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The well-documented, well-preserved, and well-exposed Lockne crater is a reference crater for marine-target
impacts on Earth. The large amount of data allows detailed analysis of the cratering and modification processes.
A unique feature of Lockne as compared with other similar craters is its pristine ejecta layer. Here, we provide the
first complete lithological description coupled with an analysis of the rock magnetic properties of the Lockne-9
core drilled through the ejecta flap. Low-field bulk magnetic susceptibility, magnetic hysteresis, isothermal rem-
anent magnetization curves (IRM), and the corresponding model of the coercivity spectra, backfield IRM, and
thermomagnetic curves are used to fully characterize the magnetic mineralogy (i.e., pseudo-single domain
(PSD) magnetite and pyrite). Variation of the magnetic properties with depth reveals a characteristic maximum
in the magnetic susceptibility and magnetization within the crystalline ejecta. The magnetic properties of rocks
affected by the impact show a slight weakening in the coercivity of magnetic minerals in comparison with
rocks not affected by the impact. Altogether, this suggests to us that the high magnetization zone already existed
before the impact event took place. Therefore, it can be inferred that during the cratering process, the Lockne
ejecta was repositioned en masse from the central part of the crater in the form of an ejecta flap. This stands in
contrast to the standard ballistic emplacement model wherein individual particles move in an ejecta curtain.
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1. Introduction

The 458 million years old Lockne crater in central Sweden (Fig. 1) is
today one of the best accessible, well-preserved marine-target craters
on Earth because of the fact that—immediately after its formation—the
crater was covered by post-impact marine sediments and, subsequently,
by over-thrusted Caledonian nappes (Lindstrom et al., 2005a). It was
thus protected from erosion until Cenozoic isostatic uplift and Pleisto-
cene glaciations event exposed the crater. This fortunate set of circum-
stances has triggered many geological and geophysical studies during
the last few decades, spanning the pre-impact sedimentary record,
impact process, and post-impact sedimentation (e.g., Sturkell, 1998;
Lindstréom et al., 2005a; Ormd et al., 2010b; Sturkell et al., 2013, and
references therein). This impact structure has been explored by 11
short core drillings (Fig. 1), and over 5000 outcrop descriptions, which
is the basis for a detailed geological map (i.e., Lindstrom et al., 2005a).
In addition, this impact crater has been the site of several geophysical
surveys (e.g., Sturkell and Ormo, 1998; Sturkell et al., 1998b). Cores 1-6
were drilled in order to constrain the crater dimensions and to determine
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the stratigraphy of the crater infill and the biostratigraphic age of the
crater (Lindstrom et al., 1996). Drill cores 7, 8, and 9 (the latter being
the subject of this study) were obtained during 2004 with the main ob-
jective to study the depositional environment within the crater as well
as the ejecta dynamics (Ormo and Lindstrom, 2005). A brief description
of the Lockne-9 core is given by Ormé and Lindstrom (2005), and a
study on biomineralization at certain core levels was carried out by
Lindgren et al. (2007). Drill cores 10 and 11 are subject for an ongoing
geological and geophysical study (Sturkell et al., work in progress).
Previous geophysical studies include modeling of the gravimetric and
magnetic anomalies generated by the crater (Sturkell and Ormo,
1998; Sturkell et al., 1998b). The magnetic modelling was restricted to
the use of aeromagnetic anomalies and measured values of the induced
magnetization (i.e., magnetic susceptibility) for the geological bodies in
consideration. The magnetic signature of the crater is very weak due to
the low contrast between the main lithologies (Sturkell and Ormo,
1998) and for simplicity, remanent magnetization as a contribution to
the total signal was not considered.

Rock magnetism and paleomagnetism analysis related with impact
cratering are commonly used for two main purposes: magnetic model-
ling and studies of shock effects. Rock magnetic characterization allows
the magnetic susceptibility as initial input in the modelling of magnetic


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jappgeo.2014.11.009&domain=pdf
http://dx.doi.org/10.1016/j.jappgeo.2014.11.009
mailto:meleroai@cab.inta-csic.es
Unlabelled image
http://dx.doi.org/10.1016/j.jappgeo.2014.11.009
Unlabelled image
http://www.sciencedirect.com/science/journal/09269851
www.elsevier.com/locate/jappgeo

92 1. Melero-Asensio et al. / Journal of Applied Geophysics 112 (2015) 91-105

+ o+

63°05*
9

N
- 2012001
Xx: n i

- 63°00° -

+ o+

1450+

Lockne-9 B

+
o+ 4+ o+ 4+ 4

+ + + o+

+ 1km

Impactites

D Ynntjédrnen Breccia
- Crystalline ejecta

Other structures
E Fault; indicating downthrown side

O  Dolerite samples localities

Ea Resurge deposits

= = Shear zone (addapted from Hogstom et al., 2010)

B Drill site

Non-impact rocks

D Paleozoic sedimentary rocks

Crystalline basement

* Crater centre

Fig. 1. Geological map and location of Lockne-9 drill core with respect to the crater centre (modified from Lindstrém et al.,, 2005a and Frisk and Ormo, 2007). The lower panel displays a
simplified geological section through the Lockne crater passing by the Lockne-9 core (modified from Lindstrom et al., 2005a).

anomalies (e.g., Henkel and Reimold, 2002; Henkel et al., 2002; Ormd
et al., 2010a; Scott et al., 1997). Paleomagnetic studies constrain the
amount of remanent magnetization that contributes to the magnetic
anomaly model (e.g., Elbra et al., 2009). Combined analysis in
pyrrhotite-bearing rocks has been applied to understand shock demag-
netization by impacts on Earth and other planetary bodies (e.g., Kontny
et al., 2007; Louzada et al., 2010).

1.1. Setting of the Lockne-9 drilling

The formation of the Lockne crater in an epicontinental sea of about
500 m water depth is of interest as the layer of seawater is known to affect

the excavation process and the ejecta emplacement (e.g., Lindstrom et al,,
2005b; Ormé and Lindstrém, 2000; Shuvalov et al., 2005). So far, there is
not much known about the ejection process at marine impacts with such
arelatively deep target water depth as Lockne (i.e., a water depth equal or
more than the projectile diameter). Especially enigmatic is the apparent
absence of a structural uplift (Fig. 1) below the ejecta of the rim area
(e.g., Sturkell and Lindstrém, 2004), which is common at the land-
target craters more frequently used as standards for crater morphologies
(e.g., Melosh, 1989 and references therein). Instead, the formation of
exceptionally wide, relatively coherent ejecta flaps is realized in this
setting (e.g., Lindstrom et al., 2005a). It is possible that these features
are a consequence of the low position of the basement crater below a
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target succession of sedimentary cover rocks and seawater. The upper
and weaker and less dense part of the target is subject to a shallow exca-
vation flow generating a concentric growth of the transient crater with a
lower, nested part of the crater formed in the basement (e.g., Gault and
Sonett, 1982; Shuvalov and Trubetskaya, 2008). The nested basement
crater is the source for the crystalline ejecta flaps that covers parts of
the floor of the surrounding, outer crater (Lindstréom et al., 2005a). A
cross section through the northern part of the Lockne ejecta flap is
exposed in the Nordanbergsberget quarry (labeled as NBB in Fig. 1). The
overturned flap is here resting on remnants of the Cambrian sedimentary
target succession that have been sandwiched between a nearly horizontal
sub-Cambrian peneplain and the ejecta masses (Lindstrom et al., 1996).
The thickness of the ejecta flap is at this location approximately
10-15 m but has been estimated to be about 20-30 m in more proximal
locations along the western crater rim (Sturkell and Lindstrém, 2004).
Numerical modeling by Lindstrém et al. (2005b) describes Lockne as
formed by an oblique impact (45° from the East), which caused a better
developed flap on the down-range, western, side of the structure. On
the eastern side, the crystalline ejecta is only a few meters thick and
covers a much narrower area outside the rim. This is considered a pri-
mary feature as the ejecta are in places covered by early modification
stage resurge deposits (Lindstrom et al., 2005a).

The concentric morphology of the Lockne crater is expressed in its
7.5 km wide, deeper, inner crater developed in the crystalline basement,
and the surrounding 3.5 km wide brim where the crater excavation
removed most of the 80 m sedimentary cover rocks (mainly 50 m of
limestone covering 30 m of dark mud, i.e., today’s alum shale) and the
500 m of seawater. The brim was partially covered by the crystalline
ejecta flap from the basement crater shortly before the initiation of
the water resurge toward the inner crater (Lindstrom et al., 2005a).
The result is a soup-plate-like crater with a smaller, nested crater
surrounded by a wider (approximately 14 km in diameter) outer crater.
The crystalline rocks of the basement are mainly Proterozoic granitoids,
within metavolcanites, which are exposed at the southern part of the
crater (Lindstrom and Sturkell, 1992; Lindstréom et al., 1996; Sturkell,
1998a). The basement rocks also include dolerite sills, which are several
tens of meters thick and hundreds of meters wide (Patchett, 1978).
Other geological features of the crater and its surroundings of interest
to this study include crystalline breccias and hydrothermal altered
rocks. Crystalline breccias can be found within the nested, basement
crater and as part of the ejecta layer surrounding it. Hydrothermal alter-
ation of rock has in the area occurred both before (e.g., major shear
zones), during (i.e., impact heated rock), and after (e.g., Caledonian
orogeny) the impact.

The unique setting of the Lockne crater makes it a reference
example of concentric craters in layered targets (e.g., Hogstrom
et al., 2010; Ormo et al. 2013). Therefore, it has been proposed as a
high priority target, together with the Siljan crater (the largest
impact crater of Western Europe), for the Swedish Deep Drilling
Program (SDDP).

In order to investigate the mode of ejecta emplacement from the
nested, basement crater, we here make a full lithological description
of the Lockne-9 core section and a precise analysis of the rock magnet-
ic properties from the core and reference samples from both within
the and beyond the area affected by the impact. This work also
addresses the effect of post-impact hydrothermal alteration on the
magnetic properties of core samples in terms of coercivity, unblocking
temperature, saturation of the isothermal magnetization, and hysteresis
ratios.

2. Methodology

Laboratory measurements of rock magnetic properties were made
on samples of different lithologies of the Lockne-9 core. This core
was drilled in 2004 and is now stored at Centro de Astrobiologia
(CAB), Spain. Rock magnetic measurements were done both at CAB

and in the Paleomagnetism Laboratory of the Physics Faculty at
the Complutense University, Madrid. Additionally, geochemistry and
lithological descriptions have been made to support the interpretations
of the petrophysical results, which include X-ray fluorescence (XRF)
spectrometry, thermogravimetric (TGM) analysis and scanning electron
microscopy in combination with Energy Dispersive X-ray spectroscopy
(SEM-EDX).

2.1. Lithological analysis of the drill core

The 31.04 m long drill core, which is 4.2 cm in diameter, is almost
complete except for a loss of the uppermost 2.27 m. A macroscopic
description of lithological and structural features has been combined
with thin sections and SEM-EDX analysis in some selected parts.

2.2. Rock magnetism

The magnetic susceptibility of the whole core (425 measurements)
was measured in 3-5 cm intervals with a SatisGeo KT-6 field
kappameter wherever core conditions allowed it (pieces larger than
10 cm). This susceptibility meter operates at 10 kHz frequency, and it
has a 1 x 107 [SI] sensitivity. In order to reduce the possible external
errors because of the cylindrical surface, each point was measured
three times and an average value was calculated. A correction factor 2
from the instrument provider was applied depending on the diameter
of the core.

A total of 88 samples with masses between 0.8 and 2.5 g were cut
from the core in order to measure both induced and remanent magne-
tization in a coercivity spectrometer J_Meter (Jasonov et al., 1998).
Initial magnetization curves, hysteresis loops, acquisition of isothermal
remanent magnetization curves (IRM), and further backfield static
demagnetization curves were obtained with this instrument up to a
maximum field of 500 mT. We developed a Matlab routine in order to
extract the magnetic parameters out of the coercivity spectrometer
measurement. For a more detailed explanation of the magnetic param-
eters, their determination and significance see Dunlop and Ozdemir
(1997), and references therein.

The slope of the initial magnetization curves, or low-field suscepti-
bility, is dominated by the ferromagnetic minerals. The induced magne-
tization of para/diamagnetic minerals in this range (0-50 mT) can be
neglected (Dunlop and Ozdemir, 1997). The slope of the hysteresis
curve after the saturation of the ferromagnetic phases is due to the
para/diamagnetic minerals in the rock and was measured as a proxy
for their characterization within the rock.

The hysteresis measurement allowed the determination of the satu-
ration magnetization (Ms), remanent magnetization (M;) and magnetic
coercivity (H.). Backfield curves were used to compute the coercivity of
remanence (H).

IRM curves help to identify the different magnetic fractions de-
pending on the field at which saturation is reached (Butler, 1992).
The derivative of the IRM curve can also be used to fully character-
ize the number and nature of ferromagnetic phases, the so-called
coercivity spectral analysis. There are several methods as well as
software to perform that analysis (Egli, 2004a; Heslop et al., 2002;
Kruiver et al., 2001). Because of the simplicity of the initial assump-
tions, we here choose the method developed by Kruiver et al.
(2001), which can be used in an Excel spreadsheet. The IRM gradi-
ent is fitted into a series of log-normal distributions. The central
point of each normal distribution is an indicator of the average
coercivity of the population, and its standard deviation is an estima-
tion of the uncertain of this property. Each normal distribution with
different features indicates fractions with different properties,
either due to the same composition but different characteristics or
due to differences in the composition.

Thermomagnetic measurements were carried out to characterize
the contributing magnetic minerals. Thirty-six samples of 100 to
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260 mg were taken from every lithology on the core. Samples were
heated up to 700 °C with saturating field of a 1 T with the aim of
determining the Curie/Neel temperature. These measurements were
carried out in a Variable Force Translation Balance High-sensitivity
Magnetometer (VFTB manufactured by Petersen Instruments).

2.3. XRF Spectrometry

The XRF spectrometric analysis were done for a total of 26 samples
from the various lithologies of the Lockne-9 core. The samples were
analysed in a wavelength dispersive sequential X-ray spectrometer
PHILIPS PW2404 at the University of Oviedo (Spain). In this study, we
have considered the simplified model that assumes SiO, content as an
indicator of diamagnetic/paramagnetic materials and Fe,03 and TiO,
as indicators of the ferrimagnetic behavior within the different litholo-
gies of the Lockne-9 core.
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3. Results
3.1. Core log description

Based on macroscopic observations of the core, and to facilitate the
comparison with the petrophysical results, we have divided the core
into three main lithological sections: the crystalline ejecta, a zone of
mixing between ejecta and preserved parts of the target, and the
autochthonous basement (Fig. 2).

3.1.1. Crystalline ejecta

The crystalline ejecta in the core consists mainly of a brecciated, dark
grey, mafic rock, which in the upper 11.40 m of the breccia is of medium
grain size and shows an ophitic texture that gradually disappears down-
ward (grain size graph in Fig. 2). The fragments of the breccia are rotat-
ed, angular to subrounded, and occur in a dark matrix. The breccia
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Fig. 2. Core log of the Lockne-9 drill core with photos of representative lithologies discussed in the text.
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becomes increasingly matrix supported downward, and in some parts
clasts show a very good fitting. The clast size varies from a few millime-
ters up to 3-4 dm with dominance of the larger fraction (Fig. 2b). The
ophitic texture of the clasts also shows frequent millimeter sized black
minerals (likely pyroxene) that decrease in frequency to 8 m depth
(Fig. 2a, magnified picture).

At around 11.40 m depth, a transition to a more fine grained, dark,
greenish mafic rock occurs. This part of the core shows a microbreccia
with clasts size of about 0.5-2 cm (Fig. 2¢). Even brecciated larger clasts
occur giving the impression of a “breccia in breccia.” Common sub-
millimeter sized dots of a red mineral appear at 11.70 m and with
increasing amount downward in the core until they disappear at
21.80 m (Fig. 2c, magnified picture). According to our SEM-EDX analy-
sis, this is a titanium-iron mineral, most likely ilmenite (see supplemen-
tary material). The ilmenite growth seems to be secondary as it
overprints the microbreccia. The generally dark matrix passes into
dark shale between 13.60 m and 13.72 m (Fig. 2d). An origin from
Cambrian alum shale is inferred from U-Th rich bitumen nodules previ-
ously observed in the core (Lindgren et al., 2007). The micro-breccia is
most obvious in the transitional part, to the coarser rock (11.40 to
14.40 m). Below this interval of the core, the greenish mafic rock is
very fine grained and any brecciation is hard to distinguish, although
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some disintegration is visible between 16.30 m and 18.80 m (Fig. 2e).
From 18.80 m downward, the material is again more obvious clast
supported breccia with subrounded clasts reaching sizes up to some
centimeters within a fine grained, black matrix.

3.1.2. Mixed zone

Sandwiched between the mainly mafic crystalline ejecta and the
granitic basement is a mixed zone of both mafic and granitic breccia
clasts blended with sediments from the Palaeozoic target sequence.
This mixed zone starts at 22.90 m depth with 50 cm of dark mudstone
(i.e., Cambrian alum shale). It is followed downward by a granitic brec-
cia between 23.40 m and 26.40 m, (Fig. 2f). The clasts are angular with
good fitting. Some well-rounded crystalline pebbles occur in the other-
wise black matrix. Thus, a provenance from the Lower Cambrian con-
glomerate of the target succession is most likely. At 26.40 m, there is a
20 cm thick section of dark matrix that show fractioning of the grain
sizes from silt at the contacts to the surrounding breccia blocks, to gravel
in its central part (Fig. 2g). The dark mud and the pale, weathered frag-
ments in the coarser fraction suggest a provenance from the Cambrian
conglomerate. However, the size sorting indicate emplacement as an
injection (cf. injected dikes described by Sturkell and Ormd, 1997).
The core continues downward with a blend of granitic breccia, often
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Fig. 3. Histograms of magnetic susceptibility obtained with a KT-6 hand susceptometer for the three main lithological sections of the Lockne-9 core: (a) a logarithmic histogram comparing
the three major lithologies. In the logarithmic histogram 16 negative or zero values had to be removed by the logarithm definition, (b) crystalline ejecta, (c) mixed zone, and (d) fractured

basement.
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with dark matrix, and dm-thick sections of alum shale. In Fig. 2h, the
contact between clast supported, granitic breccia (top) at 27 m depth
and 22 cm of reworked Lower Cambrian conglomerate (bottom) is
displayed. It shows similarities to the occurrence shown in Fig. 2g at
27.67 m depth.

3.1.3. Basement

The breccias and reworked sediments of the ejecta and the mixed
zone rest at 28.10 m depth on fractured and brecciated basement with
a sharp contact. This depth coincides with the estimated level of the
sub-Cambrian peneplain (Ormé and Lindstrom, 2005; Sturkell and
Lindstrém, 2004). The dominantly light grey granitic rock of the base-
ment is in strong contrast to the overlying mafic rocks of the ejecta
and continues to the end of the core at 31.04 m depth. The basement
is strongly brecciated (Fig. 2i), mostly clast-supported with good fitting,
but locally matrix-supported with rotated clasts of a few millimeters up
to a decimeter in size in a dark matrix.

3.2. Bulk rock magnetic properties

Fig. 3 shows histograms that summarize the measured susceptibility
values. The highest susceptibility values are observed in the middle part
of the crystalline ejecta. The peak value is 58.2 x 107 3[SI] to be
compared with the minimum value of —0.10 x 107 3[SI] measured in
the granitic fractured and brecciated basement (Fig. 3a and Fig. 3d).
Thus, there is a clear difference between the crystalline material of the
ejecta flap and the basement. Obtained values correlate well with previ-
ous measurements in corresponding lithologies of the Lockne impact
crater (Tornberg and Sturkell, 2005). The crystalline ejecta low-field
susceptibility follows a bimodal distribution of values, with a narrow
population with values in the order of 10~ >[SI] and a second population
of higher and wider susceptibility range (Fig. 3b). This second popula-
tion has magnetic susceptibility values between 16 x 10~ >[SI] and
44 % 10~ 3[SI], which means two or three orders of magnitude higher
than the rest of the core. The mixed zone has susceptibility in the
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order of 10~ 4[SI] (Fig. 3¢). Negative susceptibility values for material
from the fractured and brecciated granitic basement may correspond
to a diamagnetic material, most likely with high abundance of quartz
and feldspar (Fig. 3d).

We observed three different types of hysteresis loops depending on
the main carrier of the magnetic signal: (i) dominated by the paramag-
netic fraction, (ii) dominated by the ferromagnetic phases, or (iii) mixed
by the two types of magnetic minerals (Fig. 4). The upper part of the
core displays a mixed composition, with a significant paramagnetic con-
tribution to the magnetization curve and a closed hysteresis loop
(Fig. 4a). After subtraction of the paramagnetic signal, the hysteresis
reaches saturation at approximately 250 mT and displays an open
loop. The hysteresis loops dominated by the ferromagnetic fraction are
found mainly in the upper part of the transition to the more fine
grained, greenish, mafic rock in the ejecta flap (between 11.40 and
12.50 m) with almost no contribution of the paramagnetic fraction
(Fig. 4b). The lower part of the core section, from 22.90 m to the end,
corresponding to the mixed zone (Fig. 4c) and the basement (Fig. 4d),
is dominated by the paramagnetic/diamagnetic fraction. After the para-
magnetic correction, the hysteresis loops show an almost closed loop
with very low coercivity. Therefore, magnetic susceptibility derived
from hysteresis loops is consistent with low-field susceptibility
measurements obtained with a KT-6 hand susceptometer shown in
Fig. 3. In all analyzed samples, the hysteresis loop reaches saturation
at 250 mT, although the saturation magnetization varies with the lithol-
ogy. The coercivity (between 5 and 21 mT), the coercivity of remanence
(between 17 and 92 mT), and the field at which saturation is reached
suggest the presence of magnetite/titanomagnetite (Dunlop and
Ozdemir, 1997).

Three typical IRM acquisition curves have been obtained along the
core (Fig. 5). Saturation is reached at about 250 mT in samples with
the type of curves represented by Fig. 5a. This result suggests the pres-
ence of magnetite/titanomagnetite in these type of samples (Lowrie,
1990). Several samples show a different behavior with saturation that
is not reached at 500 mT (Fig. 5b). The high coercivity suggests the
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Fig. 4. Typical hysteresis loops obtained from the three main lithologies in the Lockne-9 core. The black curve represents the measured hysteresis and the grey curve represents the
hysteresis corrected by the paramagnetic susceptibility. The inset shows a magnified part of the corrected hysteresis loop. Graphs a and b represent loops obtained from the crystalline
ejecta flap, graph c shows typical loops for the mixed zone, and graph d shows loops for the granitic basement. Graph a shows mixed loops with contribution from both paramagnetic
and ferromagnetic fraction, graph b shows loops dominated by the ferromagnetic fraction, and graphs ¢ and d show loops dominated by the paramagnetic fraction.
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presence of a high coercivity mineral, most commonly goethite or
hematite (Lowrie, 1990). The rest of the samples show a mixed curve
with a fraction saturating at 250 mT and another fraction that not
reaches saturation (Fig. 5c and d).

The coercivity spectra of a total of 36 characteristic samples were
analyzed following the protocol described by Kruiver et al. (2001) and
is displayed in three selected characteristic curves in Fig. 6. Twenty-
four samples display an IRM acquisition curve dominated by one popu-
lation of magnetic minerals, and therefore, the corresponding coercivity
spectra is also dominated by one main function (Fig. 6a and Fig. 6¢). This
spectrum has a main normal distribution centered at 1.50 mT and with a
0.25 dispersion parameter value, which is the main carrier of the signal.
This type of IRM coercivity spectra is observed mainly in the crystalline
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ejecta. Additionally, it has been necessary to include one population
with low median destructive field (B;,, = 10 mT) and a dispersion
parameter (DP = 0.28) that contributes less than 15% of the signal.
Some authors have attributed this to thermal activation processes of
the magnetic particles (e.g., Heslop et al., 2004). In some samples of
this type, at high coercivities, also a minor distribution has been includ-
ed that contributes with less than 5%, which is considered to be a math-
ematical artifact due to the instrumental noise at high fields. Twelve
samples displayed an IRM acquisition curve that did not saturate at
500 mT. The corresponding coercivity is fitted into a distribution with
two different components of similar intensity (Fig. 6b). This high
coercivity population contributes with 20-64% of the signal depending
on the sample, with high median destructive field of By, = 501.2 mT
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Fig. 6. Derivatives of the IRM curves (white symbols) with the corresponding modeled curve derived from the fitting into a series of Gaussian distribution of coercivity-derived curves
(thickest black curve). Individual components of the different magnetic fractions and coercivity distributions are shown as grey shadowed areas for the three examples.
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and a dispersion parameter DP = 0.45. Moreover, it is necessary to
include the low coercivity population attributed to the thermal activa-
tion process of the particles.

A summary of the domain state can be visualized in a Day plot (Day
et al.,, 1977). The coercivity ratios as function of the magnetization ratios
are a proxy of the domain state. The ratios were described later as a
mixture of two end-members of single domain (SD) and multidomain
(MD) particles giving rise to theoretical mixture curves (Dunlop, 20024,
2002b). Fig. 7 shows that several samples from the crystalline ejecta
plot within the pseudo-single domain region (PSD), and it corresponds
to a mixture with 50% contribution from single domain grains and 50%

from pseudo-single domain fraction. A gradual increase to the MD
region with depth is observed with the exception of samples from the
granitic basement which plot at boundary between PSD and MD fields.
Thermomagnetic curves have been analyzed for 36 samples from
the drill core. Because thermal methods lead to the destruction of the
material only representative samples have been measured. The Curie
temperature of the ferromagnetic phases has been determined by
using the second derivative method (Moskowitz, 1981). Fig. 8a shows
a characteristic thermomagnetic curve obtained from samples located
in the crystalline ejecta. The heating curve indicates a first inflexion of
the curve around 100 °C, and the cooling curve presents a second
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Fig. 8. Characteristic thermomagnetic curves obtained from the three main lithologies of Lockne-9 core where black indicates the heating curve and pale grey indicates the cooling mea-
surements. Graphs a, b, and ¢ show thermomagnetic curves obtained for the crystalline ejecta flap, graphs d and e show two representative curves obtained for the mixed zone, and graph f
shows thermomagnetic curves for the granitic basement.
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Curie temperature value around 525 °C that could be attributed to
titanomagnetite with a low Ti content (O'Reilly, 1976). The upper part
of the transition to the more fine greenish mafic rock, between 11.40
and 12.50 m, is evident in the thermomagnetic curves (Fig. 8b). For
these samples, the heating curve indicates an initial presence of a ferro-
magnetic fraction, and the cooling curve reveals a Curie temperature
around 580 °C corresponding to magnetite (Dunlop and Ozdemir,
1997). The cooling curve in Fig. 8b shows an initial part of total overlap

revealing a reversible behavior, and the following higher demagnetiza-
tion temperature indicates slight alteration of the initial features. Fig. 8c
represents a thermomagnetic curve of a sample from the crystalline
ejecta enriched in pyrite. Evidence of pyrite transformation between
400 and 600 °C in the heating transect (black curve) described in previ-
ous studies (e.g. Mullender et al., 1993; Tudryn and Tucholka, 2004)
is clearly observed. Fig. 8d shows one of the two different types of
thermomagnetic curves obtained from the mixed zone. The heating
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Fig. 9. Representation of the dependence of the different susceptibility results obtained by different methods along the Lockne-9 drill core. Graph a shows susceptibility measurements
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susceptibility obtained from the coercivity spectrometer (J_Meter) measurements.
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measurements show an unblocking temperature around 100 °C and a
local maximum centered on 500 °C. This last feature indicates the pres-
ence of an important paramagnetic fraction of pyrite. On the other hand,
the other type of curves obtained from the mixed zone as well as the
samples from the fractured and brecciated basement (Figs. 8c and
d) show thermomagnetic curves where both heating and cooling curves
are very noisy and the paramagnetic materials dominates the magnetic
signal.

Many of the thermomagnetic curves analyzed from the ejecta flap
present a decrease in the magnetization of the heating curve around
100 °C (Fig. 8a and d). When this inflexion is related to the unblocking
temperature of a ferromagnetic phase, the most likely mineral to
support this behavior would be goethite. It has a Curie temperature of
120 °C that can be decreased by a number of factors such as low crystal-
linity, stoichiometry, higher water content, or inclusion of elements
such as Al (Dekkers, 1988). In order to corroborate the presence of
goethite, additional thermogravimetric analyses (TGA) have been
carried out in six significant samples (see complementary material)
finding no signs of goethite dehydroxylation in the weight or heat loss
flow with temperature. These analyses conclude that goethite is not
present in these samples.

3.3. Depth-dependent rock magnetic properties

Fig. 9a represents the low-field susceptibility as a function of depth.
Values are very similar along the profile with the exception of levels
between 11.40 and 14.40 m approximately, which coincides with the
transition to the more fine grained greenish variety of the mafic rock.
As shown by the susceptibility histograms in Fig. 3, a decrease in suscep-
tibility values within the mixed zone and the basement is very clear.
Paramagnetic susceptibility computed as the slope of the hysteresis
loop above saturation of the ferromagnetic phases can be seen in
Fig. 9b. Samples from the crystalline ejecta hardly show any variations
of paramagnetic susceptibility as a function of depth. This indicates a
homogeneous composition within this lithology. A very clear decrease
in paramagnetic susceptibility is observed in the mixed zone and the
fractured basement as a consequence of an increasing content of gran-
ite. The fractured basement shows low values close to the diamagnetic
boundary. Fig. 9c shows the initial susceptibility profile calculated as
the slope of the initial magnetization at low values of the field. The
initial susceptibility is mainly due to the ferromagnetic minerals. The
signal is very homogeneous along the profile with the exception of a
maximum between 11.40 m and 14.40 m. This zone correlates to the
maximum observed in the bulk susceptibility profile (Fig. 9a) and corre-
sponds to the transition to the more fine grained greenish variety of the
mafic rock. These profiles suggest that this part of the crystalline ejecta
present an increase of the ferromagnetic content. Comparing the
content of the major elements from Table 1, there is not a very obvious
difference in values within the crystalline ejecta lithology although the
highest values of TiO, and Fe,0s are found in this high susceptibility
zone.

Fig. 10 shows the hysteresis parameters as a function of depth.
Magnetization parameters (Fig. 10a and b) have a similar behavior
with almost constant values of about My = 10~2 Am?/kg and
M, = 10~3 Am?/kg with the exception of the levels between 11.40
and 12.50 m where there is an increase in both parameters. This is a
similar behavior as observed in the initial susceptibility (Fig. 9b) and
in the bulk susceptibility (Fig. 9¢). This happens in the transition to
the more fine grained greenish variety of the mafic rock in the crystal-
line ejecta. The coercivity parameters (Fig. 10c and d) show a similar
trend, and ranges between H. = 5 mT and H. = 20 mT. Samples from
the crystalline ejecta present high coercivity values of about 15 mT
that decreases downward reaching a minimum at about 12 m. This
minimum corresponds to the maximum in Ms and M, already described.
This lithology presents the more complex behavior in terms of coercivity.
It has a maximum at 13.26 m following by the absolute minimum of the

core at 17 m and recovers high values of about 21 m toward the end of
the lithology. The values of coercivity of the mixed zone and the
fractured basement show a slowly decreasing trend. The highest ratios
of M;/M; are reached in the flap (Fig. 10e). A notable decrease is ob-
served along the depth of the core, but in two zones of the crystalline
ejecta (between 11 and 15 m and between 20 and 22 m), high ratios
are reached (between 0.20 and 0.24 approximately). The lowest values
are obtained in the lower part of the core (from 23 to 31 m). The ratio
between H. and H,, ranges from 1 to 3 along almost the whole crystal-
line ejecta, but a zone stand out with high ratio between 15 and 19 m
approximately (Fig. 10f). This ratio increases in the mixed zone and
fractured basement reaching values from 3 to 5. It is important to
emphasize the inverse relationship between these two ratios in the
main trend and in several small peaks (as the ones observed at 8, 9
and 10 m approximately).

3.4. Geochemical data and their correlation with rock magnetic properties

Major element data are listed in Table 1. Fig. 11 shows the relations
between the most relevant major elements measured: Fe,03 versus
SiO, (Fig. 11a), TiO, versus SiO, (Fig. 11b) and Fe,0O5 versus TiO;
(Fig. 11c). A clear grouping of values is observed, i.e., a first group
(group 1) is dominated by the mafic rock of the crystalline ejecta and
a second group (group 2) is dominated by the mainly felsic rocks of
the mixed zone and the fractured basement. Samples belonging to
group 1 present low SiO, and higher Fe,03 and TiO,. The opposite
behavior is observed in samples from group 2 with higher SiO, and
lower Fe,05 and TiO, content.

Fig. 12 shows the relations between the most relevant major
elements and some of the magnetic parameters obtained by the rock
magnetic analysis described above. Figs. 12a, b and c represent the rela-
tionship between the paramagnetic susceptibility and the SiO,, Fe,05
and TiO, content respectively. The same grouping as described above
for Fig. 11 is found also in this plot. High paramagnetic susceptibility is
observed in samples from group 1 together with high Fe,03 and TiO,
contents suggesting that Fe and Ti are present within the lattice of
paramagnetic minerals (cf. Rochette, 1987) (Fig. 12b and c).

Table 1
Major elements content from Lockne-9 core samples.

Depth SiO, Fe;0; TiO; ALO; CaO0  MnO K0 MgO Na0 P05
m % ® @ * ® & & & % (%

433 4213 1592 199 1445 547 031 118 991 167 023
770  40.80 1638 220 1373 491 032 084 1081 172 0.24
860 3893 1426 134 1322 1001 027 060 935 144 0.17
1061 41.84 1565 191 1075 7.68 025 055 988 124 0.26
1230 4538 14.57 222 16.65 2.68 0.16 259 847 187 0.25
1245 45.17 1458 224 1673 234 0.18 350 802 180 0.26
12.81 45.59 1647 267 1457 173 017 379 834 1.63 033
1324 41.60 1730 2.18 15.05 197 014 283 792 1.04 025
1522 4217 1349 193 1426 857 019 062 957 026 021
1544 4209 1333 188 1402 842 0.18 063 95 026 021
16.13 4453 13,52 207 1576 932 0.14 044 8.08 0.07 0.24
16,53 3483 1415 190 1749 852 0.17 076 1233 0.05 0.24
18.66 40.81 1493 209 1596 6.64 0.17 038 1138 0.07 0.28
19.03 4795 1377 210 1580 217 015 247 731 204 023
19.05 4860 13.05 213 1575 195 0.14 284 702 190 023
2034 4340 1542 207 1570 189 020 259 1007 129 027
2139 4277 1446 212 1658 3.08 0.17 341 857 182 025
2143 43.00 1292 213 1613 412 0.15 359 768 202 024
2224 4022 1634 229 1751 177 015 230 1054 127 026
2386 5468 396 033 19.08 255 008 394 640 007 0.03
2471 56.15 3.67 024 19.08 269 008 441 609 008 0.03
26.12 5849 472 018 1664 272 009 292 688 0.07 0.06
2742 6408 269 0.14 1562 160 004 552 400 081 0.03
2789 5034 652 052 1882 265 0.10 528 746 044 0.10
2872 6339 077 0.14 1877 240 002 045 054 1025 0.03
2975 59.00 423 037 1899 225 005 589 276 297 007

Bold indicates the samples within the high susceptibility zone.
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Fig. 10. Representation of the dependence of the different magnetization and coercivity results obtained from the coercivity spectrometer (]_Meter) measurements with depth on the
Lockne-9 drill core. (a) Saturation magnetization, (b) remanent magnetization, (c) magnetic coercivity, (d) coercivity of remanence, (e) magnetization ratio M;/Ms, and (f) the coercivity

ratio H./Hey.

The relationship between these element concentrations and the
ratio between Ms and M; is shown in Fig. 12d, e and f. The distinction
of the two main lithological groups is also observed in these plots. The
same behavior as observed in the paramagnetic susceptibility is seen
also for the ratio Ms/M; in relation to the SiO,, Fe,03 and TiO, content.
However, three samples from the ejecta flap show lower magnetization
ratios. These samples correspond to singular minimum peaks observed
between 15 and 19 m depth in Fig. 10e. Figs. 12g-i show the relation
between the ratio He/H. and the SiO, Fe,0Os3 and TiO, content. The

coercivity ratio is a less sensitive parameter to the cation content in
this case, and the general classification into the two groups cannot be
applied here.

3.5. Rock magnetic properties of unshocked dolerite
We have compared the measurements from the high magnetization

zone obtained from the rock magnetic study in Lockne-9 core (from
11.40 to 12.50 m) with three samples taken from different dolerite
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Fig. 11. Geochemical discrimination diagrams for the crystalline ejecta, mixed zone and granitic basement. (a) Fe;05 vs. SiO,, (b) TiO, vs. SiO,, and (c) Fe,03 vs. TiO, content of 25 samples

from the Lockne-9 core. Each symbol represents a different lithology (see legend).

outcrops unaffected by the impact (Fig. 13 and Table 2).The locations of
dolerite sampling sites in the close vicinity of the crater are shown in
Fig. 1. In addition, one more reference sample was taken from a location
(62°53'N 14°34’E) farther away from the crater. Comparison of the
coercivity spectral analysis reveals a similar behavior of both affected
and unaffected samples by the impact with a slight weakening of coer-
civity of the core samples (Fig. 13a). This property is also observed in the
lower values of the median destructive field when compared with the
SIRM (Fig. 13b). The Day plots of both types of samples are grouped in
the same area although the coercivity ratio is higher in the core samples
(Fig. 13c). Thermomagnetic curves represented in Fig. 13d reveal a
unique unblocking temperature for all the samples corresponding to
magnetite. However, the unblocking temperature obtained from the
high magnetization zone of the ejecta flap is slightly higher than the
unaffected samples from the dolerite outcrops.

4. Discussion

The rock magnetic properties together with the lithological observa-
tions of the Lockne-9 core can contribute to a better understanding of
the ejecta flap formation mechanisms at the Lockne impact structure.
Of special significance are two pieces of information: (i) typology of
the ferromagnetic minerals and (ii) their location along the core.

The magnetic mineralogy of the investigated core is clearly related to
the presence of magnetite/titanomagnetite particles (Figs. 4-8). In
particular, the highest values of saturation magnetization obtained in
the core are around 1.5 Am?/kg, and if we compare with the value for
pure magnetite 92 Am?/kg (Dunlop and Ozdemir, 1997), a magnetite
content of 1.6% can be estimated. Hysteresis-derived parameters from
the Lockne-9 core samples show a pronounced PSD behavior in the
ejecta flap. As a consequence, the ferromagnetic phases found in this
part of the core could slightly influence the values of the magnetic
anomalies measured above the ground surface. On the other hand, the
thermomagnetic curves reveal the presence of pyrite in some samples
from the mixed zone (Fig. 8d) and in one sample from the crystalline
ejecta at 17.08 m depth (Fig. 8c). The presence of pyrite has been
observed in some samples extracted from impact breccia of the
LOC5 core as well as in some localities in the vicinity of the crater
(Angerer and Greiling, 2012; Sturkell et al., 1998a). Magnetite and
titanomagnetite particles dominate the whole core with no traces of
secondary minerals such as hematite. The fractured and brecciated
basement stands out from the rest of the core with regard to the location
of ferromagnetic minerals. Low or even negative susceptibility values
were measured for this lithology as well as the mixed zone. This

indicates the presence of paramagnetic minerals (Fig. 3d). These results
are supported by the thermomagnetic curves for samples from this part
of the core (Fig. 8e and f). These observations imply that the redox
conditions were not appropriate to form a significant amount of
ferrimagnetic minerals during the impact.

In addition to the differences observed between the brecciated
basement and the overlying mixed zone and crystalline ejecta is the
conspicuous anomaly occurring between 11.40 and 12.50 m. Very
high values in both bulk and also the initial susceptibility (Fig. 9a and
¢), and in the magnetization parameters (Fig. 10a and b) are obtained
within the crystalline ejecta. This coincides with the transition from
the coarser grained mafic rock to the finer grained greenish mafic rock
inside the ejecta flap.

Two different possibilities for how to interpret this maximum
are: either the values represent primary variations in the target
before emplacement or the values represent alteration of the rock
after the redeposition as impact ejecta. This second scenario
would imply creation of new magnetic minerals, large variations
in the magnetic grain size, and/or strong differences in the domain
state. The rationale of the current results has been developed in the
frame of the two possibilities based on three different rock magnetic
experiments:

1. Coercivity spectra show only one significant component with a dis-
persion parameter (DP) of around 0.25 in the high magnetization
zone (between 11.40 and 12.50 m), which suggests there was no
transformation of the magnetic mineralogy as a consequence of the
impact (Egli, 2004b).

2. Thermomagnetic curves from this part of the core show a Curie
temperature of about 580 °C, which is a clear evidence of the
presence of magnetite. Hysteresis loops and IRM acquisition curves
support this result. In addition, thermomagnetic experiments show
no evidence of hematite.

3. Consistency with the rock magnetic properties measured for dolerite
sills within the crystalline basement at the crater. Comparison of the
coercivity spectra reveals a similar behavior of the magnetic popula-
tion between the high magnetization zone from the Lockne-9 mafic
rock (11.40-12.50 m) and dolerite samples in the vicinity of the im-
pact crater (Fig. 13a and b). The only observed discrepancy is a slight
weakening in the coercivity of magnetic minerals of the core samples
with respect to the rocks not affected by the impact (Fig. 13a and b).
Thermomagnetic curves show a slight increase of the Curie point
in samples of the core with respect to the unaffected samples
(Fig. 13d). The report by Sturkell et al. (1998a) of low-
temperature hydrothermal alteration associated with the impact
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Fig. 12. Representation of the dependence of the most relevant major elements to different magnetic parameters. Paramagnetic susceptibility vs. (a) SiO, (b) Fe;05, and (c) TiO, content;
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(less than 300 °C at impact center) suggests that it could be the
reason for this hardening. A core-shell structure of magnetite-
maghemite is proposed as the magnetic structure responsible of
this hardening.

Altogether, the data are in favor of the first possibility that the
observed magnetic properties and the variations in grain size of the
mafic rock (Fig. 2) are primary. This implies that, although severely
brecciated, the mafic part of the ejecta at the location of Lockne-9 is a
slab of rock that has been brecciated by the impact, but emplaced by
the ejecta flow as a coherent body.

Based on the standard relation between ballistic ejecta at the crater
rim and the distance from where it would have travelled within the
crater (e.g., Melosh, 1989), we can estimate that the mafic ejecta would
originate from somewhere near the pre-impact shear zone (dashed

line in Fig. 1) that has been suggested to pass the center of the crater
(Hogstrom et al.,, 2010).

This model has implications for our understanding how material,
although suffering strong brecciation, may be emplaced and ejected
without major blending during the cratering.

5. Conclusions

The visual core log shows the ejecta flap to be mainly a brecciated
mafic rock, likely derived from an ejected dolerite, with some blending
with sedimentary target rock (Cambrian alum shale) just at the contact
between the ejecta and the more intact granitic basement.

Different lithologies can be distinguished by measuring their
paramagnetic susceptibility.
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Fig. 13. Comparison between the high magnetization zone from the Lockne-9 core (between 11.40 and 12.50 m) and reference measurements from dolerite outcrops in the vicinity of
Lockne crater. (a) Coercivity spectra of IRM curves where dashed lines represent measurements from the dolerite outcrops and solid lines represent measurements from the anomalous
zone in the core. (b) Synthetic IRM versus B, , of the main magnetic components, (c) Day plot, and (d) heating curve of the magnetization as function of temperature between 0 and 700 °C.
Dashed lines represent samples from Lockne dolerite outcrops and solid lines represent measurements from the anomalous zone in Lockne-9 core.

The ferromagnetic susceptibility (initial and low-field bulk suscepti-
bility) displays a maximum value in the crystalline ejecta that can be
used in the stratigraphic description of the ejecta flap.

The ferromagnetic phases found in the Lockne-9 core are mainly
magnetite/titanomagnetite, recognized by their thermomagnetic and
IRM acquisition curves. They can potentially carry a stable remanent
magnetization. Such studies will provide better constraints for future
magnetic surveys of the Lockne crater.

The thermomagnetic curves combined with the coercivity spectra
confirm that a distinct magnetic anomaly observed in the susceptibility
and magnetization measurements is a primary feature already existing
in the mafic rock before ejecta emplacement. A comparison with
magnetic properties of dolerites unaffected by the impact indicates
that this mafic rock most likely belongs to the suite of known dolerites

in the Lockne area. This emphasizes how rock magnetic properties may
be helpful to determine if an ejecta body, even though severely brecciat-
ed, has moved as finite particles or en masse, information that is of
paramount importance for the understanding of the cratering process.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jappgeo.2014.11.009.
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