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Magnetic Mineralogy and Petrophysical Properties
of Ultramafic Rocks: Consequences

for Crustal Magnetism

, Nathan S. Church! ("), and Rune B. Larsen’

Geertje W. ter Maat! , Suzanne A. McEnroe!

"Department of Geoscience and Petroleum, Norwegian University of Science and Technology, Trondheim, Norway

Abstract Magnetic properties from the Reinfjord Ultramafic Complex, in northern Norway, which
formed as part of a deep magmatic conduit system, have been investigated to determine the magnetic
signature of ultramafic rocks now exposed at the surface and deeper in the lower crust. The dominant
carriers in these ultramafic rocks are a chrome-spinel with Fe-rich exsolution blebs and exsolution lamellae
of magnetite in clinopyroxene. Except locally, in a fault zone and in discrete small fractures, these rocks
show only minor to no alteration. We infer that the magnetic oxides characterized here are representative of
pristine magnetic carriers in similar rocks deeper in the crust. These oxides can be stable in lower crustal,
possibly upper mantle, depths when temperatures are below the Curie temperature of magnetite, taking into
account pressure effects. These ultramafic rocks are candidates for potential sources of long-

wavelength anomalies.

Plain Language Summary Satellites are used to map the Earth's magnetic field and

explore magnetic anomalies created by this field in crustal rocks. To understand the magnetic signal from
deep-seated rocks, we need to explore the sources and nature of the magnetic mineralogy. This paper reviews
the magnetic properties of rocks that formed deep in the Earth's crust (at 25- to 35-km depth), 570-560
million years ago, now well exposed in Northern Norway. Despite a history of being exhumed from

deep in the crust, these rocks only show minimal alteration and present a rare opportunity to study their
pristine magnetic properties. The primary magnetic minerals in these ultramafic rocks are an exsolved
chrome-spinel, and magnetite lamellae in clinopyroxene. These minerals formed at high temperatures and
could be representative of minerals residing deeper in the lower or upper mantle. These phases are
magnetically stable up to the Curie temperature of magnetite. These ultramafic rocks are a potential source
of magnetization in the lower crust and the upper mantle.

1. Introduction

Magnetic anomalies, at all length scales, provide evidence about subsurface features and the magnetic prop-
erties of buried rock bodies. Magnetic surveys are a powerful tool to locate and map natural resources, to
study tectonic processes and geodynamic settings, and to infer the structure of the magnetic lithosphere.
Suggestive, though inconclusive evidence on the lithospheric structure is given by the long-wavelength
anomalies (LWAs; 500-2,500 km Ravat et al., 2002) mapped by the current SWARM and older satellite sur-
veys. LWAs conceivably could be accounted for by regional-scale structures at shallow-to-intermediate
depths, or by smaller, deeper magnetic sources. Shallower features, which could explain observed LWAs,
have not been identified. The search for deeper sources has been a subject of study over the past four decades
(Purucker & Whaler, 2015). A number of questions remain unresolved concerning the source of deep mag-
netization that could account for LWAs: Are there primary magnetic minerals in the deep lithosphere? How
strongly magnetic are these minerals under deep crustal conditions? What are the effects of pressure and
temperature (P&T) on the stability of the magnetic phases?

The limiting depth of magnetic sources is the Curie isotherm (e.g., 580 °C for magnetite). Earlier studies
examining sources of LWAs in the mantle (Wasilewski & Mayhew, 1992; Wasilewski et al., 1979) argue that
the Curie depth coincides with the continental Moho. They report the dominant magnetic mineralogy in
continental mantle xenoliths to be (Cr, Mg, Al, and Fe)-spinel and conclude such compositions to be above
their Curie temperature at mantle depths. Furthermore, models by Wasilewski and Mayhew (1982) calculate
that deep sources of LWASs require a magnetization of 2-6 A/m. Studies of deep crustal mafic granulites
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where magnetite is the dominant magnetic carrier (Warner & Wasilewski, 1995; Wasilewski & Mayhew,
1982; Wasilewski & Mayhew, 1992; Wasilewski & Warner, 1988; Williams et al., 1985) conclude that the
measured room-temperature magnetizations do not attain this value and hence are certainly too weak
to be a source of LWAs at mantle depths (Mayhew et al., 1991; Wasilewski & Mayhew, 1982). At depth
the remanent component of the total magnetization would be lower than at surface conditions, while
the induced magnetization could increase due to an enhancement of susceptibility approaching the
Hopkinson peak (Dunlop et al., 2010; Kiss et al., 2005).

More recent studies claim that the upper mantle can be magnetic (e.g., Ferré et al., 2013, 2014) and that the
Moho is not the magnetic boundary. Spectral analysis over cratons suggests that sources at mantle depths
can contribute to anomalies where the heat flow is low (Idarraga-Garcia & Vargas, 2018). A number of
possible geodynamic settings and deep-Earth processes have been proposed to explain potential magnetic
sources at depth. Studies of mantle xenoliths (Ferré et al., 2013, 2014; Friedman et al., 2014; Li et al.,
2014; Liu et al., 2013; Martin-Hernandez et al., 2014) provide data on the magnetization of upper-mantle
rocks, which could contribute to LWAs when in situ. An alternative deep crustal or upper mantle source
of magnetic anomalies deep are ultramafic rocks in suture zones containing metamorphosed serpentinites
(Shive et al., 1988) or where serpentinite is actively subducted (Blakely et al., 2005).

An essential problem in attributing LWA observations to sources deep in the crust is identifying the magnetic
carrier. Magnetite is usually considered the predominant magnetic mineral in the deep crust (e.g., Frost &
Shive, 1986; Pilkington & Percival, 1999; Schlinger, 1985). However, the hematite-ilmenite solid solution
should also be considered as stable sources of remanent magnetization (Robinson et al., 2016) and as a source
for short- and long-wavelength anomalies (Brown & McEnroe, 2008; Kasama et al., 2004; Kletetschka &
Stout, 1998; McEnroe & Brown, 2000; McEnroe et al., 2001a, 2001b, 2009, 2002, 2004, 2007, 2016, 2018).
The high stability and unblocking temperatures of exsolved phases in the hematite-ilmenite system increase
the remanent contribution to the total magnetization (McCammon et al., 2009; McEnroe & Brown, 2000;
McEnroe et al., 2001a, 2001c, 2002, 2004, 2007, 2018). Chrome-spinel can also be stable at lower-crustal
and upper-mantle levels (Barnes & Roeder, 2001; Wasilewski & Mayhew, 1992; Wasilewski et al., 1979);
however, whether this phase is magnetic is controlled by the composition (Francombe, 1957; Ziemniak &
Castelli, 2003).

Commonly, samples from exhumed deep-crustal rocks show evidence of a later lower P&T metamorphic
overprint due to retrograde metamorphism (Strada et al., 2006). Identifying the magnetic phases that are
stable at high P&T is challenging because many show disequilibrium microtextures that developed during
the exhumation process (McEnroe et al., 2018). Equally challenging is obtaining a large suite of pristine
deep-crustal samples due to the ease with which these (commonly ultramafic) rocks alter in the presence
of fluid. Serpentinization of mafic minerals (e.g., olivine and pyroxene) typically at low temperatures
(200-400 °C) results in the production of magnetite and a decrease in density. In many of the studies that
report magnetization values from deep crustal or mantle sources, the carrier is commonly secondary
magnetite derived from serpentinization. Subduction of serpentinized forearc mantle (Blakely et al.,
2005; Bostock et al., 2002; Hyndman & Peacock, 2003) or in situ serpentinization of the mantle (Facer
et al., 2009) have been proposed as processes that result in the presence of secondary magnetite at depth.
The formation of magnetite is partially dependent of the original bulk composition of the serpentinized
rocks (Bach et al., 2006; Klein et al., 2014, 2009). The amount of magnetite formed is not linearly related
to the degree of serpentinization and is considered to peak at >60-70% serpentinization (Bach et al., 2006;
Oufi, 2002).

Here, we examine the magnetic properties of the Reinfjord Ultramafic Complex (RUC), a deep-seated
igneous conduit system in northern Norway, which is part of the Seiland Igneous Province (SIP; Figure 1).
The RUC is one of four major ultramafic intrusive conduit feeders for the formation of the SIP (Grant
et al., 2016; Larsen et al., 2018) and consists of at least 6.5 km?> of ultramafic rocks (Pastore, 2018).
Exposures of deep-crustal ultramafic conduits systems are relatively rare. Similar ultramafic complexes
include the Chilas complex, Pakistan (Jagoutz et al., 2006; Jagoutz et al., 2007), the Abulangdang intrusion
in the Emeishan large igneous province, China (Wang et al., 2014), and Kondyor, Russia (Burg et al,,
2009), though late-stage alteration is common in these intrusions. The RUC is unusual in having superb expo-
sure (Figure 2) and only local or minor alteration to the ultramafic units (Grant et al., 2016).
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Figure 1. Map of the Seiland Igneous Province in northern Norway modified after Larsen et al. (2018). The ultramafic
complexes are indicated in green. This paper focuses on the Reinfjord Ultramafic Complex, which formed adjacent to
gabbro and meta-sedimentary gneiss.

We focus on identifying and characterizing the primary magnetic minerals in the ultramafic rocks of the
RUC. Petrophysical properties are used to determine if these rocks can represent a source of primary mag-
netization, which is stable in lower crustal to uppermost mantle settings.

2. Geology
2.1. Regional Setting

The SIP has an exposed area of more than 5,000 km? and an estimated minimum volume of ~17,000 km? of
Ediacaran mafic and ultramafic rocks (Pastore et al., 2016; Pastore, Fichler, & McEnroe, 2018). The SIP was
emplaced at approximately 570-560 Ma at depths of 25-35 km (Larsen et al., 2018; Roberts, 2007; Roberts
et al., 2006). It is part of the Central Iapetus Magmatic Province and is composed of several ultramafic com-
plexes including the Nordre Bumansfjord, Melkvann, Kvalfjord, and the Reinfjord complexes (Bennett et al.,
1986; Larsen et al., 2018; Oosterom, 1954; Robins & Gardner, 1975; Yeo, 1984). The SIP is part of the Kalak
Nappe Complex, classified as the Middle, or Upper Allochthon (Andréasson et al., 1998; Corfu et al., 2007;
Gee et al., 2014; Larsen et al., 2018; Roberts, 1985; Siedlecka et al., 2004).

2.2. Local Geology

The RUC is located on the @ksfjord peninsula (Figure 1), which is dominated by layered gabbro complexes
(Emblin, 1985). The RUC intruded near the contact between gabbro and garnet gneiss and covers an area of
25 km? (Figure 2; Bennett, 1972; Bennett, 1974; Larsen et al., 2018). The ultramafic cumulates comprise
dunitic, wehrlitic, lherzolitic, and olivine pyroxenite compositions (Grant et al., 2016; Larsen et al., 2018;
Robins & Gardner, 1975). Parent melts were ultramafic in composition and probably comprised picritic
melts with 16-21 wt% MgO (Bennett et al., 1986; Grant et al., 2016; Larsen et al., 2018) or extreme dunitic
melts with 40 wt% MgO according to some models (Griffin et al., 2013).

2.3. Rock Units

The RUC consists of three major ultramafic series: a lower layered series (LLS), an upper layered series
(ULS), and a central series (CS). There is a marginal zone (MZ) where the ultramafic lithologies intruded
gabbro or gneiss, resulting in hybrid zones where the hot ultramafic melts mixed with the host rocks at
temperatures of at least 1400 °C (Bennett et al., 1986; Griffin et al., 2013; Larsen et al., 2018) and pressures
of 6.8-9 kbar (Grant et al., 2016). A complete description of the lithologies can be found in Grant et al. (2016).
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Figure 2. (a) Geological map of the Reinfjord Ultramafic complex (modified after Larsen et al., 2018). The sampling loca-
tions are indicated in black dots, and drill core locations are indicated by the red circles. Faults are indicated in gray (from
Emblin, 1985). The shaded area in the center indicates the approximate location of a dike swarm where the density of
dikes is higher than in the rest of the central series (CS). (b) High-resolution helicopter aeromagnetic map (SkyTEM
surveys, 2011) showing the residual total magnetic intensity. The outlines of the contacts are shown in black, as well as the
sample locations. Field images of the RUC show the superb exposure in the area of the (c) CS and (d) pyroxenite dikes.

The LLS is mapped as the oldest unit and contains a 300-m sequence of olivine (Fog4 ¢_76.1), lherzolite, wehrlite,
and olivine clinopyroxenite (Emblin, 1985; Grant et al., 2016). These rocks outcrop only on the western side of
the intrusion (Figure 2) and are separated from the rest of the RUC by a 50- to 100-m-thick wall of gabbros that
delaminated from the host rock gabbros. The ULS is dominated by wehrlitic cumulates and outcrops on both
sides of the CS (Figure 2). The ULS has cyclic units consisting of a dunitic cumulate layer (Fogsi_77.4;
Emblin, 1985) that gradually taper into wehrlitic cumulates. The later intrusion of the CS into the wehrlitic
cumulates led to the assimilation of large volumes of the ULS under the formation of replacive dunites
(Larsen et al., 2018). More than 50% of the surface outcrop of the RUC is CS, which consists of olivine cumulates
(>90%) with less than 10% clinopyroxene. The compositions of the clinopyroxenes range from augite to diopside
with has axMg of 88.5t0 91.3 in the ULS and of 85.9-92.1 in the CS. The CS hosts a platinum group element-Cu-
Ni mineralization (Grant et al., 2016; Iljina, 2012; Larsen et al., 2018; Schanche et al., 2012).

An extensive network of subvertical dikes can be traced throughout the mafic and ultramafic lithologies. The
dikes intruded at temperatures up to 1450 °C (Yeo, 1984) and show several generations of emplacement with
varying compositions, ranging from dunitic cumulate dikes, through pyroxenitic compositions to gabbroic
pyroxene-hornblende-plagioclase rock types (Grant et al., 2016). The absence of chilled margins along the
contacts of early ultramafic dikes intersecting RUC and their coarse-grained nature, even of centimeter-thin
dikes, implies that the ultramafic rocks were still quite hot when the dikes were emplaced (Bennett et al.,
1986; Emblin, 1985; Larsen et al., 2018).

The MZs have distinct mineral assemblages. The assemblage depends on the composition of the ultramafic
cumulates, and the host rock at each location. Generally, the MZ is dominated by clinopyroxene and ortho-
pyroxene, with smaller amounts of olivine and plagioclase (Emblin, 1985; Grant et al., 2016). In this paper,
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we further subdivided the MZ depending on the adjacent host rock, gneiss (MZ_gneiss), or
gabbro (MZ_gabbro).

Previous authors have reported local serpentinization in surface exposures of the ultramafic rocks (Emblin,
1985; Grant et al., 2016; Larsen et al., 2018). However, there is one area of pervasive serpentinization of the
CS dunites, which is associated with a fault trending east-west at 70°07'N that crosscuts all formations
(Figure 2), here termed the Storvannet fault. This fault zone likely provided a pathway for fluids, resulting
in high degrees of serpentinization of the dunites ((Bennett et al., 1986; Emblin, 1985).

2.4. High-Resolution Aeromagnetic Survey

In 2011 SkyTEM Surveys conducted a high-resolution aeromagnetic helicopter survey over Reinfjord
(Johnson, 2011; SkyTEM surveys, 2011), with a nominal terrain clearance of 30-40 m. The residual total
magnetic intensity (RMF) map, calculated by subtracting the IGRF-2010 (Finlay et al., 2010) from the mea-
sured total magnetic intensity, is shown in Figure 2. The magnetic data processing involved low-pass filter-
ing, leveling of the data, and correction for diurnal variation. Magnetic anomalies in the area have a range of
—1,497 nT (below background) up to 2,078 nT.

The residual magnetic field over the CS formation varies from approximately —500 to 1,069 nT. The northern
area of the CS corresponds with a magnetic high where the maximum RMF is 1,069 nT. The magnetic high
in the center of the CS corresponds to a reported dike swarm (Grant et al., 2016), where there is an enhanced
concentration of pyroxenite dikes (Figure 2). The southern part of the CS and the eastern part of the ULS
correlate with a magnetic low, with an average RMF of approximately —500 nT. To the east, both the gabbro
and the contact MZs correspond with magnetic highs. The gabbro to the east is associated with a magnetic
anomaly high with a maximum amplitude of 1,791 nT. By contrast, the garnet gneiss, LLS, and associated
contact MZs correspond to a magnetic anomaly low with a maximum amplitude of —1,000 nT below back-
ground. There is a distinct magnetic low, with a maximum field intensity of —1,496 nT, associated with the
Storvannet fault and the associated heavily serpentinized rocks described above.

3. Methods
3.1. Sampling

Fifty-three sites were sampled during two field seasons. Site locations are shown on the geological map
(Figure 2a), and geographic coordinates are included in the supporting information (S1). Samples were
drilled and oriented in the field or collected as oriented blocks and drilled in the laboratory at Norwegian
University of Science and Technology (NTNU). Cores were subsampled resulting in a total of 525 specimens
of 2.2 cm long and 2.5 cm in diameter. Four deep drill cores were made in the area (Grant et al., 2016; Larsen
et al., 2018). Two of these, RF3 and RF4, were subsampled for 142 specimens. Drill core RF3 is 348-m deep,
with the upper 100 m of ULS rock, and the remaining 248 m is CS. RF4 is 391-m deep and consists of 351-m
CS rock and 40 m of rocks similar to the MZ_gabbro (Grant et al., 2016). Samples from RF3 and RF4 cores
lack declination information.

3.2. Microscopy

Thin sections were examined using transmitted and reflected light microscopy. Transmitted light observa-
tions were compared to modes reported in previous studies from the same rock units (Bennett et al., 1986;
Emblin, 1985; Grant et al., 2016; Larsen et al., 2018) to determine if our samples are representative.
Samples were inspected for serpentinization of the olivine and pyroxene, identified in transmitted light by
a mesh-like structure (Maffione et al., 2014). Rough estimates of serpentine mineral content were made
using ImageJ by thresholding based on gray scale value (Heilbronner & Barret, 2014). Oxides and sulfides
were identified in reflected light.

3.3. Petrophysical Measurements

Density measurements of 667 specimens were made using a Mettler Toledo ML104 scale with a density kit.
To fill pore space, specimens were first soaked in water for a minimum of 24 hr. The sample mass in air, and
the mass in water, was measured and used to calculate sample density and volume.

Measurements of natural remanent magnetization (NRM) were made with an AGICO JR6 spinner magnet-
ometer at NTNU. The deep drill core samples were measured in a 2G cryogenic magnetometer at the
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Institute for Rock Magnetism at the University of Minnesota. The magnetic susceptibility x (SI) was mea-
sured using a Sapphire susceptibility bridge with a field of 80 A/m at NTNU. To compare susceptibility
and NRM values, all sample data were volume normalized.

Temperature-susceptibility measurements on rock powders from —194 to +700 °C in a field of 200 A/m were
acquired using an AGICO MFKI1A Kappabridge. For further characterization of the magnetic carriers, a
Princeton Measurement Corp Vibrating Sample Magnetometer was used. Hysteresis loops were measured
in a maximum field of 1 T, providing the parameters saturation magnetization (Ms), remanent saturation
magnetization (M), and coercivity (H,), and backfield remanence curves provide the parameter coercivity
of remanence (H,,). The ratios between the properties M,s/M; and H.,/H. were used to evaluate the mag-
netic mineralogy and give insight into domain states.

4. Results
4.1. Transmitted Light Microscopy

Thin sections of the different lithologies were studied using transmitted light microscopy to confirm the
reported mineralogy and assess the degree of alteration. Micrographs for each formation are shown in
Figure 3. The opaque grains are discussed in the next section.

The CS consists of olivine (>90%) and minor clinopyroxene (Figure 3a). The olivine has varying grain sizes,
from >1 mm to smaller grains (~100-200 um). In the ULS there are similar grain sizes of olivine (15-40%)
with more abundant clinopyroxene (60-85%), in agreement with Grant et al. (2016). Clinopyroxene grains
commonly contain exsolution lamellae of orthopyroxene. Figure 3c shows a pyroxenite dike from the
ULS. This sample contains large magmatic amphibole, clinopyroxene and orthopyroxene, and small plagi-
oclase grains. Fine-grained opaques are found in the matrix and in pyroxene (exsolution). The LLS samples
have varying modal abundances, with some samples consisting mainly of orthopyroxene and clinopyroxene
(Figure 3d), while others contain mainly olivine. There are varying amounts (1-3%) of large interstitial opa-
que grains between the olivine grains in the CS, ULS, and LLS samples. In the LLS the olivine-rich samples
contain more opaques than the more pyroxene-rich rocks. Some olivine grains in the ultramafic formations
show minor serpentinization (Figure 3a).

The MZ_gneiss samples, formed in contact with the garnet gneiss, consists of clinopyroxene, orthopyroxene,
and plagioclase (Figure 3e). The MZ_gabbro (Figure 3f) samples mainly consist of clinopyroxene, orthopyr-
oxene, and olivine, and commonly have more clinopyroxene and olivine, and less plagioclase than the
MZ_gneiss samples. The clinopyroxene in MZ samples contains exsolution lamellae, which form both blades
and needles of orthopyroxene and opaques.

The gabbro host rock samples of the RUC contain olivine, clinopyroxene, plagioclase, orthopyroxene,
amphibole, and opaques. The samples from the western side of the intrusion contain more clinopyroxene
than the eastern samples. Opaque grains are abundant in all gabbro samples.

The gabbro host rock samples of the RUC contain olivine, clinopyroxene, plagioclase, orthopyroxene, amphi-
bole, and opaques. The samples from the western side of the intrusion contain more clinopyroxene than the
eastern samples. Opaque grains are abundant in all gabbro samples. The serpentinized samples from the
Storvannet fault area (Figure 3h) contain abundant serpentinite minerals. In addition, relic olivine rafts of
CS dunite protolith are present. Image analysis for this sample yields a serpentinization degree of ~70%.

4.2. Reflected Light Microscopy

Reflected light microscopy was used to identify the dominant oxides and sulfides. Common to all ultramafic
formations are large chrome-spinel and ilmenite grains (Figures 4a-4c). The nomenclature of spinel group
minerals in the literature is not consistent; here, we use the general term chrome-spinel to describe Fe- and
Cr-rich spinel phases. The large chrome-spinel grains usually are in association with olivine, and, as
expected, are most abundant in the olivine-rich CS rocks. In the ULS and LLS the chrome-spinel grains
are most abundant in the samples that contain the most olivine. In the CS drill core samples, some
chrome-spinel grains show a clear zonation with a more iron-rich rim (Figure 4d). Locally, the ultramafic
rocks can contain abundant sulfides (Figure 4e). We observed chalcopyrite, commonly in assemblage with
pyrrhotite, pyrite, and pentlandite.
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Figure 3. Micrographs in transmitted light of a representative sample all formations: (a) central series (CS), (b) upper
layered series (ULS), (c) pyroxenite dike, (d) lower layered series (LLS), (e) MZ_gneiss, (f) MZ_gabbro, (g) Gabbro, and
(h) serpentinite. ol: olivine; srp: serpentinite; cpx: clinopyroxene; opx: orthopyroxene; plag: plagioclase; amp: amphibole.

In many of the chrome-spinel grains exsolution microstructures are present (Figures 4b and 4c). The
exsolved phase ranges is size from >10 um to submicron and occurs randomly distributed as irregular, sub-
rounded blebs. Similar textures in chrome-spinel are reported by other authors (Colas et al., 2016; Eales
et al., 1988; Loferski & Lipin, 1983; Ramdohr, 1980).
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Figure 4. Reflected light images of (a) homogenous chrome-spinel and (b and c) chrome-spinel and ilmenite from central
series (CS) surface rocks. The chrome-spinel contains exsolution microstructures of a more iron-rich phase. (d)
Chrome-spinel with an iron-rich rim from CS drill core samples. (e) Pyrite, pyrrhotite, and chalcopyrite in the CS surface
samples. (f) Magnetite in a pyroxenite dike sample. (g) Exsolution of ilmenite lamellae from orthopyroxene in MZ_gneiss
rocks. Exsolution of magnetite and spinel from clinopyroxene in (h) upper layered series (ULS) and (i) MZ_gabbro
rocks. (j) Spinel exsolution from olivine in CS rocks. (k) Hemo-ilmenite in gabbro rocks, (1) magnetite, and ilmenite in
gabbro rocks. (m) Pyrrhotite-chalcopyrite-pyrite in gabbro rocks. (n) Pentlandite-chalcopyrite-magnetite assemblages in
CS serpentinite. (0) Magnetite in serpentinite veins in CS serpentinite. m: magnetite; il: ilmenite; hem: hematite; po:
pyrrhotite; py: pyrite; ccp: chalcopyrite; Cr-spl: chrome-spinel; spl: spinel; pn: pentlandite; serp: serpentinite.
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The chemical composition of the exsolution microstructures and host chrome-spinel in CS rocks is reported
by Pastore, McEnroe, ter Maat, et al. (2018). The composition is obtained by electron microprobe analysis
and is [(Fez+0_94Mg0,07NiO,01)1_OZ(Fe3+1,33Cr0,46A10,15Ti0,03)1_9704] for the exsolution microstructures and
[(Fe?* 4 76Mgo 25)1.01(Fe* 0 46CT0.74Alg 75 Tig.03)1.9704] for the host chrome-spinel. The host chrome-spinel
contains more Cr and Al, and the exsolved phase is more Fe-rich. Due to the typical small size of the exsolu-
tion most analyses are overlap analyses and this results in an underestimation of the iron content of the
exsolved phase.

In many of the silicates in the RUC and host rocks exsolution of oxides is present. Some olivine grains con-
tain minor exsolution of spinel (Figure 4j). The orthopyroxene grains contain exsolution lamellae of ilmenite
(Figure 4g). In clinopyroxene there are exsolution lamellae of ilmenite, exsolved blades of chrome-spinel
with magnetite rods typically at the end of the blade (Figures 4h and 4i). The ULS pyroxenite dike has abun-
dant fine-grained spinels in the matrix (Figure 4f). Some of the MZ samples contain discrete magnetite
grains with minor spinel exsolution and rare oxidation exsolution of ilmenite.

The layered gabbro contains variations in oxide and sulfide mineralogy, and these are strongly dependent on
geographic location. Magnetite and ilmenite are present in the southern gabbro samples (Figure 41). Hemo-
ilmenite is found in the more northern samples (Figure 4k). On the northwestern side of the intrusion hemo-
ilmenite is found together with pyrrhotite (Figure 4m), which is an unusual assemblage.

Some ultramafic samples show evidence of minor serpentinization (Figures 4c and 4d) with occasional for-
mation of magnetite in the serpentinite veins (Figure 4c). However, in samples with only minor serpentini-
zation, little or no magnetite was observed in the veins.

In the serpentinite samples magnetite is common in the serpentinite veins and in association with large
magnetite-pentlandite-chalcopyrite grains (Figure 4n). These samples also contain relic olivine grains. The
magnetite-pentlandite-chalcopyrite assemblage is only found in the serpentinite samples from the
Storvannet fault; this assemblage is not observed in samples with only minor serpentinization.

4.3. Petrophysical Data: NRM, Susceptibility, Density

There is notable variation in the magnetic and petrophysical properties (NRM, susceptibility, and density);
data tables for the 667 samples are given in Table S1. The box and whisker plots of the NRM, susceptibility,
and density are shown in Figure 5; the values for mean, median, and the bounding box are given in Table 1.
Both susceptibility and NRM are plotted on a logarithmic scale. Each box encloses the middle 50% of the
samples with the median value shown as a black line, and arithmetic mean as red line. The whiskers show
the minimum and maximum of the distribution.

NRM values for the RUC range from 0.002 to 26.4 A/m, with a median of 0.77 A/m. Two extreme outliers are
excluded, which are considered contaminated due to high (>3 standard deviations above mean) NRM values
and directions inconsistent with other specimens of the same site. The range in susceptibility values is from
0.0002 to 0.07 SI, and a median of 0.007 SI. Density values range from 2.55 to 3.42 g/cm?, with a median of
3.21g/ cm® Commonly, the NRM and susceptibility values have a distribution closer to lognormal than lin-
ear, which results in a higher mean value than the median value. Below data for each formation
are discussed.

4.3.1. NRM

CS samples from the deep drill cores have lower NRM values (from 0.08 to 5.3 A/m) than the surface samples
(0.1 to 22 A/m). The median values of the CS drill core samples are 0.38 and 1.2 A/m for the CS
surface samples.

As with the CS, the ULS surface samples have higher median NRM values than the ULS drill core, at 0.53
and 0.38 A/m, respectively. The range in NRM values is similar for the ULS surface (from 0.02 to 6.5 A/m)
and drill core samples (from 0.1 to 5.3 A/m). The pyroxenite dike samples have a large range with NRM values
from 1.2 to 26.4 A/m, with a median of 4 A/m. The LLS samples are less strongly magnetic, with NRM values
from 0.007 to 3.7 A/m and a median of 0.60 A/m.

The range in NRM values of MZ samples is large, from 0.002 to 11.6 A/m, with a median of 0.58 A/m. By
contrast, the gabbro has a smaller range from 0.02 to 3.7 A/m, with a median of 0.9 A/m.
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Figure 5. Box- and whisker plots of density, natural remanent magnetization (NRM), and susceptibility values by forma-
tion, and by location, surface, and drill core. The MZ is further subdivided by the contact unit host rock. The serpentinized
samples from the Storvannet fault zone are plotted separately. Plots show the 3, 25, 50 (black line, median), 0, and 100
percentile and the arithmetic mean (red line). Samples are plotted as black circles. One outlier from the CS and a
pyroxenite dike were excluded, though in the supporting information.

The strongly serpentinized dunite samples from the Storvannet fault zone have NRM values from 2.1t0 16.9 A/m,
with a median of 3.7 A/m. Such values are much higher than those of the CS surface and drill core rocks.
4.3.2. Susceptibility

There is a large variation in susceptibility values for the RUC. These differences are most prominent between
the surface and drill core samples for certain formations.

For the CS surface and drill core samples, the volume normalized susceptibility values range from 0.0008 to
0.024 SI and from 0.0014 to 0.048 SI, respectively. Despite higher extreme values in the drill core samples, the
CS_surface samples yield higher median values than the CS_drillcore, at 0.011 SI and 0.0050 SI, respectively.
In the ULS, susceptibility values for the surface and drill core samples are similar with a range of 0.0011 to
0.0205 SI. The median values are close at 0.0033 SI for the surface samples and 0.0043 SI for the drill core
samples. The CS and ULS display the opposite trend: the CS surface samples have higher values than the
CS drill core, whereas the ULS_surface samples have lower susceptibility values than the drill core. The med-
ian of the CS surface samples is twice that of the CS_drillcore, ULS_surface, and ULS_drillcore sample sets.
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Table 1
Statistical Distributions of NRM (A/m), Susceptibility (SI), and Density (g/cm3)
NRM (A/m) Mean Min 25% Median 75% Max
CS surface® (131) 1.999 0.095 0.764 1.166 2.182 22.022
CS drill core (104) 0.640 0.084 0.247 0.379 0.723 5.304
ULS surface (87) 0.823 0.019 0.256 0.376 0.773 6.511
ULS drill core (25) 0.690 0.095 0.390 0.531 0.920 2478
ULS pyroxenite dyke® (13) 5.241 1.225 1.698 3.963 5.260 26.389
LLS (44) 1.255 0.007 0.226 0.601 2.312 3.672
MZ_ALL (113) 1.498 0.002 0.019 0.575 2.485 11.575
MZ_drillcore (13) 1.598 0.178 0.938 1.327 2.001 3.400
MZ_gabbro (36) 2.763 0.636 2.009 2.665 3.233 6.003
MZ_gneiss (64) 0.766 0.002 0.012 0.026 0.130 11.575
Gabbro (78) 1.246 0.021 0.076 0.908 2.193 3.648
Serpentinite (54) 4.618 2.127 3.273 3.659 4.873 16.847
Susceptibility (SI) Mean Min 25% Median 75% Max
CS surface® (132) 0.0118 0.0008 0.0078 0.0107 0.0173 0.0242
CS drill core (103) 0.0074 0.0014 0.0034 0.0050 0.0082 0.0483
ULS surface (83) 0.0047 0.0011 0.0024 0.0033 0.0055 0.0398
ULS drill core (25) 0.0050 0.0021 0.0035 0.0043 0.0062 0.0118
ULS pyroxenite dyke® (13) 0.0185 0.0141 0.0171 0.0176 0.0184 0.0318
LLS (44) 0.0060 0.0006 0.0016 0.0030 0.0111 0.0162
MZ_ALL (113) 0.0054 0.0002 0.0005 0.0018 0.0083 0.0243
MZ_drillcore (13) 0.0096 0.0009 0.0051 0.0074 0.0133 0.0243
MZ_gabbro (36) 0.0108 0.0022 0.0070 0.0088 0.0111 0.0240
MZ_gneiss (64) 0.0015 0.0002 0.0004 0.0006 0.0009 0.0186
Gabbro (75) 0.0141 0.0002 0.0018 0.0087 0.0206 0.0710
Serpentinite (54) 0.0460 0.0157 0.0423 0.0473 0.0501 0.0669
Density Mean Min 25% Median 75% Max
CS surface® (135) 3.158 2.920 3.047 3.132 3.298 3.418
CS drill core (104) 3.230 2.790 3.138 3.269 3.328 3.394
ULS surface (95) 3.244 3.001 3.186 3.272 3.317 3.375
ULS drill core (25) 3.258 3.186 3.240 3.262 3.276 3.327
ULS pyroxenite dyke® (13) 3.302 3.179 3.260 3.292 3.358 3.390
LLS (44) 3.304 3.238 3.281 3.302 3.321 3.356
MZ_ALL (113) 3.111 2.787 2.960 3.127 3.283 3.362
MZ_drillcore (13) 3.324 3.203 3.320 3.337 3.352 3.358
MZ_gabbro (36) 3.187 2.793 3.184 3.264 3.297 3.362
MZ_gneis (64) 3.037 2.787 2.948 3.000 3.147 3.339
Gabbro (82) 2.992 2.725 2.952 2.978 3.053 3.313
Serpentinite (54) 2.712 2.553 2.657 2.720 2.769 2.847

Note. Number of samples in parentheses. NRM, natural remanent magnetization.
*Excluding 1 outlier.

The LLS susceptibility values range over 2 orders of magnitude from 0.0006 to 0.016 SI and have a median of
0.0030 SI. Samples from the layered gabbro show a similarly large range from 0.0002 to 0.071 with a median
of 0.014 SI. The MZ samples have a susceptibility value range from 0.0002 to 0.024 SI, with a median value of
0.0018 SI.

4.3.3. Density

A total of 667 samples were measured for density. The lowest median density values in the data set are
recorded in the serpentinite samples, while the highest values are in the MZ_drillcore samples. The mean
densities measured for the ultramafic formations are higher than the mean densities of serpentinized
dunites (2.83 g/ em®) and harzburgites (2.79 g/ cm?®) reported in mantle material from the Leka Ophiolite
Complex (Michels et al., 2018).

The density range in the 135 CS_surface samples is 2.92 to 3.42 g/cm?, with a median value of 3.13 g/cm?>.
The density of the 104 CS_drillcore samples ranges from 2.79 to 3.39 g/cm?, with a median of 3.27 g/cm?>.
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2 f..‘ The density values of the serpentinite samples reflect the variable, but
é ]® generally high, degree of serpentinization. The total range is from 2.55
% 0.01 to 2.85 g/cm3, significantly lower than the densities of unaltered CS sam-
% ] ples, which have a median of 3.13 g/cm>. The degree of serpentinization of
- the rocks from the Storvannet fault, calculated after Miller and

§§> voor Christensen (Miller & Christensen, 1997), varies from 58 to 95%.

1 : : : , 4.4. Susceptibility Versus Density
26 28 3.0 3.2 34

Density (g/cma)

Covariation of density and susceptibility can result from magmatic pro-
cesses, such as later sulfide mineralization, or secondary alteration, such

Figure 6. (a) Density versus susceptibility for all formations and (b) only the ~ as serpentinization. We would not expect covariance in the pristine rocks,
ultramafic samples. For the ultramafic samples the calculated serpentini- which have not been subjected to these secondary processes. To evaluate

zation degree is added on the top axis.

for these processes, magnetic susceptibility (SI) and density (g/cm?) are

plotted for all formations in Figure 6a. In addition, an expanded view con-
taining only the ultramafic formations (CS, ULS, and LLS) is shown in Figure 6b and on a linear scale in
Figure S1.

There is no strong correlation between density and susceptibility. The CS samples show a small increase in
susceptibility with decreasing density, which may result from variable but limited serpentinization (e.g.,
Figures 4c and 4d). CS surface samples with a density above 3.2 g/cm> show a large range in susceptibility.
The ULS samples show no clear trend. The LLS samples have a narrow range in density and a large range in
susceptibility. Samples from three of the four MZ_gabbro sites cluster at high densities (3.2-3.3 g/cm®), and
the remaining site plots at lower density and higher susceptibility values. The MZ_gneiss samples show a
slight increase in susceptibility with increasing density. The gabbro samples show a large range in suscept-
ibility, with the lowest values corresponding to low density values. The serpentinite samples have similar
susceptibility values for a wide range in densities.

To determine which densities best represent the pristine ultramafic rocks, we compared our measured prop-
erties to estimates of serpentinization degree from thin section analysis, widely applied calculations using
density values, and the theoretical densities of unaltered ultramafic rocks.

For ease of viewing, only ultramafic formations are plotted in Figure 6b, with the serpentinization degree
(top axis) after Miller and Christensen (1997), which is based on density and assumes a maximum value
of 3.3 g/cm? for unaltered peridotite and ultramafic rocks (their Figure 8). Using their calculation, our sam-
ples with densities above 3.3 g/cm? (38% of ultramafic samples) plot in an area of negative serpentinization
degree, clearly an unphysical result.

We compared our measured densities to theoretical densities of our ultramafic rocks. Theoretical densities were
calculated based on bulk composition using macros by Hacker and Abers (2004) and the composition estimates
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Magnetic susceptibility (SI) from Grant et al. (2016) and Emblin (1985) for the ultramafic formations (CS,
0.001 001 ULS, and LLS). The olivine composition varies from Fog, ¢_7¢.1 in the CS sam-
el o > ples and Fogs 1-77.4 in the ULS. The clinopyroxene is diopside to augite with
xMg 85.9-92.1 for the CS and xMg 88.5-91.3 in the ULS. Most orthopyroxenes
10 range in xMg from 0.83 to 0.87 in both ULS and LLS (Grant et al., 2016). For

i

o

Remanent magnetization (A/m)

0.01 o

Serpentinite

0.01 0.1

1

the minimum theoretical density, the estimated ratio ol:cpx:opx:spl of
0.905:0.009:0:0.005 (Emblin, 1985) is used for the CS and 0.79:0.13:0.08:0
for the ULS and LLS. These compositions give a minimum density of
3.42 g/cm’ for CS and 3.40 g/cm® for ULS and LLS rocks. These values are
slightly higher than the maximum measured densities of 3.42, 3.39, and
3.36 g/ cm? for the CS, ULS, and LLS respectively.

4.5. NRM Versus Susceptibility and Induced Magnetization

To assess the contribution to magnetic anomalies from lithologies similar to
the RUC, the Koenigsberger ratio, commonly referred to as the Q value, is
evaluated. The Q value is the ratio of the NRM to the induced magnetization
(M; in A/m) given by M; = xxH, where x is volume-corrected susceptibility in
SI units and H is the local Earth's field, here 42.5 A/m for Reinfjord
(IGRF-2012, Thébault et al., 2015). In Figure 7 NRM is plotted against

tization is greater than that of the induced magnetization. However, to
interpret the influence of the NRM on the anomaly, it is essential to know
the volume and extent of the regions of coherent magnetization

O CS_surface

& CS_drillcore susceptibility (top axis) and M; (bottom axis) with lines of constant Q value.
© ULS_surface

@ ULS_drillcore The samples of the RUC show an overall positive trend, whereby NRM
@ ULS - Pyroxenite dyke . . . . vy eqe

o LLS increases with increasing susceptibility (or M;). Of the samples, 87% plot
: mé—g:g‘;‘:;e above the line Q = 1, and 63% of the samples have a Q value higher than
@ MZ_gneiss 2. This observation indicates the contribution the NRM to in situ magne-
@ Gabbro

°

1

Induced magnetization (A/m)

Figure 7. Natural remanent magnetization (NRM) versus induced magneti-
zation in A/m. Susceptibility is shown on the top axis. The black lines
represent an equal Q value (remanent/induced magnetization), for the
ratios Q = 100, 1, 0.1. The dashed lines represent the ratios Q = 0.5 and

Q=2

(Carporzen et al., 2006; Clark, 2014; Lillis et al., 2010; McEnroe et al.,
2018; Purucker & Clark, 2011). The vector average of the Q value (Q,, con-
trasted with scalar or nominal Q,,) is calculated to take into account varia-
tion in NRM directions and intensity (Brown & McEnroe, 2008; Dunlop
et al., 2010; McEnroe & Brown, 2000).

The CS surface samples show similar Q values (mean Q,, = 5.1, Q, = 3.3) to

those of the ULS (Q, = 4.8, Q, = 4.2) and LLS (Q, = 4.9 and Q, = 4.5). The
CS and ULS drill core samples only have inclination information and yield scalar Q values of 2.0 and 3.2, respec-
tively. The pyroxenite dike samples have a large range in NRM and a limited distribution of susceptibilities,
yielding Q,, = 7.3 and Q, = 7.0. The MZ_gneiss samples have a large range in both NRM and susceptibility
values, resulting in high Q,, and Q, ratios of 12.0 and 11.4, respectively. The host gabbro samples have a Q,
of 2.1 and Q, of 0.8, whereas the MZ_gabbro samples have higher ratios of Q, of 5.5 and Q, of 5.0. The
serpentinite samples have the highest susceptibility values of the entire data set and lower ratios than the
ultramafic rocks with Q,, of 2.3 and Q,, of 1.5. Less coherency in NRM directions can be due to both positive
and negative inclinations being present and a high variability in declination. This is also true for the ultramafic
surface samples where minor serpentinization results in greater variation in NRM direction.

The vectorially averaged Q, values provide a good estimate of the influence of remanence on the magnetic
anomalies. Except for the layered gabbros all formations have Q, values over 2, which indicate that the rema-
nent dominates the magnetic anomalies in the RUC, even when the dispersion of remanent directions
is considered.

4.6. Hysteresis Properties

Magnetic domain states and consequent remanence intensity and stability can be inferred from hysteresis
measurements, which can be expressed concisely on a Day plot (Day et al., 1977). This diagram displays
the ratio of saturation remanent magnetization to saturation magnetization (M,s/M;) against that of
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coercivity of remanence to coercivity (H../H.). Positions on the Day plot

reflect magnetic switching behavior (averaged over the entire specimen),
which is in turn a function of domain state. Domain state inferences from
the Day plot are not definitive, as factors such as grain size distributions,
mineralogy, and compositional variations also affect the position on the
~ plot (Paterson et al., 2018; Roberts et al., 2014; Roberts et al., 2018).
However, the relative positions of samples from a single data set can sug-
gest trends reflecting variations in the magnetic carriers. Samples from the

PSD

s RUC are presented on a Day plot in Figure 8, with mixing lines and

O N & @ % boundaries for single-domain (SD), pseudo-single domain (PSD), and
= ? . e © & multidomain (MD) behavior in magnetite after Dunlop (2002).

Z 8 gg:zll::;r:;; %O . The RUC samples plot along the MD-SD mixing lines with 48% in the PSD

5 2 Btﬁj?.ﬁ.?g; _ * region. None plot in the MD region or have an M,s/Mj ratio above 0.5. Of

| 9 pEpyrorentedie P the ultramafic formations, the ULS drill core samples plot closest to the

i mg:g;g‘;:o SD limit, followed by the CS and ULS surface samples and the serpenti-

’ : gggg:glcore nites. Compared to the surface specimens, the CS drill core samples have

@ Serpentinite a larger proportion that do not approach end-member SD behavior and

2 are those that plot closest to the MD region. By contrast, the ULS surface

MD . . : . .
and drill core specimens show a wide and overlapping range of magnetic
’ Her /3Hc ‘ Poe e behavior that ranges from near ideal SD well into the PSD region. The LLS

Figure 8. Day plot (Day et al., 1977) with ratio M,s/Mjs as a function of H,/
H_ ratios. Mixing lines and single-domain (SD), pseudo-single domain

samples have similar M,s/M; values but higher H../H. than the CS and
ULS surface samples. All ULS pyroxenite dike samples plot in the
PSD region.

(PSD), and multidomain (MD)regions after Dunlop (2002).

The MZ samples show a high degree of variability, with most samples

plotting in the PSD region and others approaching ideal SD behavior.
The MZ rocks, which formed in contact with gneiss, have a greater proportion that plot near ideal SD beha-
vior. The MZ samples formed in association with gabbro (including the drill core samples) have a larger pro-
portion in the PSD region. The samples plot close to the MD-SD mixing lines near the SD region and deviate
from it further into the PSD region.

The gabbro samples show a large range in M,s/Mj ratios with some samples plotting very close to the SD
region and other samples plotting close to the MD region. This range of behavior reflects the mixed miner-
alogy of the gabbro: samples containing solely magnetite plot closer to the MD region, and those containing
mainly hemo-ilmenite and pyrrhotite have hysteresis parameters plotting near to the SD field.

4.7. Curie Temperatures

Measurements of Curie temperatures (T.) can provide diagnostic information about the mineralogy and pre-
sence of impurities in the magnetic phase(s) in a sample and complement microscopy observations. Mass-
normalized temperature susceptibility curves from —190 to 700 °C are shown in Figure 9 for each formation
of the RUC. The T, was estimated using the point of maximum descent (Tauxe, 1998). All measurements
were made in argon to minimize oxidation; however, all but one analysis were irreversible, indicating some
alteration occurred during heating.

Temperature susceptibility curves for three CS samples with high densities (3.38, 3.37, and 3.34 g/cm?) are
shown in Figures 9a-9c, respectively. Though the densities are similar, these samples have a wide range
in bulk susceptibility values from high (0.016 SI; Figure 9a), intermediate (0.005 SI; Figure 9b) to low
(0.0012 SI, Figure 9c). The high- and intermediate-susceptibility samples (Figures 9a and 9b) show a low-
temperature transition around —150 °C, the Verwey transition in magnetite (Verwey, 1939). The transition
is not sharp, which indicates some degree of oxidation or cation substitution. Its occurrence indicates there is
coexisting near-end-member magnetite because the Verwey transition is suppressed by small degrees of
cation substitution (e.g., x > 0.04 titanium; Kakol et al., 1992). These specimens also display an increase in
susceptibility from ~ —100 to +200 °C followed by a gradual decrease until the Curie temperature. By con-
trast, the third curve (Figure 9c) does not show a low-temperature transition, indicating that there is little
near-end-member magnetite, and lacks the enhancement of susceptibility up to 200 °C. The T, of these
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Figure 9. Mass normalized temperature susceptibility curves of representative samples of the (a-c) central series (CS);
high density (>3.2 g/cm3) with (a) high susceptibility, (b) intermediate susceptibility, (c) low susceptibility, (d) upper
layered series (ULS), (e) ULS pyroxenite dike, (f) lower layered series (LLS), (g) MZ_gabbro; (h) MZ_gneiss; (i) gabbro; (j)
gabbro; and (k) serpentinite. The heating curves are given in red and the cooling curves in blue. All measurements were
run in argon.

samples are 550, 539, and 535 °C, respectively. All CS samples contain chrome-spinel, and those with high
and intermediate bulk susceptibility contain abundant exsolution of a more iron-rich phase, while those
with low bulk susceptibility have little exsolution. The exsolved phase contains variable amounts of Al,
Cr, and minor Mg, Ni, and Ti (Pastore, McEnroe, ter Maat, et al., 2018) leading to a range in T, consistent
with the continuous loss of susceptibility from 200 °C to the sharpest decrease at 535-550 °C. The samples
with the lowest T, (by inference, the highest degree of cation substitution) also contain sparser exsolution
microstructures and have lower bulk susceptibility compared to those with higher T..

The ULS sample, ULS pyroxenite dike, and the LLS show similar temperature susceptibility curves
(Figures 9d-9f). The T, are 539, 540, and 549 °C, respectively. The ULS and ULS pyroxenite dikes show a
suppressed Verwey transition, indicating nonstoichiometric or cation-substituted near-end-member magne-
tite, whereas the LLS lacks a low-temperature transition. The curves are not reversible and have a higher sus-
ceptibility after cooling.

The MZ samples have high variability based on whether they formed in contact with the gabbro (Figure 9g)
or the garnet gneiss (Figure 9h). The MZ_gabbro sample shows a low-temperature transition at —160 °C
(Figure 9g), slightly lower than the Verwey transition literature value of —150 °C and consistent with a small
degree of cation substitution (e.g., Moskowitz et al., 1998). The T, is 551 °C, and the curve is irreversible with
a slightly higher susceptibility on cooling. The MZ_gneiss shows a small increase followed by a steep drop in
susceptibility at 317 °C (Figure 9h), which is close to the T, of pyrrhotite, 320 °C (Dekkers, 1989). This feature
is not present after heating to 700 °C. A second decrease in susceptibility is present at 540 °C.
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The gabbro samples exhibit varying thermomagnetic behavior reflecting the variation in opaque minerals
observed in microscopy. The sample containing pyrrhotite, exsolution rods of magnetite from clinopyrox-
ene, and hemo-ilmenite (Figure 9i) shows a decrease in susceptibility at 319 °C, consistent with the presence
of magnetic pyrrhotite. A monotonic decrease in susceptibility is observed in this sample 559 °C, suggesting
that although both magnetite and hemo-ilmenite may be present these signals cannot be discriminated in
this measurement. The gabbro containing only discrete magnetite and exsolution rods of magnetite from
clinopyroxene (Figure 9j) has a low-temperature transition at —153 °C and a T.. of 554 °C.

The thermomagnetic curve for serpentinite sample is shown in Figure 9k. There is a sharp Verwey transition
at —153 °C, and the sample has a T, of 574 °C, indicating near-end-member magnetite. The heating curve
shows a small enhancement between 300 °C and 440°, which may be indicative of pyrrhotite.

5. Discussion

Identifying the primary magnetic phases in ultramafic rocks, and their properties, is central to understand-
ing magnetic anomalies originating in different parts of the lithosphere. Numerous studies of exposed rocks
that originated in the lower crust describe samples that do not reflect their primary magnetic mineralogy,
due to later metamorphism, serpentinization, or alteration. Exposures of relatively unaltered ultramafic
rocks are uncommon, and the RUC offers a rare opportunity to study deep-crustal rocks with minimal
alteration. From the perspective of magnetic anomalies, the timing and P&T conditions of the acquisition
of magnetization in the deep crust are important. Below we address these topics and relate the magnetic
properties of the RUC to the magnetization of the lower crust and potentially the upper mantle.

5.1. Magnetic Carriers in the RUC

The RUC contains a variety of iron oxides and sulfides, both as discrete grains and as exsolved phases. In the
olivine-rich rocks the dominant oxide is a chrome-spinel with exsolution of an iron-rich phase, with compo-
sitions approaching end-member magnetite. Clinopyroxene in all formations contains oxide exsolution
lamellae of ilmenite, spinel, and magnetite, while orthopyroxene has exsolution lamellae of ilmenite. The
dominant sulfides in the RUC are pentlandite, pyrrhotite, pyrite, and chalcopyrite.

Estimated emplacement conditions of the RUC are T of 1450 °C and 6-10 kbar (Bennett et al., 1986; Grant
et al.,, 2016; Larsen et al., 2018). As the intrusion cooled the primary magnetic phases exsolved and acquired
their magnetization by cooling through their respective Curie temperatures. Whether these two events were
simultaneous or occurred at very different temperatures provides useful information on how the observa-
tions in this study can be extrapolated to other geological settings. The geodynamic setting for the RUC is
the subject of ongoing research (Larsen et al., 2018).

The dominant oxide phase in the ultramafic formations (CS, ULS, and LLS) is chrome-spinel, which is more
abundant in the olivine-rich than the pyroxene-rich rocks. Most chrome-spinel grains contain exsolution
blebs, of varying sizes and abundance, of an iron-rich phase, which are distributed throughout the grains
(Figures 4a-4c). This microstructure is contrasted with particles that exhibit iron-rich rims surrounding
chrome-spinel cores, which has been attributed to metamorphic processes (e.g., Barnes, 2000) but the reac-
tion is not exclusively created by them (e.g., Haggerty, 1976). This rimming is rarely observed in the RUC and
is limited to a few drill core samples (Figure 4d) and possibly related to local serpentinization.

The CS samples, in which the Fe-rich exsolution in Cr-spinel is the dominant magnetic phase, show a range
a gradual decrease in susceptibility during thermomagnetic measurements from 250 °C to the T, of ~540 °C
during heating. The gradual decrease in susceptibility is interpreted to be due to a range in composition of
the Cr-spinel host and Fe-rich exsolution microstructures. This interpretation is in agreement with composi-
tional ranges reported by Pastore, McEnroe, ter Maat, et al. (2018) on dunite samples from the CS, as well as
reported progressive changes in T, in the Fe-Cr spinel solid solution due to compositional variation in the
exsolved phase by Francombe (1957) and Robbins et al. (1971). The T, estimates based on the thermomag-
netic curves implies that some exsolution blebs have near-end-member magnetite compositions; however,
the partially suppressed Verwey transition also indicates a degree of cation substitution or nonstoichiometry.

Although the chrome-spinel grains crystallized early in the magmatic history, the exsolution of the more
iron-rich phase occurred later when the rocks cooled through the solvus temperature of the Cr spinel-
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magnetite, at a T slightly below 600 °C. The position of the miscibility gap is indicative of the temperature of
exsolution; however, in this system it is a function of both the compositions of the Cr-spinel host and the oli-
vine (Barnes & Roeder, 2001; Sack & Ghiorso, 1991; Ziemniak & Castelli, 2003). Based on the compositions
of the olivine in the RUC Fog, ¢ to Fo,¢.; (Grant et al., 2016) and of the chrome-spinel (Pastore, McEnroe, ter
Maat, et al., 2018), the initial exsolution would have occurred when the rocks cooled to slightly below ~600
to 550 °C, with variations in T dependent on the composition of coexisting olivine (Sack & Ghiorso, 1991).
These temperature estimates are consistent with other studies reporting exsolution in chrome-spinel
(Colas et al., 2016; Kadziatko-Hofmokl et al., 2008; Muan, 1975; Roeder, 1994) and indicate that the Fe-rich
phase formed and acquired their magnetization close to their respective Curie temperatures.

The physical origin of the NRM is likely a combination of multiple processes. Because the solvus tempera-
ture is above the T, of the exsolved phase, it acquires a thermoremanent magnetization (TRM) upon further
cooling. Exsolution continues during cooling, and further intergrowths will preserve a thermochemical
remanent magnetization (TCRM), because these phases form and acquire a magnetization well below their
respective Curie temperatures. The RUC has undergone a complex geodynamic history, which is still unre-
solved (Larsen et al., 2018). Because the cooling rate of the complex is unknown, we do not specify what por-
tion of the NRM is a TRM or TCRM. There are abundant fine-grained exsolved blebs in the chrome-spinel.
We speculate that with prolonged (re-)heating these would have coarsened. Therefore, we infer that the
combination of TRM and TCRM should be considered primary.

In addition to these primary components, a secondary viscous or thermoviscous overprint is possible and
may even dominate present-day remanence (e.g., Kelso et al., 1993). In Figure 8 on the Day plot (Day
et al., 1977) most samples plot close to the SD boundary, and therefore, we consider that thermoviscous
processes are more likely than viscous. A contradictory line of evidence comes from the temperature sus-
ceptibility data, where measurement show a small or no Hopkinson peak for most samples, which would
imply more MD grains (e.g., Clark & Schmidt, 1982; Bina & Henry, 1990), which, in turn, are more sus-
ceptible to a viscous overprint. Depending on the cooling history, a thermoviscous or viscous overprint
could replace the original TRM/TCRM and at depth the remanent component could be greater than
our measurements indicate. Lack of constraint on the tectonic history and uplift rates prohibits us to
quantify any of these processes.

Exsolution microstructures are not present in all chrome-spinel grains. Possibly, the intrusion cooled too
quickly for unmixing to occur (Evans & Frost, 1975). However, that explanation is unlikely because samples
with, and without, exsolution microstructures are located geographically close to each other. More likely the
variability in extent of exsolution is due to compositional differences in the chrome-spinel grains and the
slight variations in adjacent olivine grains. Another aspect in the exsolved Cr-spinel is whether charge order-
ing at the interface (Robinson et al., 2006) between the Cr-spinel and exsolution would have an additional
magnetic moment.

Most clinopyroxene grains in the RUC contain exsolved lamellae of ilmenite, spinel, and magnetite
(Figures 4h and 4i). The T-susceptibility measurements suggest a range of compositions with both near-
end-member and cation-substituted magnetite. The Verwey transition commonly observed indicates the
presence of near-end-member magnetite (e.g., Figure 9g). In the MZ samples (Figures 9g and 9h), the
Curie temperatures of 540 and 551 °C are slightly lower than the T, of magnetite of 580 °C, which implies
a cation substitution of up to ~5-8% (x = 0.05-0.085, 0 <= X <= 1) of the solid solutions Fe; ,4,Cr,,0, for
Cr-spinel (Francombe, 1957; Robbins et al., 1971) or Fe;,Ti,O, for titanomagnetite (Bleil & Petersen,
1982). In thin section both discrete magnetite and magnetite lamellae in the clinopyroxene are observed.
From these measurements, we cannot determine which is the end-member phase.

The temperature at which the oxide lamellae exsolved from the clinopyroxene is not well constrained.
However, using the variation in intersection angles of magnetite lamellae in pyroxene as a function of
temperature (Fleet et al., 1980) and exsolution of pyroxene lamellae (Robinson et al., 1971; Robinson
et al., 1977), studies of similar microstructures from other localities have consistently reported exsolution
temperatures of magnetite in silicates well above the T, of magnetite (Feinberg et al., 2004; Henry &
Medaris, 1980; Savelieva et al., 2016; Sen & Jones, 1988). We conclude that the magnetite lamellae in
the clinopyroxene would have acquired a magnetization when cooled through their respective
Curie temperatures.
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The serpentinized rocks in the RUC contain lizardite (Grannes, 2016), which occurs at temperatures below
400 °C and is considered to have occurred post emplacement. There is a region of pervasive alteration related
to the Storvannet fault (Figure 2). These samples commonly contain more than one generation of magnetite,
with large composite grains in association with pentlandite and chalcopyrite as well as finer particles in the
matrix (Figure 40). By contrast, other ultramafic samples only show minor alteration, some with serpentinite
veins which contain little or no magnetite. Oufi (2002) and Bach et al. (2006) estimated that abundant for-
mation of magnetite only occurs after >75% of peridotite has been serpentinized, which is consistent with
the limited secondary magnetite observed in the slightly altered surface samples. In the drill cores, we
observed thin local crosscutting serpentinized veins, some related to sulfide-rich fluids, interpreted to be
associated with a potential platinum group element deposit (Nikolaisen, 2016).

The oxide mineralogy reported in the Abulangdang intrusion, China (Wang et al., 2014), is dominated by
intergrowths of magnetite and ilmenite, and the Cr-spinel is homogeneous and more Ti-rich than the rocks
reported here. Cr-spinel found in the Kondyor intrusion (Burg et al., 2009; Pushkarev et al., 2015) is reported
in chromitites and formed during serpentinization. In the Chilas mafic-ultramafic complex, Pakistan, the
magnetic carriers reported in the ultramafic rocks are similar to those found in this study (Jagoutz et al.,
2006; Jagoutz et al., 2007; Jan et al., 1992). The Cr-spinel is considered to have crystallized at high T
(>700 °C) and contain a range in abundance of exsolution microstructures, which likely formed during cool-
ing below 600 °C (Jan et al., 1992). The similar results from the RUC and Chilas complex, which both formed
at lower crustal levels, may indicate that these rocks are indicative of potential lower crustal
magnetic sources.

5.2. Density and Magnetic Properties of Pristine RUC Samples

Identifying what density range is characteristic of the pristine rocks will provide a criterion to examine their
magnetic properties. Their properties can then be used to infer the potential contribution to lithospheric
magnetization at the surface and in situ. To aid in differentiating the pristine ultramafic rocks from altered,
we calculated the theoretical density and the serpentinization degree.

The minimum theoretical density calculated from reported compositions of the ultramafic rocks is higher
than the maximum density measured in the samples. Therefore, the theoretical minimum density is not sui-
table as a cutoff to define our pristine samples. The overestimation of the calculated density may reflect that
Hacker and Abers (2004) estimate rock density solely based on the constituent minerals, and fractures or
porosities are not incorporated.

The serpentinization degree calculation from Miller and Christensen (1997) uses a general density of
3.3 g/cm® for unserpentinized rocks. Using this calculation, a large number of our samples have a negative,
unphysical, serpentinization degree (Figure 6), clearly showing that this assumption does not work. These
methods do not yield a reliable way of defining what samples are pristine; therefore, we use a cutoff based
on the distribution of the density data on the box plot combined with thin section observations. The bimodal
distribution in the CS_surface samples shows a gap in the data around 3.3 g/cm?, which we use as a cutoff for
the CS dunites. For the other ultramafic formations, a cutoff at 3.2 g/ cm? was used. The samples above these
values show little to no alteration (Figures 3a, 3b, 4a, and 4b).

Surprisingly, within the high-density samples there is a clear variability in both susceptibility and NRM
values. The ultramafic samples (CS, ULS, and LLS) show a large range in NRM and susceptibility for the
high-density samples. Because these samples show little or no evidence of alteration, this variability is attrib-
uted to variations in composition, and abundance of the oxides. In addition to variations in the chrome-
spinel, the magnetization is strongly controlled by exsolved phases in pyroxenes, which may also vary in
abundance and composition.

5.3. Potential Contribution to Crustal Magnetism

Long-wavelength anomalies originate largely within the lithosphere (Purucker & Whaler, 2015; Purucker &
Clark, 2011). Here the thickness of the magnetic crust, the part of the lithosphere above the Curie tempera-
ture of ferromagnetic minerals, plays an important role. Early studies by Warner and Wasilewski (1995),
Wasilewski and Warner (1988), and Wasilewski and Mayhew (1992) report the lithospheric mantle to be
too hot and too weakly magnetic to contribute to long-wavelength anomalies. However, more recent studies
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propose a potential magnetic contribution from parts of the upper mantle and/or the lower crust (Blakely
et al., 2005; Ferré et al., 2013, 2014; Friedman et al., 2014; McEnroe et al., 2018).

To assess the conditions under which rocks with similar magnetic properties to the RUC could (or could not)
contribute to lithospheric magnetization, P/T conditions in the lower crust and their consequent effects on
magnetic behavior must be considered. Thermal gradients are a key factor in understanding the nature of
lithospheric magnetization. Assuming a geothermal gradient of 22 °C/km, the global average for the
Earth, the depth to the 550 °C isotherm is ~25 km (Parker, 2014). However, the magnetic crustal thickness
depends on factors such as petrology and magnetic mineralogy. Therefore, the magnetic crustal thickness of
the continental crust can range between 20 and at least 50 km (Fox Maule et al., 2009), and thermal models
indicate that locally the upper part of the mantle can be cooler than the Curie temperature of magnetite,
580 °C (Oleskevich et al., 1999; Thébault et al., 2010).

The use of surface properties for estimations of magnetization deeper in the crust is not without qualifica-
tion. The effect of pressure on the Curie temperature of magnetite was experimentally determined as
2.3°C per kb (Gilder & Le Goff, 2008; Schult, 1970). This could lead to an enhancement of the Curie tempera-
ture at lower crustal levels of up to 20 °C, resulting in a T, of magnetite of 600 °C. Dunlop et al. (2010) argue
that the magnetization at the surface may be misleading because at elevated temperatures, induced magne-
tization is enhanced while remanence is simultaneously reduced, particularly for MD grains. Therefore,
Dunlop et al. (2010) state that extrapolating Q values at deeper crustal levels from Q values at surface tem-
peratures can be misleading. For SD magnetite, at deep crustal temperatures the Q value close to the block-
ing temperature is lower than at the surface due to an enhancement of the induced magnetization caused by
the Hopkinson peak (Dunlop et al., 1974; Clark & Schmidt, 1982; Dunlop et al., 2010).

The source of a long-wavelength anomaly in the middle or lower crust requires a total magnetization of 1.5-
2.5 A/m (Mayhew et al., 1991). When the NRM and induced magnetization (M;) are in the same direction,
that is, the direction of the Earth's field, these vectors sum and result in a positive anomaly. If the NRM and
M, are in opposite directions the anomaly will be reduced. The maximum total magnetization for the ultra-
mafic rocks of the RUC can be calculated by adding the vector-averaged NRM and induced magnetization
calculated from susceptibility. For the ultramafic formations (CS, ULS, and LLS), this maximum total mag-
netization is 2.1 A/m. However, when only considering the pristine ultramafic rocks (density > 3.2 g/cm?)
the maximum total magnetization is 1.4 A/m. The minimum total magnetization, when NRM and M; are
oriented antiparallel, is 0.9 A/m in the direction of remanence for all ultramafic formations, and 0.5 A/m
for the pristine samples. The above values are means, therefore a proportion of the samples is stronger,
and can be considered as a potential source for long-wavelength anomalies.

Here, we present a data set from ultramafic rocks that range from minor alteration to pristine, which display
arange in magnetic properties. The primary magnetic carriers in RUC are exsolved Cr-spinel and magnetite
exsolution lamellae in the pyroxenes. Both carriers could contribute to the magnetic signal at lower crustal
depths and possibly in the upper part of the mantle when the temperature is lower than the T, of magnetite.
The ultramafic cumulates of the RUC are a magmatic conduit system, which intruded at depths of 25-35 km
at pressures of 6-8 kb (Larsen et al., 2018). The volume of rocks is of crucial importance for a potential source
of long-wavelength anomalies, and due to the volume of the rocks of the RUC, similar rocks are good can-
didates as a source of magnetic anomalies deep in the crust, or in the upper mantle, given the temperature is
below the T, of magnetite and contain the same exsolution microstructures.

6. Conclusions

We presented the petrophysical properties of unusually pristine ultramafic rocks of the RUC. The RUC
formed as a deep-seated magmatic conduit system and consists of ultramafic cumulates. The primary
sources of magnetization in the ultramafic rocks are the exsolution microstructures in the chrome-spinel
and magnetite lamellae in the clinopyroxene. The Fe-rich phase exsolved at a T close to its Curie tempera-
ture. The oxide exsolution lamellae from clinopyroxene formed at higher temperatures and later oxy-
exsolved to magnetite and ilmenite.

Further, we identified the properties of the ultramafic rocks by petrographic characterization and by density
measurements. The high-density, pristine ultramafic samples show a large range in both NRM and
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susceptibility values, which are correlated to the size and abundance of the different magnetic oxides and
microstructures therein. The primary magnetic carriers are stable at temperatures up to the Curie tempera-
ture of magnetite. We consider these phases to be source of magnetization in the lower crust or uppermost
mantle, with the effects of pressure possibly stable up to 600 °C. Rocks similar to the RUC may be a source of
LWA if they contain the primary mineralogy as we found in this study.
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