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1. Additional information on the lithostratigraphy and facies

The DH boreholes in central Spitsbergen, Svalbard (Fig. 2D) are a series of fully cored
wells, which were drilled to investigate the potential for CO2 sequestration in the subsurface of
Longyearbyen, Svalbard's largest settlement. The cores are currently stored at the University
Centre in Svalbard (UNIS), and are included in the Svalbard Rock Vault initiative
(www.svalbox.no) (Braathen et al., 2012). All the cores penetrate the Helvetiafjellet Formation
and the lower part of the overlying Carolinefjellet Formation. The Helvetiafjellet Formation has
a discontinuity onto the underlying Rurikfjellet Formation at a major erosion surface, known as
the Barremian subaerial unconformity (e.g. Grundvig et al., 2019; Fig. 2B).

The Lower Cretaceous basin fill in Svalbard accumulated as a response to long-term
regional subsidence interrupted by crustal updoming with resulting uplift in the north caused by
the opening of the Amerasian Basin and the onset of the High Arctic Large Igneous Province
(HALIP) to the northeast (e.g., Gjelberg and Steel, 1995; Maher, 2001, Midtkandal and Nystuen,
2009; Grundvag et al., 2019, 2020). The Festningen Member of the lowermost Helvetiafjellet
Formation is dominated by coarse-grained quartzitic cross-bedded sandstones that are interpreted
as braidplain deposits (Midtkandal and Nystuen, 2009; Grundvég et al., 2019). The overlying
Glitrefjellet Member consists of heterolithic deposits that accumulated in a wide range of paralic
environments (Nemec, 1992; Grundvag et al., 2019), broadly representing a low-angle fluvio-
deltaic coastline. Detailed facies analysis in Engen (2018) concluded that the depositional
environments of DH1 changed upward into an interdistributary bay facies in the uppermost part
(Engen, 2018; and shown in Grundvag et al., 2019, their fig. 11, based on data from the DH
cores); thereby representing deposition under an overall increase in relative sea level and
supporting the interpretations of trends described by other investigations (Nemec, 1992;
Midtkandal and Nystuen, 2009; Grundvég et al., 2017, 2020; Grundvag and Olaussen 2017).
The coastal plain during the deposition of the Helvetiafjellet Formation was subject to several
relative sea level oscillations and/or shifting depocenters of sediment inputs (Midtkandal et al.,
2007). The Helvetiafjellet Formation in the boreholes contains thin coal beds and soil horizons,
in addition to scouring at the bases of some sandstone-filled channels (e.g., Grundvag and
Olaussen, 2017; Engen, 2018).

Sandstones in the Glitrefjellet Member show an upward increase in volcanoclastic
fragments (Mabher et al., 2004), including the 20-cm thick volcanic ash layer (i.e. a bentonite bed)
reported in wells DH3, DH6 and DH7 (Corfu et al., 2013; Midtkandal et al., 2017; Grundvag,
written commun., 2020). Well correlation between DH3-DH7 (~50 m apart) and a lateral
extrapolation westwards (over a distance of ca. 7 km) to DH1 place the bentonite just below a
thick fluvial sandstone unit at about level 180 m in borehole DH1 (Fig. 2). The lateral
extrapolation of the bentonite bed is based on the assumption that the Glitrefjellet Member
coastal plain was characterized by relatively flat-lying chronostratigraphic timelines and a 'layer-
cake'-type of stratigraphic architecture, as suggested by previous studies (e.g. Midtkandal and
Nystuen, 2009; Grundvéag and Olaussen, 2017; Grundvag et al., 2019). The bentonite is a direct
evidence of volcanic activity attributed to the regionally extensive HALIP (Polteau et al., 2016).



The uppermost beds of the Helvetiafjellet Formation consist of wave-reworked mouth-
bar sandstones capped by a conglomeratic lag deposit containing a mixture of lithic and siderite
fragments (Engen, 2018; Grundvig et al., 2019). The lower ca. 10 m of the Carolinefjellet
Formation is an organic-rich shale as a regional flooding transformed the Helvetiafjellet
Formation coastal plain into a shallow-shelf depositional setting (Grundvag et al., 2019, 2020).

2. Paleomagnetic and magnetostratigraphy methods and results, with Supplementary
Figures S1-S3 (paleomagnetics)

2.1. Rock magnetism

The intent of rock magnetic experiments in this study is to determine the carriers of
natural remanence and to inform NRM demagnetization and characteristic remanence (ChRM)
interpretations. A subset of specimens (n=11) spanning the DHI core was chosen for isothermal
remanent magnetization (IRM) acquisition and demagnetization experiments and coercivity
modeling. Results from these procedures for representative specimens (#166.65 and #202.05) are
shown in Figure S1.

IRM acquisition and coercivity modeling (Kruiver et al., 2001) indicate three populations
of magnetic minerals: 1) A low-coercivity population, (Mean Coercivity, i.e., Bi2 = 10-15 mT);
2) a mid-coercivity population (Bi2= 40-50 mT); and 3) a high coercivity population (Biz =
250-350 mT). Thermal demagnetization of orthogonal IRMs (Lowrie, 1990) consistent with
these ranges (x = 0-30 mT, y = 30-100 mT, and z= 100—-1000 mT) characterizes the relative
importance of each population as remanence carriers, as well as their thermal properties.

The low-coercivity component (0 mT <Bi2 <30 mT) demonstrates steep declines in
magnetization following heating between room temperature and 250°C. Magnetization increases
slightly at the ~275°C step, stabilizes between 275°C and 300°C, then declines steeply at 325°C,
and  monotonically  thereafter until ~400°C. The  mid-coercivity = component
(30mT < Bi2 <100 mT) demonstrates relatively stable magnetizations between room temperature
and 250°C, and decreases steadily between 250°C and 450°C. The high coercivity component
(100 mT <Bi12 <1 T) is stable up to 300°C, declines steeply between 300 and ~350°C, and then
stabilizes. All three components stabilize between roughly 400°C and 550°C or decline
monotonically over that range, before being nearly completely demagnetized at 580°C.

The coercivity and IRM results indicate mixed magnetic mineralogy in our samples. The
high coercivity population accounts for a minor component of the SIRM (~10% according to the
coercivity model); the component that survives a high unblocking temperature (>580°C) is most
probably from the hematite. Depending on grain size and crystal habit, pyrrhotite could have
coercivities up to 1T (Lowrie, 1990), although values between 10 and 125 mT are more
commonly expected (Peters and Dekkers, 2003). Natural pyrrhotite specimens, similar to our
specimens, also demonstrate declines in magnetization between room temperature and 325°C,
with increases in magnetization at 280°C to 300°C (Dekkers, 1989). Pyrrhotite can thus explain
low and high coercivity thermal demagnetization behaviors. A second possibility is that the
blocking temperature shoulders between 250°C and 400°C are caused by the oxidation of



maghemite (e.g., Channell and Xuan, 2009). Greigite, on the other hand, is not important in our
samples, which would be a viable candidate over a tighter coercivity range (37-95 mT, 67 mT
average, Peters and Dekkers, 2003). The rotational remanent magnetization (RRM) (Snowball,
1997) analysis demonstrates emphatically that no greigite exists in the studied samples from
Helvetiafjellet Formation (Fig. S2). Magnetite explains the persistent magnetization up to 580°C,
and appears to dominate the mid-coercivity population (Bi2= 49 mT). Therefore, magnetite is
the main phase of the primary magnetization carriers, with minor contributions in some samples
from detrital pyrrhotite or maghemite.



Coercivity and Unblocking Temperature Analyses

Sample 166.65, IRM Acquisition & Demagnetization

1.0E-01 LAP o Rawdsta 7.00E-02 30 mT component
increasesat 275 C
E B0E-02 Companent t 30 mT
< X m Pt ” :
o2 ) 8 00E-02 component Fe-5” Curie T magnetite Curie T
é 4.0E-02 o Comeenent2 sto 250 C 3¢ 580C
- 2.0E-02  Components 5.00E-02
0.0E+00 O £ = ERR . —4—30mT
0.5 1 15 2 25 3 3.5 =——Sum of 4.00e-02 E
Log Applied fieldin  MT components b - 100 mT
:
1.0E-01 GAP sooeoz L e | =4 1000 mT
80F02 — Total IRM
_E £.0E-02 2O0E
5
& 40E-02
° 2.0E-02 1.008-02
0.0E+00
05 1 15 2 25 3 35 0.00E<00 e,
“Log Applied field in mr i 0 50 100 150 200 250 300 350 400 450 500 550 600 650 70O
Sample 166.65, Coercivity Parameters
component | contribution SIRM log(B,,,) B,,, DP
% Alm mT mT mT
1 14.6 1.20E-02 1.00 10.0 0.30
2 73.2 6.00E-02 1.69 49.0 0.24
3 12.2 1.00E-02 2.40 251.2 0.30
Sample 202.05, IRM Acquisition & Demagnetization
12601 U Rawdam 8.00E-02 - 100mT component
g 10EM increases at 275 C
H Component 1 o 4
80502 T o0mo Eﬁ,i 12:;::’ “Fe-S” Curie T Magnetite Curie T
£ BOE02 —— Gomponent2 i 325¢C 580C
E 4.0E-02 6.00E-02 - cays to 250 C
20E-02 Compsnent )
0.08+00 35 ——cumer So0eaz 1 E —+—30mT
10y lied fiel m componens | [ e —— -
Log App ied \ed in p P EI.,D\ --€--100mT
- --4---1000 mT
12601 ",
10801 300602 - \ LN Total RM
e B0E02 - T
& 60E02 200802 A, o e
o 40502 1o0ez | Large Drop in 1000
20502 3 mT component at
0.0E+00 325C
0 WLuuAppllednédm m 35 0.00E+00 -
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
Sample 202.05, Coercivity Parameters
component | contribution SIRM log(B,,,) B,,, DP
% Alm mT mT mT

1

16.2

1.60E-02

1.10

12.6 0.30

2

73.7

7.30E-02

1.69

49.0 0.28

3

10.1

1.00E-02

2.50

316.2 0.25

Figure S1. Coercivity and unblocking temperature analyses of samples 166.65 and 202.05.




90
m DD
80 oo —-o
70 S _n
=
E 60 ry
= °© e
o [m]
© R
& 40 2
= _ <4
30 ¢ Helvetiafjellet Fm O Qé.
O Greigite o
20 4| Magnetite “
[0 Maghemite Tape
10 4+ O Potter & Stephenson
MD magnetite
0 r T T r r "
-150 -125 -100 -75 -50 -25 0 25

Bg (uT)
Figure S2. The rotational remanent magnetization (RRM) analysis. Greigite, magnetite and some maghemite data
are from Snowball (1997); and Potter and Stephenson (1986) data used ball-milled natural magnetite. The data from
Helvetiafjellet Formation in this study uses RRM at Srps, and 100 mT, along with 100 uT bias for the ARM. The
ARM used for the Bg is the rotational ARM. Measurements performed on a RAPID 2G.

2.2. Paleomagnetics

We sampled DH1 for magnetostratigraphy, rather than DH3, because the upper part of
the Helvetiafjellet Formation and overlying Carolinefjellet Formation above the dated bentonite
in DH3 had been distorted by permafrost, whereas the cored sediments in DH1 were intact. A
total of 110 mini-cores were collected, of which 11 were selected as “pairs” to run comparative
thermal/alternating AF field demagnetization before productive measurements. The thermal-only
runs were performed using a Magnetic Measurements Ltd. (Aughton, Lancashire, UK) thermal
demagnetizer, at increments ranging from 25-50°C until the magnetization was either too weak
to measure or displayed unstable behavior (up to 450°C). While the AF-only measurements were
demagnetized using a Molspin tumbling alternating field demagnetizer (Molspin Ltd, Newcastle
on Tyne, UK) at steps of 5 mT until 20 mT and then transitioned to 10 mT until 50—-80 mT
according to the demagnetization behaviors.

After examining the rock magnetic property and pilot sets data, a composite
demagnetization scheme using thermal demagnetization to 200-300°C (dictated by lithology)
followed by AF was found to be most effective. Large changes in rock color (mineralogy)
accompanied by surges in susceptibility and magnetic intensity were often seen above this
critical range of thermal steps. The specimens were measured on a RAPID 2G magnetometer
with noise level of ca. 1 x101? Am?.
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Figure S3. Examples of relatively good quality-rated (N/R for the upper two panels and NP/RP for the lower two
panels) vector end-point diagrams of typical demagnetization behaviors. For lithologies and polarity interpretation
of each sample, see Table S2 and S3.

Mean directions were determined using the PmagTool software (Hounslow, 2006).
Quality ratings of ‘N(R)’, ‘NP(RP)’, ‘NPP(RPP)’, ‘N?(R?)’ or ‘INT’ were assigned to the ChRM
directions and polarity interpretations according to a semi-subjective judgment of the behaviors
of the magnetic vectors during the progressive demagnetization (Tables S2 and S3). We applied
a ‘P’ tag (‘RP’ or ‘NP’) when the residual magnetization vector was considered close to attaining
an endpoint before losing its residual magnetization or before experiencing a surge in
susceptibility. The ‘PP’ tag was applied to samples that had a distinct trend toward the polarity



hemisphere to be considered indicative of the underlying polarity, but were judged to be too far
from attaining an endpoint before dying to be used in statistics for computing a mean direction.
The °?° qualifier was used to denote possible trends toward an underlying polarity, and ‘INT’ is
either entirely uncertain or displayed an endpoint that was intermediate between the ‘N’ and ‘R’
poles. Examples of the quality ratings are illustrated in Fig. S3. Details on polarity interpretation
are included in Supplementary Table S2. Examples of the good quality-rated demagnetization
are shown in Fig. S3.

As well as the ChRM observed as the high stability component, in some specimens a
down-directed component steeper than the ChRM was observed at low to mid stability ranges.
This is interpreted as largely a Brunhes partial overprint, and was observed in 50 of the samples.
The mean inclination (using marginal likelihood estimate; Enkin & Watson, 1996) of this
Brunhes component is 76.8° (95% confidence interval 87.4°-71.6°) comparable to the expected
Brunhes geocentric axial dipole (GAD) inclination of 84° (Fig. S4a). In 17 specimens an
additional shallow inclination component was observed at the lowest stability (<200 °C and
<15 mT) to demagnetization (Fig. S4c). This is inferred to be a storage remanence, since whilst
aligned parallel with the core plug axis in some specimens, in others it is not, probably connected
to the rotation of the core fragments during handling, storage and plugging.

For 21 of the specimens, we used the Brunhes overprint to re-orient the core (Brunhes
declination rotated to 0°) enabling an overall mean direction to be determined (Fig. S4b), i.e.,
Dec.= 15.3°, Inc.= 65.5°, avs= 11.3°, k= 8.9. This gives a pole (latitude 59°N, longitude 175°E)
similar to other Cretaceous paleomagnetic data from Barents Sea region (Fig. S4d), giving
support to the primary nature of our magnetization. The mean inclination of the ChRM is 57.8°
(95% confidence interval 76.3°-51.8°). This compares with a steeper mean inclination of 71.4°
(95% confidence interval 78.9°-69.1°) for Cretaceous volcanic paleomagnetic data from the
Barents Sea region (Fig. S4). The shallower mean inclination may relate to the depositional
nature of our magnetization (e.g., Kodama, 2012 and references therein). This pole was also used
to determine the virtual geomagnetic pole (VGP) latitude in these specimens (Fig. 2 in the main
text).

The remaining 29 specimens could not be satisfactorily re-oriented with the Brunhes
component possibly due to component overlap with the storage component, which is evident by
an elongation in the distribution of the Brunhes component along the plug-axis (Fig. S4a).

The obtained magnetostratigraphy (Fig. 2) allows a consistent match with the reference
scale in GTS2012. Even though the fluvio-deltaic facies of the Helvetiafjellet Formation has a
very irregular sediment accumulation punctuated by soil horizons and scour at bases of fluvial-
distributary channels and though there is a low quality rating for many of the paleomagnetic
samples, the combination of the subset of the higher-quality ChRMs and the other stratigraphic
constraints do not allow another option to this main correlation to the magnetic polarity reference
scale.
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these data are from intrusives or lava units (lava data from Franz Josef Land; in green; Abashev et al. 2018). The

Cretaceous data (ranging in age 160—110 Ma) largely relate to the High Arctic Large Igneous Province (HALIP;
Senger et al., 2014), and like other Svalbard data has also been subject to late Cenozoic partial remagnetizations
(Halvorsen, 1989; Halvorsen et al. 2012), which may in part be responsible for the large spread in poles. The
overprint poles typically fall within the box shown when well defined (see also Hounslow and Nawrocki (2008) for
discussion of Svalbard overprints). Our data falls close to the western end of this spread in good pole-data, which is
close to the detailed re-assessments of HALIP data in Halvorsen et al. (2012) and Halvorsen (1989) (in blue). Some
of the pre-1989 data and some of the data from Franz Josef Land may be partly contaminated with Cenozoic
overprints, which are likely represented by the volcanic pole of the late Cenozoic Seidfjellet Formation on Svalbard.
HALIP data not referenced in the figure are from the pole list in Hounslow and Nawrocki (2008).



10

3. Supplementary Tables S1-S5
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Table S1. References cited for sources of radiometric dates in Figure 1 of the main text

Table S2. Svalbard SH1 paleomagnetic sample descriptions, brief interpretations of each
demagnetization result, characteristic directions (ChRM) and polarity rating

Table S3. Demagnetization steps of each sample
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