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ABSTRACT

The nature of rifting episodes and their associated volcanism mark key stratigraphic events in the evolution of volcano-
sedimentary basins. Following the final assemblage of Pangea, the European region was subject to rifting and magmatism
during crustal re-equilibration throughout the Permian. The aborted, partially eroded Oslo Rift is an excellent archive of this
Permian magmatism, but the late-stage volcanological evolution is poorly understood. We present the first detailed documen-
tation of a succession covering this period, with mafic lavas and volcaniclastic (tuff breccia) deposits, trachy-andesitic tuffs,
and rheomorphic to moderately welded ignimbrites. Contrary to previous ideas, we show evidence suggesting the develop-
ment of Strombolian-type scoria-cones, silicic fissure-fed eruptions, and major periods of rift-wide volcanic quiescence. Our
observations highlight episodic silicic volcanism characterised by rapid evolution from high-grade ignimbrites to moderately
and poorly welded ignimbrites. We infer rapid emptying of large, shallow silicic reservoirs and frequent source switching is

responsible for the observed characteristics.

KeywoRrbs: Ignimbrite; Permian; Volcanic stratigraphy; Rift volcanism; Oslo Rift.

1 INTRODUCTION

Elucidating the magmatic evolution of rift settings presents a
geological conundrum. Modern rifts provide a detailed record
of recent volcanism but intrusive and older extrusive prod-
ucts are concealed. Ancient rifts present an opposing condi-
tion wherein the intrusive and older extrusive components are
exposed but young deposits have been removed from the ge-
ological record due to post-magmatic uplift and erosion. For
this reason, silicic volcanism (along with other late-stage vol-
canic components) is often an underestimated component of
ancient rift settings, with patchy records commonly limited to
sub-volcanic expressions (i.e. dikes and sills) and/or deeply-
subsided intra-caldera deposits [Bryan et al. 2002; Tian et al.
2010; Swenton et al. 2022]. Through the late Carbonifer-
ous and early to middle Permian the European region was
subject to a substantial period of post-orogenic crustal re-
equilibration, rifting, and magmatism [Neumann et al. 2004].
The Permo-Carboniferous Oslo Rift (ca. 302-265 Ma) pre-
serves an extensive record of both the extrusive and intrusive
magmatic components related to this period. The stratigra-
phy, evolution, and origin of volcanism of the Oslo Rift (Fig-
ure 1A) was subject to intense study from the late 19th to late
20th century (starting with the pioneering work of Bregger [e.g.
Bregger 1890]), with continued albeit less intensive study in re-
cent gears. Substantial volumes of work covering aspects of
effusive eruptions, plutonic intrusions, and overarching theo-
ries of onset, development, and eventual decline of rifting and
volcanism [e.g. Oftedahl 1946; Seether 1947; Oftedahl 1978a;
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Ramberg and Larsen 1978; Neumann et al. 1985; 1988; Sund-
voll et al. 1990; Olaussen et al. 1994; Rohrman et al. 1994;
Sundvoll and Larsen 1994; Pedersen et al. 1995; Neumann
et al. 2004; Ebbing et al. 2005; Andersen et al. 2011; Corfu
and Larsen 2020]. However, despite considerable prior study,
little is known of the late-stage volcanic and sedimentary ac-
tivity, although these deposits could provide key information
for understanding the timing and nature of late-stage intrusive
complex formation.

Forming a coherent account of volcanic activity and evolu-
tion in regions the have undergone erosion, weathering, alter-
ation, and deformation is challenging. Infilling (at least par-
tially) of topographic lows [e.g. Branney and Kokelaar 1992;
Bryan et al. 1998; Ebinghaus et al. 2014], diversion around
and/or arrested flow against topographic highs [e.g. Pinkerton
and Wilson 1994; Magnall et al. 2017}, zones of non-deposition
[e.g. bypassing zones: Brown and Branney 2004], interaction
with and reworking within sedimentary and aqueous environ-
ments [e.g. Schneider et al. 2001; Bryan et al. 2002; Skilling et
al. 2002; Manville et al. 2009; Ebinghaus et al. 2014; Sohn and
Sohn 2019], transitions in activity within individual eruptions
[e.g. Branney and Kokelaar 1992; Namiki and Manga 2008;
Duraiswami et al. 2014; Wadsworth et al. 2020], and composi-
tional heterogeneity within single eruptive units [e.g. Sumner
and Branney 2002; Dreher et al. 2005; Czuppon et al. 2012;
Willcock et al. 2015] all contribute to the complexity of vol-
canic stratigraphy. Volcano-tectonic faulting and deformation
associated with caldera-collapse [e.g. Branney and Kokelaar
1994] and magmatic inflation respectively may introduce fur-
ther complexity in intra-caldera settings, and where erosion
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has erased the surficial volcanic and caldera structures the
remnant features of faulting and inflation may be similar [e.g.
arcuate faults and boundaries: Walker 1984; Branney 1995;
Galland et al. 2022]. High resolution geological mapping and
lithostratigraphical analysis are thus essential components for
understanding the spatial and temporal evolution of these sys-
tems [Marti et al. 2018], and to provide the constraints neces-
sary for interpreting geochemical and geochronological data
in a geologically meaningful way.

New data opportunities from borehole and road-cut out-
crops, improved age constraints [Corfu and Larsen 2020; Ramo
et al. 2022], and advances in our understanding of volcanic and
sub-volcanic systems [e.g. Sumner and Branney 2002; Brown
and Branney 2004; Ross et al. 2005; Branney et al. 2007; Bur-
chardt 2008; Galland et al. 2009; Tuffen et al. 2013; Brown
et al. 2014; Mattsson et al. 2018; Galland et al. 2019; Sohn and
Sohn 2019; Wadsworth et al. 2022] have prompted renewed
interest and revisitation of fundamental aspects of the Oslo
Rift. Furthermore, the Oslo Rift has exposures of a large pro-
portion of the extrusive and intrusive components, permitting
a fairly complete understanding of the magmatic evolution,
thus presenting opportunities to study the contemporaneous
volcanic and sub-volcanic evolution. In this study we focus
on a volcano-sedimentary succession in the Alnsje area (Fig-
ures 1 and 2), located in the north-eastern side of the city of
Oslo, and at the southern limit of the Nittedal Caldera (called
the Nittedal Cauldron in most prior literature: e.g. Naterstad
[1978]). We present the results of systematic high-resolution
geological mapping and lithostratigraphical analysis of a suc-
cession containing a major transition from dominantly mafic-
effusive to dominantly silicic-explosive volcanism within the
central portion of the Oslo Rift. Comprehensive fieldwork has
indicated that ignimbrites are more common than previously
thought (including rheomorhphic to lava-like varieties), and
that basaltic volcanism also involved periods of explosive ac-
tivity. Lithostratigraphic analysis did not provide evidence for
caldera collapse during deposition of the ignimbrites. The
stratigraphic record provides constraints on the relative tim-
ing, nature, and rapid compositional maturation of volcanism,
and elucidates the varied style and composition of explosive
volcanic activity in the central Oslo Rift. This succession thus
constitutes an important stratigraphic record of volcanic evo-
lution in a rift zone.

1.1 Geological Setting: the Oslo Rift

The Oslo Rift (Figure 1) is an aborted continental rift de-
veloped in the latest Carboniferous, culminating in the mid-
dle Permian, and is one part of a complex network of rift
and graben segments in the Skagerrak-North Sea-Norwegian-
Greenland Sea regions [Neumann et al. 1992; Neumann et
al. 2004], and perhaps extending further south to France and
the southern Alps [Locchi et al. 2022; Schulmann et al. 2022].
Collapse of the Hercynian-Variscan orogen and closure of
the Palaeo-Tethys ocean is cited as the driver of widespread
Permo-Carboniferous magmatism across Europe [Marti 1991;
McCann et al. 2006; Larsen et al. 2008; Cassinis et al. 2011;
Willcock et al. 2015]. An alternative (although not irreconcil-
able) theory suggests the earliest magmatic phase in the Oslo

Presses universitaires de Strasbourg

Rift (~300—-299 Ma) was associated with a mantle plume im-
pingement and Large Igneous Province (LIP) activity across
Sweden, Germany, Scotland, England, and the North Sea,
collectively termed the Skagerrak-Centred LIP [Torsvik et al.
2008].

The rift is roughly 520 km long and 35-65 km wide [Ram-
berg and Larsen 1978; Olaussen et al. 1994; Neumann et
al. 2004; Larsen et al. 2008], comprised of the onshore Oslo
Graben and offshore Skagerrak Graben, and is characterised
by a low-degree of extension and large magmatic volumes
[ca. 120,000 km3, Neumann et al. 2004]. Rift activity spanned
roughly 40 Myr from approximately 300 Ma to 262 Ma [Corfu
and Larsen 2020], with uranium-lead (U-Pb) dating and strati-
graphic correlations indicating a general north to south pro-
gression of magmatism [Corfu and Dahlgren 2008; Larsen et
al. 2008]. The rift stratigraphy is partitioned into six key stages.
Deposition of the dominantly fluvial and lacustrine Asker
Group sediments dominated the proto-rift [stage 1: Olaussen
et al. 1994; Larsen et al. 2008] with some syenitic and ultra-
mafic sill intrusions [Sundvoll and Larsen 1994]. Sill intrusions
have radiometric rubidium-strontium (Rb-Sr) ages in the range
308-305 Ma [Sundvoll et al. 1992; Larsen et al. 2008]. Initial
rifting (stage 2) was accompanied by alkaline to tholeiitic mafic
magmatism at ca. 300 Ma [Corfu and Dahlgren 2008], first as
relatively thin (~0.5-5 m) flows, and later as thicker flows up to
ca. 10 m thick, forming a lava-complex up to 1500 m thick in
the central rift [Larsen et al. 2008], but thinning to 10s of metres
to the north [Neumann et al. 2004] The eruption of substan-
tial volumes of trachyandesitic rhomb-porphyry lava charac-
terised the climactic rift phase (stage 3) and overlapped with
the basaltic eruptions of stage 2. Early rhomb-porphyry lavas
were thick and relatively extensive flows with volumes of up
to 1000 km? and areal coverage of roughly 10,000 km? [Larsen
et al. 2008]. The total lava-pile for the Rhomb-Porphyry series
varies across the rift, with an approximate maximum thick-
ness of 3 km in the southern portion of the Oslo Graben, and
approximately 900 m to the north-west of Oslo. Sediments
were deposited as thin interstitial deposits between individ-
ual lava flows [Larsen et al. 2008), and as larger packages
above lava flows [e.g. the Brummunddal sandstone, Ander-
sen et al. 2011]. Stages 2 and 3 were accompanied by the
emplacement of larvikite batholiths [Larsen et al. 2008] with
ages ranging from ca. 302—-289 Ma [Dahlgren et al. 1996; Corfu
and Dahlgren 2008; Ra4mo et al. 2022] in the south to ca. 281—
277 Ma in the central rift portion [Pedersen et al. 1995]. The
middle to late transitional stage [stage 4: Larsen et al. 2008]
is typically discussed as a period of central-volcano forma-
tion and caldera forming explosive eruptions [Sether 1962;
Neumann et al. 1992; Larsen et al. 2008], as evidenced by
the juxtaposition of distinctly different rock types along cir-
cular boundaries suggested to be caldera ring faults [Segalstad
1975; Oftedahl 1978b), and by the presence of volcaniclastic
deposits within these circular features [Oftedahl 1978a]. Vol-
canic activity is inferred to have produced 18 caldera struc-
tures (Figure 1A and 1B) over a rift length of roughly 180 km
[Oftedahl 1978a] during this stage. Ages for caldera or caldera-
related deposits are sparse but recent U-Pb dating in the north-
ern Oslo Graben suggests a concentrated period of activity
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Figure 1: [A] and [B] show simplified geology and major structural features of the Oslo Rift (after Larsen et al. [2008] and Sundvoll
and Larsen [1994]). [B] is an enlargement of the red box in [A] showing the central rift and Alnsjg areas relevant to this study. [C]
Approximate distribution of Permian-age sedimentary and magmatic deposits across north-western Europe (after Heeremans
and Faleide [2004] and McCann et al. [2006]). Abbreviations in [A] are: Oslofjord Master Fault (Of-MF); Krokkleiva-Kjaglidalen
Transfer Fault (KK-TF); Krokskogen Transfer Zone (Ksk-TZ); Randsfjorden-Hunnselv Master Fault (RfH-MF)

between ca. 276-273 Ma for silicic eruptions and contem-
poraneous construction of intrusive complexes in this region
[Corfu and Larsen 2020]. Small volume (0.1-1 km diameter)
alkaline-gabbros and larger granitic batholiths were intruded
in the end phases of stage 4 [Neumann et al. 1985; Larsen et
al. 2008]. The Alnsje area, targeted by this study is suggested
to recorded activity during this stage [Secther 1946; Naterstad
1978; Larsen et al. 2008]. The final two stages were dom-
inated by emplacement of syenitic to granitic plutons at ca.
265-260 Ma, along with widespread emplacement of syenitic,
rhomb-porphyry, and diabase composition dykes in the ter-
mination stage [Larsen et al. 2008; Corfu and Larsen 2020].
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1.2 Geological setting: the Alnsjg region

The study region (Alnsjg, Figure 2) is located at the north-
eastern edge of Oslo and is situated at the southern edge of the
Nittedal Cauldron in the northern portion of the Oslo Graben
[Naterstad 1978]. The area is surrounded by syenite and alkali-
feldspar spenite, and the southern crescent-shaped boundary
is suggested to represent the ring fault of the Nittedal Cauldron
[Sether 1946]. The Alnsje succession is suggested to host the
youngest volcanic and sedimentary deposits in the rift [Seether
1946; Naterstad 1978], with basaltic lavas observed as the
basal unit in the area, and are overlain by basaltic sediments,
rhyolites and volcanic breccias, mudstone (argilite), and an
alluvial conglomerate. Subsequent deformation has formed a
synclinal structure, previously described as a boat-shaped syn-
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cline [Naterstad 1978], with a dominant north-south folding,
and lesser east-west folding. Caldera subsidence on the order
of 800-1000 m and later emplacement of a plutonic body is
the inferred cause of the synclinal structure [Naterstad 1978

2 METHODS

Fieldwork was conducted over the summer periods of 2021—
2023. Outcrops in the field area are of extremely variable
quality (e.g. degree of weathering, exposure, plant cover),
and some units a substantially underrepresented with regards
to outcropping area. Deposits characteristics and variations,
including unit thickness, stratification, bedding orientations,
clast and/or phenocryst characteristics, welding features and
degree, contact features (where visible), were defined using
>700 outcrop observation points (observation point coverage
is detailed in Supplementary Material 1). Stratigraphic logs
were collected in locations containing the best outcrop ex-
posures and most continuous successions. Therefore, strati-
graphic logs are amalgamations of the best (and most acces-
sible) outcrops and often required substantial lateral shifts to
cover gaps where there was no outcrop exposure Geologi-
cal mapping was conducted at approximately 1:25,000 scale
using the publicly available Norges geologiske undersokelse
(NGU, the Norwegian Geological Survey) geological map* as
a base reference, with observation locations and outcrop de-
tails recorded in Mergin Maps [v2.1.0: Mizera et al. 2022] with
a handheld global positioning system (GPS). Geospatial data
was transferred to QGIS [Quantum Geographic Information
System: QGIS Development Team 2009] for detailed map con-
struction and attribute data management (e.g. sample location
data and structural measurement data and locality). QPROF
[Alberti and Zanieri 2023], a QGIS plugin, was used in combi-
nation with LiDAR point cloud data sourced from Rartverket
(Norwegian Mapping Authority) to construct high resolution
cross-sections through the mapped area and features. Many
volcanic deposits exhibited variable and/or convolute stratifi-
cation and as such were unreliable units for structural mea-
surements. Additionally, the thickest sedimentary unit was
dominantly unstratified; therefore the majority of structural
data was collected in a small portion of the total sedimen-
tary deposits. Sampling was undertaken during mapping and
stratigraphic logging of sections.

3 NAMING AND NOMENCLATURE

Several of the units described below are not discussed or
named in prior literature; the description and mapping of this
area given by Naterstad [1978] is the most recent and com-
plete work covering the Alnsje succession prior to this contri-
bution. With regard to unit names, simple designations such
as B1 (e.g. basalt flow number 1) have a long-standing his-
tory of use in the Oslo Rift for denoting packages of basalts
(B1, B2, and B3) and rhomb-porphyry (R1-RP15) lavas [e.q.
Larsen et al. 2008]. Basalts B1 and B2 are clearly separated
by the rhomb-porphyry lavas, with B1 occurring before and
B2 within. B3 (and B4-B5 where mentioned) are less clearly
defined in the literature but B3 is typically thought to occur be-

* Available at https://www.ngu.no/geologiske-kart

Presses universitaires de Strasbourg

fore RP13, with B4 and B5 being used for local occurrences of
basalts above RP13. Distinction and numbering of the rhomb-
porphyry is applied based on unique phenocryst assemblages
(summary in Oftedahl [1978a]). The rhomb-porphyry stratig-
raphy has largely been constructed from the Krokskogen area
(Figure 1) and may not be accurate across the entire rift. In
the absence of new geochemical data we have used compo-
sitional terms such as basalt and trachy-andesite in line with
what is known of the overall stratigraphy of the Oslo Rift and
the Alnsjg region. To avoid confusion with previous literature
and the established designations outlined above we herein use
a convention of general location and lithology to name lithos-
tratigraphic units. Furthermore, the succession is hereinafter
split into four primary subsections (phases) based on marked
changes in the volcanic and sedimentary characteristics.

In the basaltic units, we use domain, bomb, and spatter as
descriptive terms. Domain refers to regions within lava flows
with sharp boundaries and a distinct phenocryst assemblage
from that of the surrounding material. Bomb and spatter both
refer to clasts >64 mm in size with characteristics indicative
of ductile or fluidal behaviour within a granular or volcani-
clastic groundmass, wherein bomb and spatter denote clasts
with Imited or substantial flattening respectively. We use the
terminology relating to pyroclastic deposits (e.g. rhemorphic,
lava-like, lapilli tuff, tuff breccia) after Branney and Kokelaar
[2002] and White and Houghton [2006]. Tuff breccia in par-
ticular is used for deposits (here only mafic varieties) com-
prised of angular to sub-rounded blocks/bombs, lapilli, ash,
and lithics, with variable proportions of agglomerate facies
[e.g. fluidal lapilli or spatter: Branney and Kokelaar 2002].
Welding is used qualitatively to denote pyroclastic deposits
that have undergone syn- or post-depositional compaction and
sintering of clasts while in a hot, ductile state. Welding de-
gree is used qualitatively after Walker [1983] and Branney and
Kokelaar [1992]. Unwelded denotes deposits with clear granu-
lar groundmass, and relatively undeformed clasts; moderately
welded denotes deposits with a well-developed eutaxitic tex-
ture in a granular groundmass; and densely welded denotes
deposits with no visible remnant granular groundmass tex-
ture, very well-developed eutaxitic textures, flow banding, or
almost no relict clast textures [i.e. lava-like ignimbrites: Bran-
ney and Kokelaar 1992; Andrews and Branney 2010]. Peperite
is used in the genetic sense after White et al. [2000] and does
not imply extrusive or intrusive origins, but is taken as indica-
tion of interaction between hot magmatic or volcanic material
and unconsolidated or partially-consolidated deposits.

4  RESULTS

The distribution of syenite, granite, and nordmakite surround-
ing the study area (Figure 2) was taken from existing geo-
logical maps available through NGU [Lutro and Nordgulen
2008]. These were not re-mapped or investigated in detail
during fieldwork as they significantly post-date the Alnsje
succession. Several dikes also cross-cut the area but are not
shown as they post-date the volcano-sedimentary succession
and most cannot be followed beyond a single outcrop expo-
sure. Two key features are however worthy of mention in
relation to the overall interpretation of the area: 1) 300-500 m
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Figure 2: Summary of geological mapping, lithostratigraphy, and interpreted geological cross-sections of Alnsjg area: [A] Geo-
logical map showing the interpreted distribution of volcanic and sedimentary units across the study region, including structural
measurements and inferred faults; [B] geological cross-sections running north-south (B-B’) and east-west (A-A’) showing gen-
eral synclinal structure interpreted from structural measurements shown in 1a. Unit names are abbreviated for simplicity and
are given in full in Table 1 below. Lithology abbreviations in unit names are as follows: tuff (Tf), basalt (Ba), ignimbrite (Ign),

conglomerate (Cgm), sandstone (St), tuff breccia (Th), mudstone (Mst), rhomb porphyry (Rp), nordmakite (Ndk), granite (Grn),
and syenite (Syn).
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Figure 3: Stratigraphic logs collected in the Alnsjg field (above) and an approximation of the undeformed Alnsjg geology (below).
Logs are shown in geographical (west to east) order, with coloured polygons showing approximate correlations and/or relative
vertical position of logs. Note scale differences in log numbers 1, 5, 6b, 8, and 9. m - mud, S/A - sand/ash, G/L - gravel/lapilli,
and C/B - cobble/bomb/block in the abbreviated grain-size scale. Colours correspond to those shown in the legend in Figure 2,

although not all mapped units are represented in the stratigraphic logs. Relative positioning and coverage of stratigraphic logs

is shown in the simplified section as vertical black lines.

south of the boundary of the volcano-sedimentary succession
we noted angled syenite dikes (dipping ca. 65replaced—70
degrees north) with strikes roughly parallel to the southern
boundary of the study area; 2) a ca. 2 x 5 m inclusion of
an accretionary lapilli ash is present within the syenitic in-
trusive complex to the south-west of the mapped area (Fig-
ure 2B and 2C) and is texturally equivalent to a similar-sized
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inclusion in the lowermost western basalt (see Figure 4, and
Kringlefjell Basalts in Table 1 and Supplementary Material
1). Deposition of the volcano-sedimentary succession was fol-
lowed by emplacement of dominantly silicic (granite, syenite,
and nordmakite, and alkali-feldspar syenite) intrusive com-
plexes during the penultimate magmatic phase of the Oslo Rift
[e.g. Naterstad 1978; Larsen et al. 2008] and associated con-
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tact metamorphism has caused varying degrees of alteration
to both volcanic and sedimentary facies throughout the suc-
cession. Chlorite, calcite, and epidote are typically observed
in outcrop and hand-sample, suggesting zeolite to greenschist
grade contact metamorphism. However, detailed characteri-
sation of metamorphic alterations is beyond the scope of this
contribution and is not further considered.

4.1 Mapping, structure, and stratigraphy

A revised geological map (Figure 2A) has been constructed
based on detailed outcrop observations (see Supplementary
Material 1) and nine stratigraphic logs (Figure 3) collected in
key locations with the greatest exposure of lithologies. Marked
differences in the lower ca. 115-130 m of stratigraphy are
present between the east and west, although overall changes in
volcanic style are consistent across the entire area. In previous
maps [e.g. Naterstad 1978], several distinct basalt and basaltic
agglomerate units were grouped, some pyroclastic or rubbly
flow top portions of basaltic units were mapped separately
from their coherent core sections, and several texturally and
compositionally distinct silicic ignimbrites were grouped.

In addition, mapping the area in greater-detail (and with
the aid of modern GPS tools and LiDaR topographical data)
has shown that odd features (e.g. straight/angular boundaries,
and circular exposures) in previous geological maps [Nater-
stad 1978] are misinterpretations, likely resulting from low-
resolution mapping.

Two cross-sections, running approximately east-west (A—
A Figure 2B) and north-south (B—B’: Figure 2C), have been cut
through the updated map. Structural measurements indicate
an overall synclinal structure (Figure 2A) which is schemati-
cally interpreted in cross-section (Figure 2B). Structural mea-
surements also highlight comparatively gentle eastward and
westward dipping limbs (Figure 2C). Based on the irregular-
ity of the relationship between intrusive syenitic rocks and
the volcanic and sedimentary units, the cross-sections present
a heavily simplified and schematic representation of this re-
lationship. Whilst some previously mapped faults were re-
moved due to lack of convincing field evidence, we have also
added some new inferred faults based on juxtaposition of dis-
tinct units on either side of syenitic dykes. Vertical or hori-
zontal offsets on these inferred faults are on the order of a few
metres to less than ten metres, although accurate estimation is
hindered by lack of clear marker beds in many of the faulted
units.

4.2 Lithofacies of the Alnsjg field

The Alnsje field succession comprises a complex and variably
preserved sequence of lithofacies. A summary of lithofacies,
interpretations of the volcanic or sedimentary origins and de-
positional style, and inferred rift activity is given in Table 1
below. The detailed descriptions and interpretations of each
unit are provided in Supplementary Material 1.

Presses universitaires de Strasbourg

5 DiscussIoN

5.1 Geological development

Geological mapping, stratigraphic reconstruction, lithofacies
descriptions, and structural information, in combination with
broad correlations across the wider Rrokskogen transfer zone
area (Figure 1B) allow for reconstruction of the volcanic and
sedimentary evolution in the central rift. Simplification and
correlation between eastern and western stratigraphic sections
(Figure 8) highlights key boundaries defining changes in the
style of volcanism and/or volcanic hiatuses where sedimentary
erosion and deposition was dominant. Phases are constrained
by these boundaries and the generalised volcano-sedimentary
evolution is depiction in a schematic four phase model (Fig-
ure 9).

5.1.1 Pre-eruptive landscape

Fissure-fed basaltic and trachy-andesitic (rhomb-porphyry)
eruptions characterised the early- to middle-stage rift activ-
ity [Larsen et al. 2008]. Typically minor alluvial, aeolian, and
lacustrine deposits are intercalated within the lava pile [Hen-
ningsmoen 1978; Olaussen et al. 1994], with one example
of a thick (ca. 150 m) rhomb-porphyry conglomerate infill-
ing erosional topography in northern Krokskogen. Along the
Oslofjord master fault large (ca. 1000 m thick) alluvial fans
accumulated. Alongside the initiation of the central volcano
phase, tectonic activity is suggested to have slowed and the
dominant structural orientation switched from a broadly N-S
to E-W alignment [Neumann et al. 2006]. Late-Carboniferous
to late-Permian plate reconstructions place North-western Eu-
rope and Fennoscandia near the palaeo-equator, at approxi-
mately 10-20 degrees north [Torsvik and Cocks 2004; Torsvik
et al. 2008, with tropical semi-arid to arid conditions re-
ported for similar latitudes across the middle and late Per-
mian [DiMichele et al. 2001; Benton 2018; Gibson and Well-
man 2021]. The pre-eruptive environment is therefore envi-
sioned as a seasonally wet, semi-arid to arid setting with a low
to moderate relief topography formed by partially eroded lava
flows, with minor silicic ash deposits and small pockets of fine
sediments infilling topographic lows. Tectonically formed re-
lief was likely significant along N-S trending rift master faults
but lava flows likely infilled tectonic lows within rift valleys.

5.1.2 Phasel

Phase 1 comprises basalt lava flows overlain by pyroclastic
basaltic deposits. However, some small-volume silicic erup-
tions did precede the phase 1 basalts, evidenced by the large
inclusion of accretionary lapilli ash in the lowermost Rringle-
fjell basalt. The lower three Rringlefjell lava’s basalt lava
flows appear to be simple pahoehoe type flows [e.g. Barreto
et al. 2014] with minor intra-flow stratification. Preservation
of rubbly flows tops and a lack of evidence for sedimentary
deposits or paleosols in between the western lava flows sug-
gests relatively short inter-eruption periods. Moderate flow
thicknesses, presence of rubbly flow-tops, dense core zones,
and consistent phenocryst assemblages within each unit in-
dicates these were moderate-volume inflated pahoehoe-type
flows likely sourced from distinct magma reservoirs (sug-
gested by distinct phenocryst populations). Overlying basaltic
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Table 1: Summary of lithostratigraphic units, eruptive and depositional interpretations, and development of overall rift activity.

the west and central areas.

lar size to those in porphyritic clasts. Clasts

Phase Lithology Units Unit Abrv. Spatial distribution Description
© Basal unit across the eastern  Typically coarse porphyritic basalt, with
_§ region of Alnsje. Limited large (4—15 mm) tabular plagioclase phe-
e vertical exposure (<15m). nocrysts. Some outcrops have amygdules
< 9 Bh-Ba . . . .
s 8 Present at same stratigraphic ~ (chlorite filled), and upper portions (near con-
2]
s level as HKringlefjell Basalts tact with Svartkulp Ignimbrite (see phase 2) are
= in the west. often clastogenic (agglomerate).
Three basaltic lava flows, coarse porphyritic
= = (K1 and K3) and aphyric (K2) with subtle in-
" é = dications of internal flow stratification. Phe-
g == ) . nocrysts in K1 and K3 are 1-6 mm tabular pla-
= L Exposed in and marking the . .
— T Ki-Ba N gioclase, with moderately common occurence
2 o - base of the succesion in .
= 2 . ) of plagioclase glomerocrysts. Flow tops are
o = west Alnsje. Total thickness .
3 oz o heavily erode but small (<1 X 1 m) outcrops
a of ca. 60 m with individual display rubbly and brecciated textures
flows 1015 m thick. Py bhy ;
Aphanitic to aphyric basalt lava hosting
. large (<50 cm to <4 m) domains of coarse-
,%;_:/ porphyritic basalt. Coarse domains have tex-
%@% tures such as phenocryst alignment with do-
E Cf.‘g main boudanries, incipient breakout lobes,
and cuspate margins that indicate fluidal (i.e.
ductile) behaviour during deposition.
Unstratified to crudley stratified pyroclastic
o ‘ basalts with and occasional lava flows. Clast
.f:(@ Ag populations can be unimodal or bimodal,
~ = 2 i iti i -
= g Only found in the far west are.domlnantly pgrphyrltlc, vesicular to non
@ /M . . ) vesicular basalt, with less common scoria, and
< B directly overlying the Rringf- . .
© =i . rare vesicular felsic clasts. Many larger clasts
= = RE-Tb jell Basalts. Generally poorly R :
3 — ) . show in-situ disaggregation textures. Ground-
s T exposed, with approximate . : . :
<} o= . s mass typically comprised of ash size material
g RS thickness of 15 m o .
& B and phenocrysts of similar size to those in por-
5 phyritic clasts. Clasts are typically amoeboidal
or rounded to sub-rounded shapes, but sub-
angular clasts occur in some deposits.
. _?g Only exposed in the far west
% = of Alnsje in sparse thin (1= Thin (ca. <10 m thick) coarse porphyritic
— T LiBa 3 m) outcrops. Topography basalt with moderate content (ca. 10-15 %) of
% é at outcrop locations indicates  pagioclase phenocrysts, and a poorply to non-
= £ likely total thickness of ca. vesicular groundmass.
S 8-10 m
=
Unstratified to crudley stratified pyroclastic
Ko Found through the west and  basalts with and occasional lava flows. Clast
Q
3 middle regions of Alnsjg, populations can be unimodal or bimodal,
= /M where it marks the base are dominantly porphyritic, vesicular to non-
é E of the preserved succes- vesicular basalt, with less common scoria, and
© o sion. No continuous expo- rare vesicular felsic clasts. Many larger clasts
a 3] Lk—Tb . . . . . .
8 = sure of entire unit, but mul- show in-situ disaggregation textures. Ground-
§ = titude smaller, high-quality mass comprises dominantly angular ash, fine
= % outcrops distribute across lapilli, and fragmented phenocrysts of simi-
E
3

Thickness of ca. 3540 m

are a mixture of sub-rounded and amoeboidal
shapes, with some sub-angular clasts.
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Table 1 (continued): Summary of lithostratigraphic units, eruptive and depositional interpretations, and development of overall

rift activity.
Phase Lithology Units  Unit Abrv. Spatial distribution Description
%KD
g x° 2 . . Sandstone is medium to coarse grained, with
< e g These units have very lim- P
£ g g ited preservation (one out- planar stratification. Conglomerate only ex-
2 Z 5 prese N posed in flat-lying sections (i.e. bedding fea-
@ == crop location per unit) in the .
- 3 2 Am-St, ) tures not visible) but appears to be poorly
o) » Q far east of Alnsje. Sandstone . )
= < & Ad-Cgm . sorted, matrix supported, with rounded to
g =l= has preserved thickness of 1 ded 315 lasts. Clast
< g g ca. 5 m. other units un. Wl rounded ca. 3-15cm clasts. Clasts are
= é Z kﬁown | dominantly basaltic varieties with subsidiary
2 < § ' rhomb-porphyry population (<10 %).
=
=)
. 2 Dark red to black, coarse porphyritic trachy-
g g % Two occurences in east andesite with ca. 8-17 mm rhomb shaped
b Ef)% E Alnsjo with steep (ca. 70— plagioclase phenocrysts. Slightly vesicular
S F% S g AmR 75°) cross-cutting contacts and occasionally clastogenic. One outcrop ex-
?5 pol= 4;:? p with the Breisjghogdene poses a clast and ash rich zone along con-
g Eﬁ E,J = basalt and Ammerud Sand- tact zone with the Breisjghogdene Basalt, with
A E @ stone. clasts of rhomb-porphyry and the host basalt,
E in a red ash-rich groundmass.
<
Reddish coloured ash rich moderately
welded, stratified fine lapilli tuff, with
=] o . .
Z sparse lithics. Invariably matrix supported,
Té o & Overlies the Breisjghogdene with planar- and cross-statifcation, and a
_;pé E; AnTE Basalt in east Alnsjg with bimodal clast-size distribution is bimodal
£= = very limited preservation. dominated by fine lapilli (<2cm) with sparse
&= = Minimum thickness of 5 m.  large lithics (ca. 5-25 cm length). Lithic
§ blocks are rounded with partially foamed
edges. Broadly compositionally equivalent to
rhomb-porphyry units (trachy-andesite).
a=]
(5}
= H
L o = -
p= O # N . .
i_E i3] ‘qé One ~2'm thick outF rop 1 Unstratified lapilli tuff, with rotated lapilli and
T E 2= N/A the far west overlying Fhe moderate to poorly developed fiamme
Z g £ E Kringlefjell Tuff Breccia.™ ’
O L= Y g
< &
o~ S =
g =
< :
a=] Fognfi overlying the Densely welded (ie. lava-like) diffuse strat-
S Breisjphogdene Basalt in | S . .
SR a8 . ) ified, crystal-rich ignimbrite, displaying sub-
L = = g the east with a continuous . .
3 5 Z 4 Sv-lon 95 m exposure at the lake tle planar to slightly convolute flow-banding.
= E 5 E g P Basal ca. 1 m displays fine (<5mm thick)
32 > g Svartkulp. Other exposures .
g2 N g are patchy in flat luine ter- highly elongate fiamme and sparse fine
A patchy ying (<1 cm) rounded lithics.

rain.
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Table 1 (continued): Summary of lithostratigraphic units, eruptive and depositional interpretations, and development of overall

rift activity.
Phase Lithology Units Unit Abrv. Spatial distribution Description
Densely to moderately welded stratified ign-
imbrite, displaying planar to convolute flow
banding, flamme, deformed and elongated
vesicles, rotated clasts and associated de-
o formed flow-banding, with a sharp, undulat-
= ing lower contact. Basal 30—40 cm thick mod-
.= "E Opverlies the Linderudkollen erately to highly vesicular pumiceous layer is
= 8 =S Tuff Breccia in the north and  overlain by 6 m thick lava-like to rheomor-
= g west. Very good ca. 30 m phic region, which rapidly transitions to a
=g ks Lk-Ign . . .
ok: = thick, semi-continuous expo- moderately welded to unwelded upper 10-3m
% & =5 sure in the north-west (at thick region. Lava-like portion has stretched
A E Linderudkollen) and flattend vesicles but no clear pyroclas-
= tic textures whereas rheomorphic portion has
— a poorly sorted ash-rich to glassy ground-
mass with abundant crystals, rotated clasts,
and sparse xenolithic inclusions (coarse por-
phyritic clasts). Welding degree systemati-
cally decreases upwards.
Clast to ash rich units displaying occiasional
o moderate to incipient fiamme, deformed and
—G ——
Q i= . elongated clasts, rotated clasts, undeformed
= a Present across east Alnsjo . . n
L £ . . . pumice and glass lapilli, parallel stratification,
33 ‘g with maximum thickness of ) .
- = Z & and normal to inverse grading. Commonly
< T = = Gr-Ign ca. 30 m, but largely patchy moderatel : . i
= T . . y to poorly sorted ash rich matrix
£ T & 4 exposure in moderately hilly . . . s .
= g = o flatlui es and dominantly juvenile lapilli. Clast litholo-
S s 5 to tlat-lying terrain. . . . . .
o = 5 gies suggest felsic to intermediate composi-
E tions. Some units have angular to sub-angular
g lapilli in basal zones.
° Stratified to unstratified, black to red mud-
g Occurrence around the mar- : iy
3 . . stone. Black or dark grey regions exhibit pla-
= gin of the central Alnsjo re- .2 .
0 35 ] ) nar to wavy lamination, and minor tabular
g =} gion with the best exposure .
= = Gr-M : . cross-bedding. Black mudstone grades later-
RE = r-Mst  in the east, underlying the . .
= T . ally into red. Red mudstone lacks stratifica-
= z Gruvevei Basalt, where ca. . .
2 . tion seen in black mudstone. Possible vol-
5 100 m long, 2—4 m thick con- ) . .
& . o caniclastic interbeds are also present with oc-
tinuous section is exposed. - . I
casional outsized scoraceous lapilli.
b Thin-stratified lapilli tuff with a thin (ca.
: . s .
- = One ca. 3 m thick exposure 5 cm) rr.larglnaHly peperitic contact with t.he
= © ) . underlying mudstone. Planar to wavy stratifi-
2 5 in the south-central section L e .
= g Rm-Ign of the field area. Overlies the cation is defined by variations in the ash-size
£ £ . R fraction and in lapilli abundance. Lapilli is
T Gruvevei Mudstone. . )
3, ca. <3 cm, slightly vesciualr, and rounded to
Z slightly elongate.
= Substantial and relatively
o i continuous exposure along Basaltic lava with a vesicular and peperitic
< & the east-central region, with  basal zone, dense slightly porphyritic middle
= I Gr-Ba thickness of 16—-18 m. Suc- region, and rubbly to scoriaceous flow top.
% % cession repeated due to Vesicles in the basal zone commonly infilled
/= 3 offset along a small normal  with mudstone (syn-depositional filling).

fault.
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Table 1 (continued): Summary of lithostratigraphic units, eruptive and depositional interpretations, and development of overall
rift activity.

Phase Lithology Units Unit Abrv. Spatial distribution Description
% Present across the central
™ % = region of Alnsjo ml.lltltUde Dominantly unstratified black to red mud-
o > < small exposures. Thickness . .
g 3 - St-Mst and features found to be ver stone, with minor carbonate nodule beds and
A~ § 2 consistent. with thickness o]i" very-fine sand interbeds in the lower 3—4m.
< :
S 120 m.
2]
5 L Interbedded mud, silt, and sand beds with
= S : ) o
S k7 upwards increasing volcaniclastic beds. Sed-
n =2 . . . .
23 E: Found at the top of the 1m§ntary beds dlsplay wavy to ripple lami
g g nations and occasional subtle tabular cross-
© = Storhaug Mudstone every- - : L
=) e St-Mst . : stratifcation. ~ Sedimentary bedding is of-
= g < where with very consistent deof db i lcaniclastic i
= 2 5 thickness of ca. 15 m ten deoformed by overlying volcaniclastic in-
== & ’ ’ terbeds (impact structures and rip-ups). Vol-
S8 2 caniclastic beds are ash and pumice rich, thin
= =) to moderately thick beds (~1 cm to 10 cm).
- _g 5’—'5 o Moderately welded to unwelded ignimbrite
_;c@ g E 8 Found only around the mid-  with peperitic basal zone. White to pink ash
A~ TB) = E dle of Alnsjg and appears rich groundmass with moderately abundant
= _Eo =2 St-Ign to be laterally discontinuous feldspar micro-phenocrysts. Rich in rounded
£ %D with up to ca. 8-10 m thick- to amoeboidal and elongate lapilli, becoming
,03 S 2—35 ness. more commonly rounded upwards. Elongate
§ 5 % lapilli typically show common alignment.
@ Poorly sorted conglomerate beds with com-
£ % Marking the top of the suc- mon coarse-tail normal grading and aligned
E o) cession i the middle of the clasts (rarely imbricated). Rarely with thin
= E . ) (~1—4 cm) inversely graded base, Occasional
= o Alnsje field. Variably over-
S <) ) 0 sand to pebbly sand and coarse pebble to cob-
5 S} St-Cgm  lies the Storhaug ignimbrite .
2 O and the Storhaue Mudstone ble clast supported beds interspersed. Basal
3 = .. 8 .. few metres displays possible indications of
= T Minimum preserved thick- . : s .
= = ness of 45 m primary to mixed deposition (ash rich beds,
%’ mg ’ in-situ brecciation, and occasional fiamme-
- like textures).

* Unit with limited logging, description, and interpretation due to poor exposure, distribution, or preservation.
“* Extremely poorly preserved deposit not shown in maps, cross-sections, or stratigraphic logs.
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Figure 4: Volcanic features in basaltic units in phase 1. [A] and [B] show aphyric to aphanitic basalt, hosting domains of porphyritic
basalt with cuspate to irregular margins (green line), alignment of phenocrysts (especially near boundaries: black arrows), and
incipient break-out structure (white arrow). [C] and [D] Syn-depositional brecciation and disaggregation of blocks in the Lin-
derudkollen tuff breccia, with solid lines indicating approximate edge of relatively coherent domains and dotted lines indicating
disaggregation boundaries. Clasts in [C] (yellow shaded areas) show irregular/cuspate margins indicative of plastic behaviour
during disaggregation. [E] Marginally scoriaceous lenses and bedding (arrows), basaltic clasts, and fine-grained groundmass in
the Linderudkollen tuff breccia. [F] Clast interpreted as spatter-bomb in the upper Linderudkollen tuff breccia with a dense core
(solid line) surrounded by a marginally vesiculated rind (dashed line). [G] photomicrograph (PPL) of a banded accretionary lapilli
tuff inclusion from lower Kringlefjell basalt showing both phenocrysts cored and un-cored accretionary lapilli (white arrows).
[H] Photomicrograph of basaltic tuff breccia (PPL) groundmass highlighting angular phenocryst and glass fragments (yellow
outline) and two distinct clast types (dashed and solid white outlines) with variable vesicularity, groundmass crystallinity, and
clast shapes (blocky vs irregular margins).
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Figure 5: Features of silicic ignimbrites in phase 2. [A]-[C] Basal, middle, and upper zones of the Linderudkollen Ignimbrite
showing the textural development from heavily to moderately welded. Dashed yellow line in [A] marks lower contact with Lin-
derudkollen tuff breccia whilst the black dashed line demarcates a small syenitic dike (associated with larger syenitic intrusive
complex). Black arrows in [B] and [C] show general stratification orientation whilst white dashed arrows in [B] show wrapping
and folding of flow bands around clasts (dashed outline). [A], [B] Dense groundmass, strongly elongate fiamme (black arrows),
and aligned phenocrysts (white arrows) indicative of pyroclastic origins and high-degree welding in the lower [D] and middle [E]
Svartkulp Ignimbrite. [F] Angular to sub-rounded clasts and minor fiamme in the lower Gruvevei Ignimbrite. [G] Photomicrograph
(PPL) of flow banding, rotated phenocrysts (arrows indicate rotations direction), and fine crystalline clasts (white outlines) the
Svartkulp lava-like ignimrbite of phase 2. Crystalline clasts are interpreted as cognate inclusions from the crsytallising magma
reservoir. [G] Photomicrograph (XPL) of fiamme (white outlines) and groundmass in a completely devitrified densely to moder-
ately welded ignimbrite (Kringlefjell ignimbrite). Fiamme are invariably very small and lack any phenocrysts.
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Episodic onset of explosive and silicic-dominated volcan

Figure 6: Volcanic and sedimentary features of upper phase 2. [A] Ash-rich beds (dashed black lines) and minor fiamme (dashed yellow outlines) in the uppermost Gruvevei Ignimbrite.
[B] Volcaniclastic interbeds and sedimentary stratification in the Gruvevei Mudstone. Dashed lines in [B] mark a volcanic ash layer (possibly reworked). White, black, and red arrows
indicate subtle wavy to ripple stratification, tabular cross-stratification, and inferred post-depositional slumping features respectively. [C] Undulating boundary between the Gruvevei
Mudstone (below dashed line) and overlying Gruvevei Basalt. [D] Hand-sample of peperite from the basal Gruvevei Basalt showing flow textures within the mudstone (black arrow),
mudstone filled vesicles in the basalt clasts (red arrow), and brittle fracturing of vesicles in a basalt clast (dashed circle). [E] Reworked volcaniclastic clasts (black arrows), rare
volcanic laminations (dashed lines), and minor brecciation in the lowermost Storhaug Mudstone directly overlying the Gruvevei Basalt. [F]) Fine grained, diffuse stratified upper
portion of the Gruvevei Basalt with marginally scoriaceous clasts (white arrows) and slight elongation of some large clasts (dashed outline).
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Figure 7: Sedimentary and volcanic features of phase 4. [A] Reworked ash and mudstone zones showing soft sediment defor-
mation (white arrows), volcaniclastic lenses (dashed outline), and sandy interbeds (black arrows). Repeated subtle upwards
fining sequences (from ash or reworked ash to fine mudstone) are observed in these outcrops. [B] An example of the mixed
volcano-sedimentary portion of the upper Storhaug Mudstone showing bomb-sags (dashed lines) and associated soft-sediment
deformation (arrows). [C], [D] Basal contact (dashed line) and middle portion of the Storhaug Ignimbrite respectively. White
arrows in [C] show subtle development of peperite indicated by inclusions of mudstone (one with internal vesiculation) in the
basal zone. [D] Ash-rich, diffuse-stratified moderately-welded middle portion with stratification defined by elongate vesicles
(white arrows) and fine fiamme (black arrows). [E] Brecciation texture (arrow) in the lower Storhaug Conglomerate interpreted
as evidence for mixed volcanic and sedimentary activity. [F]JAn example of a typical bed in the the Storhaug Conglomerate with
poor sorting and planar bedding, and dominated by silicic volcanic clasts. [G]-[l] Thin section photomicrographs (all in ppl) of
textures in volcanic and volcanogenic units of the upper succession. [G]Interaction between mudstone (dark region in lower
half) and volcanic tephra inducing soft sediment deformation (yellow lines and arrows) and mixing of fine mud flakes (white ar-
row) with the tephra. Yellow arrows indicate a mud injection (i.e. micro-flame structure) into the tephra. [H] Moderately welded
ignimbrite (Storhaug ignimbrite) rich in ash fragments (yelllow arrows, including rare y-shaped varieties), and with some altered,
crudely alligned phenocryts (black arrows). [I] Groundmass components of a volcanogenic bed from the Storhaug conglomerate
highlighting spherulitic devitrification in clasts (yellow arrows), ignimrbite clasts with subtle flow banding (black arrows), and
fine mafic clasts (white arrows).

tuff-breccia units allude to changes in eruption dynamics (e.g.
phreatomagmatic activity or increased ascent and decompres-
sion rates), and/or changes in the magma characteristics (e.g.
composition, crystallinity, or volatile content). Previous work-
ers suggested these deposits were the product of local re-
working [i.e. were sedimentary deposits: Naterstad 1978] but
the poor sorting, irregular, ameoboid clast shapes, and dis-
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saggregation features rule out a sedimentary origin [e.g. Ross
and White 2005]. Furthermore, although ash-rich and with
dominantly poorly vesicular clasts, the scarcity of angular ash
and lapilli suggest phreatomagmatism was not an important
driver [Zimanowski et al. 2015]. Instead, increased viscosity
(driven by high crystallinity, cooling, and loss of volatiles)
may have lead to development of dense conduit plugs [Lin-
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Figure 8: Summarised stratigraphic logs for the west and east of the Alnsjg succession showing interpreted phase boundaries
(thick dashed lines; numbers in left half of figure denote phase) and unit boundaries (thin dashed lines). Correlation polygons
and abbreviated unit names are the same as those in Figure 2. M/S - mud/silt; S/A - sand/ash; Gr/Lp - gravel/lapilli; Cb/B-B -

cobble/block-bomb

doo et al. 2017] or lava domes [Branney and Acocella 2015],
hindering magmatic degassing and resulting in Vulcanian to
Strombolian style eruptions [e.g. Formenti et al. 2003; Calvari
et al. 2012] or lava-dome collapse with block and ash flows
and clast comminution [Branney and Kokelaar 2002; Branney
and Acocella 2015]. Dominant clast populations in these units
(1: porphyritic, dense, with sparse angular clasts; 2: poorly
to moderately vesicular, slightly porphyritic, with no angu-
lar clasts) represent components derived from a relatively de-
gassed partially-cooled plug or dome, and a comparatively
volatile-saturated magma from a deeper reservoir respectively.

5.1.3 Phase 1a

Phase 1a is represented by a few poorly preserved volcanic
and sedimentary deposits and unconformable contacts with
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the overlying ignimbrites (Phase 2). The phase comprises
fine to coarse grained sediments, (conglomerate, sandstone,
and subordinate silt), a trachy-andesite ash-tuff (Alnsje Tuff),
and a pyroclastic trachy-andsite (thomb-porphyry) dike. Sed-
imentary deposition preceded emplacement of the rhomb-
porphyry dike (indicated by cross-cutting) and although the
exact relationship between sedimentary units is obscured by
lack of exposure and erosion, the combination is indicative
of alluvial to fluvial sedimentation. Dike characteristics such
as an ash-rich margin, clastic internal textures, and host-rock
brecciation evidence shallow emplacement [Lefebvre et al.
2012; Re et al. 2016], and as such this is interpreted as an
eruption-feeding fissure-conduit. The Alnsje Tuff evidences
moderately explosive trachy-andesite eruptions at this time
but we have found no clear link to the rhomb-porphyry dike.
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Regardless, the unconformable contacts with overlying sili-
cic ignimbrites illustrate a period of erosion following these
trachy-andesite eruptions, possibly in relation to period of
thermal uplift related to magmatic recharge [e.g. Le Mével et
al. 2016; Andersen et al. 2017].

5.1.4 Phase?2

Phase 2, comprising silicic ignimbrites, lacustrine mudstone,
and a small volume basaltic lava, illustrates a marked changes
in both volcanic and sedimentary conditions. Volcanism re-
initiated with high-temperature silicic eruptions, producing
densely welded ignimbrites (Svartkulp and Linderudkollen ig-
nimbrites) that unconformably overlie the deposits of Phase 1
and la. Although it is unclear how some poorly preserved
ignimbrites fit into the stratigraphy, there is an apparent rapid
evolution from densely welded and lava-like [i.e. Snake-river-
type: Branney et al. 2007] to moderately welded and unwelded
ignimbrites, with increasing juvenile and lithic clast propor-
tions up-section. Densely welded, lava-like and rheomorphic
ignimbrites are interpreted by several authors [e.g. Branney
et al. 1992; Branney et al. 2007; Andrews and Branney 2010;
Brown and Bell 2013; Lenhardt et al. 2017] as the deposits of
highly explosive eruptions emanating from fissures or wide
conduits with relatively low eruption columns [perhaps indi-
cated by thin or absent air-fall deposits: Branney and Rokelaar
2002], possibly in conjunction with anomalously high erup-
tive temperatures [e.g. Andrews and Branney 2010] whereas
moderately welded to unwelded ignimbrites are typical of
sub-Plinian to Plinian eruptions [Cioni et al. 2015], wherein
higher eruption columns and greater fragmentation promote
enhanced cooling of pyroclastic material [Branney and Koke-
laar 1992]. Densely welded ignimbrites in the Oslo Rift may
have utilised preexisting basaltic and trachy-andesite fissures,
with later eruptions emanating from volcanic centres or com-
plexes with discrete conduits. Fine-grained sediments (dom-
inantly mudstone) were deposited contemporaneously with
basaltic and silicic units during waning volcanism. Sandy
inter-beds, fining-up sequences, asymmetrical ripples and tab-
ular cross-bedding, and thin volcaniclastic beds illustrate fluc-
tuating depositional energy and repeated, small-volume vol-
canic inputs, whilst peperitic basal zones in volcanic units
(Rapteinsmyra Ignimbrite and Gruvevei Basalt: Figure 6C, 6D)
demonstrate contemporaneity of sedimentary and volcanic de-
position [e.g. Jerram and Stollhofen 2002; Waichel et al. 2007].
Lacustrine deltaic environments are typified by generally low
but fluctuating depositional energy conditions [Tye and Cole-
man 1989], and rapid delta growth has been observed as a di-
rect consequence of ash-rich eruptions [Beigt et al. 2019]. The
moderately welded to unwelded ignimbrites in the second half
of phase 2 were likely drivers of a change in sedimentation, co-
incident with increasing sedimentary stability due to waning
volcanism. As mudstone deposition is continuous in places,
the final eruptions of this phase must have been small and the
deposits areally-restricted.

5.1.5 Phase 3

Phase 3 comprises purely sedimentary portion of the Storhaug
Mudstone (i.e. excluding the upper 10-15 m of inter-bedded
mudstone, sandy mudstone, and primary volcaniclastics), in-
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terpreted as continued development of lacustrine environ-
ments. Erosion of underlying silicic units apparently accom-
panied or preceded deposition, indicated by contacts with
both phase 1 and 2 units. Nodular carbonates in the lower
2-5 m represent low-stands initially fluctuating water levels
[e.g. Stanistreet et al. 2020], whilst upwards decreasing abun-
dance of stratification is indicative of lake expansion (deeper,
calmer waters) and cessation of volcanism, at least in the cen-
tral rift.

5.1.6 Phase 4

Deposits in phase 4 signal renewal of volcanism and rapid
changes in the sedimentary system. Scattered, sparse pumice
clasts enclosed in unstratified mudstone evidence volcanic
renewal, although they are likely secondary volcaniclastics
within the schema of Di Capua et al. [2022]. Upwards in-
creasing primary and secondary [sensu Di Capua et al. 2022]
volcaniclastic inter-beds characterise the upper ca. 10 m of
the mudstone, with numerous soft-sediment deformation in-
dicators (bomb-sags, rip-down/rip-up, and flame structures:
Figure 7A, 7B, and 7G). Sandy inter-beds consistently overly
volcaniclastic beds and fine upwards to mud or sandy mud (i.e.
typical background sedimentation) reflecting periodic avail-
ability of loosely-compacted ash produced by small volume
eruptions rather than a systematic change in sediment trans-
port energy. Rip-up clasts and bomb-sags further indicate that
volcanic deposition occurred as both ash-flows and air-fall
into shallow water or semi-dry lake shores. Stratigraphic ev-
idence of soft-sediment deformation would less prominent in
a deep-water setting due to rapid dissipation and deceleration
of small volume ash flows and bombs. The stratigraphic char-
acteristics are consistent with small cinder-cone type edifices
[Valentine et al. 2005] which have been shown as a early fea-
ture of new volcanic phases [Déniz-Péez 2015]. In combination
with the overlying Storhaug Ignimbrite, these deposits signal
initiation of a new volcanic phase characterised by increas-
ingly frequent small-volume eruptions, giving way to compar-
atively substantial pyroclastic eruptions that produced moder-
ately welded ignimbrites.

In the absence of clear evidence for significant and sud-
den changes in environmental conditions, alluvial fan devel-
opment (i.e. the Storhaug Conglomerate) is viewed as indicat-
ing a regular supply of partially consolidated (i.e. unwelded
to moderately welded) pyroclastic material [e.g. Palmer and
Neall 1991; Palmer et al. 1993; Zanchetta et al. 2004]. The
dominance of volcaniclastic components, bedding orientation
(20-30 degrees), lithofacies (see Supplementary Material 1) and
stratification in the Storhaug Conglomerate are analogous to
volcaniclastic-rich alluvial fans described in southern Campa-
nia [Zanchetta et al. 2004], wherein alluvial fan development
is strongly coupled to antecedent ignimbrite deposition sug-
gesting ongoing volcanic activity in the central rift. The fi-
nal phase of the Alnsje succession thus records volcanic re-
newal in the Oslo Rift, initiated with small-volume eruptions
that affected transient, but increasingly common perturbations
to background sedimentation, followed by the onset of sub-
Plinian to Plinian scale eruptions that induced a more sub-
stantial and persistent change in the sedimentary system.
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5.2 Timing

The Alnsjo succession has been viewed as the youngest de-
posits present in the Oslo Rift. However, previous researchers
indicate a common association between the last significant
basaltic phase (denoted as B3) and the trachy-andesite unit
RP13 [Oftedahl 1978a], wherein RP13 invariably overlies B3.
Naterstad Naterstad [1978] suggested the rhomb-porphyry
in the east of Alnsje occupied a high stratigraphic position
(RP13) within the romb-porphyry lava series of the central rift.
Rhomb-porphyries in the Oslo Rift are numbered based on
unique phenocryst assemblages [summary in Oftedahl 1978b],
therefore, although reclassified as a shallow lava conduit, the
relative position within the lava series is likely still valid. Fol-
lowing this association, the cross-cutting relationship between
RP13-dike and Breisjehogdene basalt in the east illustrates that
the lower basaltic units are related to the B3 phase and are
older than previously thought. Therefore, we interpret the
Svartkulp and Linderudkollen ignimbrites as recording the on-
set of major silicic eruptions in the central rift.

5.3 Intra- or extra-caldera deposition

Silicic volcanic successions and deposits throughout the Oslo
Rift have commonly been perceived as late-stage intra-caldera
infill [Seether 1946; Naterstad 1978; Larsen et al. 2008], evi-
denced by presence within approximately circular to elliptical
structures with apparent juxtaposition of older and younger
units across the boundaries of these structures. However, al-
though the Alnsje succession is located very close to a pro-
posed caldera ring-fault with large inferred subsidence mag-
nitude [~1-2 km subsidence: Sether 1946; Serensen 1975;
Naterstad 1978; Oftedahl 1978al, stratigraphic evidence of
caldera-collapse concomitant with the volcano-sedimentary
succession is absent. Commonly, lower units of a caldera-fill
succession or upper portions of caldera-forming ignimbrites
will contain mega- or meso-breccias, especially adjacent to
the caldera ring fault, related to collapse of newly-formed,
unstable caldera walls [Lipman 1976; Moore and Kokelaar
1998; Brown and Branney 2003]. Furthermore, syn- or post-
collapse ignimbrites would reasonably be expected to show
evidence of ponding or draping relationships with a caldera
fault-scarps, or on-lapping relationships with collapse brec-
cias [Moore and Kokelaar 1998; Lipman et al. 2015} Regarding
sedimentary caldera infill, fining-up sequences are more typi-
cal of post-collapse deposition due to initially unstable caldera
walls feeding coarse-grained material to the system, and a
general increase in stabilisation with time leading to slower
sedimentation rates [Branney and Acocella 2015]. These fea-
tures are all absent in the Alnsje succession. Moreover, ev-
idence for caldera collapse concomitant with preserved de-
posits is lacking or not sufficiently documented in all but one
area [Drammen: Andersen 2024] in the Oslo Rift. Apparent
cone-sheet intrusions slightly south-west to south-east of the
arcuate boundary of the Alnsje do imply later caldera collapse
but the preserved succession represents a subsided caldera
block, wherein the small-scale faulting and broad deforma-
tion reflect piecemeal collapse [e.g. Moore and Kokelaar 1998]
and flexural subsidence [e.g. Walker 1984] respectively.
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5.4 Silicic volcanism across the Oslo Rift

Silicic volcanic units across the Oslo Rift have commonly
been mis-interpreted and under-represented in previous stud-
ies, and it is only recently that the extent of these units has
been recognised [e.g. Lutro and Nordgulen 2008]. Invariably,
the ignimbrites have been treated as intra-caldera deposits,
although the presented for this evidence is limited and es-
sentially consists of the inferred presence of ring-dikes and
the juxtaposition of units from disparate stratigraphic lev-
els. However, the Alnsjo succession shows no evidence of
caldera collapse, and consistent stratigraphic dips in all but
the uppermost conglomerate indicates deposition in roughly
flat-lying regions (assuming approximately horizontal depo-
sition of lacustrine sediments). Densely welded ignimbrites
lacking evidence for caldera collapse may be influenced by
local tectonic structures [Navarrete et al. 2020; Drake et al.
2022] but may also be medial to distal sections of caldera
forming ignimbrites. Cursory observations to the north-west
[e.g. the Berum, Oppkuven, or Kampen calderas: Lutro and
Nordgulen 2008; Corfu and Larsen 2020] highlights the pres-
ence of densely welded, crystal-rich ignimbrites [mapped as
rhyolites and ignimbrites in Lutro and Nordgulen 2008] that
are texturally comparable to the Svartkulp and Linderudkollen
ignimbrites. These units were long misinterpreted as varied
porphyritic granites and syenites [e.g. Olerud 2002] or as in-
trusive breccias and felsites [e.g. Oftedahl 1946], which led to
suggestions that no evidence for ignimbrites existed in this
region (the Krokskogen Plateau) of the Oslo Rift [Larsen et
al. 2008]. No recent descriptive or stratigraphic work has
been undertaken in these areas, but the map of Lutro and
Nordgulen Lutro and Nordgulen [2008] shows a similar suc-
cession to phase 1-2 of Alnsje, with basalt(s), overlain by rel-
atively late-stage rhomb-porphyry lava(s) (regionally labelled
rhomb-porphyry 11 (RP11); wherein the latest flows are typi-
cally numbered RP13-15), overlain by a rhyolitic unit(s). In ad-
dition, recent work in a caldera to the south [Andersen 2024 il-
lustrates a similar evolution in the silicic phase (first producing
densely welded ignimbrites, with a rapid shift to moderately
welded and unwelded ignimbrites) but the succession lacks
most of the basaltic, trachy-andesite, and sedimentary units
preserved in Alnsje. Conversely, the basal densely welded ig-
nimbrite observed there is substantially thicker (ca. 300 m)
and displays some evidence (e.g. ring-fault bounded coarse
breccias) supporting concomitant caldera collapse [Andersen
2024]. The combination of significantly thicker individual ign-
imbrites and evidence of caldera collapse suggests these were
the primary eruption centres active during the early silicic
phase but the current lack of detailed stratigraphic, lithofa-
cies, geochemical, and geochronological data from this phase
precludes verification of this. Deposition of thick ignimbrites
may have hindered sedimentary deposition in proximal re-
gions due to disturbance or complete destruction of the palaeo-
environment and sedimentary pathways and increased post-
eruption topography [Manville and Wilson 2004; Manville et
al. 2009], with sediments rapidly draining towards topograph-
ically lower rift axis settings [Ebinghaus et al. 2014] where
silicic volcanic units were comparatively thin medial to dis-
tal deposits from other centres. Rift axis depocentres similar
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to the Gregory Rift (Southern East African Rift), which con-
tain rift valley lakes [Scoon 2018], on- and off-axis central vol-
canic complexes and calderas [Bosworth 1987; Scoon 2018],
and cinder-cones [Martin-Jones et al. 2019], is in better agree-
ment with the stratigraphic evidence than prior suggestions
of intra-caldera deposition. The diverse lithostratigraphy of
the Alnsjo succession is somewhat unusual in the Oslo Rift,
with no similar examples known. The primary cause is sub-
stantial rift-wide glacial erosion, with many areas now dom-
inated by intrusive rocks or covered by sea (the Oslo Fjord;
Figure 1A). Consequently, the Alnsje succession likely repre-
sents the only type locality, and a valuable reference sequence
for late-stage volcano-sedimentary evolution in the Oslo Rift.
Additionally, the potential for erosion and modification of such
deposits means that their occurrence within the rock record
could be somewhat underrepresented, compared to a similar
modern day setting.

5.5 Episodic volcanism and rapid source variations

Although the relationship between some units is obscured by
lack of exposure and erosion the variability observed in the
Alnsje succession illustrates rapid evolution or variations in
magmatic source(s) that appears to be characteristic of early
silicic volcanism in the Oslo Rift. Many other silicic volcanic
provinces are characterised by broadly uniform styles of ig-
nimbrite. These can be typified by high-grade ignimbrites
[e.g. Andrews et al. 2007] or by low- to moderate-grades [e.g.
Brown et al. 2003] of ignimbrite. The British Paleogene Ig-
neous Province (BPIP) for example illustrates a contrasting
setting wherein ignimbrites display evidence of rapid and fre-
quent variations between these endmember styles [Brown et
al. 2024]. Although the development of silicic systems in the
BPIP was often in the latter stages such as on the isle of Skye,
early caldera development of this province also occurs [Troll
et al. 2019]. Similarly, development of silicic ignimbrite erup-
tions in the Main Ethiopian rift (northern east African rift) oc-
curred both in the early stages of rift initiation (intercalated
with basalts) and in later stages [Wolfenden et al. 2004]. In
contrast, Ignimbrites in Alnsje (and more broadly, across the
Oslo Rift) appear to illustrate a dominant evolution in style
from densely welded ignimbrites at the onset, to moderately
welded and unwelded ignimbrites in following eruptions, this
pattern being repeated across different eruptive centres, but
only occurring within the later stages of the Oslo Rift volcanic
system. The accretionary-lapilli ash rip-up in the lowermost
basalt represents the earliest known silicic volcanism and was
likely triggered by the arrival of basaltic composition magmas
that subsequently fed the overlying eruptions but also implies
that silicic magma reservoirs were already present. Addition-
ally, these basaltic magmas may have provided the heat re-
quired to generate the high-temperature snake-river-type sili-
cic eruptions that comprise the onset of the phase 2 sequence
from pre-existing silicic reservoirs. However, whilst rare sili-
cic clasts are present in the basaltic tuff breccia unit, densely
welded ignimbrites are devoid of mafic clasts, which might be
expected from an episode of mafic recharge [e.g. Liszewska et
al. 2018]. Mafic phenocrysts may be present in these rocks
but pervasive alteration of phenocryst compositions through-
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out the Oslo Rift generally rules out confident assessment of
such features. Younger moderately welded and unwelded ign-
imbrites in Alnsje do contain minor mafic clasts (especially in
the Storhaug Ignimbrite) and may relate to separate magmatic
sources that had more interaction with mafic magma recharge,
or alternatively may signal significant emptying of silicic reser-
voirs in the early eruptions creating space for mafic recharge.
The early densely welded ignimbrites may instead represent
evacuations of rapidly emplaced, shallow, hot magma reser-
voirs [e.g. Castro et al. 2013; Rhodes et al. 2021; Repstock et al.
2022]. Evidence for shallow emplacement of overlapping and
cross-cutting silicic reservoirs is commonplace in the Oslo Rift
(e.g. the cross-cutting syenite, granite, and nordmakite bodies
surrounding Alnsjg: Figure 1). The long volcanic hiatus repre-
sented by phase 3 likely relates to somewhat complete empty-
ing of available melt from magma reservoirs during the phase
2 eruptions, resulting in cooling and rheological lock-up of re-
maining magmatic mush [e.g. Rhodes et al. 2021], and emplace-
ment of new silicic reservoirs. Eruptions in phase 4 contain
mafic material, and whilst no direct evidence for basaltic erup-
tions at this stage is present in Alnsje, they are documented
elsewhere in rift at the same stratigraphic level [e.g. Larsen
et al. 2008]. Nonetheless, these were deeper and/or cooler
reservoirs such that the onset of phase 4 volcanism was typ-
ified by lower temperature, comparatively pumice- and ash-
rich ignimbrites with higher lithic contents. The Alnsjg suc-
cession thus illustrates episodic and variable silicic volcanism,
likely driven by a combination of large-volume, shallow reser-
voirs and rapid emplacement of distinct silicic magma batches.
This likely required a complex transcrustal magmatic plumb-
ing system and periodic basaltic re-heating, wherein the depth
and emplacement timescales of reservoirs may have been the
primary drivers of eruption style. Initial silicic volcanism in
the Oslo Rift displays similar lithofacies and stratigraphic char-
acteristics to Snake-River-type deposits but notably, is char-
acterised by compositionally tri-modal volcanic products and
rapid evolution in the intensity of welding in ignimbrites, sig-
nalling rapid changes in source region and/or magma reser-
voir and eruption conditions.

6 CONCLUSIONS

We present a revised geological map and the first com-
prehensive litho-stratigraphic reconstruction of the volcano-
sedimentary evolution in the central Oslo Rift. Stratigraphic
relationships indicate the succession is older than previously
thought and likely records some of the earliest silicic volcan-
ism in the Oslo Rift. Four key phases of volcanic and sedi-
mentary deposition are distinguished, separated by erosional
hiatuses and/or clear changes in depositional conditions. The
succession records late-stage basaltic lava flows, signalling, a
transition towards pyroclastic (e.g. cinder-cone) edifices, and
final phases of trachy-andesite volcanism in the Oslo Rift, with
the basaltic pyroclastic deposits being the first of their kind re-
ported in the Oslo Rift. Partially preserved sedimentary and
intermediate-composition volcanic units overlying the basaltic
units represent the onset of a period dominantly characterised
by sedimentation and erosion, with minor volcanism. Several,
variably preserved rheomorphic and lava-like to moderately-
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welded ignimbrites record some of the earliest phases of dom-
inantly silicic magmatism in the central to northern rift, but
are evidently not the first eruptions of evolved compositions
given the banded-rhyolite inclusion in the lowermost basalt in
the west of the study area. Lacustrine to and minor fluvial de-
posits overlying these ignimbrites record a period of volcanic
quiescence and development of rift lakes contemporaneously
with waning volcanic activity. Mudstone with volcaniclas-
tic inter-beds, a moderately welded ignimbrite, and coarse
sediment deposition illustrate both volcanic renewal and a
change in the sedimentary deposition driven by increased lo-
cal topography and sediment availability. Contrary to con-
clusions of prior research, we find no evidence to suggest
this succession records a caldera-collapse episode and sub-
sequent infilling. However, tentative correlation with an area
in the west of the Krokskogen area, where a similar sequence
of basalt, trachy-andesite, and rheomorphic to lava-like ign-
imbrite exists suggests eruptive-centres, and therefore signs
of any caldera-collapse for the phase 2 ignimbrites might be
further west. Early silicic eruptions lack evidence for mafic
recharge as an eruption trigger whereas later ignimbrites do.
Early rheomorphic to lava-like ignimbrites were likely the
product of large, shallow, and rapidly-emplaced silicic reser-
voirs undergoing near-complete emptying of available melt.
Rapid progression to moderately and unwelded ignimbrites
in subsequent eruptions indicates modification of source reser-
voirs following a large eruption, or rapid switching between
reservoirs. Compared to other global examples of modern
and ancient systems showing similar juxtaposition of litho-
facies types, the Alnsje succession shows some similarity to
Snake-River type deposits, but notably differs in its composi-
tionally tri-modal volcanic products and rapid evolution from
high- to low-grade ignimbrites. This evolution appears to be
consistently shown in other silicic eruptive centres of the Oslo
Rift.
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