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bstract

Parallel studies on rock magnetic properties, petrology and mineralogy were conducted on 16 eclogite samples from the ZK703
ole and magnetic susceptibilities and densities of 41 eclogite samples with different degree of retrograde metamorphism (from
resh eclogite to fully-retrograded eclogite) from the Chinese Continental Scientific Drilling (CCSD) near the ZK703 hole, located
t Donghai, southern Sulu ultrahigh-pressure metamorphic belt, eastern China. Results show: (1) that the high-field slopes obtained
rom the hysteresis loops (the paramagnetic fraction χpara) and density have a positive correlation with the volume concentration of
arnet + omphacite, a typical mineral assemblage used to semi-quantify the degree of retrograde metamorphism. The low-field slopes
btained from hysteresis loops (the ferrimagnetic susceptibility fraction χferri), saturation isothermal remanent magnetization Mrs and
aturation magnetization Ms have a positive correlation with the volume concentration of symplectite, a mineral related to retrograded
etamorphism. Therefore they could be potential indicators for quickly semi-quantifying the degree of retrograde metamorphism

f the eclogite units. (2) The dominant magnetic carriers in retrograded eclogites are magnetite particles in pseudo-single domain
rain size region. (3) The P–T conditions during the retrograde (decompressional) process could first increase the concentration

f magnetite, which can reach up to 3% for extensively retrograded eclogite and then was dissolved for fully-retrograded eclogite.
herefore, change in the magnetite contents during the retrograde process is the major factor controlling the magnetism of retrograde
clogites.
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1. Introduction
Satellite magnetic data has demonstrated that there
exist some broad relationships between large-scale geo-
logic/tectonic features and satellite-altitude magnetic
fields (Langel and Hinze, 1998; Pikington and Percival,

mailto:lqs321@cug.edu.cn
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Fig. 1. Location of the Sulu UHP metamorphic belt (A) and litholog-
ical profile of the ZK703 drillhole (B). Stars in (B) mark the location
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2001). Further quantitative interpretations of aeromag-
netic and MAGSAT anomalies with long-wavelength
suggested that the lower crust also acquire significant
magnetizations (Toft and Haggerty, 1988; Fountain et
al., 1992; Wasilewski and Mayhew, 1992; Pechersky
and Genshaft, 2002). However, the accurate knowl-
edge of magnetic mineralogy, magnetic petrology and
the redox state in the Earth’s crust is still very
fragmentary.

So far, several mechanisms about the origin of
the magnetization in the deep curst have been put
forward, including, thermal viscous remanent mag-
netization (TVRM), Hopkinson effect, metamorphism
(Schlinger, 1985; Liu and Gao, 1992; Kelso et al., 1993;
Liu et al., 2000), remanent magnetization of rocks with
hematite–ilmenite solid solution (HISS) at all crustal lev-
els (Kletetschka et al., 2002), and lamellae magnetism
in the hematite–ilmenite series (McEnroe et al., 2001;
Robinson et al., 2002; Kasama et al., 2003, 2004; Dyar
et al., 2004; McEnroe et al., 2004; Robinson et al.,
2004).

To cast more constraints on the mechanism for the
magnetization of the lower crust, rock magnetic stud-
ies on eclogite units are important. This also has further
important significances for geodynamics. For example,
Boundy et al. (1992) proposed a tectonic origin of the
fabrics and implications for deep crustal deformation
processes by structural development and petrofabrics of
eclogite facies shear zones, Bergen Arcs, western Nor-
way.

The eclogite units at the Dabie-Sulu ultrahigh-
pressure (UHP) metamorphic belt have important
information for the dynamics of plate tectonic processes
at convergent margins (Liou and Zhang, 1996; Ye et al.,
1996). These rocks were metamorphosed at depths of
50–150 km and rapidly exhumed to the surface (Xu et
al., 1992; Cong and Wang, 1994; Cong et al., 1994). The
various types of eclogites in this region have experienced
different degrees of retrograde metamorphism (Zhang et
al., 2000).

Even though extensive studies (geology, petrology,
mineralogy, geochemistry, geochronology and geo-
physics) have been conducted on the Dabie-Sulu UHP
belt and the retrograde eclogites, little is known about
its magnetic properties and its magnetic mineralogy,
especially the corresponding effects of retrograde meta-
morphism.

In this study, 57 samples of variously retrograded

eclogites were collected from both the ZK 703 drill
and the Chinese Continental Scientific Drilling (CCSD)
main hole at Donghai region, eastern China. Petrophys-
ical parameters including densities of all samples and

of the samples examined in this study.
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agnetic parameters of hysteresis loops of 16 sam-
les in ZK703 hole and magnetic susceptibilities of
1 samples from CCSD main hole were conducted.
he Donghai UPH minerals have experienced decom-
ressinal breakdown reactions, the secondary minerals
ccurring as symplectites or symplectic coronas, com-
only with a multilayer structure. Mineral paragenesis

howed that the eclogites have been subjected to two
tages of retrograde recrystallization, amphibolite facies,
ollowed by greenschist facies metamorphism (Zhang
t al., 2000). Therefore, these samples are ideal for
esting whether there is a relationship between the

agnetic properties and the retrograde metamorphic
egree. We will finally try to propose some rock mag-

etic parameters as potentially efficient means for a
igh-resolution and fast survey of large numbers of
amples.

ig. 2. Microphotographs of UHP metamorphic eclogites, showing increasing
ight) is slightly retrograded eclogite. Sample 30 (lower left) is extensively re
1 (lower right) eclogite which has been transformed partly to epidote amp
ymplectite; Ap: apatite; Qtz: quartz; Bi: biotite; Ep: epidote; Amp: amphibo
etary Interiors 160 (2007) 181–191 183

2. Geological setting and sampling

The Sulu UHP metamorphic belt is located between
the Wulian-Qingdao-Yantai fault on the northwest and
Jiashan-Xiangshui fault on the south in eastern China
(Fig. 1A). The UHP belt consists not only of the primary
UHP metamorphic eclogites, but also of amphibolite-
facies rocks and upper greenschist-facies retrograded
rocks from eclogite-facies rocks (Wang et al., 2000). The
Donghai ZK703 drillhole (34◦25′N/118◦40′E, ∼558 m
in depth) lies in the south of the Sulu UHP metamorphic
belt. Eclogites represent about 55% (∼300 m in thick-
ness) in thickness of the whole drillhole (Fig. 1B). They
are interwinded with many thin layers of biotite gneiss,

phengite-quartz schist, jadeite quartzite and kyanite
quartzite. A detailed description of the lithology and
petrology is given by Zhang et al. (2000) (Fig. 1B).

degree of retrogression. Sample 11 (upper left) and sample 14 (upper
trograded eclogite with omphacites replaced by symplectites. Sample
hibolite. Grt: garnet; Omp: omphacite; Ru: rutile; It: ilmenite; Sym:
le.
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Nine types of rocks have been identified (Fig. 1B),
including eclogite (undivided), rutile eclogite, retro-
grade eclogite, gneiss, phengite-quartz schist, jadeite
quartzite, kyanite quartzite, garnetite and peridotite.
To address effects of retrograde process on the mag-
netic properties of eclogite, constrained by petrologic
studies, 16 fresh samples of different retrograde meta-
morphic degrees were collected from the drillhole
(Fig. 2). Surface weathering has little effect on these
samples (Zhang et al., 2000). Among them, nine
samples have experienced retrograde metamorphism.
More specifically, sample 11 (129 m) and sample 14
(148 m) are located within rutile eclogite. Sample
32 (257 m) and sample 51 (443 m) belong to undi-
vided eclogite. The others are recognized as retrograde
eclogite.

In addition, in order to make up insufficiency
of samples in the ZK703 hole, densities and
magnetic susceptibilities of 41 samples with dif-
ferent retrograded eclogites (raw eclogites, slight
and moderation retrograded eclogites, extensive retro-
graded eclogites and full retrograded eclogites) from
CCSD main hole near to the ZK703 hole were
measured.

3. Experimental methods

3.1. Compositional analysis

Compositional analyses for major minerals were
determined with a JEOL superprobe 733 using a wave-
length dispersive system at the Analytical Center of
China University of Geosciences (Wuhan). The experi-
mental conditions were 15 kV acceleration potential and
20 nA beam current.

3.2. Rock magnetic experiments

Low-field magnetic susceptibilities (χ) of the sam-
ples were measured with a Kappa Bridge (KLY-2)
at room temperature. The temperature-dependence
of χ was also measured using the Kappa Bridge,
equipped with a CS-2 furnace, from room tempera-
ture to 700 ◦C, in an Argon environment with steps of
5 ◦C.

Hysteresis loops were measured on an automated
Princeton Measurements Vibrating Sample Magne-
tometer (VSM Model 2900). The maximum field

was 1 T. Hysteretic parameters (saturation magnetiza-
tion, Ms, saturation isothermal remanent magnetization,
Mrs, coercivity, Bc) were calculated after subtract-
ing the paramagnetic contribution (χpara, the high-field
etary Interiors 160 (2007) 181–191

slope). The coercivity of remanence (Bcr) was deter-
mined by the backward DC demagnetization of Mrs.
Contributions from ferrimagnetic minerals (χferri) to
the bulk magnetic susceptibility (e.g., magnetite and
maghemite) are calculated by χ − χpara. The ratio
χferri/χpara is used to quantify the relative contribu-
tions of the ferrimagnetic and paramagnetic fractions
to χ.

Day plot was constructed to estimate the grain-sizes
of magnetic minerals (Day et al., 1977; Dunlop, 2002)
(Fig. 4). Low temperature measurements of samples
were performed with a Quantum Design Susceptometer
(MPMS). A 2 T saturation isothermal remanent magne-
tization (SIRM) was acquired at 20 K, and then heated
up to 300 K in zero fields with a temperature error ±1 K
(the curve is referred as to LT-SIRM).

Anhysteretic remanent magnetization (ARM) was
imparted in a 200 mT alternating field with a super-
imposed 50 �T direct bias field using a Dtech
D2000 instrument. ARM is then expressed as χarm,
after normalizing by the 50 �T direct bias fields.
A more detailed description of the application of
these rock magnetic proxies is summarized in Section
5.2.

4. Results

4.1. Photography

The microstructure studies on four representative
samples are illustrated in Fig. 2. Sample 11 under-
went only slight retrograde metamorphism. It consists
of garnet, omphacite, apatite and minor rutile. The
concentration of garnet + omphacite is up to 70% and
omphacites are rimmed by thin symplectic coronas
of amphibole and albite. Sample 14 has undergone
an intermediate degree of retrograde metamorphism,
containing garnet, omphacite and quartz. Omphacites
have been partly replaced by symplectic corona of
amphibole + albite, and garnets by corona of amphi-
bole and/or biotite. For the extensively retrograde
eclogite (sample 30), omphacites are partly or com-
pletely replaced by symplectites of amphibole and
albite, garnets partly by coronas of amphibole, and
rutile by ilmenite. For sample 51, content of gar-
net + omphacite is only 10%, it has been transformed
to garnet amphibolite. Amphibole + plagioclase occur
as symplectite after omphacites, garnets are rimmed

by symplectic corona of biotite and plagioclase, rutile
by ilmenite. The exact volume concentrations of the
garnet + omphacite and symplectite are summarized in
Table 1.
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Table 1
Summary of magnetic and major mineral assemblages of eclogites from the ZK703 holea

Sample Lithology ρ χ χarm Bc Bcr Mrs Ms χferri χpara Bcr/Bc Mrs/Ms Grt (%) Omp (%) Grt + Omp (%) Sym (%)

11 RE 3.46 3.645 2.544 6.31 14.9 0.99 9.22 0.94 2.71 2.36 0.107 41 29 70 19
14 RE 3.30 29.24 70.87 5.37 12.7 24.46 255.41 26.30 2.96 2.37 0.096 31 19 50 14
20 RE 3.28 8.146 8.715 5.19 15.4 3.57 55.79 6.08 2.07 2.97 0.064 34 11.6 46 20
22 RE 2.86 1.188 0.769 13.4 58.7 0.36 2.11 – 1.30 4.38 0.171 10 4 14 0
28 RE 3.06 4.778 6.845 4.45 12.3 23.52 381.48 2.41 2.37 2.76 0.062 26 9 35 38
30 RE 3.08 5.068 8.077 4.71 14.3 2.83 50.68 2.79 2.28 3.04 0.056 28 7 35 36
32 RE 2.99 6.27 14.92 7.99 17.7 6.63 54.64 4.57 1.70 2.22 0.121 0 0 0 59
51 RE 2.89 9.503 3.802 1.9 12.7 1.53 85.44 8.14 1.37 6.68 0.018 10 0 10 44
68 RE 3.07 3.662 11.32 16.8 29.9 2.97 12.98 1.44 2.22 1.78 0.228 22 0 22 48

Average 3.11 8.48 14.21 7.35 20.96 7.43 100.85 5.85 2.11 3.17 0.103 22.44 8.84 31.29 30.89

12 Band-eclogite 3.54 3.738 5.471 7.03 15 1.89 20.02 0.56 3.81 2.134 0.095 49 46 95 0
13 Eclogite 3.42 3.564 4.264 5.98 21.5 0.98 12.49 0.84 2.73 3.595 0.078 33 32 65 14
15 Quartzite eclogite 3.38 6.204 24.43 8.55 15.5 7.03 44.15 4.59 1.61 1.813 0.159 40 23 63 7
26 Eclogite 3.60 2.681 1.306 12.4 42.4 0.33 3.37 0.10 2.58 3.419 0.099 34 33 67 5
53 Rutile eclogite 3.54 2.987 0.307 6.6 16.6 0.1 2.98 0.07 2.92 2.515 0.034 35 37 72 0
54 Quartzite eclogite 3.54 2.683 2.01 5.93 24.9 0.18 2.69 0.45 2.23 4.199 0.068 39 30 69 7
57 Eclogite 3.66 2.876 0.367 13.2 32.3 0.15 2.64 0.09 2.78 2.447 0.056 33 34 67 0

Average 3.53 3.53 5.45 6.63 18.69 1.84 9.81 0.96 2.58 2.87 0.084 37.57 33.57 71.14 4.71

a Unit: χ, χarm, χpara, and χferri are in 10−7 m3 kg−1; Mrs and Ms are in 10−6 Am2 kg−1. Density ρ is in g/cm3. Bcr and Bc are in mT. Grt: garnet; Omp: omphacite; Sym: symplectite. RE
represents retrograde eclogite.
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Table 2
Magnetic susceptibility and density of different retrograded eclogites from the CCSD main hole

Lithology ρ (g/cm3) χ (×10−7 m3/kg)

min max mean min max Mean

Raw eclogite (15) 3.25 3.70 3.48 0.82 17.90 4.76
Slightly-moderately retrograded eclogite (10) 3.13 3.45 3.29 3.91 13.10 7.51
Extensively retrograded eclogite (8) 2.90 3.26 3.12 9.98 51.90 28.60

* 3.05

lite.
Fully retrograded eclogite (8) 2.72

Note: numbers in bracket are sample count.
* Full retrograded eclogite has been transformed to epidote amphibo

4.2. Magnetic, density and compositional analysis

The rock magnetic parameters and mineral analy-
sis for the ZK703 hole are summarized in Table 1 and
densities and susceptibilities of 41 samples from the
CCSD main hole are shown in Table 2. The densities and
magnetic properties of different eclogites in two holes
differ significantly. For the ZK703 hole, the retrograde-
eclogites have density between 2.86 and 3.46 g/cm3
with an average of 3.11 g/cm3. The corresponding χ

is between ∼1.19 and 29.24 × 10−7 m3 kg−1. In con-
trast, the unretrograde samples have a relatively higher
density ranging between 3.38 and 3.66 g/cm3 with an

Fig. 3. Plot of density and magnetic parameters vs. concentration of garnet + om
χpara and ferrimagnetic susceptibility χferri vs. concentration of garnet + omph
remanent magnetization Mrs and saturation magnetization Ms vs. concentration
eclogites and raw eclogites, respectively.
2.88 0.71 10.50 3.42

average of 3.53 g/cm3. The magnetic susceptibilities of
these fresh samples have a narrower distribution between
2.68 and 6.20 × 10−7 m3 kg−1, suggesting the occur-
rence of some alterations of magnetic properties through
retrograde metamorphism (Table 1). Sample 11 has the
highest concentration of garnet + omphacite (70%). In
contrast, sample 32 is devoid of these UHP minerals.
Unretrograded eclogites generally have higher concen-
trations of garnet + omphacite and lower symplectite

than the retrograde eclogites (Table 1).

Densities and susceptibilities of 41 samples of eclog-
ites with different retrograded metamorphic degrees
from the CCSD are shown in Table 2. For raw eclog-

phacite and symplectite: (a)–(c) densityρ, paramagnetic susceptibility
acite; (d)–(f) ferrimagnetic susceptibility χferri, saturation isothermal
of symplectite. Square and triangle represent retrograded metamorphic
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Table 3
Mineral compositions of representative eclogite samples with different retrograded metamorphic degree from CCSD main hole

Classification No. Mineral assemble and content

Raw eclogite 060 Gt 50, Omp 40, Ru 4, Cc 3, Ap 2, Pr 1
084 Gt 60, Omp 35, Ru 4, Pr 1
121 Gt 45, Omp 40, Q 10, Ru 3, Pr 2
332 Gt 45, Omp 40, Q 5, Ph 8, Ru 1, Pr 1

Slightly retrograded eclogite 003 Gt 45, Omp 25, Q 20, Am 4, Pl 4, Ru 1, Mt 1
017 Gt 35, Omp 40, Q 15, Ph 2, Ru 3, Am 2, Pl 2, Mt 1
112 Gt 50, Omp 20, Q 10, Ph 7, Ru 5, Am 2, Bi 3, Ap 1, Pr 2
198 Gt 35, Omp 50, Q 5, Ph 3, Ru 2, Am 2, Pl 2, Mt 1

Moderately retrograded eclogite 005 Gt 25, Omp 10, Q 25, Ru 3, Am 15, Pl 20, Pr 2
027 Gt 35, Omp 30, Q 8, Ph 4, Ru 4, Bi 3, Am 8, Pl 7, Mt 1
071 Gt 35, Omp 25, Q 8, Ru 4, Am 12, Pl 10, Pr 2, Mt 3
307 Gt 35, Omp 30, Q 8, Ph 6, Am 10, Pl 10, Ru 1

Extensively retrograded eclogite 030 Gt 20, Q 25, Ilm 3, Am 20, Pl 25, Bi 5, Mt 2
058 Gt 30, Q 10, Am 20, Pl 20, Bi 8, Ilm 5, Ap 2, Ep 5
170 Gt 50, Omp 2, Q 6, Ph 6, Ilm 2, Am 18, Pl 12, Bi 2, Mt 2
199 Gt 25, Q 8, Ph 8, Ilm 2, Bi 2, Am 20, Pl 20, Czo 10, Mt 3

Fully retrograded eclogite 001 Gt 7, Am 35, Q 25, Pl 25, Sph 3, Bi 4, Pr 1
006 Gt 15, Am 40, Pl 22, Bi 15, Ep 3, Sph 4, Pr 1
035 Gt 2, Am 35, Pl 35, Bi 15, Q 5, Ep 4, Sph 4

N oisite; E
P titanite.
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sively retrograde ecologites, the dominant magnetic
mineral is magnetite (Table 3). The average grain size
of magnetic minerals indicated by the Day-plot is
shown in Fig. 4. Overall, magnetic minerals in both
123

ote: Am: amphibolite; Ap: apatite; Bi: biotite; Cc: calcite; Czo: clinoz
h: phengite; Pl: plagioclase; Pr: pyrite; Q: quartzite; Ru: rutile; Sph:

tes, slight-moderate retrograded eclogites, extensive
etrograded eclogites and full retrograded eclogites,
ean values of density are 3.48 g/cm3, 3.26 g/cm3,

.12 g/cm3, and 2.88 g/cm3, respectively, and corre-
ponding to susceptibilities are 4.76 × 10−7 m3 kg−1,
.51 × 10−7 m3 kg−1, 28.60 × 10−7 m3 kg−1 and
.42 × 10−7 m3 kg−1, respectively (Table 2).

The relationships between magnetic parameters and
arnet + omphacite and symplectite are shown in Fig. 3.
ensity and paramagnetic susceptibility χpara gener-

lly shows a positive correlation with the concentration
vol.%) of garnet + omphacite (Fig. 3a and b) and but
ow-field slope (i.e. ferrimagnetic susceptibility χferri)
ear to be negative correlation (Fig. 3c). Symplectite is
secondary mineral related with decompressinal break-
own reactions in retrograded metamorphic processes
nd ferrimagnetic minerals (e.g. magnetite) are generally
s symplectite occurring. Therefore, the concentration
f symplectite in eclogites can be used to indicate the
egree of retrograde metamorphism in this region. χferri,
rs and Ms have positive correlations with symplectite

ontents, except for two samples with high Mrs and Ms
alues (Fig. 3d–f).
Domain states are related to grain-size and thus
t might be possible to estimate the mean grain-
ize of a sample under the assumption that there
s no change in magnetomineralogy. Mineralogical
Am 58, Q 20, Bi 10, Ep 5, Pl 5, Ap 1, Sph 1

p: epidote; Gt: garnet; Ilm: ilmenite; Mt: magnetite; Omp: omphacite;

analysis of representative samples with different retro-
graded eclogites from the CCSD is in Table 3. From
slightly-moderately retrograded ecologites to exten-
Fig. 4. Mrs/Ms and Bcr/Bc results (large solid circles) for ZK703 retro-
grade eclogites. The dashed areas are the data set from Day et al. (1977).
The solid and open circles represent the retrograde metamorphic and
raw eclogites, respectively.
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Fig. 5. Low temperature thermal demagnetization curves for represen-
tative samples.

unretrograde and retrograde eclogites are in pseudo-
single domain (PSD) grain size region and overlap each
other.

The low temperature heating curves are shown in
Fig. 5. The remanences acquired at 20 K gradually
decrease with increasing temperature. The intensity drop
between 20 and 40 K could relate to pyrrhotite, but
also could be caused by magnetite particles (Özdemir
et al., 1993). However, its contributions to the room
temperature remanence are not significant. The signif-
icant intensity drops at ∼120 K indicating the presence
of magnetite. Magnetite is the dominant magnetic carrier
in samples, especially for samples 14, 28, and 51.

The temperature-dependence of magnetic suscep-

tibility curves for samples 14, 30, and 51 are
illustrated in Fig. 6. The distinct Curie temperatures at
∼580 ◦C indicate that the dominant magnetic carrier is
magnetite.

Fig. 6. Temperature-dependence of magnetic suscep
etary Interiors 160 (2007) 181–191

5. Discussion

5.1. Index of the retrograde metamorphic degree

The UHP eclogites of the Sulu region have
experienced at least three stages of metamorphism
(eclogite, amphibolite, and greenschist facies)
(Zhang et al., 2000). During retrograde meta-
morphism from eclogite to amphibolite facies,
plagioclase + biotite + amphibolite + symplectite
were gradually formed by replacing gar-
net + omphacite + phengite. During the more advanced
retrograde metamorphic stage (greenschist facies),
albite + chlorite + actinolite + quartz assemblage com-
pletely replaced the primary minerals in the eclogites.
Therefore, the volume concentration of garnet and
omphacite decreases with increasing degrees of ret-
rograde metamorphism. In contrast, the concentration
of symplectite + amphibole will increase. Because
the volume concentration of garnet + omphacite is
inversely correlated to the concentration of symplec-
tite + amphibole, in this study, we only use the volume
concentration of garnet and omphacite as an index of
the retrograde metamorphic degree. Table 1 reveals that
the retrograde metamorphic degree of our samples is
11, 14, 28, 30, 22, and 51 in ZK703 hole. This can
also be confirmed by the variations in symplectite and
amphibole. For example, sample 32 has a maximum
concentration (59%) of symplectite, and is totally
absent of garnet + omphacite, indicating that this sample
has a maximum retrograde degree. Mineral assemble
and contents of representative samples with different
retrograded eclogites from CCSD show in Table 3.

From raw eclogites, slight retrograded eclogites,
moderation retrograded eclogites, extensive retro-
graded eclogites to full retrograded eclogites, contents
of garnet + omphacite are from 85–90%, 70–85%,

tibility for samples 14 (a), 30 (b) and 51 (c).
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5–65%, 25–45% to 0–15%. It indicates that from raw
clogite to full retrograded eclogite, concentration of
arnet + omphacite is decreasing trend (Xu et al., 2004).

.2. Interpretative framework of magnetic
arameters

In this section, we will provide a framework for inter-
reting the magnetic parameters used in this study in
erms of grain sizes and magnetic mineralogy.

SP and multi-domain (MD, >30–40 �m) magnetite
nd maghemite particles are both characterized by high
usceptibility and weak remanence intensity. However,
he apparent absence of SP particles in our samples
an avoid such as ambiguity. Therefore, higher χ/χarm,
/SIRM, Bcr/Bc correspond to coarser grains. In contrast,
igher ratios of SIRM/χ, ARM/SIRM, and Mrs/Ms indi-
ate finer grains. For example, SD particles are expected
o have the lowest χ/χarm ratio (∼0.09) (Dankers, 1978;

aher, 1988).
The combination of Mrs/Ms and Bcr/Bc ratios is named

Day plot” (Day et al., 1977; Dunlop, 2002), which is
nother tool for estimating the average grain-size of mag-
etic minerals. Day et al. (1977) divided the Day-plot
nto single domain (SD, Mrs/Ms > 0.5 and Bcr/Bc < 1.5),
seudo-single domain (PSD, 0.5 > Mrs/Ms > 0.05 and
> Bcr/Bc > 1.5), and MD (Mrs/Ms < 0.05 and Bcr/Bc > 4)
rain size regions. More recently, Dunlop (2002) refined
hese boundary values based on theoretical calculations.
he newest threshold values for SD, PSD and MD parti-
les are Mrs/Ms > 0.5 and Bcr/Bc < 2, 0.5 > Mrs/Ms > 0.02
nd 5 > Bcr/Bc > 2, and Mrs/Ms < 0.02 and Bcr/Bc > 5,
espectively. Based on Dunlop (2002)’s model, the Day
lots of all samples are in PSD grain size region. This
s further demonstrated by the interparametric ratios of
/χarm, which is >0.09 for all samples.

The magnetic mineralogy can use be determined
y temperature-dependence of the magnetic proper-
ies. Magnetite has a special transition point at ∼120 K
Tv), where it experiences a phase transition from cubic
o monoclinic Tv (Verwey et al., 1947; Özdemir and
unlop, 1999; Özdemir et al., 2002). In addition, a
580 ◦C Curie temperature also can be surely assigned

o nearly-stoichiometric magnetite. Figs. 5 and 6 show
pparent ∼120 K Tv and ∼580 ◦C Curie temperature,
ndicating that the dominant magnetic carriers are mag-
etite. Because of the absence of SP particles, the
radually decrease of remanence intensity during heat-

ng (Fig. 5) is probably due to maghemite (Özdemir et
l., 1993).

In addition, susceptibilities and densities of dif-
erent retrograded eclogites from CCSD indicate in
etary Interiors 160 (2007) 181–191 189

Table 2. Densities of eclogites are decreasing with ret-
rograded degree increasing and mean values are from
3.48 g/cm3 for raw eclogites to 2.88 g/cm3 for full ret-
rograded eclogites. But variations of susceptibilities
for different retrograded eclogites have a peak value
(28.60 × 10−7 m3 kg−1) in extensively retrograded and
it is only 3.42 × 10−7 m3 kg−1 for fully retrograded
eclogites (transform to epidote amphibolite) (Table 2).

5.3. Relationship between magnetic properties and
the retrograde metamorphic degree

Zhang et al. (2000) suggested that the retrograde
metamorphism at the Sulu region follows a path char-
acterized by rapid decompression and slowly decreasing
temperature. The P–T conditions were around 550 ◦C
and <10 kbar (Zhang et al., 1995), or alternatively
510–720 ◦C and 8–12 kbar (Enami et al., 1993). Fig. 3a
and b show the relationship between concentration
of garnet + omphacite and the density and paramag-
netic fractions of magnetic susceptibility for the studied
eclogites and results indicate that both is mostly con-
trolled by garnet and omphacite. Compared to χpara, the
concentration proxies χferri for ferrimagnetic minerals
exhibit relative complicated patterns (Fig. 3c). Seem-
ingly, the concentration of magnetite initially increases
with decreasing Grt + Omp (vol.%) except for one sam-
ple with high susceptibility. Magnetite exists generally in
smyplectite as retrograded metamorphic products (Wang
et al., 2000) and thus concentration of symplectite also
can qualitatively study relationship between magnetic
and retrograded processes. Ferrimagnetic parameters
χferri, Mrs, Ms generally correlate positively with con-
tents of symplectite except for two samples with high
magnetic (Fig. 3d–f). Therefore, magnetic parameters
(include paramagnetic and ferrimagnetic) can efficiently
indicate retrograded metamorphic processes in this
region. The formation of magnetite must relate to the
replacement of the iron-bearing minerals. However, if
our interpretations are correct, magnetite can be fur-
ther removed when reach full retrograde metamorphic
degree.

Mineral assemble of representative samples from
CCSD main hole shows in Table 3. From raw eclogites
to slight-moderation retrograded eclogites to extensive
retrograded eclogites to full retrograded eclogites, mag-
netite contents corresponds to zero to 1% to 2–3%
to zero. It indicates that variations of magnetite con-

tents are increasing from unretrograded eclogites (i.e.
raw eclogites) to extensively retrograded processes, and
then decrease to zero when reach the fully retrograded
state. Therefore, we infer that The P–T conditions dur-
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ing the retrograde (decompressional) process could first
increase the concentration of magnetite, and then reach
highest in extensive retrograded, while full retrograded
process, magnetite in eclogites is dissolved. Therefore,
magnetite is main factor controlling magnetic properties
of various eclogites in this region.

6. Conclusions

Based on the discussion above, the main con-
clusion of this study is that magnetic properties
of different retrograded eclogites are highly linked
to the degree of retrograde metamorphism. From
raw eclogite → slightly retrograded → moderately ret-
rograded → extensively retrograded, ferrimagnetic sus-
ceptibility, saturation isothermal remanent magnetiza-
tion and saturation magnetization generally increase,
and then further decrease while reaching full retro-
grade eclogites. The dominant magnetic carriers are
nearly stoichiometric magnetite and the overall mag-
netic grainsize of eclogite samples are located in the
PSD grainsize region. SP particles are absent in our
samples. The paramagnetic fractions of magnetic sus-
ceptibility are determined by the volume concentrations
of garnet + omphacite resulting in a strongly positive cor-
relation between χpara (also density) and the degree of
retrograde metamorphism. Therefore, χpara and density
can be efficient proxies for semi-quantitatively deter-
mining the degree of retrograde metamorphism in this
region. This rock magnetic approach will be faster
but non-destructive compared to the petrologic analy-
sis especially for the preliminary survey of a long drill
hole or a large amount of samples.

Finally, we revealed that the maximum concentration
of magnetite occur for samples with extensive degrees
of retrograde metamorphism and magnetite content is
almost absent for the fully retrograded eclogites (as
transform to epidote amphibolite). This could indicate
that magnetite can be further dissolved by the even higher
degrees of retrograde metamorphism and magnetite is
a major factor controlling magnetism of retrograded
eclogites. Therefore, rock magnetic methods are poten-
tially important for evaluating the retrograde processes
of ecologites in this region.
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