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[1] The high Fe-Ti eclogites with exsolved lamellar in 530–600 m depths from the Chinese
Continental Scientific Drilling (CCSD) main hole in the Sulu Ultra-High Pressure (UHP)
metamorphic belt, eastern China, record an anomalously high susceptibility (k), natural
remanent magnetization (NRM) and Köenigsberger ratio Q (NRM/Ji, Ji is induced
magnetization). This provides us with a good opportunity to study the effects of magnetic
minerals and exsolution lamellae on the magnetic properties of deep rocks. In this paper, we
have measured systematically magnetic properties and mineral assemblage and structure for
three special samples (No. 83, No.86 and No.89). Results show that these Fe-Ti-rich
eclogites are the result of the fine-grained (titano)-magnetite exsolution in pyroxene
and lamellar structure consisting of finely interlayered ilmenite and hematite in exsolved
hemo-ilmenite. We found that the dominant Fe-bearing oxide minerals in samples studied
are ilmenite, hematite (Hem + Ilm up to 25%), little (titano)magnetite and pyrite. The
ferromagnetic susceptibility is mainly controlled by fine grained (titano)magnetite and NRM
is closely related to the exsolved lamellar structure. We hence propose that the anomalous
magnetism of these eclogites observed in our samples is the result of exsolution from
homogenous pyroxene and ilmeno-hematite during cooling and decompression processes.
These Fe-Ti-rich eclogites might be one of the sources of high-magnetic anomalies
observed in the Sulu subduction zone, eastern China.

Citation: Liu, Q., B. R. Frost, H. Wang, J. Zheng, Q. Zeng, and Z. Jin (2012), Magnetic petrology of high Fe-Ti eclogites from the
CCSD main hole: Implications for subduction-zone magnetism, J. Geophys. Res., 117, B07102, doi:10.1029/2011JB008621.

1. Introduction

[2] The magnetic properties of deep crustal rocks are
mainly controlled by minerals of the magnetite ― ulvöspinel
(xFe2

2+Ti4+O4.(1� x)Fe3+(Fe2+Fe3+)O4), hematite― ilmenite
(xFe2+Ti4+O3. (1 � x) Fe2

3+O3), and pyrrhotite (Fe1�XS) solid
solutions [Frost and Shive, 1986; Banerjee, 1991; Frost,
1991a, 1991b; Q. Liu et al., 2007, 2008, 2009]. However,
the exact causes of the abundances of these minerals and how
they relate to the magnetic signature of the continental lower
crust and to long-wavelength magnetic anomalies (or litho-
sphere’s magnetic field) are still poorly known [Shive et al.,
1992; Wasilewski and Mayhew, 1992; McEnroe et al.,
2004] because, in many regions, it is still difficult to identify
the agents that cause these anomalies [Florio et al., 1993;
Langel and Hinze, 1998; Blakely et al., 2005].

[3] From a large number of previous magnetic measure-
ments of crustal rocks, it is known that the magnetite is the
main source of magnetism in deep crustal rocks [Frost and
Shive, 1986], but recently, the exsolved hematite-ilmenite
solid solution has been shown to carry a strong and stable
natural remanane magnetism (NRM) [McEnroe and Brown,
2000; McEnroe et al., 2001b; Kletetschka et al., 2002;
Robinson et al., 2006; McEnroe et al., 2007, 2009]. The
hematite and ilmenite in these rocks are interlayered with
thicknesses ranging down to unit-cell scale (1–2 nm)
[Robinson et al., 2002]. Two types of rocks have been found
to carry this magnetic source: hematite - ilmenite ores
[Robinson et al., 2002; Dyar et al., 2004; McEnroe et al.,
2002, 2007] and relatively oxidized granulite-facies rocks
[McEnroe and Brown, 2000; McEnroe et al., 2001a;
Kletetschka et al., 2002; Kasama et al., 2004]. Robinson
et al. [2002, 2004] have postulated that this type of
NRM is caused by a ‘contact layer’ between antiferromag-
netic hematite and ilmenite within the highly exsolved
hemo-ilmenite or ilmeno-hematite and called it lamellar
magnetism [Robinson et al., 2002; Kasama et al., 2004].
McCammon et al. [2009] have proposed a quantitative
estimation of contact layer abundance by Mössbauer spec-
troscopy and evaluating lamellar magnetism. As a result of
these pioneering works, it is now believed that, in addition to
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titano-magnetite, exsolved hemo-ilmenite or ilmeno-hema-
tite can produce intensively stable NRM which provides a
new perspective for interpreting aeromagnetic anomalies
[McEnroe and Brown, 2000; Kletetschka et al., 2002;
McEnroe et al., 2009].
[4] In general, high and ultrahigh pressure (UHP) meta-

morphosed basic rocks do not exhibit an intense magnetism
[Q. Liu et al., 2007, 2009; H. Xu et al., 2009] because Fe-Ti
oxides are consumed at high pressures by solution of Fe3+ and
Ti into garnet and clinopyroxene [Frost, 1991a]. For this rea-
son, most eclogites are paramagnetic or weakly ferromagnetic.
However, magnetic properties of variable retrogressed eclo-
gites are related to the retrogressed process and the tectonic
fabric [Abalos and Aranguren, 1998; Strada et al., 2006;
Liu et al., 2009; H. Xu et al., 2009]. In this paper we study the
magnetic Fe-Ti-rich eclogites collected from the CCSD main
hole in the Sulu UHP metamorphic belt, eastern China. These
rocks exhibit a very strong NRM and could help us understand
the sources of magnetic anomalies in high-pressure regimes.

2. Geological Background

[5] The Sulu UHP metamorphic belt of eastern China was
formed during Triassic collision between the North China

and Yangtze cratons [Zhang et al., 2006; Z. Xu et al., 2009].
The peak UHP metamorphism (4–5 GPa, 800–900�C) has
been observed when a continental slab was subducted to a
depth of �150 km at �230 Ma [Z. Xu et al., 2009]. The
UHP metamorphic assemblages were preserved because
they were rapidly uplifted to the upper crust between
230–200 Ma [Z. Xu et al., 2009].
[6] The main hole of the CCSD project is located at the

southern segment of the Sulu UHP metamorphic belt
(34�25′N/118�40′E), about 17 km southwest from Donghai
county [Z. Xu et al., 2009]. The UHP eclogites extracted
from the CCSD main hole contain rich geochemical and
petrofabric information [Qi et al., 2009; Wang et al., 2009;
Z. Xu et al., 2009]. Most eclogites from the drill hole only
contain minor amounts of Fe-Ti oxides and are paramagnetic
[Liu et al., 2009; H. Xu et al., 2009]. The highly magnetic
eclogites studied in this paper are located at a depth of 530–
600 m. They are only weakly retrograded and are composed
of omphacite, garnet, apatite, phengite and quartz [Zhang
et al., 2006; Y. Liu et al., 2007]. Zhang et al. [2006]
described these eclogites as “high Fe-Ti eclogites,” a
term that we also used in our samples [Zeng et al., 2009;
Y. Liu et al., 2007]. The high Fe-Ti eclogites are charac-
terized by 32.91–42.2% of SiO2, 15.74–33.24% of FeOT

Figure 1. Reflected light photomicrographs of high-Fe-Ti eclogites with exsolved lamellae-rich mineral
grains. Omp-ompacite; Gar-garnet; Pyr-pyrite; Ilm-ilmenite; Hem-hematite. Hemo-ilmenite intergrowth;
the ilmenite-hematite solid solution has a very fine intergrowth structure.
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(total Fe oxide content), and 4.18–6.85% of TiO2. These
compositions are similar to those of ferrobasalts and oxide
gabbros [McBirney, 1998; Zhang et al., 2006; Y. Liu et al.,
2007]. The special samples considered in this paper
(samples 83, 86 and 89) were collected at depths of
560.00, 571.08 and 583.16 m in the CCSD borehole.

3. Analytical Methods

3.1. Rock Magnetic Experiments and Density
Measurements

[7] The cylindrical samples were cut parallel to the
borehole direction or perpendicular to foliation, with a
diameter of 2.5 cm and height of 2.2 cm. Low-field mag-
netic susceptibilities (k) and the natural remanent magne-
tization (NRM) were measured using a Kappa Bridge
(KLY-2) and DSM-2, SSM-2A Spinner Magnetometers
(Schonstedt Company, U.S.A) at the room temperature.
The Köenigsberger ratio (Q) was calculated as NRM/Ji,
where Ji is the induced magnetization (=k � H, H being the
local geomagnetic field intensity, H = 0.05089 mT).
[8] Magnetic hysteresis loops were measured on pow-

dered samples using an automated Princeton Measurements
Vibrating Sample Magnetometer (VSM Model 3900). The
maximum field was 2.0 T. Magnetic hysteresis parameters
(saturation magnetization, Ms, saturation isothermal rema-
nent magnetization, Mrs, intrinsic coercivity, Bc) were cal-
culated by subtracting the paramagnetic contribution (cpara,
the high-field slope). The remanent coercivity (Bcr) was
determined by the back-field DC demagnetization of Mrs.
Isothermal Remanent Magnetization (IRM) curves were
measured in applied field of 1 T. The ferrimagnetic suscep-
tibility (cferr) is calculated by substracting c� cpara (c is the
bulk magnetic susceptibility). We use the ratio cferr/cpara to
quantify the relative contributions of the ferrimagnetic and
paramagnetic fractions to c. To further characterize com-
ponents of the magnetic carrier in our samples, various
thermomagnetic curves were measured, which included the
temperature-dependence of mass susceptibility c, high-low
temperature curves of saturation isothermal remanent mag-
netization (SIRM), and the stepwise thermal demagnetization
of JN (NRM). Density (r) was measured using a LP-1002
gravity densimeter, with a resolution of 0.01 g/cm3 and a
corresponding precision of 0.03%. Magnetic hysteresis and
thermomagnetic experiments and alternated field (AF)
demagnetization of SIRM were performed using standard
magnetic equipments and measuring conditions in the
Paleomagnetism and Geochronology Laboratory, Institute of
Geology and Geophysics, Chinese Academy of Sciences
(CAS) and the State Key Laboratory of Geological Processes
and Mineral Resources in China (Wuhan).

3.2. Mineralogical Analyses

[9] Based on the magnetic measurements, special sam-
ples (83, 86 and 89) were chosen for optical, electronic
scanning microscopy (SEM), electron microprobe analysis
(EMP), X-ray diffraction (XRD) and Raman spectroscopy.
Polished thin sections of the specimens were examined under
both transmitted and reflected lights. EMP analyses were
performed using a JEOL JCXA-733 electron microprobe,
using 15 kv accelerating voltage, sample current of 10 nA
and a beam diameter of 1 mm. Mineral texture analysis wasT
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conducted using a JEOL JSM-35CF SEM equipped with an
energy dispersive spectrometer (EDS) and backscatter
detector. The EDS spectra were collected at a beam current
of 8.5 nA at 20 kv using a working distance of 11.5 mm.
X-ray diffraction (XRD) spectrum (from sample 83) was
obtained with a KC-106 diffractometer using a voltage of
15 kV, a current of 40 mA and a 2 theta range of 5–65�.
Micro-Raman spectrum analyses for samples 83 and 86
were performed by using Renishaw Company (U.K).

4. Results

4.1. Petrologic and Mineralogical Analyses

4.1.1. The Mineral Assemblage
[10] Photomicrographs of samples studied are shown in

Figure 1. The mineral assemblage is observed in the high
Fe-Ti eclogites is Grt + Omp + Qtz + Phn + Ap� (Rt,
(ilm + Hem), FeS2) [Zhang et al., 2006; Y. Liu et al.,
2007; Zeng et al., 2009]. Results indicate that hematite
and ilmenite abundances are up to 25%, pyrite is present
in abundances of around 1% (Table 1). Magnetite is not
evident in any thin section. In addition, XRD analyses for
whole rock of sample 83 showed only hematite and
ilmenite, with hematite > ilmenite and there were no mag-
netite peaks. Raman spectroscopy for exsolved lamellar
microstructures [Shebanova and Lazor, 2003; Wang et al.,
2004] shows that well-established hematite bands are

clearly visible at 411–413, 615–632, 295–299 cm�1 for
sample 83 and 291–293, 407–411, 612 cm�1 for sample 86
(Figure 2), which corresponds to standard values of hematite
(420, 625, 680, 250 and 310 (cm�1). The ilmenite bands (D)
were located at 683–687, 598–605, 457–458, 409, 332–336
and 258–262 (cm�1) for sample 83 and 677–686, 326–
334 (cm�1) for sample 86, respectively (Figure 2). The
additional bands in Raman spectrum for two samples might
be the results of other minor minerals surrounding the host
mineral. However, Raman spectra of relic magnetic inclusion
in sample 83 can be clearly observed at 672–676, 548–558,
296–306, and 409–411 (cm�1) (Figure 3 and Table 2) which
is close to values of magnetite (668, 538, 306 and 193 (cm�1)
[Shebanova and Lazor, 2003].
4.1.2. Lamellar Microstructures and Chemical
Analyses
[11] SEM analysis indicates that the samples contain

ilmenite host grains with several generations of hematite
exsolution lamellae lying parallel to (0001) (Figure 4). In the
first-generation lamellae, the largest width is less than 10 mm
in sample 83 (Figure 4a). In samples 86 and 89 (Figures 4b
and 4c), however, the largest width is approximately 50 mm.
In sample 86, the first-generation lamellae are not parallel to
(0001) (Figure 4b), whereas the second-generation lamellae
are (Figure 4d). Sample 83 contains ilmeno-hematite, which
consists of a hematite host with several generations of
ilmenite exsolution (Figure 4a). In sample 86, first-

Figure 2. Micro-Raman spectra of the exsolved lamellar microstructures for samples 83 and 86. L-light
area; D-dark area.
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generation lamella generally contains very fine second-
generation lamellae (Figures 4b and 4d). This might be caused
by the cutting of the sample into thin section that would affect
how the lamellae looks. These are most likely parallel to 0001.
This is the shared interface between ilmenite and hematite and
their element concentration is shown in Table 3.
[12] EMP analysis for lamellar microstructures shows that

the dark areas observed in exsolved microstructures are
ilmenite with an average FeOT of 52.34%, and TiO2 of
45.97%, whereas light areas correspond to hematite with an
average FeOT of 77.88, and TiO2 of 14.90% (Table 4). Con-
centrations of Cr2O3, MgO, and Al2O3 in ilmenite from sam-
ple 86 are higher than those of samples 83 and 89 (Table 4).
Ilmenite has higher level of MgO than hematite exsolution
(Tables 3 and 4). Magnetite grains are rare in our samples,
magnetite inclusion does occur in sample 83 revealed by SEM
as very fine exsolution from omphacite (Figure 3).

4.2. Densities and Magnetic Properties

4.2.1. Density, Susceptibility and Natural Remanent
Magnetization
[13] Densities of samples range between 3750 and

3870 kg/m3, susceptibility varies between 4.83 and 14.38 �
10�3 SI, and the range of NRM values are between 1.238
and 38.971 A/m (Table 1). The intensity of the current
geomagnetic field in the Donghai County is 0.05089 mT and
the calculated induced magnetization (Ji) ranges from 0.197
to 0.600 A/m. Thus the corresponding Köenigsiberger ratio

(Q, defined as the ratio of NRM to Ji) varies between 2.68
and 64.97 (Table 1). These values indicate that magnetism
observed in our samples is dominated by NRM instead of
the induced magnetization (Table 1).

Figure 3. SEM image for sample 83. Exsolution lamellar textures and relic magnetite cluster sur-
rounded by dark margin indicating ilmenite. It indicates magnetite cluster within exsolved lamellar
of ilmeno-hematite.

Table 2. Raman Spectrum Data of SpecifyMinerals for Exsolution
Lamellae in Samples 83 and 86a

Sample Raman Shift (rcm�1)
Inferred Major

Fe-oxide Mineral

83-D1 683 457 332 262 Ilmenite
83-D2 687 605 458 409 336 258 Ilmenite
83-D3 685 598 409 333 258 Ilmenite
86-D1 682 331 Ilmenite
86-D2 686 326 284 Ilmenite
86-D3 677 334 Ilmenite
83-L1 411 615 299 Hematite
83-L2 413 616 295 Hematite
83-L3 411 632 296 Hematite
86-L1 291 411 612 Hematite
86-L2 291 407 Hematite
86-L3 293 408 Hematite
83-M-D1 681 331 298 588 Ilmenite
83-M-D2 330 685 292 Ilmenite
83-M-C1 674 552 298 411 Magnetite
83-M-C2 674 550 296 409 Magnetite
83-M-C3 676 558 Magnetite
83-M-C4 672 548 306 Magnetite

aNote: 83-D1�86-D3 and 83-L1�86-L3 denote dark and light areas in
exsolution lamellar textures. 83-M-D1 and 83-M-D2 denote dark areas
around magnetite cluster in sample 83. 83-M-C1�83-M-C4 denote central
areas in magnetite cluster of sample 83.
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4.2.2. Thermomagnetic Analyses
[14] We used thermomagnetic analysis to identify mag-

netic phases and evaluate the effect of lamellar micro-
structures on NRM through unblocking temperatures (TB)
(Figures 5, 6, and 7). Curie temperature Tc of 585�C
observed in samples studied indicates that the principal
magnetic carrier is magnetite (Figure 5). Sample 83

exhibits a relatively reversible pattern, which indicates no
chemical transformation during the heating and cooling
processes. In sample 86, the cooling curve is much
higher than the heating curve, but the Curie temperature
indicates that magnetite is the magnetic phase. The irre-
versibility simply indicates that additional magnetite is
created during heating, by the alteration of some other

Figure 4. SEM images of samples (a) 83, (b) 86, (c) 89 and (d) magnified lamellar structures in
sample 86. Several generations of lamellar microstructures are visible.
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iron-bearing phase (Figure 5a). Two stable magnetic
components are shown in sample 89 which correspond to
pyrrhotite (Tc = 325�C) and magnetite (Tc = 585�C)
(Figure 5a). J - T curves of three samples are very similar
to those of k � T (Figure 5b). The unblocking tempera-
ture (TB) during thermal demagnetization of NRM is of ca.
600�C (Figure 6). There is a tiny fraction of remanence that
survives heating to 600�C in all three samples, and it is
slightly larger in sample 89 (Figure 6). Low-temperature
measurements display several interesting features
(Figure 7). With continued heating, remanence is lost in
samples 83 and 89 at 120 K as the Verwey transition for
magnetite is crossed [Verwey et al., 1947]. More than 50%
of the remanence is lost below 25 K in samples 83 and

86; for sample 89 it is >20%. It possibly indicates that
concentration of superparamagnetic (SP) grain in samples
83 and 86 is higher than that of sample 89. The Verwey
transition of magnetite is invisible in sample 86 (Figure 7).
4.2.3. Measurements of Hysteresis, IRM Curves
and AF Demagnetization of SIRM
[15] Hysteresis measurements indicate that in addition

to their characteristic ferrimagnetic behavior, the samples
studied contain a prominent paramagnetic component
(Figure 8), ferrimagnetic and paramagnetic susceptibility
ratios (cferr/cpara) vary between 0.78 and 5.38 (Table 1).
Ms and Mrs vary between 110.85 and 291.84 � 10�3

Am2 kg�1, and 13.72 and 60.01 � 10�3 Am2 kg�1,
respectively. Mrs/Ms ratios vary from 0.11 to 0.22 and

Figure 5. Temperature dependence of (a) c, (b) SIRM. Here c and SIRM are mass susceptibility and
saturation isothermal remanent magnetization. Arrows represent the heating/cooling process.

Figure 6. Stepwise thermal demagnetization curves of natural remanent magnetization (NRM).
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Hcr/Hc ratios are within the range 1.56–17.62 (Table 1).
We observe significant magnetic differences in IRM and
AF demagnetization curves of SIRM for samples studied
(Figures 9 and 10).

5. Discussions and Implications

5.1. Origin of Magnetism of Fe-Ti-Rich Eclogites

[16] From the thermomagnetic and mineralogical data, we
interpret that magnetic phases in samples studied belong to
dominantly (titan)magnetite series (magnetite and titano-
magnetite), ilmenite-hematite solid solution and Fe-sulfides
(pyrrhotite), but concentration of magnetic minerals is gen-
erally low. From Mrs/c, Hcr/Hc � Mrs/Ms ratios, we can
observe that magnetic components in samples 83 and 86 are
mainly (titano)magnetite and SD-PSD behavior (Table 1)
[Dunlop, 2002; Peters and Dekkers, 2003]. The level of
magnetite is low in samples studied corresponding to lower

ferromagnetic susceptibilities cferr (Table 1). From the above
observation, it is possible that a part of their NRM and
paramagnetic signature comes from the abundant ilmeno-
hematite (Tables 1 and 2). Robinson et al. [2002, 2004] have
suggested that hemo-ilmenite with a lamellar microstructure
can have a saturation magnetization of up to 55 kA/m. In
samples studied, we observe unblocking temperatures of ca.
600�C which reflects the effects of the Ti element on the TB

(Figure 6) [Feinberg et al., 2006]. We observe a highly
exsolved ilmeno-hematite and minor (titano)magnetite in
samples studied (Figures 1, 3, 4 and Tables 1, 2, 3) which
makes quantifying the contribution of both ilmeno-hematite
with lamellar structure and (titano)-magnetite to the NRM be
difficult.
[17] The values of c, Ms, and Mrs in sample 86 are always

lower than those in samples 83 and 89 (Table 1). Sample 86
has the lowest cferr/cpara ratio (0.78) and this ratio in sample
89 is slightly higher than that in sample 83 (Table 1). In
addition, we observe a high magnetic stability in samples 86
and 83 (Figure 10), however, the remanent coercivity in

Figure 7. Low-temperature thermal demagnetization of
SIRM, normalized to remanences at 20 K. Numbers indi-
cates the sample name.

Figure 8. Magnetic hysteresis loops of samples 83, 86 and 89 before (1) and after (2) correction for the
paramagnetic contributions.

Figure 9. Plot showing isothermal remanent magnetization
(IRM) curves for samples studied (maximum field is 1 T).
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sample 89 (magnetite) is low (Figure 10 and Table 1). This
indicates that the relative contributions of ferrimagnetic
susceptibility to bulk susceptibility in our samples are
the highest in sample 89, second in sample 83, and
lowest in sample 86 (Table 1). Figure 6 shows that the
thermal unblocking temperature (TB = ca. 600�C) of
sample 83 is very similar to that of sample 86 which
seem to be caused by titan-ilmeno-hematite composition
[Kletetschka and Stout, 1998] and this temperature is up
to 670�C in sample 89 which are close to those of
hemo-ilmenite ores and granulite-facies rocks observed in
other sites (Table 5) [McEnroe et al., 2001a; Kletetschka
et al., 2002; Kasama et al., 2004]. These characteristics
are remarkably different from those of the UHP eclogites
that lack highly exsolved ilmeno - hematite [Q. Liu et al.,
2007, 2009].
[18] We observe a large difference in exsolution textures

and mineral concentration of the ilmeno- hematite (Figures 1
and 4), which could be the reason why sample 83 has high
susceptibility and high NRM, whereas sample 86 has rela-
tively low susceptibility but a moderate NRM and sample 89
has high susceptibility and very low NRM (Table 1). In
sample 83, lamellas are usually narrower than 1 mm and lie
parallel to the (0001) planes of the host (Figure 4a). In
contrast, in samples 86 and 89 the lamellas are generally
wider than 10 mm and are not parallel to (0001) planes of the
host (Figures 4b and 4c). Sample 86, with a moderate NRM,
exhibits second-generation narrow lamellae which is parallel
to (0001) (Figure 4d). This is consistent with the observation
reported in Robinson et al. [2002] which proposed that the
intensity of lamellar magnetism increases when: (1) the
proportion of exsolved lamellar material is large, (2) lamel-
lae are of minimal thickness and maximum abundance,
maximizing the surface area of contact layers, and (3) host
(0001) planes are parallel to the magnetizing field,

promoting in – phase magnetization. This suggests that the
high concentration of hemo-ilmenite in sample 83 and its
lamellar microstructure might be the source of its high -
intensity NRM.
[19] Except for the minor change in magnetic intensity

observed at ca. 220�C, the experiments of k � T and J - T
show that magnetism in sample 89 is carried by Fe-sulfides
and magnetite (Figures 5, 6 and Table 3). Figure 5 shows
that the predominant ferro-magnetic component has a Tc of
581�C in sample 83 and 576�C in sample 86 which might be
the composition of magnetite. Cooling curves, however, are
always higher than the heating curves in the sample 86,
which indicates that additional magnetite is created during
heating, by alteration of some other iron-bearing phase. This
is consistent with relatively low susceptibility and higher
concentrations of minor elements (Cr2O3, MgO, and Al2O3)
in the magnetite-series minerals (0.60% in sample 86;
>0.40% in samples 83 and 89) (Figure 5 and Tables 1 and 4).
These diverse magnetic experiments and measurements
suggest that eclogites with and without exsolved phase of
the ilmeno-hematite solid solution have different magnetic
properties. However, it is difficult to identify the Curie point
between magnetite and hemo-ilmenite or ilmeno-hematite
solid solution, as a Tc of the hemo-ilmenite and ilmeno-
hematite, some of which may have some compositions with
Tc in the range of 580–600�C.
[20] We compare magnetite micro-inclusions within clin-

opyroxene relic magnetite in sample 83 (Figure 3) to those
observed in other clinopyroxenes [Frandsen et al., 2004;
Feinberg et al., 2005] and magnetite nanoparticles [Santoyo-
Salazar et al., 2007], all of which have been regarded as
sources of highly stable remanent magnetization [Renne
et al., 2002; Feinberg et al., 2006]. It is observed that
magnetite exsolved from the pyroxenes contributes to the
high NRM signature of the oxide-rich eclogites, because
individual magnetite crystal in the matrix is too coarsely
grained to host the NRM. In the pyroxenes of these rocks,
magnetite is exsolved because ferric iron is a commonly
substitute for Al in high-P, NaAlSi2O6-rich pyroxenes were
saturated in ferric iron during peak metamorphism.
[21] Natural Remanent Magnetization (NRM) of a rock

depends mainly on its material constituent, geological origin
and historical geomagnetic field. Pechersky [2007] observed
high geomagnetic intensity events occurred in 230 Ma, 8 �
1022 Am2 190 Ma ago and 10.5 � 1022 Am2 120 Ma ago
(close to those suggested by Tarduno et al. [2001]). This
could be the factor which generates the high NRM in high
Fe-Ti eclogites [Liu, 2011].

5.2. Implications for Subduction Zone Magnetism
and Exhumation Process of the UHP Eclogites

[22] Most of the Sulu UHP eclogites are not ferromagnetic
because, as discussed previously, Fe - Ti oxides were con-
sumed at high pressures by solution of Fe3+ and Ti into
garnet and clinopyroxene, and the pyroxene was not satu-
rated with ferric iron magnetite which did not exsolve from
the omphacite during retrogression. The magnetic properties
of relatively scarce high Fe - Ti eclogites studied, with
exsolved ilmeno-hematite and magnetite are comparable to
those of hemo-ilmenite ores and high-grade metamorphic
rocks containing exsolved hemo-ilmenite/ilmeno-hematite
elsewhere (Table 5). For example, NRM values are between

Figure 10. Alternating field (AF) demagnetization curves
of SIRM of samples studied. Sample 89 contains magnetic
mineral with low coercivity.
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25 and 36 A/m in hemo-ilmenite deposits in Ano-Sira
Anorthosite, Rogaland, Norway [McEnroe et al., 2002;
Dyar et al., 2004]. The layered intrusion from southwestern
Norway vary between 0.15 and 52.05 A/m [McEnroe et al.,
2009] which are similar to 1.238–38.971 A/m of samples
studied in this paper (Table 5). The magnetic difference
between our samples and those collected in other sites is
mainly due to the variations of lithology levels in these
samples (Table 5). In aeromagnetic and gravity anomaly
maps of eastern China [Wu, 2001], we observe prominent
high-magnetic anomalies associated with the fossil Sulu
subduction zone. The intensity of the magnetic anomalies is
always higher than 200 nT. Magnetic rocks in the Sulu area
are dominantly retrograssed eclogites, serpentinized garnet
peridotites, orthogneiss and high Fe-Ti eclogites with exso-
lution lamellar, respectively [Q. Liu et al., 2007, 2009,
2010]. Among them, high Fe-Ti eclogites have strong NRM
and Q values which are up to 64.97 for sample 83 (Table 1).
We hence believe that these high Fe-Ti eclogites with
lamellar structures might be the source of regional magnetic
anomalies in the Sulu subduction zone, E. China [Wu, 2001].
[23] Generally speaking, except for NRM intensity

depends much more strongly on properties of the recording
material, to acquire a strong and stable NRM in rocks such
as the high Fe-Ti eclogites, two conditions need to be sat-
isfied: 1) a slow isobaric cooling process after peak meta-
morphism under elevated temperature (above 800�C), and
2) an ambient high-intensity and constant field polarity
during NRM blocking. These conditions can be easily met in
the Sulu UHP metamorphic rocks in ca. 230–220 Ma ago.
Ilmeno-hematite exsolution occurred during decompression
under near isothermal conditions (ca. 850�C) at an exhu-
mation rates of 5.2–5.4 km/Ma, which were followed (ca.
190 Ma ago) by a slow T decreasing (from 850�C to 400�C)
under near isobaric conditions (ca. 1 GPa) [Z. Xu et al.,
2009]. He et al. [2009] proposed that the temperature at
the Moho boundary in the Sulu UHP metamorphic belt
reaches above 750�C and depth of the Moho boundary is
about 34 km [Yang, 2009]. If temperature acquired of NRM
for high Fe-Ti eclogite with IHSS is about 450�C [Robinson
et al., 2002], the corresponding depth should be 20.45 km
which locates at the upper lower crust in the CCSD main
hole site.
[24] Therefore, we suggest that NRM generated from high

Fe-Ti eclogites with exsolution lamellae of samples studied
is related to the tectonic setting in deep subduction and
exhumation processes. This result agrees well with the
mineral phase changes of exhumation and uplift processes
[Z. Xu et al., 2009]. This indicates that magnetic properties
of the high Fe-Ti eclogites presented in this paper will
greatly contribute to the understanding of the exhumation
process of the UHP metamorphic rock in the Sulu subduc-
tion zone, eastern China.

6. Conclusions

[25] There are various possible causes of the magnetic
properties in high-Fe-Ti eclogites with lamellae-rich from
the CCSD main hole, which controls the size of the exso-
lution lamellae in the ilmeno ― hematite and magnetic
minerals. Our studies show that, although the magnetic in
many eclogites is weak, some eclogites are high magnetic

susceptibility and NRM. This is because these eclogites are
formed from gabbros that were originally oxide rich. During
metamorphism to eclogite facies, Fe-Ti oxides, mostly a
ferric-iron rich ilmenite, are likely to survive in these rocks,
meaning that the coexisting pyroxenes will be saturated in
ferric iron. The exsolution of magnetite from pyroxene and
of hematite from hemo-ilmenite during cooling will produce
phases that can carry a strong magnetic signature. Thus, in
this paper, we observe that Fe-Ti-rich eclogites could gen-
erate a magnetic signature in the continental plate conver-
gence zones. These Fe-Ti-rich eclogites might be one of the
main sources of high-magnetic anomalies observed in the
Sulu UHP metamorphic belt, eastern China.
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