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Abstract The genesis of intermediate intrusions is highly controversial, and one of the hot topics is whether
they represent frozen melts or cumulates in the evolution of magmatic systems. Distinguishing accumulation
from crystallization melt differentiated along the liquid line of descent is the key issue. The Paleoproterozoic
intermediate intrusions in southern North China Craton provide an excellent case to decipher this issue.
Multiple lines of evidence, including mineral textures, geochemistry as well as alphaMELTS modeling,
indicate disequilibrium between whole-rock and minerals, with melt extraction occurring at temperatures

of 760°-820°C and with 1040 wt.% of trapped melts. Effective water storage, revealed by amphibole and
clinopyroxene hygrometers, plays a crucial role in promoting crystal-melt segregation in pluton-sized reservoirs
in the upper crust. This study demonstrates that the accumulation in intermediate magmas can be identified
even without evident complementary initial and extracted melts and provides deep insights into the genesis of
intermediate continental crust.

Plain Language Summary The genesis of intermediate rocks has long been controversial since
they are analogs of the average composition of continental upper crust. The key topic is whether intermediate
rocks represent frozen melts of intermediate magmas or crystal residues after melt extraction in the evolution
of felsic magmatic systems. Here we carried out a comprehensive study on the Paleoproterozoic intermediate
intrusions in the southern North China Craton, which is considered to have recorded the process of crystal
accumulation and melt segregation in the shallow crust. Upon mineral texture, geochronologic, whole-rock and
mineral geochemical, and thermodynamic investigation, we propose that crystal accumulation and crystal-melt
segregation processes can be identified in intermediate magmas with the melt extraction temperatures and
proportions of trapped melts recorded by zircon trace elements. Amphibole and clinopyroxene hygrometers
revealed high water content of the melts, which likely decreased the viscosity of melts and facilitated effective
cumulate-melt segregation. This study provides a powerful reference to see through the accumulation in
intermediate magmas, record the processes of crystal-melt segregation, and definitively resolve the debate
concerning the genesis of intermediate intrusions.

1. Introduction

Extraction from an intermediate to felsic crystal mush into the shallow crust via melt-crystal segregation
has been suggested as the main formation mechanism for high-silica rhyolites or granites, which leaves a
complementary cumulate residue in the bottom of magma reservoirs (Bachmann & Bergantz, 2004; Hartung
et al., 2017; Miller & Wark, 2008). However, the cumulate residue is still open for discussion since it is rarely
identified, and the factors controlling segregation and how it occurs are unclear. The predicted geochem-
ical signatures of cumulates are also not revealed in the big data comparison (Glazner et al., 2015; Keller
et al., 2015), which appears to support a model of frozen melts at shallower depths (Coleman et al., 2012;
Glazner et al., 2008). On the other hand, several case studies emphasize the volcanic-plutonic connection and
indicate that high-silica granites may represent the residue cumulate and rhyolite as melt in volcanic-plutonic
complexes (Du et al., 2022; Lu et al., 2022; Schaen et al., 2017). Additionally, geophysical data have detected
underlying batholiths beneath some active volcanoes, such as Yellowstone Caldera and Altiplano-Puna
Complex (Clemens et al., 2022; Colén et al., 2018; Ward et al., 2014). Such concomitant co-occurrence of
volcanic and plutonic rocks is beneficial to building the petrogenetic link. However, the accumulation of
magma is inefficient and regulated by the thermal state of the crust in the trans-crustal magmatic system; thus
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it is difficult to be determined by geophysics (Cashman et al., 2017). Whether volcanic rocks and batholiths
are genetically related is also difficult to explain by geophysics. Moreover, it is rather difficult to distinguish
crystal cumulate from crystallized melt differentiated along the liquid line of descent (LLD) in the upper
crust for the isolated plutonic rocks. Unlike the accumulation of mafic minerals, the challenges to identifying
“intermediate cumulate” compositions increase because melt extraction is inefficient within high-viscosity
or high-crystallinity magmas and the inherent variability of granitoid textures makes recognizing melt loss
difficult (Deering & Bachmann, 2010; Lee & Morton, 2015; Schaen et al., 2017). These crystal-melt mixtures
are so confusing both in geophysics and geochemistry that the truth of intermediate intrusions cannot be
determined. Therefore, distinguishing cumulates from frozen melts is important for our understanding on
the petrogenesis of intermediate rocks that represent the average compositions of continental crust (Rudnick
et al., 2003).

In this contribution, we present an integrated study of Paleoproterozoic intermediate intrusions in the Xiong'er
large igneous province (LIP) in southern North China Craton (NCC) (Figure S1 in Supporting Information S1).
Our investigation involves the analysis of whole-rock elements and Nd isotopes, mineral elements, and zircon
U-Pb and Lu-Hf isotopes. Through detailed examinations of mineral texture and geochemistry, we identified
cumulate characteristics and multiple accumulations, as well as self-mixing processes. We also found that high
water content can effectively lower viscosity and promote crystal-melt segregation. These findings shed light on
the exploration of magmatic evolution and the diversity of upper-crustal magmatism.

2. Samples and Results

Xiong'er volcanic province (60,000 km?) is the first LIP after the formation of the NCC and its eruption ages are
dated in the range of 1,780 to 1,750 Ma (He et al., 2009; Peng et al., 2008). The Xiong'er LIP consists of basaltic
andesites, with minor rhyolites and dacites. The Fudian diorites and monzonites and Muzhijie diorites intruded
into the basaltic andesites of Xiong'er LIP (Figure S1 in Supporting Information S1), and our new data yield
similar emplacement ages of ~1,780 Ma (Figure S2 in Supporting Information S1), with zircon g, (t) of —14 to
-5 and whole-rock gy,(t) of —8 to —5 (see Supporting Information S2). The intrusions show intermediate SiO,
contents of 56—63 wt.%, K,O contents of 2-5 wt.%, and Al,O, contents of 13—15 wt.%, belonging to calc-alkaline
series (Figure S3 in Supporting Information S1). The rocks are medium-grained and composed of plagioclase
(45-55 vol.%), amphibole (15-25 vol.%), biotite (10-15 vol.%), K-feldspar (5-10 vol.%), quartz (5-10 vol.%)
and clinopyroxene (0-5 vol.%).

Clinopyroxene occurs in the framework of plagioclase or as inclusions in plagioclase (Figure 1a) and they are in
disequilibrium with the whole-rock compositions based on Fe-Mg exchange coefficients K,"-M of 0.28 + 0.08
(Figure 1g; Putirka, 2008). According to the micro-texture, plagioclase of the Fudian and Muzhijie diorites can
be divided into three types. Type I plagioclases have normal growth zoning with crystal lengths over 500 pm
and tend to form clusters or radial frameworks in physical contact (Figure 1a). They have high Any, ,, cores and
Ang,_,, rims (Figures le and 1f). Type II plagioclases have oscillatory zoning and absorbed texture with crystal
lengths between 200 and 1,000 pm (Figures 1b and 1c). They show high Ang, ,, cores but low An,, ,, rims.
Type III plagioclases are homogeneous and interstitial between the coarse crystals with crystal lengths less than
200 pm (Figure 1b). They have low An,s ,, cores and An,, ,, rims. Euhedral amphiboles commonly occur in
clusters (Figure 1d) and sometimes with overgrowth rims (Figure S4 in Supporting Information S1). They are
characterized by Mg# of 0.53-0.37 and are in disequilibrium with the whole-rock compositions based on Fe-Mg
exchange (Figure 1h; Putirka, 2008). Fine plagioclase and magnetite occur in amphibole as inclusions (Figure
S4 in Supporting Information S1), representing earlier crystallizing phases. Apatite, zircon, and Fe-Ti oxides
(magnetite and ilmenite) are mainly found as inclusions in plagioclase, but also occur in K-feldspar and quartz,
indicating that the accessory minerals saturated earlier than these rock-forming minerals and remained saturated
during the subsequent cooling process (Figure S4 in Supporting Information S1).

Based on the thin section observations, the crystallization sequence of the diorites and monzonites is clinopy-
roxene — zircon + apatite — plagioclase — amphibole — biotite — quartz/K-feldspar. According to the amphi-
bole and clinopyroxene thermodynamic calculations (Perinelli et al., 2016; Ridolfi et al., 2010), the intrusions
emplaced at the conditions of 0.9-1.4 kbar, 780-860°C and water contents of 2.0-4.7 wt.% (see Supporting
Information S1).
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3. Discussion
3.1. Identifying the Accumulation

Cryptic cumulates in intermediate to felsic mush can be explored by the texture and geochemical composition of
mineral assemblages (Fiedrich et al., 2017; Schaen et al., 2017). Type-I plagioclase (Figures 1a—1c) and amphi-
bole (Figure 1d) of the diorites and monzonites are euhedral to subhedral and tend to form clusters and frame-
works in physical contact, consisting of more than five crystals (Figures 1a—1d), which are commonly explained
to be formed due to the crystal aggregation during settling (Vernon & Collins, 2011; Wiebe et al., 2002).
The fine-grained anhedral populations of Type-IIl plagioclase, K-feldspar, and quartz are interstitial to the
euhedral network of Type-II plagioclase and amphibole (Figure 1b), which suggests melt extraction is inef-
ficient and the evolved liquid was trapped in the cumulate mineral phases (Vernon & Collins, 2011; Vernon
& Paterson, 2006). Deformed structures of local crystals were also observed, with some Type-I plagioclases
exhibiting kink textures, indicating physical breakage, and some showing mosaic textures, indicating interpen-
etration (Figure S4 in Supporting Information S1). These phenomena suggest that plagioclases have undergone
physical compaction, providing further petrographic evidence of accumulation. The geochemical disequilibrium
of clinopyroxene (Figure 1g) and amphibole (Figure 1h) with the whole-rock compositions also supports the
accumulation.

Determination of LLD requires knowing the crystal saturation points of minerals. Elements with variable incom-
patibility during fractional crystallization can record the saturation point of a certain mineral. Zr and P,O, are
highly incompatible in basaltic to andesitic melts but immediately become compatible when zircon and apatite
appear in the phase assemblage. Integrating mineral saturation models (Boehnke et al., 2013; Harrison &
Watson, 1984) and alphaMELTS simulations (Smith & Asimow, 2005), it is possible to investigate the saturation
points. Calculations were performed assuming a starting composition of an evolved basalt with different water
content (sample from Xiong'er volcanic rock, e.g., 51.02 wt.% SiO,, 150 ppm Zr, and 0.34 wt.% P,Oy) at a pres-
sure of 1.5 kbar and oxygen fugacity of AQMF (Quartz-Magnetite-Fayalite). The modeling shows that zircon
saturates at ~68 wt.% SiO, (Figure 2a), indicating that a batch of the basaltic melt can saturate in zircon only when
the residual melts reach more evolved compositions than those defined by natural samples of this study. Neverthe-
less, zircons are commonly found in diorites and monzonites, and show an absolutely magmatic origin (high Th/U
ratio and oscillatory zonings; Figure S2 in Supporting Information S1), which indicates that zircons have already
been saturated. Although apatite saturates at ~57 wt.% SiO,, it deviates from the trend defined by the LLD in
either case (Figure 2b). Before zircon and apatite are saturated, the Zr and P,O, contents in the melt should follow
the trend (solid line) simulated by alphaMELTS. The paths of Zr and P,O; required for saturation (dashed lines)
could represent the LLD if zircon and apatite saturated. However, the predicted saturation points and liquid lines
of descent are totally different from the SiO,~Zr/P,O, geochemical trends of the intrusions with any initial water.
Therefore, these diorites and monzonites are contrary to the modeling results, and zircon and apatite are saturated
in the early stage, which indicates that the whole-rocks are not crystallized melt differentiated along the LLD.

The Eu anomaly (Euw/Eu* = Eu/(Smy X Gdy)*3; N—chondrite normalized) of the intrusions shows a constant
trend between 0.62 and 0.72 in whole-rock SiO,—Eu/Eu* diagram (Figure 2c) which means that the plagioclase
is not effectively separated from the magma. Dy/Yb and Dy/Dy* (Dy/Dy* = Dy,/(Tby X Hoy)%%; 0.8-1.0) ratios
remained almost constant with the increasing SiO,, suggesting amphibole accumulation (Figure 2d). Addition-
ally, the high Zr/Hf of whole-rock is interpreted as zircon accumulation, which results in high Zr/Hf (>36) in the
cumulates but low Zr/Hf in the extracted melt because Zr is more compatible in zircon than Hf. The accumulation
of titanite is also evident from the high Ta and low Nb/Ta (<17) in the rocks, with Ta being more compatible in
titanite than Nb (Green & Pearson, 1987). Whatever the different accumulation behaviors of mineral phases, it
should be noted that the rocks are mixtures of cumulated crystals and interstitial melts, which are supported by
textural, compositional, and thermodynamic simulation perspectives.

Figure 1. Microphotographs and mineral compositions provide evidence of mineral accumulation. (a) Clinopyroxene occurs either within the framework of Type-I
plagioclase or as inclusions; (b) The fine-grained anhedral populations of Type-III plagioclase, K-feldspar, and quartz are interstitial to the euhedral network of Type-II
plagioclase; (c) Type II plagioclases have oscillatory zonings and absorbed textures; (d) The fine-grained anhedral populations of quartz are interstitial to the euhedral
network of amphibole. Plagioclase An versus SiO, diagrams show the compositions of Muzhijie diorites (e) and Fudian diorites (f). Equilibrium tests of clinopyroxene-
melt (g) and amphibole-melt (h) are also presented. Abbreviations: Cpx = clinopyroxene; Amp = amphibole; Pl = plagioclase; Bi = Biotite; Ap = apatite;

Kfs = K-feldspar; Mt = magnetite; Q= Quartz. I = type I plagioclase; II = type II plagioclase; III = type III plagioclase.

MA ET AL.

40of 10

85UB017 SUOWILWIOD @A 11D 8|t jdde ay) Aq peuenob ae sspiie O ‘88N JO Sa|Nn 10} A1 8UIIUO A1 UO (SUORIPUOD-PUe-SWBHW0d" A3 1M Ae1q 1o UO//SANY) SUORIPUOD Pue SWLB | 8U188s *[£202/30/80] UO ARiqiT8ulUO A8|IA ‘[10UN0D Yofessay OIS PUY UHESH UCIEN Aq 0vSZ0T 192202/620T 0T/I0p/w0d A8 mAreiq putjuo'sqndnfe;/sdiy woiy papeojumoq ‘0T ‘€202 ‘20087v6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL102540

900

700

300

0.9

0.8

0.7

Eu/Eu’

0.5

0.4

0.3

;
a]
zircon saturation 0.8
06
B
o
A\ 40wt% oot N
\\\ . H ,0\‘ \\ ‘\
\ o - N \
A \\ : fbeo \\\\\ ‘\
®/" N 0.2} i ’@5,6 ST
29 : o 6/(/ D, S~
> - e S s,
/O,) e
\ \ \ . 0 \
50 55 60 65 70 75 50 55 60 65 70
SiO, (wt.%) - SiO, (wt.%)
C| d
A Muzhijie diorite
[ sl ® Fudian diorite
¢ Fudian monzonite
[ Plagioclase accumulation . .
A 9 Amphibole accumulation
AA AS® A 2.1 F [ _J
i sen @ 4l s .
AA A < A‘rA ® ® ¢ .
PR : "00 . S A ‘*: ot b
[ . 19} *
acf-
]
| N Ona/Cry actio .
St rys
a//’?ar 170 . t@lljzgqs
L /o,7
\ \ \ \ 15 \ \ \ \
55 57 59 61 63 65 55 57 59 61 63 65
SiO, (wt.%) SiO, (wt.%)

Figure 2. Identification of cumulate through whole-rock chemical characteristics is demonstrated. Zr (a) and P,Oj (b) contents are plotted against SiO, with
thermodynamic simulations. The solid lines represent the Zr and P,O; contents in the residual melts before zircon and apatite are saturated from alphaMELTS
simulations. The dotted lines represent the minimum Zr and P,O; contents saturated with zircon and apatite in this simulation, which indicates the liquid line of descent.
The saturation points are represented by stars. (c, d) Plots of Eu/Eu* and Dy/Yb versus SiO, contents show a flat distribution indicating that plagioclase and amphibole
are not effectively separated.

3.2. The Trapped Melt

Distinguishing the interstitial trapped melts from initial melts is very challenging. Mass balance requires that the
composition of the crystal cumulate plots along a vector point in the opposite direction defined by the comple-
mentary residual melt (Gelman et al., 2014; Lee & Morton, 2015). Since no complementary extraction melt was
found in this work, we suggest the melts experienced crystal-melt segregation processes. Accessory minerals
have the potential to record accumulation and melt extraction because they are saturated during the subsequent
cooling processes. Zircon was chosen here because it can record the temperature when it crystallized. It is worth
(Figure 3a). For the
Muzhijie diorites, a positive correlation between the Eu concentrations of zircon and Ti-in-zircon temperatures

noting that there exists a certain relationship between Eu concentrations of zircon and T ;...
is observed at higher temperatures (>760°C) but remain constant at lower temperatures. Similar characteristics
also appear in the Fudian diorites and monzonites, with an inflection point of 820°C (Figure 3a). We believe that
these two temperatures represent the threshold for melt extraction. Before melt extraction, Eu is more compatible
in plagioclase than zircon, thus the crystallization of plagioclase decreases the Eu concentrations in zircon. After
melt extraction, the trapped melts in the closed systems mix with the adjacent plagioclase to attain equilibrium,
resulting in the Eu contents of zircon remaining in a constant range. In other words, the residual melts are locked
in the closed system below these two critical temperatures. Therefore, we believe that the melt extraction temper-
atures of the Muzhijie and Fudian intrusions are 760°C and 820°C, respectively.
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Figure 3. Zircon provides information on melt extraction temperature and the proportion of trapped melts. (a) The relationship between zircon Eu and T,
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plotted. A positive correlation is observed at higher temperatures, while it remains constant at lower temperatures. The inflection points are at 760°C for Muzhijie
diorites and 820°C for Fudian diorites and monzonites, suggesting that residual melts are trapped below these critical temperatures. (b) Rayleigh fractional
crystallization models of whole-rock compositions are employed to calculate the proportion of trapped melts. Dy and Eu concentrations of the initial and extracted
melt are calculated from zircon at 950°C and 760°C/820°C, respectively. The calculated melt fraction of the equilibrium melt is between 0.3 and 0.6. See Supporting
Information S2 for the detailed calculation.

Zircon trace elements can be utilized to estimate the proportions of trapped melts. It is assumed that the initial
melt temperature is 950°C, which is also the highest temperature recorded by zircon. The extracted melts have
temperatures of 760°C and 820°C (Figure 3a), respectively. For simplicity, we assumed that the composition
of the interstitial liquid in a cumulate is the same as the extracted melt. Dy and Eu in zircon were employed to
calculate the contents of initial and extracted melt because they are sensitive to amphibole and plagioclase crys-
tallization, respectively. The initial melts are those in equilibrium with 950°C zircons, while the extracted and
trapped melts are those in equilibrium with 820/760°C zircons. The crystallinity and the composition of residual
accumulations are calculated using the Rayleigh fractionation model. The calculation results show that the crys-
tallinity of melt extraction is 40%—70% (Figure 3b). Considering that the whole-rock represents the mixture of
crystals and melts, we mix the calculated melts and cumulates residue until the composition of the whole-rock is
fitted. A trapped melt fraction of 1040 wt.% in cumulate is obtained (Figure 3b), which is comparable to the Fish
Canyon Tuff (20-40 wt.%; Deering & Bachmann, 2010), Northern Peninsular Ranges Intrusion (20-30 wt.%;
Lee & Morton, 2015), and Adamello Intrusion (10-50 wt.%; Fiedrich et al., 2017).

3.3. Plagioclase Traces the Crystal-Melt Segregation Processes

It is noted that the plagioclases show heterogeneous textures and contents. Type I plagioclases have high An
(anorthite) cores and rims, suggesting that they crystallized and accumulated from the initial melts. Type III
plagioclases are fine-grained and show the normal zoning with low An cores and rims (Figures le and 1f), indi-
cating that they crystallized from the trapped melts. Type II plagioclase has high Ang,_,, cores but low An,, ,,
rims (Figures le and 1f). The compositional variations cannot be explained solely by mechanical accumula-
tion and may be due to elemental diffusion or mixing with residual melts or newly injected melts. However,
homogenization of the anorthite content by diffusion takes an unrealistically long time due to the slow NaSi—
CaAl diffusion (Grove et al., 1984). Notably, the type II plagioclases have absorbed rims (Figure 1b), indicating
later thermal erosion. Type II plagioclases have similar core compositions to type I plagioclases but similar rim
compositions to type III, suggesting a mixing origin (Figures le and 1f). Therefore, we propose that after melt
extraction, the type II plagioclases were partially remelted and mixed with the trapped melts to form the low An
rims (Figure 4¢). Amphiboles adjacent to quartz have overgrowth rims (Figure S4 in Supporting Information S1),
which also support the recrystallization and mixing with the trapped melts at a small scale. When the magma
chamber was recharged by magmatic flux events, feldspar grains would be recrystallized due to self-mixing

MA ET AL.

6 of 10

85UB017 SUOWILWIOD @A 11D 8|t jdde ay) Aq peuenob ae sspiie O ‘88N JO Sa|Nn 10} A1 8UIIUO A1 UO (SUORIPUOD-PUe-SWBHW0d" A3 1M Ae1q 1o UO//SANY) SUORIPUOD Pue SWLB | 8U188s *[£202/30/80] UO ARiqiT8ulUO A8|IA ‘[10UN0D Yofessay OIS PUY UHESH UCIEN Aq 0vSZ0T 192202/620T 0T/I0p/w0d A8 mAreiq putjuo'sqndnfe;/sdiy woiy papeojumoq ‘0T ‘€202 ‘20087v6T



~1
A\J 1

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL102540

-1 kbar

3 kbar

5 kbar

Upwelling

Upper crust Extracted meI
N /) 820/760°C
Fudian magma

Muzhijie magma

A S @ I we Fudian

chamber

dacitic ~_monzonite
magma Q’gﬁ Muzhijie and

Fudian diorite

trapped melt
<820/760°C

S

mclinopyroxene || plagioclase @ amphibole £ biotite || K-feldspar
Lower crust | apatite | zircon [ magnetite o quartz

Figure 4. A simplified diagram illustrates the process of crystal-melt segregation and the formation of intermediate rocks. (a) The initial melts may originate from

the evolution of mafic magmas in the deep crust or remelting of crustal materials. The depths of Muzhijie and Fudian magma chambers are calculated by amphibole
barometer (Ridolfi et al., 2010). (b) Crystal-melt segregation occurs at the crystallinity of 40%—70%, with segregation temperatures of 760°C for Muzhijie diorites

and 820°C for Fudian diorites and monzonites. High water content promotes the escape of extracted melts, leaving isolated residues as intrusions. (c) Three types of
plagioclase were formed during different magmatic stages: type I plagioclase formed during the crystallization of the initial dacitic melt, and type III crystallized in the
trapped melts after crystal-melt segregation. After the melt extraction, the previously formed plagioclase crystals were partially remelted, mixed with the trapped melt,
and recrystallized to form the type II plagioclase. Refer to the text for further details.

(Couch et al., 2001). In addition, the recharge events could heat the magma reservoir, extend its duration under
relatively hot, low-crystallinity, and facilitate crystal settling.

4. The Role of Water

It is worth noting that the high magma water content revealed by the clinopyroxene and amphibole hygrom-
eters may have an impact on the crystal-melt segregation (Hartung et al., 2019). To understand the role of
water in crystal-melt segregation, we need to consider various physical properties such as the viscosity and
density of melts and crystals at different water contents, as well as the hindered settling and compaction rates
of crystals. We calculated the major elements of the equilibrium melt of clinopyroxene as initial melts using
the method of Higgins et al. (2022), and then simulated the physical changes of melts and crystals during
accumulation from 950°C to 750°C using alphaMELTS (see Supporting Information S2 for details). The equi-
librium melts are dacitic (Table S10 in Supporting Information S2), with higher SiO, and lower MgO contents
than whole-rocks, indicating that the intrusions are the result of crystal accumulation. We also explored the
changes in water content during the evolution process (Figure S6 in Supporting Information S1). The melt
extraction efficiency was calculated using the method of Hartung et al. (2019) based on the melt extraction
temperature recorded by zircon. The composition and viscosity of the melts during extraction were obtained
through alphaMELTS. To compare the segregation velocities for dacitic magmas with different H,O, we
assume that no convection occurs and that magmas are rheologically locked at crystallinities >70%. Based on
the observed crystal sizes of minerals, their settling and compaction rates under different water contents are
calculated (see Supporting Information S2 for details). As shown in Figure S5 in Supporting Information S1,
the crystal settling and compaction rates increase exponentially with the increase of water content at the same
temperature, indicating that water can effectively promote crystal-melt segregation. Additionally, a drop of
60°C will also reduce the settling and compaction rates by an order of magnitude at the same water content.
This means that the temperature controls the settling and compaction rates of crystals when the melt reaches
water saturation. In addition to temperature and water, crystal size and density also affect the settling and
compaction rates. Type I Plagioclase has the largest settling and compaction rate due to its largest crystal size,
while quartz has the lowest rate due to its lowest density. Therefore, plagioclase first settled to the bottom
of the magma chamber and formed crystal frameworks, with other minerals filling in the gap, as observed in
Figure 1. Moreover, high water content also promotes the escape of extracted melts, leaving isolated residues
as intrusions (Figure 4b).
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5. Conclusions and Implications

The initial melts could have originated from the evolution of mafic magmas in the deep crust or from the remelt-
ing of crustal materials (Figure 4a). According to the mineral thermodynamic calculations, we presume that
a hydrous (~2 wt.%) high-temperature (~950°C) dacitic magma intruded into the upper crust (1-2 kbar) and
crystallized the main minerals of plagioclase and amphibole, resulting in cumulates (Figure 4a). When the crys-
tallinity of magma reached 40%—70%, crystal-melt segregation occurred. The temperatures of crystal-melt segre-
gation were 760°C for the Muzhijie diorites and 820°C for the Fudian diorites and monzonites (Figure 4b). The
high water contents in the melts are conducive to promoting crystal-melt segregation. However, due to the high
viscosity of the felsic melt, 1040 wt.% of evolved melt remained trapped in the cumulates (Figure 4b). Type
I plagioclases formed in the initial melt, and type III crystallized in the trapped melt formed after crystal-melt
segregation. Following the melt extraction, the early crystallized plagioclase minerals were partially remelted,
mixed, and recrystallized in the trapped melt to form the type II grains or domains (Figure 4c).

During the late stage of magma crystallization, water content increases in the residual melt to reduce the viscosity
but improve the permeability of melts (Hui & Zhang, 2007) and the settling of cumulates. We suggest this process
plays a significant role in the extraction of residual melt by influencing both the evolution of the physical prop-
erties of magma with temperature and the time magma spends within different temperature intervals (Hartung
et al., 2017, 2019). The multiple accumulation processes evident in the Paleoproterozoic dioritic rocks in the
Xiong'er LIP suggest that multiple crystal accumulation is an effective mechanism for generating intermediate
intrusions at shallow crustal depths. Detailed mineral texture and composition, coupled with thermodynamic
simulation, can trace the process of melt extraction and crystal accumulation, thereby compensating for the
limitations of geophysical observation and whole-rock geochemistry. The complexity of crystal-melt “mush”
warrants careful consideration, as it holds the key to understanding magmatic evolution and the diversity of upper
crustal magmatism.
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Data supporting this study are available at https://doi.org/10.17632/p9kgvwx853.1.
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