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Abstract: Eclogites from the Guanshan and Yangkou areas of the Sulu orogen consist of garnet,
omphacite, phengite, amphibole, quartz/coesite, rutile, and ilmenite. Garnet exhibits weak composi-
tional zoning where Xgr decreases from the core to the mantle and then increases towards the rim,
coupled with an increase in Xpy from the core to the mantle and then decrease towards the rim. Phase
equilibria modelling with pseudosections calculated using THERMOCALC in the NCKFMASHTO
system for the Guanshan and Yangkou eclogites records two stages of metamorphism: (I) prograde
associated with quick subduction (Stage-I) and (II) retrograde associated with quick exhumation
(Stage-II). Stage-I is recorded in the core-mantle zoning of garnet and Si content in phengite in the
Guanshan and Yangkou eclogites with a mineral assemblage of Grt-Omp-Amp-Phg-Qtz-Rt ± Lws,
and the P-T conditions are constrained at 22–26 kbar and 600–615 ◦C in Guanshan, while 24–26 kbar
and 595–600 ◦C in Yangkou. The peak P-T conditions (Pmax = 33 kbar; T = 685 ◦C) of Guanshan
eclogites are revealed by the maximum Si content in phengite and the minimum Xgr in the garnet
mantle with the mineral assemblage of Grt-Omp-Phg-Coe-Rt ± Lws. The value of Pmax suggests
that the subduction depth of the Guanshan eclogites exceeds 110 km. Stage-II is recorded in the
mantle-rim zoning of garnet, and its P-T conditions are estimated to be 12–15 kbar and 780–820 ◦C
for the Guanshan eclogites reflected by the assemblage of Grt-Omp-Amp-Pl-LL-Qtz-Rt ± ilm, and
13–14 kbar and 770–790 ◦C for the Yangkou eclogites by the assemblage of Grt-Omp-Amp-Pl-LL-
Qtz-Rt. The two stages of metamorphism in the study areas are overall consistent with the regional
metamorphic events, from ultra-high-pressure eclogite facies, through high pressure eclogite facies,
to amphibole eclogite facies, with the ages of 245, 227 and 195 Ma, respectively.

Keywords: continental subduction; UHP eclogite; P-T pseudosection

1. Introduction

The formation and evolution of ultra-high-pressure (UHP) mineral assemblages (e.g.,
garnet, omphacite, phengite, and coesite) have important implications, not only for the
generation and differentiation of continental crust through the operation of plate tectonics
but also for mountain building along both converging and converged plate boundaries [1].
Since coesite-bearing eclogite breccia was first reported in the Yangkou area, great progress
has been made in the study of the Sulu UHP metamorphic belt [2–5]. P-T conditions during
the prograde metamorphic stage were estimated by Graham and Powell [6] at 10 kbar
and 550–600 ◦C using garnet–amphibole geothermobarometry. Peak P-T conditions were
estimated by Zhang et al. [7] at 30–39 kbar and 740–830 ◦C using the Grt–Omp–Coe–Phg
geothermobarometry of Ravna and Terry [8]. Much higher peak P-T conditions obtained
by Ye et al. [9] based on clinopyroxene, rutile, and apatite exsolution in garnet are up to
70 kbar and 1000 ◦C. We recently achieved retrograde P-T conditions of 21.4–23 kbar and
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869–924 ◦C for the Xiaoxinzhuang eclogites in the central part of the Sulu UHP belt using
the pseudosection approach in the NCKFMASHTO system [10]. The discrepancies between
the P-T-t path style and peak P-T conditions might reflect differential subduction processes
of rock slices in the Sulu metamorphic belt [10–13].

Evaluation of metamorphic P-T evolution using THERMOCALC by Powell et al. [14] has
proven to be a powerful approach to elucidate phase relations in metamorphic rocks [15–19].
This method has also proven useful in the study of UHP eclogites, because it could quantify
the evolution of mineral assemblages and constrain a robust P-T path [20].

Guanshan and Yangkou are located in the southern and northern Sulu UHP terranes,
respectively. To evaluate spatial variations of metamorphic P-T conditions in the whole
Sulu HP/UHP belt, this study is an important addition. In addition, modal variations of
major minerals in the rock system along the P-T paths for the Guanshan and Yangkou
eclogites are also examined and illustrated in this study.

2. Geological Setting

The Sulu orogenic belt is the eastern extension of the Sulu-Dabie orogenic belt.
The sinistral strike-slip of the NNE-striking Tan-Lu fault displaced the orogen for about
500 km in length, forming the present NE-SW Sulu orogenic belt (Figure 1a). The Sulu
orogenic belt is bounded by the Wulian–Qingdao–Yantai Fault (WQYF) in the north-
west and the Jiashan–Xiangshui Fault (JXF) in the southeast and overlain by the Cre-
taceous cover (Figure 1a; [21,22]). It is further divided into a HP sector (Sulu HP ter-
rane) in the south and an UHP sector (Sulu UHP terrane) in the north, respectively
(Figure 1a; [23–27]). The Sulu HP terrane predominantly consists of kyanite- and phengite-
bearing quartzites, phengite-bearing quartz schists, albite gneisses, phengite-bearing mar-
bles, and blueschists [5,21,23,28,29]. The Sulu UHP terrane can be further subdivided into
the southern Sulu UHP terrane (S-UHP) and the northern Sulu UHP terrane (N-UHP),
separated by the Shaodian-Sangxu fault (Figure 1a; [30]). The S-UHP terrane is mainly com-
posed of coesite-bearing ultrahigh pressure metamorphic supracrustal rocks, eclogites, and
ultramafic rock lenses [31], while the N-UHP terrane consists mainly of granitic gneisses
and metasedimentary rocks. Many isolated bodies of garnet peridotite, amphibolite, garnet
pyroxenite, and coesite-bearing eclogites are present in these granitic gneisses [5,32–34].
Metasedimentary rocks (such as marble) are lenticular in the granitic gneisses [35].

Eclogite, granite, metamorphic garnet- and muscovite-bearing monzogranite, and
amphibolite-bearing monzogranite commonly exist in the outcrop of Guanshan
(Figure 1b; [36]), while granitic gneiss, coesite-bearing eclogites, ultramylonite, and ser-
pentinized peridotite are found in the outcrop of Yangkou (Figure 1c; [9,37,38]). Yangkou
UHP units were cut and intruded by a lamprophyre dyke (Figure 1c). Eclogites in both
Guanshan and Yangkou sporadically occur as lenticular bodies in the granites and granitic
gneisses (Figure 1b,c).
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Figure 1. (a) Geological sketch map of the Dabie-Sulu orogenic belt in eastern China (modified
after [19,38]). Geological map of the Guanshan area (b) and Yangkou area (c) (modified after [5,36,38]),
showing lithological distribution and sampling locations.

3. Sampling and Sample Petrography

The eclogite samples used in this study were collected in the Guanshan and Yangkou
areas, and sampling locations are presented in Figures 1b and 1c, respectively.
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The Guanshan eclogites are hypidiomorphic granular and composed of garnet
(40–45 vol.%; 0.3–2.5 mm), omphacite (45–50 vol.%; 0.3–1.2 mm), phengite (3–5 vol.%;
0.02–0.1 mm), amphibole (2–3 vol.%; 0.1–0.5 mm), rutile (1–2 vol.%; 0.05–0.25 mm), epidote
(<1 vol.%; 1.0–2.0 mm) and quartz (2–3 vol.%; 0.05–0.5 mm) (Figure 2a–f). In sample G-10,
garnet is subhedral to anhedral, with inclusions of omphacite, quartz, rutile, and phengite
(Figure 2a). It also occurs as inclusions in omphacite (Figure 2b). Garnet shows obvious
fissures and inconspicuous core-edge structure. Omphacite is subhedral-anhedral granu-
lar and also shows core-edge structure (Figure 2b). Amphiboles form during retrograde
metamorphism. It occurs in two forms: matrix and corona. Amphiboles in the matrix are
anhedral and flaky in texture and occur as veinlets in between garnet and omphacite grains
(Figure 2h). The textures of amphibole formed from omphacite due to decompression are
common (Figure 2h). Coronal amphibole occurs along microfractures within garnet grains
and the coating of garnet, which formed from the breakdown of garnet (Figure 2a). Epidote
is subhedral to anhedral. Rutile broke down to form ilmenite via the reaction Rt → Rt
+ Ilm intergrowth during exhumation (Figure 2a). In sample G-11, fractures in the host
omphacite radiate out from the enclosed quartz (pseudomorph after coesite) towards the
outer boundaries (Figure 2d). Phengite occurs as an inclusion in garnet (Figure 2e).

Two types of melts can be identified in the Guanshan eclogites: (1) the melt phase
(quartz) forms “strings of beads” and “network vein” along grain boundaries between
garnet and omphacite in sample G-10 (Figure 2c), indicating that partial melting occurred
during subduction and/or exhumation; (2) melt pseudomorph of plagioclase with a clear
polysynthetic twin probably crystallized from a pool of melt in sample G-11 (Figure 2f).
The occurrence of clastic omphacite inclusions in plagioclase may indicate that they are
residues of partial melting (Figure 2f).

The Yangkou eclogites (sample Y-32) contain garnet (25–30 vol.%; 0.1–0.7 mm), om-
phacite (35–50 vol.%; 0.1–0.5 mm), phengite (10–15 vol.%; 0.2–0.5 mm), amphibole (2–3 vol.%;
0.1–0.2 mm), rutile (2–3 vol.%; 0.05–0.1 mm), epidote (<1 vol.%; 1.0–2.0 mm) and quartz
(3–5 vol.%; 0.1–0.3 mm) (Figure 2g–j). Omphacite is anhedral and granular, and it retro-
graded to form a symplectitic mixture of Amp + albite + Fe-oxide through the reaction
of Omp + (Pl) → Amp + (Pl) (Figure 2h), and then further to form amphibole during
exhumation (Figure 2h). Inclusion of pseudomorphic coesite is found in a host omphacite
(Figure 2j).

Two types of melts can be identified in Yangkou eclogites: (1) clusters of quartz and
feldspar melt inclusions at the core of phengite (Figure 2g); (2) quartz melt filled in the
fractures of garnet in the form of veinlets (Figure 2i). The type and occurrence of melts
indicate that they represent initial in-situ melting.

Based on the textures and mineralogy of the Guanshan and Yangkou eclogites in the
study areas, four stages of mineral paragenesis were identified: Paragenesis-1 is character-
ized by Grt-core + Omp + Phg. Omp and Phg occur as inclusions in garnet porphyroblast
(Figure 2a,e), representing the products of prograde metamorphism. Paragenesis-2 is
composed of Grt + Omp + Coe + Phg (Figure 2d,j), representing peak metamorphism.
Paragenesis-3 is composed of Grt + Omp + Phg + melt, in which melt formed from quartz
and feldspar occurs as “clusters” and “veinlets” in the phengite and garnet, respectively,
representing the initial exhumation stage (Figure 2g,i). Paragenesis-4 is characterized by
Grt-rim + Amp + Omp + Ilm + Pl + melt, representing the retrograde metamorphism stage.
At this stage, Omp and Rt broke down to form Amp and Ilm, respectively (Figure 2a,h),
Pl formed from a pool of melt (Figure 2f), and quartz melt occurred as a “network vein”
along boundaries of garnet and omphacite (Figure 2c).
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Figure 2. Photomicrographs and BSE images of eclogite samples in the Guanshan and Yangkou.
(a) Garnet contain rutile inclusions and rutile breakdown to form ilmenite during the retrograde
metamorphism; Sample G-10. (b) Omphacite is subhedral-anhedral granular, with core-rim texture;



Minerals 2023, 13, 362 6 of 25

Sample G-10. (c) The melt phase quartz form ‘strings of beads’ and ‘network vein’ along grain
boundaries between garnet and omphacite; sample G-10. (d) Microphotographs of quartz pseu-
domorphs after coesite; Sample G-11. (e) Phengite occurs as inclusion in garnet; Sample G-11.
(f) Melt pseudomorph of plagioclase is located between garnet and omphacite grains with inclusions
of omphacite; Sample G-11. (g) Clusters of quartz and feldspar melt inclusions at the core of phengite,
and omphacite inclusions in phengite; Sample Y-32. (h) Omphacite breakdown to form amphibole
during the retrograde metamorphism; Sample Y-32. (i) Quartz is filled in the fractures of garnet in the
form of veinlets which represents initial in-situ melting of quartz; Sample Y-32. (j) Microphotographs
of quartz pseudomorphs after coesite; Sample Y-32. The red lines across garnet and omphacite grains
show the locations of the zoning profile. Mineral abbreviations: Grt, garnet; Omp, omphacite; Phg,
phengite; Amp, amphibole; Pl, plagioclase; Qtz, quartz; Coe, coesite; Rt, rutile; ilm, ilmenite; Sym,
symplectite after omphacite.

4. Analytical Methods

The analyses of major and trace elements for the bulk rock samples were carried out
at the Yanduzhongshi Geological Analysis Laboratories Ltd., Beijing, China. Fresh samples
were first broken into centimeter-sized pieces; only the fresh pieces were selected, washed
with deionized water, dried, and then ground to less than 200 mesh (0.5200 ± 0.0001 g)
for geochemical analyses. Sample powders were fluxed with Li2B4O7 (1:8) to make homo-
geneous glass disks at 1250 ◦C using a V8C automatic fusion machine produced by the
Analymate Company in China.

The major elements in bulk rocks were analyzed using X-ray fluorescence spectrometry
techniques with analytical errors better than 1%.

For trace element analysis, sample powders were first dissolved using distilled
HF + HNO3 in a screw-top Teflon beaker for 4 days at 190 ◦C and then analyzed by
inductively coupled mass spectrometry (ICP-MS) at the Yanduzhongshi Geological Anal-
ysis Laboratories Ltd. The analytical uncertainties of most elements are better than 5%,
except for a few elements that are low in abundance and have uncertainties better than
10%. The obtained values of trace elements in the GSR-2 standard are all consistent with
their recommended values.

The analyses of mineral compositions were carried out at the Key Laboratory of
Mineral Resources Evaluation in Northeast Asia, Ministry of Natural Resources, Jilin
University, using a JEOL JXA-8230 electron microprobe. Acceleration voltage is 15 kV, beam
current is 10 nA, and beam diameter is 1 µm (phengite is 5 µm). PRZ correction procedure
is used to obtain raw data, and 53 standard minerals from the SPI Company are used for
standardization. AX program (Holland; http://www.esc.cam.ac.uk/astaff/holland/ax.
html accessed on 25 October 2021). was used to calculate the mineral compositions.

5. Bulk Rock and Mineral Composition
5.1. Bulk-Rock Compositions

Guanshan eclogites have higher CaO (10.2–10.5 wt.%) and Mg# [=MgO/(MgO +
FeO) × 100 in mole; 0.44–0.54] than that of Yangkou eclogites (CaO = 7.49 wt.%; 0.46),
whereas, they have lower SiO2 (45.9–47.7 wt.%), Al2O3 (13.3–15.5 wt.%) and K2O + Na2O
(3.37–3.45 wt.%) than Yangkou eclogites with SiO2 of 51.5 wt.%, Al2O3 of 18.2 wt.% and
K2O + Na2O of 5.76 wt.%, respectively (Table 1).

Guanshan eclogites plot in the field of basalt, while Yangkou eclogites plot in the field
of basaltic trachy andesite in the SiO2 vs. (K2O + Na2O) diagram for the classification of
volcanic rocks by Middlemost et al. [39] (Figure 3a). Guanshan eclogites plot in the “Low-K
tholeiitic series” field, while Yangkou eclogites plot in the field of the “calc-alkali series” in
the K2O vs. SiO2 diagram by Peccerillo and Taylor [40] (Figure 3b). Guanshan eclogites are
similar in composition to the eclogites in Dabie (e.g., Hualiangting; [41,42]) (Figure 3a,b).

http://www.esc.cam.ac.uk/astaff/holland/ax.html
http://www.esc.cam.ac.uk/astaff/holland/ax.html
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Figure 3. Plots of (a) (K2O + Na2O) vs. SiO2 (after [43]) and (b) K2O vs. SiO2 (after [40]). Data
of Dabie eclogites are from Groppo et al. [41] and Guo et al. [42]. White diamonds and squares of
Yangkou eclogites are from Yuan et al. [13] and Guanshan eclogites are from our unpublished data.

In the chondrite-normalized REE spider diagram, both Guanshan and Yangkou eclog-
ites are enriched in light rare earth elements (LREEs), with (La/Yb)N ratios of 12.9 and
1.73–4.09, respectively (Figure 4a; Table S1). Overall, they show negatively sloped patterns
with weak negative Eu anomalies (Eu/Eu* = 0.88–0.93) in Guanshan and weak positive
Eu anomalies (Eu/Eu* = 1.11) in Yangkou. The total REE contents (∑REE = 37–86 ppm) of
Guanshan eclogites are much lower than those of Yangkou eclogites (∑REE = 130 ppm).
Both Guanshan and Yangkou eclogites are similar to the REE patterns of E-MORB and OIB,
respectively (Figure 4a).
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Figure 4. (a) Chondrite-normalized rare earth element patterns and (b) Primitive mantle-normalized
trace element patterns for eclogites from the Guanshan and Yangkou area. Chondrite, primitive
mantle, N-MORB, E-MORB and OIB are from Sun and McDonough [44]. Shaded areas of Yangkou
are from Yuan et al. [13] and Guanshan are from our unpublished data.

The patterns of trace elements in Yangkou and Guanshan are similar (Figure 4b).
Overall, they show weak enrichment of large ion lithophile elements (LILEs) and depletion
of high field strength elements (HFSEs), with obvious negative Nb, Ta, and Ti anomalies.
The abundance of trace elements in Yangkou is higher than that in Guanshan. Dabie
eclogites show certain similarities with Guanshan and Yangkou eclogites in patterns of
REE and trace elements (Figure 4a,b).
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5.2. Mineral Compositions
5.2.1. Garnet

Garnet is mainly composed of four end members: almandine (Alm), pyrope (Py),
grossularite (Grs), and spessartite (Sps). Garnet in Guanshan eclogites shows a composition
variation with Xalm (Fe2+/(Fe2+ +Mg + Ca + Mn)) from 0.48 to 0.61, Xgr (Ca/(Fe2+ +Mg
+ Ca + Mn)) from 0.22 to 0.28, and Xpy (Mg/(Fe2+ +Mg + Ca + Mn)) from 0.16 to 0.24
(Table 2). Compared with Guanshan eclogites, garnet in Yangkou eclogites shows low
Xalm from 0.46 to 0.48, Xpy of 0.23, and high Xgr from 0.31 to 0.35 (Tables S2 and S3). In
addition, all samples have very low Xsps (Mn/(Fe2+ +Mg + Ca + Mn)) value (about 0.01)
(Tables 2, S2 and S3). Garnet in Guanshan and Yangkou display weak zonation with Xgr
decreasing from the core to mantle and then increasing towards the rim, coupled with
an increase in Xpy from the core to mantle and then decrease towards the rim (Figure 5;
Tables 2, S2 and S3).
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5.2.2. Omphacite

Omphacite in Guanshan eclogites shows lower X(o) [= Fe2+/(Fe2+ + Mg)] values of
0.27–0.30 and j(o) [= Na/(Na + Ca)] values of 0.49–0.51 than that in Yangkou eclogites,
with X(o) values of 0.35–0.36 and j(o) values of 0.69–0.76, respectively (Tables 2, S2 and S3).
Omphacite exhibits zoning in samples G-10 and G-11. From core, through mantle, to rim,
X(o) decreases first, followed by an increase, while j(o) increases, followed by a slight
decrease (Figure 6).
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Table 1. Bulk-rock compositions (wt.%) of eclogites from the Guanshan and Yangkou area.

Sample Al2O3 SiO2 CaO K2O TFe2O3
a MgO MnO Na2O P2O5 TiO2 LOI b Total

XRF analyses (wt.%)
G-10 13.3 45.9 10.2 0.01 17.2 5.80 0.21 3.36 0.25 2.84 1.22 100.4
G-11 15.5 47.7 10.5 0.06 13.6 6.83 0.20 3.39 0.33 1.59 0.74 100.5
Y-32 18.2 51.5 7.49 1.34 10.9 4.06 0.18 4.42 0.32 1.27 0.65 100.4

Normalized on the basis of mole per cent (mol%)

Sample Figures H2O Al2O3 SiO2 CaO K2O FeO MgO Na2O TiO2 O

G-10
Figure 7a, P-T excess 8.50 49.7 11.4 0.01 14.0 9.36 3.52 2.31 0.96
Figure 7a, P-T

(supra-solidus fields) 5 8.50 49.7 11.4 0.01 14.0 9.36 3.52 2.31 0.96

Figure 7b, P-T c 5 8.29 50.2 11.7 0.01 13.5 9.58 3.38 2.37 0.96

G-11

Figure 8a, P-T excess 9.78 51.1 11.5 0.04 11.0 10.9 3.51 1.28 0.68
Figure 8a, P-T

(supra-solidus fields) 5 9.78 51.1 11.5 0.04 11.0 10.9 3.51 1.28 0.68

Figure 8b, P-T c 5 10.1 51.2 12.0 0.04 10.8 10.5 3.46 1.30 0.68

Figure S1a, P-X(CaO) excess 9.78 51.1 0.00 0.04 11.0 10.9 15.0 1.28 0.68
9.78 51.1 15.0 0.04 11.0 10.9 0.00 1.28 0.68

Figure S1b, T-X(MgO) excess 9.78 51.1 11.5 0.04 21.9 0.00 3.51 1.28 0.68
9.78 51.1 11.5 0.04 0.00 21.9 3.51 1.28 0.68

Y-32

Figure 9a, P-T excess 11.8 56.5 8.30 0.94 9.00 6.63 4.70 1.04 0.95
Figure 9a, P-T

(supra-solidus fields) 7 11.8 56.5 8.30 0.94 9.00 6.63 4.70 1.04 0.95

Figure 9b, P-T c 7 11.3 58.8 8.01 0.96 8.94 6.38 4.51 1.07 0.95

Figure S2a, P-X(CaO) excess 11.8 56.5 0.00 0.94 9.00 6.63 13.0 1.04 0.95
11.8 56.5 13.0 0.94 9.00 6.63 0.00 1.04 0.95

Figure S2b, T-X(MgO) excess 11.8 56.5 8.30 0.94 15.6 0.00 4.70 1.04 0.95
11.8 56.5 8.30 0.94 0.00 15.6 4.70 1.04 0.95

Note: a LOI, loss on ignition. b TFe2O3 represents total iron. Sample G-10 and G-11 are from the Guanshan and
Y-32 is from the Yangkou area. c Effective bulk-rock compositions.
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Figure 7. (a) P-T pseudosection for sample G-10 calculated with the bulk-rock composition. (b) P-T
pseudosection for sample G-10 calculated with an effective bulk composition generated according
to mass-balance constraints from garnet rim and other relevant minerals. The pseudosection is
contoured with isopleths of Xgr (i.e., gr25 is Xgr = 0.25 in Grt) and Xpy (i.e., py17 is Xpy = 0.17 in Grt)
of garnet and Si contents in phengite (i.e., Si3.44 is Si = 3.44 p.f.u. in Phg). The location of the boundary
between omphacite and diopside is defined on the basis of j(o) = 0.30 [45]. The mineral abbreviations
are as follows: Lws = lawsonite; Di = diopside; LL = melt; “-Qtz/Coe”, denotes quartz/coesite
-absent assemblages. The compositions used for modelling are listed in Table 1. Other details are the
same as Figure 2.
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Figure 9. (a) P-T pseudosection for sample Y-32 calculated with the bulk-rock composition. (b) P-T
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modelling are listed in Table 1. The pseudosection is contoured with isopleths of j(o) (i.e., j(o)35 is
j(o) = 0.35 in Omp). Other details are the same as in Figure 7.



Minerals 2023, 13, 362 11 of 25

5.2.3. Phengite

Phengite in sample G-10 has Si = 3.44–3.49 p.f.u. and Mg/(Mg + Fe2+) = 0.80–0.84,
higher than that in Yangkou eclogites with Si of 3.36–3.40 p.f.u. and Mg/(Mg + Fe2+) of
0.76–0.77, respectively (Tables 2, S2 and S3). In addition, Si shows a decrease from the core,
through the mantle, towards the rim in G-10. Phengite inclusions in garnet show higher Si
(=3.51) than those in the matrix in G-11 (Figure 2e).

5.2.4. Accessory Minerals

Amphibole in Guanshan eclogites contains lower Si of 7.21 p.f.u. and Mg/(Mg + Fe2+)
of 0.59 than that in Yangkou eclogites with Si of 7.70–8.05 and Mg/(Mg + Fe2+) of 0.62–0.66,
respectively (Tables 2, S2 and S3). The pistacite (Ps) (= Fe3+/(Fe3+ + AlVI)) contents for
epidote in Guanshan eclogites are 0.28–0.32, similar to that in Yangkou eclogites with Ps of
0.31. Plagioclase in Yangkou eclogites shows XAn (= Ca/(Ca + Na + K)) values of 0.03–0.08
and Xor (= K/(Ca + Na + K)) values of 0.01, respectively (Tables 2, S2 and S3).

Table 2. Representative microprobe analyses for sample G-10 from the Guanshan eclogites.

Mineral
Grt Omp Phg Amp Ep

Rim Rim Mid Core Mid Mid Rim Rim Rim Mid Core Mid Rim Rim Mid Core Rim Grain Grain Grain Grain

SiO2 38.1 38.2 38.3 38.2 37.7 38.1 38.0 37.5 55.2 54.7 54.6 54.5 55.5 51.2 51.0 51.8 50.5 48.0 37.1 37.1 37.1
TiO2 0.12 0.00 0.07 0.07 0.06 0.12 0.06 0.10 0.13 0.11 0.17 0.07 0.08 0.53 0.44 0.52 0.42 0.22 0.11 0.13 0.16

Al2O3 20.7 20.9 20.8 20.8 20.8 20.7 20.8 20.2 8.18 8.09 7.91 7.50 7.88 24.0 23.2 22.9 24.2 6.8 20.8 21.6 22.1
Cr2O3 0.01 0.01 0.04 0.01 0.01 0.00 0.02 0.00 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.04 0.00 0.03 0.00 0.03 0.08

FeO 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.20 3.35 3.99 3.26 4.67 3.22 0.00 0.00 0.00 0.00 2.10 15.4 14.1 13.6
Fe2O3 26.4 26.5 26.8 26.4 26.7 26.3 26.9 26.1 5.49 5.01 5.67 4.82 5.60 1.90 1.90 1.65 1.74 14.3 0.14 0.13 0.12
MnO 0.45 0.41 0.57 0.43 0.36 0.54 0.43 0.38 0.03 0.00 0.00 0.03 0.05 0.00 0.03 0.00 0.05 0.16 0.09 0.18 0.27
MgO 4.13 4.15 4.23 4.24 4.16 4.11 4.18 4.02 7.16 7.38 7.30 7.39 7.29 4.19 4.34 4.86 4.20 11.5 0.05 0.04 0.05
CaO 8.65 7.77 7.68 8.00 7.45 7.64 8.08 8.75 12.2 11.9 12.2 12.5 12.2 0.10 0.08 0.02 0.07 10.6 22.4 21.6 22.0

Na2O 0.07 0.06 0.04 0.05 0.06 0.05 0.02 0.01 6.95 6.91 6.65 6.74 6.90 0.33 0.48 0.16 0.43 1.87 0.01 0.01 0.00
K2O 0.02 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.03 0.08 0.00 0.03 14.4 14.2 15.1 13.9 0.07 0.03 0.04 0.00
Totals 98.9 98.0 98.5 98.2 97.2 97.6 98.4 97.2 98.3 97.8 97.6 97.8 98.4 96.6 95.6 97.1 95.5 95.4 96.1 95.0 95.5

Cations
Si 3.03 3.05 3.04 3.04 3.03 3.05 3.03 3.03 2.02 2.01 2.02 2.01 2.03 3.46 3.48 3.49 3.44 7.21 3.03 3.05 3.04
Ti 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.03 0.02 0.03 0.02 0.02 0.01 0.01 0.01
Al 1.94 1.97 1.95 1.95 1.97 1.96 1.95 1.92 0.35 0.35 0.34 0.33 0.34 1.91 1.87 1.82 1.95 1.20 2.01 2.10 2.13
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

Fe3+ 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.09 0.11 0.09 0.13 0.09 0.00 0.00 0.00 0.00 0.24 0.95 0.87 0.84
Fe2+ 1.75 1.77 1.78 1.76 1.80 1.76 1.80 1.76 0.17 0.15 0.18 0.15 0.17 0.11 0.11 0.09 0.10 1.79 0.01 0.01 0.01
Mn 0.03 0.03 0.04 0.03 0.03 0.04 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.02
Mg 0.49 0.49 0.50 0.50 0.50 0.49 0.50 0.48 0.39 0.40 0.40 0.41 0.40 0.42 0.44 0.49 0.43 2.58 0.01 0.01 0.01
Ca 0.74 0.66 0.65 0.68 0.64 0.66 0.69 0.76 0.48 0.47 0.48 0.49 0.48 0.01 0.01 0.00 0.01 1.70 1.96 1.90 1.92
Na 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.49 0.49 0.48 0.48 0.49 0.04 0.06 0.02 0.06 0.55 0.00 0.00 0.00

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.24 1.23 1.30 1.21 0.01 0.00 0.00 0.00
X

(phase) 0.16 0.17 0.17 0.17 0.17 0.17 0.16 0.16 0.30 0.28 0.30 0.27 0.30 0.80 0.80 0.84 0.81 0.59

Y
(phase) 0.24 0.22 0.22 0.23 0.22 0.22 0.23 0.25 0.51 0.51 0.50 0.49 0.50 0.32 0.29 0.28

Note: X(g) = Xpy = Mg⁄(Mn + Fe2+ + Ca + Mg), Y(g) = Xgr = Ca/(Mn + Fe2+ + Ca + Mg), X(o) = Fe2+ ⁄(Mg + Fe2+),
Y(o) = j(o) = Na⁄(Ca + Na), X(Phg, Amp) = Mg/(Mg + Fe2+), Y(ep) = Fe3+ ⁄(AlVI + Fe3+). The mineral formulae
were calculated -by the program AX.

6. Phase Equilibrium Modelling

We performed pseudosection modelling in the system (Na2O-CaO-K2O-FeO-MgO-
Al2O3-SiO2-H2O-TiO2-Fe2O3 (NCKFMASHTO) using THERMOCALC version 3.45) based
on Powell et al. [46] (updated 2016) with the internally consistent thermodynamic dataset
of Holland and Powell [47] update (ds62). The set of activity–composition models includes:
metabasite melt [48], garnet [49], clinopyroxene [50], amphibole [48,50], phengite [49],
talc [51], plagioclase [52], and ilmenite [53]. Quartz/coesite, rutile, lawsonite, and aqueous
fluid (H2O) are assumed to be pure endmember phases.

Bulk-rock compositions used for modelling are calculated by modifying the whole-rock
XRF analysis with the weight percentage for each oxide (Table 1). All P2O5 was removed,
and the total CaO was proportionally adjusted to account for the chemical contribution of
apatite. Mn content was not included as a component due to its very low concentration
(0.18–0.21 wt.%) and the fact that it mainly occurs as spessartine within garnets. The O
content is determined according to mass balance constraints by adding up the Fe3+ content
in each mineral calculated from charge balance. As fractional crystallization processes,
including cumulate, can appreciably affect the MgO and CaO content of portions of the
crust, the effects of varying MgO and CaO content also needs to be evaluated for the chosen
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rock composition [54–56]. An overall uncertainty of ± 50 ◦C and ± 1 kbar (2σ) is generally
accepted for isopleth thermobarometry in pseudosections [57].

6.1. Pseudosections for the Guanshan Eclogites

The P-T pseudosection calculated for samples G-10 and G-11 is presented in
Figures 7 and 8, respectively. It is contoured with isopleths of Xgr and Xpy in garnet and Si
content in phengite.

In Figure 7a, the Xgr isopleths show moderate slopes in the stability field of the
assemblage Grt + Omp + Amp + Phg + H2O (+ Qtz + Rt) with the rise of temperature
associated by an increase in Xgr, while the Si isopleths show flat slopes with the increase in
pressure associated with an increase in Si. This indicates that Si isopleth could be considered
a good barometer.

Field A1-B1-C1-D1 is constrained at P = 22–23 kbar and T = 600–610 ◦C in the penta-
variant field of the assemblage Grt + Omp + Amp + Phg + H2O (+ Qtz + Rt) by the
contours of Xpy (0.165–0.17) from core to mantle in garnet and Si content (3.44–3.49) in
phengite (Table 2), representing a temperature-pressure condition of the prograde stage
(Figure 7a). Since the garnet grain in our sample has a well-defined zonation, we calculated
an effective bulk composition for modelling the retrograde conditions. The effective
bulk-rock composition was generated following mass balance by integrating the mineral
compositions of microprobe analyses and the modal abundance of the phases present,
and the calculated P-T pseudosection using the effective bulk composition is presented in
Figure 7b. In the assemblage field Grt + Di + Amp + Pl + Ilm +LL (+ Qtz + Rt), Xpy and
Xgr contours have moderate and flat slopes, respectively, with Xgr decreasing as pressure
rises. Based on the isopleths for Xgr (0.24–0.25) from mantle to rim and Xpy (0.16–0.165)
from mantle to rim in garnet (Table 2), field E1-F1-G1-H1 in the assemblage Grt + Di + Amp
+ Pl + Ilm +LL (+ Qtz + Rt) is constrained at 12 kbar and 780–790 ◦C, which represents a
process of decompression (Figure 7b; Table 3).

The P-T pseudosection of sample G-11 is dominated by penta- and hexa-variant fields
(Figure 8a). In the stability field of assemblages such as Grt + Omp + Amp + Phg + Lws
+ H2O (+ Qtz + Rt) and Grt + Omp + Amp + Phg + Tlc + Lws + H2O (+ Qtz/Coe + Rt),
etc. of low-T/high-P conditions, Xgr contours have flat slopes with the rise of pressure
associated by decrease in Xgr; Xpy contours have steeply negative slopes with the increase
in temperature associated by increase in Xpy (a good temperature indicator) (Figure 8a).
In the assemblages such as Grt + Omp + Amp + Phg + H2O (+ Qtz + Rt) and Grt + Omp
+ Amp + LL (+ Qtz + Rt) etc. of lower pressure conditions, Xgr and Xpy isopleths show
similar and moderately negative slopes, with Xgr decreasing and Xpy increasing as pressure
rises (Figure 8a). In the stability field of assemblage Grt + Omp + Phg + Lws + H2O (+ Coe
+ Rt), Xgr contours show steep slopes with the rise in temperature associated with increases.
The Si contents in phengite in most assemblages increase as pressure rises (Figure 8a).

Based on the contours of Xpy (0.22–0.24) and Xgr (0.27–0.28) from core to mantle in
garnet (Table 2), field A2-B2-C2-D2 is constrained at P = 25–26 kbar and T = 605–615 ◦C in
the field of the assemblage Grt + Omp + Amp + Phg + Lws + H2O (+ Qtz + Rt) (Figure 8a;
Table 3). According to Xgr decreasing and the Xpy content increasing from the core to the
mantle, it is possible that the P-T conditions represent the prograde stage. The contours
of the maximum Si content measured (= 3.51) in phengite inclusions in garnet (Figure 2e)
and the minimum Xgr (= 0.27) of garnet mantle (Table 2) constrain the peak condition point
(R’) at P = 33 kbar and T = 685 ◦C in the penta-variant field of the assemblage Grt + Omp +
Phg + Lws + H2O (+Coe + Rt). We calculated an effective bulk composition for modelling
the retrograde conditions, and the calculated P-T pseudosection using the effective bulk
composition is presented in Figure 8b. Field E2-F2-G2-H2 is constrained at P = 14–15 kbar
and T = 805–820 ◦C in the penta-variant field of the assemblage Grt + Omp/Di + Amp + Pl
+ LL (+Qtz + Rt) by the contours of Xpy (0.23–0.24) and Xgr (0.27–0.28) from mantle to rim
in garnet (Table 2). Based on Xgr increasing from the mantle to rim, it is possible that the
P-T conditions represent a process of decompression.
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Table 3. Comparison of the calculated mineral compositions and modal proportions (on one-oxide basis) with those measured in the studied samples.

P (kbar) T (◦C) Xpy Xgr Si (Phg) Grt Omp Amp Phg Qtz/Coe LL Rt Pl Ilm Lws

Sample G-10 in Figure 7a
A1 23 600 0.165 0.27 3.49 0.42 0.45 0.08 0.00 0.02 0.02
B1 22 605 0.165 0.27 3.44 0.42 0.44 0.09 0.00 0.02 0.02
C1 22 610 0.17 0.27 3.44 0.43 0.45 0.08 0.00 0.02 0.03
D1 23 600 0.17 0.26 3.49 0.43 0.46 0.07 0.00 0.02 0.03
Sample G-10 in Figure 7b

E1 12 785 0.16 0.25 0.18 0.24 0.33 0.01 0.10 0.01 0.10 0.02
F1 12 790 0.165 0.25 0.19 0.24 0.32 0.01 0.11 <0.01 0.11 0.02
G1 12 790 0.165 0.24 0.20 0.25 0.31 <0.01 0.11 0.01 0.10 0.01
H1 12 780 0.16 0.24 0.20 0.25 0.33 <0.01 0.10 0.01 0.09 0.01

Measured 0.16–0.17 0.22–0.25 3.44–3.49 0.40 0.49 0.03 0.01 0.04 0.03
Sample G-11 in Figure 8a

A2 26 605 0.22 0.27 3.49 0.36 0.35 0.14 0.01 0.02 0.01 0.10
B2 25 605 0.22 0.28 3.45 0.37 0.35 0.14 0.01 0.03 0.01 0.10
C2 25 615 0.24 0.28 3.40 0.39 0.38 0.11 0.01 0.03 0.01 0.07
D2 26 615 0.24 0.27 3.45 0.38 0.38 0.10 0.01 0.03 0.01 0.08
R’ 33 685 0.29 0.27 3.51 0.46 0.46 0.01 0.05 0.01 0.02
Sample G-11 in Figure 8b

E2 15 805 0.23 0.28 0.30 0.24 0.23 0.02 0.12 0.01 0.08
F2 14 820 0.23 0.27 0.27 0.22 0.25 0.01 0.12 0.01 0.11
G2 14 820 0.24 0.27 0.27 0.22 0.25 0.01 0.12 0.01 0.11
H2 15 805 0.24 0.28 0.30 0.24 0.23 0.02 0.12 0.01 0.08

Measured 0.22–0.24 0.27–0.27 3.510 0.48 0.45 0.02 0.01 0.04 0.01

Sample Y-32 in Figure 9a
A3 25 595 0.18 0.23 3.40 0.19 0.33 0.11 0.13 0.06 0.01 0.17
B3 24 595 0.18 0.24 3.36 0.20 0.33 0.11 0.13 0.06 0.01 0.16
C3 25 600 0.19 0.24 3.36 0.21 0.35 0.09 0.13 0.06 0.01 0.15
D3 26 600 0.19 0.23 3.40 0.20 0.35 0.09 0.13 0.06 0.01 0.16
Sample Y-32 in Figure 9b

E3 14 770 0.17 0.34 0.17 0.04 0.28 0.02 0.17 0.01 0.31
F3 13 770 0.17 0.34 0.17 0.04 0.28 0.02 0.17 0.01 0.31
G3 14 790 0.19 0.32 0.19 0.05 0.24 0.01 0.19 0.01 0.31
H3 14 786 0.19 0.32 0.20 0.05 0.24 0.01 0.19 0.01 0.30

Measured 0.17–0.19 0.31–0.36 3.36–3.40 0.25 0.45 0.05 0.15 0.05 0.05

Note: A1–3-H1–3, and R’ correspond to labels in Figures 7 and 9.
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The P–X(CaO) = [CaO/(CaO + Na2O) in mol.%] pseudosection illustrates the depen-
dence of phase equilibria on pressure with respect to bulk-rock X(CaO) at a fixed 685 ◦C
(Figure S1a). Increasing X(CaO) extends the stability of phengite-bearing assemblages at
lower pressures (Figure S1a). The T–X(MgO) = [MgO/(MgO + FeO) in mol.%] at a fixed
33 kbar (Figure S1b) are constructed to illustrate the dependence of phase equilibria on
temperature with respect to bulk-rock X(MgO). It shows that increasing X(MgO) extends
their stability to higher pressures (Figure S1b).

In the assemblage Grt-Omp-Phg-Lws (+ Coe + Rt + H2O), the Si contents in phengite
are slightly affected by the bulk X(CaO) and X(MgO), and the Xgr isopleths are more
dependent on temperature than bulk X(MgO). It indicates that the P-T condition of R’ in
Figure 8a is reasonable and reliable.

6.2. Pseudosections for the Yangkou Eclogites

The P-T pseudosection calculated for sample Y-32 is presented in Figure 9. The ob-
served mineral assemblage of garnet, omphacite, amphibole, phengite, plagioclase, rutile,
and quartz under the microscope constitutes a quadri-variant assemblage:
Grt + Omp + Amp + Phg + Pl + LL (+ Qtz + Rt) with P = 11–18 kbar and T = 610–820 ◦C.
In the stability field of the assemblage, Grt + Omp + Amp + Phg + Lws + H2O (+ Qtz +
Rt), Xpy contours have steeply negative slopes with Xpy increasing as temperature rises,
while Xpy shows flat slopes in Grt + Omp + Amp + Phg + H2O (+ Qtz + Rt) and Grt + Omp
+ Amp + Phg + LL (+ Qtz + Rt), with Xpy increasing as pressure rises. The Xgr isopleths
show flat slopes in Grt + Omp + Amp + Phg + H2O (+ Qtz + Rt) and show moderate slopes
in Grt + Omp + Amp + Phg + LL (+ Qtz + Rt) with the rise in pressure associated with a
decrease in Xgr.

Based on the Xpy isopleths (0.18–0.19) in garnet and Si content (3.36–3.40) in phengite
(Table S2), field A3-B3-C3-D3 in the assemblage Grt-Omp-Amp-Phg-Lws-H2O (+ Qtz + Rt) is
constrained at 24–26 kbar and 595–600 ◦C, which represents a P-T condition of the prograde
stage (Figure 9a; Table 3). We calculated an effective bulk composition for modelling
the retrograde conditions, and the calculated P-T pseudosection using the effective bulk
composition is presented in Figure 9b. Field E3-F3-G3-H3 is constrained at a P-T condition
of 13–14 kbar and 770–790 ◦C in the penta-variant field of the assemblage Grt-Omp/Di-
Amp-Pl-LL (+ Qtz + Rt) by Xpy (0.17–0.19) and Xgr (0.31–0.35) contours in garnet and
j(o) (0.35–0.36) contours in omphacite (Table S2), representing a P-T condition during the
decompression process (Figure 9b).

The pseudosections of P–X(CaO) at a fixed 600 ◦C and T–X(MgO) at a fixed 25 kbar
are presented in Figure S2a,b, respectively. Increasing X(CaO) extends the stability of
assemblages to lower pressures (Figure S2a), while increasing X(MgO) extends the stability
of assemblages to higher temperatures (Figure S2b). In the field of assemblage Grt + Omp +
Amp + Phg + Lws (+ Qtz + Rt + H2O), Si content in phengite, and Xpy contours of garnet
are slightly affected by the bulk-rock X(CaO) and bulk-rock X(MgO), respectively. The
rise of pressure and temperature is associated with an increase in Si and Xpy, respectively,
which indicates that the P-T condition of A3-B3-C3-D3 in Figure 9a is reliable.

7. Discussion
7.1. Discrimination of Tectonic Settings for the Protolith of Ecologites from Guanshan and
Yangkou Areas

HFSE and their elemental ratios are used to investigate the tectonic settings for the
protolith of eclogites in the study areas. In the diagrams of Hf/3-Th-Nb/16 (Figure 10a)
and TiO2-MnO-P2O5×10 (Figure 10b), samples of Guanshan eclogites basically plot into
the area of island arc tholeiites (IAT) (Figure 10b) with several into calc-alkaline basalts
(CAB) and MORB (Figure 10a,b). However, all samples of Yangkou eclogites plot into the
area of CAB (Figure 10a,b). In the diagram of Y/15-La/10-Nb/8 (Figure 10c), samples
of Guanshan eclogites plot into the transitional area of volcanic arc tholeiites (VAT) and
CAB. Considering the geochemical similarities of Th, Ta and Yb, and the small influence of
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partial melting and fractional crystallization to ratios of Th/Yb and Ta/Yb, these elements
or ratios are used to further classify oceanic basalts and to discriminate tectonic settings of
subduction zones [58]. In the diagram of Th/Yb-Ta/Yb (Figure 10d), samples of Guanshan
eclogites plot into the transitional area of IAT and island arc calc-alkaline basalts (ICA),
while samples of Yangkou eclogites plot into the field of island arc alkalic basalts (IAB),
consistent with their plotting in Figure 10c.Minerals 2023, 13, x FOR PEER REVIEW 18 of 28 
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Figure 10. (a) Hf/3-Th-Nb/16 diagram [59]. (b) TiO2-MnO ×10-P2O5×10 diagram [60]. (c) Y/15-
La/10-Nb/8 diagram [61]. (d) Th/Yb-Ta/Yb diagram [62]. Note: WPT: within plate tholeiites,
OIA: ocean island alkalic basalts, WPAB: within plate alkaline basalts,OIT: ocean island tholeiites,
VAT: Volcanic arc tholeiites, CBAT: Continental back-arc tholeiites, E-MORB: enriched mid ocean
ridge basalts, N-MORB: normal mid-ocean ridge basalts, MORB: mid ocean ridge basalts, OIB: ocean
island basalts, SHO: shoshonite, WPB: within plate basalts, IAT: island arc tholeiites, ICA: island
calc-alkaline basalts, CAB: calc-alkaline basalts, IAB = island arc alkalic basalts. Symbols of Guanshan
and Yangkou ecolgites are the same as in Figure 3.

To compare Sulu with Dabie, we collected data on Hualiangting eclogites in the Dabie
orogenic belt [41,42] and found that the data on Hualiangting eclogites basically plotted
into the transitional area between Guanshan and Yangkou (Figure 10a–d). Considering that
Hualiangting is geographically located in-between Guanshan and Yangkou before being
displaced by the Tan-Lu fault (Figure 1a), we found that the tectonic settings of eclogites
from the three sites are different with the changing trend of IAT→ ICA→ IAB→ CAB
from south to north.

7.2. Metamorphic Evolution of the Guanshan and Yangkou Eclogites during Subduction
and Exhumation
7.2.1. Intensity and Timing of Metamorphism in the Sulu UHP Terrane Based on
Literature Data

We have compiled the literature data of the Sulu UHP eclogites [63–66] to better under-
stand the variation of metamorphic intensity with time during subduction and exhumation
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of the Yangtze plate and identified three metamorphic events, with metamorphic events
at 245, 227, and 195 Ma, respectively. According to metamorphic zircon analysis, the tim-
ings of 245 and 227 Ma are interpreted as ages of eclogite facies peak metamorphism and
granulite facies metamorphism, respectively [63,65,66]. Based on Rb–Sr isotopic analysis
of garnet and phengite, 195 Ma is considered to be the age of amphibole facies retrograde
metamorphism [64].

7.2.2. Metamorphic Stages of Guanshan Eclogites and Their Evolution History

(1) Prograde associated by quick subduction

The pre-peak conditions during subduction are constrained by the core-mantle zoning
of Grt and Si in Phg. The P-T conditions are constrained at 22–23 kbar and 600–610 ◦C
by the Xpy contours (0.165–0.17) and Si content (3.44–3.49) in Phg in sample G-10 (D-1
in Figure 11). Mineral assemblage for this pre-peak stage is Grt-Omp-Amp-Phg-Qtz-Rt-
H2O. Subsequent prograde metamorphic P-T conditions are constrained at 25–26 kbar
and 605–615 ◦C in the field of assemblage Grt-Omp-Amp-Phg-Lws-Qtz-Rt-H2O based on
the contours of Xpy (0.22–0.24) and Xgr (0.27–0.28) from core to mantle in sample G-11
(D-1 in Figure 11). The P-T values estimated are similar to the pressures (21–22 kbars in
sample G-10 and 23–27 kbars in sample G-11 with the core composition of garnet) estimated
using the Grt-Cpx-Pl-Qz barometer [67] and the temperatures (595–610 ◦C) estimated using
Cpx thermobarometers [68]. The peak P-T conditions (Pmax = 33 kbar; T = 685 ◦C) are
constrained by the maximum Si content in phengite inclusions in garnet (Figure 2e) and
the minimum Xgr of garnet mantle with the mineral assemblage of Grt + Omp + Phg + Lws
+ H2O (+ Coe + Rt) in sample G-11 (D-2 in Figure 11).
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eclogites. Stage-I and Stage-II refer to subduction and exhumation stages, respectively. Domain D-II is from
Wang et al. [69] for the Yangkou eclogites. The P-T path labelled with “Dabie” is from Guo et al. [42,70] for
the Hualiangting eclogites at Dabie. The boundaries of different metamorphic facies are cited from
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Wei et al. [19]. The boundary between the Alpine facies series and the Barrovian facies series is
defined by the thermal gradients of 10 ◦C/km. The Alpine facies series is located between the thermal
gradients of 5–10 ◦C/km, corresponding to thermobaric ratios at 165 ◦C–335 ◦C/GPa; The Barrovian
facies series is located between the thermal gradients of 10–30 ◦C/km, corresponding to thermobaric
ratios at 335 ◦C–1000 ◦C/GPa [1].

In the early stage of subduction, the modal abundance of amphibole decreased with
the increase in pressure and disappeared completely at P = 28 kbar, while the modal
abundance of omphacite increased (Figure 12a). This explains why amphibole was stable
in the field of Grt + Omp + Amp + Phg + Lws + H2O (+ Qtz + Rt) at this stage but could
not be seen under a microscope because amphibole formed earlier and would convert
into omphacite [71]. When the pressure reached 28 kbar, quartz started to transform
into coesite (Figure 11). Inclusion of pseudomorphic coesite in host garnet (Figure 2d)
further confirms that eclogites had reached and crossed the quartz/coesite transformation
line. In the following prograde stage, with the increasing modal abundances of garnet,
quartz, and aqueous fluid (H2O), the amounts of omphacite and lawsonite gradually
decreased. Lawsonite was consumed through dehydration reactions until its complete
disappearance during the subduction process, and this is why lawsonite was not observed
under a microscope (Figure 12a; [19,72,73]). Based on the estimated P-T conditions and
peak mineral assemblage (Grt + Omp + Phg ± Lws + Coe), we consider this prograde stage
to be an UHP eclogite-facies metamorphism, likely corresponding to the regional peak
metamorphic event of ~245 Ma (Figure 13; Table 4; [63,65].
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Table 4. Reported geochronological date for eclogites in the Sulu area.

Stage Sample Lithology Locality Age (Ma) Method References

UHP eclogite
facies

YKK1 Eclogite Yangkou 240 ± 56
SHRIMP U–Pb Katsube et al. [63]245 ± 38

00LS09 Eclogite Lanshantou
258 ± 25

SHRIMP U–Pb Zheng et al. [65]241 ± 5
247 ± 5

HP/HT eclogite
facies

00LS09 Eclogite Lanshantou
215 ± 6

SHRIMP U–Pb Zheng et al. [65]217 ± 3
219 ± 8

15Q07 Eclogite Yangkou 220 ± 3
SHRIMP U–Pb Zhou et al. [66]227 ± 3

00QL02 Eclogite Qinglongshan
231 ± 7

SHRIMP U–Pb Zheng et al. [65]226 ± 7
229 ± 7

Amphibolite
facies

Y-12 Eclogite Yangkou
195.1 ± 3.8

Rb-Sr Li et al. [64]195.6 ± 3.8
193.2 ± 3.7
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(2) Retrograde associated by quick exhumation

The P-T conditions during exhumation are revealed by the mantle-rim zoning of garnet
and are estimated to be 14–15 kbar and 805–820 ◦C. The P-T values are constrained by the
isopleths for Xpy (0.23–0.24) and Xgr (0.27–0.28) of garnet mantle-rim in the stability field of
Grt-Omp/Di-Amp-Pl-LL-Qtz-Rt in sample G-11. Subsequent retrograde metamorphic P-T
conditions are constrained at 12 kbar and 780–790 ◦C in the stability field of Grt-Di-Amp-
Pl-Ilm- LL-Qtz-Rt based on the isopleths for Xpy (0.16–0.165) and Xgr (0.24–0.25) of garnet
mantle-rim in sample G-10 (D-3 in Figure 11). The result (780–790 ◦C) is well consistent
with the calculated temperature (783–793 ◦C) using the Grt–Cpx thermometer of Ravna [8]
for sample G-10. The UHP rocks could be exhumed at low temperatures and subsequently
heated at lower pressures. The heat is supplied by mantle melt penetrating the subduction
zone. Mantle upwelling as a result of slab breakoff and heating of partially exhumed rocks
to granulite facies conditions [74].

In the initial stage of exhumation, modal abundance for each mineral basically re-
mained stable, and only the transformation between mineral endmembers occurred. When
the pressure dropped to 27.1 kbar, phengite disappeared and melt appeared (Figure 12a).
The observed clusters of melt inclusions (quartz and feldspar) at the core of phengite
(Figure 2g) and quartz melt filling in the fractures of garnet in the form of veinlets (Figure 2i)
represent initial in-situ melting. Subsequently, with the decreasing of modal abundance of
omphacite and quartz, the amount of melt generated rapidly through the reaction of Omp
+ Qtz→ LL. Quartz melt converged to form the “Network vein” along grain boundaries
between garnet and omphacite (Figure 2c). The P-T conditions and mineral assemblage
(Grt + Omp± Phg + LL + Qtz) indicate that this is a HP/HT eclogite-facies retrograde meta-
morphism, corresponding to the regional granulite-facies metamorphic event of ~227 Ma
(Figure 13; Table 4; [65,66]).

In the late stage of exhumation, amphibole started to appear when the pressure
decreased to 18 kbar, followed by appearance of plagioclase when the pressure dropped to
17.5 kbar. The appearances of amphibole and plagioclase were coupled with the reduction
of garnet and omphacite. At this stage, omphacite gradually broke down to form green
amphibole (Figure 2h) with plagioclase (melt pseudomorph) crystallization from a pool
of melt (Figure 2f). In addition, rutile gradually decreased due to the transformation
from rutile to ilmenite (Figure 2a). Based on the calculated P-T conditions and mineral
assemblage (Grt + Omp + Amp + Pl + Ilm + LL + Qtz), we consider this to be an amphibole
eclogite-facies retrograde metamorphism, corresponding to the regional amphibolite-facies
metamorphic event of ~195 Ma (Figure 13; [64]).

7.2.3. Metamorphic Stages of Yangkou Eclogites and Their Evolution History

(1) Prograde associated by quick subduction

The prograde P-T conditions during subduction are constrained by the Xpy isopleths
(0.18–0.19) in garnet and Si content (3.36–3.40) in Phg to be 24–26 kbar and 595–600 ◦C in the
field of Grt + Omp + Amp + Phg + Lws + H2O (+ Qtz + Rt) (D-I in Figure 11). The P-T values
are similar to the pressure (23–25 kbars with the core composition of garnet) estimated
using the Grt-Cpx-Pl-Qz barometer [67] and the temperature (590–610 ◦C) estimated using
Cpx thermobarometers [68]. The peak P-T conditions are estimated to 35 kbar and 735 ◦C
using the barometer of Waters and Martin [75] and thermometer of Green and Hellman [76]
by Wang et al. [69] (D-II in Figure 11).

In the early stage of subduction, with the increase in pressure, the modal abundances
of garnet, omphacite, and quartz were gradually increasing, while the modal abundances of
amphibole and lawsonite were reducing by the reaction of Lws + Amp→ Grt + Omp + Qtz
(Figure 12b). When the pressure increased to 28 kbar, amphibole disappeared completely,
and quartz started to transform into coesite (Figure 2j). With further increase in pressure,
modal abundance of garnet increased, followed by a slight increase in quartz and free water,
while modal abundance of omphacite decreased slightly, followed by rapid reduction of
lawsonite through the reaction of Lws + Omp→ Grt + Qtz + H2O. Based on P-T conditions
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and peak mineral assemblage (Grt + Omp + Phg ± Lws + Coe), we consider this stage
to be an UHP eclogite-facies prograde metamorphism, and the peak metamorphic age is
~245 Ma, the same as that of Guanshan eclogite (Figure 13; Table 4; [63,65]).

(2) Retrograde associated by quick exhumation

In the initial stage of exhumation, with the dropping of pressure, modal abundances
of garnet, amphibole, quartz, and free water were increasing, and the modal amounts of
omphacite and lawsonite were reducing (Figure 12b), until the complete disappearance
of lawsonite when the pressure dropped to 33.7 kbar. Melt appeared when the pressure
dropped to 27.7 kbar. In the following exhumation stage, modal abundances of garnet,
omphacite, and quartz gradually decreased, while melt and phengite increased through the
reaction of Grt + Omp + Qtz→ Phg + LL. The P-T conditions and mineral assemblage (Grt
+ Omp + Phg + LL+ Qtz) indicate this is a HP/HT eclogite-facies retrograde metamorphism,
consistent with the regional metamorphic event of ~227 Ma (Figure 13; Table 4; [65,66]). In
the late stage of exhumation, plagioclase started to appear when the pressure dropped to
19.8 kbar, and amphibole started to appear when the pressure dropped to 17.7 kbar. With
the continuous dropping of pressure, the amounts of garnet, omphacite, phengite, and
quartz reduced, while the amounts of plagioclase and melt increased through reactions of
Grt + Omp + Phg + Qtz→ LL + Pl.

The P-T conditions in the late stage of exhumation are preserved in garnet. Isopleths
for Xpy (0.17–0.19) and Xgr (0.31–0.35) in garnet and j(o) (0.35–0.36) contours in omphacite
constrain a P-T range of 13–14 kbar and 770–790 ◦C in the stability field of Grt + Omp +
Amp + Pl + LL (+ Qtz + Rt) (D-III in Figure 11).

The estimated temperature from the pseudosection approach is consistent with the
result (T = 765–785 ◦C) calculated by the Grt-Cpx-Pl-Qz thermobarometers [77] with the
rim of garnet and the result (T = 780 ◦C) by the Grt-Cpx thermometer [78] (Table S3).

Based on the P-T conditions and mineral assemblage (Grt + Omp + Amp + Pl + LL +
Qtz), we consider that this is an amphibole eclogite-facies retrograde metamorphic event of
~195 Ma (Figure 13; [64]).

7.3. Comparison of P-T Paths in the Sulu-Dabie UHP Metamorphic Belt

The P-T paths for almost all UHP eclogites in the world are clockwise [73]. The P-T
paths of Sulu UHP terrane (e.g., Guanshan and Yangkou) are also clockwise [10,13], similar
to that observed in Dabie UHP terrane (e.g., Hualiangting; [42,70]). The eclogites from
Guanshan and Yangkou are different in ranges of temperature and pressure as well as in
style of P-T path when compared with the eclogites from the Dabie UHP terrane.

Comparing the P-T paths of eclogites from the Sulu-Dabie UHP terrane (Figure 11), it
can be found that: (1) In the stage of subduction, the dP/dT value and Pmax of the Dabie
eclogites are similar to those of the Sulu (Guanshan and Yangkou) eclogites, indicating that
the subduction depth of the Dabie eclogites may be similar to that of the Sulu eclogites.
(2) In the stage of exhumation, the Sulu UHP eclogites show increasing temperature with
decompression, while the Dabie eclogites show a near-isothermal decompression process,
and the Tmax of the Sulu eclogites is much higher than that of the Dabie eclogites, indicating
that the exhumation rate of the Dabie eclogites is higher than that of the Sulu (Figure 11).
(3) Guanshan and Yangkou eclogites are similar in terms of Pmax, Tmax, and patterns of P-T
path, indicating that they have the similar subduction depth and exhumation rate although
they may represent different rock slices and variable tectonic settings (Figure 11). Eclogites
in different areas of Sulu UHP terrane show similar styles of P-T paths, indicating that
their protolithes have undergone similar dynamic processes during the subduction and
exhumation processes.

7.4. Tectonic Implications

The subduction stage is estimated to proceed under P-T conditions of 22–23 kbar and
600–610 ◦C and 25–26 kbar and 605–615 ◦C in Guanshan and 24–26 kbar and 595–600 ◦C
in Yangkou, corresponding to thermobaric ratios of 265–272 ◦C/GPa, 236–242 ◦C/GPa
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and 230–247 ◦C/GPa, respectively (Figure 11). The peak metamorphic stage is estimated
to proceed under P-T conditions of 33 kbar and 685 ◦C in Guanshan and 35 kbar and
735 ◦C in Yangkou, corresponding to thermobaric ratio of 207 ◦C/GPa and 210 ◦C/GPa,
respectively. The exhumation stage is estimated to proceed under P-T conditions of 12 kbar
and 780–790 ◦C and 14–15 kbar and 805–820 ◦C in Guanshan, corresponding to ther-
mobaric ratios of 650–658 ◦C/GPa and 546–575 ◦C/GPa. Similarly, the estimated P-T
conditions are 13–14 kbar and 770–790 ◦C in Yangkou, corresponding to thermobaric ratios
of 530–637 ◦C/GPa (Figure 11). The difference in metamorphic thermobaric ratios provides
us with an excellent opportunity to decipher the tectonic evolution not only for continental
collision but also for plate boundaries from convergent to divergent [1]. By converting the
thermobaric ratios to thermal gradients [1], the three metamorphic stages as illustrated in
the P-T-t path are mainly confined to the Alpine facies series, with a minor part in the Bar-
rovian facies series (in Figure 11). In detail, the prograde to peak stage proceeded along low
thermal gradients from 8.0–8.2 ◦C/km to 7.0–7.2 ◦C/km then to 6.2 ◦C/km in Guandshan
and from 6.9–7.4 ◦C/km to 6.3◦ C/km in Yangkou, representing a depth from 70–85 km to
more than 110 km ( 1© in Figure 14), and the metamorphism is marked by HP-UHP eclogite
facies (in Figure 13). The exhumation stage proceeded at moderate thermal gradients
from 16.3–17.2 ◦C/km to 19.5–19.7 ◦C/km in Guanshan and 15.9–19.1 ◦C/km in Yangkou,
corresponding to depths from 110 to 40–50 km ( 2© in Figure 14). Exhumation has resulted
in the elevation of thermal gradients and the change of metamorphism from UHP eclogite
facies to HP eclogite facies (in Figure 11). During exhumation, the mantle melt generated
by slab break-off or slab rollback heats the plate. Because of the short duration, the central
part of the slice is not deformed; the rocks tend to undergo only partial recrystallization
and can preserve prograde zoning in minerals such as garnet.
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8. Conclusions

(1) The protoliths of eclogites from Guanshan and Yangkou are basalt and basaltic trachy
andesite, respectively. From south to north, before the formation of the Talu fault, the
tectonic settings of eclogites from the Dabie/Sulu orogenic belt were changing with a
trend of IAT→ ICA→ IAB→ CAB.

(2) The Guanshan and Yangkou eclogites show two metamorphic stages: (I) prograde as-
sociated with quick subduction, and (II) retrograde associated with quick exhumation.
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Peak metamorphism and the middle and late stage of exhumation coincide with the
regional metamorphic events, which occurred in 245, 227, and 195 Ma, respectively.

(3) The peak P-T conditions for eclogites from Guanshan are constrained at 33 kbar and
685 ◦C. The values of Pmax suggest that both the Guanshan and Yangkou eclogites
have reached a depth of over 110 km.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min13030362/s1, Figure S1: (a) P–X(CaO) [CaO/(CaO + Na2O),
mol.%] and (b) T–X(MgO) [MgO/(MgO + FeO total), mol.%] pseudosections in the system NCKF-
MASHTO (+ Qtz + Rt + H2O) for sample G-11 composition with X(CaO) = 0.766 and X(MgO) = 0.50
in Figure 8a calculated at 685 ◦C and 33 kbar, respectively, showing the dependence of mineral
assemblage on bulk-rock X(CaO) and X(MgO). The compositions used for modelling are listed in
Table 1. Other details are the same as in Figure 7. Figure S2: (a) P–X(CaO) [CaO/(CaO + Na2O),
mol.%] pseudosections in the system NCKFMASHTO (+ Qtz + Rt + H2O) for sample Y-32 com-
position with X(CaO) = 0.64 in Figure 9a calculated at 600 ◦C showing the dependence of mineral
assemblage on bulk-rock X(CaO). (b) T–X(MgO) [MgO/(MgO + FeO total), mol.%] pseudosections in
the system NCKFMASHTO (+ Qtz + Rt + H2O) for sample Y-32 composition with X(MgO) = 0.42
in Figure 9a calculated at 25 kbar illustrating the dependence of mineral assemblage on bulk-rock
X(MgO). The compositions used for modelling are listed in Table 1. Other details are the same as in
Figure 7; Table S1: Trace element contents (ppm) of eclogites from the Guanshan and Yangkou area.
Table S2: Representative microprobe analyses for sample G-11 from the Guanshan eclogites. Table S3:
Representative microprobe analyses for sample Y-32 from the Yangkou eclogites.
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