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Abstract: Knowledge of the formation and evolution of cratonic subcontinental lithospheric mantle
is critical to our understanding of the processes responsible for continental development. Here, we
report the deformation microstructures and lattice preferred orientations (LPOs) of olivine and
pyroxenes alongside petrological data from spinel peridotite xenoliths beneath the Baekdusan
volcano. We have used these datasets to constrain the evolution of deformation fabrics related to
petrogenesis from the Baekdusan peridotites. Based on petrographic features and deformation
microstructures, we have identified two textural categories for these peridotites: coarse- and fine-
granular harzburgites (CG and FG Hzb). We found that mineral composition, equilibrium
temperature, olivine LPO, stress, and extraction depth vary considerably with the texture. We
suggest that the A-type olivine LPO in the CG Hzb may be related to the preexisting Archean
cratonic mantle fabric (i.e., old frozen LPO) formed under high-temperature, low-stress, and dry
conditions. Conversely, we suggest that the D-type olivine LPOs in the FG Hzb samples likely
originated from later localized deformation events under low-temperature, high-stress, and dry
conditions after a high degree of partial melting. Moreover, we consider the Baekdusan peridotite
xenoliths to have been derived from a compositionally and texturally heterogeneous vertical mantle
section beneath the Baekdusan volcano.

Keywords: spinel peridotite xenoliths; deformation microstructures; lattice preferred orientation;
petrogenesis; mantle heterogeneity; Baekdusan volcano

1. Introduction

Cratons are the oldest and thickest domains of the Earth’s lithosphere [1,2] and are commonly
associated with subcontinental lithospheric mantle (SCLM), which is characterized by a cold
lithospheric mantle root extending to depths >250 km [3]. Knowledge of the formation and evolution
of SCLM is critical to our understanding of the processes responsible for continental development
[4]. Cratonic SCLM typically comprises of highly refractory residues produced by high degrees of
partial melting [5-8]. This refractory mantle is unlikely to melt again subsequently unless heated by
a hot mantle plume [2] because the cratonic lithosphere is relatively cold and rigid. However, some
cratons, such as the North China Craton (NCC), did not remain stable following their formation; this
kind of craton is characterized by extensive ductile deformation of deep crustal rocks and an
abundance of crust-derived felsic magmatism [2].
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Fragments of deep cratonic lithosphere, such as peridotite xenoliths, can be brought to the
surface by basaltic magmas. These xenoliths can provide valuable insights into deformation processes
in the upper mantle [9,10]; thus, enhancing our understanding of physical and chemical
characteristics and deformation conditions in the upper mantle [11-13]. Previous experimental
studies considering deformation fabrics have focused on the lattice-preferred orientations (LPOs) of
olivine at high pressures and temperatures and have demonstrated that the LPOs of olivine can be
controlled significantly by water and stress [14-16], temperature [17], and pressure [18-20]. The
Baekdusan (also called as Changbaishan in China) volcano is a prominent active volcano located on
the border between China and North Korea. To date, few petrological and geochemical studies have
been undertaken to investigate peridotite xenoliths hosted in basaltic rocks associated with this
volcano [21,22]. Accordingly, the physicochemical heterogeneity of cratonic mantle in this region,
and its relationship to local deformation fabrics and petrological characteristics (i.e., modal and
chemical compositions), remains poorly constrained. Moreover, the detailed microstructures of the
deformed peridotites beneath Baekdusan have not yet been reported in the literature. To address
these gaps in knowledge, we have studied spinel peridotite xenoliths beneath the Baekdusan volcano.
Here, we report our results and discuss their significance for constraining the evolution of
deformation fabrics produced in olivine and pyroxenes in relation to petrogenesis in the cratonic
mantle.
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Figure 1. Simplified geologic map of the Baekdusan area showing the distribution of Cenozoic
intraplate basalts in northeastern China and Korea (modified from [21,23,24]) and the sampled
location at Baekdusan.

2. Geological Background and Sampling

The Chinese portion of the Sino-Korean craton is known as the NCC and is one of the oldest
cratonic blocks globally [2]; it contains Eoarchean rocks with ages up to 3.8 Ga [25,26]. Previously,
the NCC has been divided into eastern and western blocks and the intervening Trans-North China
Orogen based on its age, lithological assemblages, and tectonic evolution [27]. The Archean basement
of the eastern NCC is composed primarily of the following: tonalite-trondhjemite-granodiorite
(TTG) gneisses (2.6-2.5 Ga); mafic to ultramafic igneous rocks and syntectonic granites (~2.5 Ga); and
a variety of supracrustal rocks [27,28]. The NCC remained stable from its amalgamation (~1.85 Ga)
until the initiation of massive circum-craton Phanerozoic subduction and collisional orogenies [3].
However, the eastern part of the NCC experienced widespread tectonothermal reactivation during
the Phanerozoic subduction, as revealed by the presence of voluminous Late Mesozoic mafic and
felsic igneous rocks and extensive Tertiary alkali basaltic volcanism [29-31].
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The Baekdusan volcanic field is located along the northeastern margin of the NCC (Figure 1).
Moreover, it is located far away from the Japanese subduction zone (ca. 900 km) (Figure 1), indicating
that volcanism here is of intraplate origin [32]. However, recent seismotomographic studies have
suggested the presence of a stagnant slab in the mantle transition zone and the possible presence of
a hydrous mantle upwelling beneath Baekdusan [33-35]; this may have produced subduction-
induced hydrous mantle upwelling. The Baekdusan volcano consists of an early-stage basaltic
plateau, a middle-stage trachytic cone, and a late-stage explosive comenditic ignimbrite [36,37].
Previous studies have shown that the main early shield-forming eruptions and cone construction
occurred ~22.6 to 1.5 Ma and between ~1.0 Ma and 20 ka, respectively, followed by Quaternary
volcanic events including the Millennium eruption [36,38]. We collected peridotite xenoliths hosted
in massive basaltic rocks from the northern part (42°12'30.98"N, 128°11'41.70"E) of the Baekdusan
volcano.

3. Methods

3.1. Mineral Chemistry

The major element compositions of target minerals (olivine, orthopyroxene, clinopyroxene, and
spinel) were determined using a field emission electron probe microanalyzer (FE-EPMA; JEOL JXA-
8530F) at the Korea Polar Research Institute. The accelerating voltage, beam current, beam diameter,
and counting time were 15 kV, 10 nA, 3 um, and 20 s, respectively. The detection limits (30) in wt%
are as follows: 0.01 for CaO and K:0O, 0.02 for MgO and Na:0, 0.03 for SiOz, TiO2, Al20s, and Cr20s,
and 0.04 for FeO and MnO. Three to four grains were measured for each mineral and we represent
here averages. There was no clear distinction in element concentrations between the cores and rims
of the constituent minerals. Based on the obtained mineral compositions, we calculated equilibrium
temperatures using the two-pyroxene thermometer by Brey and Kohler [39].

3.2. Measurement of LPO

For petrographic and microstructural observations, the foliation and lineation of rock samples
were determined by observing the compositional layering and alignment of olivine, pyroxenes, and
spinel grains. Rock sections were cut parallel to the XZ plane of the XYZ structural reference frame
(where XY represents the macroscopic foliation and the X direction represents the direction of the
stretching lineation), and thin sections were produced for electron backscatter diffraction (EBSD)
analysis according to previously published methods [40,41]. The LPOs of the minerals were measured
using an automated EBSD system and a symmetry detector (Oxford Instruments, Abingdon, UK)
attached to a field emission scanning electron microscope (FE-SEM; JEOL JSM-7100F) at the School
of Earth and Environmental Sciences at Seoul National University. The working parameters for the
EBSD analysis included accelerating voltage, working distance, and stage tilt of 15.0 kV, 25.0 mm,
and 70° from the horizontal, respectively. Kikuchi diffraction patterns were obtained automatically
using the Aztec software (Oxford Instruments HKL) with a sampling step size of 25 um; this is
significantly smaller than the average grain size of the constituent minerals. The HKL CHANNEL 5
software was used to process the EBSD data as described in previous studies [40,41]. To avoid
oversampling of large grains and to permit comparison of fabrics between samples, pole figures were
constructed from one point per grain [40,41]. Contoured pole figures for each mineral were plotted
using lower-hemisphere equal-area stereographic projection. Fabric strength of the LPOs was
quantified using the M-index [42]. The LPOs of clinopyroxenes obtained here were compared with
the conventional LPO of clinopyroxene, where the [001] axes are commonly aligned subparallel to
the lineation and the (010) planes are aligned subparallel to the foliation in naturally deformed rocks
[43,44].
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4. Results

4.1. Petrographic Features and Deformation Microstructures

We found the spinel harzburgite xenoliths from Baekdusan to consist of olivine (63-75 vol.%),
orthopyroxene (21-34 vol.%), clinopyroxene (up to 5 vol.%), and minor spinel (up to 0.6 vol.%), based
on the area fraction of each mineral in the EBSD maps (Table 1). Generally, we found all peridotite
xenoliths to exhibit weak foliation. We identified two main textural categories of peridotites based
on petrographic features (including grain size): coarse-granular and fine-granular (Table 1).

The coarse-granular peridotite (BD-19) is characterized by large grains (2-8 mm) with abundant
120° triple junctions at grain boundaries (Figure 2a,b). It represents roughly a protogranular texture.
The mean grain size of olivine grains in this peridotite is approximately 860 pm (Table 1) and olivine
grains in the sample typically exhibit subgrains and undulose extinction (Figure 3b).

The fine-granular peridotites (BD-17 and BD-21) are characterized by relatively small grains (1-
3 mm) with equigranular textures (Figure 2¢,d). We commonly observed 120° triple junctions at grain
boundaries in these samples, indicating a well-equilibrated microstructure. The mean grain sizes of
olivine crystals in BD-17 and BD-21 were approximately 380 um and 450 um (Table 1), respectively.
We found subgrains and undulose extinctions to be more common in these olivine grains than in the
coarse-granular sample (Figure 3d,f).

Both the coarse- and fine-granular peridotites typically display straight and gently curved grain
boundary morphologies (Figures 2 and 3). Orthopyroxenes typically exhibit clinopyroxene
exsolution lamellae, whereas clinopyroxenes have orthopyroxene lamellae or exsolved spinel blobs.
Clinopyroxene is present only as small lobate forms in the matrix (Figure 2a,c), often with spongy
rims. Spinels are present as small and anhedral grains forming intergrowths with orthopyroxene or
as interstitial grains with amoeboid shapes (Figure 2a,c).

Table 1. Summarized results of the studied peridotite xenoliths from Baekdusan.

Sample Rock Texture Modal Composition? (%) T? GS? Stress*  Olivine LPO
Ol Opx Cpx Sp (O (um) (MPa)  LPO M

BD-19 Hzb CG 710 234 50 06 992 864+86 9 A-type 0.24

BD-17  Hzb FG 62.0 337 40 03 85 384+52 16 D-type 0.23

BD-21 Hzb FG 748 21.0 40 03 845 45245 14 D-type  0.22

Hzb (harzburgite), CG and FG (coarse- and fine-granular), Ol (olivine), Opx (orthopyroxene), Cpx

(clinopyroxene), and Sp (spinel). ! Based on the area fraction of each mineral in the EBSD maps. 2
Equilibrium temperature was calculated by the two-pyroxene thermometer [39] at 15 kbar, st. dev.
+16 °C. ® Grain-size (GS) of olivine was estimated by EBSD mapping analysis.  Stress was estimated
using recrystallized grain size piezometer [45], st. dev. +1 MPa. > M-index (M): the misorientation
index which shows the fabric strength of olivine [42].
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Figure 2. Optical photomicrographs of large-scale thin sections in plane-polarized light (a,c) and
cross-polarized light (b,d) illustrating the typical microstructures from the Baekdusan peridotite
xenoliths. (a,b) Coarse-granular peridotite (BD-19). (c,d) Fine-granular peridotite (BD-17). Ol
(olivine), Opx (orthopyroxene), Cpx (clinopyroxene), and Sp (spinel).

Figure 3. Optical photomicrographs of small-scale thin sections in plane-polarized light (a,c,e) and
cross-polarized light (b,d,f) illustrating the typical microstructures from the Baekdusan peridotite
xenoliths. (a,b) Coarse-granular peridotite (BD-19). (¢,d) Fine-granular peridotite (BD-17). (e,f) Fine-
granular peridotite (BD-21). Ol (olivine), Opx (orthopyroxene). Yellow arrows denote subgrain
boundaries and/or undulose extinction in olivine.

4.2. Mineral Compositions and Equilibrium Temperatures

The mineral compositions of spinel peridotite xenoliths from Baekdusan are presented in Table
2. We found the olivine Fo contents to be similar in the coarse- and fine-granular peridotites (90.7—-
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91.1) and found no clear distinction in element concentrations between the cores and rims of the
olivine crystals. The orthopyroxenes are enstatite-rich, with Mg# [=100Mg/(Mg + Fe)] of 90.6 and 91.1—
91.4 in the coarse- and fine-granular peridotites, respectively. The Al2Os contents of orthopyroxenes
in the coarse-granular peridotite (3.92 wt%) are slightly higher than those in the fine-granular
peridotites (2.63-2.65 wt%). Similarly, we found the Cr20s contents of orthopyroxenes to be 0.60 wt%
and 0.47 wt% in the coarse- and fine-granular peridotites, respectively. The Cr# [=100Cr/(Cr + Al)] of
orthopyroxenes is 9.2 and 10.6-10.8 in the coarse-and fine-granular peridotites, respectively. For
clinopyroxenes, we found Mg# to be 91.3 and 93.5-93.7 in the coarse- and fine-granular peridotites,
respectively. The Al2Os contents of clinopyroxenes in the coarse-granular peridotite (4.09 wt%) are
also slightly higher than those in the fine-granular peridotites (2.71-2.72 wt%). The Mg# and Cr# of
pyroxenes in the fine-granular peridotites are higher than those in the coarse-granular peridotite
(Table 2 and Figure 4). For spinels, we found a clear distinction in Al20s and Cr20s contents between
coarse- and fine-granular peridotites. In particular, we found spinels in fine-granular peridotites to
be characterized by much higher Cr# (37.6-38.3) and lower Mg# (66.4-66.5) than those in the coarse-
granular peridotite, for which we found Cr# and Mg# to be 24.1 and 73.3, respectively. Spinel Mg#
exhibits a negative correlation with spinel Cr# (Figure 4a), whereas spinel Cr# exhibits a positive
correlation with olivine Fo content (Figure 4b). Based on the spinel Cr# versus Mg# relationship and
the relationship between olivine Fo# and spinel Cr#, the Baekdusan peridotites plot between abyssal
and suprasubduction zone (SSZ) peridotites (Figure 4). This is broadly consistent with a previous
geochemical study [21], in which the olivine and spinel compositions of Baekdusan harzburgites
extended toward more fertile (SSZ) compositions.

Table 2. Compositions of minerals of studied peridotite xenoliths from Baekdusan.

Sample BD-19 BD-17 BD-21
Rock Harzburgite Harzburgite Harzburgite
Texture Coarse-Granular Fine-Granular Fine-Granular

Mineral Ol Opx Cpx Sp Ol Opx Cpx Sp Ol Opx Cpx Sp
SiO2

(Wt%) 4126 55.09 52.60 - 4120 56.65 53.69 - 40.75 56.11 53.53 -

o

TiO2 - 0.04 0.09 0.10 - 0.04 0.11 0.06 - - 0.08  0.09
Al20s - 392 4.09 46.56 - 2.63 271  35.53 - 2.65 272 3590
Cr203 - 060 081 21.98 - 0.47 082 3291 - 047 087 3222
FeO* 8.73 6.08 288 1213 9.02 5.87 213 1448 899 5.69 2.03 14.69

MnO 0.10 021 012 021 0.09 0.16 0.06 022 015 011 0.03 0.18
MgO 50.09 3286 1699 18.67 49.66 3392 1721 1612 4911 33.77 1698 16.26

CaO 004 091 2167 - 004 056 2307 - 005 055 2318 -
Na:0 - 005 055 @ - - - 047 - - - 039 -
K:0 - - - - - - - - - - - -

Total 100.26  99.75 99.82 99.69 100.08 100.34 100.26 99.33 99.10 9936 99.80 99.34

Si 1.002 1909 1911 0.000 1.004 1944 1941 0.000 1.003 1.943 1.944 0.000
Ti 0.000 0.001 0.003 0.002 0.000 0.001 0.003 0.001 0.001 0.000 0.002 0.002
Al 0.000 0.160 0.175 149 0.000 0.106 0.115 1.211 0.000 0.108 0.116 1.222
Cr 0.000 0.016 0.023 0474 0.000 0.013 0.023 0.753 0.000 0.013 0.025 0.736
Fe 0.177 0176 0.088 0.277 0.184 0.169 0.064 0.350 0.185 0.165 0.062 0.355
Mn 0.002 0.006 0.004 0.005 0.002 0.0056 0.002 0.005 0.003 0.003 0.001 0.004
Mg 1.814 1.698 0920 0.759 1.804 1736 0927 0.695 1.802 1.743 0.919 0.700
Ca 0.001 0.034 0.843 0.000 0.001 0.021 0.894 0.000 0.001 0.020 0.902 0.000
Na 0.000 0.003 0.039 0.001 0.000 0.002 0.033 0.001 0.000 0.000 0.027 0.000
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sum 2997 4.003 4.007 3.014 299 399 4.003 3.017 2996 3.99% 3.998 3.019
Mg# 91.1 90.6 913 733 90.7 91.1 93.5 66.5 90.7 914 937 664
Cr# 9.2 11.7 241 10.8 16.8 38.3 106 176 376

Total Fe as FeO*; Mg# = 100Mg/(Mg + Fe); Cr# = 100Cr/(Cr + Al); - (below the detection limits); Ol
(olivine); Opx (orthopyroxene); Cpx (clinopyroxene); and Sp (spinel).
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We estimated the equilibrium temperatures of the Baekdusan peridotites using the two-
pyroxene geothermometer by Brey and Kohler [39]; this is a well-known method for calculating the
solubility of the enstatite component in diopside, coexisting with orthopyroxene. We assumed a
pressure of 15 kbar for our temperature calculations because the Cr-spinel in the peridotite can be
stable at pressures of 8-25 kbar [46,47]. A pressure change of +10 kbar would result in estimated
temperature variations of only +20 °C because the two-pyroxene geothermometer is relatively
insensitive to pressure. Use of this method yielded equilibrium temperatures of 992 °C and 845-855
°C for the coarse- and fine-granular peridotites, respectively (Table 1). This range of equilibrium
temperatures is consistent with the results of a previous study that also adopted the two-pyroxene
geothermometer of Brey and Kohler (752-997 °C) [21].
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Figure 4. Plots of (a) spinel Cr# versus Mg# relationship and (b) olivine Fo# versus spinel Cr#
relationship. The olivine-spinel mantle array and melting trend (annotated by melting %) given in (b)
are from Arai [48]. Data sources: abyssal peridotites [49] and suprasubduction zone (SSZ) peridotites
[50-52]. FMM = fertile MORB mantle. Previous data from the Baekdusan peridotite xenoliths [21] are
also shown as squares for comparison. Coarse-granular (CG; red circles) and fine-granular (FG; blue
circles) harzburgite (Hzb) from the Baekdusan peridotites.

4.3. LPOs of Minerals

The LPO of olivine from the coarse-granular peridotite (BD-19) indicates maximum
concentration of the [100] axis subparallel to the lineation, with the [010] axis strongly aligned
subnormal to the foliation (Figure 5a). This is a characteristic of the A-type olivine LPO [14],
indicating a dominant slip system of (010)[100]. In contrast, the LPOs of olivine from the fine-granular
peridotites (BD-17 and BD-21) are characterized by a strong alignment of the [100] axis subparallel to
the lineation and a weak girdle pattern for both the [010] and [001] axes subnormal to the lineation
(Figure 5b,c). This is a characteristic of the D-type olivine LPO and indicates the activation of multiple
slip systems of {0kl}[100]. The fabric strength of olivine (i.e., the M-index) in the Baekdusan
peridotites ranges between 0.22 and 0.24 (Table 1 and Figure 5).

Generally, the fabrics of orthopyroxenes (Figure 6a—c) are much weaker than those of olivine in
our samples (Figure 5). The LPOs of orthopyroxenes from both the coarse- and fine-granular
peridotites exhibit alignment of the [100] axis subnormal to the foliation, whereas the [001] axis is
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aligned subparallel to the lineation (Figure 6a—c). This is a characteristic of the type-AC LPO of
orthopyroxene [53]. The LPOs of clinopyroxenes are illustrated in Figure 6d—f, in which the fabrics of
clinopyroxenes are relatively weak. The LPOs of clinopyroxene typically indicate alignment of the
[010] axis subnormal to the foliation (Figure 6d,e) and alignment of the [001] axis subparallel to the
lineation (Figure 6d—f). This is considered a conventional characteristic of the LPO of clinopyroxene
in naturally deformed rocks [43,44]. The fabric strengths (i.e., M-index) of orthopyroxenes (0.04-0.07)
and clinopyroxenes (0.04-0.05) are weaker than those of olivine in our samples (Figures 5 and 6).
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Figure 5. Pole figures showing the lattice preferred orientations (LPOs) of olivine from coarse-
granular (CG) and fine-granular (FG) harzburgite (Hzb) from the Baekdusan peridotites. (a) The LPO
of olivine in coarse-granular peridotite (BD-19). (b,c) The LPOs of olivine in fine-granular peridotites
(BD-17, BD-21). The east-west direction corresponds to the stretching lineation (X), and the north—
south direction (Z) is normal to the foliation. Color-coding represents the density of data points.
Equal-area lower-hemisphere projection was used with a half scattering width of 20°. N indicates the
number of grains measured. Olivine fabric (LPO) strength is denoted by M (M-index) [42].
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Figure 6. Pole figures showing the lattice preferred orientations (LPOs) of (a—c) orthopyroxene and
(d—f) clinopyroxene from coarse-granular (CG) and fine-granular (FG) harzburgite (Hzb) from the
Baekdusan peridotites. The east-west direction corresponds to the stretching lineation (X) and the
north-south direction (Z) is normal to the foliation. Color-coding represents the density of data points.
Equal-area lower-hemisphere projection was used with a half scattering width of 20°. N indicates the
number of grains measured. Pyroxene fabric (LPO) strength is denoted by M (M-index) [42].
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5. Discussion

5.1. The Genesis of Olivine Fabrics in the Upper Mantle

Olivine fabrics (LPOs) developed under lithospheric conditions are well preserved in both
coarse- and fine-granular peridotites from the Baekdusan volcano (Figure 5). Our peridotite samples
exhibit intracrystalline deformation microstructures such as subgrain boundaries and undulose
extinctions in olivine (Figure 3). Together, these deformation microstructures and LPO patterns imply
that the Baekdusan peridotites were deformed by a dislocation creep regime.

We found the olivine LPO patterns to vary depending on the sample texture. For the coarse-
granular peridotite, the olivine LPO exhibited alignment of the [100] axes subparallel to the lineation
and a strong alignment of the [010] axis subnormal to the foliation (Figure 5a); this is a characteristic
of the A-type olivine LPO. Previously, the A-type olivine LPOs have been observed under conditions
of high temperature, low water content, and low stress, both in experimental studies investigating
the plastic deformation of olivine [14,54-57] and in naturally deformed peridotites [12,58-61].
Application of the two-pyroxene geothermometer to the coarse-granular peridotite from the
Baekdusan volcano produced a high estimate of equilibrium temperature (approximately 990 °C)
(Table 1), and the stress of this sample was estimated to be low (9 MPa, Table 1). Therefore, we
consider the A-type LPO of olivine in the coarse-granular peridotite to have been preserved from the
original olivine fabric formed under high-temperature (approximately 1000 °C), low-stress, and dry
conditions.

The olivine LPOs for our fine-granular peridotites exhibit a strong alignment of the [100] axes
subparallel to the lineation and a weak girdle pattern for both the [010] and [001] axes subnormal to
the lineation (Figure 5b,c). This is a characteristic of the D-type olivine LPO. Previously, the D-type
olivine LPOs have been observed primarily at low temperature and high stress regions in lithospheric
shear zones [61-66]. Previous experimental studies, natural observations, and numerical modeling
suggest that the D-type olivine LPOs may be formed by the following: (i) activation of multiple
{OKI}[100] slip systems under higher stress conditions than those forming the A-type olivine LPOs
[16,55,67]; (ii) activation of only the (010)[100] slip system under transtensional deformation regimes
[68]; (iii) activation of dominant (010)[100] and (001)[100] slip systems under high-temperature and
low-stress conditions, with strain compatibility constraints relaxed by grain-to-grain interactions
(numerical simulations) [69]; or (iv) dislocation-accommodated grain boundary sliding (DisGBS)
[56,63] under moderate transient strain conditions [70]. The equilibrium temperature we have
obtained for the fine-granular peridotites from the Baekdusan volcano is lower (845-855 °C) than that
obtained for the coarse-granular peridotite (Table 1). Moreover, the stress estimates obtained using a
recrystallized grain size piezometer [45] indicate that stress in the fine-granular peridotites is
relatively high (14-16 MPa) compared to that in the coarse-granular peridotite (9 MPa) (Table 1). If
the D-type LPO of olivine was formed by the transtensional deformation regime as in case (ii), the
LPOs of orthopyroxene and clinopyroxene would exhibit similar characteristics, i.e., the girdle
distribution observed for the [010] and [001] axes, because the LPOs of pyroxenes and olivine
typically form against the same structural background [71,72]. Furthermore, the mechanisms
required for the formation of D-type olivine fabrics in cases (iii) to (iv) are typically related to high
temperatures (1200 °C), and thus cases from (ii) to (iv) must be rejected. Consequently, we consider
the D-type LPO of olivine in the fine-granular peridotites from the Baekdusan volcano to have been
formed under lower temperature (approximately 850 °C), slightly higher stress, and dry conditions
at shallower depth, comparing to the A-type LPO of olivine.

5.2. Petrogenesis and Evolution of Deformation Fabrics of the Baekdusan Peridotites

The lack of a reliable geobarometer for the spinel peridotite stability field makes it very difficult
to estimate extraction depths (or equilibrium pressure) for the spinel peridotite xenoliths. However,
the extraction depths (or equilibrium pressure) of xenoliths can often be estimated by plotting their
equilibrium temperatures on a geotherm derived from surface heat flow data, because heat flow is a
key parameter used to constrain lithospheric thermal structures [73]. Thus, we estimated the
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extraction depths (or equilibrium pressures) of the Baekdusan peridotite xenoliths (Figure 7) by
plotting their equilibrium temperatures (Ttworyx; two-pyroxene geothermometer; Table 1) on the
geotherm of the Bohai Bay Basin in the NCC [74]; this is one of the few available datasets in the vicinity
of the Baekdusan volcano. For the coarse-granular (Ttwo-pyx: 992 °C) and fine-granular (Ttwo-pyx: 845-
855 °C) peridotites, we obtained extraction depth ranges of approximately 50-55 km and 40-45 km,
respectively (Figure 7). These results are consistent with the depth ranges obtained for the Moho (30—
35 km) and lithosphere-asthenosphere boundary (50-70 km) in a previous geophysical study [75]
and with the spinel-garnet phase transformation boundary [76] as shown in Figure 7. Such consistent
variation in equilibrium temperature with the sample texture may indicate that the Baekdusan
peridotite xenoliths were derived from a compositionally and texturally heterogeneous vertical
mantle section beneath the Baekdusan volcano. However, additional petrochemical and
microstructural data relating to the Baekdusan peridotite xenoliths will be required to validate this
hypothesis.
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Figure 7. A summary figure showing the relationship between olivine fabrics and deformation
conditions in the Baekdusan peridotites. The equilibrium temperatures are projected onto the
geotherm (solid line) of the Bohai Bay Basin in the NCC [74]. The spinel (Sp)-garnet (Grt) phase
transformation (green dashed line) is from O’Reilly and Griffin [76]. The crust-mantle boundary
(Moho) depth (30-35 km; black dashed lines) and lithosphere-asthenosphere boundary (LAB) depth
(50-70 km) beneath the Baekdusan volcano are from Kim et al. [75]. The equilibrium temperature
range indicated by previous data from the Baekdusan peridotite xenoliths is also shown [21]. Coarse-
granular (CG) and fine-granular (FG) harzburgite (Hzb). Representative A-type and D-type LPOs of
olivine from BD-19 and BD-17, respectively.

In general, the relationship between the olivine Fo content (Mg#) and spinel Cr# of peridotites is
an excellent indicator of the extent of melt extraction from mantle rocks [48,49,77]. Both the olivine
Fo content and spinel Cr# increase with increasing degree of partial melting in the peridotite samples
studied here (Figure 4b). The major element mineral chemistry (Table 2) and olivine-spinel
compositional relationships (Figure 4b) obtained here indicate that the Baekdusan peridotites (i.e.,
harzburgites) are residues that have experienced partial melting (ca. < 10% and < 20% for the coarse-
granular and fine-granular harzburgites, respectively). This result is broadly consistent with the
degree of partial melting (ca. < 25%) estimated in a previous geochemical study [21]. Based on
petrographic and microstructural observations, we found intracrystalline deformation features such
as subgrains, undulose extinctions, and strong olivine LPOs in the fine-granular harzburgites,
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although these have experienced a high degree of partial melting (ca. < 20%). This explains the
relatively weak fabric strength (M-index) observed for the LPOs of clinopyroxene and orthopyroxene
compared to olivine (Figures 5 and 6). If a high degree of partial melting had occurred in the fine-
granular harzburgites after the main deformation events, the recorded intracrystalline deformation
microstructures observed in the present study would have been destroyed by annealing (recovery)
processes (e.g., grain growth) under relatively high-temperature conditions during the partial
melting process. In contrast, the A-type olivine LPO has been preserved in the coarse-granular
peridotite owing to the relatively small degree of partial melting (ca. < 10%). In summary, we infer
that a high degree of partial melting occurred in the fine-granular harzburgites before the main
deformation event; this resulted in intracrystalline deformation microstructures, forming the D-type
olivine LPO under low-temperature, high-stress, and dry conditions (Figure 7). The A-type olivine
LPO observed in the coarse-granular peridotite may be related to the preexisting Archean cratonic
mantle fabric (i.e., old frozen LPO) that formed under high-temperature and low-stress conditions in
a deeper section (50-55 km), whereas the D-type olivine LPO in the fine-granular peridotites likely
originated from later localized deformation events under low-temperature and high-stress conditions
in a shallower section (40-45 km) after a high degree of partial melting. However, a more precise
interpretation of the tectonic history of our study area will require more data regarding the
microstructures and geochemistry of these lithologies.

6. Conclusions

We report, for the first time, the deformation microstructures and lattice preferred orientations
(LPOs) of minerals alongside petrological data from spinel peridotite xenoliths beneath the
Baekdusan volcano. Based on petrographic features and deformation microstructures, we have
identified two categories of peridotites: coarse- and fine-granular harzburgites. The olivine LPO in
the coarse-granular peridotite exhibits a maximum concentration of [100] axes subparallel to the
lineation, whereas the [010] axes are aligned strongly subnormal to the foliation (A-type olivine LPO).
In contrast, the olivine LPOs in the fine-granular peridotites exhibit a strong alignment of the [100]
axes subparallel to the lineation and a weak girdle pattern for both the [010] and [001] axes subnormal
to the lineation (D-type olivine LPO). We found that mineral composition, equilibrium temperature,
stress, and extraction depth vary considerably with the sample texture. Based on these differences,
we infer that the A-type olivine LPO of the coarse-granular peridotite reflects the preexisting Archean
cratonic mantle fabric (i.e., old frozen LPO) formed under high-temperature (approximately 990 °C),
low-stress, and dry conditions in a deep section (50-55 km). Conversely, we infer that the D-type
olivine LPO of the fine-granular peridotites likely originated from a later localized deformation event
under low-temperature (approximately 850 °C), high-stress, and dry conditions in a shallow section
(4045 km) after a high degree of partial melting (ca. < 20%). We propose that the Baekdusan
peridotite xenoliths were derived from a compositionally and texturally heterogeneous vertical
mantle section beneath the Baekdusan volcano.
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