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Abstract: The Yanshan intraplate tectonic belt is a tectonic-active area in the central part of the North
China Craton that has undergone long-term orogenic evolution. Detailed studies on magmatic activity
and metamorphism of this belt are significant for restoring its orogenic thermal evolution process. The
Fangshan pluton in the Zhoukoudian area within this tectonic belt is a product of the late Mesozoic
Yanshan event. However, there is a lack of detailed research on the metamorphic evolution history of
the ancient terrane surrounding the Fangshan pluton subjected to contact thermal metamorphism.
To further constrain the metamorphic P–T evolution of contact metamorphism associated with the
Fangshan pluton, we collected rock samples in the andalusite–biotite contact metamorphic zone of the
Fangshan pluton, and conducted petrographic investigations, geochemical and mineral composition
analysis, and phase equilibrium modeling. The phase equilibrium modeling in the MnO–Na2O–CaO–
K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O system indicates that the peak mineral assemblages of
andalusite–biotite schists are pl + q + mu + bi + and ± kfs + ilm + mt, formed at 550 to 610 ◦C, 1
to 3.5 kbar, and the peak mineral assemblage of garnet–andalusite–cordierite–biotite schists is gt +
pl + q + bi + and + cord + ilm + mt, formed at 580 to 620 ◦C, 1.5 to 2.1 kbar. Therefore, we believe
that the rocks in the andalusite biotite contact metamorphic zone of the Fangshan pluton underwent
low pressure and medium temperature metamorphism, with the peak metamorphic conditions of
about 550–610 ◦C, <3.5 kbar. The results show that the rocks in contact with the thermal metamorphic
zone were rapidly heated by the heat released by the Fangshan pluton, and after reaching the peak
metamorphic temperature, they were cooled down simultaneously with the cooling of the rock mass,
defined in a nearly isobaric P–T trajectory.

Keywords: pseudosection; Zhoukoudian area; andalusite–biotite contact metamorphic zone; P–T
trajectory

1. Introduction

The Yanshan intraplate tectonic belt is located in the central part of the North China
Craton, and is an active tectonic belt reformed above the stable continent block, which has
experienced a long history of orogenic evolution [1–3]. Detailed research on magmatic
activity and metamorphism is of great significance for restoring the orogenic thermal
evolution process of the Yanshan intraplate tectonic belt [4–6]. The Fangshan pluton in
the Zhoukoudian area within the tectonic belt is a product of the late Mesozoic Yanshan
movement [7–9]. Significant research results have been achieved in the petrology, magma
origin and evolution, and diapir dynamics of the Fangshan pluton [10–13]. Intrusion
of pluton will inevitably lead to contact metamorphism of the surrounding geological
bodies [14–16]. The ancient terrane surrounding the Fangshan pluton that was subjected
to contact metamorphism has also aroused wide interest. Although previous studies on
geothermometry and phase equilibrium modeling of these ancient terranes have been
carried out, these studies generally ignore the consideration of minor components in
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rock and mineral systems, such as TiO2, CaO, and Na2O. More precise metamorphic
research on these terranes is of necessity. Constraining the metamorphic evolution history
of these ancient terranes will help to construct tectonic and thermal evolution of the
Yanshan orogeny.

The metamorphism of rocks in orogenic belts is a response to thermal disturbances dur-
ing the evolution of the orogenic belt [17–19]. Different P–T conditions of metamorphism
reflect a specific geothermal gradient during metamorphism, while a specific geothermal
gradient often corresponds to a specific tectonic background [20]. For example, high-
pressure and ultra-high-pressure metamorphism is often associated with the subduction
and collision orogenic belt. The study of the metamorphic processes of these rocks in
orogenic belts is an important approach to help restore the evolution of orogenic belts. Con-
ventional mineral pair geothermobarometry is generally used to calculate the temperature
and pressure of metamorphism during metamorphic studies. One basic principle is that
when the element exchange reaction between two minerals reaches equilibrium, there is a
linear relationship between the element distribution of the mineral pairs and temperature.
A typical example is a garnet–biotite thermometer, which uses Fe–Mg exchange equilib-
rium between garnet and biotite to calculate metamorphic temperature conditions [21].
However, during contact thermal metamorphism, it is generally the process of near isobaric
heating and cooling, which occurs for a very short time. Many minerals are in a metastable
state, and there is not enough time to exchange elements. The redistribution of elements
between mineral pairs with temperature becomes very weak. In this case, the temperature
conditions during the peak metamorphic period calculated by mineral pair equilibrium
are generally lower than the actual temperature conditions, which makes it unsuitable to
calculate the temperature of the contact metamorphism. In addition, in thermodynamic
systems, the influence of temperature changes on mineral composition is diverse. The Ti
and Al contents in biotite and Ca and Mn contents in garnet will affect the results of the
garnet–biotite thermometer. For several years, using internal consistent thermodynamic
databases, and related computing software THERMOCALC and Theriak-Domino, we
have been able to calculate quantitatively a series of column phase diagrams including
P–T projection diagrams, compatibility diagrams, and pseudosections of P–T, T–X, and
P–X [22–24]. The metamorphic phase equilibrium, provides us with an efficient way to
study the relationship between characteristic metamorphic mineral assemblages, metamor-
phic temperature and pressure conditions, and overall rock composition in metamorphic
rocks [25,26]. In particular, in order to accurately and quantitatively constrain the meta-
morphic P–T processes, the mineral composition isopleth, mineral mole fraction isopleth,
and water content isopleth can be also projected on the pseudosection [27]. Compared to
conventional geothermobarometry based on ion exchange between minerals pairs, the ad-
vantage of the phase equilibrium modeling calculation is that the temperature and pressure
conditions for rock formation can be well determined using single mineral composition,
without considering the balance between mineral combinations [26].

In this contribution, a detailed petrographic and geochemical analysis of rocks was
conducted, and then phase equilibrium modeling was used to calculate the peak meta-
morphic temperature of terranes in the contact metamorphic aureole around the Fangshan
pluton during the Yanshan orogenic thermal evolution [28,29]. The mineral abbreviations
used in the text are as follows: alm—almandine; and—andalusite; bi—biotite; chl—chlorite;
cord—cordierite; grt—garnet; gro—grossular; kfs—k-feldspar; ilm—ilmenite; ky—kyanite;
liq—melt; mt—magnetite; mu—muscovite; pa—paragonite; pl—plagioclase; py—pyrope;
q—quartz; sill—sillimanite; sp—spessartine.

2. Geological Setting

The study area is located in the Zhoukoudian area of Beijing (Figure 1b), and the
geotectonic location is located in the Yanshan intraplate tectonic zone in the middle of
the North China Craton, which belongs to the border zone of the Taihang Mountains, the
Yanshan Mountains, and the North China Plain (Figure 1a) [30–32]. The strata in Zhouk-
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oudian and its adjacent areas are well developed in the North China Craton [33]. However,
the entire stratigraphic sequence in this area has been subjected to varying degrees of
metamorphism and deformation, forming the Archean metamorphic complex, Proterozoic
and Paleozoic regional metamorphism, contact thermal metamorphism, and dynamic
metamorphic rocks [34,35]. The Paleoproterozoic strata in the region are absent, while the
Mesoproterozoic and Neoproterozoic strata are widely distributed. The Mesoproterozoic
strata is mainly composed of terrigenous clastic sandstones of the Great Wall Group and
tidal flat dolomite of the Jixian Group. The rocks generally undergo weak metamorphism,
and some terranes are highly metamorphosed due to the intrusion of the Fangshan compos-
ite pluton. The Qingbaikou Group of the Neoproterozoic is well exposed, with a set of tidal
flat and shallow marine sedimentary rocks dominated by the Lower Maling, Longshan,
and Jingeryu formations. Except for the absence of the Silurian and Devonian strata since
the Phanerozoic, the rest of the strata are exposed in the region.
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Figure 1. (a) Simplified geological map of the North China Craton. (b) Simplified geological map of
the Zhoukoudian area, showing sample locations.

The magmatic activity in the region is mainly dominated by intermediate-acid magma,
with the largest outcrop being the Permian Fangshan composite pluton, which is nearly
circular in plane, with a diameter of 7.5 to 9 km [36,37]. The pluton is a medium-sized rock
stock with relatively steep contact surface. The main lithology of the pluton is quartz mon-
zodiorite and granodiorite [38,39]. The crystallization temperature and pressure conditions
of the Fangshan pluton are constrained by 655.9–733.7 ◦C, 0.39–0.28 ± 0.06 GPa [40]. The
oldest terrane in the domain is the Archean Guandi Complex, mainly composed of interme-
diate to high grade metamorphic hornblende plagioclase gneiss, gneissic migmatite, and
plagioclase amphibolite, which are scattered around the Fangshan pluton [41–43]. More
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than 75% of the area belongs to the Phanerozoic regional metamorphic rock outcrop area,
but contact metamorphism was superimposed within the range of 1000 to 1500 m around
the Fangshan composite pluton, and different metamorphic gradient zones were formed.
The closer to the Fangshan pluton, the stronger is the grade of contact metamorphism.
From near to far, they are, respectively, as follows: the sillimanite–K-feldspar zone, the
sillimanite–muscovite zone, the garnet–staurolite zone, and the andalusite–biotite zone.
The samples in this paper are all collected from the andalusite–biotite zone.

3. Field Observations and Petrography

Samples YSG-3 and YSG-4 were collected from the Guandi-Yangshigou area in the
south of the Fangshan pluton (Figure 2a), located at the boundary between the Middle
Proterozoic Jixian Tieling formation and the Neoproterozoic Xiamaling formation. Samples
YSG-3 and YSG-4 were collected from the Neoproterozoic Xiamaling formation. Most of
the contact thermal metamorphic rocks have developed foliation structures.

Sample YSG-3 is an andalusite–biotite schist, developed in a granular columnar meta-
morphic texture and foliation structure. The porphyroblasts are mainly euhedral andalusite
(15%), in which the andalusite crystals are thick and in a short columnar shape. On the cross
section of andalusite, “X-shaped” conjugated micro cracks can be seen, with some grains
having an obvious zonal structure (Figure 2c). Irregular carbon inclusions are contained in
the core and edge of the porphyroblasts. The foliation is defined by preferred orientation of
biotites and aluminosilicates (Figure 2d). The difference from the regional metamorphic
andalusite schist is that the andalusite has a larger size, a zonal structure, a polychromatic
core, and a colorless andalusite without polychromism in the outer ring. Garnet is medium
grained and can only be seen in some samples, distributed sporadically. The matrix is
mainly composed of directionally arranged biotite, with larger biotite laths in the matrix.
The sample contains a small amount of muscovite and small grains of quartz.

The mineral composition of sample YSG-4 is the same as that of YSG-3, except that
the content of garnet in the former is higher (10%) compared to the latter, so it is named as
garnet–andalusite–biotite schist (Figure 2e).

Samples JL1-1 and JL1-2 were collected from the Jinzushan Area (Figure 2b) in the
west of the Fangshan pluton, belonging to the Hongmiaoling Formation of the Middle-
Upper Permian, and also subjected to contact metamorphism of the Fangshan pluton. The
sample is dark gray to black-gray in massive structure, and the andalusite porphyroblasts
display a size of 2 to 8 mm, without obvious directional arrangement. Sample JL1-1 is
an andalusite hornfels with porphyroblastic texture. The porphyroblasts are euhedral
coarse grained andalusite, and sericitization mostly at the edges of the grains (Figure 2f).
The matrix is composed of small grained felsic minerals and opaque minerals, which are
cryptocrystalline, making it difficult to distinguish the specific mineral content. However,
based on the mineral composition of the sample, it was determined that the protolith is a
sedimentary pelitic rock.

Sample JL1-2 is garnet–andalusite–cordierite–biotite schist with porphyroblastic tex-
ture. The porphyroblasts are composed of garnet, andalusite, and cordierite. Andalusite is
in a short columnar shape with a diamond-shaped cross section and contains many small
mineral inclusions. Cordierite has a sieve like porphyroblastic structure (Figure 2g), its
grains are heteromorphic and relatively broken, and it also contains many small inclusions
of quartz and feldspar. The garnet is an idiomorphic form and experienced late retrograde
metamorphism, developing metasomatic residual structures (Figure 2h). The matrix miner-
als are mainly biotite, felsic oriented minerals (quartz and feldspar) and a small amount of
biotite undergoes retrograde metamorphism to form muscovite (sericite).



Minerals 2023, 13, 1056 5 of 13Minerals 2023, 13, x FOR PEER REVIEW 5 of 14 
 

 

 
Figure 2. Field and microscopic photos of contact metamorphic rocks in Zhoukoudian area. (a) 
Field occurrence photo of andalusite–biotite schist. (b) Hand specimen photos of andalusite 
hornstones. (c) Andalusite porphyroblasts develop X-shaped conjugate micro fractures with zoned 
texture in biotite schist. (d) Orientation structure of andalusite–biotite schist with no S-or Z-type 
rotational structures developed. (e) Andalusite–biotite schist andalusite contains micro inclusions. 
(f) Sericite alteration of Andalusite porphyroblasts in andalusite hornstones. (g) Sieve like 
crystalloblastic texture of cordierite in garnet–andalusite–cordierite–biotite schist. (h) Metasomatic 
residual texture of garnet–andalusite–cordierite–biotite schist. 

Figure 2. Field and microscopic photos of contact metamorphic rocks in Zhoukoudian area. (a) Field
occurrence photo of andalusite–biotite schist. (b) Hand specimen photos of andalusite hornstones.
(c) Andalusite porphyroblasts develop X-shaped conjugate micro fractures with zoned texture in
biotite schist. (d) Orientation structure of andalusite–biotite schist with no S-or Z-type rotational
structures developed. (e) Andalusite–biotite schist andalusite contains micro inclusions. (f) Sericite
alteration of Andalusite porphyroblasts in andalusite hornstones. (g) Sieve like crystalloblastic
texture of cordierite in garnet–andalusite–cordierite–biotite schist. (h) Metasomatic residual texture
of garnet–andalusite–cordierite–biotite schist.
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The mineral assemblages in the four samples are similar, with the main minerals being
andalusite + biotite + muscovite (sericite) + quartz + garnet + cordierite. The accessory
minerals are metal minerals such as magnetite and ilmenite, and both have a large amount
of graphite associated with them. These graphite of various sizes are mostly in an irregular
sheet shape with lamellar aggregates, which are wrapped within andalusite porphyroblasts,
together with biotite, and quartz.

4. Analytical Methods
4.1. Whole-Rock Geochemistry

Four representative samples were selected for major analyses. Major elements were
analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES) at Lang-
fang Chenshuo Rock and Ore Testing Technology Service Co., Ltd., Langfang, China. The
instrument model is a PE 5300V from the United States.

4.2. Electron Microprobe Analysis

Garnet, feldspar, and biotite from the samples were systematically analyzed for min-
eral compositions. Mineral major element compositions were determined by electron
microprobe analysis (EMPA) using a Jeol JXA-8230 microprobe at the Institute of Mineral
Resources, Chinese Academy of Geological Sciences, Beijing, China. The testing conditions
for quantitative analysis of elements were as follows: accelerated voltage of 20 kV; beam
current 50 nA; spot size 1–5 µm. The analytical procedures are detailed in [44].

5. Result
5.1. Whole-Rock Major Elements

The results of whole-rock major element analysis for the four samples are listed in
Supplementary Table S1. The samples have moderate SiO2 content (49.00–63.63 wt%),
higher Al2O3 (21.65–34.84 wt%), lower TiO2 (0.92–1.17 wt%), CaO (0.11–0.53 wt%), MgO
(0.23–1.77 wt%), Na2O (0.15–1.62 wt%), MnO (0.01–0.21 wt%), and P2O5 (0.02–0.08), while
the contents of TFe2O3 and K2O vary greatly. Samples YSG-3 and JL1-2 have higher TFe2O3
content (10.3–11.10 wt%), whereas samples YSG-4 and JL1-1 have lower TFe2O3 content
(1.41–4.82 wt%). YSG-3 and YSG-4 have higher K2O content (3.11–4.03 wt%), while JL1-1
and JL1-2 have lower K2O content (0.88–1.83 wt%). According to the characteristics of
the sample with high Al2O3 and low CaO and MgO, it was determined that it belongs to
metamorphic sedimentary pelitic rock.

5.2. Mineral Chemistry

As can be seen in Supplementary Table S2, major element compositions of garnet,
muscovite and biotite were analyzed by electron probe in this study. The compositions
of biotite in the YSG-3 sample appeared to be consistent, with TiO2 content from 1.56
to 1.64 wt%, and the FeO content 20.67 to 22.13 wt%. The SiO2 content in muscovite is
44.69–45.70 wt%, and the K2O content is 10.61–10.79 wt%. The biotite in the YSG-4 sample
shows lower TiO2 content from 1.42 to 1.49 wt%, and higher FeO content from 23.13 to
26.67 wt%. The SiO2 content in muscovite is 42.00–44.86 wt%, and the K2O content is
9.70–10.53 wt%. The TiO2 content of biotite in JL1-1 sample is 1.67–1.71 wt%, and the
FeO content is 19.17–26.47 wt%. The SiO2 content in Mu is 42.71–44.75%, and the K2O
content is 9.50–10.42%. The biotite in the JL1-2 sample contains the lowest TiO2 content of
1.22–1.24 wt%, and the highest FeO content of 25.04–26.29 wt%. The composition of garnet
is relatively uniform (Alm96–97Prp2–3Grs0–1Sps0–1), with a significant high content of FeO
ranging from 41.91 to 42.43 wt%, the content of MnO2 ranging from 0.01 to 0.09 wt%, and
the content of MgO ranging from 0.65 to 0.74 wt% (Figure 3).
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5.3. Phase Equilibrium Modeling

In this study, samples YSG-3, YSG-4, JL1-1, and JL1-2, were simulated using pseu-
dosections to define their peak temperature and pressure conditions. The phase diagram
was calculated using Theriak–Domino software [45,46] under the system of MnNCKF-
MASHTO (MnO–Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O). The mineral
activity model of the phase diagram is based on the database of [47,48]. H2O was assumed
to be present in excess. Due to the small influence of XFe3+/XFe2+ ratios on the stability
domain of major mineral associations, the XFe3+/XFe2+ ratios were set to 0.1. We used the
whole rock major elements to conduct phase equilibrium modeling.

Figure 4a shows the phase equilibrium modeling results of YSG-3. The temperature
and pressure range of the pseudosection is 450 to 700 ◦C at below 8 kbar. In the high
temperature and low-pressure regions, biotite and muscovite will successively breakdown
and disappear, while cordierite will appear in the high temperature and low-pressure
regions. Due to the potassium-rich composition of the whole rock, the K-feldspar is stable
over the wide range, and only breakdowns in high-temperature regions. Garnet only
appears at high pressure conditions (>6 kbar). Due to the aluminum-poor composition
in the whole rock composition, staurolites do not appear within the temperature and
pressure range of the pseudosection. Based on our petrologic observations, the peak
mineral assemblage of this sample is pl + q + kfs + mu + bi + and + ilm + mt. According
to the Ti content isopleth of biotite and the K content isopleth of muscovite, they are
projected into the kfs + mu + bi + and field. Referring to the EMP data, we limited the peak
metamorphic temperature and pressure range to 520–610 ◦C, 2–3.5 kbar.

Figure 4b shows the phase equilibrium modeling results of YSG-4, with a P–T range
of 450 to 700 ◦C and 0 to 6 kbar in the pseudosection. Compared to the YSG-3 sample, the
stable temperature and pressure conditions of biotite, muscovite, garnet, and cordierite of
YSG-4 have little change on the pseudosection. Unlike YSG-3, due to the low K content
of the whole rock component, the stable temperature and pressure range of K-feldspar is
greatly reduced, and there is no K-feldspar at both low and high temperatures. Staurolite
appears at the upper left of the pseudosection (low temperature and high pressure). The
peak mineral assemblage of this sample is pl + q + mu + bi + and + ilm + mt + H2O ± gt.
According to the Ti content isopleth of bi and the K content isopleth of muscovite, they are
projected into the mu + bi + and + H2O field. Referring to the EMP data, we limit the peak
metamorphic temperature and pressure range to 550–610 ◦C and 2–3.5 kbar.
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Figure 4. Phase equilibrium modeling of P–T pseudosections of sample YSG-3 (a), YSG-4 (b), JL1-1 (c),
and JL1-2 (d). A few areas without marked mineral combinations can easily be inferred from the
mineral combinations and degrees of freedom on both sides. The minerals after the + sign represent
the excess of the mineral; (-pl) indicates that the PL is no longer excessive, and the yellow area
represents the peak mineral combination. The mineral abbreviations are shown earlier. The dashed
lines of purple, green, and orange represent the Ti content isopleth of biotite, the K content isopleth
of muscovite and the pyrope content isopleth of garnet, respectively.
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Figure 4c shows the phase equilibrium modeling results of JL1-1. The temperature
and pressure range of the pseudosection is 450 to 700 ◦C and 0 to 6 kbar. From the
pseudosection, we can see that in the high-temperature and low-pressure regions, biotite
and muscovite will decompose and disappear successively, while cordierite will appear
in the high-temperature and low-pressure regions. Staurolite appears at the upper left of
the sectional view (low temperature and high pressure). Due to the sodium-rich content of
the whole rock, paragonite may occur in the low temperature regions. The peak mineral
assemblage of this sample is pl + q + mu + bi + and+ ilm + mt + H2O. According to the Ti
content isopleth of biotite and the K content isopleth of muscovite, they are projected into
the mu + bi + and + H2O field. Referring to the EMP data, we limited the peak metamorphic
temperature and pressure range to 560–610 ◦C and 1–3.4 kbar.

Figure 4d shows the phase equilibrium modeling results of JL1-2. The temperature
and pressure ranges of the pseudosection are 450 to 700 ◦C and 0 to 6 kbar. From the
pseudosection, we can see that due to the poor potassium content of the whole rock, the
stable area of muscovite is small, and it will decompose under relatively low temperature
conditions. Due to the rich iron content in the whole rock, the stable range of cordierite
and garnet increases, and garnet can occur under relatively low-pressure conditions. The
peak mineral assemblage of this sample is gt + pl + q + bi + and + core + ilm + mt + H2O.
According to the Ti content isopleth of biotite and the pyrope content isopleth of garnet,
we defined the peak metamorphic temperature and pressure range as 580–620 ◦C and
1.5–2.1 kbar.

6. Discussion
6.1. Metamorphic Peak Conditions and P–T Trajectory of Rock

Using the garnet–biotite thermometer [49], we obtained peak metamorphic conditions
of 448–547 ◦C of sample JL1-2. There is an obvious difference between peak metamorphic
conditions obtained from the geothermometer and the phase equilibrium modeling. This
is because the garnet and biotite thermometers mainly consider the Fe–Mg exchange
equilibrium, while ignoring the influence of Ti and Al contents in biotite and Ca and
Mn contents in garnet on the results. This indicates that in some cases, relying solely on
geothermobarometry may result in less accurate temperature and pressure conditions.

Through phase equilibrium modeling under the system of MnNCKFMASHTO, we
fully considered the effects of various trace components on the system, so we can obtain
more accurate temperature and pressure conditions during the metamorphic peak period.
Our petrological observations and phase equilibrium modelling indicate that YSG-3, YSG-4,
and JL1-1 have the same peak mineral assemblage: pl + q + mu + bi + and ± kfs + ilm
+ mt, formed at 520–610 ◦C, 1–3.5 kbar. The peak mineral assemblage of JL1-2 is gt + pl
+ q + bi + and + core + ilm + mt, formed at 580–620 ◦C and 1.5–2.1 kbar. The mineral
composition analysis in the sample showed that the composition of biotite, muscovite, and
garnet in the sample was relatively uniform. This indicates that the mineral assemblages of
the early progressive metamorphic process were superimposed by the peak metamorphic
mineral assemblages and were not preserved. Due to the fact that no progradational
characteristic minerals other than peak mineral assemblages were found in the samples, the
prograde metamorphic trajectory of the rock cannot be restored. We found sericitization
and alteration around andalusite in the JL1-1 sample, and biotite partially transformed into
muscovite (sericite) in the JL1-2 sample. As the peak metamorphic mineral assemblage of
the JL1-2 sample does not include muscovite, this indicates that muscovite is a product of
retrograde metamorphism after experiencing peak metamorphism.

Former literature reported the temperature and pressure conditions of rocks in differ-
ent metamorphic zones in the Yitiaolong area through phase equilibrium modeling, and
found that the peak temperature and pressure conditions of garnet–K-feldspar–sillimanite–
biotite schists in the sillimanite zone were P = 3.9–4.1 kbar, T = 690 °C. The metamorphic
peak temperature and pressure conditions of the garnet–andalusite–staurolite–mica schist
in the garnet–staurolite zone were determined as P = 3.6–3.7 kbar, T = 580–590 ◦C [40]. The
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metamorphic peak temperature and pressure conditions of the andalusite–biotite schist
in the andalusite zone were P = 3.2–3.6 kbar, T = 580–590 °C, and the rock undergoes a
metamorphic P–T trajectory of near isobaric heating and isobaric cooling [50,51]. In addi-
tion, the mineral assemblages in the pseudosection (pelitic rock in the KFMASH system)
where the metamorphic P-T trajectory is located are andalusite, biotite, muscovite, and
quartz, which are consistent with the mineral assemblages of the three samples in this
study. The peak metamorphic condition is constrained to P < 4 kbar, T = 530–625 ◦C. This is
consistent with the peak metamorphic temperature and pressure conditions of 550–610 ◦C,
1–3.5 kbar and 580–620 ◦C, 1.5–2.1 kbar calculated by our phase equilibrium modeling.
Compared with the phase equilibrium modeling under the typical KMnFMASH system
in former literature, the phase equilibrium modeling in this study adds CaO, Na2O, and
TiO2 components, which control the composition of plagioclase, biotite, and garnet in
the mineral assemblage. This makes the calculated peak metamorphic conditions more
accurate and convincing. Due to the relatively uniform composition of the main minerals in
the rocks, it is difficult to determine the prograde and post-peak retrogressive metamorphic
trajectory of the rock solely based on the phase equilibrium modeling. However, according
to the calculation results of the carbon based Raman spectrum thermometer we carried
out for the rocks previously [52], the core of the andalusite porphyroblasts of rocks in the
andalusite–biotite zone around the Fangshan pluton recorded a metamorphic temperature
during the early progressive metamorphic process (~550 ◦C), and the peak metamorphic
temperature conditions (~598 ◦C) were recorded by the edges of andalusite porphyrob-
lasts [52]. The rock matrix may have recorded the post-peak retrogressive metamorphic
temperature of 598–574 ◦C. Therefore, we believe that the rocks in the andalusite–biotite
contact metamorphic aureole of the Fangshan pluton underwent low pressure and medium
temperature metamorphism, with peak metamorphic conditions of about 550–610 ◦C,
<3.5 kbar.

6.2. Tectonic Implication

The Zhoukoudian area is located in the Yanshan Intraplate Tectonic Belt, which was
affected by the Yanshan event during the Mesozoic era [53,54]. With different tectonic
movements, two large-scale metamorphisms occurred in the area. The Fangshan pluton
was emplaced during the late Yanshan event, and is mainly composed of quartz monzo-
diorite and granodiorite [55]. Based on an amphibole plagioclase thermometer and an
amphibole total Al-content geobarometer, previous researchers calculated the tempera-
ture and pressure of the Fangshan pluton during intrusion. The crystallization temper-
ature and pressure conditions of the Fangshan pluton are constrained of 655.9–733.7 ◦C,
0.39–0.28 ± 0.06 GPa [40]. Regarding the dynamic mechanism of emplacement of the Fang-
shan pluton, most of the predecessors tended to believe that the magma emplacement
mechanism is balloon-inflation intrusion, whereas some researchers prefer the magma
diapir mechanism. There is reason to believe that the intrusion of the Fangshan pluton
inevitably led to the occurrence of tectonic deformation and contact thermal metamorphism
of the peripheral terranes.

The foliation relationship between the metamorphic porphyroblasts and the matrix in
contact with metamorphic wall rocks can be used to determine the emplacement mechanism
of intrusions. The andalusite porphyroblasts in andalusite–biotite schists develop X-shaped
conjugate micro fractures with straight fracture boundaries (Figure 2c). The directional
arrangement structure composed of biotite and muscovite in the matrix (Figure 2d) is
also dominated by a flat type, with no developed S-or Z-type rotational structures. This
indicates that the strain type of rock is not shear deformation, but mainly compressive
deformation. This is consistent with the previous view that the magma emplacement
mechanism of the Fangshan pluton is the balloon expansion type [9,50].

Based on the accurate results from phase equilibrium modeling calculations, the
andalusite–biotite zone is believed to have undergone contact metamorphism. Due to the
rapid heating of the rocks in the contact metamorphic zone by the heat released by the
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pluton, they reached the peak metamorphic temperature and then cooled down with the
cooling of the Fangshan pluton, resulting in retrograde metamorphism, forming a P–T
trajectory characterized by isobaric heating and cooling.

7. Conclusions

(1) The phase equilibrium modeling of rocks in the andalusite biotite contact meta-
morphic zone of the Fangshan pluton indicates that the peak mineral assemblages of
andalusite–biotite schists are pl + q + mu + bi + and ± kfs + ilm + mt, formed at 550–610 ◦C,
1–3.5 kbar, and the peak mineral assemblage of the garnet–andalusite–cordierite–biotite
schists is gt + pl + q + bi + and + core + ilm + mt, formed at 580–620 ◦C, 1.5–2.1 kbar.

(2) The andalusite–biotite zone is believed to have undergone contact thermal metamor-
phism, and the peak metamorphic temperature and pressure conditions were 550–610 ◦C,
<3.5 kbar by means of phase equilibrium modeling. Due to the influence of the Fangshan
pluton, the rock recorded a P–T trajectory characterized by isobaric heating and cooling,
reflecting a response to thermal disturbances caused by magmatic activity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min13081056/s1, Table S1: Whole-rock major element concen-
trations (wt%) of the contact metamorphic rock in the Zhoukoudian; Table S2: Representative
compositions (wt%) of rock-forming minerals of the contact metamorphic rock in the Zhoukoudian.
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