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Abstract

Pyrrhotite bearing metamorphic limestones have recently experienced an increasing relevance in paleomagnetic research. Simp
univectorial remanences document the metamorphic uplift, whereas more complex multicomponent pTRMs may constrain its age
For a successful application of the latter, it is important to estimate the degree of magnetic interactions to ensure the additivity of indi-
vidual pTRM segments. We therefore have subjected the sized dispersed suite (x63)280 TE pyrrhotite to FORC analysis and
compared the result with remanence-based parameters likéttr the irreversible susceptibility. This is used as a basis to evaluate
the response of marly limestone samples from regionally metamorphic areas (Bourg d’Oisans, France) and contact-metamorphi
aureoles (Elba, Italy; Skye, Scottland; Manaslu area, Nepal) to these technigues. The results show that the techniques are able
estimate the nature and —to a certain degree — the intensity of the magnetic interaction. The different dominant magnetic states of th
assemblage can also be unravelled as well. Based on the remanence measurements of the TTE samples, a relationship between gr
size and the irreversible susceptibility is established in order to estimate the mean grain-size fraction in natural particle distribution.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

* Corresponding author. Present address: Shell International EP Sec_ond_ary pyrrhotlte is formed in Iow-grade_ meta-
B.V,, Kessler Park 1, Postbus 60, 2288 GS Rijswijk, The Netherlands. MOrphic limestones at the expense of pyrite and

Tel.: +49 7071 2974698; fax: +49 7071 295842. magnetite within the 200-45@ temperature range
E-mail addresses: florian.wehland@uni-tuebingen.de (Lambert, 1973; Rochette, 1987; Schill et al., 2p0he
(F. Wehland), ALSTANCU@UAIC.RO (A. Stancu), need to investigate magnetic interactions in pyrrhotite
rochette@ceregg.fr (P: Rochette), dekkers@geo.uu.nl (M.J. Dekkers),bearing metamorphic limestones arose from the use
erwin.appel@uni-tuebingen.de (E. Appel). . .
1 Tel.: +40 232 201175: fax: +40 232 201205, of such rocks as a recorder of Earth’'s Magnetic Field
2 Tel.: +33 4 42 97 15 62; fax: 33 4 42 97 15 40. Reversals Rochette et al., 1992; Crouzet et al., 1999,
3 Tel.: 31 30 253 1671; fax: 31 30 243 1677. 2001a,h. Independent partial thermoremanent magne-
4 Tel.: 49 7071 2974132; fax: 49 7071 295842. tization (pTRM), i.e. identical blocking and unblock-

0031-9201/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.pepi.2005.05.006



182 F. Wehland et al. / Physics of the Earth and Planetary Interiors 153 (2005) 181-190

ing spectra, are mandatory for such studies. Therefore,interacting uniaxial SD particle assemblage the relation-
the samples should consist of a non-interacting single ship of the different normalized remanence acquisitions
domain (SD)-particle assemblagiéhgllier and Thellier, can be described by:

1959. The tendency to crystallize mainly below the sin-

gle domain threshold¥<2 um; Soffel, 197§ favours the Mac(H) =1 — 2Mi(H), (1)
use of pyrrhotite as a pTRM recorder. Nevertheless, clus- whereM, andMy; are the normalized isothermal rema-
tering of pyrrhotite grains, the presence of multidomain nences (IRMs) acquired from the a.f.-demagnetized state
(MD) particles, or an incomplete metamorphic reaction and during dc backfield demagnetization of the SIRM,
can cause magnetic interaction during pTRM recording respectively. For MD particles this relationship is not
processes. valid due to self-demagnetization effects.

In the past, experimental investigation of magnetic By plotting M, versusMy. (Henkel, 1964 the ideal
interaction was hampered by the lack of fast and reliable case of non-interacting uniaxial SD-particles will lead to
experimental methods. For natural magnetidenlop a straight line with a slope of2. In 1990, Mayo et al.
(1972)concluded that ratios @ff,s/Ms (saturation rema-  introduced the deviation from this line expressed by the
nence/saturation magnetization) of 0.5 and higher are differential remanence paramet&pgliotis and Lynch,
characteristic of non-interacting SD grains. This was 1991) AM(H), a formulation that has been used since
supported bypavis and Evans (1976\vho showed that  then:
this ratio can be lowered due to interacti@isoswski
(1981) used a plot of IR, versus a.f.-demagnetised AM(H) = Moc(H) — (1 = 2M(H)). 2)
SIRM (acquisition of isothermal remanent magnetisa- For a SD patrticles assemblage the resulting deviation
tion versus alternating field demagnetised saturation is ascribed to many-body effects and generally indi-
IRM), where non-interacting grains exhibit symmetrical cates the presence of magnetic inter-particle interaction
curves. Other methods to examine magnetic interaction (Fearon et al., 1990; Mayo et al., 199aPositive val-
like the off-diagonal Preisach diagram for SD parti- ues ofAM are interpreted as a result of positive interac-
cle interaction Daniel and Levine, 1960; Woodward tion, which tends to stabilize the magnetization, whereas
and Della Torre, 1960or the inverse anhysteretic sus- a negative value would come from negative interaction
ceptibility (Kneller, 1969; Veitch, 199@vere later on yielding a net demagnetising effect (deetrovsk et al.,
qguestioned byDunlop et al. (199Q)New input came 1993. Nevertheless, one has to take into account that
from studies of magnetic recording med&pfatt et al., results from MD particles can be congruent with results
1988; Fearon et al., 1990/ayo et al., 1990Mayo et from SD particles. Important for successful experiments
al., 1991a,b where mostly remanence measurements is the perfect alignment of the samples in both direc-
were used to study magnetic interacti¢tetrovsly et tions during IRM acquisition and backfield IRM. A small
al. (1993)tried to transfer these ideas to natural systems deviation can have a significant influence on the results,
concluding that, despite some promising results, more normally tending to negativA M at lower coercivities.
extensive studies are necessary to decisively delineate The differential susceptibility of the remanenge
texture, concentration, and type of the magnetic carri- andyyc can be calculated frodf; andMyc curves (IRM
ers as function of the differential remanence behaviour. curves) as the first derivative dj/dH. The ratios ofy,
Nevertheless, the remanence-based methods are usefudnd x4c (here introduced a® parameter) should fol-
to detect the degree and general character of magnetidow the Wohlfarth equation giving a value of two for
interaction. The recently developed first order reversal a non-interacting case. The spectrayefand xqc are
curves (FORC) diagranPfke et al., 1999; Roberts et quantified by the position of the maxima and the shape
al., 2000 seems to be an appropriate technique to obtain parameter full-width-at-half-maximum (FWHM). It is
information about switching fields and interactions in important here to note the dependence of IRM curves
magnetic particle systems. For this study we applied the and related parameters on the initial magnetization state
remanence-based methods as well as the FORC methodFearon et al., 1990; Heslop et al., 2004 is conven-

on artificial and natural pyrrhotite bearing samples. tional to start from a three axial static a.f.-demagnetized
state as it is the most reproducible or&dncu et al.,
2. Theory 2001, and references therein).

The FORC diagram is calculated from a set of partial

The problem of measuring magnetic interaction hysteresis curves (sééayergoyz, 1985 The measure-
by a remanence-based technique was first discussednent of a FORC starts with the saturation of the sample
by Wohlfarth (1958)who concluded that for a non- ina high positive field. The field is afterwards decreased
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to the reversed field,, and the FORC is the magneti- with about 2% pyrrhotite by volume. For more details
zation curve measured froAy back to saturation. Aset  seeDekkers (1988a,b)

of FORCs is obtained by repeating this measurementfor ~ Natural samples were taken from contact-
different values off,. At the applied fieldd, ona FORC metamorphic limestones of the Isle of Skye, Scotland,
starting fromHj, the magnetization is denoted 8&H, the Manaslu area, Nepab¢hill et al., 2004 and Elba

Hy), whereHy > H,. The FORC distributionn(Ha, Hp) Island, Italy. Also, regional metamorphic limestones
is then defined as the mixed second derivative: near Bourg d’Oisans, Franc€rouzet et al., 1999wvere
1 92M(Ha, Hp) selected for the present study. The samples were cut in
p(Hg, Hy) = ——————, 3 cubes or cylinders with an edge length or diameter of
2 0HadHp 10 mm, respectively.
wherep(Ha,, Hp) is defined forHy, > H,_ It became con- All samples were subjected to a.f.-demagnetization

venient for plotting the FORC distribution to use the of 120 mT prior to any further treatment using an three
coordinate systefc = (Hyp — Ha)/2,H, = (Ha + Hp)/2} axis static 2G600 a.f.-demagnetiser. A Micromag 3900
instead of the origina{Ha, Hp}. As Hp>Ha, Hc>0, Vibrating Sample Magnetometer (lodged in CEREGE)
and the FORC diagram is plotted as a contour plot in carried out all magnetization and remanence experi-
the right-hand half plane witlif, andHc as the verti- ~ ments and measurements. Generally, FORC diagrams
cal and horizontal axis, respectively. THg coordinate are based on a set of 100 individual FORCs with a
is referred to microcoercivity. Further details about the smoothing factor (SF) of two, an average time of 0.25 s,
derivation of Eq(3) and the change of the coordinates zero waiting time and a saturation field of 700 mT. For

can be found irPike et al. (1999, 2005) weaker samples the average time was increased to 5s on
Experimental results for monoclinic pyrrhotite gave a set of notless than 80 FORCs. Due to smoothing not all
a single domain threshold at around 1.5 (Soffel, values down tdZ; = 0 can be plotted. For imparting high

1977, a PSD range up to grains of 4fn, and pure fields of 9 T a MMPMS pulse magnetiser has been used.
MD behaviour for grains larger 40m (Soffel, 198).

Dekkers (1989also found a value for the SD threshold 4. Results and discussion

of 1-2pm. Clark (1984)found a slightly higher value of

about 3um for the single domain threshold. 4.1. Sized dispersed fractions

3. Samples and methods FORC diagrams of all grain-size fractions are shown
in Fig. L For the smaller grain-size fractions (<5 to

The size dispersed fractions of natural pyrrhotite from 30-40um) the contours of the plot are generally closed
the Temperino in Tuscany, Italy (TTE samples) used in indicating an SD to PSD behaviour. For the coarser
this study had already been subjected to different mea- fractions the open contour lines stand for their MD
surements in the padbékkers, 1988a,b; Dekkers, 1989; behaviour. With decreasing grain size the maximum of
Worm et al., 1998 The material was available as 7mm the distributions are shifted to higher coercivities with an
cylindrical samples with distinct grain-size factions of increasing tendency to deviate from the horizontal line
(mm): <5; 5-10; 10-15; 15-20; 20-25; 25-30; 30—40; (Fig. 2). The deviation from thé&/.-axis in combination
40-55; 55-75; 75-100; 100-150; and 150-250. Material with a negative slope of the line of contour elongation
for preparing the samples was selected from a pyrometa-can be interpreted as a consequence of a positive mean
somatic pyrrhotite—pyrite—chalcopyrite ore zone at Tem- interaction field Roberts et al., 2000 The asymmetry
perino (Tuscany, Italy). The pyrrhotite fractions contain in the diagrams with respect to titg-axis is most pro-
equidimensional grains. Magnetite is absent in these nounced inthe small grain-size fractions leading to sharp
rocks and the presence of intergrowths is rare. Samplenegative (white) regions in the lower half. These negative
preparation was performed in an inert atmosphere to pre-regions are always placed at higher coercivities than the
vent alteration. The resulting grain-size fractions were peak and are decreasing with increasing grain-size. The
checked using transmitted and reflected light microscopy negative regions become negligible for coarser grain-
and X-ray diffraction; the grain-size ranges were con- sizes Fig. 1). Comparing the asymmetries in the FORC
trolled optically. Monoclinic pyrrhotite has been proven diagrams with those obtained by micromagnetic and
as the dominant magnetic phase; only in the smallest phenomenological (Preisach-type) modelling of inter-
fraction traces of hexagonal pyrrhotite were identified acting ferromagnetic SD particles syster@hcu etal.,
only in the smallest fraction. The grain-size fractions 2003 underlines the presence of positive mean interac-
were homogeneously dispersed in an epoxy resin matrix tion fields in these samples.
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Fig. 1. FORC diagrams of all grain-size fractions from the TTE sefeskkers, 1988a)b The samples show a decreasing asymmetry regarding
their horizontal axis and a vanishing of the negative area with increasing grain-size. Note that the coordinates are different for the salt®aof illustr

The differential remanence paramete¥ (Fig. 3) for

was not affected (cf-ig. 4). In general, lower coerciv-

the smaller grain-size fractions is positive at lower fields ities are observed with increasing particle size. In the
and decreases to a small negative value at fields highercoarser grain-size fractions (40— and greater) the
0.3T. A pattern like this is characteristic for a system AMs are negative from the beginning with a minimum
of SD particles with statistical as well as positive mean at low fields that is most pronounced in the coarsest frac-
field interaction fields. The positive starting value of the tion. The 30-4@um set, marking the upper limit of the

curves (implying a local minimum at low coercivities)

PSD range%offel, 198}, has an intermediate shape and

is a consequence of the incomplete a.f. demagnetisation;is still positive at lower fields, but without a local min-
the remanence carried by the high coercive componentimum. The initial negative values can be linked to the
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Fig. 2. Position of the distribution maxima in the FORC diagram. The
coercivity (H¢) shows a decrease with increasing grain size. The devi-
ation from the horizontal lineH,,) shows a more linear dependence.
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Fig. 3. Differential remanence paramefe¥ (see text for explanation)
as a function of the applied field for selected grain-size fractipng)(
A clear change in the type of interaction can be seen at the 30,40
fraction (upper limit of the PSD range).
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Fig. 4. Normalized IRM acquisition curve for the gbn fraction. The
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magnetization process related with domain wall motion
and, therefore, is expected for MD samples.

The change in shape of theM-plots between the
30-40 and 40-5pm range, which may be interpreted
as the transition from a dominant SD/PSD towards a
dominant MD behaviour, is more pronounced than in the
FORC diagrams, where a gradual opening of the indi-
vidual contour lines marks the transition.

The appearance of a positive interaction field using
the AM method is well pronounced in the smaller frac-
tions and strongest in sample 5+if. The lowerMg
in the <5um fraction is in coincidence witekkers
(1988b) and can be related to the continual exis-
tence of micro twins as a consequence of substan-
tial hammering during sample preparation. Differences
appear in the interaction pattern of the coarser samples,
where in the FORC diagram — despite a dominant MD
behaviour —the positive mean interaction field can stillbe
detected.

The general trend mentioned above can be made
clearer by the comparison of the peak position fer
and xq4c. This occurs at higher fields fa¥yc for the
smaller fractions as a result of a stabilizing mean inter-
action field, and changes to lower fields for the coarser
fractions due to the destabilizing mean interaction field
as expected for multidomain particldsd. 5). The rela-
tionship of the intensities of the calculated susceptibility
curves Table J) is less clear in this matter. After equa-
tion (2), W=2 is expected for non-interacting SD par-
ticles. In our case, the values of the smaller fractions
(up to 30—4Qum) are below two with a minimum in the
20-25um fraction. For the coarser fractions (405

120+
1004 —+—FWHH IRMr
—a—FWHH IRMdc
—&— Fieldr
804 —— Fielddc

Field (mT)

0 T T

60 80 100 120 140

Grain size (pm)

0 20 40

Fig. 5. FWHH and peak position (Figlend Fielgc) of the calculated

incomplete a.f. demagnetization causes a residual remanence at zeralifferential susceptiblity. The thick black line is the exponentionally

fields.

fitted trendline for the FWHH IRMcurves.
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Table 1

Parameters derived from the calculated susceptibility for selected samples

Sample FWHM IRM FWHM IRMc Field, Fieldyc w Eq.(4) Eq.(5) DS MisIMs HeilHe
TTE150 23.0 24.0 15.1 9.9 231 154.0 94.3 MD 0.24 0.89
TTE75 32.0 345 20.0 5.0 2.20 64.1 94.3 MD 0.26 1.01
TTE55 34.8 39.0 19.9 175 2.07 51.3 46.5 MD 0.29 0.89
TTE40 42.0 55.9 175 243 1.99 31.2 38.3 PSD 0.35 0.89
TTE25 59.7 735 28.3 35.0 1.73 12.3 18.5 PSD 0.36 0.74
TTE10 75.0 74.9 60.0 65.0 1.97 6.7 5.6 SD-PSD 0.44 0.96
TTES 88.0 97.4 79.9 85.1 1.99 4.4 34 SD 0.47 0.97
E2 60 70 45 29.8 1.96 121 13.8 PSD 0.31 3.24
E3 61 70 60 40.1 1.97 11.6 8.3 PSD 0.26 2.66
S3 60 65 40 29.8 221 121 15.6 PSD 0.38 112
S2 115 103 60 35.0 2.34 2.2 9.1 SD 0.59 1.17
S5 62 63 25 15.0 2.27 111 41.4 PSD 0.39 1.45
M1 180 215 125 120.0 2.00 0.7 1.7 SD 0.66 1.53

Field: and Fielgc denote the position of the calculated susceptibility peaks. The columns wit{4gmnd (5)give the calculated mean of the
grain-size fraction after formul@) and(5), respectively. DS stands for the interpreted dominating domain state in the assemblage. For FWHM and
the W parameter see text. The rock magnetic parametevg4#/s andHc/H: are added for the sake of completeness.

and higher) the ratio is greater than 2 due to the demag-of the grain-size. But in general, both for natural and
netizing effect of the interaction field. In contrast, the artificial samples this case remains hypothetical.
FWHM parameter, which can be seen as a measure of The results from FORC diagrams and remanence
the switching field distribution (SFD), is not influenced measurements in terms of the domain state are in good
by stabilizing or demagnetizing interaction fields. The agreement with observations described in the literature
value and difference between the FWHM derived from (Roberts et al., 2000; Pike et al., 1999; Stancu et al.,
xr and xqc decrease with increasing grain-size related 2001, 2003; Muxworthy and Dunlop, 2002; Carvallo et
only to a narrowing of the SFD. al., 2003. For both techniques, the SD to PSD tran-
Due to its direct correlation with the grain-size frac- sition is more gradual, whereas the change to the MD
tions and independence of the character of the meanbehaviour is quite pronounced as a consequence of the
interaction field, the FWHM can be used as a measure change in the mean field interaction fields during this
for the grain-size fraction in the natural systems. Derived transition. Experiments with high fields (9 T) imparted
from y, the relationship between FWHM) and mean parallel or perpendicular to the applied field did not
value of the grain-sizeStean is expressed by: change the shape and dimension of the FORC distribu-
26524 tions. This could mean that FORC diagrams for this kind
Smean(ium) = 629974 (mT) (4) of samples are not sensitive to the magnetic history of the

with R2=0.9296. The calculated values for the TTE sam- sample.

ples are listed ifable 1 A function derived fromygc was

abandoned due to the higher noise of the data. The influ-4.2. Natural samples

ence of the character of the mean interaction fields on

the position of the susceptibility peaks (Fieid Fig. 5) One sample (M1) from the Manaslu area (Nepal)
hampers the use of this parameter as an indicator for containing only pyrrhotite (proven by thermal demag-
a mean grain-size. We tried to overcome this problem netisation of the IRM on a twin sample) was selected.
by taking a mean valueP(nean Of both peak positions  The IRM acquisition curve of M1 is not entirely saturated
from the IRM and IRMyc. The resulting relationshipis  in 0.7 T (Fig. 6) indicating a high coercive part of the
expressed as: pyrrhotite particle distribution. The derivesiM param-
17531 eter starts with low negative values changing to positive
Smean(m) = 79027 Pmean(MT) () values at higher coercivities. The negative starting val-
with R2=0.9581. An advantage in the use of the peak ues are probably due to the residual remanence and the
position is its independence of the shape of the particle orientation problem in the magnetometer. With a maxi-
distribution. As in the hypothetical case of grains with mal deviation from the Henkel plot 6£0.086 magnetic
only one specific coercivity a FWHM derived function interaction is nearly absent in this sampieg(. 6). This
does not work, the peak position is still a direct measure is supported byw=2.00. The calculated mean of the
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Field (T)

Fig. 6. IRM, IRMyc and AM (grey) for the M1 sample. The IRM-
values are reduced by 0.1 for a better illustration.

grain-size fraction after E@4) is around Jum (Table
and points towards a clear SD behaviour.

In the FORC diagranHig. 7), the distribution is well
elongated with a negligible vertical spread, closed con-
tours and no obvious deviation from the horizontal line.

This shape stands for a non-interacting SD particle sys-

tem with a high coercivity peak of the distribution at
H:=125mT. The extension over the right border is due

187

lsoj? ? Q& .Qﬁg v\ljdﬁj}
e SRty

(mela)

Hu

250 300
He (mTesla)

100 150 200

Fig. 8. FORC diagrams from samples of Bourg d’Oisans. The elon-
gated and closed contours aloffy up to 400mT standing for a
pure SD particles distribution with high coercivities (picture with
SF=3t3r=5s, 80 FORCs).

indicate a broad SD particle assemblage and underline
the good recording qualities for a pTRM record in sam-
ples taken at Bourg d’Oisans as shownGQrpuzet et al.
(1999)

In the Elba (E) samples the coercivity distribution
along H; as taken from the FORC diagramBid. 9)
have a maximal extent of 90 mT. The shape of the dis-
tribution is still elongated and the vertical spread with
Hy<15mT indicates weak magnetic interactions. The

to the non-saturated parts in the particle system. The differential remanence parameter exhibits a small neg-

result from the FORC analysis coincides with the obser-
vation from the remanence measurements.

Similar FORC diagrams are obtained from samples of
the western AlpsKig. 8). For the representative sample
F9 the shape of the distribution is an elongated one with
a maximal coercivity ot ~ 400 mT. The contour lines

are closed indicating SD behaviour of the assemblage.

The enhanced vertical spredd (=20 mT) is due to the
higher smoothing factor (SF=3). The FORC diagrams
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Fig. 7. FORC diagram of sample M1 (SF=2%=0.25s, 100

FORCs). The distribution shows a clear SD particle assemblage. Inter-

action seems to be absent.

ative interaction field AM > —0.15). Together with the
other parameters derived from remanence and rockmag-
netic measurement3gble ) the samples fall into the
PSD range.

Forthe samples of the Isle of Skye (S) thermal demag-
netization of IRM discloses that the samples contain
large (up to mm scale) pyrrhotite and magnetite. Thiswas
confirmed by reflected light microscopy and SEM, which
reveal intergrowths of pyrrhotite with magnetite, pyrite
and chalcopyrite. Consequently, the interaction patterns
in the FORC diagrams of these samples are manifold
(Fig. 10. Sample S3 comes closest to the results from
the artificial samples (deviation from thé;-axis, the
negative tilt of the distribution, negative region in lower
half of the diagram). In the upper half the contours are
slightly bent to higher values dfy,. In sample S2, the
counters are bent stronger in the upper half of the dia-
gram. The negative region, the deviation and the tilt in
the distribution are less pronounced. Additionally, the
sample has a high coercive component up to 400 mT.
The behaviour of this sample can be regarded as a tran-
sitional one between S3 and S5, where bent counters are
in the upper and lower half and the negative region is
absent. Together with a long tail indicating a high coer-
cive component this pattern is termed “bird-structure”,
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tours and the peak position around 30 mT indicates a dominantly PSD
assemblage. Signs of mean interaction field are absent (both pictures
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Fig. 10. FORC diagrams from samples from the Isle of Skye, where

The differential remanencesM for S3 und S2 different magnetic phases (pyrrhotite, magnetite) are present.

(<—0.18) stands for a highly negative mean interaction
field, which is supported bW > 2. Due to the broader
grain-size distribution the calculated mean of the grain-
size distribution is at §m for sample S2. On the con-
trary, theAM for sample S5 contains a local minimum
and maximum, both low in amplitude and located at high
fields (Fig. 12).

A tentative interpretation for S3 and the <dth TTE
samples could be that both have a minor contribution
of hexagonal pyrrhotite (not detected by other means)
intergrown with the monoclinic phases in a sandwich
like manner (one layer demagnetizes the other), whereas
the patterns of S2 and S5 are the consequence of the
magnetic interaction with other phases like magnetite.
In addition, natural samples do of course obtain larger Fig. 11. IRM, IRMyc and AM curves for sample S5. The intensities
MD particles, which will lead to negative values of the of the IRM curves and the-axis were changed for illustration.
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AM plot at lower coercivities. As thaM plot does not
cover the entire coercivity spectra of pyrrhotite, nothing
is known about the mean interaction fields from 0.4 T up
to the full saturation of pyrrhotite.

These results clearly demonstrate the difficulties in
comparing similar FORC measurements (especially: S3
and the respective size-dispersed fractions) with other
methods like theAM plot. Once again, this could be
due to the orientation problem of the sample in the mag-
netometer during IRM acquisition and backfield IRM
and its influence on thaM plot (negative values at low
coercivities).

In the light of recording successive, independent
pTRMs in pyrrhotite, the absence of magnetic interac-
tion and the dominance of SD particles in samples from
the regional metamorphic setting of Bourg d’Oisans sup-
port the rockmagnetic results made Rpchette et al.
(1992)and Crouzet et al. (1999, 2001a,B)he poten-
tial for TRM recording in contact metamorphic rocks as
derived from the magnetic interaction analysis strongly
depends on the different locations. In the Manaslu area,
where clear non-interaction SD assemblages are found
a violation of the laws of independent pTRMEhgllier
and Thellier, 195pwill not be expected. Under such
conditions, for the Elba samples the restricted coercivity

spectrum and a major domain state between SD and psO

grains limit their use as a pTRM recorder. In such a case,
their pTRM recording qualities should additionally be
checked by pTRM experiments.

In the samples from the Isle of Skye the recording
of independent pTRMs during cooling of the rock can
be excluded due to their high magnetic interaction. The

above observations support the use of magnetic interac-

tion techniques as a pre-selective tool for Thellier like

experiments as proposed by Wehland and coworkers (in

press) for basaltic samples.

5. Conclusion

Both techniques used here, FORC and remanence
based, are suitable to estimate the degree and nature

of magnetic interaction in pyrrhotite bearing samples,
although theA M plot is far more sensitive to the orienta-
tion of the sample during the experiment. The grain-size

related change in the domain state is in good agree-

ment with the literature and can be derived from FORC

analysis as well as from the remanence and rock mag-
netic based techniques. The relationship between grain-

size and SFD as derived from the artificial samples and

expressed by FWHM-parameter can be described by a,

simple function, which helps to estimate the mean grain-
size. Other parameters like thg-parameter, hysteresis
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parameters or the peak positiong@andyyc can enhance
the understanding of the nature of the interaction field,
grain-size distribution and domain state.

For natural systems we have shown that pyrrhotite
can exist as an ideal non-interacting SD-particle assem-
blage in contact and regional metamorphic rocks. Nev-
ertheless, intergrowths with other phases like magnetite
or hexagonal pyrrhotite can often lead to high interac-
tion fields of a different nature. This seems to be more
likely in contact metamorphic rocks, where the process
of pyrrhotite formation often leads to mixed assemblages
and a less pronounced grain-size distribution. In the con-
text of p TRM experiments secondary pyrrhotite has the
potential as a good recorder if the degree of interaction
is checked by one of the methods used above.
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