
 

This article has been accepted for publication and undergone full peer review but has not 
been through the copyediting, typesetting, pagination and proofreading process which may 
lead to differences between this version and the Version of Record. Please cite this article as 
doi: 10.1002/2017JB014618 

 
© 2017 American Geophysical Union. All rights reserved. 

Earthquakes in the mantle? Insights from rock magnetism of 

pseudotachylytes 
 

Eric C. Ferré1, Andrea L. Meado1, John W. Geissman2, Giulio Di Toro3, Elena Spagnuolo4, 

Tadamasa Ueda5, Lewis D. Ashwal6, Natalie Deseta7, Torgeir B. Andersen8, Justin Filiberto1, 

and James A. Conder1 
 

1Department of Geology, Southern Illinois University, Carbondale, Illinois, USA 
2Department of Geosciences, University of Texas at Dallas, Richardson, Texas, USA 
3School of Earth and Environmental Sciences, The University of Manchester, Manchester, United Kingdom 
4Sezione di Sismologia e Tettonofisica, Istituto Nazionale di Geofisica e Vulcanologia, Via di Vigna Murata 

605, Roma, Italy 
5Department of Earth and Planetary Science, Graduate School of Science, The University of Tokyo, 7-3-1 

Hongo, Bunkyo-ku, Tokyo 113-0033 Japan 
6School of Geosciences, University of the Witwatersrand, Private Bag 3, WITS 2050, South Africa 
7Planetary and Space Science Centre, University of New Brunswick, Fredericton, New Brunswick E3B 5A3, 

Canada 
8Centre of Earth Evolution and Dynamics (CEED), University of Oslo, P.O Box 1028, 0315 Oslo, Norway 

Abstract - Ultramafic pseudotachylytes have been regarded as earthquake fossils formed at 

mantle depths (i.e., >30 km). Here we show that pseudotachylytes hosted by ultramafic rocks 

from three localities have distinct magnetic properties. Fresh host-peridotites contain only 

small amounts of coarse-grained magnetite. In contrast, the ultramafic pseudotachylytes 

contain variable amounts of significantly finer magnetite that formed coseismically through 

melting. Among each locality, magnetite abundance in the pseudotachylytes ranges over 

several orders of magnitude (4~2000 ppm), and magnetic grain size varies considerably (from 

single domain to multidomain). Because the host-peridotites are compositionally similar, the 

pseudotachylyte magnetic properties are interpreted to primarily reflect the physical and 

cooling conditions prevailing during seismic slip. Further, the examination of laboratory-

produced ultramafic pseudotachylytes shows that quenching does not produce superfine 

magnetite. We hypothesize that the magnetic properties of ultramafic pseudotachylytes are 

controlled by fO2 and in consequence vary systematically with depth of formation. Therefore 

these properties can be used to assess if the ruptures producing the earthquakes that these 
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pseudotachylytes represent nucleated at actual mantle depths or at shallow depths during 

exhumation of mantle rocks. 

 

Plain Language Summar 

 

Earthquakes generally nucleate in the upper part of the crust. A few earthquakes, however, 

originate in the mantle. Here we question the actual depth of seismic slip in mantle rocks. Our 

preliminary findings suggest that some of these rocks formed at shallower depth than 

previously thought. 

 

1. Introduction 

The mechanism of earthquake formation at true mantle depths in continental lithosphere 

is a widely studied topic in seismology (e.g., Kanamori et al., 1998). Pseudotachylytes may 

form by frictional melting along slip surfaces during earthquakes (Sibson, 1975; Di Toro et 

al., 2005; Lin, 2008). Hence, the properties of natural pseudotachylyte hosted by mantle rocks 

may be one of the few means of investigating seismic processes at great depths, yet how do 

we know at what depth such pseudotachylytes  actually formed? 

There are only a few ultramafic (i.e., chemical composition of peridotite) 

pseudotachylytes hosted by peridotites that have been reported in the literature, and previous 

studies have often interpreted these pseudotachylytes as evidence for seismic ruptures within 

the mantle while at mantle conditions (Obata and Karato, 1995; Austrheim and Andersen, 

2004; Piccardo et al., 2010). Although  in some cases petrologic arguments support 

pseudotachylyte formation at great depth (Andersen and Austrheim, 2006; Ueda et al., 2008; 

Deseta et al., 2014a and b), the presence of pseudotachylyte in ultramafic rocks does not, by 

itself, prove that rupturing and attending pseudotachylyte  formation took place at mantle 
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depths. Many typical melt-origin textures of pseudotachylyte result from quenching of melt 

and indicate disequilibrium conditions. This makes it difficult to petrologically estimate the 

ambient pressure and temperature conditions directly from natural pseudotachylyte. For 

example, the classic locality of Balmuccia, Italy, exposes a set of ultramafic pseudotachylyte 

veins that have been hypothesized to have formed, based on several lines of evidence, when 

host mantle rocks were at 5-10 km depths or less and thus at a relatively young age in the 

exhumation history of these rocks (Souquière and Fabbri, 2010). Our goal is to provide 

independent constraints on the depth of formation of ultramafic pseudotachylytes. 

We propose that the magnetic properties of ultramafic pseudotachylytes can provide a 

complementary means  for investigating the ambient conditions of ultramafic 

pseudotachylyte formation. In this contribution, we use the term mantle peridotite to 

differentiate these rocks from crustal peridotites (i.e., ultramafic/mafic cumulate complexes). 

During rupture, coseismic frictional heating of mantle peridotites may lead to a rapid rise 

from ambient temperature (TA) to peridotite melting temperature, i.e. solidus (TM), 

accompanied by quasi-congruent melting of all silicates, although chrome spinel typically 

remains above the solidus (Obata and Karato, 1995; Andersen and Austrheim, 2006; Del 

Gaudio et al., 2009; Piccardo et al., 2010). Fusion of Fe-Mg silicates in  peridotite liberates 

iron in the melt and upon cooling this iron will form different Fe oxides or sulfides depending 

on ambient oxygen fugacity. Oxygen fugacity in the mantle is generally assumed to decrease 

with increasing depth (e.g., Woodland and Koch, 2003; Frost and McCammon, 2008), 

although significant variations are known to occur in the mantle of ocean lithosphere in 

subduction zones (Kelley and Cottrell, 2009). Hence, the occurrence of Fe oxides or sulfides 

in ultramafic pseudotachylytes likely reflects the depths of their formation. Because the 

compositions of any peridotitic protoliths are relatively uniform in terms of Fe content, the 

melting temperatures of ultramafic pseudotachylytes are similar (TM ≈1800ºC), and the 
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available amount of ferrous iron will be reflected in the concentration of Fe oxides, we 

anticipate that variations in abundance of magnetic iron oxide phases, specifically magnetite, 

will be primarily caused by ambient fO2. We also predict that magnetite abundance will  be 

greater in ultramafic pseudotachylytes formed under higher fO2 and thus potentially, all other 

parameters being equal, at shallower depths. To evaluate the setting in which ultramafic rock 

hosted pseudotachylytes formed, we have studied 127 samples collected from the well-

studied localities of Balmuccia, and Monte Moncuni, Italy and Cima di Gratera, Corsica. We 

complement this study with magnetic property data from three artificial pseudotachylytes 

produced under surface atmosphere conditions (variable humidity, 21% O2) by shearing, 

using the rotary friction apparatus SHIVA in Rome-INVG, the Balmuccia peridotite at 

seismic slip rates (ca. 1-3 m/s). 

 

2. Geologic setting of the host peridotites 

All three massifs present exceptional sampling opportunities primarily because the degree 

of serpentinization is overall relatively low and fresh, unserpentinized domains in the 

ultramafic rocks are well-preserved. Also, post seismic deformation related to the exhumation 

of these three massifs did not impart discernible penetrative deformation to the areas where 

the pseudotachylyte veins are exposed. 

Balmuccia - This spinel lherzolite massif, located in the Ivrea Zone of the NW Italian 

Alps, represents a tilted tectonic lens of pristine subcontinental lithospheric mantle, elongated 

subparallel to the Insubric Line (e.g., Shervais and Mukasa, 1991; Quick et al., 1995; 2003; 

Rutter et al., 2007). This massif equilibrated under pressures of 1.2-2.0 GPa and ambient 

temperature TA ≈1,500 K (Shervais, 1979). Olivine, orthopyroxene, clinopyroxene and 

chrome spinel are the principal mineral phases and hornblende is present in minor amounts. 

This region underwent a complex polyphase deformation history marked by Late 
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Carboniferous-Early Permian transtensional uplift, Early Cretaceous transpression and late 

Eocene collision (Souquière and Fabbri, 2010; Souquière et al., 2011). Pseudotachylytes 

commonly occur in the Ivrea Zone and cut many rock types, including metapelite, 

metagabbro and peridotite host-rocks (Techmer et al., 1992; Obata and Karato, 1995; Jin et 

al., 1998; Ueda et al., 2008; Souquière and Fabbri, 2010; Souquière et al., 2011; Matysiak 

and Trepmann, 2012; Pitarello et al., 2012). 

Monte Moncuni - This small body forms a satellite of the Lanzo peridotite massif, located 

in the Piedmont of the Western Italian Alps (e.g., Piccardo et al., 2007; 2010). This relatively 

fresh massif originated from an extended subcontinental lithospheric mantle that was 

subsequently modified by MORB-type melts during the Jurassic opening of the Tethyan 

Ocean. The lherzolites at Monte Moncuni are plagioclase-impregnated and show important 

deformational features marked by shear zones, cataclastic bands, and the production of 

pseudotachylytes, both as generation and injection veins (Piccardo et al., 2010). 

Cima di Gratera - This massif consists of variably serpentinized plagioclase and spinel 

lherzolite in contact with a leucocratic and variably-preserved metagabbro that both form part 

of the Schistes Lustrés units of northern Corsica (e.g., Austrheim and Andersen, 2004). The 

Schistes Lustrés units are interpreted as dismembered ocean lithosphere ophiolitic slices that 

underwent blueschist to lawsonite eclogite facies metamorphism during late Cretaceous to 

early Cenozoic subduction, under peak conditions of 1.5 to 2.6 GPa and TA ≈850 K 

(Lahondère, 1988; Ravna et al., 2010; Vitale Brovarone et al., 2013). 

Artificial ultramafic pseudotachylytes - The artificial pseudotachylytes were produced by 

shearing solid cylinders (50 mm in diameter) of a sample of Balmuccia spinel lherzolite (see 

Del Gaudio et al., 2009 for rock description). This peridotite is massive, free from 

macroscopic fractures and veins, and was collected from a quarry located ≈200 m northeast 

from the Balmuccia pseudotachylyte outcrop described in Obata and Karato (1995). The 
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specimens were slid under normal atmospheric conditions, i.e., room humidity conditions and 

≈21% O2, at 2.5 m/s for about  20 m under a normal stress of 6.3 MPa, using the rotary shear 

apparatus SHIVA at Roma – INGV (Supporting Informations - Video; Di Toro et al., 2010; 

Niemeijer et al, 2011; Nielsen, 2011). Solidified melt drops were centrifugally ejected from 

the slipping zone during frictional sliding and melting; they were recovered from experiments 

1205, 1208, and 1209 for microstructural and magnetic analysis (Table). 

 

3. Macroscopic, petrographic and microstructural characteristics of pseudotachylytes 

In this paper we refer to the main fault surfaces along which melt is primarily formed and 

preserved as generation veins, and to those branching off the main veins as injection veins 

(e.g., Ferré et al., 2005a). 

The following is a summary of previous work, complemented by our own field, 

macroscopic and microscopic observations based on a collection of 104 fresh specimens of 

pseudotachylytes hosted by ultramafic rocks. In the field, we used an electric 12.7 mm 

diameter drill to selectively sample unaltered material. Most of our samples originated from 

generation veins between 10 and 20 mm in thickness. Samples previously investigated and 

provided by Ashwal, Austrheim and Ueda are named as such in Table 1. Our samples were 

examined with a petrographic microscope (24 thin-sections) as well as a scanning electron 

microscope coupled with an energy dispersive system for elemental analyses (Supplementary 

Information). 

The color of fresh vein material is typically very dark gray with blueish hues, whereas 

altered material tends to have dark green hues. In addition, the magnetic susceptibility of 

ultramafic material is a good proxy for serpentinization, because serpentinization generally 

produces abundant magnetite (e.g., Toft et al., 1990), and was used to select fresh material. 

We show that the mineral assemblages and microstructures of pseudotachylyte veins vary 



 

 
© 2017 American Geophysical Union. All rights reserved. 

significantly among the three studied localities. In all localities, the clast/matrix ratio, 

however, remains remarkably constant at about 5-10%, with the exception of one sample 

(≈20%) (Cima di Gratera, sample COR006).  

Balmuccia - The Balmuccia pseudotachylytes consist of at least two successive sets of 

veins, initially investigated by Obata and Karato (1995), Ueda et al. (2008) and Souquière 

and Fabbri (2010). We follow the structural classification of Souquière and Fabbri (2010) and 

complement it with our own observations: A-type veins (e.g., BAL019; Figure 1A) consist of 

≈1 to 20 mm-thick steeply oriented generation veins, more than 10 m in length (based on 

available exposure), as well as rare injection veins, up to 5 mm in length. These veins sharply 

crosscut banding, websterite dikes and folds in banding, producing offsets of up to 3 m. Some 

veins display mylonitic reactivated margins as shown by crystal-plastic deformation in host 

silicates (Ueda et al., 2008). These veins show a foliation marked by the alignment of 

microcrystallites in the matrix. The veins also contain fine-grained (5-10 m) olivine and 

clinopyroxene (< 5% of the total clast volume) clasts, with rounded shapes and similar sizes, 

as well as very fine (< 5 m) chrome spinel clasts. At the thin-section scale, the clast-to-

matrix ratio varies considerably along and across each vein. Clinopyroxene in the matrix 

forms dendritic and skeletal crystals. Orthopyroxene (enstatite) is a rare phase as a matrix 

mineral, but is more common as clasts. The vein contacts with their peridotite host-rocks are 

typically sharp along one margin, but in several cases the opposite host-rock margin shows 

mylonitic deformation. This type of vein grades into ultramylonite along strike, where clasts 

tend to be larger (>20 µm). These pseudotachylytes formed under a pressure ≈ 1.0-1.3 GPa 

and TA ≈ 1,100 K (Ueda et al., 2008). B-type veins (e.g., BAL015; Figure 1B and 1D) consist 

of ≈10 to 25 mm-thick generation veins, up to 7 m in length, and relatively extensive 

injection veins up to 1.5 m in length. These B-type generation veins are subhorizontal and 

located within hydrous-mineral-bearing shear zones (Handy and Stünitz, 2002). These later 
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veins generally have a glassy aspect and distinct spherulitic microstructures. The perfect 

optical isotropy and homogeneity of the material indicates that this brown glass is not 

devitrified. Spherical vesicles filled with dolomite and talc, up to 150 m in diameter, occur 

in the glassy zones. The fluid responsible for vesiculation might have originated from 

amphibole breakdown. These veins formed at even lower pressures ≈ 0.15-0.30 GPa and TA ≈ 

450-600 K (Souquière and Fabbri, 2010). 

Monte Moncuni - The Monte Moncuni pseudotachylytes (e.g., MON005; Figure 1E) 

consist of centimeter-wide generation veins and injection veins up to 0.5 m in length (e.g., 

Piccardo et al., 2010). The generation veins broadly parallel the plagioclase lherzolite 

mylonitic foliation over tens of meters. All veins exhibit sharp contacts with the host-rocks, 

and many generation veins have a high aspect ratio, with lensoidal shape. A few generation 

veins host macroscopically visible vesicles (< 0.5 mm). The pseudotachylytes consist of 

ultra-fine grained matrix and up to 15% olivine clasts. Microstructures such as radial 

aggregates of orthopyroxene microcrystallites (<0.5 mm in diameter) and spherulitic 

microstructures attest to the melt origin of these pseudotachylytes. Geologic and petrologic 

observations constrain the depth of formation to ≤ 0.5 GPa and TA ≈ 900 K (Piccardo et al., 

2010). 

Cima di Gratera - The Cima di Gratera pseudotachylytes (e.g., COR007; Figure 1F) 

occur both in metagabbros and peridotites (e.g., Austrheim and Andersen, 2004; Andersen 

and Austrheim, 2006; Andersen et al., 2008; Andersen et al., 2014; Deseta et al., 2014a and 

b; Magott et al., 2016, 2017), although the following observations pertain to ultramafic veins 

only. The ultramafic pseudotachylytes form extensive (tens of meters long), relatively thick 

generation veins (generally < 15 mm, but up to 300 mm) and also a thick (up to 6 m), non-

hierarchical net-vein complex with up to 50% ultramafic pseudotachylyte. The thickest 

generation veins and the net-vein complex are generally parallel to the subhorizontal gabbro-
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peridotite contact (Andersen et al. 2014, Magott et al., 2017). A second set of steeply dipping 

(≈55º) pseudotachylyte generation veins, which are up to 0.3 m in thickness, occurs in the 

peridotites away from the gabbro-peridotite contact. These veins can be traced tens of meters 

through well-preserved peridotites until they are fragmented by deformation associated with 

the serpentinization that occurs around peridotite bodies. The main serpentinization event(s) 

post-dates frictional melting, as shown by serpentinized microcrystallites (e.g., Magott et al., 

2016), although some serpentinization pre-dates seismic slip. Magnetite forms mostly 

subhedral grains of 3 to 5 m in diameter (in white circles in Figure 1), that are evenly 

disseminated throughout the vein. In some thin-sections, magnetite also forms rim-

overgrowth on non-melted chrome spinel clasts (Figures 5b and 5d in Andersen and 

Austrheim, 2006). Some veins exhibit mineral filled vesicles (up to 2 mm in diameter) that, in 

some cases, are elongated subparallel to the vein margins. Some fault generation veins 

preserve thin (<1 mm) wall-rock damage zones, locally truncated by small pseudotachylyte 

injection veins. Micro-textural studies, including EBSD, suggest that in these damage-zones 

the wall-rock olivine was deformed by crystal plasticity. This in turn localized deformation 

and contributed to weakening and pseudotachylyte faulting. This indicates that the weakening 

mechanism for these earthquakes within ultramafic rocks was a thermal run-away process 

(John and Shenk, 2006; Silkoset, 2013; Deseta et al., 2014b). The ambient conditions of 

seismic slip are estimated to have been 1.8-2.6 GPa and TA ≈ 700-800 K (Ravna et al., 2010; 

Deseta et al., 2014a). 

Friction experiment materials – Centrifugally-ejected frictional melt (glass) was retrieved 

from three distinct runs 1205, 1208, and 1209, all at 6.3 MPa normal stress conditions, 

similar to the experiments of Del Gaudio et al. (2009). All experiments were performed, 

within 10 to 13 seconds, under uncontrolled atmosphere (O2 concentration ≈21%). 
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4. Magnetic properties of ultramafic pseudotachylytes 

Thermomagnetic analyses, magnetic hysteresis measurements, isothermal remanent 

magnetization (IRM) acquisition experiments, and first-order reversal curve (FORC) 

analyses, were systematically performed on small cubical specimens (0.14-0.93 g) of clast-

poor, ultramafic pseudotachylyte from the three localities above, as well as the artificially-

produced pseudotachylytes. The results are presented below according to the following 

groups of specimens: Balmuccia A-type, Balmuccia B-type, Monte Moncuni, Cima di 

Gratera and artificial pseudotachylytes. Methods are described in detail in Supporting 

Information. 

The specimens used for this study are unaltered, and consist primarily of a fine-grained 

matrix of olivine, clinopyroxene, orthopyroxene, plagioclase, and magnetite, with a few clasts 

of chrome spinel. We consider likely origins of the magnetite grains in the Discussion section 

below. At room temperature, ferromagnesian silicates and chrome spinel are paramagnetic, 

while plagioclase is diamagnetic (e.g., Lagroix and Borradaile, 2000; Dunlop and Özdemir, 

2009; Ferré et al., 2005b and c; 2014). Magnetite, the only ferromagnetic (s.l.) phase in these 

pseudotachylytes, was identified through optical and backscatter electron (BSE) microscopy. 

The low Ti content of magnetite is determined both from 1) thermomagnetic analyses, 

through Curie temperatures (Tc) between 566 and 577ºC, which yielded mole percentages of 

ulvöspinel component (xulv) ranging between 2.1 and 0.2 ± 0.1 % (Supporting Information), 

and 2) energy dispersive spectroscopy (EDS) spot analyses, which  yielded xulv between 0.28 

and 0.17 ± 0.02 %. The thermomagnetic experiments (Supporting Information) also display a 

significant reversibility of heating and cooling curves, which is consistent with pure 

magnetite being the dominant ferromagnetic phase. Thermomagnetic experiments, IRM 

acquisition experiments, and the fact that specimens reach magnetic saturation at relatively 
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low fields (Hs < 200 mT), all demonstrate that magnetite is the only ferromagnetic (s.l.) phase 

present in these rocks and experimental materials. 

The magnetic hysteresis experiments provide information on both concentration-

dependent parameters, such as Ms (saturation magnetization), Mr (saturation remanence), and 

Khf (high-field magnetic susceptibility), and concentration-independent parameters, such as 

Hc (magnetic coercivity) and Hcr (coercivity of remanence) (Evans and Heller, 2003). The 

magnetic hysteresis properties (Table 1, Figure 2) reflect great variability in both magnetite 

concentration and magnetite grain-size. Overall, in the natural specimens, magnetite 

concentration ranges between ≈2.9 and ≈6,400 ppm, and was calculated from the known 

saturation magnetization of magnetite, Ms = 92 Am2/kg (Tauxe, 1998) and the measured 

saturation magnetization (Table 1). The Balmuccia B-type veins (green squares on Figure 2) 

show the highest magnetite abundance (average ≈ 1,978 ppm). The Cima di Gratera veins 

(red triangles on Figure 2) display the second highest magnetite abundances (average ≈ 232 

ppm). The Monte Moncuni veins (grey circles on Figure 2) exhibit moderate magnetite 

abundances (average ≈ 42 ppm). The Balmuccia A-type veins (blue squares on Figure 2) 

have the lowest magnetite abundances (average 4 ppm). The specimens, therefore, define 

four distinct groups of magnetite contents. In contrast, the values of Khf show relatively 

modest variations (Table 1, Figure 2). Khf represents the sum of diamagnetic (plagioclase) 

and paramagnetic (olivine, pyroxenes, chrome spinel) contributions to magnetic 

susceptibility. Plagioclase occurs in low percentages (<5%) and has a very small, negative 

magnetic susceptibility (-14.9 x 10-6 [SI]; Dunlop and Özdemir, 2009). Hence, Khf reflects 

primarily paramagnetic susceptibility (i.e., the magnetic susceptibility due to paramagnetic 

minerals). The maximum theoretical paramagnetic magnetic susceptibility (Kpara) of a rock is 

dependent on its composition (mainly Fe, Mn, Ni, Co contents). Using Syono’s (1960) 

empirical formula, published peridotite geochemical analyses from the same localities, and 
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following the approach of Aydin et al. (2007), we obtain Kpara = 559 ± 22 x 10-6 [SI], 565 ± 

40 x 10-6 [SI], and 580 ± 16 x 10-6 [SI] respectively for Balmuccia, Monte Moncuni and Cima 

di Gratera (Supporting Information, Table). 

Magnetite grain size is evaluated using the Mr/Ms and Hcr/Hc ratios, using the plot of Day 

et al. (1977), as modified by Dunlop (2002) (Figure 3). General background on the physical 

interpretation of hysteresis loops can be found in Tauxe et al. (2002). Overall, in this 

diagram, magnetic granulometry increases from top-left single domain (SD) to bottom-right 

multi domain (MD), and each set of specimens forms well-defined clusters. The median 

values of the squareness ratio (Mr/Ms) are 0.689, 0.488, 0.351, and 0.251, respectively, for 

Balmuccia A-type, Cima di Gratera, Monte Moncuni, and Balmuccia B-type samples. With 

one exception, the arrays characterized by each population fall along those defined 

experimentally by Dunlop (2002) as mixtures of SD and MD grains, most likely due to the 

range of magnetite grain sizes in these rocks. The Balmuccia A-type data, however, do not 

exhibit this behavior and plot along a trend generally attributed to mixtures between SD and 

superparamagnetic (SP) grains. 

First Order Reversal Curve (FORC) diagrams can be used to constrain the bulk 

distribution of magnetic grain sizes in a specimen (e.g., Roberts et al., 2014). Representative 

examples of FORC analyses for the four groups of pseudotachylytes are given in Figure 4. 

The Balmuccia A-type pseudotachylytes, being dominated by paramagnetic minerals and 

hosting only trace amounts of fine magnetite, do not yield meaningful FORC results (Figure 

4A). For the other three localities, Balmuccia B-type, Monte Moncuni and Corsica, FORC 

diagrams point to a single-phase, uniform distribution of non-interacting grains (Figures 4B, 

C, and D). For these localities, the mean magnetic coercivity (Hc) falls in the 20 to 50 mT 

range, with a mean around 30 mT, in agreement with values obtained from the major 

hysteresis loops (Table 1). These ultramafic pseudotachylytes show FORC similarities to 
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pseudotachylytes derived from quartzo-feldspathic/tonalitic host-rocks (e.g., Ferré et al., 

2012, 2014). The Hc parameter varies in a range typical for stoichiometric magnetite, and 

further confirms the absence of highly oxidized phases such as hematite. The Curie 

temperatures near 577ºC (Supporting Information) indicate the absence of maghemite in our 

samples. 

Isothermal remanent magnetization (IRM) curves acquired for representative samples are 

shown in Figure 5. These curves show smooth, concave downwards curvatures indicating that 

a single magnetic phase dominates the remanence. These experiments also confirm the 

variations in magnetic grain sizes observed in the Dunlop (2002) plot of Figure 3, with 

Balmuccia A being finer grained than Balmuccia B.   We have utilized the Max Unmix IRM 

deconvolution web application (Maxbauer et al., 2016) to attempt to better evaluate the 

magnetic mineral components to the pseudotachylytes studied. With the exception of the 

Balmuccia A specimens, our most reasonable decompositions identify a single magnetic 

component with a relatively low coercivity (~ 30 mT) and a low Residual Sum Square 

estimate.  The three specimens produced by friction experiments yield magnetic properties 

similar to those of natural specimens, particularly the Balmuccia B-type and Cima di Gratera 

specimens. The magnetite contents in the artificial specimens have a limited variation 

between ≈69 and 160 ppm, whereas greater variation occurs in Khf between ≈285 and 673 x 

10-6 [SI]. The small size of the specimens probably increases instrumental uncertainties. The 

grain size sensitive magnetic parameters point to a similarity with natural samples and fall in 

the PSD field. 

 

5. Discussion 

During rupture and seismic motion, comminuted clasts of the host-rock are embedded in a 

frictional melt (Maddock, 1983; Shimamoto and Nagahama, 1992; Sibson and Toy, 2006). In 
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pseudotachylytes, the clasts primarily maintain the magnetic properties of the host-rock. In 

contrast, the melt quenches and crystallizes a fine-grained matrix that exhibits properties that 

are dictated by the melting and cooling conditions (e.g., Tanikawa et al., 2008; Ferré et al., 

2012). 

5.1. Magnetite in the host peridotites before seismic slip (i.e., pseudotachylyte formation) 

In general, our understanding of fO2 in the upper mantle derives mainly from detailed 

investigations of ultramafic xenoliths because these materials ascend rapidly through the 

lithosphere (e.g., Demouchy et al., 2006; Peslier et al., 2008), and hence constitute the best 

available record of petrologic conditions in the mantle (e.g., Nixon, 1987). Previous studies 

considered magnetite a rare primary phase in pristine, unaltered mantle peridotites (e.g., 

Wasilewski et al., 1979; Wasilewski, 1987; Wasilewski and Mayhew, 1992). This view has 

recently been challenged by new data on fresh mantle xenoliths that demonstrates the 

presence of primary, pure (i.e., xulv = 0) magnetite, albeit in low concentration, in these rocks 

(Ferré et al., 2013; 2014; Friedman et al., 2014; Martín-Hernández et al., 2014). These results 

show that primary magnetite can be present in the upper mantle, in the absence of 

serpentinization, reflecting conditions above the wüstite-magnetite oxygen buffer, as 

predicted by Frost and McCammon (2008) and Goncharov et al. (2012). 

In the case of the three massifs hosting ultramafic pseudotachylytes that we have studied 

(Balmuccia, Monte Moncuni and Cima di Gratera peridotites), assessing fO2 and the possible 

presence of magnetite in the host-rock before rupture and pseudotachylyte formation is 

difficult. Both serpentinization and talcification that took place prior to coseismic 

pseudotachylyte faulting was documented in the case of the Cima di Gratera (Austrheim and 

Andersen, 2004, their Figure 3). Indeed, all three massifs have also undergone complex post-

seismic, tectonic histories during which magnetite could have formed in the host peridotite. 

The three main processes that could form small concentrations  of magnetite, at mantle 
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depths (i.e., >30 km), in the pre-seismic host peridotite are: i) serpentinization, i.e., fluid-

present reactions that produce serpentine and magnetite from olivine and pyroxene (direct 

evidence for serpentinization at mantle depths is uncommon; e.g., Facer et al., 2009; Smith, 

2010); (ii) pervasive interaction with basaltic melts, a well-known process in mantle xenoliths 

during ascent (e.g., Taylor and Neal, 1989; Kinman and Neal, 2006), but far less likely for 

peridotite massifs; and (iii) oxidation of olivine, a reaction that forms magnetite by solid state 

iron diffusion within grains (e.g., Kohlstedt et al., 1976; Putnis, 1979). Although all three 

processes could have taken place at the pseudotachylyte localities, the most likely scenario to 

produce magnetite in non-metasomatized upper mantle rocks is the third one, that of solid-

state oxidation, because these massifs are remarkably weakly serpentinized (e.g., Obata and 

Karato, 1995; Austrheim and Andersen, 2004; Piccardo et al., 2010), especially compared to 

other ultramafic massifs (e.g., Moody, 1976; Feinberg et al., 1999; Hyndman and Peacock, 

2003; O’Driscoll and Petronis, 2009; Malvoisin et al., 2012; Frost et al., 2013). Furthermore, 

the dikes that cut through the host-peridotites, and attest to melt migration, are pyroxenitic in 

composition and, unlike dikes of mafic composition, would not lead to magnetite nucleation 

(Shervais and Mukasa, 1991; Piccardo et al., 2010; a et al., 2014). 

A post-seismic origin for magnetite can be ruled out for three main reasons: i) magnetite 

grains are elongated parallel to the viscous flow fabric of the pseudotachylyte and carry an 

AMS fabric that is kinematically consistent with co-seismic slip, at least in the case of Cima 

di Gratera (Ferré et al., 2016); ii) in contrast to other pseudotachylytes (Ferré et al., 2014), the 

ultramafic pseudotachylyte veins that we sampled, away from fractures, do not display any 

color variation from margin to center, a characteristic demonstrating the lack of alteration / 

serpentinization in our samples; and iii) the magnetite grains observed in thin-section in our 

samples are not spatially associated with any hydrous phases, which precludes a 

serpentinization origin (Figure 1). 
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In summary, although the exact magnetite concentration  of the host peridotites before 

seismic slip (i.e., pseudotachylyte formation) remains uncertain, the low fO2 calculated for 

unaltered, non-metasomatic upper mantle rocks (Woodland and Koch, 2003; Frost and 

McCammon; 2008) would allow only small concentrations of magnetite to form in mantle 

peridotites  . 

5.2. Magnetite in natural and artificial ultramafic pseudotachylytes 

In this study, we did not attempt to correlate magnetite grain size with vein thickness 

because many  factors, including cooling rate and  melt flow rate, will affect granulometry in 

sheet-like intrusions. 

Previous petrologic studies of natural fault pseudotachylytes have shown that frictional 

melting occurs under disequilibrium conditions, through selective melting of phases that have 

lower individual melting temperatures (e.g., Camacho et al., 1995; Boullier et al., 2001; 

Zechmeister et al., 2007; Patro et al., 2011; Ferré et al., 2012). Similar conditions prevail in 

artificial pseudotachylytes produced in frictional experiments (e.g., Nakamura et al., 2002; 

Del Gaudio et al., 2009). The main reason for frictional melting to take place out of 

equilibrium is the extremely short timeframe of this process (e.g., Andersen and Austrheim, 

2006). 

The clast-to-matrix ratio in pseudotachylytes is, in first approximation, a good proxy for 

degree of melting, particularly when this ratio remains macroscopically relatively constant 

along a vein (e.g., Lin, 2008). In the ultramafic veins from the three investigated localities, 

this ratio generally ranges between 5 and 10%, which implies a high degree of melting (90 to 

95%). Modal abundances of clinopyroxene, orthopyroxene and olivine account for about 15, 

15, and 70%, respectively, in modal abundance in a typical lherzolite. The predicted order in 

which mineral phases would melt under disequilibrium conditions follows increasing 

individual melting temperatures (for pure end members); i.e., at 1 atm, clinopyroxene 
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(diopside) = 1391ºC; orthopyroxene (enstatite) = 1557ºC; magnetite = 1597ºC; olivine-Fo92 = 

1850ºC; chrome spinel = 2200ºC (e.g., Deer et al., 1992). These melting temperatures depend 

not only on the chemical composition of minerals but also, in the case of frictional melts, on 

their mechanical properties such as fracture toughness (Kc) and Mohs numbers (Spray, 

2010). The same melting order would persist at pressures up to 1 GPa, at which melting 

temperatures increase by about 50ºC (Boyd and England, 1963; Davis and England, 1964; 

Boyd et al., 1964; Williams and Kennedy, 1969). The two phases that would predictably 

remain below the liquidus  at the 90-95% degree of melting are chrome spinel and olivine. 

The selective character of melting is confirmed by the observation that  survivor clasts in the 

ultramafic pseudotachylytes we studied   dominantly consist of chrome spinel and olivine. 

The low clast/matrix ratio, along with the survival of unmolten olivine-Fo92 and chrome 

spinel clasts, constrains the melting temperature (TM) of our natural pseudotachylytes to 

<1850ºC. Olivine rim compositions from artificial ultramafic pseudotachylytes (1 atm) 

provide a strong constraint on TM at ≈ 1780ºC (Del Gaudio et al., 2009) . Natural ultramafic 

pseudotachylytes formed under confining pressures > 1atm would have TM >1780ºC. The 

estimated TM range (1780-1850ºC) is at least 150ºC above the melting temperature of 

magnetite, and therefore, a logical deduction is that any inherited small size magnetite clasts 

having formed by frictional comminution predominantly would have readily melted. If 

magnetite had been encapsulated into forsterite olivine at a temperature between 1597 and 

1850ºC, it may have survived frictional melting. However, all the magnetite grains identified 

in the ultramafic pseudotachylytes of this study were found exclusively within the matrix and 

not in clasts, which strongly supports a melt origin for these magnetite grains. In summary, 

the total of observations made are consistent with the argument that all magnetite present in 

ultramafic pseudotachylytes did not originate from inherited clasts and instead formed either 

during or after seismic slip. 
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Generally, frictional melting leads to the fusion of iron-bearing minerals (e.g., Obata and 

Karato, 1995; Allen et al., 2002), a process that liberates iron into the melt phase. This 

process is particularly significant in ultramafic pseudotachylytes because they originate from 

iron-rich rocks (≈9% FeO; Supporting Information - Table), and therefore potentially 

constitute the most iron-rich frictional melts. All the mineral phases present in the peridotitic 

host rock before seismic slip contain iron. The fate of liberated iron depends, to a large 

extent, on fO2 in the slip zone. With low fO2, iron could theoretically form wüstite or combine 

with sulfur to form sulfides. Although Ueda et al. (2008) reported minor Fe-Ni sulfides in the 

A-type Balmuccia ultramafic pseudotachylyte (Figure 1C), wüstite has never been 

documented in such rocks. At slightly higher fO2, liberated iron could form ilmenite, 

depending on titanium available in the system. Ilmenite has been described in eclogitic and 

gabbroic pseudotachylytes (Steltenpohl et al., 2006; Deseta et al., 2014a), but not in 

ultramafic pseudotachylytes. At still higher fO2, liberated iron could form magnetite, an oxide 

that has been identified petrographically in previous studies of ultramafic pseudotachylytes, 

and we have thoroughly documented its presence with rock magnetic experiments in this 

study. Finally, the highest fO2 conditions would lead to the formation of magmatic hematite 

(e.g., Petrik et al., 2003). 

The host-rock major element compositions and theoretical maximum values for the 

paramagnetic susceptibility (Kpara values) are strikingly similar among the three studied 

localities (Supporting Information – Table). Because the host mantle peridotites have 

relatively small MnO concentrations (≈0.13wt%), Kpara values primarily represents the 

maximum potential contribution of iron to form magnetic mineral phases. Because the FeOt 

wt% of the host-rock is relatively uniform (FeOt = 8.0-9.3 wt%, average = 8.9 ± 0.3 wt%, 

n=22), differences in the magnetic properties of the studied pseudotachylytes cannot be 
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attributed to variations in host-rock composition. Instead, these differences must reflect 

distinct physical conditions during or after pseudotachylyte formation. 

The magnetic properties of the studied ultramafic pseudotachylytes, similar to 

pseudotachylytes formed from protoliths of other compositions (e.g., Ferré et al., 2012; 

2014), display a remarkable homogeneity. This consistency reflects the fact that, despite the 

microstructural complexity of pseudotachylyte veins, frictional melts are produced all along 

the slip plane and their compositions average that of a relatively large volume of host-rock. 

All the rock magnetic results (Curie temperature, field of magnetic saturation, hysteresis 

properties; Figure 3 and Supporting Information - Figure) from the three ultramafic 

pseudotachylyte localities show that low-Ti magnetite is chiefly responsible for the 

ferromagnetic behavior of these rocks. The low Ti content of magnetite (xulv < 2.1 %), as 

determined by EDS spot analyses and thermomagnetic experiments, supports an origin for 

this mineral from the fusion of mafic silicates, instead of an origin from serpentinization, 

because the latter process produces purely stoichiometric (Ti-free) magnetite (e.g., Beard et 

al., 2009). 

The origin of magnetite in the studied natural and artificial ultramafic pseudotachylytes 

should also be considered in the context of direct observations.   Optical (petrographic) 

microscopy and scanning electron microscopy observations on the ultramafic 

pseudotachylytes (Figure 1) consistently show that: 1) magnetite grains are of fairly uniform 

physical grain size (3-5 µm) at the scale of a thin-section, 2) the grain size of magnetite in the 

veins is small (SD to PSD), which supports an origin from melting rather than 

serpentinization because the later tends to produce coarser (MD) grain sizes (e.g., Maffione et 

al., 2014), 3) the distribution of magnetite grains is relatively uniform, like in the artificial 

pseudotachylytes of Nakamura et al. (2002), and 4) magnetite grains occur within the matrix 

and are not spatially associated with any secondary serpentine or other hydrous phases. All 
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these observations rule out an origin from metamorphic reactions involving fluids, such as 

serpentinization. Further, friction experiments under uncontrolled atmospheres consistently 

show that regardless of protolith composition, small subhedral magnetite grains form through 

breakdown of mafic silicates, followed by liberation of iron in the melt and subsequent 

oxidation of this iron (e.g., Nakamura et al., 2000; Del Gaudio et al., 2009). 

 

5.3. Significance of magnetite grain size and abundance variations in ultramafic 

pseudotachylytes 

Magnetite grain size in ultramafic pseudotachylyte samples is evaluated using the Dunlop 

(2002) plot, which was modified after Day et al. (1977). The hysteresis parameters of a 

specimen depend on the mean magnetite grain size and are somewhat biased towards coarser  

grains; therefore they do not represent grain size distribution very accurately. However, 

useful information regarding magnetic granulometry can be provided by the representative 

FORC diagrams (Figure 4). The Balmuccia A-type specimens show the greatest variation of 

magnetic hysteresis properties (Figure 3) and this variation is tentatively interpreted as 

mixing of single domain (SD) and superparamagnetic grains (SP). The other groups display 

relatively consistent hysteresis properties within each locality, with a significant overlap 

between samples from Monte Moncuni and Cima di Gratera. The Balmuccia B-type 

specimens show distinctively larger grain sizes in the pseudo-single domain (PSD) field. All 

the groups, with the exception of Balmuccia A-type, define broad arrays that are indicative of 

mixing between SD and PSD grain sizes (e.g., Carter-Stiglitz et al., 2001). None of the 

populations display dominance by multi-domain (MD) grain sizes, as would be expected 

from a serpentinization origin. The significant difference in grain sizes between localities 

could be attributed to magnetite formation occurring under distinct fO2 (high fO2 would 

promote larger grain sizes), and/or under distinct cooling/quenching conditions (slower 
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cooling would promote larger grain sizes), both of these would have a controlling effect upon 

growth rates. The three specimens of artificial ultramafic pseudotachylytes produced in 

experiments also define a mixing trend along a SD-PSD mixing line, and are characterized by 

relatively large grain sizes compared to other groups (Figure 3). Because these artificial 

specimens are undoubtedly those that cooled the fastest, we interpret their relatively larger 

grain sizes as due to crystallization under the highest fO2. Figure 2 shows that the 

concentration of magnetite (in ppm) is uniform within each group, including the artificial 

pseudotachylytes. The difference in magnetite abundance between the two Balmuccia groups 

is particularly revealing, because the Balmuccia A group, which formed at the greatest depth 

(pressure ≈ 1.0-1.3 GPa and TA ≈ 1,100 K; Obata and Karato, 1995) clearly shows lower 

magnetite content than the shallower depth group, Balmuccia B-type (pressure ≈ 0.15-0.30 

GPa and TA ≈ 450-600 K; Souquière and Fabbri, 2010). Pseudotachylytes formed at deeper 

conditions would cool at a slower rate than shallower ones, and would be expected to form 

larger magnetite grains, while magnetite abundance should primarily be determined by Fe 

concentration in the melt. Hence the difference in magnetite abundance between Balmuccia 

A and B groups cannot reflect the effect of different cooling rates. Instead, this stark contrast 

is better explained if Balmuccia A-type pseudotachylytes formed under low fO2 at great depth 

(≈ 30-40 km), whereas Balmuccia B-type formed under higher fO2 at shallow depth (≈ 5-10 

km). 

 

6. Conclusions 

Our magnetic and microscopic observations  show that natural and artificial ultramafic 

pseudotachylytes (that is, pseudotachylytes hosted by mantle ultramafic rocks) contain low-

Ti magnetite, of a relatively uniform coercivity,  as the dominant ferromagnetic (s.l.) phase. 

Magnetic methods are particularly well-suited to investigate variations in magnetite content 
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at low concentrations, because magnetite is distinct from Fe-Mg silicates due to its high 

magnetic remanence and magnetic susceptibility. The magnetite populations we document 

and describe formed primarily from the fusion of mafic silicates such as olivine and 

pyroxenes, a process that liberated iron in the frictional melt, and was followed by oxidation 

to produce Fe3O4. We show that the bulk of magnetite grains in ultramafic pseudotachylytes 

cannot have been inherited from unmolten clasts of the peridotitic host rocks, because the 

temperatures involved are ≈150ºC higher than the melting point of magnetite. We also show 

that the magnetite grains present in the pseudotachylytes we studied did not form by 

serpentinization after seismic events, because our specimens are free of secondary 

serpentinization. Finally and most importantly, we hypothesize that the large differences in 

magnetite abundance and magnetite grain size are best explained by pseudotachylyte 

formation under variable oxygen fugacities, either at depths of ≈ 30-40 km (low fO2) or at 

shallower depths of 5-10 km (high fO2). Therefore, the magnetic properties of fault-related 

ultramafic pseudotachylytes provide a crude proxy for their depth of formation and will be 

useful to assess their tectonic significance. In the specific case of Balmuccia, where at least 

two successive sets of ultramafic pseudotachylytes co-exist, the deeper pseudotachylytes we 

propose could have formed at depths typical of continental lithosphere crust-mantle (Moho) 

depths, during Carboniferous-Permian time, once the Balmuccia ultramafic lens was already 

part of the lower continental crust. In contrast, the shallower pseudotachylytes we propose 

could have formed at upper crustal depths, during the late Eocene Alpine exhumation. 
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Figure 1. Back-scattered electron microscopic image of ultramafic pseudotachylytes 

documenting the small size, dissemination and morphology of primary magnetite and sulfide 

grains. A – Balmuccia A-type, Italy, B – Balmuccia B-type, Italy, C – Balmuccia A-type 

showing a small Fe-Ni sulfide grain, D – Balmuccia B-type, close-up of (B) showing 

magnetite grain subrounded to subhedral morphology, E - Monte Moncuni, Italy, and F – 

Cima di Gratera, Corsica. The white circles represent locations of magnetite grain (bright). 
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Figure 2. Plot of high-field magnetic susceptibility (Khf), determined from magnetic 

hysteresis experiments, versus magnetite concentration (in ppm), determined from the 

magnetic saturation of ultramafic pseudotachylyte specimens. The four groups of natural 

specimens and artificial specimens display distinct magnetic properties that reflect different 

fO2 conditions during frictional melting at different depths. Low fO2 results in low magnetite 

contents, whereas high fO2 results in high magnetite content. 
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Figure 3. Plot of Mr/Ms versus Hcr/Hc (plot of Day et al., 1977, as modified by Dunlop, 2002) 

for natural and artificial pseudotachylytes studied in this paper. Both hysteresis parameters 

Mr/Ms and Hcr/Hc are concentration-independent and directly reflect different magnetite grain 

size populations. All groups define broad mixing trends between single domain (SD) and 

pseudo-single domain (PSD) grain sizes. The scatter of points from Balmuccia A is most 

likely due to low magnetite content. Dash lines are from Dunlop (2002). 

  



 

 
© 2017 American Geophysical Union. All rights reserved. 

 

Figure 4. First order reversal curves (FORC) of ultramafic pseudotachylyte specimens. A – 

Balmuccia A-type, Italy, B – Balmuccia B-type, Italy, C – Monte Moncuni, Italy, and D – 

Cima di Gratera, Corsica. The low concentrations in Balmuccia A-type do not result in a 

legible FORC diagram, whereas in other groups, non-interacting populations of grains show 

magnetic coercivity ranging between 20 and 40 mT. This shows the absence of high 

coercivity phases such as goethite, maghemite or hematite and is consistent with magnetite as 

the main ferromagnetic phase. 
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Figure 5. Isothermal remanent magnetization (IRM) curves acquired for representative 

samples of the four localities. 
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Table. Magnetic hysteresis properties of ultramafic pseudotachylytes. 

 
Sample # mass Ms Mr Hc Hcr Mr/Ms Hcr/Hc 

ppm 

Mag Khf 

 

  

g Am2 Am2 mT mT 

   

10-6 

[SI] 
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al

m
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cc

ia
 A

-t
y
p
e 

BAL019A 0.240 0.932 0.268 35.8 58.7 0.288 1.641 4.2 857 

 BAL019D 0.240 0.091 0.027 20.4 73.7 0.293 3.605 4.1 681 

 BAL019E 0.250 0.072 0.029 13.6 149.4 0.399 11.010 3.1 593 

 BAL019F 0.270 0.092 0.031 16.7 75.3 0.334 4.510 3.7 609 

 BAL019H 0.250 0.068 0.019 14.5 64.0 0.282 4.399 2.9 601 

 BAL019I 0.200 0.068 0.044 20.4 202.1 0.647 9.926 3.7 608 

 BAL019J 0.170 0.098 0.060 32.8 144.3 0.610 4.399 6.3 671 

 UedaBM9322A 0.360 0.126 0.094 58.9 121.0 0.752 2.055 3.8 578 

 UedaBM9322C 0.430 0.215 0.130 62.3 100.5 0.606 1.613 5.4 562 

 UedaBM9322E 0.450 0.156 0.116 77.1 115.2 0.743 1.493 3.8 450 

 UedaBM9322F 0.380 0.219 0.114 71.7 131.3 0.519 1.832 6.3 617 

 UedaBM9322G 0.370 0.157 0.110 63.3 151.0 0.696 2.387 4.6 557 

 

 min 0.170 0.068 0.019 13.6 58.7 0.282 4.322 2.9 450 

 

 max 0.450 0.932 0.268 77.1 202.1 0.288 2.620 6.3 857 

 

 average 0.301 0.191 0.087 40.6 115.5 0.454 2.844 4.3 615 

 

 median 0.260 0.112 0.077 34.3 118.1 0.689 3.446 3.9 605 
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u
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B
-t

y
p
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BAL016A 0.340 157.300 21.150 10.8 22.2 0.134 2.066 5028.8 509 

 BAL016B 0.330 194.204 30.531 10.2 17.8 0.157 1.756 6396.7 478 

 BAL016C 0.380 157.995 20.774 10.7 23.2 0.131 2.178 4519.3 491 

 BAL018A 0.450 63.506 14.376 26.0 50.3 0.226 1.939 1534.0 321 

 BAL018B 0.330 50.873 12.617 30.9 61.6 0.248 1.995 1675.6 1016 
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BAL018C 0.190 31.039 8.593 35.8 63.8 0.277 1.782 1775.7 653 

 BAL018D 0.260 15.416 3.726 34.4 70.8 0.242 2.060 644.5 419 

 BAL018E 0.220 49.745 11.069 27.4 56.3 0.223 2.052 2457.7 750 

 BAL018F 0.260 69.936 16.670 28.3 54.4 0.238 1.922 2923.7 667 

 BAL018G 0.240 26.301 6.798 30.2 57.2 0.258 1.894 1191.2 706 

 BAL018H 0.180 15.815 4.213 35.4 67.3 0.266 1.904 955.0 591 

 BAL018I 0.240 48.297 12.859 33.5 61.2 0.266 1.824 2187.4 614 

 BAL018J 0.290 21.639 5.969 38.6 71.1 0.276 1.840 811.0 488 

 BAL018L 0.320 77.306 16.531 25.5 51.2 0.214 2.007 2626.4 606 

 BAL018M 0.240 2.931 0.912 44.2 82.9 0.311 1.875 132.7 123 

 BAL018N 0.320 36.453 10.203 36.6 67.0 0.280 1.828 1238.2 450 

 BAL018O 0.141 18.704 4.922 37.4 71.4 0.263 1.910 1441.9 587 

 BAL018P 0.240 18.614 5.614 40.4 71.7 0.302 1.773 843.0 552 

 BAL018Q 0.180 15.393 4.089 37.8 71.1 0.266 1.882 929.6 554 

 BAL018R 0.300 34.197 8.278 29.0 56.5 0.242 1.948 1239.0 456 

 BAL018S 0.210 19.270 5.916 40.1 68.2 0.307 1.701 997.4 574 

 

 min 0.141 2.931 0.912 10.2 17.8 0.311 1.756 132.7 123 

 

 max 0.450 194.204 30.531 44.2 82.9 0.157 1.875 6396.7 1016 

 

 average 0.270 53.568 10.753 30.6 58.0 0.201 1.893 1978.5 553 

 

 median 0.260 34.197 8.593 33.5 61.6 0.251 1.837 1441.9 554 

 

 

           

M
o
n
te

 

M
o

n
cu

n
i 

MON001A 0.270 0.594 0.219 37.2 102.9 0.370 2.770 23.9 502 

 MON001B 0.250 0.674 0.287 37.0 83.2 0.425 2.248 29.3 598 

 MON001C 0.240 0.662 0.282 39.2 88.3 0.426 2.251 30.0 592 

 MON001D 0.250 1.138 0.473 29.9 65.7 0.416 2.199 49.5 541 

 MON001E 0.250 0.595 0.253 45.5 92.0 0.425 2.023 25.9 565 

 MON001F 0.260 1.070 0.456 30.2 75.9 0.427 2.511 44.7 559 

 MON001H 0.200 0.895 0.306 29.4 65.1 0.342 2.219 48.7 608 
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MON003A 0.160 0.932 0.449 39.6 79.4 0.481 2.005 63.3 678 

 MON003B 0.240 1.071 0.534 37.6 70.8 0.498 1.882 48.5 574 

 MON003C 0.220 1.792 0.666 33.6 69.6 0.372 2.072 88.5 666 

 MON003D 0.230 2.104 0.806 32.7 66.8 0.383 2.046 99.4 601 

 MON003E 0.210 1.476 0.598 38.6 70.5 0.405 1.828 76.4 607 

 MON003F 0.250 1.841 0.672 41.2 66.6 0.365 1.616 80.0 600 

 MON003G 0.220 1.359 0.624 36.8 64.3 0.459 1.746 67.1 680 

 MON003H 0.200 0.651 0.314 35.4 71.3 0.483 2.012 35.4 599 

 MON003I 0.240 0.981 0.487 38.5 73.1 0.496 1.899 44.4 632 

 MON005A 0.350 0.490 0.199 26.6 60.4 0.405 2.275 15.2 439 

 MON005B 0.340 0.369 0.110 28.6 60.1 0.297 2.100 11.8 438 

 MON005C 0.360 1.018 0.410 26.0 51.0 0.403 1.962 30.7 544 

 MON005D 0.410 0.494 0.237 29.9 70.3 0.480 2.348 13.1 529 

 MON005E 0.330 0.408 0.247 33.1 90.3 0.605 2.730 13.4 621 

 MON005F 0.360 0.605 0.284 26.6 60.7 0.470 2.282 18.3 570 

 MON005G 0.350 0.358 0.183 29.8 73.2 0.512 2.453 11.1 538 

 

 min 0.160 0.358 0.110 26.0 51.0 0.306 1.962 11.1 438 

 

 max 0.410 2.104 0.806 45.5 102.9 0.383 2.264 99.4 680 

 

 average 0.269 0.938 0.395 34.0 72.7 0.422 2.135 42.1 577 

 

 median 0.250 0.895 0.314 33.6 70.5 0.351 2.096 35.4 592 
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Sample # mass Ms Mr Hc Hcr Mr/Ms Hcr/Hc 

ppm 

Mag Khf 

  

g Am2 Am2 mT mT 

   

10-6 

[SI] 

           
C
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COR006A 0.520 2.820 1.127 34.0 68.9 0.400 2.027 58.9 501 

COR006B 0.590 2.679 0.935 30.7 71.1 0.349 2.313 49.4 481 

COR006C 0.660 3.066 1.559 41.3 69.7 0.508 1.688 50.5 551 

COR006D 0.690 2.435 1.497 45.8 72.8 0.615 1.588 38.4 601 

COR006E 0.640 2.087 1.309 46.1 76.1 0.627 1.651 35.4 594 

COR006F 0.710 4.029 2.117 41.7 66.3 0.525 1.589 61.7 640 

COR006G 0.750 2.232 1.016 31.2 69.6 0.455 2.231 32.3 404 

COR006H 0.780 2.123 0.891 30.5 65.4 0.420 2.145 29.6 397 

COR006I 0.930 2.459 1.157 29.3 69.5 0.471 2.372 28.7 416 

COR006J 0.930 2.873 1.107 24.3 54.9 0.385 2.253 33.6 401 

COR006K 0.650 5.240 1.790 18.1 43.6 0.342 2.406 87.6 548 

COR006L 0.650 2.546 1.007 31.4 66.8 0.396 2.130 42.6 512 

COR006M 0.670 2.183 1.024 40.3 70.8 0.469 1.758 35.4 533 

COR006N 0.820 2.435 1.337 39.5 67.4 0.549 1.706 32.3 582 

COR006O 0.920 2.374 0.844 22.3 51.0 0.355 2.289 28.1 319 

COR006P 0.780 2.649 1.344 35.0 60.7 0.507 1.735 36.9 514 

COR006Q 0.740 2.758 1.016 26.2 60.0 0.369 2.288 40.5 515 

COR006R 0.640 2.905 1.048 24.3 53.9 0.361 2.215 49.3 538 

COR006S 0.770 2.130 0.737 18.5 41.5 0.346 2.243 30.1 276 

COR006T 0.620 1.494 0.645 27.6 57.9 0.432 2.099 26.2 382 

AndersenCOR25-

05A 0.210 6.939 2.653 27.5 46.1 0.382 1.674 359.2 643 

AndersenCOR25-

05B 0.230 4.559 2.047 32.7 51.7 0.449 1.582 215.5 613 
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AndersenCOR25-

05C 0.210 8.157 3.100 27.4 45.8 0.380 1.672 422.2 650 

AndersenCOR25-

05D 0.260 7.890 3.363 32.9 53.7 0.426 1.635 329.9 636 

AndersenCOR25-05E 0.240 5.324 2.175 28.9 49.1 0.409 1.698 241.1 622 

AndersenCOR25-05F 0.240 3.192 1.496 33.1 51.1 0.469 1.544 144.6 367 

AndersenCOR25-

05G 0.200 2.647 1.181 29.1 48.1 0.446 1.651 143.9 595 

AndersenCOR25-

05H 0.220 3.884 1.646 27.8 44.4 0.424 1.598 191.9 594 

AndersenCOR25-05I 0.200 2.188 0.921 28.3 45.3 0.421 1.597 118.9 589 

AndersenCOR25-05J 0.220 2.608 1.217 29.7 49.4 0.467 1.662 128.8 595 

AndersenCOR25-

05K 0.250 2.171 0.953 25.5 44.1 0.439 1.732 94.4 599 

AshwalPST12A 0.330 13.438 4.241 30.1 57.5 0.316 1.908 442.6 593 

AshwalPST12B 0.300 13.068 4.397 31.3 53.3 0.336 1.704 473.5 514 

AshwalPST12C 0.340 20.172 6.948 27.7 52.2 0.344 1.883 644.9 581 

AshwalPST12D 0.290 20.755 5.567 27.0 56.4 0.268 2.092 777.9 749 

AshwalPST12E 0.360 14.177 5.149 32.9 54.2 0.363 1.650 428.1 651 

AshwalPST12F 0.250 10.167 3.559 20.2 48.1 0.350 2.377 442.0 823 

AshwalPST12G 0.270 10.233 3.732 27.8 55.2 0.365 1.986 412.0 875 

AshwalPST12H 0.310 36.491 9.774 20.4 46.7 0.268 2.288 1279.5 617 

AshwalPST12I 0.210 6.736 2.179 30.1 53.7 0.323 1.781 348.7 653 

AshwalPST12J 0.300 14.805 5.123 31.1 52.5 0.346 1.687 536.4 579 

AshwalPST12K 0.250 7.755 2.828 33.1 55.6 0.365 1.677 337.2 535 

AshwalPST12L 0.260 15.125 5.204 31.6 53.0 0.344 1.677 632.3 587 

 

min 0.200 1.494 0.645 18.1 41.5 0.432 2.289 26.2 276 

 

max 0.930 36.491 9.774 46.1 76.1 0.268 1.651 1279.5 875 

 

average 0.475 6.651 2.394 30.3 56.4 0.360 1.859 231.9 557 
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median 0.340 3.066 1.497 30.1 53.9 0.488 1.790 118.9 582 

           

E
x
p
. S1205 0.186 1.229 0.237 23.4 50.4 0.193 2.154 68.6 285 

S1208 0.175 1.548 0.756 21.5 30.2 0.488 1.400 93.4 471 

S1209 0.110 1.605 0.442 24.3 54.8 0.275 2.258 158.6 673 

 


