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S U M M A R Y
Magnetic mineralogy of crustal rocks has important implications for understanding continental
crustal evolution and origin of regional magnetic anomalies. However, magnetic properties of
the deep continental crust are still poorly understood. In this paper, measurements of density
(ρ), mass-specific magnetic susceptibility (χ ), natural remanent magnetization (NRM) and
magnetic hysteresis loops, temperature-dependent magnetic susceptibility (χ–T), chemical and
mineral analyses were conducted on Archean gneiss samples from the Jixian petrophysical
section in the Precambrian terrain, northeastern North China Craton, with the aim of refining
understanding of magnetic phase transformations in the deep crustal rocks. Results show that
density and rock magnetic properties change distinctly with metamorphic facies. The dominant
magnetic mineral is magnetite, while a little hematite is present in a few samples. Together
with geochemical and mineralogical compositions, it is inferred that progressive increase in
metamorphic grade from east to west is the major cause for magnetic enhancement of the
lower crust in the studied section. Therefore, we conclude that study of magnetic phases of
deep crustal rocks can offer important insights into the history of high metamorphic grade
terranes.

Key words: Magnetic mineralogy and petrology; Rock and mineral magnetism; Crustal
structure.

1 I N T RO D U C T I O N

Sources of the geomagnetic field are located both within and exter-
nal to the Earth. There is a natural dichotomy in the magnetic fields
deriving from internal sources between those generated within the
Earth’s core and those originating in the crust and upper mantle
(Kletetschka & Stout 1998; Langel & Hinze 1998; Pilkington &
Percival 1999; Ravat et al. 2002). Deep seated rocks contain vari-
able amounts of magnetic minerals, which commonly produce a
magnetic field mappable at the Earth’ surface (Arkani-Hamed &
Srangway 1985; Schlinger 1985; Frost & Shive 1986; Schlinger
et al. 1989; Piper et al. 2003; Brown & McEnroe 2008; Dunlop
et al. 2010; Ferré et al. 2013, 2014; Liu et al. 2013). The determina-
tion of factors controlling the occurrence and abundance of mineral
phases in deep crust is still in its infancy. Many geological processes
in deep crust can generate a crustal magnetic field by rock mag-
netic variation, such as progressive metamorphism (Wasilewski &
Fountain 1982; Schlinger 1985; Wasilewski & Warner 1988; Liu
et al. 1994, 2000; Dunlop et al. 2010), retrogressive metamorphic ef-
fects (Liu et al. 2007, 2009; Xu et al. 2009), fractural crystallization

(Liu et al. 2008, 2012), serpentinized processes (Toft et al. 1990;
Oufi et al. 2002; Liu et al. 2010, 2015) and hydration processes (Toft
et al. 1993). However, the balance between these processes, regional
metamorphism and rock magnetic properties remain unclear.

The magnetic structure of deep crust controls the characteris-
tics of regional middle–long wavelength magnetic anomalies (Liu
et al. 2015). Archean rocks exposed on the surface recorded chem-
ical composition and mineral assemblages in deep crust (Shive &
Fountain 1988; Frost 1991; Dunlop et al. 2010; Brown et al. 2013;
Liu et al. 2013). There are two important aspects to the study of
magnetic mineral occurrence in crustal rocks. One concerns the
factors that control Fe–Ti oxides, including the subsolidus reactions
that affect the oxide during cooling of plutonic rocks (Banerjee
1991; Frost & Lindsley 1992; Lindsley & Frost 1992). Although
they are nominally metamorphic reactions, they have been given lit-
tle attention by metamorphic petrologists (and even less by igneous
petrologists) and are poorly understood. The second concerns the
reactions that control the occurrence and abundance of Fe–Ti oxides
during metamorphism of rocks of various protoliths (Frost 1991;
Frost & Lindsley 1992; Lindsley & Frost 1992; Doubrovine &
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Tarduno 2004, 2006). Therefore, using high-grade metamorphic
rocks (i.e. Archean gneiss) exposed on the surface to study mag-
netic structure of the deep crust have important implications for
understanding the evolution of the deep crust (Shive et al. 1992).

The Jixian petrophysical section located in Precambrian terrain
of the northeastern North China Craton dominantly consists of high
amphibolite facies and granulite facies rocks from the eastern to the
western sectors. In this paper, we investigate the magnetic properties
of 47 samples, and mineral assemblages and chemical compositions
of representative samples. Our main objective is to elucidate the
relationships between rock magnetism and metamorphic grade in
the deep continental crust.

2 G E O L O G I C A L B A C KG RO U N D A N D
S A M P L I N G

The Jixian petrophysical section is regarded as a typical example
of a section of the lower continental crust. The section exposes
early Precambrian metamorphic basement in the northeastern North
China Craton (Zhang & Cong 1982; Zhang & Piper 1994; Deng et al.
1999; Piper & Zhang 1999, 2011; Fig. 1). The section studied is from
the Qinghuandao in east by Qinglong, Qianan, Kuancheng, Qianxi,
Zunhua, Jixian to Miyun in Beijing city, and whole section is ca.
220 km long (Fig. 1). Rocks mainly consist of Archean gneiss (Ar)
with little amphibolite, granite and early Palaeozoic rocks. Taken

the lithologic differences into consideration, two to three samples
were collected at each sampling site, and 47 samples were obtained
in total from 26 sites (No. 4–31, Fig. 1 and Table 1). The section
has been divided into three segments: the eastern segment including
samples No. 5–25, the middle segment: No. 26–47, and the western
segment: from No. 48 to 54 (Table 1).

3 A NA LY T I C A L M E T H O D S

3.1 Density and magnetic measurements

Density (ρ) was measured using a LP-1002 gravity densimeter,
with a resolution of 0.01 (×103) kg m−3 and a corresponding pre-
cision of 0.03 per cent. Mass-specific magnetic susceptibility (χ )
and natural remanent magnetization (NRM) of all samples were de-
termined using Kappabridge KLY-3S magnetic susceptibility meter
(AGICO, Inc.), and DSM-2 and SSM-2A Spinner Magnetometers
(Schonsted Company, USA), respectively. The Köenigasberger ra-
tio (Q) is given by NRM/Ji, where Ji is the induced magnetization
(=χ × H, where H is the intensity of the local geomagnetic field and
H = 0.06 mT).

Magnetic hysteresis loops were measured on powdered samples
using a MicroMagTM Model 3900 vibrating sample magnetome-
ter (VSM, Princeton Measurements Corp.); the maximum applied
field was 1.0 T. Hysteresis parameters, saturation magnetization

Figure 1. Geological map of the study area and sampling sites. NCC, North China Craton; YC, Yangtze Craton; SC, South Cathysia. East segment: No.
5–No. 14; Middle segment: No. 15–No. 27; West segment: No. 28–No. 31. 1. Archean gneiss; 2. Granite; 3. Pt-Pz, Proterozoic-Paleozoic; 4. Q, Quaternary;
5. Sampling site.
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Table 1. Density and magnetic parameters of Archean gneiss terrain rocks from the northeastern North China Craton.

Sample Site ρ χ NRM Ji Q χ ferri Ms Mrs Bc Bcr Mrs/Ms Bcr/Bc Mrs/χ

Eastern segment (20)

5 4-Qinglong 2.69 0.10 0.01 0.00 1.51 0.00 0.81 0.12 11.49 70.57 0.15 6.14 1.19
6 2.69 0.08 0.00 0.00 0.94 0.01 0.67 0.10 22.57 75.86 0.15 3.36 1.30
7 5 2.68 10.57 2.45 0.46 5.37 12.40 625 37.50 3.38 15.38 0.06 4.55 3.55
8 2.65 1.40 0.40 0.06 6.69 1.13 127 9.98 8.78 37.43 0.08 4.26 7.14
9 6 2.65 0.10 0.02 0.00 4.63 0.14 2.10 0.05 1.89 51.49 0.02 27.31 0.49
10 2.65 0.36 0.22 0.02 14.24 0.14 8.43 2.48 46.84 103.76 0.29 2.22 6.95
11 2.66 0.25 0.21 0.01 19.54 0.41 36.3 3.39 8.77 41.06 0.09 4.68 13.40
12 7 2.64 1.91 0.13 0.08 1.60 7.17 725 34.6 5.94 36.92 0.05 6.22 18.12
13 2.68 0.88 0.13 0.04 3.34 2.73 216 13.30 6.12 55.23 0.06 9.02 15.18
14 8 2.75 0.21 0.01 0.01 1.09 0.11 3.44 0.34 11.00 83.15 0.10 7.56 1.65
15 2.79 0.73 0.11 0.03 3.59 3.71 228 14.50 4.41 23.80 0.06 5.40 19.86
16 9 2.91 11.99 2.87 0.52 5.54 11.90 1160 25.60 2.89 16.29 0.02 5.63 2.14
17 2.76 0.10 0.01 0.00 2.21 0.20 3.09 0.40 10.12 29.46 0.13 2.91 3.93
18 10 2.81 1.89 0.11 0.08 1.34 0.06 25.3 0.40 1.19 16.41 0.02 13.75 0.21
19 2.90 34.47 6.82 1.49 4.58 39.30 3600 44.40 1.38 16.42 0.01 11.90 1.29
21 12-Kuancheng 2.56 0.20 0.13 0.01 15.00 0.12 9.19 0.71 5.65 32.51 0.08 5.76 3.47
22 2.75 0.31 0.05 0.01 3.47 0.22 7.24 0.59 4.78 31.41 0.08 6.58 1.88
23 2.68 1.17 0.10 0.05 2.07 4.47 504 21.50 5.85 38.82 0.04 6.64 18.45
24 13-Kuancheng 2.65 0.33 0.07 0.01 4.64 0.11 17.40 0.32 1.70 19.86 0.02 11.69 0.97
25 14-Qian’an 2.55 0.06 0.03 0.00 8.67 1.22 7.76 1.77 13.99 51.64 0.20 3.69 28.55

Mean 2.71 3.36 0.69 0.15 5.50 4.28 365.34 10.60 8.94 42.37 0.09 7.46 7.49
σ 0.09 8.05 1.65 9.09 824.74 14.42

Middle segment (20)

26 15 2.84 6.72 0.59 0.29 2.02 18.80 1270 23.80 1.52 14.77 0.02 9.69 3.54
27 2.83 6.96 2.19 0.30 7.29 0.30 68.9 5.56 9.83 47.67 0.08 4.85 0.80
29 16-Qianxi 2.89 2.67 2.71 0.12 23.49 2.18 192 25.20 11.95 35.09 0.14 2.94 9.34
30 17 3.07 0.69 1.08 0.03 36.41 0.53 41.4 6.11 15.99 56.20 0.15 3.52 8.89
31 3.07 0.68 1.06 0.03 36.00 0.44 43.4 3.40 7.87 32.70 0.08 4.15 4.97
32 18 2.65 2.58 1.10 0.11 9.84 0.43 33.3 0.78 2.22 18.01 0.02 8.11 0.30
34 20 2.73 4.35 0.51 0.19 2.70 2.30 609 20.60 3.40 19.38 0.03 5.71 4.74
35 2.81 6.43 0.86 0.28 3.11 7.20 853 54.10 5.18 17.63 0.06 3.40 8.41
36 21-Zunhua 2.70 4.72 0.34 0.20 1.68 12.10 2400 5.34 0.22 12.24 0.00 56.43 1.13
37 22 2.65 15.99 1.71 0.69 2.47 30.50 1320 24.00 1.64 13.22 0.02 8.05 1.50
38 2.70 5.90 0.50 0.26 1.95 17.00 383 4.31 1.35 17.69 0.01 13.14 0.73
39 23 2.64 0.21 0.03 0.10 3.10 3.85 2.4 0.52 15.34 81.98 0.21 5.34 2.50
40 24 2.76 4.55 0.47 0.20 2.37 0.01 614 90.60 19.64 61.47 0.15 3.13 19.93
41 2.77 4.10 0.26 0.18 1.48 5.53 835 136 21.46 59.80 0.16 2.79 33.21
42 25 2.79 7.67 0.76 0.33 2.30 7.53 1120 31.80 2.55 21.72 0.03 8.51 4.15
43 2.73 2.66 0.38 0.12 3.28 15.40 537 21.00 3.40 16.67 0.04 4.90 7.90
44 26 2.67 0.04 0.01 0.00 5.23 7.45 1.56 0.16 3.15 37.02 0.10 11.74 3.55
45 2.79 0.04 0.03 0.00 13.94 0.01 10.3 0.31 2.82 25.07 0.03 8.88 7.21
46 27 2.64 0.03 0.03 0.00 20.43 0.09 0.81 0.17 2.66 38.77 0.21 14.59 5.41
47 2.66 2.61 0.53 0.11 4.72 0.000 1620 118 7.76 54.49 0.07 7.03 45.23

Mean 2.77 3.98 0.76 0.17 9.19 6.59 597.75 28.59 7.00 34.08 0.08 9.35 8.67
σ 0.13 3.80 0.73 8.30 668.94 40.39

Western segment (7)

48 28-Miyun 2.76 6.55 0.28 0.28 0.98 18.30 4010 177 4.91 23.56 0.04 4.80 27.01
49 3.15 19.62 1.67 0.85 1.98 43.40 1510 128 10.57 38.36 0.08 3.63 6.52
50 29 2.75 22.35 1.57 0.97 1.63 14.40 2070 64.70 2.98 15.55 0.03 5.22 2.89
51 2.79 22.42 20.26 0.97 20.93 26.30 730 28.40 3.82 17.39 0.04 4.56 1.27
52 30 2.76 0.26 0.04 0.01 3.70 8.89 36.7 3.22 11.77 72.91 0.09 6.20 12.63
53 2.70 0.20 0.15 0.01 11.57 0.24 19.2 2.01 13.84 71.40 0.10 5.16 6.74
54 31 2.72 13.11 1.41 0.57 2.49 0.07 1720 9.93 0.82 22.48 0.01 27.41 0.76
Mean 2.80 12.09 3.63 0.52 6.18 15.94 1442.27 59.04 6.96 37.38 0.06 8.14 8.26
σ 0.16 9.83 7.37 15.37 1389.07 68.82

Notes: ρ, density (103 kg m−3); χ , mass susceptibility (10−6 m3 kg−1); NRM, natural remanent magnetization (10−3 Am2 kg−1); Ji, induced magnetization
(=χ × H, H is local geomagnetic field) (10−3 Am2 kg−1); Q, Köenigsberger ratio (NRM/Ji); χ ferri is ferrimagnetic susceptibility calculated from magnetic
hysteresis (10−6 m3 kg−1); Ms, saturation magnetization (10−3 Am2 kg−1); Mrs, saturation isothermal remanent magnetization (10−3Am2 kg−1); Bc, intrinsic
coercivity (mT); Bcr, remanent coercivity (mT), and Mrs/χ (103 Am−1). ρ, χ and NRM are from solid samples, magnetic hysteresis parameters are from
powder samples. σ , standard deviation.
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(Ms), saturation remanence (Mrs) and coercive force (Bc) were cal-
culated after para-/diamagnetic correction. Remanence coercivity
(Bcr) was determined by backfield measurements after reaching
1.0 T. The ferrimagnetic susceptibility (χ ferri) is calculated from
bulk magnetic susceptibility (χ ) subtracting χpara (χ ferri = χ −
χ para, χ para is paramagnetic susceptibility). The temperature depen-
dence of χ was conducted from room temperature to ∼700 ◦C in an
Argon environment with steps of 5 ◦C using a Kappabridge KLY-3S
magnetic susceptibility meter equipped with a CS-2 furnace.

3.2 Chemical and mineralogical analyses

Based on the magnetic measurements, representative samples were
chosen for optical microscopy and chemical composition analy-
ses. Polished thin sections of the specimens were examined under
both transmitted and reflected light to identify the mineralogical
components. In particular, these observations are used to identify
the metamorphic facies, the major mineral assemblage for samples
with different metamorphic degree. Whole-rock major elements
of all samples were determined by XRF06 in the ALS Global,
Guangzhou, China.

4 R E S U LT S

4.1 Petrology, geochemistry and mineral assemblage

Samples are dominantly various gneisses of granulite facies grade,
sometimes showing degrees of retrogression and including fel-
sic gneiss, feldspar granulite, amphibole–two pyroxene granulite,
garnet-bearing felsic granulite (Fig. 2). The whole-rock chemical
composition and major mineral assemblages for representative sam-
ples are shown in Tables 2 and 3. The concentrations of SiO2 vary
from 43.70 to 67.31 per cent, and are attributed to primary acidic, in-
termediate and basic igneous compositions. SiO2 concentrations of
samples from the middle and western segments generally are lower
than those in the eastern segment. Total Fe contents are between
2.73 and 16.78 per cent for representative samples, and the Fe con-
tents of samples in the middle and western segments (5.11–16.78
per cent) are generally higher than those in the eastern segment
(Table 2).

Microphotographs of representative samples are illustrated in
Fig. 2. On the basis of mineral assemblages, from the eastern seg-
ment to the western segment, metamorphic facies of samples vary

Figure 2. Microphotographs of representative samples. (a) Felsic leptynite from the eastern segment, containing Pl + Chl + Q; (b) Amphibole two-pyroxene
granulite from the middle segment, containing Am + Cpx + Opx + Pl + Opq; (c) and (d) Grt-pyroxene amphibolite and Gt-bearing felsic granulite from
the western segment, containing Am + Cpx + Pl + Opq and Gt + Cpx + Pl + Bi+ Q + Opq, respectively. Am, amphibole; Bi, biotite; Chl, chlorite; Cpx,
clinopyroxene; Gt, garnet; Opq, opaque mineral; Opx, orthopyroxene; Pl, plagioclase; Q, quartz.
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Table 2. Geochemical composition of representative samples (wt%).

Sample Rock type SiO2 TiO2 Al2O3 FeOT Cr2O3 MnO MgO CaO Na2O K2O P2O5 SrO BaO LOI Total

Eastern segment
7 Granodiorite gneiss 64.67 0.49 16.33 4.49 <0.01 0.06 1.81 3.53 4.51 3.06 0.28 0.1 0.11 0.52 99.96
10 Felsic leptynite 67.31 0.27 15.66 2.73 <0.01 0.05 1.02 2.67 3.44 3.54 0.08 0.02 0.06 3.07 99.93
13 Granite gneiss 64.54 0.42 15.61 4.15 <0.01 0.06 1.96 1.76 5.13 3.29 0.21 0.07 0.13 2.64 99.96
16 Felsic mylonite 43.70 3.46 13.22 16.62 0.01 0.13 4.89 6.60 2.13 1.63 1.66 0.03 0.13 5.46 99.67
18 Garnet-Bi-bearing leptynite 59.90 0.47 13.35 9.79 0.01 0.14 4.02 4.99 3.44 0.90 0.10 0.05 0.03 2.01 99.20
19 Felsic mylonite 55.62 1.20 17.31 8.98 <0.01 0.08 2.59 4.61 3.88 3.33 0.75 0.08 0.14 1.24 99.81
23 Felsic gneiss 60.20 0.65 14.76 6.67 0.03 0.06 3.76 2.51 3.53 2.78 0.27 0.03 0.12 4.48 99.86
25 Granulite 53.38 0.93 16.81 8.30 0.03 0.11 5.06 8.34 4.34 0.87 0.39 0.08 0.04 0.94 99.62

Middle segment
26 Amphibole Two-pyroxene granulite 56.94 0.69 16.59 7.90 0.01 0.11 4.02 7.13 4.5 0.69 0.21 0.08 0.04 0.91 99.83
29 Amphibole Two-pyroxene granulite 52.79 0.62 15.96 10.32 0.01 0.16 5.6 9.18 3.76 0.71 0.11 0.03 0.07 0.57 99.89
30 Amphibole Two-pyroxene granulite 49.88 0.83 14.74 12.41 0.04 0.17 7.29 9.97 2.86 0.8 0.06 0.02 0.01 0.87 99.96
31 Amphibole Two-pyroxene granulite 48.95 0.83 14.59 12.94 0.04 0.2 8.07 10.12 2.65 0.85 0.06 0.02 0.02 0.4 99.73
35 Felsic granulite 57.55 0.57 14.92 8.21 0.02 0.11 4.67 6.06 4.00 1.38 0.16 0.07 0.05 2.11 99.89
37 Felsic granulite 62.05 0.43 15.06 6.73 0.02 0.08 3.19 3.03 3.30 3.99 0.31 0.08 0.17 1.16 99.60
42 Bi-Pl gneiss 60.86 0.64 15.87 7.75 0.01 0.08 3.12 3.26 3.19 2.41 0.14 0.04 0.07 1.55 98.99
47 Felsic leptynite 64.58 0.28 14.55 6.01 <0.01 0.04 2.40 3.37 3.65 1.82 0.03 0.05 0.08 2.92 99.78

Western segment
49 Gt-pyroxene amphibolite 45.48 1.26 12.6 16.78 0.08 0.27 8.22 9.31 2.59 1.16 0.28 0.05 0.03 1.84 99.94
53 Gt-felsic granulite 62.79 0.70 16.38 5.11 <0.01 0.08 2.17 3.91 4.25 3.13 0.28 0.09 0.15 0.81 99.85
54 Bi-Pl gneiss 57.99 0.60 17.62 5.67 <0.01 0.07 2.49 3.61 4.79 5.12 0.39 0.11 0.15 1.12 99.73

Note: FeOT, total Fe content.

Table 3. Mineral assemblage of representative samples.

Site No. Rock type Am Bi Q Gt K-Feldspar Opx Cpx Pl Cal Act Chl Epi Opq

Qinglong 7 Granodiorite gneiss 18 7 35 20 20
Qinglong 10 Felsic leptynite 15 40 10 25 2
Qinglong 13 Granite gneiss 20–25 65 15
Qinglong 16 Felsic mylonite 20 40–50 25 10
Qinglong 18 Garnet-Bi-bearing leptynite 20 15 10 50
Qinglong 19 Felsic mylonite 3 15 30 35–40 7 2 3
Kuancheng 23 Felsic gneiss 5–10 30 45 5 10–15
Kuancheng 25 Granulite 35 15 5 2 40 3
Kuancheng 26 Amphibole Two-pyroxene granulite 20 5 10 15 45 5
Qianxi 29 Amphibole Two-pyroxene granulite 20 10 10–15 10–15 45
Qianxi 30 Amphibole Two-pyroxene granulite 40 5–10 20–25 15 15
Qianxi 31 Amphibole Two-pyroxene granulite 40 5–10 15 20–25 15
Qianxi 35 Felsic granulite 10 45 13 15 10 4
Zunhua 37 Felsic granulite 15 20 50 8 7
Zunhua 42 Bi-Pl gneiss 25–30 15–20 10 30–35 10
Zunhua 47 Felsic leptynite 20–25 35 28 10–15 2
Miyun 49 Gt-pyroxene amphibolite 50 10 30 5 5
Miyun 53 Gt-felsic granulite 3 2 5 10 30 5–10 15 30 5
Miyun 54 Bi-Pl gneiss 25 10 10 45–50 5–10

Note: Act, actinolite; Am, amphibole; Bi, biotite; Cal, calcite; Chl, chlorite; Cpx, clinopyoxene; Epi, epidote; Gt, garnet; Opq, opaque mineral; Opx,
orthopyroxene; Pl, plagioclase; Q, quartz.

from high-amphibolite facies to granulite facies. The major mineral
assemblages comprise the following (Fig. 2 and Table 3):

Eastern segment : amphibole + plagioclase + quartz

+ biotite + chlorite + opaque

Middle segment : amphibole + clinopyroxene + orthopyroxene

+ plagioclase + biotite + quartz + opaque

+ K-feldspar

Western segment : amphibole + quartz + clinopyroxene

+ orthopyroxene + plagioclase + opaque

+ biotite + K-feldspar

4.2 Density and magnetic properties

4.2.1 Density and general magnetic properties

Densities and magnetic parameters of 47 samples are summarized
in Table 1. Average values of ρ are 2.71 ± 0.09, 2.77 ± 0.13
and 2.80 ± 0.16 (×103) kg m−3 for the eastern, middle and west-
ern segments, respectively (Table 1). From the eastern, middle to
western segments, average values of χ and NRM are 3.36 ± 8.05,
3.98 ± 3.80, 12.09 ± 9.83 (×10−6) m3 kg−1; 0.69 ± 1.65, 0.76 ±
0.73, 3.63 ± 7.37 (×10−3) Am2 kg−1, respectively (Table 1). These
indicate that density and magnetic properties of rocks for the Jixian
petrophysical section increase systematically from the eastern to
the western segments (Figs 3a–c). Overall the Q values of the rocks
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Figure 3. Scattergrams of different parameters for samples studied.

are higher than 1 (only two sample <1), and Q values of the rocks
from the middle and western segments are higher than those from
the eastern segment (Table 1). This indicates that the total magneti-
zation of samples studied is mainly controlled by NRM more than
by the induced magnetization (Figs 3d and e).

4.2.2 Magnetic hysteresis

Magnetic hysteresis parameters of all samples are listed in Table 1.
From the eastern segment, the middle segment to the western
segment, average values of Ms, Mrs and χ ferri are 365.34 ±
824.74, 597.75 ± 668.94, 1442.27 ± 1389.07 (× 10−3) Am2 kg−1;
10.60 ± 14.42, 28.59 ± 40.39, 59.04 ± 68.82 (× 10−3) Am2 kg−1

and 4.28 ± 9.09, 6.59 ± 8.30 to 15.94 ± 15.37 (× 10−6) m3 kg−1,
respectively (Table 1). They indicate that average values of Ms, Mrs,
χ ferri increase systematically from east to west in parallel with the
properties of χ and NRM (Table 1).

Magnetic hysteresis loops for representative samples are shown
in Fig. 4. Samples from the eastern segment show a presence of dom-
inant paramagnetic components (larger slope in high field) (No. 10,
18 and 23 in Fig. 4). Most of samples in the middle and western seg-
ments are a mixture of ferrimagnetic and paramagnetic components
(No. 29, 35, 47 for the middle segment and 49, 53, 54 for the western
segment in Fig. 4). In plot of Mrs/χ and Bcr, the most samples form a
close cluster in the (titano)magnetite area (Peters & Dekkers 2003)
(Fig. 5). The ratios of Mrs/Ms and Bcr/Bc for most samples plotted
in the Day diagram occupy the pseudo-single-domain (PSD) region
(Fig. 6; Dunlop 2002).

4.2.3 Temperature-dependent low-field magnetic susceptibility

Most samples have a single Curie temperature of Tc = 580 ◦C,
corresponding to pure magnetite, which is independent of the

type of rocks (Fig. 7). The cooling curves generally are higher
than heating curves, which indicates that new magnetite formed at
>600 ◦C, possibly by the transformation of Fe-bearing silicate min-
erals or non-stoichiometric magnetite in primary samples (Fig. 7;
Tarling 1983; Dunlop et al. 2006; Liu et al. 2009, 2010, 2013). In
addition, a hump somewhere between 250 and 350 ◦C in some sam-
ples probably displays the characteristic of maghemite inversion, or
titanomaghemite (Fig. 7; Doubrovine & Tarduno 2004, 2006).

5 D I S C U S S I O N

5.1 Magnetic mineralogy of the lower crust

Based on these experimental data, we propose that magnetic prop-
erties of rocks from the studied crustal section are predominantly
due to the effect of magnetite (Figs 5 and 7). Close relations be-
tween χ versus NRM indicate uniform origin of magnetic minerals,
and this is consistent with the probable PSD properties of magnetic
minerals in most samples (Figs 3c and 6). These results are similar
with that of continental lower crustal rocks from previously pub-
lished studied (Schlinger 1985; Williams et al. 1985; Frost & Shive
1986; Wasilewski & Warner 1988; Liu et al. 1994, 2000; McEnroe
et al. 2004; Dunlop et al. 2010; Liu et al. 2013). Samples in the east-
ern segment lack orthopyroxene and clinopyroxene, which indicates
that the metamorphic grade of the eastern segment is clearly lower
than those of the middle and western segments (Table 3 and Fig. 2).
Therefore, we infer that the progressive exposure of deeper meta-
morphic rocks from east to west parallels the magnetic enhancement
of rocks by regional metamorphism (Frost & Shive 1986; Shive &
Fountain 1988; Shive et al. 1992; Liu et al. 2013).
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Figure 4. Magnetic hysteresis loops of representative samples. Maximum applied field is 1.0 T. No. 10, 18, 23 in the eastern segment, No. 29, 35, 47 in the
middle segment, and No. 49, 53, 54 in the western segment. The insets are hysteresis loops after paramagnetic adjustment.

Figure 5. Plot of Mrs/χ versus Bcr (Peters & Dekkers 2003).

5.2 Magnetization of the lower crust

From east to west, the average values of ρ, χ and NRM increase
systemically with increasing metamorphic degree from 2.68 to

2.80 (×103) kg m−3, 3.36 to 12.09 × 10−6 m3 kg−1 and 0.69 to
3.63 × 10−3 Am2 kg−1 (Table 1), respectively. Magnetic properties
of granulite facies rocks compare well with those of the lower con-
tinental crust in other sites, where χ , NRM and Q values of basic
rocks generally are higher than 10−6 m3 kg−1, 10−4 Am2 kg−1 and 1,
respectively (Schlinger 1985; Wasilewski & Warner 1988; Belluso
et al. 1990; Liu et al. 1994, 2013; Zhang et al. 1999; Dunlop et al.
2010; Liu 2011).

Magnetic properties of granulite facies rocks from the western
segment in the Jixian petrophysical section compare well with those
of the lower crustal rocks from the northern North China Craton.
Volume susceptibility (κ), Ms and Mrs of granulite facies rocks from
the Huai’an terrain are 4122 × 10−6 SI, 523.1 A m−1 and 74.9 A m−1

(Liu et al. 2013), and Ms and Mrs of Jining Group are 1068 and
138.4 A m−1 (Liu et al. 2000), respectively. κ values of basic and
felsic granulites from the Datong–Huai’an Precambrian terrain are
1080–5634 × 10−6 SI and 1242–2475 × 10−6 SI, respectively
(Zhang et al. 1999). The average κ value (33 844 × 10−6 SI) is
considerably higher than that in Huai’an granulite facies rocks and
felsic granulites, but is similar to basic granulites from the Datong–
Huai’an Precambrian terrain (Zhang et al. 1999). Ms and Mrs values
of our samples (average of 4038 and 165 A m−1) are generally
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Figure 6. Day plot for representative samples (Dunlop 2002).

higher than those observed in the Jining Group and Huai’an ter-
rain. Therefore, this finding indicates that magnetic properties of
granulite facies rocks of the Jixian petrophysical section from the
northeastern North China Craton are representative of magnetic

properties of the Archean lower crust in the northern North China
Craton.

5.3 Implications for metamorphic grade of the continental
lower crust

The relationships between magnetic properties of crustal rocks and
metamorphic facies are still poorly understood. In this metamorphic
terrain, we are dealing with SiO2 concentrations of ∼57.3 per cent,
which is close to the granulite facies rocks in the Manjinggou–
Wayaokou (MJG–WYK) section, northern North China Craton
(Liu et al. 2013). Previous studies have shown that the transi-
tion from greenschist facies of upper crust to amphibolite fa-
cies of the middle crust, and to granulite facies of the lower
crust, run in parallel with an increase in χ and NRM values
(e.g. Wasilewski & Fountain 1982; Schlinger 1985; Ramachandran
1990; Olesen et al. 1991; Liu et al. 1994). Average values of χ and
NRM from the western segment are 3.04, 3.60 times and 4.78, 5.26
times of the middle and eastern segments, respectively (Table 1),
which clearly shows that magnetic properties in these three segments
are controlled by metamorphic grade as found in other Precambrian
shields (Wasilewski & Mayhew 1982; Schlinger 1985; Ramachan-
dran 1990; Shive et al. 1992; Liu et al. 1994, 2000, 2013; Renne

Figure 7. Temperature-dependent magnetic susceptibility curves for representative samples. Arrows indicate the heating and cooling processes.

 by guest on M
arch 2, 2015

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://gji.oxfordjournals.org/


Magnetic properties of Archean gneisses 483

et al. 2002; Piper et al. 2003). It is evident that prograde metamor-
phic transformation of amphibolite facies assemblage to granulite
facies involves the formation of Fe–Ti oxide phases (e.g. ferri-
magnetic magnetite, maghemite and titanomagnetite), whereas the
retrograde metamorphism of intermediate–mafic granulites leads to
the formation of relatively non-magnetic mineral assemblages.

6 C O N C LU S I O N S

Magnetic parameters, mineral assemblages and chemical composi-
tion of rocks from the Jixian petrophysical section located in the Pre-
cambrian terrain (northeastern North China Craton) indicate that ρ,
χ and NRM of rocks are elevated systemically with increasing meta-
morphic grade from the eastern segment to the western segment.
Magnetic mineralogy in granulitic lower crust from the Jixian petro-
physical section is dominated by pseudo-single-domain magnetite.
The magnetic properties of the Jixian petrophysical crustal rocks
compare well with those resolved from studies of the Archean lower
crust in the northern North China Craton (e.g. the Jining Group
and Huai’an granulite terrain) in showing a comparable relation-
ship between magnetic properties and metamorphic grade. Hence,
the integrated study of rock magnetic and mineralogical properties
can give insights into the metamorphic signatures of crustal base-
ment derived from remote observation of magnetic anomalies. The
combined interpretation of magnetic anomalies and rock magnetic
properties is key to understand the structure and dynamics of deep
continental crust.
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Ferré, E.C., Friedman, S.A., Martı́n-Hernández, F., Feinberg, J.M., Conder,
J.A. & Ionov, D.A., 2013. The magnetism of mantle xenoliths and potential
implications for sub-Moho magnetic sources, Geophys. Res. Lett., 40,
105–110.
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