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ARTICLE INFO ABSTRACT

Keywords: A first-order approximation of the lithological make-up of an orogen's middle and lower crust can provide in-
Taiwan sights into its structure, as well as the tectono-metamorphic and geodynamic processes taking place there. In this
Petrophysics

study, we investigate the possible lithological and chemical composition of Taiwan's middle and lower crust by
matching in situ physical properties measured by the TAIGER tomography data with isotropic wavespeeds,
density, and major element composition for a variety of upper amphibolite and granulite facies rocks modelled at
ambient pressure and temperature using the AbersHacker Macro. The modelling suggests that Taiwan's middle
crust is possibly comprised of some combination of biotite-poor metapelite, garnet-poor felsic granulite, mafic
granulite, amphibolite, and marble. The lower crust is likely comprised of mafic granulite, garnet-rich felsic
granulite, biotite-free metapelite, and eclogite. Furthermore, the modelling shows that the modal abundance of
garnet and/or sillimanite has a significant effect on physical properties, elevating seismic wavespeeds and
density of felsic rocks to those of mafic rocks. The modelled wt% major oxide composition suggests that Taiwan's
middle and lower crust have a more mafic chemical composition than that of global compilations of the con-
tinental crust. Nevertheless, this reflects the choices made when assigning rock types for the lithological mix used
to calculate the wt% oxides, since increasing the percentage of garnet-rich metapelite and felsic granulite would

Seismic wavespeeds
Composition of the middle and lower crust
Mafic

result in a more felsic bulk composition.

1. Introduction

Having a first-order approximation of the lithological make-up of an
orogen's middle and lower crust can provide insights into its structure, as
well as the tectono-metamorphic and geodynamic processes that are
possibly taking place deep within the crust (e.g., Morozov et al., 2003;
Marini and Manzella, 2005; Brownlee et al., 2011; Brown et al., 2015;
Peng and Redfern, 2013; Zappone and Benson, 2013; Taylor et al.,
2015). Compositional modelling of rock physical properties (body wave
velocities and density) is a widely used tool for investigating the in situ
nature of the deep crust (e.g., Holbrook et al., 1992; Christensen and
Mooney, 1995; Rudnick and Fountain, 1995; Kern et al., 1996;
Hyndman and Peacock, 2003; Rudnick and Gao, 2003; Hacker et al.,
2015). Such modelling is typically based on matching in situ P- and S-
wave velocities (Vp and Vs, respectively), and density obtained from
seismic refraction and tomography experiments with laboratory mea-
surements of these obtained from samples of known mineral and
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chemical composition (e.g., Holbrook et al., 1992; Miller and Chris-
tensen, 1994; Christensen and Mooney, 1995; Rudnick and Fountain,
1995; Kern et al., 1996; Morozov et al., 2003; Rudnick and Gao, 2003;
Brown et al., 2003, 2015; Brownlee et al., 2011; Llana-Funez and Brown,
2012). There are, however, important uncertainties involved in the
calculation of crustal composition in this way. Primary among these is
the non-uniqueness of rock physical properties; several lithologies can
have similar P- and S-wave velocities, and density (e.g., Kern, 1982;
Christensen and Mooney, 1995; Christensen, 1996; Hacker et al., 2015).
A corollary to this is that the modelled chemical composition of the crust
can vary significantly depending on the lithology that is chosen to match
the physical properties data (e.g., Hacker et al., 2015). Further uncer-
tainty, especially in “hot” orogens, is introduced by the fact that labo-
ratory measurements of seismic velocities are often not carried out
under pressure and temperature conditions that are sufficiently high as
to effect the a-f transition in quartz (e.g., Kern, 1982; Peng and Redfern,
2013; Zappone and Benson, 2013).
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The aim of this paper is to investigate the possible lithological and
chemical composition of the middle and lower crust of the active Taiwan
orogen (Fig. 1). We also look at the possible mineral composition of each
rock type and how this affects physical properties and chemical
composition. To do this, we extract in situ P-wave and S-wave velocities,
and calculate densities from the TAIGER tomography models (Kuo-Chen
et al., 2012a). We then compare these with the physical properties, and
mineralogical and chemical composition of a number of common rock
types that we calculate using the AbersHackerMacro (AHM) (Hacker and
Abers, 2003; Abers and Hacker, 2016). An advantage of using the AHM,
as opposed to laboratory measurements, is that it calculates the a-f
transition in quartz, which will cause important changes in the physical
properties of quartz-bearing rocks (e.g., Kern, 1982; Peng and Redfern,
2013; Zappone and Benson, 2013) (Fig. 2). AHM also allows us to model
rock physical properties at the pressure and temperature conditions of
interest to Taiwan.

2. Geological background

Taiwan is an active mountain belt that has been forming since the
Late Miocene as the result of the collision of the Luzon arc with the
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deeply subducting Eurasian margin (e.g., Sibuet and Hsu, 1997, 2004;
Teng and Lin, 2004; Huang et al., 2014a). The part of the continental
margin of the Eurasian margin that is involved in the collision is thought
to have evolved from a sub-continental subduction system in the Late
Cretaceous (Li et al., 2007; Lan et al., 2008) to a rifting margin by the
Early Eocene followed, during the late Early Oligocene, by sea-floor
spreading and, from the Late Miocene to the present, the subduction
of Eurasian Plate beneath the Philippine Sea Plate (Lin et al., 2003;
Huang et al., 2012). The Mesozoic pre-rift geology and lithostratigraphy
of the margin area that is entering into the Taiwan mountain belt is not
well known. Nevertheless, some authors suggest that it is largely
comprised of variably metamorphosed felsic to mafic intrusive igneous
rocks and to have been under-plated by mafic rocks during the Miocene
(e.g., Chen et al., 2016; Liu et al., 2023).

The Taiwan orogen is divided into five roughly N-S oriented
geological provinces that are separated by major faults (Fig. 1). From
west to east these zones are: the Coastal Plain, the Western Foothills (in
what follows, this includes the Coastal Plain), the Hsuehshan Range, the
Central Range, and the Coastal Range (Fig. 1). In the north, the Western
Foothills is juxtaposed against the Hsuehshan Range across the Shuili-
keng Fault (SKF). In the east, the Hsuehshan Range is juxtaposed against
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Fig. 1. Geological map of Taiwan (after Chen et al., 2000). The locations of the velocity sections (A, B, and C) given in Fig. 3 are shown. ChT = Changhua thrust, SKF

= Shulikeng fault, LF = Lishan fault, ChF = Chaochou fault.
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Fig. 2. Vp, Vs, and Vp/Vs versus depth functions calculated for a metapelite sample using the AHM. Values are calculated at 5 km depth intervals using the
geothermal gradient in Fig. 5. The modal abundance of the constituent mineral phases is shown in the upper right. In one set of calculations, the o—p quartz transition
is allowed to take place (blue line), and in the other (red line) only o quartz is present. The a—f quartz transition takes place at 20 km depth. The profiles of the depth
functions are quite different, indicating the importance of taking the oa—f quartz transition into consideration when carrying out petrophysical modelling of the
composition of the crust. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the Central Range across the Lishan Fault (LF). Southward, the Shuili-
keng and Lishan faults link up with one another and the Central Range is
juxtaposed against the Western Foothills along the Chaochou Fault
(ChF).

The outcropping geology of the Central Range is comprised pre-
dominantly of Mesozoic-age, greenschist to amphibolite facies marble,
quartz-mica schist, ortho- and paragneiss, and amphibolite (Stanley
et al., 1981; Ernst, 1983; Ernst and Jahn, 1987; Ho, 1988; Lan et al.,
2008) (Fig. 1). Along its western flank, these are structurally overlain by
lower greenschist facies, Eocene- and Miocene-age slate, phyllite, and
sandstone. Along its eastern flank, the Central Range is juxtaposed
against high-pressure rocks and quartz-mica schist of the Yuli Belt along
the Shoufeng fault (e.g., Ernst and Jahn, 1987; Tsai et al., 2013; Ho et al.,
2022). The Mesozoic rocks found in the Central Range do not crop out in
the Western Foothills or Hsuehshan Range, although in western Taiwan
and its offshore, several boreholes have intersected weakly meta-
morphosed siliciclastic and carbonate rocks that have been interpreted
to range in age from Late Permian to Cretaceous (e.g., Jahn et al., 1992;
Chiu, 1975; Ho, 1988; Shaw, 1996). On the basis of these boreholes,
Mesozoic-aged rocks similar to those outcropping in the Central Range
have been interpreted to form the basement to the Eocene and younger
rocks (e.g., Brown et al., 2012, 2022). The outcropping stratigraphy of
the Western Foothills and Hsuehshan Range consists of Eocene through
Miocene clastic sediments of the Eurasian platform margin and latest
Miocene through Holocene synorogenic sediments (e.g., Ho, 1988;
Teng, 1992).

3. Velocity and density structure of Taiwan

In this paper we use the regional TAIGER P-wave (Vp) and S-wave
(Vs) tomography models of Kuo-Chen et al. (2012a, 2012b), and the
reader is referred there for a description of the acquisition and pro-
cessing parameters, as well as details of the resolution testing. The

model inversion was constructed with a 6 x 6 x 6 km grid and the ray
tracing was carried out on a 3 km grid. Resolution testing indicates that
it can resolve crustal and mantle features of c. 6 to >60 km (Kuo-Chen
et al., 2012a). The major features imaged by the TAIGER data are also
found in the Vp tomography models of Kim et al. (2005), Wu et al.
(2007), and Huang et al. (2014b). Lo et al. (2021) carry out a quanti-
tative assessment of the different tomography and indicate that the they
are more similar between depths of 5 and 35 km. We expect that the
features found in our velocity model are robust and can therefore be
reliably interpreted. In the description of the velocity structure of
Taiwan that follows, depths are given in 3 km intervals with un-
certainties of +3 km (the half-space of the grid). Throughout, un-
certainties are given as 1o of the datasets for a selected area (e.g.,
Western Foothills or Central Range) and specified depth. In what fol-
lows, we calculated density from Vp at each depth interval using eq. 1 of
Brocher (2005). The area of interest extends from the coastline (CL in
Fig. 3) in the west, through the Western Foothills, Hsuehshan Range, and
Central Range to the Longitudinal Valley (LV in Fig. 3) in the east. To
exclude any possible effects derived from the subduction of the Philip-
pine Sea Plate beneath northern Taiwan (e.g., fluids (Bertrand et al.,
2012)), we do not include the area to the north of 24° N.

Since the objective of this paper is to use the tomographic models to
investigate the possible lithological composition of Taiwan's middle and
lower crust, we define crustal domains in terms of P-wave velocity. For
orogens, the middle crust is typically defined as having a P-wave ve-
locity between 6.3 km/s and < 6.9 km/s, whereas the lower crust is 6.9
km/s and < 7.5 km/s (Christensen and Mooney, 1995; Rudnick and
Fountain, 1995; Rudnick and Gao, 2003). The crust/mantle boundary
(Moho) is commonly defined as a transition zone that takes place over a
P-wave velocity range of 7.5 km/s to 7.8 km/s (e.g., Jarchow and
Thompson, 1989; Christensen and Mooney, 1995; Giese, 2005; Car-
bonell et al., 2013). The mantle has a Vp >7.8 km/s.

The TAIGER P-wave velocity model indicates that there is a
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Fig. 3. Vp, Vs, and Vp/Vs sections for central and southern Taiwan (from Kuo-Chen et al., 2012a). The locations of the sections are shown in Fig. 1. WF = Western
Foothills, HR = Hsuehshan Range, CR = Central Range, CL = coast line. Other labels are as in Fig. 1. In the Vp sections, the dashed red lines indicate the change from
upper to middle crust (6.3 km/s), middle to lower crust (6.9 km/s), Moho transition (7.5 to 7.8 km/s). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

significant west to east thickening of the crust (Vp <7.8 km/s) from c.
45 km beneath the Western Foothills to >60 km beneath the Central
Range (WF and CR, respectively in Fig. 3). Beneath the Western Foot-
hills, the crust has a near uniform thickness and displays a roughly sub-
horizontal velocity structure, with Vp and Vs increasing continuously
with depth (Figs. 3 and 4). Between 9 and 18 km depth, in the middle
part of the upper crust, there is a zone where Vp/Vs reaches a high of c.
1.86 (+/— 0.10) to 1.90 (+/— 0.07), and which extends across nearly
the entire Western Foothills (Figs. 3 and 4). Beginning at 18 km depth,
the rate of increase of Vp slows, that of Vs increases, and there is a
consequent sharp decrease in Vp/Vs to 1.75 (+/— 0.04) at 24 km depth,
in the upper part of the middle crust (Figs. 3 and 4). From 24 km depth,
Vp and Vs increase gradually through the top of the lower crust (Vp >
6.9 km/s) at 33 km to the crust/mantle boundary at 45 km depth (Vp
>7.8 km/s). Between 24 and 30 km depth, Vp/Vs remains nearly con-
stant, increasing to 1.78 (+/— 0.05) at 36 km depth, and then it de-
creases continuously until 1.74 (+/— 0.04) at the crust/mantle
boundary. Density increases from 2.4 to 2.8 g/cm® from the surface to
18 km depth, and then remains nearly constant to 33 km depth where it
begins to increase again, reaching 3.2 g/cm® at Moho (Fig. 4D).
Eastward, beneath the Hsuehshan and Central ranges (HR and CR,
respectively, in Fig. 3), the upper crust (Vp <6.3 km/s) thickens to about
36 km, and the velocity structure (especially Vp) is more complex than
beneath the Western Foothills. The middle and lower crust is roughly 20
km thick, similar to that beneath the Western Foothills, but is up to 20
km deeper. In the uppermost 6 km, Vp and Vs increase to 5.8 (+/— 0.2)
km/s and 3.4 (+/— 0.1) km/s, respectively (Figs. 3 and 4). Vp decreases
gradually to 5.5 (+/— 0.3) km/s at 24 km depth, and then increases
continuously until the crust/mantle transition (Vp >7.8 km/s) at

roughly 60 km depth. Vs increases gradually throughout the middle and
lower crust. The Vp/Vs ratio shows an overall patchy distribution, with
values ranging from 1.60 to ¢.1.80 (Figs. 3 and 4). The average Vp/Vs
decreases from 1.77 (4/— 0.06) at the surface to a minimum of 1.55
(+/— 0.07) at 24 km depth, increases to 1.71 (+/— 0.04) near the base
of the middle crust, and then remains nearly constant until the crust/
mantle transition (Figs. 3 and 4). Density increases to c. 2.7 g/cm® at 6
km depth and then decreases slowly to about 2.6 g/cm® at 24 km depth
where it starts to increase, reaching about 3.1 g/cm® at the Moho
(Fig. 4D).

4. Petrophysical modelling
4.1. Methodology

4.1.1. Geothermal gradient

Measured surface heat flow in Taiwan is relatively high (values of
>100 mWm 2 are common), leading to calculated geothermal gradients
of >50 °C/km in the Central Range and between 20 and 50 °C/km in the
Western Foothills (Lee and Cheng, 1986; Wu et al., 2013). Such a high
geothermal gradient results in unrealistic crustal temperatures and
cannot be used in petrophysical modelling, since temperature has an
important effect on the seismic velocities of rocks (e.g., Christensen and
Mooney, 1995). Therefore, we determined a geothermal gradient
(Fig. 5A) using a variety of published data types that measure or
calculate the temperature at different depths. Constraints on the tem-
perature for the uppermost 5 km are provided by down-hole measure-
ments in the TCDP-A (48 °C, at 1250 m: e.g., Tanaka et al., 2007; Hung
et al., 2009) and the CS-74 (177 °C, at 4661 m: Kuan (1971)) boreholes.
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Western Foothills.

For deeper crustal levels, the depth of the Curie point (580 °C at 12 +/2
km: Hsieh et al. (2014)), the a-p quartz transition in the Central Range
(750 +/— 25 °C, at 24 +/3 km: Kuo-Chen et al. (2012b)), and the Pn
velocity (900 +50 °C for Pn of 7.9 km/s (+/— 0.1 km/s) at 42 +3 km
depth: Chen et al. (2003), Kuo et al. (2016)). Following Kuo-Chen et al.
(2012b), we also interpret the rapid decrease in Vp/Vs at approximately
24 km depth beneath the Western Foothills to be related to the a-f quartz
transition (Fig. 4C). The Pn temperature was determined using the es-
timates of Schutt et al. (2018), and Boyd (2020). From these data, Tai-
wan's middle and lower crust have a steep geothermal gradient, and are
experiencing upper amphibolite to granulite facies metamorphic con-
ditions (Fig. 5B). In the petrophysical modelling presented in Section 4,
a best fit curve (R = 0.982) was fitted to the geothermal gradient
(Fig. 5A), and T was calculated for each 5 km interval in the model.

While temperature and pressure have an important effect on seismic
velocities, our models show that using values within the bounds of the
uncertainties shown in Fig. 5 would result in a variation in Vp and Vs of
<1%. This would not change the modelled lithological composition of
the crust.

4.1.2. Velocity, density, and composition modelling

Modelling of physical properties and chemistry was carried out using
the AbersHackerMacro (AHM in what follows) Excel spreadsheet
(Hacker and Abers, 2003; Abers and Hacker, 2016), which uses the
modal abundance (volume percent) of mineral end-members to build
rocks and calculate their isotropic wavespeeds (Vp, Vs), density, and wt
% oxide composition. In this paper, we calculate the physical properties
and chemical composition for published modal abundance data from six
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measurements (TCDP and CS-74), the Curie point, the a—f quartz transition, and the Pn velocity. Differences in the Curie point depth between the Western Foothills
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the temperature at the depth of interest in the AbersHackerMacro (AHM) models (Abers and Hacker, 2016). B) The geothermal gradient indicates that, at depths of
30 km and more Taiwan's crust is currently experiencing upper amphibolite and granulite facies metamorphic conditions. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

upper amphibolite, granulite, and eclogite facies lithologies, as well as a
suite of mantle peridotite and pyroxenite rocks. To avoid geographical
specificity in the samples used, we selected examples for each lithology
from a number of areas. Published modal abundance data often reports
the bulk mineral composition (i.e., garnet, plagioclase, or clinopyrox-
ene) and some, but not all, of the mineral end-member compositions (i.
e., almandine, pyrope, grossular). To address this, we compile a data-
base of the major phase end-members for each lithology derived from
published mineral composition data for the metamorphic conditions
given above, and then use the averages of these end-member composi-
tions in the AHM (Table 1 and Supplementary data). The garnet end-
member spessartine (MnO) is not included in the AHM and was there-
fore not modelled. K50 in the feldspar series was modelled as orthoclase.
The Nay0 component of clinopyroxene was modelled as jadeite, and no
CaO end-member was modelled for orthopyroxene. In all lithologies,
amphibole was modelled as hornblende. Unless specified, the minor
(often opaque) phases were modelled as equal proportions of spinel,
magnetite, and ilmenite. Below, in Section 4, granulite is divided into
two groups; mafic granulite (>30% pyroxene + amphibole + biotite)
and felsic granulite (<30%). Metapelite is divided into two groups: those
for which biotite and muscovite are absent or nearly absent (<5%:
granulite facies), and those with biotite and muscovite (>5%: upper
amphibolite facies). The aluminosilicate mineral in the metapelite is
sillimanite. Pyroxenite (<40% olivine) and peridotite (>60% olivine)
plot together as a tight cluster, and so are not shown separately. We
discuss the results of these models for depths of 30, 40, and 50 km,

corresponding to the middle (except in Central Range) and lower crust
and the uppermost mantle. The in situ depth functions of Vp, Vs, Vp/Vs,
and density for the Western Foothills and the Central Range that plotted
along with the AHM models are those shown in Fig. 4.

4.1.3. Uncertainties in the modelling

An important uncertainty is the depth level of each velocity layer,
since an underestimation of the velocity at the top of the tomography
model is propagated downward into lower velocities at depth, meaning
the boundaries between middle, lower crust, and mantle appear deeper
than those determined from seismic refraction data (e.g., Van Avendonk
et al., 2014; Kuo et al., 2016). This results in slightly elevated pressures
and temperatures in the AHM models. Also, we assume that the middle
and lower crust is seismically isotropic, which is not the case (Chen
etal., 2003; Huang et al., 2015; Koulakov et al., 2015), and that it is dry,
as is suggested by the magnetotelluric data of Bertrand et al. (2009,
2012).

A number of uncertainties accompany the AHM and the reader is
referred to Hacker and Abers (2003) and Abers and Hacker (2016) for
how this spreadsheet works and the uncertainties involved. The
geothermal gradient calculated for Taiwan (Fig. 5A) is an uncertainty in
the modelling since a number of uncertainties are introduced from
determination of the Curie point, the a-p quartz transition, and the Pn
depth and velocity. Nevertheless, we think that the geothermal gradient
calculated in this way is more realistic than applying a linear gradient
derived from surface heat flow measurements (e.g., Lee and Cheng,
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Table 1

Average modal abundance of mineral end-members” used to calculate Vp and Vs and wt% oxides for each rock type.

Peridotite

Amphibolite

Pelite
std

Eclogite
std

Granulite
std

std

Avg

std

Avg

Avg

Avg

Avg

End-member
Almandine

Pyrope

Mineral

79

9.4
11.7

24.1

21

3.7
3.7

2.1

55.6

108
108
108
70
70
70

10.0

71.3

101
101
101
18
18
18

54.1

166
166
166
158
158
158
84
84
182
182
182

10.1

50.8

79
79

64.4

21

15.5

10.7

21.1

12.2

24.8

11.5

27.2

Garnet

7.7

11.5

21

27
59
38.6

9.2

8.1

7.3

21
75.5

7.8
15.1

19.5

Grossular
Albite

29
29
29

26
27.5

16.3

68.1

7.3

54.2

16.1

30.8

7.2

24.1

17
10.4

42
3.7

61.3

Anorthite

Feldspar

0.6
5.2
5.2
5.6
5.7

0.8
49.4

1.0

1.1

0.4

0.4

Orthoclase
Enstatite

87
87
79
79

2.1

90.6

9.5
9.5
10
7.5
8.5

Orthopyroxene

2.1

9.4
91.5

50.6

38.8

Ferrosilite
Diopside

4.6
2.4

4.3

15
15

63.3

89
89
89

121

53.6

64.6

3.4
5.1

36.1

8.7

26.2

Hedenbergite

Jadeite

Clinopyroxene

79

14.5

37.7

9.5

59
59

10.9

41.6

Annite

Biotite

10.9

58.4

Phologopite
Forsterite
Fayalite

102
102

1.9
1.9

90.4

Olivine

9.7

 Data and references are provided in Supplementary data.
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1986; Wu et al., 2013), which would mean unrealistic, high tempera-
tures in the middle and lower crust. Nevertheless, we stress that in this
study we use a single geothermal gradient and that any possible lateral
variations within or from the Western Foothills and the Central Range
are not taken into account. Using average end-member modal abun-
dances introduces uncertainties because of the differences in both the
velocity and composition between the modelled and the measured
mineral phases. The absence of MnO in the AHM, not modelling a CaO
end-member orthopyroxene, and assigning all amphibole to hornblende
leads to errors in the wt% oxide composition of each modelled lithology.
Finally, the modelled mineral assemblages may not be in equilibrium
under the in situ pressure and temperature conditions of the Taiwan
crust.

5. Results
5.1. Vp, Vs, Vp/Vs, density

At 30 km depth, the modelled velocities of mica-bearing metapelite,
amphibolite, and felsic and mafic granulite correlates well with both the
average in situ Vp (6.6 +/— 0.17 km/s) (uncertainties are 16) and Vs
(3.8 +/— 0.05 km/s) measured in the middle crust of the Western
Foothills (Fig. 6A). Metapelite and amphibolite, also fit well with the
average Vp/Vs of 1.74 (+/— 0.04) of the Western Foothills (Fig. 6B),
although felsic granulite and mafic granulite outside the range of un-
certainty. The modelled densities for mica-bearing metapelite, garnet-
free felsic granulite, and marble fit well with the average density (2.9
+/— 0.05 g/cm®) (Fig. 6C). In % mineral phase vs Vp space, the
modelled metapelite with up 70% mica, 30% garnet (+/—sillinanite),
and up to 35% plagioclase, falls within the range of uncertainty of the in
situ Vp (6.6 +/— 0.17 km/s) (Fig. 7). Felsic and mafic granulite is likely
garnet-poor, can contain between 30 and 80% plagioclase, and 10 to
50% pyroxene (Fig. 7). Amphibolite can contain <10% garnet, and up to
40% of both plagioclase and pyroxene.

In the Central Range, at 30 km depth the average Vp (5.8 +/— 0.28
km/s) and Vs (3.6 +/— 0.12 km/s) are those of the upper crust (Fig. 6A).
Neither Vp, Vs, Vp/Vs, nor density of the modelled lithologies fit well
with those measured in the Central Range, with only low velocity, mica-
bearing metapelite falling close to the range of uncertainty (Fig. 6B and
Q).

In the Western Foothills, at 40 km depth, the modelled velocities for
the upper range of felsic and mafic granulite, biotite-poor metapelite,
eclogite, and the upper range of amphibolite fit well with the in situ Vp
(7.4 +/— 0.18 km/s) and Vs (4.2 +/— 0.04 km/s) (Fig. 8A). In Vp/Vs
versus Vp space (Fig. 8B), metapelite and felsic and mafic granulite,
eclogite, and the upper range of amphibolite are also good fits to the
average Vp/Vs of 1.77 (+0.04). Only with some mica-free metapelites fit
with the average density (3.1 +/— 0.06 g/cm3) (Fig. 8C). The modelled
metapelite with up to 30% garnet, between 30 and 50% garnet + silli-
manite, and < 10% plagioclase fall within the range of uncertainty of the
in situ Vp (7.4 +/— 0.18 km/s) (Fig. 7). Felsic and mafic granulite can
contain about 30 to 40% garnet, 20 to 45% plagioclase, and 20 to 30%
pyroxene. Amphibolite can contain 20 to 40% garnet, <10% plagio-
clase, and no pyroxene. The modelled eclogite can contain between 20
and 40% garnet, <20% plagioclase, and between roughly 10 to 40%
pyroxene.

In the Central Range, at 40 km depth, the modelled velocities for
mica-bearing metapelite, and amphibolite fit with the in situ average Vp
(6.5 +/— 0.27 km/s) and Vs (3.9 +/— 0.08), whereas felsic and mafic
granulite, and eclogite lie close to the range of uncertainty (Fig. 8A). In
the Vp/Vs vs Vp space (Fig. 8B), only metapelite falls within the range of
uncertainty for the measured velocities in the Central Range (1.70
£0.04). The modelled mica-bearing metapelite, garnet-free felsic gran-
ulite, and marble fit well with the average density (2.8 +/— 0.08 g/ em®)
of the Central Range (Fig. 8C). In terms of the modelled mineralogical
compositions, metapelite with up to 40% garnet (+/— sillimanite), and
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up to 35% plagioclase falls within the range of uncertainty of the in situ
Vp (6.5 +/— 0.27 km/s), whereas the felsic and mafic granulite are
garnet-free, can contain between 30 and 80% plagioclase and 10 to 50%
pyroxene (Fig. 7). Amphibolite can contain <10% garnet, and up to 40%
of both plagioclase and pyroxene. Eclogite can contain between 10 and
30% garnet, 20 to 25% plagioclase, and up to roughly 30% pyroxene.
At 50 km depth in the Western Foothills, in the uppermost mantle,
the modelled velocities for eclogite and peridotite (including pyroxe-
nite) fit well with the measured averages of Vp (7.9 £0.17 km/s) and Vs
(4.6 +£0.04 km/s) (Fig. 9A). Note that high-velocity metapelite can also
be present. In Vp/Vs vs Vp space, the modelled eclogite and peridotite
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are also good fits to the measured Vp/Vs (1.72 +0.04) (Fig. 9B). The
average density (3.2 +/— 0.05 g/cm®) fits well with the modelled
peridotite (Fig. 9C). Modelled eclogite with between 15 to c. 55%
garnet, 0% plagioclase, and between roughly 10 to 80% pyroxene fall
within the range of uncertainty of the in situ Vp (7.9 +£0.17 km/s)
(Fig. 7). The modelled peridotite can contain 0 to about 30% garnet, 0%
plagioclase, and a range from O to nearly 100% pyroxene.

In the Central Range, at 50 km depth, the modelled velocities for the
upper range of felsic and mafic granulite, biotite-poor metapelite,
amphibolite, and the lower range of eclogite fit well with the in situ
averages of Vp (7.1 +/— 0.19 km/s) and Vs (4.2 +/— 0.06 km/s)
(Fig. 9A). In Vp/Vs versus Vp space, only one modelled metapelite ve-
locity fits within the uncertainty range of the measured Vp/Vs (1.70
+/— 0.04) (Fig. 9B). With respect to density, only mafic granulite and
mica-free metapelite fit fall within the range of uncertainty of the in situ
average density (3.0 £0.06 g/cm3) (Fig. 9C). Modelled metapelite with
up to 30% garnet, 30-45% garnet + sillimanite, and < 10% plagioclase
falls within the range of uncertainty of the in situ Vp (7.1 +/— 0.19 km/
s), whereas the felsic and mafic granulite can contain about 30 to 40%
garnet, 20 to 45% plagioclase, and 20 to 30% pyroxene (Fig. 7).
Amphibolite can contain 20 to 40% garnet, <10% plagioclase, and no
pyroxene. The modelled eclogite can contain between 20 and 40%
garnet, <20% plagioclase, and between roughly 10 to 40% pyroxene.

5.2. Chemical composition

For each modelled lithology, the major element composition was
calculated and wt% SiO, plotted against Vp and Vp/Vs (Fig. 10A).
Fig. 10A shows that at Vp <6.5 km/s there is a large range of possible
SiO5 compositions (40 to 79 wt%) that is associated with mica-bearing
metapelite. Between roughly Vp 6.5-7.2 km/s, wt% SiO; ranges from
39 to 64 wt%. In this Vp range, amphibolite has overall lower wt% SiO4
values, mafic and felsic granulite intermediate values, and metapelite
higher values. At Vp 7.2-7.6 km/s, wt% SiO ranges from approximately
41-55% (with one outlier of metapelite) and displays significant overlap
between lithologies, although amphibolite, eclogite, and mafic granulite
have lower values than felsic granulite and metapelite. At Vp > 7.6 km/
s, wt% SiO, ranges from 39 to 56% with much overlap between the
modelled mica-poor metapelite, eclogite, and peridotite. Fig. 10B shows
that between Vp/Vs of 1.72-1.76 wt% SiO; can range from 39 to 79%,
falling to <65% at Vp/Vs > 1.76. Within these ranges of Vp/Vs, there is
a significant overlap of lithologies and consequently SiO, content.

To determine the average chemical composition of the Taiwan crust,
all the modelled samples (minus marble) (see Supplementary data)
whose Vp falls within the in situ Vp range of uncertainty (1c) at 30, 40,
and 50 km depth (Fig. 10A) are used to build a bulk rock composition
(Table 2) from which the wt% oxides were calculated (Table 3). Beneath
the Western Foothills, the calculated average wt% SiO, decreases with
depth from 54.3 (£+7.9) to 49.2 (+/— 4.8) to 46.1 (+3.6)%. Beneath the
Central Range, it decreases from 61.0 (£7.9) to 54.6 (+7.7) to 49.2
(+/— 4.8)%. Note that, in the Central Range, the average Vp at 30 km
depth (5.8 km/s) is much lower than that of the middle crust (6.3-6.9
km/s) so composition was not calculated for this depth. Calculated
major element composition in wt% oxides and Mg# are given in Table 3.

6. Discussion

Modelled lithologies that match the in situ middle crust physical
properties taken from the TAIGER regional data include felsic granulite,
mica-bearing metapelite with <30% garnet + sillimanite, garnet-poor
amphibolite, and mafic granulite. Marble, a common lithology at the
surface in the Central Range (Stanley et al., 1981; Ernst, 1983; Ho, 1988;
Lan et al., 2008) and intersected in borehole in Western Foothills (Jahn
et al., 1992), does not fit with the in situ physical properties. There is a
notable difference in the composition of the metapelite that fits the
middle crustal Vp of the Western Foothills (<10% biotite +/—
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muscovite) compared to that in the Central Range (up to 80% biotite
+/— muscovite). The lower crust may contain granulite facies felsic and
mafic lithologies, and can be made up of a combination of garnet-
bearing felsic and mafic granulite, mica-poor (<5%), garnet + silli-
manite bearing metapelite, garnet amphibolite, and eclogite. Of the
possible middle and lower crustal lithologies suggested by the model-
ling, xenoliths of amphibolite, metapelite, and marble have been re-
ported from granitoids in the Central Range (Lo and Lee, 1981; Hung,
2010; Huang, 2013), further supporting the presence of our modelled
lithologies in the middle and lower crust. To our knowledge, no crustal
xenoliths have been reported from western Taiwan. The upper mantle
below the Western Foothills can be made up of peridotite, eclogite, and
possibly mica-free metapelite that contains 65-70% garnet + silli-
manite. Mantle xenoliths have not been reported from western Taiwan,
although spinel peridotite and minor spinel pyroxenite have been
described from the Penghu Islands in the Taiwan Strait (Wang et al.,
2003, 2010).

The physical properties of rocks are related to the aggregate sum of
the volume percent of their mineral constituents, and so to their end-
member composition (e.g., Rudnick and Jackson, 1995; Gao et al,
2000; Behn and Keleman, 2003). Individual minerals, even in small
amounts, can have a significant effect on the physical properties of a
rock (e.g., Kern, 1982; Holbrook et al., 1992; Kelemen and Holbrook,
1995; Kern et al., 1996; Behn and Keleman, 2003). For example, high-

velocity minerals such as garnet and sillimanite can result in meta-
pelite having a P-wave velocity and density that is typical of mantle
values, whereas low-velocity minerals such as quartz, biotite, and
plagioclase reduce the bulk rock physical properties (Figs. 7, and 9).
Also, the models indicate that a modal abundance of biotite
(+/—muscovite) in the range of c. 25-80% has a significant impact on
low Vp (< 6.5 £0.01 km/s) metapelite with <20% garnet + sillimanite
(Fig. 7A). Higher Vp (>6.5 km/s), mica-bearing metapelite has >20%
modal abundance of garnet + sillimanite. We interpret this relationship
to indicate that the change from upper amphibolite facies (mica-
bearing) to granulite facies (mica-free) can be interpreted from Vp in
metapelite. The possible presence of both mica-rich and mica-free
metapelite in Taiwan's middle crust (Figs. 6 and 8) is in keeping with
our interpretation that this level of the crust is at upper amphibolite to
granulite facies P and T conditions (Fig. 5).

Most lithologies show a significant increase in Vp with increased
garnet content (Fig. 7B), although there are differences between lithol-
ogies that may reflect the garnet end-member composition (Table 1). For
example, metapelite, whose garnet is richer in the lower velocity end-
member almandine, shows only a weak increase in Vp with increased
modal abundance of garnet (Fig. 7B), indicating that at Vp >6.5 +/—
0.1 km/s sillimanite has a more important effect on the wave-speed
(Fig. 7A), and is therefore possibly a key contribution to the high Vp
in Taiwan's middle and lower crust. Granulite, amphibolite, and
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the bulk rock chemical composition of Taiwan's middle and lower crust 8 E £
that matches it's in situ physical properties. Van Avendonk et al. (2014) E | a&338 %" &
also suggested that the composition of the lower crust (they define lower g ecee- % &
crust as having Vp 6.5-7.5 km/s) beneath Taiwan is mafic. The modelled E‘ 22y
SiO, values are similar to those of basalt (<54% SiO,), but with lower 8 ‘ é %f’ ® 9 3 N % P g
s ] s )
Mg#’s than those of primitive basalt (Mg# >60) (terminology of Kele- T ™ - g =
s . = = o
men et al. (2003, 2014)). The modelled SiO, values for Taiwan are lower e g s g
. . . ()
than those determined for the continental crust by Rudnick and Gao s | a E § § é wezd § N E =3 o
(2003, 2014) but are a close match to the mafic end-members of Hacker 8 g f) E
et al. (2015), and broadly similar to those modelled by Behn and Kele- S 8T E
. .. [ ,E wao a2t —=Romnyoh :03
man (2003) for a warm geothermal gradient at similar values of Vp and = cleaN 2w adaBuwss| B« &
. . . n
depth. The Mg#'s are overall similar to those of Rudnick and Gao (2003, = 4 % =
= %}
2014) and Hacker et al. (2015), but are much less that those modelled by @ 5 8 =
£l = B3I Eerrwao-nd g8
Behn and Keleman (2003) for 40 km and 50 km depth. £ e R Y I R R R I B E 5 b
. o Rt NP
2| = 2 oo =
MR 2B
s g i a,
7. Conclusions é’g_é e AN VN oo naao N Egﬁ
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(5] < T
The AHM modelling carried out in this study indicates that Taiwan's s =] ?é g
w
middle crust is likely comprised of some combination of upper & | ANLSI S a~nano Mmool B -}g
amphibolite to granulite facies felsic (biotite-poor metapelite, garnet- % fesssh@emaNAaa) g § 8
poor felsic granulite) and mafic lithologies (mafic granulite, amphibo- & g £ £
lite), and possibly marble. The lower crust is likely comprised of mafic 2 E Powo¥ o < o= 2 g
. . . . o e . > |8 m NNgETLCSSENa~T 5"5
granulite, garnet-rich felsic granulite, biotite-free metapelite, and eclo- < @ E2 §
gite. The modelled wt% major oxide composition suggests that both the i i N ;
= —_ el
middle and lower crust have an overall mafic chemical composition. ik 28282282 gz §
. c P £ SESEETSER = @
Much more so than those calculated globally for the middle and lower - o e LEE EEEE § 2 § 2 § =
crust. It should be noted that there is uncertainty in the values that we o & SR E 385002 0k|E3 8
. . . . . S A~ e~ R © S
calculate that is due to the P- and S-wave anisotropy in Taiwan's middle E E SESAB<ERECZNE | 2 o
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and lower crust. Furthermore, the modelling reinforces the evaluation of
Hacker et al. (2015) that describing the crust as mafic or felsic on the
basis of seismic wavespeeds should be done with caution, since a high
modal abundance of minerals such as garnet and sillimanite can elevate
the wavespeeds of a metapelite (a felsic rock) to those of mafic rocks
such as eclogite or peridotite. To better asses this concern, the AHM
models provide possible constraints on the major phase mineralogy of
each lithology, and how these minerals affect the physical properties of
the rocks that are being interpreted to occur in situ in Taiwan.
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