
1.  Introduction
The rheological behavior of the lower crust is still under continuous debate (e.g., jelly sandwich, crème brûlée 
and banana split; Bürgmann & Dresen, 2008; Burov & Diament, 1995; Jackson, 2002), while the geophysical 
information is of pivotal importance to our understanding of lithospheric flow behavior governing the lower 
crust of orogenies (Almqvist & Mainprice, 2017; Bürgmann & Dresen, 2008; Rudnick & Fountain, 1995). Mig-
matites are one of the main rock type in the lower crust, hence it is important to investigate the related defor-
mation process to infer the rheological evolution of the lower crust (Hasalová et al., 2008; Vanderhaeghe & 
Teyssier, 2001). Understanding deformation mechanisms and geophysical implications of the two main stages 
of migmatization, partial melting and rock solidification, are essential to recover lower crust evolution and its 
rheology (Almqvist & Mainprice, 2017; Almqvist et al., 2015; Dell'Angelo & Tullis, 1988; Gómez Barreiro et al., 
2007; Miranda & Klepeis, 2016). Generally, the domain that is slightly influenced by partial melting preserves 
predominantly the rock's geological history before melting (referred to as residuum; Guernina & Sawyer, 2003; 
Sawyer, 2008). In contrast, the neosome (also referred to as leucosome, melanosome, etc.) represents the for-
mer melt-dominated area (Kriegsman, 2001; Kriegsman & Hensen, 1998; Sawyer & Brown, 2008). In addition, 
granitoid rocks (e.g., granite, diorite, tonalite) in the partial melting condition would generate K-feldspar and 
quartz (Barker & Arth, 1976; Barker et al., 1981; Tuttle & Bowen, 1958).

During partial melting in the lower crust, the deformation behavior of a rock is primarily determined by 
the melt fraction and its distribution. At low melt fractions (2%–4%), dislocation creep (e.g., grain boundary 
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migration [GBM]) may be active (Walte et al., 2005; Závada et al., 2007). As the melt fraction increases 
to approximately 7%, grain boundary sliding (GBS) is activated, and usually diffusion creep dominant 
(Cooper & Kohlstedt, 1984; Hasalová et al., 2008; Závada et al., 2018). When the melt fraction is greater 
than 8%, granular flow plays a major role (Paterson, 2001; Walte et al., 2005). Microscopic observations 
show that melt may be trapped at grain triple junctions (Cooper & Kohlstedt, 1984; Sawyer, 2001; Walte 
et al., 2005; Závada et al., 2007) or form a connected melt network along grain boundaries (Dell' Angelo 
& Tullis, 1988; Stuart et al.,  2017, 2018). At high melt fractions (e.g., >10%), melt can segregate and 
the rheological behavior of the bulk rock is dominated by the shape of the melt (e.g., Newtonian; Burg 
& Vigneresse, 2002; Champallier et al., 2008; Rosenberg & Handy, 2005). Miranda and Klepeis (2016) 
indicate that lower crust rocks that have previously undergone partial melting and melt solidification 
may deform by solid-state dislocation creep during further deformation events. In contrast, microstruc-
tural analysis of migmatites during a single deformation event only develop weak post-crystallization 
and solid-state deformation characteristics in the “crystallized melt” portion of the rock (Prakash 
et  al.,  2018). Consequently, in the latter case the protolith (or residuum in this case study) takes up 
most of strain-related deformation (Franěk et  al.,  2011; Vanderhaeghe,  2009). Seismic properties of 
lower crustal rocks are influenced by not only mineral modal content (Lloyd et al., 2011; Rudnick & 
Fountain,  1995), but also by metamorphic banding (Cyprych et  al.,  2017) and constituent minerals' 
(e.g., hornblende and biotite) crystallographic preferred orientations (CPO) (Lloyd et al., 2011; Tatham 
et al., 2008). Melt production decreases both P-wave (Vp) and S-wave (Vs) velocities, and the large de-
crease in Vs leads to high Vp/Vs (Almqvist et al., 2015; Ferri et al., 2016; Hammond & Humphreys, 2000; 
Schilling & Partzsch, 2001). Consequently, seismic low-velocity zones are inferred to represent zones 
of partial molten lower crust (Caldwell et al., 2009; Lee et al., 2017; Xie et al., 2013). During partial 
melting, seismic anisotropy can be increased by layered melt or crystallographic orientation of minerals 
(Almqvist et al., 2015; Holtzman & Kendall et al., 2010), and decreased by breakdown of highly aniso-
tropic minerals (e.g., micas) or the distribution of melt in tubes (Ferri et al., 2016; Hacker et al., 2014). 
In addition, studies have shown that the Vp/Vs ratio may be useful to infer the degree of partial melting 
(Ferri et al., 2016; Lee et al., 2017; Nábelek et al., 2009). For example, it has been suggested that when 
Vp/Vs ≈ 2 there may be partial melting at intermediate depth (Julià et al., 2005). Hacker et al. (2014) 
established a model to predict seismic velocities in partially molten rocks in Central Tibet (Qiangtang 
block), suggesting that the low shear wave velocity (∼3.3 km/s) may be due to melt injection from the 
deeper crust. Studies of seismic properties of post-migmatization lower crustal rocks are rare. Hacker 
et al. (2014) showed in their model that crystallized melt is expected to decrease Vs, with seismic prop-
erties mimicking that of partially molten rocks.

Over the last 20 years, electron backscatter diffraction (EBSD) analysis (Prior et al., 1999; Venables & Har-
land, 1973) has enabled determination of the CPO of minerals in a rock. The CPO has been applied to 
calculate seismic properties (Mainprice, 1990; Mainprice et al., 2011), and it is possible to infer the geo-
physical properties of a rock specimen (Almqvist & Mainprice, 2017; Cyprych et al., 2017; Ferré et al., 2014; 
Lamarque et al., 2016; Lloyd et al., 2011; Tatham et al., 2008). So far, research computing seismic respons-
es (e.g., velocity, anisotropy, Vp/Vs ratio, etc.) from natural examples has utilized data from a whole rock 
(Hacker et al., 2014; Rudnick & Fountain, 1995). In the case of a migmatites, different domains have their 
own physical properties that should be considered in order to decipher the seismic signals at the different 
stages of the rock's history (i.e., protolith prior to melting, partial melting, migmatization, melt frozen, etc.). 
Hence, assessing the properties of the different parts of the migmatite would allow for an improvement of 
our ability to link seismic characteristics to partial melting and/or melt frozen status. Since different de-
grees of melting occur in the lower crust (Sawyer, 2014; Vanderhaeghe, 2001), exploring the effect of such 
different melt fractions within the same rock type is important (Lee et al., 2017). To improve our ability to 
assess seismic data in the light of absence, presence or former presence of melt, it is important to assess the 
evolution of seismic properties of a migmatitic unit taking its properties pre-, syn- and post-melting into ac-
count. Consequently, in this study we investigate the behavior of a migmatites before, during and after melt-
ing. In particular, we focus on: (1) the deformation characteristics and deformation evolution in different 
migmatite domains of two rock samples with differing former melt fractions; (2) the rheological behavior 
through their geological evolution; and (3) the seismic signature during partial melting and post-melting, 
in the melt-frozen status.
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2.  General Geological Setting
The study area, Daqingshan, was chosen as it exhibits migmatitic rocks without significant retrograde over-
printing, making it an ideal field location to study lower crustal migmatites. The study area lies in the 
middle “Khondalite Belt” between Yinshan Block and Ordos Block, which constitute the main part of the 
Western Block of northern North China Craton (NCC; Guo et al., 2012; Santosh et al., 2007, 2009; Zhao & 
Guo, 2012; Zhao et al., 2005, 2012; Figure 1a inset). The current model for the evolution of NCC is that Yin-
shan and Ordos Block amalgamated along the E-W trending Khondalite Belt during a Precambrian event 
(1.95–1.92 Ga) forming the Western Block. Around 1.85 Ga the Trans-North China Orogen (TNCO) was 
formed by collision with the Eastern Block (Zhao, 2007; Zhao et al., 2002, 2005, 2012; Figure 1a inset). The 
high-grade Khondalite Belt is associated with the latter collision. It is dominated by metasediments with 
subvertical foliation (Figure 1b) and several E-W trending steep ductile shear zones (Gong et al., 2014; Yang 
et al., 2008).

The Daqingshan area is dominated by a series of Precambrian metamorphic rocks from Late Neoarchean 
to Late Paleoproterozoic. It mainly includes metamorphosed Trondhjemite-Tonalite-Granodiorite (TTG, 
around 2.5 Ga), mafic granulite (metamorphic gabbro, Sanggan Group, Late Neoarchean), banded gneiss 
(Lower Wulashan Group, Late Archean-Early Paleoproterozoic), metasediments (Upper Wulashan Group 
or Khondalite series, Late Paleoproterozoic), Daqingshan supracrustal rocks (2.50–2.45 Ga), and granitic 
gneiss (Late Paleoproterozoic) (Dong et al., 2014; Jin et al., 1991, 1992; Ma, Wan, Santosh, et al., 2012; Ma, 
Wan, Xu, et al., 2012; Wan et al., 2009, 2013; Xu et al., 2007, 2015; Yang et al., 2008; Figure 1). From north 
to south, the migmatites have been shown to become increasingly hotter (∼647 to ∼920 °C) exhibiting an 
increasing amount of melt signature at peak metamorphism, however little or no pressure difference is 
documented (Figures 1 and 2; Cai et al., 2014; Cai, Liu, Liu, Liu, et al., 2013; Cai, Liu, Liu, Shi, et al., 2013). 
Previous studies interpret a N-S increase in the degree of local melting with a peak in the southern sample 
area (near Xuehaigou), where flow features are common and thick bands of felsic material are ubiquitous 
in outcrop (Figure 2; Ma, Wan, Xu, et al., 2012; Xu et al., 2015). The studied profile represents the root of 
Paleoproterozoic orogeny, deepening from north to south. The recorded pressure-temperature conditions 
indicate that the migmatization occurred at 20–30 km depth within a collisional orogen which may have 
been overthickened (Corona-Chávez et al., 2006; Lobjoie et al., 2018; Ray et al., 2009). Our samples there-
fore originate from the deep mid-crust or lower crust; hence their analyses contribute to the understanding 
of rheology and signature of such rocks. In the following, for simplicity we refer to our samples as lower 
crustal rocks.

3.  Definition of Terms and Methods
3.1.  Definition of Terms

The term migmatite defines that a rock has at least two petrographically different parts, which are influenced 
by presence of melt in medium-high grade metamorphic environments (Kriegsman, 2001; Maxeiner et al., 
2017; Olsen, 1977). We follow Sawyer & Brown (2008) and define the parts that experienced partial melt-
ing as “residuum” domains. In this case study, residuum domains are comprised of non-melt minerals and 
minor crystallized melt. The parts with solid phase and abundant crystallized melt are dominated by either 
felsic minerals (leucosome) or dark minerals (melanosome) (Figure 3; Johannes & Gupta, 1982; Kriegsman 
& Hensen, 1998; Kriegsman, 2001), which we term the “neosome” (Olsen, 1977; Sawyer et al., 2011). Based 
on the definitions above, we assume that in a single migmatite sample, the residuum domain has stronger 
deformation characteristics than the neosome domain, and within the neosome, the solid phase has stronger 
deformation characteristics than crystalized melt. In this contribution the melt fraction is used to divide sam-
pled migmatites into metatexite (<26 melt%) and diatexite (>26 melt%) (based on Sawyer & Brown, 2008).

3.2.  Sample Selection and Preparation

To explore the deformation behavior and seismic properties of typical lower crustal migmatites, we selected 
two representative samples of broadly tonalitic composition with a general assemblage of hornblende, pla-
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Figure 1.  Geological map (a) with a simplified cross-section along A-A' (b) in the Daqingshan area, inset reveals the location in North China Craton (NCC), 
modified from Zhao et al. (2005), Xu et al. (2007), and Wan et al. (2013). Numbers refer to selected samples' azimuth with dip of foliation (S) and plunge of 
lineation (L). Sample localities are also marked.
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Figure 3.  Oriented thin section microphotographs (plane-polarized light) and hand specimen photographs of tonalitic migmatites; (a) metatexite and (b) 
diatexite; residuum and neosome (leucosome or melanosome) domains are labeled and boundaries shown as red dashed lines; black rectangles show location of 
the EBSD map areas.

Figure 2.  Outcrop characteristics of tonalitic migmatite sampled in northern (metatexite, a–c) and southern research 
area (diatexite, d–f); (a) profile near Shawanzi; (b) banded layers; (c) stromatic (thin, parallel and laterally persistent 
layers) to net (oriented felsic layers outline polygonal darker rock) layers; (d) profile near Xuehaigou with syn-tectonic 
character (more stromatic layers, oblate shapes in enlarged photo); (e) and (f) are outcrops with numerous anatectic 
features (e.g., stromatic). Red arrows: band features; white arrows: flow features; red dashed lines: profile of oblate felsic 
rock areas. Numbers refer to selected samples' azimuth and dip of foliation (S)/plunge of lineation (L).
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gioclase, K-feldspar and minor quartz (Figure 1 and Table 1). The two samples represent migmatites with 
different amounts of leucocratic material, which is inferred to represent former (now crystallized) melt 
(Figures 1 and 2). We chose to study tonalitic migmatites as it is a typical lower crust rock in orogens (Saw-
yer, 1996; Weinberg et al., 2015). Both samples have well-developed LS fabric on the mm to cm scale. The 
leucocratic material has an oblate to flattened ellipsoid shape with the longest axis parallel to the lineation 
and the shortest axis perpendicular to the foliation (Figures 2 and 3), a signature of plane strain deforma-
tion. Polished thin sections were prepared from blocks cut perpendicular to the foliation (XY section) and 
parallel to lineation (X axis).

General textural information such as grain shape, mineral assemblages and optical characteristics were 
collected using a petrographic microscope. Prior to EBSD and energy-dispersive X-ray spectroscopy (EDS) 
analyses the sections were polished using mechano-chemical colloidal silica and coated with carbon 
(∼3 nm). A thicker carbon coat (∼10 nm) was applied for the separate microchemical maps attained by 
electron microprobe.

3.3.  Quantitative Crystallographic Orientation Analysis—EBSD

Quantitative crystallographic orientation data was obtained by using EBSD 3D orientation data (Pri-
or et  al.,  1999), collected in the Geochemical Analysis Unit (GAU), Macquarie University on a Zeiss 
IVO SEM (Scanning Electron Microscopy) with a Nordlys Nano High sensitivity EBSD detector and 
an X-Max EDS detector to ensure a high quality EBSD and chemical data. The latter data was required 
to ensure correct identification of the feldspar phases. Analysis conditions were high vacuum, 20 kV 
acceleration voltage, beam current of 8.0 mA, and at a working distance of ∼12 mm. EBSD maps were 
collected with a step size of 15 μm. Grains are defined as areas completely surrounded by high angle 
boundaries (misorientation ≥10°) and comprised of at least 4 data points. Boundaries with misorien-
tations of 2–10° are defined as subgrain boundaries (Pearce et al., 2011; Trimby et al., 2000; Warren & 
Hirth, 2006). Grains with an average internal misorientation <1° are considered as strain-free (Piazolo 
et al., 2006). Noise reduction on the raw data followed methods tested by Bestmann and Prior (2003), 
Piazolo et al. (2006), and Prior et al. (2002). Orientations are plotted in equal area, lower hemisphere 
pole figures (one point per grain), half width 20° and cluster size 5° to investigate the presence and/or 
absence of CPO (Law, 1990; Menegon et al., 2011). Misorientation axes (MXD) data are shown in equal 
area and upper hemisphere inverse pole figures, and the axes value divided by valid grain (>65  μm) 
amounts (i.e., MXD axes/grain amounts ratio, see Table  1 for detail) will be used to detect mineral's 
deformation degree. Misorientation angle distributions are presented for neighbor and random pairs 
(also known as correlated and uncorrelated data). For comparison, we also provide the theoretical fre-
quency distribution curve for a random orientation distribution as a black line. It should be noted that 
misorientation angle distributions diagrams are influenced by the known plagioclase twin relationships 
with high neighbor-pair frequencies at 170°–180° (Figures 5c, 6c, 7c, and 8c). For quartz this is also the 
case for 60° signifying the presence of Dauphine twins. In addition, GOS (grain orientation spread) is 
computed, this represents average deviation of the orientation of a measurement point from the average 
orientation of the grain (cf. Wright et al., 2011, for a review). Considering the geological conditions and 
sample properties, we concentrated our analysis on plagioclase, K-feldspar and hornblende (>10%) in 
each domain (i.e., residuum or neosome). Additionally, we used J-index for the minerals' long <c> axis 
as a measure for CPO strength and computed the average angle of the long grain shape axis relative to 
the foliation plane. The GOS and J-index data sets are calculated using the MTEX Matlab toolbox by 
using orientation data from EBSD (Mainprice et al., 2011, 2014).

4.  Results
4.1.  Field Relationships and General Sample Description

The metatexite sample comes from the east side of Shawanzi (N:40°54'03”, E: 110°04'10”; Figure 1). The 
gneiss dips northward and exhibits a large number of 0.5–1.5  m wide, felsic veins (Figures  1b and 2a), 
banded gneiss (tonalite with granitic injection; Figure 2b) and stromatic to “net” migmatitic structure (Fig-
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ure 2c). The diatexite is collected near Xuehaigou in the southern part of the study area (N:40°37'32”, E: 
110°06'05”; Figure 1), where felsic migmatites are exposed and characterized by 3–5 cm wide felsic (feldspars 
and quartz) bands (Figure 2d). The local gneiss is injected by mafic dykes that are now metamorphosed to 
mafic granulite with subsequent melt injections (Figure 2d). The felsic migmatite in this area exhibits flow 
structures (e.g., schlieren structures) surrounding rigid mafic blocks (Figures 2e and 2f).

Sample 16BT28-11 represents a metatexite with separated residuum and neosome (leucosome) domains (Fig-
ure 3a and Table 1). In hand specimen the felsic material makes up 15%–20% of the sample. Individual leuco-
cratic areas have an oblate to flattened ellipsoid shape with the longest axis parallel to the lineation (Figure 3a). 
The residuum is dominated by hornblende and plagioclase, where hornblende grains are parallel to the line-
ation. The neosome is dominated by felsic minerals (mainly K-feldspar with subordinate plagioclase) and the 
domain is vein-shaped and subparallel to the foliation and injects the residuum (Figure 3a and Table 1).

Sample 16BT14-3 represents a diatexite, which is dominated by neosome. The shape of the neosome defines 
a wavy foliation exhibiting an elongate ellipsoidal to oblate shape (Figure 3b). The residuum plagioclase 
grains are associated with lineation-parallel biotite (Figure 3b). K-feldspar takes up 15% of the residuum, 
higher in abundance than in the metatexite's residuum. The neosome forms larger areas in thin section 
(Figure 3b), with K-feldspar making up 13.5% of this region (Table 1). Hornblende is the main mineral 
of the diatexite's neosome (37.8%), the long axis of grains is commonly inclined to the general foliation 
(∼17–22°; Figure 3b and Table 1).

4.2.  Microstructural Characteristics in Migmatites

In the metatexite, plagioclase (66.5%) is the dominant mineral of the residuum (Table 1). The grains are 
equigranular with an equant grain shape, curved grain boundaries and also polygonal with abundant 
120° triple junctions (Figures 4a and 5a). The average grain size is 186 μm with a low mineral aspect ratio 
(1.56) (Table 1). Hornblende grains in the residuum exhibit a shape preferred orientation fabric (SPO; 
Figure 3a). The grains have porphyroclast (>500 μm; 5 grains) or anhedral grain shapes (Figures 3a and 
5b) with brittle intergrain fracturing (Figure 4b). The total grain size variation is large due to the porphy-
roblasts but the smaller anhedral grains dominate the domain (Figures 3a and 5a and Table 1). Equilib-
rium triple junctions are frequent in areas abundant with hornblende and minor biotite locally occurs at 
hornblende boundaries (Figure 4b). The average aspect ratio of hornblende (1.78) is significantly higher 
than plagioclase (Table 1). For the subordinate minerals, K-feldspar grains are dispersed in the residuum 
domain with subhedral shapes, quartz grains are elongate and occur mainly as interstitial material (Fig-
ure 6a). Plagioclase in the neosome domain shows a similar grain size range, shape, and aspect ratio as in 
the residuum, except that the mean grain size is smaller (162 μm). K-feldspar in the neosome has similar 
features as plagioclase in the same domain (Table 1 and Figures 4c and 6a) and myrmekite textures are ob-
served adjacent to plagioclase (Figure 4a). Hornblende is also present in the neosome and surrounded by 
plagioclase clusters (Table 1 and Figures 4c, 6a, and 6e). Quartz has low abundance (less than 5%; Table 1) 
in both domains and either forms elongated grains (Figure 5a) or occurs as interstitial grains surrounded 
by feldspar (Figures 4a and 6e).

The diatexite hosts more complex microstructural relationships. The residuum plagioclase grains have 
grain sizes of 166 µm, generally euhedral shape with some straight grain boundaries (Figures 3b and 4d and 
Table 1). K-feldspar grains make up 15% of the residuum, hence are higher in abundance than that in the 
metatexite's residuum, and exhibit smaller grain size (122 μm). Grains occur evenly distributed with euhe-
dral or rounded shapes among plagioclase (Table 1 and Figure 7a). Quartz is found as spherical inclusions 
within plagioclase grains (red arrows, Figure 4d) or as elongate quartz grain aggregates (Figure 7a). In the 
neosome domain, plagioclase grains are in grain clusters with curved grain boundaries, some of which have 
120° triple junctions (Figures 4e and 4f). The average grain size of plagioclase in the neosome is around 
175 µm and the aspect ratio is larger with 1.71 (Table 1). K-feldspar's grain size and aspect ratio are lower 
than plagioclase (Table 1). Hornblende's aspect ratio is clustered with an average of 1.81, the porphyro-
blasts are more common (33 grains) and exhibit a relatively higher aspect ratio (2.03) (Table 1). Hornblende 
commonly has euhedral shapes, and the average grain size is almost two times larger than that in the 
metatexite's residuum (Figures 3b, 4e, 4f, and 8a and Table 1). Quartz exhibits different grain shapes form-
ing narrow linear shapes, or appear as rounded inclusions (Figures 4e, 4f, and 8a) while K-feldspar occurs 
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in multi-grain aggregates (Figure 8a). Biotite is rare in the neosome domain (Figure 8a). Additionally, it is 
important to note that no core-mantle structures are seen in either of the two samples. The main constituent 
minerals of each domain exhibit similar average long-axis orientation (Table 1).

4.3.  Quantitative Crystallographic Orientation Analysis and Microstructural Data

4.3.1.  Metatexite (16BT28-11)

In the residuum domain the [100] axis is parallel to lineation for plagioclase, while (010) and (001) planes 
are weakly parallel to foliation (Figure 5b). In misorientation angle distributions diagrams, the correlated 
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Figure 4.  Photomicrographs of general microstructures of (a–c) metatexite and (d–f) diatexite. All the photos are 
cross-polarized light except for (b), which shows plane light; (a) residuum: equilibrium triple-junction (white arrow), 
K-feldspar inclusions and myrmekite textures (red arrows) between plagioclase grains, (b) residuum: anhedral 
hornblende grains with straight to concave grain boundaries, overprinted by ∼120° triple-junction (white arrow), 
inset shows that biotite is surrounded by hornblende (c) neosome: mixture of even-grained plagioclase and K-feldspar 
with numerous equilibrium triple-junctions (white arrows), (d) residuum: plagioclase grains with straight boundaries, 
quartz inclusions (red arrows) and equilibrium triple junctions (white arrows), (e) neosome: 120° triple junctions 
exist between feldspar grains (white arrows), K-feldspar aggregates within a matrix of hornblende (coarser grained), 
plagioclase, quartz inclusions and myrmekite (red arrows), (f) boundary of residuum (biotite dominant) and neosome 
(hornblende dominant).
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Figure 5.  Orientation characteristics and EBSD map of the metatexite's residuum: (a) typical microstructure and EBSD data area in microphotograph 
(cross-polars); (b) crystal orientation of plagioclase and hornblende, with foliation and lineation shown; X—lineation, XY—foliation; (c) misorientation angle 
distributions for plagioclase and hornblende; (d) misorientation axes distribution of subgrain boundaries for plagioclase and hornblende, note the strong 
maxima for plagioclase around the [-100] axis; (e) representative EBSD map in residuum. White dashed line: K-feldspar and/or quartz dominant aggregate; 
Max: maximum density; N: number of valid mineral grains; J: J-index; A: average angle between valid grain's long axis and foliation direction (or horizontal); 
M/G: MXD axes/grain amounts ratio; black line: grain boundary (>10°); yellow and purple lines signify subgrain boundaries between 2–5° and 5–10°, 
respectively; white line: twin boundary. Gray areas are not indexed.
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data for plagioclase has a relatively high frequency for the low misorientation angles (0–50°) while the 
uncorrelated data shows a distribution mimicking the theoretical curve (Figure 5c). This is consistent with 
the fact that plagioclase exhibits abundant subgrain boundaries in EBSD phase and grain maps (Figure 5e) 
and clear intracrystalline lattice bending within individual grains (Figure 9a). Plagioclase misorientation 
axes are clustered around the [-100] direction, the intersecting point between (010) and (100) planes (Fig-
ure 5d). For hornblende, the (100) plane is parallel to the foliation and the [001] directions are sub-parallel to 
the lineation (Figure 5b). Here, the misorientation angle distribution shows high than random frequencies 
in the low-angle area (0–50°, especially for 0–10°) for correlated data, while uncorrelated data demonstrates 
a weak bimodal distribution deviating from expected frequencies associated with a random orientation dis-
tribution (Figure 5c). The misorientation axis distribution pattern is consistent with hornblende grains fre-
quently exhibiting subgrain boundaries and preserving some intracrystalline deformation from grain center 
to rim (Figures 5e and 9a). Misorientation axes distribution shows clustering around [001], although some 
axes are centered around the [100] direction (Figure 5d). Both plagioclase and hornblende have similar GOS 
values and average long axes angles to horizontal direction (0.75 and −4.76 for plagioclase, 0.73 and −7.11 
for hornblende), and the angles are coincide with the [100] (plagioclase) and [001] (hornblende) directions 
in pole figures. However, hornblende has significantly larger MXD axes/grain amount ratio and J-index 
than plagioclase (Table 1 and Figure 5b).

Plagioclase grains in the neosome show similar crystallographic orientation patterns as the residuum 
(shown in pole figures and MXD figures) although the (001) plane is closer to foliation-parallel (Figures 6b 
and 6d). The misorientation angle distributions diagram for random-pairs reveals a weak bimodal distribu-
tion and a high frequency of neighbor-pairs for medium angles (40–50° area; Figure 6c). The misorientation 
axes distribution tends to be concentrated between [-100] and [201] (Figures 6b–6d). Plane (010) in K-feld-
spar aligns with foliation and axis [100] with lineation (Figure 6b). In misorientation angle distributions 
diagram the mineral has a weak bimodal distribution (random-pairs), and relatively high frequency for 
0–50° for both neighbor- and random-pairs (including 0–10° in neighbor-pairs; Figure 6c). For the mis-
orientation axes, K-feldspar are around [001] direction mainly and [100] as secondary maximum, MXD 
axes/grain amount ratio in plagioclase is higher than that in K-feldspar (Table 1 and Figure 6d). Feldspars 
(plagioclase and K-feldspar) have similar GOS, J-index and angle from horizontal to mineral long axis (Ta-
ble 1 and Figure 6b). Both feldspars show subgrain boundaries in EBSD phase and grain maps consistent 
with noted misorientation angle distribution patterns (Figure 6e) with frequent subgrain boundaries (2–5° 
misorientation) within individual grains (Figure 9a). In the neosome, the plagioclase is similar to the re-
siduum. The plagioclase's long shape axis and the [100] direction largely coincide; however, this is not the 
case for K-feldspar (Figure 6b). While K-feldspar dominates the neosome domain (much lower Pl/Kfs ratio 
than residuum; Table  1 and Figure  6a), its 2–10° misorientation angle frequency is lower than that for 
plagioclase (Figure 6d). Maps show that only some K-feldspar grains exhibit strong internal crystal lattice 
bending (Figure 9a).

4.3.2.  Diatexite (16BT14-3)

Plagioclase in the diatexite's residuum domain exhibits (001) plane sub-parallel to foliation, most [100] di-
rections are parallel to lineation (Figure 7b). The misorientation angle distributions are similar to that seen 
for the neosome in the metatexite, however, there is higher frequency in both neighbor- and random-pairs 
in several ranges (0–10°, 30–90°, 140–160°) (Figure  7c). The intracrystalline deformation of plagioclase 
grains is obviously lower than the metatexite's domains (fewer subgrain boundaries, lower M/G values and 
misorientation changes; Figures 7d and 9b). K-feldspar's CPO is non-random with plane (001) parallel to 
foliation (Figure 7b). The K-feldspar misorientation angle distributions diagram shows high frequency for 
0–20°, 40–60° and 80–90° ranges in random-pairs data and high frequency in 0–40°, 70–110°, and 130–150° 
ranges for neighbor-pairs data (Figure 7c). 2–10° misorientation axes show a dominance of the [001] axis 
(Figure 7d). The MXD axes/grain amount ratio for K-feldspar is larger than for plagioclase (Figure 7d). 
The feldspar grains have similar GOS, long axis angles to the main foliation (15.61° and 18.02°) and higher 
J-indices (13.4 and 10.7) (Table 1 and Figure 7b). In the neosome, the plagioclase CPO is characterized 
by [100] axis parallel to lineation, while the (010) and (001) planes are weakly parallel to foliation; hence 
the CPO pattern is similar to that of the residuum in the metatexite (Figure 8b). In the misorientation an-
gle distributions diagram, plagioclase's neighbor-pairs data has higher frequency than theoretical at low-to 
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Figure 6.  Orientation characteristics and EBSD map of the metatexite's neosome: (a) typical microstructure and EBSD data area in microphotograph 
(cross-polars); (b) crystal orientation of plagioclase and K-feldspar, with foliation and lineation shown; X—lineation, XY—foliation; (c) misorientation angle 
distributions for plagioclase and K-feldspar; (d) misorientation axes distribution for plagioclase and K-feldspar; (e) representative EBSD map in leucosome. 
White dashed line: plagioclase dominant aggregates (sometimes with hornblende). Blue: K-feldspar; Red: plagioclase; Green: hornblende; other parameters and 
legends are same as shown in Figure 5.
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medium angles (0–60°) (Figure 8c). The misorientation axes distribution is clustered between [-100] and 
[201] direction but the axis number is much less than the metatexite's residuum (Figure 8d). For individual 
grains, not only much fewer subgrain boundaries exist, but their misorientation angle is lower (mostly 
lower than 2°; Figure 9b). K-feldspar in the neosome has a weak CPO similar to that of the metatexite's ne-
osome. The misorientation angle distribution demonstrates high frequency in 0–80° (neighbor-pairs) range, 
0–10° angles show a higher frequency than that expected for a random distribution (shown as the black 
line in Figure 8c) and are more pronounced than that for plagioclase. The misorientation axes distribution 
pattern is almost the same as for the metatexite's neosome domain, while absolute number of misorienta-
tion axes is only about half (176 pts) (Figures 8b–8d). Hornblende's (100) and (010) planes are coupled as 
seen on a pole figure similar to the metatexitie's residuum with direction [001] parallel to lineation and the 
alignment of [001] being more pronounced than that of (010) (Figure 8b). Misorientation angle distribution 
neighbor-pair data has a higher frequency than the theoretical for angles of 0–70°. Angle area of 0–10° is 

SHAO ET AL.

10.1029/2020GC009202

14 of 30

Figure 7.  Orientation characteristics of diatexite's residuum: (a) typical microstructure and EBSD data area in microphotograph (cross-polars); (b) crystal 
orientation of plagioclase and K-feldspar, with foliation and lineation shown; X—lineation, XY—foliation;; (c) misorientation angle distributions for plagioclase 
and K-feldspar; (d) misorientation axes distribution for plagioclase and K-feldspar. All the parameters and legends are the same as Figure 5 shows.
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much higher than theoretical but are not as pronounced as that in the metatexite. Misorientation axes are 
randomly distributed and the amount is less than half of the metatexite's residuum (338 pts) (Figures 8b–
8d). Internal deformation of hornblende shows that there is significant crystal bending close to grain edges 
while the center of grains reveal little intracrystalline deformations. (Figure 9b). In addition, for biotite in 
the residuum domain, the (100) plane is close to the Y direction, (010) plane is subparallel to the YZ plane, 
[001] axes are parallel to the Z direction (Figure S1).

Plagioclase, K-feldspar and hornblende have similar angles between their long shape axis and the foliation 
(Figure 8b) and all exhibit within the neosome a misorientation angle distribution close to that expected 
from a random orientation distribution (Figure 8c). MXD axes/grain amount ratio and J-index are increas-
ing from plagioclase, to K-feldspar to hornblende. GOS for K-feldspar is higher than that for plagioclase and 
hornblende (Table 1 and Figures 8b and 8d).

5.  Discussion
5.1.  Identification of Phases During Migmatization

Felsic minerals such as quartz, plagioclase and potassium feldspar are usually considered as evidence for 
previous melt in the anatexites (Hasalová et al., 2008; Lee et al., 2017; Sawyer, 1999, 2001). Accordingly, we 
suggest that the neosome domains in the two migmatites represent areas of high melt presence during the 
migmatization event (Sawyer & Brown, 2008). Field relationships shows that the diatexite outcrops have 
more obvious anatectic flowing textures than the metatexite outcrops (Figure 2).

The estimated amount of neosome in the diatexite outcrops (not including later injected veins) is markedly 
higher than that in the metatexite outcrops, supported by both hand specimen and microscale observation 
of the two studied samples (Figure 3 and Table 1). In the residuum domain, both K-feldspar and quartz 
grains in the samples are aggregated (Figures 5a and 7a) or in the case of quartz, also form inclusions or 
linear shapes (Figures 4a, 4d, and 4f). We suggest that during the migmatization event a small amount of 
melt may have existed within the residuum where K-feldspar and quartz represent the in-situ melt. The 
two migmatites' selected neosome domains have different modal mineral contents (Table 1). K-feldspar in 
the metatexite (54.5%) and plagioclase in the diatexite (29.7%) are the main felsic minerals in the neosome 
domain. Quartz in these domains is not so much (4.4% in metatexite and 18.9% in diatexite) exhibiting ei-
ther a rounded or linear shape in (more obvious in the diatexite; Figures 4e, 4f, 6a, and 8a). K-feldspar and 
plagioclase show less pronounced crystal plastic deformation features (such as low 2–10° misorientation 
axes/grain amount ratio, GOS value and abundance of internal deformation; Table 1 and Figures 6d, 8d, and 
9) than in residuum domains. In the neosome domain, K-feldspar in the metatexite exhibits less internal 
deformation than plagioclase, and plagioclase in the diatexite is less deformed within individual grains than 
K-feldspar (Table 1 and Figures 6d, 8d, and 9). We suggest that these weakly deformed minerals were initial-
ly melted during the peak of the migmatization event and recrystallized from the melt later (Figures 6a and 
8a; Pakrash et al., 2018), rounded grains in the neosome might be the new-generated melt before the last 
final melt frozen (Figures 4c, 4e, and 6e). During syn-melt conditions in the neosome, we consider there was 
a mixture of solid phases and melt. The solid phases are plagioclase in the metatexite and hornblende and 
K-feldspar in the diatexite. The chemistry of the melt phase is dominated by K-feldspar in the metatexite, 
and plagioclase in the diatexite. These minerals experience deformation both prior to and after the partial 
melting condition, so that their deformation characteristics are stronger than those developed at the post-
melt condition only (Table 1 and Figure 9). Therefore, these minerals are introduced as a reference to divide 
solid and liquid phase in the syn-melt condition. Accordingly, considering K-feldspar and quartz as the melt 
phases in the metatexite's neosome, and plagioclase and quartz in the diatexite's neosome, the melted areas 
in the two samples are ∼25% in the metatexite and ∼50% in the diatexite (Table 1).

The two migmatites exhibit features in the field and under the microscope that are markedly influenced by 
melt, this separates the period before the melt presence and after the melting period. Deformation charac-
teristics in different rocks allow us to identify which characteristics are typical for the rock in the three main 
periods of its evolution, namely pre-, syn- and post-melt. Due to the neosome domains in the two migma-
tites revealing different deformation degrees in different minerals, we infer that neosome, minerals with 
weaker deformation characteristics belong to liquid phase during the syn-melt condition, and the post-melt 

SHAO ET AL.

10.1029/2020GC009202

15 of 30



Geochemistry, Geophysics, Geosystems

SHAO ET AL.

10.1029/2020GC009202

16 of 30

Figure 8.  Orientation characteristics of diatexite's neosome: (a) typical microstructure and EBSD data area in microphotograph (cross-polars); (b) crystal 
orientation of plagioclase, K-feldspar and hornblende, with foliation and lineation shown; X—lineation, XY—foliation; (c) misorientation angle distributions 
for plagioclase, K-feldspar and hornblende; (d) misorientation axes distribution for plagioclase, K-feldspar and hornblende. White dashed line: represent 
plagioclase and hornblende dominant aggregates. All the parameters and legends are the same as Figure 5 shows.
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Figure 9.  Typical intracrystalline deformation features of plagioclase, K-feldspar and hornblende grains in the 
metatexite (a) and diatexite (b). Orientation changes are shown in degrees relative to a reference orientation (marked as 
white spot); the starting point for misorientation profiles are shown (0 μm) is marked as black spot; yellow and purple 
lines represent 2–5° and 5–10° subgrain boundaries.
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deformation is weaker than that during the pre-melt condition. Based on this discovery, the dominant defor-
mation progress in residuum took place in the pre-melt condition. In summary, the residuum represents 
mainly the pre-melt situation, especially for the diatexite, as we suggest that based on field relationships and 
the composition of the observed neosome is largely externally derived, that is, not derived directly by partial 
melting of the rock in which it resides. In other words, at syn-melt conditions, only minor partial melting 
occurred in-situ in the residuum while the majority of the neosome domain is derived externally, that is, 
originating from rock at distance to the actual rock investigated. For the diatexite, partial melting was more 
pronounced. The post-melt situation is represented by both residuum and neosome's “frozen” microstruc-
ture (Table 2 and Figure 10). In the following section, we discuss the detailed microstructural evolution in 
the pre- (residuum only), syn- (mostly neosome) and post-melt (mostly neosome) conditions.

5.2.  Deformation Conditions and Mechanisms of Migmatite's Residuum and Neosome

5.2.1.  Pre-Melt Condition and Deformation Mechanisms

In the metatexite, plagioclase has equant grains (Figure 5a), and frequent subgrain boundaries and their 
axes (or misorientation axes distributions) represents the existence of (001) [100] CPO, pointing to the im-
portance of dislocation creep and thus power-law creep behavior (Figures 5d, 5e, and 9a and Table 2; Ji 
et al., 2004; Kruse et al., 2001; Marshall & McLaren, 1977). For hornblende grains (Figures 4b, 5a, and 5e) 
subgrain misorientation axes are clustered near the [001] direction. (100) [001] is inferred as the main slip 
system for the hornblende in this domain (Figure 5b; Díaz Aspiroz et al., 2007; Getsinger & Hirth, 2014). 
In addition, low-angle neighbor-pairs data (0–10°) are high in frequency, confirming significant intracrys-
talline deformation in the hornblende (Figures 5c, 5e, and 9a). Accordingly, we believe that dislocation 
creep plays an essential role in the hornblende deformation during the pre-melt condition. This absence of 
core-mantle textures and numerous curved grain boundaries observed in hornblende (Figures 4a and 5a) 
is consistent with high temperature deformation where GBM plays a significant role (Table 2; Passchier & 
Trouw, 2005; Rosenberg & Stünitz, 2003). K-feldspar has a weaker CPO (Figure 7b) but higher GOS and 
M/D value than plagioclase (Table 1 and Figure 7d), this supports our interpretation that this mineral was 
mostly deformed during the pre-melt condition. Misorientation axis distribution has similar distribution to 
K-feldspar in other domains, which also indicate dislocation creep (Figure 7d; Ishii et al., 2007). However, 
some component of crystal plastic deformation is shown by the [001] direction being closer to Y axis in the 
pole figure and higher MXD axes/grain amount ratio suggest that lattice orientation was not so accordant 
as in other domains (Bestmann & Prior, 2003; Table 1 and Figure 7b).

Plagioclase in the diatexite has a similar curved grain shape as in the metatexite (Figures 4d, 4f, and 7a), but 
exhibits a more prominent CPO, suggesting dominance of the (001) [100] slip system. The field outcrops 
show that the diatexite are more influenced by ductile shearing at higher temperatures (Figures 2d–2f; Cai 
et al., 2014; Cai, Liu, Liu, Liu, et al., 2013; Cai, Liu, Liu, Shi, et al., 2013), consequently, the CPO and J-in-
dex are much stronger (Table 1 and Figure 7b). The simultaneous lower frequency of subgrain boundaries 
suggests that GBM in plagioclase was more pronounced leading to a decrease in the number of subgrains 
(Figure 4d and Table 2; Urai et al., 1986; Passchier & Trouw, 2005).

5.2.2.  Syn-Melt Condition and Deformation Mechanisms

Microstructural observations of the residuum in the two migmatites shows they have experienced partial 
melting, which is characterized by oriented linear shaped quartz grains and/or K-feldspar aggregates (Fig-
ures 4a, 4d, 5a, and 7a). The diatexite's residuum has a larger melt mineral content than the metatexite's 
(Table 1). Photomicrographs and EBSD maps of the metatexites' neosome show that it is strongly aligned 
to the foliation both macro- (Figures 3a–3c) and microscopically (Figures 3a and 5a), which suggests that 
melt migration was syntectonic (Sawyer, 2001). Plagioclase in the neosome has similar deformation char-
acteristics to that in the residuum (Figures 6d, 6e, and 9a), and small hornblende grains are present in the 
neosome's plagioclase aggregate (Figures 4c, 6a, and 6e). We suggest that these areas originate from the 
residuum and form remnant “islands” within the melt injection dominated neosome. K-feldspar has weaker 
deformation characteristics than plagioclase, therefore we suggest that it represents a significant part of the 
melt that injected the residuum during melt present deformation (Table 2 and Figure 10).
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Rock type Characteristics

Pre-melt Syn-melt Post-melt

Residuum Residuum

Neosome (with 
crystalline material in 

melt) Residuum and neosome

Metatexite General microstructures Both plagioclase and 
hornblende have 
numerous subgrain 
boundaries. 
Plagioclase has 
euhedral grains 
while hornblende 
has anhedral grains.

Similar to the pre-melt 
condition.

Plagioclase (with minor 
hornblende) has 
similar characteristic 
as that in residuum, 
and surrounded by 
K-rich melt.

K-feldspar grains in neosome were 
equant, and the grain shape 
was similar to plagioclase in 
both domains. Some additional 
subgrain boundaries, and 
straight grain boundaries with 
120° triple junctions were 
generated in feldspars in two 
domains, some hornblende 
grains in residuum were 
accompanied by biotite.

Deformation 
mechanism

Minerals experienced 
dominant 
dislocation 
creep (GBM in 
plagioclase) with 
some subgrain 
formation in high 
temperature.

Dislocation creep was 
stopped, K-feldspar 
and quartz were in 
melt status.

Plagioclase should be 
originally from 
residuum and 
keeps similar 
microstructural 
characteristics.

Dislocation creep (GBM) and 
subsequent annealing process 
were added in two feldspars in 
both domains.

Rheological distribution Power-law behavior 
dominant.

Largely rigid with 
minor melt flow.

Rheology dominated by 
melt (Newtonian).

Power-law, weaker than the 
pre-melt condition, strain 
localization might be existed in 
restricted neosome.

Diatexite General microstructures Plagioclase grains are 
equant and curved 
in high temperature, 
with much 
fewer subgrain 
boundaries.

Similar to that in the 
metatexite, the 
melting degree was 
higher.

K-feldspar and 
hornblendes were 
crystallized in this 
period, hornblende 
had larger grain 
size than in the 
metatexite, they 
are surrounded by 
dominant melt. 
These solid phases 
might preserve minor 
earlier deformation 
features.

In residuum, feldspars have lower 
grain size and fewer subgrain 
boundaries than neosome, 
accompanied with straight 
grain boundaries and 120° triple 
junctions. In neosome, feldspars 
experienced similar process like 
in the metatexite's neosome 
and the grain shapes are more 
curved, K-feldspar has stronger 
deformation characteristics 
than plagioclase, and subgrain 
boundaries in hornblende are 
mostly existed in rim area.

Deformation 
mechanism

Main dislocation creep 
(GBM), which 
might be erased by 
later partial melting 
process in high 
temperature.

Very little deformation 
with melt 
inhabitation.

Little deformation in this 
period, hornblende 
was influenced by 
rigid body rotation 
with dissolution-
precipitation creep, 
hornblende result of 
peritectic reaction.

Hornblende experienced minor 
deformation fracturing 
and healing of fractures, 
K-feldspar exhibit irregular 
grain boundaries, deformation 
by GBM; less pronounced in 
plagioclase.

Rheological distribution Power-law behavior 
dominant.

Softer than the 
metatexite's 
residuum but harder 
than neosome, 
the restricted melt 
flow is stronger 
than matatexite's 
residuum.

Similar to the metatexite, 
with higher strain 
due to dominant melt 
flowing (Newtonian) 
with low viscosity.

Power-law, rheologically weaker 
than the pre-melt condition, but 
stronger than the metatexite, 
strain localization might exist in 
restricted residuum.

Table 2 
Overall Deformation and Rheological Characteristics of Two Migmatites in Different Melting Periods
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In the diatexite's neosome, plagioclase is randomly and irregularly distributed (Figure 8a), suggesting that it 
crystallized out at the veining stages of migmatization (Sawyer, 2001; Stuart et al., 2018). The signatures of 
internal deformation (MXD axes/grain amount ratio, GOS, J-index in Table 1 and intracrystalline deforma-
tion features in Figure 9b) are more pronounced in hornblende and K-feldspar suggest stronger deforma-
tion than plagioclase. We infer that the hornblende and K-feldspar form clear phenocrysts in the neosome; 
the hornblende has almost two times the average grain size than that in the metatexite's residuum (Table 1 
and Figure 8a). It also exhibits a euhedral shape with felsic inclusions and very little recrystallization fea-
tures (Figures 4e, 8a, and 9b). Such characteristics can be attributed to a peritectic reaction at granulite faci-
es conditions (Busch et al., 1974; Hu et al., 2016; Weinberg & Hasalová, 2015). Hornblende is well oriented 
with high aspect ratio, and the orientation tendency (long-axis angle) is similar to [001] direction (i.e., the 
coherent SPO and CPO; Table 1 and Figures 8a and 8b), accompanied with near random misorientation 
angle distributions (random-pair, similar distribution to theoretical) and strain-free internal structures of 
hornblende grains (Figures 8c and 9b). These features are consistent with rigid body rotation with dissolu-
tion-precipitation creep (Berger & Stünitz, 1996; Díaz Aspiroz et al., 2007; Imon et al., 2004). Although the 
gneissosity of the diatexite is not as obvious as in the metatexite, the linear- to rectangular shaped quartz 
shows a distinct parallel-to-foliation tendency (Figures 4e, 4f, and 8a) suggesting syn-tectonic migmatiza-
tion (Figure 10). Rheologically, for both the metatexite and diatexite, the flow properties of the bulk rock 
would have been dominated by the properties of the melt, suggesting Newtonian flow characterized by not 
only a marked difference in the strain rate to differential stress relationship but also lower overall viscosities 
than those at pre- and post- melt conditions (Table 2; e.g., Champallier et al., 2008).

5.2.3.  Post-Melt Condition and Deformation Mechanisms

For the metatexite there is very little evidence, both in the outcrops and at the thin section scale, of the retro-
gression due to later exhumation; only in areas where hornblende grains are replaced by biotite in the resid-
uum (Figures 4b and 5a and Table 2). This replacement, however, could be due to H2O-rich fluids expelled 
by the crystallizing melt facilitating the growth of a high temperature biotite at near peak metamorphic 
conditions (Kriegsman, 2001; Speer, 1987). Hence, post-melt features are interpreted to be representative of 
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Figure 10.  Models of migmatites' deformational evolution procedures in pre-, syn-, and post-melt stages in ductile shearing environment (not to scale). The 
arrow represents strain increasing and the fold line represent relative strain degree in different domains. R, residuum; N, neosome.
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lower crustal processes. In the metatexite's neosome, K-feldspar exhibits some subgrains that relate to the 
activation of a high-temperature slip system (Figures 6d and 6e). The subgrain boundaries in the K-feldspar 
imply that dislocation creep took over as the dominant deformation mechanism after melt frozen, howev-
er, the low frequency of subgrain boundaries and lower GOS value in K-feldspar in the neosome suggest 
that the finite strain was minor (Tables 1 and 2 and Figures 6d and 6e). K-feldspar in this domain exhibits 
activation of the (010) [100] slip system (Figure 6b; Martelat et al., 1999). Both residuum and neosome's 
feldspars frequently exhibit 120° triple junctions (Figures 4c, 5a, and 6a), which may be due to annealing 
(static recrystallization) process after melt crystallized (Dallain et al., 1999; Flinn, 1969; Smith et al., 2015).

It is striking that within the residuum of the diatexite, an extremely high J-index is observed for both pla-
gioclase and K-feldspar (Table 1 and Figure 7b). This may suggest that the finer grained plagioclase in the 
residuum hosted most of the deformation not only during pre- but also post-migmatization (Figure 10). 
This is also the case for the fine-grained K-feldspar in the residuum, its high J-index is likely also related 
to both pre- and post-migmatization deformation. In the diatexite's neosome, the crystallized plagioclase 
exhibits only locally microstructural features typical for high temperature GBM recrystallization, that is, 
irregular boundaries and crystal lattice bending within grains (Figures 8a and 9 and Table 2). In addition, 
the CPO is weaker and subgrain boundary frequency is lower than in other domains (Figures 8b and 8d). 
The less pronounced signature of solid-state deformation for plagioclase within the neosome implies that 
deformation during the post-melt condition was weaker than during the pre-melt condition. K-feldspar 
shows irregular boundaries suggesting GBM (Figure 8a and Table 2). The CPO ((010) [100]) and misori-
entation axes distributions are similar to that in the metatexite's neosome (Figures 6b and 6d), suggesting 
some influence of dislocation creep. For individual grains of hornblende, both (100) [001] and (010) [001] 
were activated with random MXD (Figures 8b and 8d; Díaz Aspiroz et al., 2007; Getsinger & Hirth, 2014). 
Therefore the “subgrain boundaries” could be considered as healed cracks in the post-melt condition (Dan-
ner et al., 2019), they are fewer and distributed around the grains' rims, most core areas of the hornblende 
grains are strain-free, suggesting that the later stage deformation took place at the rim of the grains (Fig-
ure 9b). According to the information mentioned above, we infer that the described deformation features 
of the K-feldspar and hornblende were produced dominantly at post-melt conditions (Figure 10). The two 
migmatites have similar feldspar grain size (Table 1), and there is no evidence for grain size reduction post 
crystallization (e.g., core-mantle or mylonitic texture). Consequently, there is no evidence for a tectono-met-
amorphic signature within the areas of former melt dominance post melt crystallization (Elías-Herrera 
& Ortega-Gutiérrez, 2002; Passchier, 1984). Thus, we infer no significant post crystallization deformation 
occurred in the solidified neosome.

During post-migmatization, in the residuum deformation was dominated by dislocation creep with possible 
strain localization into this domain (Tables 1 and 2 and Figure 10). This interpretation is supported by the 
narrow residuum domain having, relative to the neosome, a smaller grain size, stronger CPO and higher 
aspect ratio, GOS value, J-index and aligned biotite, which all indicate higher strain (or strain rate) (Table 1 
and Figures 6b and 7b; Hansen et al., 2014; Mainprice et al., 2014; Morales & Tommasi, 2011; Rybacki & 
Dresen, 2004; Warren & Hirth, 2006).

The similar aspect ratios of plagioclase in the two domains of the diatexite may point to effect of a late an-
nealing process (Table 2).

5.3.  Implications for Lower Crustal Rheology

Based on the previous discussion, the following rheological evolution can be concluded (Table 2, Figure 10). 
During the pre-melt condition, power-law (i.e., dislocation creep) dominates the residuum of the two mig-
matites. At syn-melt condition Newtonian melt flow dominated the rheology of the both rocks as both 
exhibit a melt fraction significantly above 50% melt (by calculating total melted minerals in Table 1; Burg & 
Vigneresse, 2002; Champallier et al., 2008; Lejeune & Richet, 1995; Rosenberg & Handy, 2005), with viscosi-
ties significantly lower than at the time of the other two evolutionary stages. During the post-melt condition 
when trapped melt crystallized in situ, grain sizes are larger in the neosome and low strain is accommo-
dated by dislocation creep with a power-law stress–strain rate relationship. However, post-migmatization 
deformation features are subtle even in the residuum, hence we interpret that the rocks experienced only 

SHAO ET AL.

10.1029/2020GC009202

21 of 30



Geochemistry, Geophysics, Geosystems

minor deformation, deeming it relatively strong. The in-situ migmatites are either middle or lower crustal 
rocks, depending if the crust is overthickened.

6.  Predicted Seismic Signals of the Lower Crust during Pre-, Syn- and 
Post-migmatization
6.1.  Method

To calculate the seismic properties, we used the MTEX and MSAT toolbox based on Matlab utilizing the ori-
entation data from EBSD analysis (Lee et al., 2017; Mainprice et al, 2011, 2014; Walker & Wookey, 2012). 
Elastic moduli of related minerals at ambient conditions were used (Aleksandrov & Ryzhova, 1961; Alek-
sandrov et al., 1974; McSkimin et al., 1965), while the melt's elastic moduli are based on Rivers and Car-
michael (1987). Since we consider a polymineralic assemblage, we used the Voigt-Reuss-Hill average tensor 
method (Hill, 1952; Mainprice, 1990). We calculate seismic velocities for the pre-, syn- and post-melt condi-
tions taking data from different parts of the rock into account. Data from the residuum domain is used to sim-
ulate the pre-melt conditions. For the syn-melt conditions, data from the residuum without partial melt and 
the minerals interpreted to have been present as a solid within the melt (now neosome) are used. Considering 
the melt in neosome plays a main role in this period, we simulated 60% melt in the metatexite's neosome and 
50% melt in diatexite's neosome, which are similar to the percentage of melted minerals in individual domains 
(Table 1). The minor partial melting process in residuum domains were not considered in this case study. The 
melt simulation process was calculated using the MSAT toolbox based on Lee et al. (2017) and Walker and 
Wookey (2012). The shape of melt inclusions was modeled to be oblate with an aspect ratio is 10:10:1 according 
to the dominantly oblate shape of the neosome observed in our field example where the neosome forms part of 
the foliation (Figure 3). For the post-melt conditions data from the whole rock is utilized (see Figure 11 for de-
tail). The volume fractions of minerals in the different conditions were based on EBSD data shown in Table 1. 
The pre-melt condition is best recorded in the non-melted minerals in the residuum, namely plagioclase and 
hornblende in the metatexite and plagioclase, K-feldspar and biotite in diatexite (Figure 11). The syn-melt con-
dition can be derived from minerals from part of residuum mentioned above, identified as solid phase in the 
neosome (plagioclase and hornblende in the metatexite, K-feldspar and hornblende in diatexite) and melt (the 
volume is same as the minerals identified as melt in neosome, K-feldspar and quartz in the metatexite, plagi-
oclase and quartz in diatexite) (Figure 11). The post-melt condition is exemplified by the characteristics of the 
whole rock (see Figure 11). Rock density in different domains was calculated based on the volume fractions of 
minerals (minerals lower than 1% in each domain were not considered, see Table 1). The elastic constants of 
samples in different situations are provided in the supporting information (Table S1). The orientation of the 
seismic figures' is the same as the pole figures, foliation-parallel to XY plane, lineation parallel to X direction.

6.2.  Seismic Calculations - General Trends

In the metatexite, the magnitude of P-wave velocities and most seismic anisotropies are similar but higher 
for the pre-melt than post-melt conditions, while shear wave seismic anisotropies in melting conditions are 
the highest, shear wave velocity and Vp/Vs ratios are similar in both pre- and post-melt conditions (Table 3 
and Figure 11). For the syn-melt condition, seismic velocities are lower, seismic anisotropies are far great-
er than observed pre- and post-melt. Syn-melt maximum Vp/Vs ratios are higher than observed pre- and 
post-melt, while minimum Vp/Vs ratios are closer to those conditions (Table 3). The seismic figures for the 
pre-melt condition shows the maximum P-wave velocity is sub-parallel to the X axis and minimum zone is 
sub-parallel to YZ plane, maximum S-wave anisotropies are concentrated on XY plane (i.e., foliation plane), 
Vs1 maximum zones have a similar distribution while Vs2 maximum zones are near the primitive circle 
and minimum zones are clustering around the YZ plane, and Vs1 polarization is parallel to foliation (XY 
plane; Figure 11a). While in the post-melt (melt frozen) condition, P-wave's minimum zone is sub-parallel 
to YZ plane to Z direction, moreover, S-wave anisotropy and two shear wave velocity figures' high value (or 
low value) zones are cross-like, consequently, similar to P-wave, Vs1 polarization is also disturbed but the 
general directions are not influenced (Figure 11a). The syn-melt condition is different to the previous two 
conditions (Figure 11a): the first three figures' (Vp, AVs, and Vs1) high-value areas are parallel and close to 
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Figure 11.  Seismic properties in the pre-melt, syn-melt, and post-melt conditions of the metatexite (a) and diatexite (b) in Daqingshan area. From left to 
right are 3-D distributions of P-wave velocities (Vp), S-wave anisotropy with orientations of fast shear wave polarization plane, fast and slow S-wave velocities 
(Vs1 and Vs2), separately. Black square: maximum value; white circle: minimum value. Scale migmatite's pre- and post-melt conditions are accordant. AVp, 
maximum Vp anisotropy; AVs, maximum Vs anisotropy; AVs1, maximum Vs1 anisotropy; AVs2, maximum Vs2 anisotropy.
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XY plane, Vs1 polarization is parallel to XY plane in high-value area but randomly in low-value 
area, Vs2's high-value zones are shown as girdles along the ∼45° direction to X axis.

In the diatexite, the magnitude of all seismic velocity data is lower, while all anisotropic and Vp/Vs 
data are higher in the pre- than post-melt condition, the data in the syn-melt condition is similar 
to the metatexite (Table 3). Although the selected minerals in the three conditions are different, 
the diatexite's seismic properties do not vary a lot between the pre- and post-melt conditions (Fig-
ure 11b). The felsic mineral dominant residuum domain has the maximum Vp oriented approxi-
mately parallel to lineation, while its minimum Vp direction is slightly inclined (∼10°) relative to 
the foliation, this direction is coincided with the fast biotite (010) direction (Figure S1; Ivankina 
et al., 2017). S-wave anisotropy's two maximum clusters are almost in symmetry by YZ plane, the 
Vs1 polarization is mostly normal except in the lower part of seismic figures that are subvertical 
to XY plain. Vs1 also have two maximum clusters parallel to the XY plane, Vs2 maximum zones 
are around the base circle, ∼45° to X or Z direction and the minimum zones are around the X or 
Z direction. For the post-melt condition, the distribution of Vp is similar to residuum. A higher 
S-wave anisotropy (AVs) zone is distributed along the foliation plane and the Vs1 distribution and 
polarization in the high anisotropy zones tends to parallel to XY plane. The maximum Vs2 zone is 
similar to the residuum and minimum zone is along the YZ plane. The syn-melt condition is also 
similar to the metatexite (Figure 11b).

6.3.  Seismic Properties of the Lower Crust at Different Conditions

The calculated seismic signals give valuable information to infer changes in response to the 
geological evolution (i.e., state at different conditions). We examine the changes in magnitude 
of seismic properties for each of the different conditions and discuss these in the light of the 
literature.

For seismic velocity magnitude, there is a clear correlation between the existence of hornblende 
and fast Vp. In the metatexite Vp is faster than domains that exhibit low percentage of hornblende 
(i.e., pre-melt conditions in the metatexite; Tables 3 and 4 and Figure 11; Lloyd et al., 2011; Tatham 
et al., 2008). As a result, for the pre-melt condition, the metatexite has higher seismic velocities 
than the diatexite. For syn-melt conditions, the seismic velocities decrease (Table 3). Typically, 
larger melt fractions lead to greater seismic velocity reduction (Hammond & Humphreys, 2000; 
Lee et al., 2017). However, in this case study, the metatexite with a lower melt fraction has a greater 
reduction in seismic velocity (Tables 3 and 4). The main reason for this apparent contradiction is 
the fact that in the residuum of the diatexite, biotite is relatively abundant (9.1%) and is crystallo-
graphically aligned (see Figure S1). This results in a biotite-dependent increase in seismic velocity 
for both Vs and the seismic anisotropies (Tables 1 and 3; Aleksandrov & Ryzhova, 1961; Barruol & 
Mainprice, 1993), and counteracts the influence of melt.

In addition, regardless of the different melt fractions and distributions, the two migmatites have 
similar seismic values (Figure 11); their profiles are also similar to results produced for 20% melt 
distributed as oblate ellipsoids by Lee et al. (2017). Our predicted maximum shear wave velocity 
in the two migmatites is consistent with geophysical simulations that show Vs is usually lowest 
in depth of 20–30 km, due to the existence of melt (Caldwell et al., 2009; Ferri et al., 2016; Hacker 
et al., 2014).

After the melt crystallizes, the seismic velocities of the two migmatites increase (Tables 3 and 4 
and Figure 11). The addition of felsic frozen melt increases the metatexite's P-wave velocity, and 
the dominant hornblende in the final diatexite increases the seismic velocities (Lloyd et al., 2011; 
Tatham et  al.,  2008). By observing seismic velocity distribution (except for the Vs2) there is a 
striking change in the pattern of seismic velocities of the metatexite at the post-melt condition 
relative to the pre-melt condition (Figure 11a). Since K-feldspar is the dominant mineral in the 
neosome (and second largest percentage in the whole rock) while little is present in the residu-
um, it is probably the key factor responsible for the observed seismic signals. For the diatexite, 
although modal contents in the residuum (dominant in the pre-melt condition) and neosome 
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(dominant in the post-melt condition) are different, the two conditions have accordant seismic profiles 
(Figure  11b). Such distribution is likely attributed to biotite in residuum and hornblende in neosome 
(Kern et al., 2009; Lloyd et al., 2011).

Within the diatexite, seismic anisotropy is strongly related to the presence and alignment of the biotite. 
Within the residuum biotite accounts for higher seismic anisotropies than that in metatexite domains (Ta-
bles  3 and 4 and Figure  11; Ferré et  al.,  2014; Lloyd et  al.,  2011). Once in the melt present (syn-melt) 
condition, both migmatite seismic anisotropies are much greater (Tables 3 and 4 and Figure 11). Almqvist 
et al. (2015) and Ferri et al. (2016) conducted experiments measuring seismic anisotropy at high temper-
atures (>700 °C) and the AVp values could be as high as 15%–20%. In this case study, however, even the 
minimum seismic anisotropy could be as high as 37%. For AVs, the value is coincided with Lee et al. (2017)'s 
result in migmatitic samples. Regardless of different melt fractions and distributions, in the syn-melt condi-
tions, either melt-injection (metatexite) or in-situ melting (diatexite) lead to extreme-high seismic anisotro-
pies, and Vs1 polarization parallel to foliation, that is, melt shape alignment.

After melt crystallization, the magnitude of the two migmatites' seismic anisotropies decrease markedly 
(Tables 3 and 4), following suggestions that decreasing temperature and felsic melt crystallization is ex-
pected to decrease seismic anisotropy (Ferri et al., 2016; Lee et al., 2017). AVs anisotropy of the metatex-
ite and diatexite in the post-melt condition's distribution are similar in pattern to the pre-melt conditions 
(Figure 11).

Generally, if there is little difference in modal content, the Vp/Vs ratios in the migmatites are similar in the 
non-melt conditions before and after migmatization (Tables 3 and 4). In the syn-melt condition, however 
maximum Vp/Vs ratios are high and it is even higher in the diatexite (Table 3). A similarly high Vp/Vs (e.g., 
>2) has been considered in the literature as a signature of partially molten crust (Ferri et al., 2016; Hacker 
et al., 2014; Julià et al., 2005; Nabelek et al., 2009; Xie et al., 2013). For example, Hacker et al. (2014) con-
clude that lower crustal rocks with greater partial melt presence have higher Vp/Vs ratios. This is in accord-
ance with the presented data: diatexites that are melt-dominated in the syn-melt condition, exhibit high Vp/
Vs ratios (2.73–4.22 for maximum values; Table 3).

7.  Conclusions
Our case study investigates the microstructural and crystallographic evolution of typical crustal, medium 
pressure migmatites. It enables us to identify the active deformation mechanisms, their rheology and seis-
mic characteristics. Using the differences between different domains of the rock, we determine the likely 
characteristics of lower crust deformation at high temperatures both at solid state, during melt presence and 
after a migmatization event.

At pre-melt conditions, the tonalitic host rock deforms by dislocation creep at high temperature (>700 °C) 
including GBM recrystallization where the phases governing the deformation behavior are hornblende and 
plagioclase. Hence at these conditions the rheology would show a power-law stress-strain rate relationship. 
Seismic signatures of these rocks are characterized by high P-wave velocity.
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Rock type

Seismic characteristics

Pre-melt Syn-melt Post-melt (compare to pre-melt)

Metatexite Hornblende leads to higher P-wave 
velocities.

Obvious lower seismic velocities and higher maximum 
Vp/Vs ratio, seismic anisotropies have a huge 
increase. All seismic figures have extremely changes, 
comparing to the pre- and post-melt conditions.

Vp, AVs and Vs1 parameters decreased, 
Vp/Vs kept similar values to residuum, 
most seismic figures changed with 
crystallized neosome added.

Diatexite Dominant felsic minerals lead to lower 
seismic velocities, biotite leads to 
higher seismic anisotropies.

Similar to the metatexite. Seismic velocities and anisotropies were 
decreased, Vp/Vs were decreased. 
Minor changes in seismic figures.

Table 4 
Seismic Signatures of Two Migmatites in Different Melting Periods
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At melt present conditions and melt percentages above 10% produced either by in situ partial melting or 
through injection of externally derived melt, deformation is dominantly consumed by the melt phase, leav-
ing the residuum and floating phenocrysts and residuum-remnants largely in a rigid state. Rheologically 
this rock has a significantly lower viscosity than its non-melt counterpart and a rheological behavior ap-
proaching Newtonian flow. The seismic properties are characterized by lower seismic velocities, higher 
maximum Vp/Vs ratios and extremely high seismic anisotropies, regardless of different melt fractions and 
distributions. High melt fraction coincides with high maximum Vp/Vs ratio.

At the post-melt lower crustal condition, the previous felsic melt in the syn-melt condition crystallized 
as coarse-grained material. Natural examples of such rocks suggest that even though ductile deformation 
may continue the bulk strain taken up by the “frozen” migmatite is low. Solid state deformation is also 
dominated by high temperature dislocation creep resulting in a power-law creep behavior. In these rocks the 
microstructures are well equilibrated (i.e., frequent equilibrium triple junctions), hence high temperature, 
low strain grain boundary adjustment at high temperatures commonly referred to as annealing must play a 
major role in the post-migmatization period. Locally some strain localization within, for example, the biotite 
rich, softer diatexite's residuum may be seen. Migmatites with “frozen felsic melt” (i.e., post-melt condition) 
exhibit significantly lower seismic velocities, anisotropies, and maximum Vp/Vs ratios than the signatures 
of the melt present condition. If a migmatite with crystallized leucocratic domains has an overall similar 
modal mineral content to its residuum, it will show similar seismic signatures as its pre-melt counterpart.

Our study shows that both the rheology and seismic properties of migmatites are significantly and distinctly 
different at syn-melt conditions than at pre- and post-melt conditions. Consequently, our findings need to 
be considered in future research focused on both lithospheric rheology and seismic velocity properties.

Data Availability Statement
All data and scripts are available via the DOI https://doi.pangaea.de/10.1594/PANGAEA.907560
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