (e.g., rivers and slope canyons, oceanographic
currents) and temporary storage zones (e.g., floodplain,
coastal plain, shelf and slope; Figure 1; Allen, 2017;
Semme et al., 2009). Constraining variations in quanti-
tative estimates of sediment influx into the system, par-
titioning of sediment volumes within its segments, and
potential sediment export out of the primary depositional
sink, can be linked to regional tectonics (e.g., orogenic up-
lift, fault movement), climate (e.g., water discharge, ero-
sion rate), relative sea-level changes, autogenic behaviour
(e.g., channel avulsion, delta-lobe switching), or basinal
processes (e.g., waves, tides; Allen et al., 2013; Helland-
Hansen et al., 2016; Hinderer, 2012; Romans et al., 2016).
Furthermore, these quantitative estimates have signifi-
cant economic implications, because they can provide
important constraints on the volume, distribution, and
quality of resource-bearing sedimentary rocks (Martinsen
et al., 2010; Bhattacharya et al., 2016; Eide et al., 2017).
Sediment mass-balance analysis provides a first-order
quantification of the influence of sediment supply and ac-
commodation generation on stratigraphic architecture, and
the tectonic and climatic signals with which they are associ-
ated (Paola & Martin, 2012). This approach to stratigraphic
interpretation complements traditional sequence strati-
graphic approaches and provide a means to critically ap-
praise existing sequence stratigraphic frameworks (Carvajal
& Steel, 2012; Gomez-Veroiza & Steel, 2017; Hampson
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the coeval Faroe-Shetland Basin and/or down-dip transport by gravity flows into
the coeval western Mere Basin played a key role in redistributing sediments away
from the Brent Delta system.

Brent Delta, sediment budget, sediment mass-balance, sediment routing system, source-to-

Highlights

« Sediment budgets of source areas and deposi-
tional sink are compared for well-documented
Brent Delta system.

« Changes in tectonic boundary conditions con-
trolled temporal evolution of sediment budget
in depositional sink.

« Both axial and transverse drainages contributed
significantly to source-area sediment budgets.

« Sediment mass supplied by source areas ex-
ceeds mass deposited in Brent Delta by an
order-of-magnitude.

« Sediment dispersal from over-supplied Brent
Delta is required to achieve sediment mass
balance.

et al., 2014). The ability to constrain sediment supply and its
associated grain-size mix from the source area to the depo-
sitional sink is therefore fundamental to developing robust
stratigraphic interpretations and reconstructing palaeo-
catchment conditions. At the basin scale, gathering data
to constrain an entire ancient source-to-sink system over a
range of geological timescales (>10°year) can be challeng-
ing, as it requires the integration of both ‘source-focused’
constraints on the size of the palaeocatchment, bedrock
lithology, relief evolution, and palaeoclimate (Galloway
et al.,, 2011; Lyster et al., 2020; Tinker et al., 2008) and ‘sink-
focused’ constraints on basin architecture, tectonic sub-
sidence, and sediment thicknesses or volumes (Grimaud
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FIGURE 1
of a typical sediment routing system,

Controls and components

which links sediment source areas
to depositional sinks (after Allen &
Heller, 2011).
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et al., 2018; Guillocheau et al., 2012; Hampson et al., 2014;
Liu & Galloway, 1997; Lodhia et al., 2019; Walford
et al., 2005) over the same time interval. Importantly, the
challenges associated with incomplete preservation of an-
cient sediment routing systems, spatial and temporal vari-
ations in geological characteristics, sparse sampling by
widely spaced well data and other dataset limitations imply
that a systematic method of quantifying the probabilistic
range of outcomes is needed to robustly assess uncertainties
(e.g., Brewer et al., 2020; Zhang et al., 2018).

The well-studied Middle Jurassic Brent Delta sediment
routing system is sufficiently data-rich to test sediment
mass-balance concepts. The present-day distribution of
Brent Group strata defines an important hydrocarbon prov-
ince in the Northern North Sea, offshore UK and Norway,
and the depositional architecture and provenance of these
strata have been documented extensively (e.g., Budding &
Inglin, 1981; Fjellanger et al., 1996; Gabrielsen et al., 2010;
Hampson et al., 2004; Johannessen et al., 1995; Mitchener
et al., 1992; Morton et al., 2004; Morton, 1992; Underhill
& Partington, 1993; Ziegler, 1990). This previous work and
supporting database of cores, well logs, and seismic reflec-
tion data collected over six decades of hydrocarbon explo-
ration and production in the depositional sink provide an
opportunity to test and extend the application of sediment
mass-balance methods.

Although much is known about the Brent Delta sed-
iment routing system, key allogenic controls on strati-
graphic architecture (e.g., sediment supply) are still not
well constrained. For example, it is unclear which of
the potential provenance areas predominantly fed the
Brent Delta system (Helland-Hansen et al., 1992; Husmo
et al., 2002; Mitchener et al., 1992; Morton, 1992). Neither
the total sediment discharge into the Brent Delta system,
nor the relative contribution to the sediment budget from
each source region, nor the proportion of discharged sedi-
ments preserved within the primary depositional sink are
well understood. The aims of this paper are: (i) to synthe-
sise published information on potential sediment source
areas and age-constrained sequence stratigraphic frame-
work of the sediment routing system; (ii) to estimate and
compare sediment budgets for the depositional sink and
potential source regions; and (iii) to assess potential driv-
ers of temporal and spatial variations in sediment budget.

2 | GEOLOGICAL FRAMEWORK
OF THE BRENT DELTA SYSTEM
2.1 | Tectono-stratigraphic context

The Viking Graben is the broadly north-south trend-
ing basin that represents the northern arm of the trilete

North Sea rift system (Figure 2a,b). It is bounded to
the west by the Shetland Platform, to the east by the
Norwegian mainland, to the south by the Mid-North Sea
High, and to the north by the Faroes-Shetland and More
basins (Figure 2b), which form part of the present-day
Atlantic Margin. The Viking Graben and surrounding
Northern North Sea region is underlain by high-grade
metamorphic and plutonic rocks, which were deformed
by thrusts and shear zones during the Caledonian orog-
eny and subsequent extensional collapse of the orogenic
belt (Fazlikhani et al., 2017; Gabrielsen et al., 1990;
Zanella & Coward, 2003). The main structural pattern
of the Northern North Sea later developed during two
major lithospheric rifting episodes (Figure 2d; Barton &
Wood, 1984; Duffy et al., 2015; Faerseth, 1996; Phillips
etal., 2019; Steel & Ryseth, 1990; Zanella & Coward, 2003):
(i) Late Permian to Early Triassic rifting, which led to the
development of large displacement (c. 1000 m), north-
south trending faults, and (ii) Late Jurassic to Early
Cretaceous rifting, which reactivated earlier north-south
trending rift-related structures and generated additional
northeast-southwest trending faults (Figure 2b). The
timing of these rifting episodes (Figure 2d) is a matter
of ongoing debate, and in particular, the Jurassic rifting
may have initiated in the Middle Jurassic (latest Bajocian;
Folkestad et al., 2014; Helland-Hansen et al., 1992) and
continued in multiple pulses until the Volgian (earliest
Cretaceous; Rattey & Hayward, 1993; Ravnas et al., 2000).
Following the Triassic rifting episode, a prolonged post-
rift thermal subsidence phase ensued from Late Triassic
to Middle Jurassic times (Partington et al., 1993; Rattey &
Hayward, 1993; Steel, 1993).

During the Middle Jurassic, uplift associated with a
transient mantle plume is interpreted to have resulted in
the erosion of Lower Jurassic and Triassic strata in the
Mid-North Sea area, and the development of an intra-
Aalenian unconformity, widely referred to as the “mid-
Cimmerian Unconformity”, during the early Middle
Jurassic (Figure 2d; Underhill & Partington, 1994;
Ziegler, 1990). Recent re-interpretation of 3D seismic re-
flection data suggests lava was sourced by fissure eruptions
from linear vents and associated small volcanic edifices
(Quirie et al., 2019). The resulting “dome” was about
700-1000km in diameter, as inferred from the subcrop
patterns of pre-Middle Jurassic strata below the “Mid-
Cimmerian Unconformity”, and developed near the triple
junction of the trilete rift system (Figure 2b,c; Underhill
& Partington, 1993). Deposition of the Brent Group coin-
cided with this interpreted phase of thermal doming and
subsequent collapse of the “dome” (Husmo et al., 2002;
Underhill & Partington, 1993). Patchy, thin (typically
<50m but locally up to 200 m) Bajocian-Bathonian sand-
stones and mudstones are locally preserved between lavas
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FIGURE 2 (a)Unrestored Middle Jurassic palacogeographical reconstruction of the North Sea (Ziegler, 1990; Torsvik et al., 2002).

(b) Restored Middle Jurassic palacogeographical reconstruction of the Northern North Sea showing palaeo-landmasses and basins

(Ziegler, 1990). Note the extent of the proto-Viking Graben (VG) and sediment input into the basin from the Shetland Platform (SP),
Norwegian Landmass (NL), and Mid-North Sea High (MNSH). Additional tectonic elements include the Central North Sea (CNS), Egersund
Basin (EB), Faroes-Shetland Basin (FSB), Horda Platform (HP), London-Brabant Massif (LBM), Moray Firth Basin (MFB), Mere Basin
(MB), Rhenish Massif (RM), Rockall Basin (RB), South Permian Basin (SPB), Unst Basin (UB), West Hebrides Basin (WHP). The mapped
extent of the subcrop beneath the “Mid-Cimmerian Unconformity”, which formed due to initiation of the MNSH uplift (Underhill &

Partington, 1993), and the Forties-Piper and Scandian volcanic provinces (Figure 7) are shown. Depocentres supplied by abundant clastic

sediment occur in the Faroes-Shetland Basin (FSB), South Permian Basin (SPB), Egersund Basin (EB) and in northern Germany, in addition

to the Brent Delta depocentre in the Viking Graben (VG) and Horda Platform (HP). (c) Cross-section showing a simplified geometrical

restoration of eroded material over the MNSH. The eroded material approximates a cone with a height equal to the total thickness of

exhumed Lower Jurassic and Triassic strata, and a cross-sectional area equal to the mapped area of the subcrop pattern (Figure 2B). (d)

Simplified lithostratigraphic column for the proto-Viking Graben (Figure 2B) highlighting the main phases of structural evolution in relation
to deposition of the Brent Delta sediment routing system (Figure 4; see text for details).

and volcaniclastic deposits above the “dome” (Quirie
et al., 2020; Underhill & Partington, 1993).

2.2 | Source region characteristics

Three main sediment provenance regions have been inter-
preted for the Brent Delta sediment routing system, based
on observed facies trends and thickness patterns, frame-
work mineralogy, detrital heavy mineral (e.g., garnet)
geochemistry, and isotope (e.g., strontium-neodymium)
data (Hamilton et al.,, 1987; Hurst & Morton, 1988;
Mearns, 1992; Mitchener et al., 1992; Morton, 1985, 1992;
Skarpnes et al., 1980). They are the Norwegian Landmass,
composed of Precambrian and Caledonian metamorphic

basement, to the east; the Shetland Platform, composed of
Devonian, Carboniferous and Permo-Triassic sedimentary
rocks reworked from Caledonian metamorphic basement,
to the west; and the Mid-North Sea High, composed of
sandstone-dominated Triassic and mudstone-dominated
Lower Jurassic sedimentary rocks, to the south of the
Viking Graben (Figure 2b). The broad geological charac-
teristics of these three source areas (e.g., catchment-wide
bedrock lithology, size and relief) synthesised from pub-
lished studies are summarised below.

The Norwegian Landmass area forms part of the
Fennoscandian Shield, and is underlain mainly by
Precambrian gneisses and Caledonian metamorphic and
granitic rocks (Husmo et al., 2002; Morton et al., 2004;
Underhill, 1998). The relief of the Norwegian Landmass
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has evolved as a product of complex interactions be-
tween large-scale tectono-magmatic processes, from a
Caledonian relief of up to 9km to the present-day relief of
2km, with significantincreases and decreases linked to rift-
and post-rift tectonics in the North Sea region (Gabrielsen
et al., 2010; Johannessen et al., 2013; Ksienzyk et al., 2014;
Smelror et al., 2007). Although the mechanisms driving
post-Caledonian to Recent palaeotopographic evolution of
the Fennoscandian Shield are a matter of ongoing debate
(Chalmers et al., 2010; Medvedev & Hartz, 2015; Nielsen
et al., 2009), there is little disagreement on the presence
of kilometre-scale palaeorelief in the region during the
Jurassic. Maximum relief of the Norwegian Landmass is
estimated to have been 1.6 km in the Late Jurassic, during
uplift of the active rift shoulder, based on application of
the BQART model to Late Jurassic sediment volumes
deposited offshore Norway (Semme et al., 2013). Middle
Jurassic relief is estimated to have been smaller, approx-
imately 1km, based on interpretation of reflection seis-
mic, potential field and apatite fission track (AFT) data
(Gabrielsen et al., 2010; Medvedev & Hartz, 2015).

The pre-Mesozoic bedrock of the Scottish Mainland,
Shetland Isles and Shetland Platform is composed mainly
of Precambrian metasediments, Caledonian metamorphic
and granitic rocks, and Upper Palaeozoic clastic and vol-
canic rocks (Morton et al., 2004; Underhill, 1998; Zanella
& Coward, 2003). The Shetland Platform underwent a
similar evolution to the Norwegian Landmass during
the Jurassic, but its palaeotopographic relief is poorly
constrained.

Subcrop patterns below the “Mid-Cimmerian
Unconformity” indicate that mudstone-dominated
Lower Jurassic and sandstone-dominated Triassic strata
were eroded from the Mid-North Sea High source region
(Figure 2b,c; Underhill & Partington, 1993, 1994). The
“Mid-Cimmerian Unconformity” is patchily overlain by
Middle Jurassic coastal plain, shallow-marine and extru-
sive volcanic rocks (Husmo et al., 2002; Quirie et al., 2019,
2020). The thickness of Lower Jurassic and Triassic sed-
imentary rocks exhumed due to the “Mid-Cimmerian
Unconformity” is estimated to be 0.7-1.3km, based on
the integrated analysis of sonic velocity, vitrinite reflec-
tance and AFT data (Japsen et al., 2007), which is broadly
consistent with stratigraphic thickness constraints from
wells that suggest a missing section of 0.3km (conserva-
tive depositional thickness of Lower Jurassic strata) to
>1km (Husmo et al., 2002). Regional uplift and palaeo-
relief of the Mid-North Sea High is poorly constrained in
published literature, with a maximum relief of 0.4-0.5km
suggested by Underhill and Partington (1993) based on
the estimated thickness of strata eroded at the “Mid-
Cimmerian Unconformity”. Stratal onlap patterns above
the unconformity indicate that regional uplift reached its

maximum lateral extent during the Aalenian (Figure 2d),
and peak uplift is interpreted to have occurred in the Late
Aalenian (Quirie et al., 2020) or Bathonian (Underhill &
Partington, 1993). Regional palaeogeographical recon-
structions suggest that sediments from the Mid-North Sea
High source region were supplied radially to five major
sediment routing systems in neighbouring basins, in-
cluding the Moray Firth Basin to the west, Viking Graben
to the north, and the South Permian Basin to the south
(Figure 2b; Underhill & Partington, 1993; Ziegler, 1990).
Thus, only part of the eroded sediments was supplied to
the Brent Delta sediment routing system.

2.3 | Middle Jurassic palaeoclimate
of the Northern North Sea

The Middle Jurassic palaeoclimate of the Northern North
Sea region is interpreted to have been sub-tropical and
humid, based on the study of coals, palynological data,
palaeolatitude reconstruction, strontium isotope data,
oxygen isotope data, and numerical simulations of ocean-
atmosphere interactions (Abbink et al., 2001; Prokoph
et al., 2008; Sellwood & Valdes, 2006). The mean an-
nual temperature is estimated to have been 20°C, based
on the ocean-atmosphere general circulation models of
Sellwood and Valdes (2006, 2008). While some studies
of floral assemblages suggest there was a warmer, semi-
arid to arid climate in the Late Jurassic (Middle Oxfordian
to earliest Ryazanian), due to rifting and volcanism that
resulted in changes in the concentration of greenhouse
gases (Abbink et al., 2001; Dera et al., 2011), other stud-
ies use marine ammonite and ostracod assemblages and
oxygen isotopes to argue that the Late Jurassic was cooler
over much of northwest Europe, due to a drawdown in
atmospheric CO, by enhanced organic carbon burial
(Dromart et al., 2003; Schudack, 1999). Significant change
in climate did not occur throughout the Middle Jurassic,
but is interpreted to have occurred at the Late Jurassic to
Cretaceous transition, towards a humid, tropical climate
(Ford & Golonka, 2003).

3 | DATA AND METHODS

3.1 | Dataset

Eighty four representative exploration wells which con-
tain published interpreted sequence stratigraphic sur-
faces, 53 wells from offshore UK and 31 from offshore
Norway, form the framework for this study (Figure 3). A
total thickness of 1500 m of core was logged from eight
wells to carry out sedimentological facies analysis (see

85U8017 SUOLILLOD BA 181D 3ealidde ay) Ag peusenob ae Sajoie YO ‘88N JO Sa|nJ Joj Ak 8UlUQ A8]IM UO (SUOTHPUOD-pUe-SWBI W0 A8 | IMAleIq Ul |UO//SdNY) SUORIPUOD PUe SWB | 81 88S *[£202/70/92] Uo Ariqi]auliuo A8|1M ‘uopuoebe|oD eredw Aq 9/2T8.10/TTTT OT/I0p/Woo" A3 (1M Aelq 1 Buluo//sdny wo.j pepeojumod ‘0 ‘L TTZSIET



OKWARA ET AL.

*LwiLey-gasin

Research S EAGE
(@) (genetic sequence J22)

Inferred extent of palaeo-

depositional environments prior
to Late Jurassic erosion
(Husmo et al., 2002)

Limit of Shetland
Platform catchment| /

60°N

(Ziegler, 1990) L

T[Limit of Norwegian

Landmass catchment
(Ziegler, 1990)

\
\

7 7 )] N - \Y K\
1 < |North-South correlation| |+
’ MNSH panel (Fig. 5) \\\

\ N

\
/v\\

\

Limit of distribution of Triassic subcrop
resulting from doming of the Mid North
Sea High (Underhill and Partington, 1993)

\
\
\

58°N

100 km

\

57°N

() (genetic sequence J26)

4w

100 km

Palaeoenvironment Potential source area

g Coastal plain Shetland Platform

[ ] coastal plain/shallow marine Norwegian Landmass
[ shallow marine Mid North Sea High

- Offshore shelf

Supplementary Material for detail). The wells were se-
lected based on their geographical spread, the thickness
of the cored interval, and the variability in wireline log
response, in order to capture facies associations repre-
sentative of the Brent Delta sediment routing system and
calibrate the lithological composition of facies associa-
tions in uncored wells.

() (genetic sequence J24)

100 km A}

3.2 | Method for estimating depositional-
sink sediment budget

The sediment mass-balance methods applied in this study
adapt established workflows proposed for assembling a
sediment budget for ancient sediment routing systems
(Carvajal & Steel, 2012; Hampson et al., 2014; Michael
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FIGURE 3 Palaeogeographical reconstructions of the Brent Delta sediment routing system showing representative well database (red
and green circles for uncored and cored wells, respectively) used for this study (modified after Mitchener et al., 1992; Fjellanger et al., 1996;
Husmo et al., 2002). (a) Maximum progradation of the eastward prograding Broom Delta and westward prograding Oseberg Delta (genetic
sequence J22); (b) maximum progradation of the main Brent Delta (genetic sequence J24); (c) aggradation of the main Brent Delta (genetic
sequence J26); and (d) transgression and southward retreat of the main Brent Delta (genetic sequence J32). The extent of palaeo-depositional
environments prior to Late Jurassic erosion is shown as dotted lines (Husmo et al., 2002). Potential sediment source areas to the west, east
and south of the basin are labelled SP (Shetland Platform), NL (Norwegian Landmass) and MNSH (Mid-North Sea High), respectively,

and the extent of the source areas are constrained by published literature (Ziegler, 1990; Underhill & Partington, 1993). The locations of
eight cored wells used for facies characterisation (see Supplementary Material for details) are shown: B — 9/9b-3 (Bruce Field), He - 2/5-3
(Heather Field), Hu - 30/2-2 (Huldra Field), M - 211/19-6 (Murchison Field), Sf - 3/8b-10 (Staffa Field), St - 3/4a-12 (Strathspey Field), T

7
St WILEY-

- 210/20-2 (Tern Field), V - 35/8-1 (Vega Field). A regional stratigraphic correlation line (Figure 5) is also located.

et al., 2014; Rohais & Rouby, 2020). The six steps involved
in compiling the net-depositional sediment budget in the
sink(s) are as follows:

(i) A regionally consistent, age-constrained strati-
graphic framework for the depositional sink was
synthesised from published studies, to subdivide the
Brent Delta system into four age-constrained genetic
sequences (sensu Galloway, 1989) of different dura-
tions (Figures 4 and 5).

(ii) Sedimentary facies analysis was carried out to cal-
ibrate wireline-log signatures to sediment grain-
size characteristics and facies proportions (see
Supplementary Material for details), and to constrain
the distribution of coastal plain, marginal marine,
and shallow-marine to shelf segments of the sedi-
ment routing system (Figure 5).

(iii) Isopach maps were generated for each time interval
by interpolating thickness contours between studied
well data points (Figure 6). Biogenic rocks (e.g., coals)
were discounted in thickness estimation. The bound-
aries of the sediment routing system, maximum sed-
iment thicknesses and proportion of subsequently
eroded volumes are constrained by published seis-
mically derived isopach maps for the Middle Jurassic
unit (Husmo et al., 2002; Mitchener et al., 1992).

(iv) For each stratigraphic interval, net-depositional sedi-
ment volumes are calculated using the isopach maps.
Sediment volumes are converted to masses by using
a range of lithology-specific bulk-density values ob-
tained from geophysical density logs, which accounts
for both porosity loss due to compaction and any in-
ternally derived cement in the rock, generated by al-
teration of framework grains and local diffusion of
carbonate during burial (cf. Carvajal & Steel, 2012;
Hampson et al., 2014).

(v) The sink-derived net-depositional sediment budget,
presented in mass per unit time, was estimated by
dividing the calculated sediment mass with the du-
ration for each unit as defined by the stratigraphic
framework (Figure 4). The boundaries of each

stratigraphic unit have been assigned absolute ages
using the current Geologic Time Scale (Gradstein et
al., 2012; Ogg et al., 2016).

(vi) The relative contribution of the three sediment
source regions (Section 2.2) to net-depositional sed-
iment volumes was estimated using garnet com-
positional data that distinguish a characteristic
sandstone provenance for each sediment source re-
gion (Morton, 1992).

3.3 | Methods for estimating source-area
sediment budget

The long-term averaged budget of sediment supplied by
the erosional source-area(s) was quantified using two in-
dependent methods, where sufficient data are available.

In the first method, we applied the BQART model of
Syvitski and Milliman (2007) to the three distinct source
areas. The BQART model describes an empirical relation-
ship between measured suspended sediment loads in 488
modern catchments and their source-area characteris-
tics, such as climate, bedrock lithology, palaeocatchment
area and relief (Milliman & Farnsworth, 2011; Milliman
& Meade, 1983; Milliman & Syvitski, 1992; Syvitski &
Milliman, 2007; Syvitski et al., 2003). The BQART model
(Syvitski & Milliman, 2007) is expressed as:

Q,=0.0006BQ,,**'A*°RT (for T >2°C), (1)

where Q, is sediment load (Mt/year; 1 Mt=10"kg), Q,, is
water discharge (km®/year), A is catchment area (km?), R
is maximum catchment relief (km), and T is catchment-
averaged temperature (°C).

Q,, is estimated as the product of catchment area and
runoff, and is given as (Milliman & Farnsworth, 2011):

Qw=Ar, 2)

where r is runoft (km/yr).
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Milliman and Farnsworth (2011) proposed four cli-
mate zones characterised by different runoff values, based
on modern systems. For a humid climate zone, r is 250-
750 mm/year. The calculated range of values for water
discharge using this relationship is consistent with values
calculated using the empirical equations of both Syvitski
and Milliman (2007) and Eide et al. (2018) for a humid
climate zone. Input values for other parameters (A4, R, and
T) are constrained by previously published palaeogeo-
graphical reconstructions, structural restorations, ther-
mochronological and palaeoclimate modelling studies, as
summarised previously (Section 2.2).

The dimensionless B term broadly encompasses bed-
rock erodibility, for which Syvitski and Milliman (2007)
consider that the catchment-averaged lithology factor, L,
is a key variable, alongside any glacial cover in the source
areas, anthropogenic influence and in-catchment sedi-
ment storage. For the assessment of the Middle Jurassic
Brent Delta system, there was no glacial cover in the source
areas, and anthropogenic influence was non-existent. No
studies suggest that significant sediment volumes were
trapped in hinterland catchments. Consequently, we
make the following assumption:

B~ 3)

where L is taken from the values presented for different
rock-type classes in Syvitski and Milliman (2007). For our
study, dominant catchment lithologies are determined
from previous palaeogeographical reconstructions and
provenance studies (Section 2.2). Assigning different
values of L to catchments that have markedly distinct
dominant lithologies is a reasonable assumption within
a BQART framework, because different bedrock lithol-
ogies can influence erodibility and, therefore, the sus-
pended sediment budget (Carroll et al., 2006; Zondervan
et al., 2020). Accordingly, L is varied between 0.5 for crys-
talline basement to 2.0 for clastic sediments, consistent
with the methodology of Syvitski and Milliman (2007),
but we acknowledge that choosing single values for lithol-
ogy factors is challenging (e.g., Wapenhans et al., 2021).
The second method involved a simple geometrical
reconstruction of the eroded section of the Mid-North
Sea High, above the mapped subcrop patterns of Lower
Jurassic and Triassic units below the “Mid-Cimmerian
Unconformity” (Figure 2b; Underhill & Partington, 1993).
The reconstructed volume of eroded material approximates
the shape of a spherical dome (Figure 2c), with the area of
the base of the dome approximately equal to the mapped
area of Lower Jurassic and Triassic subcrop (Underhill &
Partington, 1993), and the height of the dome equal to the
total thickness of exhumed Lower Jurassic and Triassic
units estimated from published studies (Figure 2c; Husmo

et al., 2002; Japsen et al., 2007). Eroded sediment volume
is converted to sediment mass, using a bulk-density of 2.0-
2.4g/cm’, to account for compaction of sediments buried
to 0.3-1.3km depth prior to exhumation (Section 2.2; e.g.,
Sclater & Christie, 1980). The sediment budget is estimated
by dividing the sediment mass with the total duration of
exhumation of the Mid-North Sea High from Aalenian -
Early or Late Callovian (8-10 Myr duration; Underhill &
Partington, 1993, 1994). Sediment eroded from the Mid-
North Sea High was supplied to five depocentres that are
arranged radially around the perimeter of the high, in the
Faroes-Shetland Basin, South Permian Basin, Egersund
Basin, Viking Graben and Horda Platform, and in north-
ern Germany (Figure 2b). We therefore estimate that ap-
proximately one-fifth (10%-30%) of the sediment eroded
from the Mid-North Sea High was supplied northwards
to the Brent Delta sediment routing system in the Viking
Graben and Horda Platform, and the rest was routed into
the other four depocentres.

3.4 | Method for constraining
uplift of the Mid-North Sea high

We exploit the geochemical compositions of previously
published basaltic samples from across the Mid-North
Sea High (MNSH) volcanic region to constrain the ther-
mal structure of the uppermost mantle at the time of
rifting, and calculate isostatic support in two locations
(Figure 2b): (i) the centre of the MNSH (Forties-Piper
province, UK) that directly feeds into the Brent Delta
system, with an estimated *’Ar/*’Ar age of 155+5Ma
(Latin, 1990; Latin & Waters, 1992), and, for compari-
son, (ii) the margin of the MNSH, about 700km south-
east of the Forties-Piper province (Scanian province,
southern Sweden), with an estimated “’Ar/*Ar age of
176.7 +£0.5Ma (Tappe et al., 2016).

We estimate mantle potential temperature (T,) and
lithospheric thickness (L,) at the time of volcanic activity
in the Forties and Scanian provinces using two indepen-
dent methods that exploit the geochemical compositions
of basaltic rocks: a rare-earth element melting model
(INVMEL; McKenzie & O'Nions, 1991), and a whole-
rock thermobarometer (PF2016; Plank & Forsyth, 2016).
INVMEL estimates T, and L, by reducing misfit between
observed rare-earth element concentrations and those
calculated using a peridotitic adiabatic melting model.
PF2016 are empirical equations that estimate the pressure
and temperature of final mantle-melt equilibration. These
equilibration results can be fit using adiabatic melting
models to estimate T}, and the shallowest equilibration re-
sults are assumed to represent the base of the lithosphere.
Detailed set up for the INVMEL and PF2016 methods are
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described in Ball et al. (2021) and McNab et al. (2018),
respectively.

Following Ball et al. (2021), if we assume that the effect
of density on pressure is negligible and that equilibrated
lithospheric thickness (a,) is 120-150 km, at sea-level, up-
lift, U, for the central and marginal locations in the MNSH
region is calculated such that

2
oT, a  a, AT
U= —+=-a,+=h], 4

1—(xT1<2ao 2 T1> @

where thermal expansivity, a, is 3x107°°C, background
asthenospheric temperature, T}, is 1390°C, AT is excess as-
thenospheric temperature of thickness h. a, is thickness of
lithosphere beneath the MNSH provinces when it was being
uplifted. Uplift occurs where the lithosphere is thinned or
the asthenosphere is heated.

3.5 | Error and uncertainty

The methods outlined above to estimate sediment budg-
ets derived from the depositional sink(s) and erosional
source area(s) have multiple sources of error, arising from
measurement accuracy, and uncertainty, arising from
the use of sparse data distributions. Uncertainties of pre-
dicted sediment budgets have been estimated by propa-
gating observational errors using a Monte Carlo approach.
Following Zhang et al. (2018) and Brewer et al. (2020),
random parameter values were extracted from defined
distributions and inserted into the model. For each input
parameter, the range of values and their assumed prob-
ability distributions are constrained by their geological
characteristics synthesised from previous studies or from
data used in this study (Tables 1 and 2). Three types of
probability distributions are assigned to the input param-
eters depending on the quality and quantity of available
data. Where both maximum and minimum values for
the range of input parameters are equally probable (e.g.,
runoff, r), a uniform distribution was chosen; where only
the most probable (mean) constraint is available or calcu-
lated (e.g., catchment area, A; catchment-averaged tem-
perature, T; mapped area of depositional sink), a normal
distribution and standard deviation from the mean was
assumed. Where the most probable (mean or mode) con-
straint is available together with additional constraints
on maximum and minimum values for the range of input
parameters (e.g., relief, R; catchment-averaged litho-
logic factor, L), a triangular distribution was chosen (cf.
Brewer et al., 2020; Nyberg et al., 2021; Zhang et al., 2018).
A large number of simulated realisations was generated
(10,000 trials in this study) to robustly assess associated

uncertainties. In this study, the quoted range of estimates
represents the 10th percentile (P10) and 90th percentile
(P90) probability values, while the base estimate for com-
parison is the median (P50) value.

4 | CONSTRUCTION OF
STRATIGRAPHIC FRAMEWORK

Regional, basin-scale studies of the Middle Jurassic
(Aalenian - Bathonian) succession (Bullimore & Helland-
Hansen, 2009; Filt et al., 1989; Fjellanger et al., 1996;
Graue et al., 1987; Hampson et al., 2004; Helland-Hansen
etal., 1992; Johannessen et al., 1995; Mitcheneretal., 1992;
Sneider et al., 1995) present sequence stratigraphic
frameworks calibrated to biostratigraphic schemes that
tie marginal-marine palynostratigraphic to marine am-
monite zones (Partington et al., 1993; Simon Petroleum
Technology Ltd, 1994; Whitaker et al., 1992). The abso-
lute ages of the ammonite zones are constrained by radio-
metric age data published in recent geological time scales
(Gradstein et al., 2012; Ogg et al., 2016). It is worth noting
that the total duration of the Middle Jurassic (Aalenian
- Bathonian) has decreased from 22 Myr in the original
publication of Mitchener et al. (1992) to 8 Myr using the
revised geological time scale of Ogg et al. (2016). Regional
studies are complemented by high-resolution sequence
stratigraphic studies of individual fields (e.g., Brown &
Richards, 1989; Budding & Inglin, 1981; Flint et al., 1998;
Jennette & Riley, 1996; Livera & Caline, 1990; Loseth &
Ryseth, 2003; Morris et al., 2003; Reynolds, 1995).

These frameworks are broadly consistent with one
another but assign varying degrees of significance to
different types of interpreted key stratigraphic surfaces,
such as maximum flooding surfaces, transgressive sur-
faces, and sequence boundaries (Figures 4 and 5). The
published age-constrained frameworks were synthesised,
and their interpretations are supplemented by additional
sedimentological data (see Supplementary Material for
details). Confidence in this synthesised sequence strati-
graphic framework is provided by: (i) use of a consistent
published biostratigraphic scheme; (ii) consistency of key
stratigraphic surfaces interpreted in different published
frameworks in reference wells, and (iii) consistency of
well correlations along depositional dip and strike sec-
tions. Our stratigraphic framework for the Brent Group
and time-equivalent strata contains four stratigraphic
units, which correspond to the “J sequences” proposed
by Mitchener et al. (1992); each “J sequence” is a genetic
sequence (sensu Galloway, 1989) bounded by biostra-
tigraphically calibrated maximum flooding surfaces of
basinwide extent (Partington et al., 1993). We briefly sum-
marise these units below.
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FIGURE 4 Sequence stratigraphic framework for the Brent Delta sediment routing system synthesised from various published

references (Deegan & Scull, 1977; Mitchener et al., 1992; Partington et al., 1993; Sneider et al., 1995; Johannessen et al., 1995; Fjellanger

et al., 1996; Hampson et al., 2004). The numbered “J sequences” of Mitchener et al. (1992) are used in this study.

4.1 | Genetic sequence J22 (Aalenian:
174.2-170.3 Ma)

The base of genetic sequence J22 is defined in much of
the northern North Sea by an unconformity, which locally
removed the underlying J22 maximum flooding surface,
and an abrupt basinward shift of facies belts. Both of these
features have been attributed to Late Toarcian uplift of the
Mid-North Sea High dome, resulting in a significant fall in
relative sea-level in the area around the dome (Mitchener

et al.,, 1992; Underhill & Partington, 1993). The unit is
characterised by eastward and westward regression of
shallow-marine fan-delta and fluvio-estuarine deposits
of the Broom and Oseberg formations, respectively, along
approximately north—south-oriented palaeoshorelines
(Figures 3a and 4). These characteristics are not consist-
ent with uplift of the Mid-North Sea High dome, but in-
stead imply renewed uplift of the inherited Triassic rift
shoulders, that is the Shetland Platform and Norwegian
Landmass (e.g., Helland-Hansen et al., 1992; Steel, 1993;
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FIGURE 5 Transverse (South - North) regional sequence stratigraphic correlation along the basin (located in Figures 3 and 6), flattened
on the top of the J24 unit. Given the large well spacing, only stratigraphic surfaces bounding genetic sequences J22, J24, J26 and J32

(Figure 4) are shown. Pie charts (bottom right) show the proportion of facies associations in genetic sequences J22, J24, J26 and J32, based
on core and wireline-log data from 84 representative wells (see Supplementary Material for details).

Figure 3a). There is little evidence for intrabasinal fault ac-
tivity during this time interval, and observed abrupt thick-
ness changes have been attributed to passive infilling of
inherited rift topography, for example across the Ninian-
Hutton fault system (Hampson et al., 2004; Mitchener
et al., 1992). Following regression, transgression resulted
in the development of the J24 maximum flooding surface
at the top of genetic sequence J22, expressed by thin ma-
rine mudstones over most of the basin, and a laterally ex-
tensive coal across the Bruce-Beryl embayment (indicated
by the Bruce Field, B, in Figure 3a; Fjellanger et al., 1996;
Mitchener et al., 1992). Lithostratigraphically, genetic se-
quence J22 broadly corresponds to the Broom Formation
in the UK Brent province, the Oseberg Formation in the
Norwegian sector, and the Bruce C-sand and B-C Coals
in the southwestern part of the study area (Bruce-Beryl
embayment). These dominantly coarse-grained deposits
generally interfinger with and pass downdip into offshore
shelf mudstones of the Drake Formation.

The proportions of facies associations in the well da-
tabase for this genetic sequence are 0%, 50% and 50% for
coastal plain, marginal marine, and shallow-marine to
shelf palaeoenvironments, respectively (Figure 5). Genetic

sequence J22 is relatively thin (<60m), with a thickness
of up to 80m in major fault-bounded depocentres in the
Oseberg area, around Norwegian Block 35/11 (Figure 6a).

4.2 | Genetic sequence J24 (early
Bajocian: 170.3-169.2 Ma)

The base of genetic sequence J24 is defined by the J24
maximum flooding surface that caps sequence J22. A bas-
inward shift in facies belts, and the establishment of an
approximately east-west trending palaeoshoreline at the
time, records the main progradation phase of the Brent
Delta system (Figures 3b and 4). This basinward shift is
generally interpreted to have resulted from continued
uplift of the Mid-North Sea High dome and increased
sediment supply from the south that outpaced the slow re-
gional rate of relative sea-level rise, leading to rapid north-
ward progradation (Fjellanger et al., 1996; Mitchener
et al.,, 1992); however, local accumulation of Bajocian
strata above the “dome” (Quirie et al., 2020) indicates that
uplift may not have been so widespread. Genetic sequence
J24 consists mainly of progradational to aggradational
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FIGURE 6 Isopach maps for four stratigraphic units, generated from the well data and constrained by published seismically derived
isopach maps of Middle Jurassic strata (Mitchener et al., 1992; Husmo et al., 2002). The extent of the isopach contours, palaeo-deposition
prior to Late Jurassic erosion (dotted lines), and source areas SP (Shetland Platform), NL (Norwegian Landmass) and MNSH (Mid-North
Sea High) (dashed lines) are constrained by published palaeogeographical reconstructions in Figure 3: (a) genetic sequence J22; (b) genetic
sequence J24; (c) genetic sequence J26; and (d) genetic sequence J32.
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£ s 3§ ;g E E 2 g g 28> and was finally drowned by marine flooding and develop-
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g 5 7 m#% 88 RS A g8s ment of the J32 maximum flooding surface in the latest
) w A A ~ A Bajocian (Fjellanger et al., 1996; Mitchener et al., 1992;
& & 2 Figures 3c and 4). There is evidence for only localised ac-
_§ 2 g» g tive extensional syn-depositional faulting (e.g., Folkestad
g g S S et al., 2014), and differential subsidence across remnant
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3 8 Z = ks Triassic faults does not appear to have influenced the
g = 3 g . .
3 [ = 8 ross palaeogeography (Mitchener et al., 1992). Genetic
@ s g2 = =) g p geography )
g ? g g % ‘% sequence J26 comprises mainly coastal plain deposits in its
S - g fé z £ lower part, with marginal marine deposits dominating its
aQ, =
é g = §‘ é‘a ,é = upper part (Hampson et al., 2004). Lithostratigraphically,
o— =¥ — .
5 genetic sequence J26 broadly corresponds to the upper
2 — part of the Ness Formation over most of the proto-Viking
g 5 ”E E % Graben, and the Bruce B sands and Coaly Facies in the
a g \if e 3/: = Bruce-Beryl embayment area.
~ 5 = Z ‘g’ % The proportions of facies associations in the well da-
A ;‘ E é 2 5 tabase for this sequence are 51%, 40% and 9% for coastal
A & g = % o plain, marginal marine, and shallow-marine to shelf
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palaeoenvironments, respectively (Figure 5). Genetic
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TABLE 2 Summary of input parameter values and associated probability distribution for estimating source-area sediment budget, using
the BQART and geometrical reconstruction models (see details in sections 3.3 and 3.4). o-standard deviation.

Source-area Input parameter

BQART model
Norwegian Landmass ~ Catchment lithology factor
Runoff (mm/year)
Catchment area (km?)
Maximum catchment relief (km)
Catchment-averaged temperature (°C)
Shetland Platform Catchment lithology factor
Runoff (mm/year)
Catchment area (km?)
Maximum catchment relief (km)
Catchment-averaged temperature (°C)
Mid-North Sea High Catchment lithology factor
Runoff (mm/year)
Catchment area (km?)
Maximum catchment relief (km)
Catchment-averaged temperature (°C)
% delivered to Brent Delta system
Geometrical reconstruction model
Mid-North Sea High Catchment area (km?)

Exhumed Lower Jurassic thickness
(km)

Exhumed Triassic thickness (km)

Total exhumed unit (km)

Bulk-density (g/cm?)

Uplift duration (Myr)

% delivered to Brent Delta system

sequence J26 exhibits a similar thickness pattern to the
underlying genetic sequence J24, and rapidly thins be-
yond the northern limit of the Brent Delta shoreline at its
maximum regression (Figures 3c and 6c).

4.4 | Genetic sequence J32 (Bathonian:
168.3-166.1 Ma)

Genetic sequence J32 records the retrogradation and
drowning of the Brent Delta, is bounded by the J32 and
J34 maximum flooding surfaces, and is widely inter-
preted as a response to the onset of active rifting in the
basin (Hampson et al., 2004; Mitchener et al., 1992).
Palaeoshorelines evolved from an east-west to a north-
south orientation, parallel to major fault trends in the
basin (Figures 3d and 4). Evidence to suggest that the J32

Parameter value

Base value (mean or Probability
mode) Range distribution
0.5 0.25-0.75 Triangular
= 250-750 Uniform
8.1x 10" +20% o Normal
1.2 1-3 Triangular
20 +20 Normal

1 0.75-1.5 Triangular
— 250-750 Uniform
2.1x10* +20% © Normal
1.0 0.5-1.5 Triangular
20 +206 Normal

2 1.5-2.5 Triangular
— 250-750 Uniform
4.6x10° +20% & Normal
0.3 0.1-0.6 Triangular
20 +20 Normal
20% 10%-30% Triangular
4.6x10° +20% o Normal
0.4 0.3-0.5 Triangular
0.3 0-1.0 Triangular
0.7 0.3-1.5 Triangular
2.2 2-4 Triangular
— 8-10 Uniform
20% 10%-30% Triangular

unit records the initial phase of active extensional fault-
ing in the basin is present in the form of pronounced sedi-
ment thickening into the hanging-walls of major faults,
significant time gaps across unconformities confined
to footwall crests and rift shoulders, onlap on to rift-
generated topography, and the extrusion of volcanic rocks
on the Mid-North Sea High (Mitchener et al., 1992; Quirie
et al., 2019, 2020). Genetic sequence J32 generally con-
sists of net-transgressive coastal plain, marginal marine,
and shallow-marine to shelf deposits, including fan-delta
deposits locally, that pass upwards into offshore shelf
mudstones (Mitchener et al., 1992; Hampson et al., 2004).
Genetic sequence J32 broadly corresponds to the Tarbert
and lower Heather formations over most of the North
Viking Graben, to the Bruce A and Upper Sands in the
Bruce-Beryl embayment, and to the Sleipner Formation
in the South Viking Graben (Husmo et al., 2002).
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The proportions of facies associations in the well da-
tabase for this genetic sequence are 19%, 19% and 62%
for coastal plain, marginal marine, and shallow-marine
to shelf palaeoenvironments, respectively (Figure 5).
Genetic sequence J32 is relatively thick, reaching thick-
nesses of up to 320m in the hanging-wall depocentres of
major faults (Figure 6d).

5 | APPLICATION OF SEDIMENT
BUDGET ESTIMATION METHODS

51 | Estimation of depositional-sink
sediment budget

We apply the six-step method outlined above (Section 3.2)
to estimate the net-depositional sediment budget of the
Brent Delta sediment routing system. The construction
of a regionally consistent, age-constrained stratigraphic
framework from source to sink (step i; Figures 4 and 5) is
described above, and the lithological characteristics and
proportions of facies associations were analysed in the
dataset of 84 representative wells for each of the four ge-
netic sequences (step ii; Supplementary Material). Isopach
maps illustrate the main depocentres and areal extent of
each genetic sequence (step iii; Figure 6). These isopach
maps and the lithological composition of each genetic se-
quence are used as input data to calculate sediment vol-
umes, which are then converted to sediment masses using
lithology-dependent bulk-density values (step iv; Table 1).
Sediment mass values are divided by genetic sequence du-
ration to calculate the net-depositional sediment budget
in mass per unit time (step v; Table 1).

Errors and uncertainties in the estimated net-
depositional sediment budgets principally derive from
input parameters in the: (i) net-depositional sediment vol-
ume, which integrates the mapped area of the depositional
sink and thickness from isopach maps; and (ii) absolute
ages at the boundaries of the four genetic sequences. The
range of input parameter values and their assigned proba-
bility distributions are summarised in Table 1. The mapped
area is assigned a normal distribution with a mean value
obtained from mapped area of the depositional sink and a
standard deviation of +20% of the mapped area, in order
to account for inherent uncertainties in well data cover-
age and published maps used for reconstructing palaeo-
geographical extent. Grid thickness in the isopach map
is assigned a triangular distribution with a range equal to
the lower and upper boundary of the contour interval and
amode equal to the mid-point of the contour interval (e.g.,
for a 20-40 m isopach-contour interval, the minimum and
maximum values are 20 and 40m, respectively, with a
mode of 30m). Bulk-density is also assigned a triangular

Research

distribution with lithology-specific mode and range of val-
ues obtained from the geophysical bulk-density logs. The
absolute ages of the boundaries of each genetic sequence
are assigned a normal distribution with a mean and stan-
dard deviation obtained from published geological times-
cales tied to the biostratigraphic ages that constrain the
genetic sequence boundaries (Gradstein et al., 2012; Ogg
et al., 2016).

5.2 | Estimation of source-area
sediment budget

The value ranges and distributions of five input param-
eters (B, Q,, A, R, and T) are estimated in applying the
BQART model to assess the budget of sediment sup-
plied by the erosional source-areas in the Norwegian
Landmass, Shetland Platform, and Mid-North Sea High
(Equations 1-3; Table 2, based on published constraints
outlined in Section 2.2 and summarised below). The
catchment lithology factor, represented as B=L, is as-
signed a triangular distribution with a range and mode
consistent with the dominant catchment-averaged li-
thology (Table 2). Using the compilation of Syvitski and
Milliman (2007), modal values assigned to L are 0.5 for
dominant high-grade metamorphic and granitic bed-
rock (Norwegian Landmass; Husmo et al., 2002; Morton
et al., 2004; Underhill, 1998), 1.0 for a mixture of meta-
morphic and sedimentary bedrock lithologies (Shetland
Platform; Husmo et al., 2002; Morton et al., 2004), and
2.0 for dominant sedimentary bedrock (Mid-North Sea
High; Underhill & Partington, 1993, 1994). Water dis-
charge, Q,, represented as runoff, r, is assigned a uni-
form distribution with a range of 250-750 mm/year for
a humid climate, for all three source areas. Catchment
area, A, is assigned a normal distribution with a mean
value obtained from compiled palaeogeographical maps
and a standard deviation of +£20% that represents uncer-
tainties in palaeogeographies which are difficult to quan-
tify formally (Figure 2b; Underhill & Partington, 1993,
1994; Ziegler, 1990). Mean values of A for the Norwegian
Landmass, Shetland Platform and Mid-North Sea High
are 81,000, 21,000 and 460,000 km?, respectively. For all
three source areas, the catchment-averaged temperature,
T, is assigned a normal distribution with a mean value
of 20°C for a humid, subtropical Middle Jurassic climate
(Sellwood & Valdes, 2006, 2008). We assume a standard
deviation of +2°C for this temperature distribution, to
account for local climatic variations and modelling un-
certainties (Table 2), consistent with palaeoclimate mod-
els (Sellwood & Valdes, 2006, 2008).

Uplift and relief of the Mid-North Sea High (MNSH)
region is constrained by results of our INVMEL and
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FIGURE 7 Mesozoic North Sea magmatism. (a) Map of North Sea region; coloured symbols=1loci of igneous provinces with lettered
boxes corresponding to names and ages of provinces listed below. (b—g) Compositional data and estimates of potential temperature,
lithospheric thickness, and temperature and depth of equilibration for (b-d) the Forties-Piper volcanic province and (e-g) the Scandian
volcanic province. (b, e) Circles with vertical bars =average element concentrations (ppm) + 1 sigma for samples with >8.5wt% MgO.
Coloured line =element concentrations for INVMEL model that best fits the data using methodology as described in Ball et al. (2021).
Optimal values of potential temperature (T},) and lithospheric thickness (L,) for models that are within £1.5 times minimum model misfit
and minimum rms misfit are shown top right. (c, f) Root mean square (rms) misfit between observed and INVMEL-calculated element
concentrations as function of T, and L,. Coloured symbol =loci of optimal model; dashed line =limit of all models with rms values +1.5
times minimum rms misfit. (d, g) Coloured symbols=temperature and depth of equilibration for each sample with >8.5wt% MgO using
Plank and Forsyth (2016) thermobarometer. Equilibration results calculated using samples back-calculated to Mg=90 and using Fe(3+)
Sigma Fe=0.15 and H,0 =200 times Ce concentration of sample. Black line =anhydrous solidus; solid grey line =best-fitting melt pathway
to equilibration data; dashed grey lines=minimum and maximum melt pathways that yield misfit values <2 times minimum misfit; dotted
grey lines =adiabatic gradients corresponding to loci of intersection between solidus and melt path (Shorttle et al., 2014). Note that best
fitting potential temperature (T,) in Figure 7G cannot be calculated since all samples equilibrated below the anhydrous solidus. Black

symbol shows equilibration uncertainty.

PF2016 geochemical modelling and isostatic calcula-
tions of uplift (Figure 7). We estimate that volcanic
rocks in the Forties-Piper region (centre of the MNSH)
were generated above mantle with a potential tempera-
ture (T,) of 1275-1400°C and a lithosphere thickness
(L, of 40-60km (Figure 7b-d). In contrast, volcanic
rocks in the Scanian region (margin of the MNSH),
were generated above colder (1260-1370°C) mantle
and thicker (70-100km) lithosphere (Figure 7e-g),
suggesting that the lithosphere thickened towards the
margin of the North Sea rift system. In both regions, it
is useful to compare our results to the average values
of potential temperatures calculated for a global data-
set along the mid-oceanic ridge (MOR) system using the
INVMEL and PF2016 models - the average values are
1316°C and 1371°C, respectively (Ball, 2020). Assuming
that these MOR values represent estimates of ambient
mantle temperatures, our results suggest that at the time

of formation, the North Sea generally had a thin litho-
sphere (60km) underlain by an ambient to moderately
cool mantle. Calculated values of isostatic uplift with
estimated initial lithosphere thickness (a,) of 120km
and 0> AT > —115°C are 0.3-0.65km for the MNSH re-
gion (Figure 7; Equation 4). Alternatively, Brodie and
White (1995) proposed an empirical relationship to esti-
mate uplift from the amount of denudation that results
from both regional uplift and isostatic compensation.
Published estimates of the amount of denudation from
the MNSH region range from 0.3 to 1.5km (Husmo
et al., 2002; Japsen et al., 2007; Table 2; see Section 2.2).
Assuming the density of the asthenosphere is 3.2g/cm?
and the density of the overburden is 2.0-2.4 g/cm?, this
empirical relationship (Brodie & White, 1995) gives an
estimated uplift of 0.1-0.6km for the MNSH, which is
consistent with the amount of uplift derived from our
isostatic estimates (Figure 7).
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In applying the BQART model, maximum catchment
relief, R, is assigned a triangular distribution with the range
of values constrained by published studies for each source
region and our isostatic uplift estimates for the MNSH,
as summarised above (Table 2). The complicated palaeo-
topographic evolution of southern Norway indicates sig-
nificant uncertainties in R for the Norwegian Landmass
and is reflected in the range of 1-3km, with the most-
likely estimate of 1.2km suggested by thermochronologi-
cal modelling studies (Gabrielsen et al., 2010). R is poorly
constrained for the Shetland Platform, but we tentatively
estimate it to be no higher than the Norwegian Landmass
on the conjugate rift margin, with a range of 0.5-1.5km
and mode of 1.0km. We assign a range of 0.1-0.6km and
a most-likely estimate of 0.3km for R of the Mid-North
Sea High, using constraints from our modelled isostatic
uplift estimates (Figure 7), and estimated relief from the
amount of denudation (Table 2; Husmo et al., 2002; Japsen
et al., 2007; Underhill & Partington, 1993).

There are insufficient data on the area and thickness
of eroded units to apply the geometrical reconstruc-
tion method to the Norwegian Landmass and Shetland
Platform source area. In applying this method to the Mid-
North Sea High, catchment area, A, is assigned a normal
distribution with the same input parameters as in the
BQART method (Table 2). The thickness of exhumed
mudstone-dominated Lower Jurassic and sandstone-
dominated Triassic strata are assigned a triangular dis-
tribution with a range of 0.3-1.5km and most-likely
estimate of 0.7 km, based on estimates derived from strati-
graphic constraints (Husmo et al., 2002), and integrated
sonic velocity, vitrinite reflectance and AFT data (Japsen
et al., 2007; Table 2). Bulk-density values of 2.0-2.4g/cm’,
derived from sediment compaction curves (e.g., Sclater &
Christie, 1980), are used to convert sediment volume to
mass. The duration of exhumation is assigned a uniform

Basin ch e WILEY-LY
distribution with a range of 8-10 Myr (Table 2; Underhill
& Partington, 1993, 1994).

In both methods, the percentage of the sediment bud-
get from the Mid-North Sea High discharged northwards
into the Brent Delta system is assigned a triangular distri-
bution with a most-likely value of 20% and range of 10%-
30%, based on palaeographic reconstructions of inferred
drainage outlets that fed adjacent major delta complexes
(Figure 2b; Ziegler, 1990). The remaining 70%-90% of sed-
iment derived from the Mid-North Sea High is interpreted
to have been routed northwestwards into the Faroes-
Shetland Basin, southwards into the South Permian
Basin, eastwards into the Egersund Basin and southeast-
wards into a depocentre in present-day northern Germany
(Figure 2a).

6 | RESULTS

6.1 | Depositional-sink sediment budget

The median (P50) and range (P10-P90) of estimates
of net-depositional sediment volumes for genetic se-
quences J22, 124, 126, and J32 are 660km? (400-930km?),
1800km> (1470-2130km>), 1490km® (1210-1790km?),
and 3570km® (2850-4340km?), respectively (Table 3,
Figure 8a). These values sum to a median cumula-
tive net-depositional sediment volume of 7510km® for
the total duration (8.1 Myr) of deposition of the Brent
Delta, with a P10-P90 range of 5940-9190km? (Table 3;
Figure 8b). Similarly, the median (P50) and range (P10-
P90) of estimates for the net-depositional sediment mass
for genetic sequences J22, J24, J26 and J32 are 1.7x10"*t
(1.0-2.3x10"t), 4.5%10"%t (3.6-5.3x10"t), 3.8x10"t
(3.1-4.5%x10"t), and 9x 10"t (7.1-10.8x10"*t), respec-
tively, giving a cumulative net-depositional sediment

TABLE 3 Depositional sink sediment budget for the present-day extent of the Brent Delta sediment routing system.

Net-depositional

Net-depositional

sediment volume Net-depositional sediment budget (Mt/
(x10°km?) sediment mass (x10%t) year)
Stratigraphic unit
(age) Duration (Myr) P10 P50 P90 P10 P50 P90 P10 P50 P90
Genetic sequence J22 39 0.40 0.66 0.93 0.99 1.65 2.31 0.24 0.43 0.69
(174.2-170.3 Ma)
Genetic sequence J24 1.1 1.47 1.79 213 3.64 4.46 5.31 1.83 3.22 6.79
(170.3-169.2Ma)
Genetic sequence J26 0.9 1.21 1.49 1.79 3.05 3.78 4.51 1.58 3.09 6.72
(169.2-168.3Ma)
Genetic sequence J32 2.2 2.85 3.57 4.34 7.12 8.97 10.8 2.54 4.07 8.04
(168.3-166.1 Ma)
Total (J22-J32) 8.1 5.94 7.51 9.19 14.8 18.9 23 1.96 2.33 2.78
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FIGURE 8 Summary of net-depositional sediment budget for the four genetic sequences of the Brent Delta sediment routing system
deposits (Figure 4). For each plot, genetic sequences are shown from oldest (J22, left) to youngest (J32, right). (a) Net-depositional sediment
volume; (b) cumulative net-depositional sediment volume; (c) net-depositional sediment mass; (d) cumulative net-depositional sediment
mass; and (e) net-depositional sediment budget. In Figure 8a and b, grey bars show the median (P50) value and vertical black lines show the
10th to 90th percentile range (P10-P90). In Figure 8c-e, black lines shows the median (P50) value and grey shading shows the 10th to 90th
percentile range (P10-P90). In Figure 8e, the time-averaged sediment budget for the entire Brent Delta system is shown as a red dashed line.

mass of 18.9x10'*t (14.8-23x10'*t) for the entire Brent
Delta (Table 3; Figure 8c,d). The temporal trends in
net-depositional sediment volume and mass are similar
(Figure 8a-d).

Although there is significant uncertainty in the esti-
mated net-depositional sediment mass budgets, sediment
accumulation rate generally increased through time,
based on the median (P50) estimates (Table 3; Figure 8e).
During J22, the net-depositional sediment budget was

relatively low with a median estimate of 0.43 Mt/year and
a P10-P90 range of 0.24-0.69 Mt/year. From J22 to J24, the
median (P50) estimates of the net-depositional sediment
budget increased by nearly a factor of eight, to 3.2Mt/
year, with a P10-P90 range of 1.8-6.8 Mt/year and, signifi-
cantly, no overlap in the range of uncertainty between J22
and J24 estimates. Estimated net-depositional sediment
budget shows a large overlap in range of uncertainty be-
tween J24 to J26, with a median estimate of 3.1 Mt/year
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and P10-P90 range of 1.6-6.7 Mt/year for genetic sequence
J26. From J26 to J32, comparison of median estimates sug-
gests a 32% increase in net-depositional sediment budget
to 4.1 Mt/year, with a P10-P90 range of 2.5-8.0 Mt/year
during J32, although the large overlap in the range of un-
certainty suggests net-depositional sediment budget may
have remained constant from J24 through J32 (Figure 8e).
For the total duration of Brent Delta deposition, the me-
dian, time-averaged net-depositional sediment budget
was 2.3 Mt/year, with a P10-P90 range of 2.0-2.8 Mt/year
(Table 3; Figure 8e).

Variation in estimates for the net-depositional sedi-
ment budget are principally derived from uncertainties in
the absolute age duration and net-depositional sediment
volume (i.e., mapped area of the depositional sink and
thickness of the genetic sequence), with uncertainty in
the bulk-density parameter used in converting sediment
volume to mass contributing little (<5% for all genetic
sequences) to such variation. However, the relative con-
tribution of each input parameter to the range of uncer-
tainty differs for each genetic sequence (Figure 9a-d). For
genetic sequence J22, uncertainty in the estimated budget
is principally associated with the thickness (56%), possi-
bly due to the generally thin (<60m) and patchy distribu-
tion of this unit (Figure 9a). In contrast, uncertainties in
the estimated budget for the younger genetic sequences
derive predominantly from the age duration (genetic se-
quence J24-82%, genetic sequence J26-62%, and genetic
sequence J32-84%) (Figure 9b—d). Similarly, for the entire
Brent Delta system, uncertainty in the total time-averaged
net-depositional sediment budget is principally associated
with the absolute age duration (51%), but with significant
contributions from the total thickness (23%) and mapped
area of the depositional sink (22%; Figure 9e).

@ 0%

Contribution to variance (b)
50% 100%
1 1 1 1 1 1 1

oy 19
Research EEGE-WILEY

6.2 | Source-area sediment budget

The BQART-derived estimated sediment budget supplied
from the Norwegian Landmass ranged from 5.0Mt/yr
(P10) to 14.1 Mt/year (P90) with a median (P50) estimate
of 8.5Mt/year (Table 4; Figure 10). The Shetland Platform
contributed an estimated sediment budget of 2.3 Mt/year
(P10) to 5.6 Mt/year (P90) (Table 4; Figure 10). The me-
dian sediment budget estimate for the Shetland Platform
(3.7Mt/year) is 56% less than the comparable estimate
for the Norwegian Landmass (8.5Mt/year), largely in-
fluenced by the smaller area of the Shetland Platform
catchment (Shetland Platform catchment area is 74% less
than that of the Norwegian Landmass catchment area),
although this effect is partially offset by differences in
bedrock lithology. The median BQART-derived estimate
of sediment supplied by the Mid-North Sea High to the
Brent Delta sediment routing system is 5.4 Mt/year, with
a range of 2.8 Mt/year (P10) to 9.4 Mt/year (P90) (Table 4;
Figure 10). This median estimate (5.4 Mt/year) is less than
the estimated median contribution from the Norwegian
Landmass (8.6 Mt/year), potentially suggesting that the
Norwegian Landmass may have been a more important
source region during the Middle Jurassic. The total sedi-
ment budget derived from the three source regions is
estimated to be 17.4 Mt/year with a P10-P90 range of 13.9-
23 Mt/year (Table 4).

The estimated sediment supplied by the Mid-North Sea
High to the Brent Delta sediment routing system using the
geometrical reconstruction method ranges from 4.8 Mt/
year (P10) to 14.9 Mt/year (P90) with a median estimate
of 8.7Mt/year (Table 4; Figure 10). Sediment budget es-
timates derived from this method are consistent with,
but generally higher than, the estimates derived from the

Contribution to variance

0% 50% 100%
TR T T TR TR TR N T |

J22 mass
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J22 duration

(c) 0%

Contribution to variance
50% 100%
1 1 1 1 1 1 1
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( d) Contribution to variance
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1 1 1 1 1 1 1 1 1 ]

1
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FIGURE 9 Plots showing the
sensitivity to input-parameter values
of net-depositional sediment budget L

J32 duration

J32 mass

( e) Contribution to uncertainty
50% 100%
1 1 1 1 1 1 ]

estimates for the four genetic sequences of
the Brent Delta sediment routing system
deposits (Figure 4): (a) genetic sequence
J22; (b) genetic sequence J24; (¢) genetic
sequence J26; (d) genetic sequence J32;
and (e) entire Brent Delta system.
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TABLE 4 Source-area sediment budget for the Brent Delta sediment routing system. The BQART model is applied to all three source
regions, while a simple geometrical restoration model is also applied to the Mid-North Sea High. The total sediment budget from the three
source regions is the sum of the BQART-derived estimates. Percentage contribution of sediment budget from each source area is based on

the median (P50) values of the BQART-derived estimates.

Source-area sediment budget (Mt/year)

Contribution to total sediment

Source area P10
Norwegian Landmass (BQART model) 5.0
Shetland Platform (BQART model) 2.3
Mid-North Sea High (BQART model) 2.8
Mid-North Sea High (geometrical 4.8
reconstruction model)
Total sediment budget (BQART) 13.9
Sediment budget (Mt/yr)
0 5 10 15
l l l
MNSH —a8—-
NL o e
SP| H3H

FIGURE 10 Plotshowing comparison of sediment budgets
estimated for the three sediment source regions of the Brent

Delta sediment routing system, the Mid-North Sea High (MNSH),
Norwegian Landmass (NL), and Shetland Platform (SP) (Figures 2,
3). Estimates are generated using the BQART model for MNSH,
NL and SP, and using a simple geometrical reconstruction model
for the MNSH. Grey squares show the median (P50) value and
horizontal black lines show the 10th to 90th percentile range
(P10-P90).

P50 P90 budget
8.5 14.1 49%
3.7 5.6 21%
5.4 9.4 30%
8.7 14.9 =

17.4 23.0 100%

BQART model. Higher estimates from the geometrical re-
construction method may be explained by pre-uplift thick-
ness variation in the eroded Lower Jurassic and Triassic
units (a spherical dome geometry assumes constant thick-
ness), smaller thickness of eroded sediments, and/or lon-
ger duration of exhumation (Figure 10; Table 4).
Uncertainty in the BQART-derived sediment budget
estimates for all three source regions is principally asso-
ciated with relief, R (42%, 40% and 51% in the Norwegian
Landmass, Shetland Platform and Mid-North Sea High,
respectively; Figure 11a—c). Other catchment-controlled
parameters (A, L) also contribute significantly to uncer-
tainty in the sediment budget estimates; 17%, 25% and 14%
for A, and 28%, 19% and 5% for L in the sediment budget
estimates for the Norwegian Landmass, Shetland Platform
and Mid-North Sea High, respectively (Figure 11a-c). In
contrast, palaeoclimate-controlled parameters (T, r) con-
tribute less, <17% in total, to uncertainty in sediment

( a) Contribution to uncertainty (b) Contribution to uncertainty
0% 1 1 1 1 5?% 1 1 1 1 10I0% 0% 1 1 1 1 5?% 1 1 1 1 1OIOD/0
Maximum relief :l Maximum relief :l
Lithology Catchment area
Catchment area :l Lithology :|
Temperature ] Temperature j
Runoff Runoff .
] o FIGURE 11 Plots showing the
o ) o ) sensitivity to input-parameter values of
( C) Contribution to uncertainty ( d) Contribution to uncertainty . )
0% s 100% % L 50% o 100% sediment budget estimates from the three
Maximum relief Exhumed Triassic thickness sediment source reglons Of the Brent Delta
sediment routing system: (a) Norwegian
% load to Brent Delta % load to Brent Delta ) g Y ( ) g
Landmass using the BQART model; (b)
Catchi t Catchi t .
stotment res [l stcrmortres [N Shetland Platform using the BQART
Lithology ] Uplift duration ] model; (¢c) Mid-North Sea High using the
Runoff ] Exhumed L. Jurassic thickness BQART model; (d) Mid-North Sea ngh
Tomperatrs [] Density using the geometrical reconstruction
method.
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budget estimates for each of the three source regions
(Figure 11a-c). Uncertainty in the sediment budget esti-
mate derived from the geometrical reconstruction method
is principally associated with the thickness of exhumed
Lower Jurassic and Triassic strata (44%), with a signif-
icant contribution from the catchment area, A (26%)
(Figure 11d). The duration of exhumation and sediment
bulk-density each contribute little (<5%) to uncertainty
in the sediment budget (Figure 11d). The results of both
methods applied to the Mid-North Sea High are sensitive
to the proportion of the total sediment budget that was fed
northwards to the Brent Delta system, which contributes
significantly (21%-27%) to uncertainty in the sediment
budget estimates (Figure 11c,d).

6.3 | Relative contribution of different
source regions

The relative contribution of different sediment source
regions can be estimated independently in the dep-
ositional sink wusing sandstone provenance data.
Morton (1992) documents detrital garnet compositional
suites from Brent Group sandstones that can be related
to the Shetland Platform, Norwegian Landmass and
Mid-North Sea High source regions (respectively the “A-
dominated”, “B-dominated” and “Cde-dominated” suites
of Morton, 1992). Although detrital garnet compositional
data were collected from only 15 wells, the sampled wells
are distributed across the Brent Province. The relative
proportions of the detrital garnet compositional suites
for each of the four genetic sequences of the Brent Delta
sediment routing system (J22, J24, J26, and J32) is used
to infer the predominant sediment source region during
each time interval (Figure 12).

Detrital garnet compositional data indicate that the
Broom and Oseberg formations (genetic sequence J22;
Figures 3a and 4) were supplied predominantly from the
Shetland Platform and Norwegian Landmass source re-
gions, respectively (Figure 12a). The Rannoch, Etive and
lower Ness formations (genetic sequence J24; Figures 3b
and 4) were supplied predominantly from the Norwegian
Landmass (62%), with smaller contributions from the
Mid-North Sea High (28%) and Shetland Platform (10%)
(Figure 12b). The middle and upper Ness formations
(genetic sequence J26; Figures 3c and 4) were supplied
mainly from the Mid-North Sea High (40%), with signif-
icant contributions from the Norwegian Landmass (38%)
and Shetland Platform (22%) (Figure 12c), whereas the
Tarbert Formation (sequece J32; Figures 3d and 4) was
supplied mainly from the Norwegian Landmass (48%) and
Shetland Platform (30%) (Figure 12d). For the overall dura-
tion of Brent Delta deposition (8.1 Myr), the detrital garnet

Research

compositional data weighted by the net-depositional sed-
iment budget for each of the four stratigraphic units,
suggest that the median (P50) relative contribution to
sediment supply from the Norwegian Landmass, Shetland
Platform and Mid-North Sea High were approximately
46%, 28% and 26%, respectively, based on the median esti-
mates (Figure 13).

The sediment budgets of the three different sediment
source regions are estimated by the BQART model over
the duration of the Brent Delta sediment routing system
(Figure 10). The median relative contributions of the
Norwegian Landmass, Shetland Platform and Mid-North
Sea High, based on BQART-derived sediment budget es-
timates, were 49%, 21% and 30%, respectively (Figure 13;
Table 4). These relative contributions are consistent with
those derived independently from detrital garnet compo-
sitional data (Morton, 1992), within the large ranges of
uncertainty associated with both methods (Figure 13),
although the magnitude of estimated sediment budgets
for the source area and mapped depositional sink differ
significantly. The broad consistency in results for the two
methods provides confidence in the relative contributions
of different sediment source regions.

7 | DISCUSSION

7.1 | Potential drivers of sediment
budget variation

Regional-scale, long-term variations in sediment supply
are typically driven by perturbations in climatic (e.g., tem-
perature, precipitation, water discharge) and/or tectonic
(e.g., catchment reorganisation, uplift rate, fault move-
ment) boundary conditions (Allen et al., 2013; Helland-
Hansen et al., 2016; Hinderer, 2012; Lyster et al., 2020;
Romans et al., 2016). Such variations in sediment budget
for the Brent Delta sediment routing system are discussed
below within the tectono-climatic context of the Northern
North Sea area.

Regional palaeoclimate proxies (summarised in
Section 2.3) indicate that there was no major shift in cli-
mate during the Middle Jurassic of the Northern North Sea
(Prokoph et al., 2008; Sellwood & Valdes, 2006). As previ-
ously outlined, the long-term relative contribution to sed-
iment supply from the three source regions derived from
depositional sink-focused detrital garnet data are broadly
consistent with those independently derived from source
area-focused BQART model (Figure 13). This consistency
suggests that sediment supply signals may have propagated
from the erosional source regions to the depositional sink,
with little apparent buffering in the transfer zones (Romans
et al.,, 2016). Assuming this to be the case, the relative
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contribution from source regions to each of the four strati-
graphic units (Figure 12), provides insights to the possible
external drivers of spatial and temporal variations in sedi-
ment budget. Figure 14 summarises variations in sediment
budget for the Brent Delta system, linked to stratigraphic
architecture, relative contribution from source regions, cli-
mate, eustatic sea-level change, and possible tectonic driv-
ers in the source regions and depositional sink.

During the Aalenian (genetic sequence J22), a rel-
atively low sediment influx was delivered to the Brent
Delta sediment routing system (median estimate
of 0.43Mt/year), predominantly from the Shetland
Platform and Norwegian Landmass (Figures 9e, 12a
and 14), which were respectively the western and
eastern degraded margins of an antecedent Permian
- Early Triassic rift system (Deng et al., 2017; Phillips
et al.,, 2019; Zanella & Coward, 2003) that supplied
minor progradational wedges of coarse-grained fluvial-
tidal sediments of the Broom and Oseberg formations
(Figures 3a, 5 and 14; Husmo et al., 2002). The influx of
coarse-grained sediment implies renewed uplift of the
inherited Triassic rift shoulders, (e.g., Helland-Hansen
et al., 1992; Steel, 1993). The base of genetic sequence
J22 is marked by a regionally extensive intra-Aalenian
unconformity  (“Mid-Cimmerian  Unconformity”)
that truncates Lower Jurassic marine shales and older
Triassic sedimentary rocks and records the initiation
of uplift and volcanism in the Mid-North Sea High
region (Husmo et al., 2002; Steel, 1993; Underhill &
Partington, 1993, 1994; Ziegler, 1990).

Subsequently, there was a pronounced increase in the
net-depositional sediment budget (by a factor of eight,
based on median estimates) from Aalenian (genetic se-
quence J22) to Early Bajocian (genetic sequence J24),
which coincides with the main northward prograda-
tion of the wave-dominated Brent Delta (Figures 3b, 5,
9e and 14). When catchments are perturbed by external
tectonic or climatic forcing, there may be a delayed re-
sponse before environmental signals propagate from
net-erosional source regions to net-depositional sinks
(Duller et al., 2019; Gong et al., 2018; Li et al., 2018;
Sharman et al., 2019; Somme & Jackson, 2013; Whittaker
et al., 2010) - this delayed response may represent mil-
lions of years (e.g., Whittaker et al., 2010). The time lag
between initiation of the intra-Aalenian unconformity,
which represents the tectonic perturbation during the
Aalenian (genetic sequence J22; c. 174 Ma; Underhill &
Partington, 1993, 1994), and the subsequent increase in

Research ’g e _Wl LEYJﬁ
sediment influx in the Early Bajocian (genetic sequence
J24; c. 170-169 Ma) is interpreted to reflect a response
time of 4 Myr for the Brent Delta sediment routing sys-
tem. Increased sediment supply in the Early Bajocian
was primarily driven by increased relative contributions
from the Norwegian Landmass and Mid-North Sea High
(Figures 11b and 13). Greater sediment flux from these
two source regions in the Early Bajocian is consistent
with significant increases in the catchment relief of the
Mid-North Sea High (Quirie et al., 2020; Underhill &
Partington, 1993, 1994) and of the Norwegian Landmass
(Gabrielsen et al., 2010; Ksienzyk et al., 2014; Medvedev
& Hartz, 2015), assuming the area of the catchments
feeding the system did not change significantly. The
relief of the Shetland Platform, although poorly con-
strained in published literature, is not inferred to have
increased significantly relative to other source regions in
the Early Bajocian.

Estimated net-depositional sediment budgets re-
mained high throughout the Bajocian and Bathonian,
from genetic sequence J24 to genetic sequences J26 and
J32 (Figures 7e and 14). However, the dominant sedi-
ment source region switched from the Mid-North Sea
High during the Late Bajocian (genetic sequence J26) to
the Norwegian Landmass and Shetland Platform during
the Bathonian (genetic sequence J32; Figure 12¢,d). We
infer that the greatest relative contribution from the
Mid-North Sea High during the Late Bajocian (genetic
sequence J26; c. 169-168 Ma) represents a delayed re-
sponse of approximately 2 Myr to the greatest denuda-
tion of this source region during or after Late Aalenian
peak uplift (c. 171-170Ma; Quirie et al., 2020). The
change in dominant source region in the Bathonian is
consistent with uplift and denudation of the eastern and
western margins (Norwegian Landmass and Shetland
Platform, respectively) of a rift system initiated just
before or during the Bathonian (Davies et al., 2000;
Folkestad et al.,, 2014; Helland-Hansen et al., 1992;
Figure 14). In this context, and given the consistently
high sediment supply, the shift in stratigraphic architec-
ture from progradation to aggradation in the Bajocian
(genetic sequences J24 and J26) to retrogradation in the
Bathonian (genetic sequence J32; Figures 3b-d, 5 and
14; Hampson et al., 2004; Husmo et al., 2002) is con-
sistent with increased accommodation generation in
the basin due to active rifting, potentially enhanced by
eustatic sea level rise (Folkestad et al., 2014; Haq, 2018;
Figure 14).

FIGURE 12 Relative contribution of source areas to genetic sequences of the Brent Delta sediment routing system (Figure 4), estimated
from the relative proportion of detrital garnet compositional suites of Morton (1992): (a) genetic sequence J22; (b) genetic sequence J24;
(c) genetic sequence J26; and (d) genetic sequence J32. Source areas are MNSH (Mid-North Sea High), NL (Norwegian Landmass) and SP

(Shetland Platform).
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FIGURE 14 Summary of Aalenian (genetic sequence J22) to Bathonian (genetic sequence J32) sediment budgets for the Brent Delta

sediment routing system, linked to stratigraphic architecture, relative contribution from source regions, climate, eustatic sea-level change,

and possible tectonic drivers in source regions and depositional sink (see text for explanation).

7.2 | Discrepancy between
source-area and depositional-sink
sediment budget

Recent studies have shown that applying the BQART
model to source regions can provide reasonable predic-
tions of sediment flux that are consistent, within one order

of magnitude, when compared to estimated sediment
budget in the downsystem stratigraphic record in sub-
modern (Watkins et al., 2018) and ancient depositional
sinks (Brewer et al., 2020; Gilmullina et al., 2022; Lyster
et al., 2020; Zhang et al., 2018). However, our analysis
of the Brent Delta system suggests that the mapped net-
depositional sediment budget (2.0-2.8 Mt/year, median
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FIGURE 15 Comparison of the Sediment budget (Mt/yr)
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order of magnitude less than the total
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estimate: 2.3 Mt/year) is about an order of magnitude less
than the total BQART-predicted sediment budget from
the three source regions (13.9-23.0 Mt/year, median esti-
mate: 17.4 Mt/year; Figure 15).

We evaluated the possible sources of error and uncer-
tainty in our input data to generate a probabilistic range
of sediment budget estimates, and assessed the sensi-
tivity of each parameter using Monte Carlo simulation
(Figures 8 and 11). The greatest contribution to uncertain-
ties in the BQART-predicted source-area sediment budget
estimates (Figure 10) are from the maximum relief (R),
catchment area (A), and catchment-averaged lithology
(L) (Figure 11), reflecting the inherent challenges associ-
ated with reconstructing palaeocatchment characteristics
of ancient sediment routing systems (Brewer et al., 2020;
Nyberg et al., 2021). Nyberg et al. (2021) further noted that
L is a qualitative estimate with quantitative thresholds
that may not be proportional to the observed variability in
lithologies within a catchment and suggests applying an
uncertainty range of at least a factor of two. More uncer-
tainties in palaeocatchment characteristics reside in the:
(i) proportion of predicted sediment budget from the Mid-
North Sea High funnelled through the Brent Delta system
(10%-30%, Figures 2b and 11), and (ii) position of drain-
age divides which constrain catchment areas (e.g., in the
Shetland Platform and Norwegian Landmass; Figure 2b),
for which we assigned a plausible range of uncertainty to
be 20% around the estimated (median) catchment area. It
is unlikely that a smaller area for any of the source regions
fed the Brent Delta system, based on published palaeogeo-
graphical reconstructions (Figure 2b; Torsvik et al., 2002;
Underhill & Partington, 1993; Ziegler, 1990).

The BQART-predicted sediment budget is less sensitive
to uncertainties in runoff (r) and catchment-averaged tem-
perature (T), especially in warm and humid climates, as
is the case in the study area (Figure 10; Lyster et al., 2020;
Nyberg et al., 2021). Although the model accounts for

10 15 20 25 30 35

the proportion of sediment stored within catchments
and/or transfer-zone sinks (T in Equation 3; Syvitski &
Milliman, 2007), this proportion is often challenging to
quantify in ancient sediment routing systems and is not ac-
counted for in our BQART analysis, since it is only likely to
be significant in large (catchment area >10°km? transfer
zone length >300km) sediment routing systems (e.g., Lyster
et al., 2020; Zhang et al., 2018). Additionally, the BQART
model neither accounts for bedload sediment transport (it
only predicts suspended sediment load), nor low-frequency,
high-magnitude discharge events (e.g., earthquake- and
storm-triggered landslides), both of which may be volu-
metrically significant over geological timescales (Helland-
Hansen et al., 2016; Pratt-Sitaula et al., 2007; Turowski
et al., 2010; Watkins et al., 2020). A further question is how
the short-term (101year) measurements of sediment flux
on which the BQART model was developed translate to
long-term (>10°years) fluxes estimated within an ancient
system (Paola et al., 2018; Sadler, 1999). In practice, not ac-
counting for certain uncertainties (e.g., sediment storage)
may lead to overprediction of sediment budget, which may
be offset by our inability to constrain some other uncertain-
ties (e.g., bedload contribution to sediment flux).

For the mapped depositional sink, the major uncer-
tainty in net-depositional sediment budget is the abso-
lute ages of the surfaces bounding genetic sequences J22,
J24, J26 and J32 (Gradstein et al., 2012; Ogg et al., 2016),
which determines the duration of each genetic sequence -
a shorter duration would increase the estimated sediment
budget (Figure 8). Further uncertainties lie in the mass of
sediments eroded after Middle Jurassic deposition. By ex-
trapolating isopach contour trends beyond the mapped ex-
tent of preserved Brent Delta deposits to the inferred extent
of deposition at the basin margins prior to Late Jurassic
erosion (Figures 3 and 6; Husmo et al., 2002), a potential
additional sediment mass of up to 40% can be added to the
net-depositional sediment budget shown in Figure 8b,d.
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Additionally, preserved sediment thickness, especially for
genetic sequence J32, may also have been underestimated
locally as later uplift during the Late Jurassic and Early
Cretaceous resulted in fault block rotation and erosion
at the Base Cretaceous Unconformity (e.g., in the Snorre
footwall area; Davies et al., 2000), but this uncertainty is
non-systematic and does not account for a significant pro-
portion (<10%) of the sediment budget.

Despite these uncertainties, the order-of-magnitude
discrepancy between estimated sediment budgets for
the erosional source areas and net-depositional sink
(Figure 15) implies that most (>75%) of the sediment bud-
get supplied to the Brent Delta sediment routing system
is “missing” from the mapped depositional sink. We attri-
bute this discrepancy in sediment budgets to net-export of
sediment beyond the limit of the mapped depositional sink
by wave-generated longshore currents and/or sediment
gravity flows down-dip to the basin floor, as discussed
below. The “missing” sediments are interpreted to have
been transported westward into the Faroe-Shetland Basin
(Figure 2a) by longshore currents or northward into the
western More Basin (Figure 2a) by sediment gravity flows,
as explored further below (Figure 16). The imbalance of

wave-generated
longshore currents

gravityflows [ "> N\ -y
to basin floor|) & AL y
Brent Delta
”
\ﬂ '
~ 4 "

- — 1
e e e

600 km

FIGURE 16 Unrestored Middle Jurassic palaecogeographical
reconstruction of the North Sea (Figure 2a) illustrating interpreted
dispersal of excess sediment supplied by the Brent Delta sediment
routing system. This sediment was dispersed via along-shore
transport by wave-generated currents and down-dip transport

to the basin floor by gravity flows. Potential sinks for the excess
sediment include the Faroes-Shetland Basin (FSB) and Mere Basin
(MB).

sediment budget between erosional source and deposi-
tional sink, even in well-studied systems like the Brent
Delta, has significant implications for the application of
mass-balance frameworks in ancient sediment routing
systems and directly suggests that the documented strati-
graphic extent of such systems, even when well-studied, is
incomplete (c.f. Allen, 2017; Michael et al., 2014).

Abundant wave ripples and hummocky cross-
stratification in the thick (100m) prograding shoreface
successions of the Brent Delta (Rannoch Formation, ge-
netic sequence J24) indicate a storm wave-dominated
shelf with abundant sand supply (Figure 5; Hampson
et al., 2004; Husmo et al., 2002; Supplementary Material),
which is consistent with strong along-shore wave-
generated currents, and possibly other ocean currents,
redistributing sediments in the marine depositional sink.
The relative abundance of shoreface-shelf sandstones
sourced from the Norwegian Landmass relative to the
Shetland Platform (Rannoch and Etive formations in
Figure 12b; Morton, 1992) implies that longshore currents
were directed southwestward into the Faroe-Shetland
Basin (Figure 16). This interpretation is supported by the
occurrence of shallow-marine sandstones derived from
the northeast and northwest along the northeastern mar-
gin of the More Basin (Morton et al., 2009). Analogues
of storm wave-generated currents and wave-enhanced
gravity flows redistributing large sediment masses (typi-
cally of mud) for long distances abound in modern sys-
tems (Addington et al., 2007; Eyal et al., 2021; Friedrichs
& Wright, 2004; Kuehl et al., 2004; Macquaker et al., 2010;
Manighetti & Carter, 1999; Traykovski et al., 2007), and
have also been documented in ancient systems (Ghadeer &
Macquaker, 2011; Plint, 2014). Hyperpycnal flows during
river flooding events, which can transport substantial
mass of sediments to marine depositional sinks (Mulder
et al., 2003), also likely played a role in redistributing sed-
iments in the Brent Delta system (Slater et al., 2017). We
speculate that these and other sediment gravity flows may
have potentially transported sediment into the western
More Basin, where Jurassic strata occur in deeply bur-
ied (at least 6-10km), rotated fault blocks at the present
day (e.g., Brekke et al., 1999; Nirrengarten et al., 2014).
These Jurassic strata are not penetrated by wells, but are
inferred to comprise deep-marine mudstones (e.g., Brekke
et al., 1999). Along well-documented ancient and mod-
ern shelf margins, respectively 50%-80% and up to 90%
of river-derived sediment is bypassed to the basin floor
(Walsh & Nittrouer, 2003; Petter et al., 2013), implying
that such sediment bypass can potentially account for the
additional sediment supplied by the Brent Delta sediment
routing system.

The observations and discussions presented above
illustrate the complex dynamic interactions along a

85U8017 SUOLILLOD BA 181D 3ealidde ay) Ag peusenob ae Sajoie YO ‘88N JO Sa|nJ Joj Ak 8UlUQ A8]IM UO (SUOTHPUOD-pUe-SWBI W0 A8 | IMAleIq Ul |UO//SdNY) SUORIPUOD PUe SWB | 81 88S *[£202/70/92] Uo Ariqi]auliuo A8|1M ‘uopuoebe|oD eredw Aq 9/2T8.10/TTTT OT/I0p/Woo" A3 (1M Aelq 1 Buluo//sdny wo.j pepeojumod ‘0 ‘L TTZSIET



OKWARA ET AL.

sediment routing system, the modulation of catchment-
derived fluvial sediment discharge by marine transport
processes in the shoreline-shelf geomorphic segment of
the depositional sink, and how these processes can affect
sediment budget calculations and mass-balance analyses.

7.3 | Implications for future
application of sediment mass-
balance analysis

Ancient sediment routing systems with multiple sources
and sinks, such as the one studied here, are difficult to
fully characterise as erosional source regions are rarely
preserved, making it challenging to resolve the extent
of individual source regions and their relative contribu-
tion to the total sediment budget. Techniques to con-
strain the age, lithology and distribution of catchment
bedrock (e.g., detrital mineral geochronology, bulk-
geochemistry; Dickinson & Gehrels, 2010; Sharman
et al.,, 2017; Whitchurch et al., 2011), palaeorelief (e.g.,
stable isotope palaeoaltimetry, palaeobiology; Fernandes
& Roberts, 2021; Rowley, 2007; Sun et al., 2015), and
denudation rates (e.g., fission-track thermochronology,
cosmogenic isotope analyses; Lupker et al., 2017; Tinker
et al., 2008) from the geological record, as well as inverse
models to unmix sediment composition into end-member
“parent” source regions (Blowick et al., 2019; Lipp
et al., 2020, 2021; Sharman & Johnstone, 2017; Weltje &
Brommer, 2011) are required to address this challenge.

Similarly, it is often challenging to identify sediment
transport pathways (e.g., multiple feeder trunk channels)
and fully map the mass of sediments deposited in the as-
sociated sinks over the time interval of interest, due to
incomplete preservation of the stratigraphic record, lim-
ited accuracy in age dating of key isochronous surfaces,
and sparse spatial and temporal resolution of geologi-
cal data (Helland-Hansen et al., 2016; Hinderer, 2012;
Sadler, 1981). Where possible, more than one method of
quantifying sediment budget should be employed to mit-
igate the effects of errors and uncertainty specific to one
method by cross-validating them, and assess confidence in
the results (Brewer et al., 2020).

Most applications of mass-balance frameworks for
reconstructing palaeocatchment characteristics and ex-
ternal forcing implicitly assume that the sediment rout-
ing system is closed, with the sediment mass supplied by
erosional source area(s) being equal to sediment mass in
the depositional sink(s) over the time interval of interest
(Carvajal & Steel, 2012; Rohais & Rouby, 2020; Semme
& Jackson, 2013; Semme et al., 2013). However, the ex-
tent to which sediment mass-balance is feasible, even in
data-rich and structurally-confined depositional sinks, is

Research B WILEY- L
often not well evaluated, as net-export or net-import of
sediment (e.g., by marine transport processes as outlined
above) and intrabasinal sediment sourcing are usually not
accounted for in these supposedly closed systems. This
raises concerns as to how practicable it is to balance ero-
sional and depositional sediment budgets, particularly in
leaky or open sediment routing systems, which are signifi-
cantly more common in the geological record (Gilmullina
et al., 2022; Weltje & Brommer, 2011).

Our results demonstrate that a mass-balance frame-
work is useful to evaluate sediment routing and disper-
sal via mass-balance discrepancies between sediment
sources and sinks. Integration of grain-size data could
further our understanding of sediment mass-balance
(Duller et al., 2010; Reynolds, 2019). By documenting the
upsystem calibre of input grains supplied and the down-
system distribution of grain-size fractions, changes in the
proportion and rate of downsystem fining of grain-size
fractions could be linked to changes in tectonic and/or
climatic forcing (Allen et al., 2017; Armitage et al., 2011;
Armitage et al., 2015; Michael et al., 2013, 2014; Parsons
et al., 2012; Whittaker et al., 2010, 2011), and to lateral
sediment export or import (Hampson et al., 2014; Harries
et al., 2019). Integration of multiple sedimentary signals,
for example through coupling changes in sediment supply
and grain-size distribution with changes in sediment com-
position and provenance, could also provide additional
constraints on how sediment routing systems respond to
changing forcing in the erosional source regions (Hessler
et al., 2017; Sharman et al., 2019), but the effect of grain
size-selective transport on compositional variation should
be accounted for (Garzanti et al., 2009).

8 | CONCLUSIONS

We have compiled a comprehensive sediment mass-
balance budget for the Middle Jurassic (Aalenian -
Bathonian) Brent Delta sediment routing system in the
Northern North Sea, from the sedimentary basin (depo-
sitional sink) to the upstream catchment areas (source
regions), using an integrated dataset of published age-
constrained stratigraphic schemes, palaeogeographical
models and palaeocatchment constraints, provenance
data, regional isopach maps, subsurface cores, and well
logs. Our approach incorporates a Monte Carlo simulation
of the probabilistic range of sediment budget estimates,
which accounts for uncertainties in the geologically con-
strained input parameters, and tests the sensitivity of sedi-
ment budget estimates to these input parameters.

The Brent Delta is an ancient wave-dominated sedi-
ment routing system consisting of four age-constrained
genetic sequences of varying time duration (0.9-3.9 Myr)
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that record the initial transverse progradation of basin-
margin deltas sourced from the Shetland Platform to the
west and Norwegian Landmass to the east (genetic se-
quence J22), subsequent rapid progradation and aggra-
dation of the delta along the basin axis sourced from the
Mid-North Sea High to the south, as well as the western
and eastern source regions (genetic sequences J24 and J26),
and the final retreat of the delta (sequence 32). Temporal
variations in sediment budgets of these genetic sequences
within the depositional sink are linked to tectonic pertur-
bations in the three source regions; for example, the pro-
nounced increase in the net-depositional sediment budget
from genetic sequence J22 to genetic sequence J24 coin-
cides with rapid progradation of the delta along the basin
axis caused by tectonic uplift and increased relief in the
Mid-North Sea High and Norwegian Landmass source re-
gions, with a sedimentary response time lag of >10°years.
The estimated total sediment budget into the Brent
Delta sediment routing system from the three source
regions was 13.9-23.0Mt/year, based on the empirical
BQART sediment budget prediction model and a simple
geometrical reconstruction model. Despite the uncertain-
ties in our estimates, the total sediment budget from all
source regions is about an order of magnitude greater than
the mapped net-depositional sediment budget in the dep-
ositional sink (2.0-2.8 Mt/year). We attribute this marked
discrepancy to net-export and redistribution of sediments
beyond the limit of the primary depositional sink of the
Viking Graben - Horda Platform depocentre of the north-
ern North Sea, probably by wave-generated longshore
currents directed southwestward into the Faroe-Shetland
Basin and/or by sediment gravity flows into the western
More Basin. Notwithstanding this order-of-magnitude
discrepancy, the relative contributions from each source
region estimated from the BQART model are broadly
consistent with those independently estimated from pub-
lished garnet provenance data in the depositional sink.
Our study demonstrates the application of sediment
mass-balance methods to ancient sediment routing sys-
tems delimited by relatively sparse, low-resolution sub-
surface geological data, in contrast to higher resolution
geological data available for modern sediment routing
systems. It however emphasises the need to robustly eval-
uate the extent to which source region and depositional
sink sediment budgets are balanced and whether this is in
fact feasible, before extrapolations about palaeocatchment
geometries can be made from sediment volumes in the
depositional sink. This study further highlights how quan-
titative mass-balance methods help refine interpretation
and/or understanding of external forcing mechanisms
on observed stratigraphic architecture and quantifies the
potential effects of marine basinal process on sediment
budgets, thereby improving predictability in the volume

and characteristics of sediments into the depositional
sink(s) for resource exploration. Specifically, the study im-
plies that the Faroe-Shetland Basin and/or western More
Basin contain large Middle Jurassic sediment volumes,
potentially including reservoir sandstones, supplied by
the Brent Delta sediment routing system. Our work also
highlights that the currently documented extent of well-
studied sediment routing systems such as the Brent Delta
system may not be complete.
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