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Abstract Magnetic properties of a suite of variably serpentinized peridotites from the Dongbo ophiolite, SW
Tibet (China), have been investigated to determine the magnetic signatures of suture zones. The degree of
serpentinization (S) for these peridotites is mainly in the range of S < 60%. Petrography, mineral chemistry, and
thermomagnetic analyses reveal that magnetite occurring in the interior of various serpentine veins is the
predominant magnetic phase. Magnetic hysteresis and first-order reversal curve diagrams suggest that the
magnetite is mixture of interacting single-domain, and pseudo-single-domain and/or multidomain particles.
Superparamagnetic magnetite occurs in the S = 40-60% serpentinized but weakly magnetic dunites. Overall,
the magnetite content and magnetic susceptibility increase consistently from ~0 to 20% of serpentinization
and then decrease from S = 30 to 60%. Peak magnetite abundance is at S~25% (density, ~3.1 + 0.05 g cm™>)
and may suggest localized enrichment of fluids. The low magnetite abundance in dunite results from
low-temperature serpentinization. Finally, strong intensities of magnetization (1-10 Am™") reside in the S > 60%
and S = 20-30% serpentinized peridotites, indicating that peridotites with such degrees of serpentinization
contribute to the aeromagnetic anomalies within the Yarlung-Zangbo suture zone in south Tibet.

1. Introduction

Though some mantle xenoliths contain minor amounts of magnetite [e.g., Ferré et al,, 2013, 2014], most are
mainly weakly magnetic [e.g, Li et al, 2015; Wasilewski and Mayhew, 1992]. In contrast, serpentinized
peridotites have attracted more attention because of both low density and high magnetization intensity
and therefore are widely considered as a significant source for deep-seated lithospheric gravity, seismic velo-
city, and magnetic anomalies within oceanic ridge and subduction zone environments [e.g., Blakely et al.,
2005; Bostock et al.,, 2002; Q. S. Liu et al., 2015].

During the serpentinization of ultramafic rocks, silicates (e.g., olivine and pyroxene) release iron under the
effects of fluid infiltration and produce magnetite, which strongly increases the magnetization intensity in
shallow lithospheric systems [Bina and Henry, 1990; Oufi et al., 2002]. The serpentinization process of perido-
tites generally involves multistage fluid-mineral reactions, and the production rate of magnetite is not linearly
related to the degree of serpentinization [Bach et al., 2006; Toft et al., 1990]. Nearly complete yet magnetite-
poor serpentinization indicates that the formation of magnetite could be decoupled from the direct
hydration of olivine or pyroxene [Evans et al,, 2009; Lafay et al.,, 2012]. Many studies have revealed that the
formation and stability of serpentinization products (e.g., serpentine, brucite, and magnetite) involve
multiple factors, such as silica activity, fluid/rock ratios, and temperature in the serpentinization process
[e.g., Frost and Beard, 2007; Klein et al., 2009, 2014].

The relationship between magnetic properties and the serpentinization process of peridotites is still under
debate, and previous studies have mostly focused on abyssal peridotites [e.g., Kelemen et al.,, 2004; Oufi
et al, 2002]. Equally important but not as well studied are magnetic properties of peridotites exposed in
other tectonic settings, such as ultrahigh-pressure orogenic belts [Liu et al, 2010] and suture zones
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[Bonnemains et al., 2016; Maffione et al., 2014]. Here we present the magnetic properties combined with
petrography and mineral chemistry of a suite of variably serpentinized peridotites from the Dongbo
ophiolite located within the western part of the Yarlung-Zangbo suture zone in south Tibet (China). The
study shows the magnetic variations of these peridotites at different stages of serpentinization and dis-
cusses the implications for suture-zone magnetic anomalies.

2. Geological Setting

Several suture zones are well defined separating the terranes from north to south in the Tibetan Plateau [e.g.,
DeCelles et al.,, 2002; Yin and Harrison, 2000]. The Yarlung-Zangbo suture zone in the southernmost area marks
the collision between the Lhasa block and the Indian plate, and numerous ophiolitic massifs crop out within
this over 2000 km suture zone (Figure 1a). Dongbo, Pulan, and Danggiong are the largest massifs in the
western part of the Yarlung-Zangbo suture zone. The Dongbo peridotite massif covers an area of
~400 km? identified by aeromagnetic data [Jiang et al.,, 2015; Yang et al., 2011], but about one third of this
massif is covered by Neogene-Quaternary sediments (Figure 1b). The peridotite massif is in fault contact with
surrounding Late Triassic to Late Cretaceous mélanges, consisting of carbonates, clastic rocks, basic lavas, and
cherts [F. Liu et al, 2015]. Gabbro and pyroxenite dykes that intruded the peridotites yield crystallization ages
of ~130-128 Ma (U-Pb dating on zircons) [Xiong et al,, 2011]. This intrusion of mafic dykes is consistent with
widespread mafic magmatism at ~130-120 Ma within the whole Yarlung-Zangbo suture zone [e.g., Wu et al,,
2014; Xiong et al., 2016].

The Dongbo peridotite massif is composed mainly of harzburgite, with minor lenses of dunite, Iherzolite, and
chromitite. Geochemical studies of rare earth elements and Re-Os isotopic compositions suggest that the
peridotites were derived from heterogeneous Neo-Tethyan lithospheric mantle and experienced basaltic
magma extraction in a spreading midocean-ridge setting and subsequent modification by percolating melts
in a suprasubduction zone environment [Niu et al,, 2015]. The presence of ultrahigh-pressure, highly reduced
and crustal-derived minerals in the Dongbo peridotites also suggests a complex recycling process in the
mantle [Xu et al., 2015].

3. Methods
3.1. Magnetic Measurements

Fresh specimens were prepared by sawing off weathered skins for magnetic measurements and thin
sections. Density (p) and susceptibility (k) were measured using a Sartorius balance (BT 423S) with a density
determination kit and a Kappabridge susceptibility meter (KLY—3s), respectively, at the China University of
Geosciences (CUG, Wuhan). Natural remanent magnetization (NRM) was measured using a JR-6A dual speed
spinner magnetometer at the China Earthquake Administration (Beijing). Additional magnetic characteriza-
tion experiments (hysteresis loops, AC susceptibility, high-temperature susceptibility, and low-temperature
remanence) were carried out at the Institute for Rock Magnetism (IRM) in the University of Minnesota
(Minneapolis-Saint Paul, USA).

Magnetic hysteresis loops, backfield remanence curves, and first-order reversal curves (FORCs) were
measured at room temperature using a Princeton Measurements Corporation vibrating sample magnet-
ometer (VSM Model 3900). The applied saturation field was 1.0 T. A total of 104 FORC curves per sample were
measured, and FORCs were processed using FORCinel 3.0 [Harrison and Feinberg, 2008]. Hysteresis para-
meters (M, saturation magnetization; M, saturation remanence; and B,, coercivity) were calculated after
paramagnetic slope correction over the interval of 0.7-1.0 T using the nonlinear approach-to-saturation
fitting method by Jackson and Solheid [2010]. Coercivity of remanence (B,,) was determined from DC back-
field remanence curves.

Crushed powders (less than 60 mesh, ~250 pum) were prepared for thermomagnetic analyses. High-
temperature susceptibility experiments were conducted on a Kappabridge (MFK1-FA) from room tempera-
ture to ~700°C in an argon environment. Low-temperature demagnetization (LTD) experiments were
performed using a Quantum Design Magnetic Properties Measurement System superconducting suscept-
ometer (MPMS) from 20 K to 300 K, following the FC-ZFC-LTSIRM-RTSIRM LTD measurement sequence (refer
to Bilardello and Jackson [2013]). Samples were first cooled from room temperature to 20 K in 2.5 T field
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Figure 1. (a) Simplified tectonic map of the Tibetan Plateau (modified after DeCelles et al. [2002]) and ophiolites cropping
out along the Yarlung-Zangbo suture zone (modified after Dai et al. [2011]). (b) Geological sketch map of the Dongbo

ophiolite (modified after Yang et al. [2011]) with regional aeromagnetic anomalies. Isomagnetic contours (5 nT interval) are
based on aeromagnetic anomaly data after reduction to pole and 5 km upward continuation [Jiang et al., 2016].

Abbreviations: YZS, Yarlung-Zangbo suture; BNS, Bangong-Nujiang suture; JS, Jinsha suture; AKMS, Anyimagen-Kunlun-
Muztagh suture; NQO, North Qaidam orogen; NQS, North Qilian suture; ATF, Altyn Tagh Fault.
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Figure 2. BSE images of variably serpentinized peridotites from the Dongbo ophiolite. (a, b) DB11-52, harzburgite (S~7%).
a-1,Mt; a-2 and a-3, Srp. b-1, Sp; b-2, Mt; and b-3, Srp. (¢, d) DB11-58, dunite (S~51%). d-1 and d-4, Srp; d-2 and d-3, Mt. (e, f)
DB11-43, harzburgite (S~24%). f-1 and f-2, Mt; f-3 and f-4, Fe-poor Srp. (g, h) DB11-29, harzburgite (S~87%). g-1 and g-3, Fe-
poor Srp; g-2, Mt; g-4, Srp. h-1, Mt; h-2 and h-3, Fe-poor Srp. The cross indicates the analysis spot (Tables 2 and 3). S, the
degree of serpentinization. Ol, olivine; Sp, spinel; Srp, serpentine; and Mt, magnetite.

(field cooling, FC) and warmed back to 300 K in zero field. Samples were then cooled again to 20 K in zero-
field (zero-field cooling, ZFC) and imparted a low-temperature saturation isothermal remanent
magnetization (LTSIRM) in 2.5 T field at 20 K. FC followed by ZFC remanence curves were measured on
warming in zero field to 300 K in 5 K increments. Samples were then given a 2.5 T SIRM at 300 K (RTSIRM),
and magnetization was measured during cooling to 20 K and warming back to 300 K in zero field at 5 K
increments. The residual field for zero-field measurements in the MPMS-5S susceptometer is less than 1 T
after adjustment using the susceptometer’s ultralow field option.

3.2. Petrographic and Mineral Chemical Analyses

The degree of serpentinization (S) was estimated from the empirical relationship between S and density for
ultramafic rocks as p (g cm™,) = 3.300 0.785 x S [Miller and Christensen, 1997]. Backscattered electron (BSE)
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Table 2. Electron Microprobe Analyses of Silicates for the Dongbo Peridotites

Sample Mineral Spota Sio, TiO,  AlLO3  Cr,03  FeOiorai  MnO MgO Ca0  Nay0 K20 NiO Total XMgl°
DB11-52 ol 4069  0.01 0.00 0.03 8.88 0.12 4900 003 0.00 bid 54031 99.07
Srp a-2 4238  bd. 0.04 bd. 7.43 010 3250 032 b.d. 000 004 8280  0.89
Srp a-3 4140 0.01 0.05 0.04 6.67 0.13 3590 0.08 0.02 0.01 0.18  84.48 0.91
Srp b-3 4177  0.02 0.21 0.05 7.04 0.06 3298 .:0.16 b.d. 0.00 040 8268 0.89
DB11-58 ol 41.04 b.d. b.d. 0.08 8.39 009 4940 001 b.d. 0.00 043 9944
Srp d-1 36.81 b.d. 0.00 0.01 5.30 0.03 38.06 0.03 0.01 0.01 0.12 80.38 0.93
Srp d-4 3443 0.00 0.02 b.d. 6.22 0.02 40.31 0.01 0.05 0.01 0.29 81.34 0.92
DB11-43 ol 41.06 0.02 0.01 0.01 9.35 0.12 48.95 0.04 0.02 b.d. 033 99.89
Fe-poor Srp f-3 42.64 0.03 0.05 0.03 220 0.08 39.39 0.03 0.01 0.00 0.09 84.55 0.97
Fe-poor Srp f-4 43.56 b.d. 0.83 b.d. 3.67 0.04 37.60 b.d. 0.01 b.d. 0.24 85.94 0.95
Fe-poor Srp 44.04 0.03 0.16 b.d. 336 0.07 38.11 b.d. b.d. 0.01 0.16 8594 0.95
Fe-poor Srp 43.28 0.02 0.94 0.01 3.99 0.04 37.10 b.d. 0.01 b.d. 0.14 85.52 0.94
DB11-29 Fe-poor Srp g-1 44.06 0.02 0.05 bd. 3.57 b.d. 3854 0.02 b.d. bd. 0.32 86.58 0.95
Fe-poor Srp g-3 4366  0.01 0.14 b.d. 3.40 0.10 3866 0.1 0.01 000 0.26 86.24 0.95
Srp g-4 40.47 b.d. 0.27 0.04 523 0.14 36.31 0.07 b.d. b.d. 0.27 82.80 0.93
Fe-poor Srp h-2 42.75 0.02 0.16 b.d. 240 b.d. 40.69 0.03 Q.00 bd 017 86.22 0.97
Fe-poor Srp h-3 42.61 0.02 0.23 b.d. 297 0.03 40.05 0.04 0.01 b.d. 0.27 86.23 0.96

®The spots refer to Figure 2.
Mg = Mg/(Mg+ZFe). b.d., below detection.

images and element mapping of representative occurrences of magnetic minerals were collected on
polished thin sections (~0.1 mm thick) using a field emission scanning electronic microscope (Zeiss Sigma
300), equipped with energy dispersive spectroscopy detectors (Oxford Instruments) at CUG (Wuhan), with
a working distance of 85 mm and an accelerating voltage of 20 kV. The quantitative chemical
compositions of iron-oxides and serpentine minerals were analyzed using a Jeol JXA-8100 electron probe
microanalyzer, with a spot size of 1-5 um at 15 kV, at the State Oceanic Administration of China (Hangzhou).

4. Results
4.1. Petrography
The Dongbo peridotites in this study consist of five dunite samples and 28 harzburgite samples, and show a

range of densities from 3.317 to 2.618 g cm >, corresponding to slight to intermediate serpentinization
degrees (S < 60%) except for one highly serpentinized sample (DB11-29, S~87%) (Table 1). Samples with
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Figure 3. Plot of induced magnetization (J;) versus natural remanent magnetization (NRM) for variably serpentinized peri-
dotites. Peridotite xenoliths from Li et al. [2015] and Ferré et al. [2013], abyssal peridotites from Oufi et al. [2002], and
ophiolitic peridotites from Maffione et al. [2014].
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Figure 4. y-T curves of representative Dongbo peridotites. The arrows indicate the heating (red) and cooling (black) curves.
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curves.

5 < 20% or 30% < S < 60% contain low contents of magnetite (<0.1 wt %), calculated from the ratio of mass-
specific saturation magnetization of samples to that of pure magnetite (M, = 92 Am” kg™"). In contrast, peri-
dotites in the range of 20% < S < 30% contain higher amounts of magnetite (up to 0.6 wt %), while the
S > 60% serpentinized sample (DB11-29) is richest in magnetite (~1.82 wt %) (Figure 2).

According to the occurrence and chemical compositions of serpentine minerals (Table 2), at least two genera-
tions of serpentine (+ brucite) veins have been recognized in the Dongbo peridotites. Type 1 veins are narrow
in width (<100 pm) and mainly occur in Mt-poor samples (e.g., DB11-52 and DB11-58). These veins consist of
Fe-rich serpentine (FeOyqa = 5.30-8.88 wt %, Table 2) and little magnetite. Magnetite in these veins is predo-
minantly micron or submicron in size, but individual larger grains (20-30 um) are also present (Figures 2a-
2d). Type 2 veins (0.1 mm to cm scale) define anastomosing foliation of Fe-poor serpentine
(FeOotal = 2.20-3.99 wt %) with one or more magnetite bands/clusters in the interior of the vein
(Figures 2e-2h) and are observed only in magnetite-rich peridotites (e.g., DB11-43 and DB11-29). Brucite in
serpentine veins is typified by higher MgO contents (37.1-40.7 wt %) in S > 10% serpentinized samples
(DB11-58, DB11-43, and DB11-29) than in S < 10% serpentinized peridotite (MgO = 32.5-35.9 wt %,
DB11-52). Similar type 1 and type 2 serpentine veins in previous studies have been attributed to representa-
tive products of early (generally S < 60%) and late (S > 60-70%) stages of the serpentinization process [Beard
et al., 2009; Frost et al., 2013].

4.2. Magnetic Susceptibility and Natural Remanent Magnetization

The volume-normalized susceptibility (x) of the Dongbo serpentinized peridotites varies between 476 and
48,070 x 107° S|, yielding induced magnetizations (J;, = x H, where H is the local geomagnetic field intensity,
equal to 39 Am™') from 0.02 to 1.87 Am™" (Table 1). The NRMs range widely from ~0 to 5.85 Am™'. Most of the
harzburgite samples show linear relations between J; and NRM, whereas dunites display dominantly low J;
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Figure 5. Low-temperature magnetization curves of representative Dongbo peridotites. The Verwey transition (T,) is esti-
mated from the extreme curvature of the first derivative of smoothed curves.

values. The Kéenigsberger ratio (Q,, defined as NRM/J)) ranges from 0.13 to 73.4 for all the peridotite samples.
Around one third of them display Q, values greater than 1, which indicates that NRM dominates the total

magnetization. The remaining samples show Q, values less than 1, suggesting that the dominant
magnetization is an induced magnetization in the present-day field (Figure 3).

4.3. Thermomagnetic Analyses

High-temperature mass-specific susceptibility (y-T) were measured for representative samples with differ-
ent degrees of serpentinization. Sample DB11-52 (S~7%) shows almost reversible heating and cooling
curves with Curie temperatures (T.) of 583-584°C (Figure 4a), which correspond to pure magnetite (7.
585°C). Samples DB11-43 (5~24%) and DB11-29 (S~87%) also contain pure magnetite with the T, around
585°C, but the cooling curves are slightly higher than the corresponding heating curves (Figures 4b and
4d). DB1-29 also shows an increase of y between 150 and 300°C. These features suggest that small
amounts of additional magnetite (single T, at ~585°C on cooling) formed during heating. For sample
DB11-58 (S~51%), the Curie temperatures of 575-576°C are slightly lower than the other samples but still
indicate magnetite. In addition, the cooling curve of this sample shows a rapid increase below 400°C with
a smaller T, at ~367°C (Figure 4c).

Low-temperature (T < 300 K) magnetic experiments were conducted on two representative samples. The
FC/ZFC and room temperature (RT) remanence curves show a single Verwey transition (T,) around 120 K in
the harzburgite sample DB11-43 (5~24%) (Figures 5a and 5b), suggesting that magnetite is the dominant
remanence-carrying phase. In contrast, for the magnetite-poor dunite sample DB11-58 (S~51%), only a
blurred T, between 110 and 120 K is observed (Figures 5c and 5d), and a hump-shaped warming and cooling
RT remanence curves indicate that the magnetite is partially oxidized or mixed with maghemite [Ozdemir and
Dunlap, 2010]. In addition, the FC/ZFC remanence curves for DB11-58 show a rapid decay of magnetization
for T < 50 K on warming. This decay mimics paramagnetism but the residual during remanence
measurements is less than 1 uT making a pure paramagnetic contribution unlikely. A more likely
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Figure 6. Hysteresis loops of representative Dongbo peridotites. The insets are loops after high-field (0.7-1.0 T) paramag-
netic adjustment. The paramagnetic susceptibility (ypara) Was from the high-field slope calculation.

explanation (after low-field AC susceptibility as a function of frequency (1-1000 Hz) was measured from 10
to 300 K) is superparamagnetism either from a narrow particle size distribution of ultrasmall grains (e.g.,
magnetite/maghemite) or a transition from superparamagnetism to paramagnetism of some iron-bearing
phase with a magnetic ordering temperature below 50 K (e.g., Fe-Cr spinel).
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Figure 7. Day plot of various serpentinized peridotites. SD, single domain; PSD, pseudo-single-domain; MD, multidomain;
SP, superparamagnetic. The dashed lines and SD-MD/SP (10 nm) mixing curves for magnetite are after Dunlop [2002];
the red dots on the SD-MD mixing curves indicate the fractions of MD particles. Abyssal and ophiolitic peridotites are from

the references shown in Figure 3.
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Figure 8. FORC diagrams of representative Dongbo serpentinized peridotites. FORCs were processed using FORCinel 3.0
with drift correction, first/last point replacement, lower branched subtraction (10 FORCs) and a smoothing factor of 5.

4.4. Magnetic Hysteresis

Magnetic hysteresis loops of representative samples are shown in Figure 6. Samples DB11-52 and DB11-58 are
weakly magnetic and mainly show linear relationships between the field and the magnetization before para-
magnetic correction. Paramagnetic susceptibility (ypa2) contributes greater than 50% of the initial susceptibil-
ity. Samples DB11-43 and DB11-29 are dominantly ferrimagnetic with ypa,. contributions less than 5%. These
results are consistent with the thermomagnetic analyses. Hysteresis parameters (Ms, M,s, B, and B.,) for all the
samples are summarized in Table 1. The M; and M, values have a wide range from 3.36 to 1671 x 1073
Am”kg™' and from 0.54 t0 327 x 10> Am? kg™, while B and B, vary between 12.9 and 28.8 mT, and between
21.6 and 59.4 mT, respectively. The Day plot (M,s/M; versus B.,/B.) [Day et al., 1977] indicates that the magnetic
particles (essentially magnetite from the y-T results) in the Dongbo serpentinized peridotites mainly fall in the
pseudo-single-domain (PSD) region (Figure 7). The hysteresis data mostly follow theoretical trends for mix-
tures of single domain (SD, <0.1 um) and multidomain (MD, >1 pm) magnetite. However, some harzburgite
(e.g., DB11-52) and dunite samples (e.g., DB11-58) plot above the SD-MD mixing curves but below the SD-SP
(10 nm) mixing curve, suggesting minor contributions from superparamagnetic (SP, «0.5 um) particles.

4.5. FORCs

FORCs were measured to further characterize the magnetic grain size distributions (Figure 8). The FORC
diagrams of representative peridotite samples display peaks in the FORC distribution between 10 and
20 mT, and spreading about the horizontal B, axis. These features are commonly associated with interacting
SD grains, The divergence of outer contour lines that spread out toward the B, = 0 is more of a property of
PSD grains (DB11-43 and DB11-29). The asymmetric vertical FORC distribution along the B, axis for
DB11-29 also indicates the presence of MD grains [Pike et al., 2001; Roberts et al., 2014]. The FORC
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Figure 9. BSE images and element maps of representative magnetite microstructures in the Mt-rich Dongbo peridotites.
(a-d) Magnetite bands in the interior of serpentine veins. (e-h) Magnetite structures in the >60% serpentinized perido-
tites. (i-I) Spinel develops Fe-rich oxidation rims with outermost overgrowth of pure magnetite.

diagrams therefore indicate mixtures of interacting SD magnetite, and PSD and/or MD magnetite in the
Dongbo serpentinized peridotites. Furthermore, DB11-58 (and possibly DB11-52) contains an additional
component with a smaller distribution peak near the origin and nearly vertical contours extending below
the B, axis, consistent with superparamagnetic grains [Roberts et al., 2014]. Superparamagnetic behavior in
DB11-58 was also inferred from the low-temperature FC/ZFC remanence curves as mentioned there
(Figure 5c); however, it is unclear if the superparamagnetism detected at T < 50 K is carried by a Fe-
bearing phase that is magnetically ordered at room temperature.

5. Discussion
5.1. Magnetic Phases in the Dongbo Serpentinized Peridotites

The M,/x and B, values of the Dongbo serpentinized peridotites range from 5.84 to 48.3 x 10> Am™' and
from 21.6 to 58.1 mT (Table 1), respectively, falling in the magnetite/titanomagnetite region [Peters and
Dekkers, 2003]. Various magnetites in serpentine veins are the predominant occurrence (Figure 9), and the
magnetite grains are nearly pure Fes0, in chemical composition (Table 3). This is consistent with the high-
and low-temperature magnetic analyses (Figures 4 and 5), which reveal that magnetite is the principal mag-
netic phase controlling the magnetic properties of the Dongbo serpentinized peridotites.
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Table 3. Electron Microprobe Analyses of Oxides for the Dongbo Peridotites

Sample Mineral Spot® Si0, TiO, A0; FeOrotal Cry0; MnO MgO Ca0
DB11-52 Mt a-1 163 0.03 0.01 89.61 0.02 0.04 0.88 002
Mg-Al Sp b-1 bd. 0.00 37.05 16.58 2938 0.14 1532 001

Mt b-2 0.16 b.d. 0.02 91.26 0.69 0.11 0.51 0.01

DB11-58 Mt d-2 0.33 0.02 0.02 89.48 0.03 0.77 0.32 0.01
Mt d-3 0.71 b.d. 0.01 89.14 b.d. 1.04 0.60 b.d.

Fe-Cr Sp 0.01 0.09 1173 24.24 54.86 0.39 8.53 0.01

Fe-Cr Sp 0.03 0.09 11.65 25.16 53.66 0.44 7.66 0.00

DB11-43 Mt f-1 0.05 0.00 0.03 91.38 b.d. b.d. 0.38 0.01
Mt f-2 0.06 b.d. b.d. 93.41 0.06 0.07 0.36 0.01

Mt 0.05 b.d. b.d. 92.69 0.08 0.09 0.33 b.d.

Mg-Al Sp 003 0.04 35.10 17.97 31.04 021 1458 003

Sp rim® 132 0.11 0.79 62.02 28.46 0.78 1.99 0.03

DB11-29 Mt g-2 0.53 0.00 0.01 91.33 0.01 0.05 0.11 0.00
Mt h-1 0.53 0.02 0.02 90.97 b.d. 0.08 0.50 b.d.

Mt 033 0.01 b.d. 91.41 0.35 0.04 0.42 0.00

Mg-Al Sp 0.02 0.07 39.81 15.71 25.39 0.20 16.58 b.d.

“Spinel’s oxidation rim.

he spot refers to Figure 2.

dThe mole fraction of end-members FeCr,0,4 and Fe30; in spinel.
Mineral formula calculation from Ghiorso and Sack [1995].

Spinels in the Dongbo harzburgites are primarily Fe-Cr-rich Mg-Al spinel with 0.25-0.34 mole fractions of
FeCr,04, assuming that the spinel end-members are FeCr,0,4, MgCr;04, MgAl,Q,, and Fe;0, (Table 3). The
Mg-Al spinel commonly develops an oxidation rim with outermost overgrowth of pure magnetite. The
oxidation rim becomes richer in Fe toward the spinel boundary and becomes wider in DB11-43 (S~24%)
(Figure 9) than in DB11-52 (S~7%) (Figure 2b), suggesting increasing oxidation state for magnetite-rich
serpentinized peridotites.

In contrast, spinels in the dunites (e.g., DB11-58) are dominantly Fe-Cr spinel with 0.53-0.56 moles of FeCr,0,
and <0.1 of Fe30, (Table 3), and the spinels do not show any oxidation rims. Fe;04-poor spinels generally
show paramagnetic susceptibility [Harrison and Putnis, 1996], and this is supported by the y-T curve of sample
DB11-58 without T, below 550°C during heating (Figure 4c). The new T, at ~367°C on cooling could be caused
by the formation of new Fe30,-rich spinel and another Fe-poorer spinel during high-temperature heating [Li
et al,, 2014]. The Fe3O,4-poor Fe-Cr spinels may also account for the rapid rise of magnetization at T < 50 K
(Figure 5c) like pure FeCr,04 [Robbins et al,, 1971]. Though some Fe3O,4-tich Fe-Cr spinel could carry NRM
at T < 200°C[Yu et al, 2001], it is unclear whether or not the Fe;04-poor Fe-Cr spinels contribute to the high
NRM (>1 Am™") in the Dongbo dunite samples (Figure 3).

5.2. Magnetic Variations in Variably Serpentinized Peridotites

Various serpentinized peridotites from oceanic and continental regions have shown wide variations in the
relationship between magnetic susceptibility and density or the serpentinization degree [Beard et al,
2009]. For the Dongbo peridotites, magnetic susceptibility and the magnetite content exhibit a coupled rela-
tionship with increasing serpentinization (Figures 10a and 10b), indicating that magnetite abundance
dominantly controls susceptibility. The highly serpentinized sample DB11-29 (S~87%) contains the highest
magnetite content of ~1.82 wt %, consistent with other S > 60% serpentinized abyssal peridotites [Oufi et al,,
2002]. However, for the other peridotite samples, magnetite abundance shows an increase from 0.01 to ~0.1
wt % for S < 20% of serpentinization, and then an apparent decrease from ~0.15 to <0.02 wt % between
5~30% and ~60% of serpentinization. A narrow peak of magnetite abundance (up to 0.6 wt %) is at S~25%
of serpentinization (p, ~3.1 + 0.05 g cm™) (Figure 10a). These features are distinctive from the generally posi-
tive correlation between the magnetite content and the degree of serpentinization observed in other ophio-
litic peridotites [e.g., Maffione et al., 2014].

The decrease in magnetite abundance for the S = 30-60% serpentinized Dongbo peridotites is mainly
observed in dunite samples (Figure 10a). These samples display low susceptibilities (<1.0 x 1073 S|,
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Table 3. (continued)

Sample

Na»O

K50

NiO

Total

c
Xrecr204

c
Xre304

Referential Formulad

DB11-52

DB11-58

DB11-43

DB11-29

0.02
b.d.
b.d.
0.01
0.05
b.d.
b.d.
b.d.
0.03
0.00
0.01
0.03
bd.
b.d.
0.00
0.02

0.01

0.01
b.d.
0.01
0.01
b.d.
b.d.
b.d.
b.d.
0.00
0.01
b.d.
b.d.
0.00
b.d.

0.09
b.d.
1.05
0.14
0.23
0.07
0.09
0.29
0.23
0.36
0.16
0.09
0.08
0.03
044
0.30

9236
98.48
93.82
91.14
91.79
99.94
98.79
92.15
94.23
93.62
99.17
95.61
92.12
92.15
93.01
98.08

0.31

0.53
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0.34
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Figure 10b) like the freshest harzburgites and minor dunite samples from the Dun Mountain ophiolite in New
Zealand [Hatherton, 1967], which plot below the dominantly negative density-susceptibility line/zone for
other peridotite samples [Frost and Beard, 2007; Oufi et al., 2002]. Generally, the serpentinization of peridotite
is a fluid-involved reaction sequence with serpentine, brucite, and magnetite forming primarily from the
breakdown of olivine and/or pyroxene with peak formation of magnetite at >60-70% of the serpentinization
[Bach et al., 2006; Toft et al., 1990]. The serpentine (+ brucite) veins in magnetite-poor dunite (DB11-58) and
harzburgite (DB11-52) samples contain low SiO, contents of 34.4-42.4 wt % and low Xy4 (Mg/(Mg+XFe)) of
0.89-0.93 (Table 2). These results follow the evolution trend for Fe-rich serpentine-brucite minerals reported
by Klein et al. [2014], who documented that temperatures <~200°C lead to Fe-rich brucite and relatively little
magnetite in serpentinized mantle peridotites.

The Dongbo dunites probably have experienced dominantly low-temperature (<~200°C) serpentinization by
reactions of olivine to Fe-rich serpentine-brucite minerals with the formation of rare magnetite [Klein et al.,
2014; Seyfried et al., 2007] before $5~60-70% of serpentinization. Moreover, external input of SiO,(aq) from
either the reaction of orthopyroxene [Klein et al., 2009] or modified seawater [Alt and Shanks, 2003] will result
in high silica activities in the serpentinization systems and facilitate the formation of magnetite. However,
within the dunite lenses (a relatively closed system), silica is limited due to either lack of orthopyroxene or
direct infiltration of large amounts of external silica-rich fluids, which suppresses the extraction of magnetite
from Fe-rich serpentine-brucite minerals even at higher degrees of serpentinization (e.g., S = 30-60%).
Therefore, the low magnetite abundance in the S = 30-60% serpentinized Dongbo dunites, as well as minor
harzburgite samples, should not refer to a reduction or consumption of magnetite from the peak abundance
at 5~25% for harzburgites but probably resulted from combined low-temperature and low-silica activity ser-
pentinization within the Dongbo ophiolite.

In contrast, the Fe-poor serpentine-brucite veins in magnetite-rich harzburgite samples (DB11-43 and
DB11-29) show comparatively higher Xyg of 0.94-0.97, suggesting serpentinization temperatures of
200-400°C [Andreani et al., 2013; Klein et al., 2014]. Moreover, the Fe-poor serpentine veins generally form
in fluid-dominated systems [Beard et al., 2009; Frost et al.,, 2013], where the infiltration of oxidizing fluids
drives the reactions of Fe-rich serpentine and brucite to magnetite. Therefore, the narrow peak of magne-
tite abundance at $~25% of serpentinization for the Dongbo harzburgite samples (Figure 10a) may indi-
cate localized short-term injection of fluids at ~200-400°C, similar to that abundant magnetite is
produced in the S > 60-70% serpentinized peridotites with high fluid/rock ratios in open systems [e.g.,
Bach et al., 2006; Beard et al., 2009].

Magnetic domain structures in magnetite also show variations in the serpentinization process [e.g., Fujii
et al, 2017; Maffione et al,, 2014]. Fine-grained magnetite generally forms during early-stage serpentiniza-
tion (S < 60%), while coarse grains are products in the S > 60-70% stages [Bina and Henry, 1990]. The
decrease of M,/M; with increasing serpentinization degree for the Dongbo serpentinized peridotites is
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Figure 10. Magnetic variations with increasing degrees of serpentinization
for various peridotites. Abyssal peridotites in gray and ophiolitic peridotites
in blue (references shown in Figure 3).

broadly  consistent  with  this
suggestion (Figure 10c). However,
the low-temperature remanence
curves (Figure 5) and the FORC
diagrams (Figure 8) suggest a small
but weakly defined contribution
from ultrafine-grained SP particles
(possibly magnetite) may form in
intermediately serpentinized
(S = 10-60%) but magnetite-poor
dunites (e.g., DB11-58), in addition
to their occurrence in slightly
serpentinized (S < 10%) peridotites
observed elsewhere [e.g., Maffione
et al, 2014]. The FORC diagrams
and the Day plot (Figure 7) of the
Dongbo serpentinized peridotites
also suggest that MD magnetite
forms in all stages of
serpentinization [Malvoisin et al.,
2012].

5.3. Origin of Magnetic Anomalies
in Suture Zones

Abyssal peridotites have usually
experienced high degrees of serpen-
tinization (S > 60-70%) with high
magnetization intensities of several
to tens of Am™' making them signifi-
cant sources of oceanic magnetic
anomalies [Nazarova, 1994; Oufi
et al, 2002]. However, peridotites
with S < 60% from the Mirdita ophio-
lite of Albania have an average mag-
netization intensity of <1 Am™,
which is too low to contribute to
oceanic magnetic anomalies
[Maffione et al, 2014]; whereas
garnet-bearing peridotites in S = 20—
60% of serpentinization from the
Sulu ultrahigh-pressure orogenic belt
in central China have shown much
higher NRMs (tens of Am™') [Liu
etal, 2010].

Strong positive aeromagnetic
anomalies have been detected in
the exposed Dongbo ophiolite area,
and an intact magnetic body extend-

ing downward ~3-5 km is extrapolated [Jiang et al,, 2015, 2016]. Around 70% of the harzburgite samples in
this study are weakly magnetic and show J; and NRM intensities of <0.1 Am™' (Figure 3). Minor dunite and
harzburgite samples show high NRMs of ~1 Am™" and also low Jyvalues of <0.1 Am™'. The highest magneti-
zation intensities lie in the S > 60% (e.g., DB11-29) and the S = 20-30% serpentinized harzburgite samples
(e.g., DB11-43) with >1 Am™' of induced magnetization and up to 5.85 Am™' of the NRM intensities. These
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samples contain abundant magnetite with high proportions of SD grains (Figures 8 and 9), making them
highly susceptible and capable of retaining strong remanences, Therefore, the S > 60% and S = 20-30% ser-
pentinized peridotites represent the most magnetic rocks in the Dongbo ophiolite, and peridotites with such
degrees of serpentinization are most likely the sources of the large-scale magnetic anomalies [e.g, Jiang et al,,
2016] within the Yarlung-Zangbo suture zone in south Tibet.

6. Conclusions

Integrated magnetic, petrographic, and mineral chemical studies of variably serpentinized peridotites from
the Dongbo ophiolite in SW Tibet (China) reveal that magnetite is the dominant magnetic phase in all stages
of serpentinization. Magnetite typically occurs in serpentine veins but also appears as overgrowth rims of
oxidized Mg-Al spinel. The magnetite abundance and magnetic susceptibility show coupled variations with
narrow peaks at S~25% of serpentinization (density, ~3.1 + 0.05 g cm™). This may suggest a short-term
infiltration of fluids and subsequent cutoff of the fluid sources during the serpentinization of the Dongbo
peridotites. Dunites in the S = 30-60% of serpentinization contain Fe-rich serpentine and show very low
magnetite abundance, probably resulting from low-temperature and silica-poor serpentinization. Overall,
the S > 60% together with the S = 20-30% serpentinized peridotites represent the most magnetic rocks in
the Dongbo ophiolite, and are significant magnetic sources within the Yarlung-Zangbo suture zone in
south Tibet.
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