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A B S T R A C T   

We analyze deformation bands found in a pyroclastics locality at the Shitiping outcrop in eastern Taiwan, 
allowing close inspection of their features and evolution. To quantify their occurrences and strain distribution, 
we characterize the architecture of deformation bands based on detailed field investigation, including defor-
mation band frequency, core thickness, cluster width, core displacement, and cluster displacement. We observe 
that the attitude, deformation style, quantitative characteristics, and microstructure of the deformation bands at 
the Shitiping outcrop correlate with the porosity, grain size, sorting coefficient, and the derived mean grain 
crushing pressure which are calculated from grain size and porosity of their host pyroclastic rocks. The frequency 
of deformation bands is positively correlated to the porosity and inversely proportional to average grain size and 
sorting coefficient of host pyroclastic layers, indicating that deformation is more localized in coarse-grained 
pyroclastic rocks. The band frequency is negatively correlated to the deformation band maximum displace-
ment, core thickness, and cluster width; and maximum core thickness is negatively correlated to mean grain 
crushing pressure. Conversely, maximum core thickness of deformation band is positively correlated to sorting 
coefficient and average grain size of host rock, suggesting that the maximum core thickness might be affected by 
maximum grain size of pyroclastic layers. Our results indicate that the host rock properties contribute in affecting 
the occurrences of deformation bands.   

1. Introduction 

In response to applied stress, the structures and deformation mech-
anisms that occur in high porosity materials differ from those in con-
tinuum materials. For example, porous materials tend to form 
deformation bands rather than joints or fractures (Fossen et al., 2007, 
2018). Deformation bands are commonly tabular strain localization 
structures occurring in a variety of porous rocks such as sandstones, 
pyroclastic rocks and carbonate rocks with porosity exceeding 15%. The 
patterns of deformation bands inform mechanisms of deformation 
(Cashman and Cashman, 2000; Fossen et al., 2007; Rotevatn et al., 2008, 
2016; Wilson et al., 2003), including how stress and strain were 
distributed under various tectonic regimes (Ballas et al., 2014; Davatzes 
et al., 2003; Fossen et al., 2018; Schultz and Siddharthan, 2005; Soliva 
et al., 2016). Unlike brittle fractures, deformation bands tend to reduce 
porosity and permeability of the host rock and increase cohesion 
(Antonellini et al., 1994; Ballas et al., 2015; Fossen et al., 2007; Kaproth 

et al., 2010), with implications for subsurface hydrocarbon migration 
and carbon dioxide storage (Antonellini and Aydin, 1994; Fossen et al., 
2007; Hesthammer and Fossen, 2000; Shipton et al., 2005). The effects 
on fluid flow path depend on the frequency and permeability of the 
deformation bands (Rotevatn et al., 2009), which are influenced by the 
tectonic regime and lithological properties (Ballas et al., 2014; Cheung 
et al., 2012; Fossen et al., 2007; Rotevatn et al., 2016; Rustichelli et al., 
2012; Schultz et al., 2010; Soliva et al., 2016; Soliva et al., 2013). 
Quantitative documentation of the properties of deformation bands and 
host rocks is thus crucial for scientific and engineering purposes. While 
deformation bands have been extensively investigated in quartz-rich 
sandstones, less is known about deformation bands in pyroclastic 
rocks. Structural analysis of the Reykjanes Peninsula, Iceland reveals 
that local tectonic controls such as perturbed stress fields and spreading 
angle obliquity influence fracture pattern and density in pyroclastic 
rocks (Clifton and Kattenhorn, 2006). Observation of deformation bands 
in ignimbrites indicates that high-porosity non-welded units deform by 
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cataclasis in deformation bands while low-porosity units deform by 
transgranular fractures (Wilson et al., 2003). The type of fault zone 
structure is also found affected by the degree of welding (Wilson et al., 
2003; Riley et al., 2010). The diagenetic minerals in deformation bands 
further suggest preferential fluid flow within deformation bands in the 
vadose zone (Wilson et al. 2003, 2006). However, information on 
quantitative analysis of deformation bands formed under a strike-slip 
regime and the impact from lithology are still lacking. This leads to 
limited knowledge on how contrasting material properties including 
porosity, grain size, grain shape, and sorting coefficient of pyroclastic 
rocks affect the distribution and geometry of deformation bands. 

The well-developed deformation bands exposed in ignimbrites and 
tuff-pyroclastics at the Shitiping locality of the Coastal Range, eastern 
Taiwan (Cavailhes and Rotevatn, 2018) offer a valuable opportunity to 
characterize deformation bands in pyroclastic rocks, and then quanti-
tatively assess the impact of lithological properties on deformation band 
development. The island arc origin of the Shitiping pyroclastics, which 
are now part of the collided arc (Lu and Hsu, 1992; Teng, 1990), also 
suggests that the deformation bands may reflect the rheology of onshore 
to near-shore eruptive volcanics that emerges during the transition in 
tectonic environment from overriding plate at a subduction zone to 
within a collisional orogenic belt. 

This study aims to quantitatively document and explore how litho-
logical properties influence deformation band occurrence through new 
analysis of pyroclastic rocks at the Shitiping locality. We investigate how 
host rock characteristics affect the development of deformation bands 
and consequently deformation pattern, with the goal of understanding 
strain distribution and rheology of pyroclastic rocks. We focus on: (1) 

defining and documenting the characteristics of deformation band 
occurrence including displacement, core thickness, cluster width, and 
frequency; (2) determining host rock properties including porosity, 
grain size, sorting coefficient and the derived mean grain crushing 
pressure; and (3) investigating the relationship between intrinsic host- 
rock properties and the characteristics of deformation band occur-
rence; and (4) discussing the implications for lithological effects on 
deformation band development. 

2. Geological background 

To address the question on how occurrences of deformation bands 
are influenced by rock properties, we focus on the site of Shitiping, 
located in the Coastal Range of eastern Taiwan. The Coastal Range, 
which is dominated by series of volcanic rocks, is the remnant of the 
northern part of the Luzon Arc that resulted from South China Sea 
subduction and the following and ongoing arc-continent collision (Lu 
and Hsu, 1992; Teng, 1990). The Shitiping outcrop comprises 
poorly-sorted subaerial to tidal deposited ignimbrites and pyroclastic 
rocks, the product of explosive eruptions before 4.2 Ma based on 
40Ar/39Ar dating and zircon U–Pb ages (Huang et al., 1988; Lai et al., 
2017). 

The ignimbrites, commonly with welded structures, are matrix- 
supported and predominantly composed of vesicular glassy shards and 
pumices with minor amounts of lithic fragments. Most of the glassy 
shards and pumice fragments are rounded, whereas lithic fragments are 
angular (Song, 1990; Song and Lo, 1987, 2002). Tuff layers exposed at 
Shitiping are usually porous coarse tuffs with grain sizes larger than 

Fig. 1. UAV images of study area and structural cross section. (a) Overview of Shitiping area. Our study focuses on Outcrops 1, 2 and 3. (b) Field photo of outcrop 1. 
(c) Field photo of outcrop 2. (d) Field photo of outcrop 3. 
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0.25 mm (Gillespie and Styles, 1999) and porosity exceeding 16% (Lin 
and Huang, 2017). These tuffs contain 55–80% crystal grains, including 
plagioclase, amphibolite, pyroxene, germarite, and magnetite (Song, 
1990; Song and Lo, 1987, 2002), and 20–45% glassy and lithic 
fragments. 

The Shitiping study site is a ~200 m wide and ~1500 m long area 
that contains three outcrops located along the east limb of the Shitiping 
Syncline (Fig. 1). The deformation bands are widely distributed in the 
Shitiping outcrops, and generally appear as erosion-resistant multi- 
strand clusters with meter-scale length and 0.1–15 cm width. The ap-
pearances of deformation bands are usually band cluster in which 
deformation bands entangle with each other, or single strand of defor-
mation bands (Lin and Huang, 2017). They were initially documented as 
micro-faults by Lai (1995) and more recently as deformation bands by 
Lin and Huang (2017). Cavailhes and Rotevatn (2018) classified these 

deformation bands into three types: disaggregation-dominated pure 
compaction bands (PCB), cataclastic flow-dominated reverse-sense 
compactional shear bands (RCSB), and transverse-sense compactional 
shear bands (TCSB). The porosity of RCSBs and TCSBs are 3–7%, while 
the porosity of PCBs is 17–22% (Cavailhes and Rotevatn, 2018), indi-
cating strong shear-enhanced compaction in the deformation bands. 
Unlike TCSBs, PCBs and RCSBs only occur in host rocks with certain 
grain size and porosity ranges, suggesting that rock mechanical prop-
erties influence the development of deformation bands at Shitiping. 

Fig. 2. (a) Field photo demonstrating measurements 
of deformation band core thickness (DBcoT), defor-
mation band core displacement (DBcoD), deforma-
tion band cluster width (DBclW) and deformation 
band cluster displacement (DBclD). (b) Architecture 
of deformation bands in pyroclastic rocks and illus-
trated definition of key deformation band parameters: 
deformation band core thickness (DBcoT), deforma-
tion band cluster width (DBclW), and deformation 
band core and cluster displacement (DBcoD, DBclD). 
Deformation band core thickness describes how thick 
a single band core is, which is defined as the distance 
between the two boundaries of grain size and porosity 
reduction of the deformation band core. Cluster width 
describes how wide a band cluster is and is defined by 
the distance between the outermost deformation 
band cores of an individual deformation band cluster. 
Displacement of deformation band cluster and core is 
also illustrated.   
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3. Methodology - fabric characterization of deformation bands 
and field/microscopic data acquisition 

3.1. Deformation band core thickness (DBcoT) 

Deformation band core in our study is a strand of deformation band 
whether it entangles with another DB core, which means that a DB core 
can be observed as single strand or in a DB cluster (Fig. 2). Our criteria 
for identifying the deformation band core of Type 3 deformation bands 
are shown in Figs. 2 and 3, and include.  

(i) Compared with pyroclastic host rocks, deformation band cores 
show obvious porosity reduction, grain fracturing, cataclasis and 

mineral alteration that can be observed in the field or under 
microscope (Fig. 3).  

(ii) For deformation bands forming a zone with intervening less- 
deformed deformation band lenses, we identify deformation 
band cores from thin tabular structures with obvious porosity 
reduction, grain fracturing and alteration phenomena, where the 
original texture of host rock is totally obliterated and cannot be 
observed. 

Because the damage zones of deformation band cores are not obvious 
in the field and usually less than 0.5 mm in thickness (Fig. 3), we exclude 
the damage zones in our assessment and define the deformation band 
core thickness (DBcoT) as the distance between the boundaries of 
deformation band core (Figs. 2 and 3). In cases where the deformation 

Fig. 3. Photomicrographs of deformation band core, 
deformation band lens and host rock. (a) Matrix- 
supported deformation band core showing grain size 
and porosity reduction, with sharp boundaries be-
tween host rock and band core, and between highly 
deformed inner core and less deformed outer core. (b) 
Irregular and sharp boundaries between host rock and 
band core, and between highly deformed inner core 
and less deformed outer core. The thickness of inner 
core and outer core vary along strike of the defor-
mation band. (c) Deformation band lenses character-
ized by intra- and inter-granular fractures, indicating 
presence of strain.   

Fig. 4. Field photos and corresponding sketches 
demonstrating measurement of deformation band 
frequency. (a, b) The deformation band frequency is 
measured based on the number of intersections of 
survey line and deformation band cores. (c, d) The 
deformation band cluster consists of multiple entan-
gled deformation band cores. These deformation 
band cores sometimes coalesce or bifurcate in a 
cluster and influence the number of intersections of 
survey line and deformation band cores. Thus, the 
location of survey line may affect the result of 
deformation band frequency.   
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band core is characterized by an intensively deformed, matrix supported 
inner core and less deformed outer core under microscope, the DBcoT is 
defined by the boundary of outer core (Figs. 2 and 3b). Because of the 
typically sharp boundaries of the deformation band core, the DBcoT can 
be measured in the field scale (Fig. 2). The measurements of DBcoT are 
made perpendicular to the strike of deformation bands. 

3.2. Deformation band cluster width (DBclW) 

Deformation band cluster mentioned in our study is a narrow zone 
that deformation band cores are intertwined with each other (Fig. 2). 
This cluster includes the multi-strand bands described by Ballas et al. 
(2012). We define deformation band clusters using the following criteria 
in the field.  

(i) Deformation band clusters consist of several deformation band 
cores with similar attitude, and the intervening deformation band 
lenses are bounded by these cores. The boundaries of a defor-
mation band cluster are defined by the outermost cores.  

(ii) The volumes of rocks trapped within deformation band cluster, 
which we term deformation band lenses, generally exhibit evi-
dence of deformation that can be observed in the field.  

(iii) Deformation band clusters contain obvious deformation and 
shear displacement up to at least mm scale that can be observed 
in the field. 

Unlike the total band thickness which neglects inter-band distance 
employed by Philit et al. (2018), we define the deformation band cluster 
width (DBclW) as the distance between the outermost deformation band 
cores of an individual deformation band cluster to document to volu-
metric scale of a deformation band cluster (Fig. 2). In some cases, the 
damage zone of deformation band cluster can be observed in the field. 
The boundary between the outermost deformation band core of the 
cluster and damage zone is typically sharp and can be identified in the 
field. However, the exact boundaries of damage zone and host rock are 
usually not observable in the field. Thus, similar to the DBcoT, our 
measurement of DBclW excludes the damage zone of the deformation 
band cluster. 

3.3. Deformation band core and cluster displacement (DBcoD, DBclD) 

For documenting the amount of shear displacement on the defor-
mation band structures, we define the deformation band core displace-
ment (DBcoD) for single bands and the deformation band cluster 
displacement (DBclD) for deformation band clusters (Fig. 2). 

3.4. Deformation band frequency 

The attitudes of deformation bands generally strike toward NE-SW or 
NW-SE. To measure the frequency of deformation bands, we set up scan 
lines parallel to strike of bedding (209/18 W) and counted the number of 
deformation bands intersecting the scan lines (Fig. 4). In calculating 
deformation band frequency, we only consider the number of encoun-
tered deformation band cores along the scan line, regardless of their 
attitude. Unlike the term “band density”, which is the “total band 
thickness” divided by the “cluster thickness”, introduced by Philit et al. 
(2018), the deformation band frequency is the number of deformation 
bands per meter and represents the amount of deformation bands in the 
field. 

3.5. Porosity and grain size analysis 

We measured the porosity and average grain size of pyroclastic rocks 
at Shitiping using image analysis of thin sections orthogonal to the strike 
of deformation bands. The porosity is defined by the aerial percentage of 
pore space observed under optical microscope, and the average grain 
size is measured in 2 dimensions and then transformed into 3 di-
mensions based on the equation of Kong et al. (2005). To analyze the 
porosity in thin sections, the pores were dyed with Methylene blue and 
then transformed into binary images showing pore areas and rock areas 
in black and white. The porosity was evaluated by calculating the per-
centages of black pixels in images (Fig. 5). Average grain size was 
analyzed with similar image processing procedure by manual picking of 
grains and lithic fragments in the thin section images (Fig. 5). The 
sorting coefficient was calculated using logarithmic graphical mea-
surement following Folk and Ward (1957). Sorting coefficients higher 
than 1 indicate poorly-sorted host rocks. Due to the spatial scale of our 
analyses that are based on optical thin sections, the calculation of 
average grain size and sorting coefficient excludes the much larger 

Fig. 5. Examples of porosity analysis and grain size analysis. Pores are picked from the (a) photomicrograph and (b) transformed into a binary image with black 
pores and white grains for calculating the spatial percentage of pore space. (c) Grains are transformed into black areas, and the grains with clear boundary are picked 
to do grain size analysis. 
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Table 1 
Data of deformation band frequency and lithological characters of rock units.  

Outcrop 
1 

Avg. grain 
size (mm) 

Sorting 
coefficient 

Porosity 
(%) 

Mean grain crushing 
pressure (MPa) 

Band frequency 
(number/meter) 

Maximum cluster 
displacement (mm) 

Maximum core 
thickness (mm) 

Maximum cluster 
width (mm) 

Unit 1 0.44 2.11 7.18 121.09 1.20 400 20 150 
Unit 2 0.25 2.91 10.44 168.69 5.83 1100 60 90 
Unit 3 0.36 2.88 9.41 111.06 3.86 1150 60 80 
Unit 4 0.27 1.27 1.24 3577.85(X) 4.57 1200 10 480 
Unit 5 0.22 2.28 16.5 96.95 5.98 1200 10 460 
Unit 6 0.28 1.71 8.54 186.56 3.50 1300 5 290 
Unit 7 0.26 1.61 11.41 134.56 17.33 190 3 3 
Unit 8 0.33 1.53 7.95 166.25 6.43 120 10 30 
Unit 9 0.20 1.53 18.53 97.70 13.75 20 3 15 
Unit 10 0.30 3.20 9.89 138.68 2.43 X X X 
Unit 11 0.37 1.20 5.31 253.34 4.43 X X X 
Unit 13 0.39 2.71 11.67 72.85 2.60 X X X 
Unit 14 0.36 1.57 1.58 1591.35(X) 1.00 X X X 
Unit 15 0.16 1.91 7.27 544.33 17.78 X X X  

Outcrop 
2 

Avg. grain 
size (mm) 

Sorting 
coefficient 

Porosity 
(%) 

Mean grain crushing 
pressure (MPa) 

Band frequency 
(number/meter) 

Maximum cluster 
displacement (mm) 

Maximum core 
thickness (mm) 

Maximum cluster 
width (mm) 

Unit 1 0.28 1.53 15.33 139.29 1.67 X X X 
Unit 2 0.25 2.91 10.44 168.69 3.43 1100 60 90 
Unit 3 0.18 1.35 5.31 518.53 4.33 X X X 
Unit 5 0.23 2.28 16.50 96.95 4.13 1200 10 460 
Unit 6 0.28 1.71 8.54 186.56 2.13 1300 5 290  

Outcrop 3 Avg. grain 
size (mm) 

Sorting 
coefficient 

Porosity 
(%) 

Mean grain 
crushing pressure 
(MPa) 

Band frequency 
(number/meter) 

Maximum cluster 
displacement (mm) 

Maximum core 
thickness (mm) 

Maximum cluster 
width (mm) 

Unit 1 0.35 1.05 3.94 434.75 2.63 X X X 
Unit 2 0.36 1.68 9.21 114.70 1.25 X X X 
Unit 3 0.52 0.61 5.46 145.61 4.00 X X X 
Unit 4 0.45 1.23 10.29 70.86 1.50 X X X 
Unit 8 tuff 0.38 1.58 15.62 47.33 3.75 X X X 
Unit 8 

welded 
tuff 

0.28 2.63 8.64 189.49 1.50 X X X  

Fig. 6. Plots of (a) porosity, (b) grain size, (c) sorting coefficient and (d) mean grain crushing pressure of host rocks.  
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volcanic bombs, lapilli and pumice (i.e., only matrix material were 
analyzed). 

3.6. Mean grain crushing pressure 

Another key host rock characteristic is the mean grain crushing 
pressure, a measure of the critical pressure for grain crushing under 
hydrostatic stress regime (Zhang et al., 1990), which is an estimate of 
the minimum pressure/depth for the formation of the deformation 
bands. Based on the experimental results of Zhang et al. (1990), the 
mean grain crushing pressure, P*, is determined using the empirical 
equation P* = (ψR)− 1.5, where ψ is porosity fraction, R is average grain 

size in mm, and P* is the mean grain crushing pressure in MPa. We 
calculated P* using the values of porosity and mean grain size deter-
mined by microscopic analysis as described above. 

4. Characteristics of host rock and deformation bands at the 
shitiping locality 

4.1. Host rock 

The host rocks exposed at the field locality contain a sequence of 
decimeter-to meter-scale tuffs, ignimbrites, and pyroclastic breccias 
with different characteristics. These tuffs and ignimbrites are composed 

Fig. 7. Plots of (a) porosity with grain size and (b) sorting with grain size. The plots provide evidence that the parameters are independent, while also revealing a 
significant variation in the characteristics of lithological units. 
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of fine to medium grains in which the average grain size ranged from 
0.16 to 0.46 mm. They are usually porous (>5%) with porosities of 
~1–~18%, and mean grain crushing pressure ranging from ~47 to 
~570 MPa. Most of these tuffs and pyroclastic rocks are poorly-sorted 
with sorting coefficients larger than 1.0 while few units are moder-
ately well-sorted (Table 1; Fig. 6). The plots of porosity and sorting 
against grain size (Fig. 7) indicate that these parameters are indepen-
dent. And the plots reveal a significant variation with the characteristics 
of lithological units. 

4.2. Deformation bands 

We classified deformation bands at Shitiping into four kinematic 
types based on our field investigation. Type 1 bands are pure compac-
tion band with grain disaggregation striking NNE-SSW (Fig. 8a). Type 2 
bands are compactional shear bands with reverse shear sense and grain 
fracturing striking NNE-SSW (Fig. 8b). Type 3 bands, which are most 
abundant in Shitiping area, are compactional shear bands with strike- 
slip shear sense with cataclasis (Fig. 3). And Type 4 bands are shear 

Fig. 8. Equal-area lower hemisphere projection of deformation bands. (a)Type 1 band. (b) Type 2 band. (c) Type 3 band.  

Fig. 9. Field photos of (a) deformation band core and (b) deformation band cluster.  

Fig. 10. Field photo demonstrating the variation of deformation band ap-
pearances from one lithology to another. The deformation band frequency in 
tuff (grayish unit) is higher than in tuff with abundant volcanic bombs. 
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Fig. 11. Variations of maximum cluster displacement (D), core thickness (T) and cluster width (W) of deformation bands documented in Outcrop 1, indicating that 
displacement magnitude may not be the only control on deformation band core thickness and cluster width. 
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bands with normal shear sense and form along pre-existing Type 3 
bands. To explore how lithologic properties influence the occurrence 
and characteristics of deformation bands, we focus on the well- 
developed and widely distributed Type 3 bands across a range of host 
rock lithologies. Type 3 bands that exhibit a dextral shear sense typically 
strike towards the NE-SW direction, whereas those exhibiting a sinistral 
shear sense generally strike towards the NW-SE direction (Fig. 8c). 

The Type 3 deformation bands exposed at Shitiping may occur as 
single bands or clustered strands (Fig. 9), and are characterized by 
highly deformed tabular core zones resulting from pore collapse and 
grain fracturing with sharp and irregular borders (Figs. 2 and 3). Type 3 
deformation bands vary in appearance (band frequency, single or clus-
tered strands) (Figs. 9 and 10) and strain magnitude (intense in cores 
and conspicuously less in the intervening lenses, Fig. 3), allowing 
quantitative analysis of deformation band characteristics including the 
frequency, core thickness of single deformation bands or cluster width of 
deformation band strands, and displacement of single deformation 
bands or band clusters. 

Deformation band frequency in outcrop 1 ranges from 1.00 to 17.78 
bands per meter, with a maximum cluster displacement of 1300 mm and 
the maximum core thickness and maximum cluster width of 60 mm and 
480 mm, respectively. Deformation bands from outcrop 2 have a fre-
quency that ranges from 1.67 to 4.33 bands per meter, with a maximum 
cluster displacement of 1300 mm, and core thickness and cluster width 
of 60 mm and 460 mm, respectively. In outcrop 3, the band frequency 
varies from 1.25 to 66.0 bands per meter. 

Our measurement of a deformation band cluster within outcrop 1 has 
revealed significant lateral variations in the cluster displacement, core 
thickness, and cluster width (Fig. 11). The locations where maximum 
cluster width and deformation band core thickness occur does not 
coincide with the point of maximum shear displacement. In addition, the 
cluster width varies significantly while shear displacement remains at 
around 1000–1200 mm. This contradicts the generally accepted concept 
that band thickness or cluster width increase with increasing displace-
ment, indicating that the amount of displacement is not the main control 
of deformation band core thickness and cluster width. This observation, 
along the observed frequency variation of deformation bands between 
rock units implies that lithological properties of the host rocks may be 
more important controls on deformation band characteristics. 

4.3. Correlations between characteristics of deformation bands and host 
rock units 

To explore the possible roles of lithologic properties on the devel-
opment of deformation bands, we compared the frequency, maximum 
core thickness, maximum cluster width and maximum cluster 
displacement of deformation bands with the porosity, average grain size, 
sorting coefficient and mean grain crushing pressure of their host rock. 
In order to minimize effects from site characteristics, we focus on data 
from Outcrop 1 to clarify the relationships between host rock properties 
and occurrence of deformation bands. 

Correlations using data in Table 1 show that the average grain size 

Fig. 12. Correlations between host rock properties 
and deformation band characteristics. (a) Correlation 
between average grain size (R) and deformation band 
frequency (F). (b) Correlation between average grain 
size (R) and maximum displacement of deformation 
band (D′). (c) Correlation between average grain size 
(R) and maximum core thickness of deformation band 
(T). (d) Correlation between average grain size (R) 
and maximum cluster width of deformation band 
(W). (e) Correlation between sorting coefficient (SC) 
and maximum core thickness of deformation band 
(D′). (f) Correlation between deformation band fre-
quency (F) and maximum displacement of deforma-
tion band (D′). (g) Correlation between deformation 
band frequency (F) and maximum core thickness of 
deformation band (T). (h) Correlation between 
deformation band frequency (F) and maximum clus-
ter width of deformation band (W).   
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(R) of pyroclastic rocks at Shitiping is weakly negatively correlated to 
band frequency and weakly positively related to the maximum cluster 
displacement, core thickness and cluster width of deformation band 
(Fig. 12). Band frequency is also found to be negatively correlated to 
average grain size for pyroclastic rocks in outcrop 1 (Fig. 13). Although 
there is scatter, the pattern and slope of correlation equation imply that 
the average grain size might be more dominant in affecting band fre-
quency compared to host rock porosity (Figs. 12 and 13). To isolate the 
effect of grain size, we also compared layers in Outcrop 1 (unit 1 and 
unit 15; unit 2 and unit 13) with similar porosity and sorting coefficient 
but different average grain size (Fig. 13). In all cases, increased average 
grain size yields lower deformation band frequency (Fig. 13). 

The relationships between porosity of pyroclastic rocks and band 
frequency (F), maximum cluster displacement (D’), core thickness (T) 
and cluster width (W) of deformation bands exhibit no clear trends, 
suggesting minimal sensitivity to host rock porosity at Shitiping. There 
also lacks obvious correlation between porosity and band frequency at 
outcrop 1 (Fig. 14). To isolate the effect of porosity and band frequency, 
we show data from two units which vary in porosity but have similar 
grain size and sorting coefficient (unit 6 and unit 7, Fig. 14). The higher 
band frequency in unit 7, which is more porous, shows that the porosity 
might be positively correlated to band frequency (Fig. 14). 

Correlations between mean grain crushing pressure (P*) and band 

frequency, cluster displacement, core thickness and cluster width show 
no clear trend in our analysis. 

The sorting coefficient of host rocks at Shitiping is positively corre-
lated to the maximum core thickness of deformation band (Fig. 12e) but 
shows no relationship with band frequency. However, isolating rock 
units with similar grain sizes and porosity values (Unit 2 and 7; Unit 5 
and 9; Fig. 15) shows that the sorting coefficient is negatively correlated 
to band frequency, indicating high deformation band frequency in well- 
sorted host rocks (Fig. 15). 

We also correlated band frequency with maximum core thickness 
(T), cluster width (W) and cluster displacement (D’) for all lithological 
characterizations and find that band frequency is negatively correlated 
to the maximum cluster displacement (Fig. 12f), core thickness 
(Fig. 12g) and cluster width (Fig. 12h). 

5. Discussions - implications for lithological effects on 
deformation band development 

Compared to published lithological effect models for well-sorted 
sandstones (e.g. Soliva et al., 2013), our data show more scatter, likely 
due to varied grain composition and rapid lateral facies changes of tuffs 
and pyroclastic rocks. However, the Shitiping deformation bands that 
developed under similar stress regime still exhibit patterns indicating 

Fig. 13. (a) Grain size effect on occurrence of 
deformation bands in pyroclastic rocks based on data 
from Outcrop 1. (b, c) Example of comparison 
isolating effects from average grain size of host rock: 
with similar porosity values and sorting coefficients 
(SC), deformation band frequency is higher in (b) unit 
of smaller average grain size (unit 2) with respect to 
(c) unit of larger average grain size (unit 13). (d, e) 
Example of comparison isolating effects from average 
grain size of host rock: with similar porosity values 
and sorting coefficients (SC), deformation band fre-
quency is higher in (e) unit of smaller average grain 
size (unit 15) with respect to (d) unit of larger 
average grain size (unit 1).   
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possible host rock – deformation band relationships. 
Deformation bands in pyroclastic rocks result from grain crushing 

and pore collapse which lead to reduced grain size and lowered porosity. 
In pyroclastic rocks, alteration and mineralization in deformation bands 
are also common (Wilson et al., 2003) and affect associated lithological 
properties and deformation band occurrences such as band frequency, 
core thickness and cluster width. Therefore, site characteristics may also 
play a role and complicate the factor analysis. For the studied Shitiping 
locality, the three outcrops are separated by faults and thus each outcrop 
might have accumulated different amount of strain. Additionally, the 
characteristics of host rocks in each outcrop vary, adding to scatter in 
our data. 

5.1. Porosity effect 

Porosity plays an important role in rock failure and strength (Baud 
et al., 2014; Wong and Baud, 2012; Zhang et al., 1990), for example 
uniaxial compressive strength being inversely proportional to rock 
porosity (Zhu et al., 2011). Porosity has also been shown to affect the 
distribution and type of deformation bands in quartz-rich sandstone, 
tuffs and pyroclastic rock (Schultz et al., 2010; Cavailhes and Rotevatn, 
2018). The clearest example of how porosity can influence deformation 
band development is the existence of pure compaction bands in layers 
with highest porosity and largest grain size in Jurassic Navajo sandstone 
(Schultz et al., 2010). 

Our observations of deformation bands in pyroclastic rocks at the 
Shitiping area show that the band frequency is higher in units with 
higher porosity (Fig. 16). Such results are similar to the trend found in 
sandstone reported by Soliva et al. (2013). Rock mechanics experiments 
and thin section observations of Alban Hills Tuff by Zhu et al. (2011) 
also indicated that the inelastic compaction behavior of samples is pri-
marily associated with pore collapse. Wong and Baud (2012) pointed 
out that the initial strain in ignimbrite and carbonate rocks concentrates 
around pore space, indicating that pore collapse is one of the main 
processes of contractional deformation in porous material based on thin 
section observations. Numerical models of ductile deformation in porous 
material led to the same conclusion showing regions with higher 

porosity promoting plastic flow localization into a deformation band 
(Becker, 1987). These works demonstrated that the strain mainly ac-
cumulates in regions with higher porosity where inhomogeneous ma-
terials deformed due to pore collapse, thus deformation bands tend to 
develop in tuff and pyroclastic rock units with high porosity. 

Numerical models of Chemenda et al. (2014) indicated that the 
spacing of deformation bands is controlled by the stiffness contrast be-
tween layers. The model showed that the spacing of deformation band 
decreases where the stiffness of bounding layers increases. Since the 
stiffness is negatively proportional to porosity (Hardin and Beckermann, 
2007), highly porous rocks are more prone to develop deformation 
bands with high frequency. 

5.2. Grain size effect 

Our observations of deformation bands in pyroclastic rocks at the 
Shitiping area show that the band frequency is higher in units with 
smaller average grain size (Fig. 16). We postulate that this is due to the 
effect of grain contact density on degree of strain localization. As grain 
size increases, the contacts per unit volume decrease accordingly. This 
decrease in grain contacts promotes stress concentration and results in 
high value of compressive stress on grain contacts, leading to fracturing 
of grains (Antonellini et al., 1994). Numerical experiments also sup-
ported the concept of grain size effect. The relative sizes between ele-
ments and sample in the numerical experiments can cause different 
value of contact forces. In general, larger element size results in larger 
contact forces (Antonellini and Aydin, 1994), resulting in fracturing of 
grains. This fracturing of large grains is key to initiation of deformation 
band development. We infer that the low grain contact density inhibits 
the formation of more deformation bands and leads to lower deforma-
tion band frequency. 

In contrast, the trend we identify is different from the trend pub-
lished by Soliva et al. (2013), Griffiths et al. (2016) and Skurtveit et al. 
(2014). Based on data gathered from the Uchaux and Orange sand-
stones, Soliva et al. (2013) published a summary model showing that the 
frequency of deformation bands was positively correlated to host rock 
grain size. However, the grain size range in Soliva et al. (2013) was 

Fig. 14. (a) Porosity effect on occurrence of deformation bands in pyroclastic rocks based on data from Outcrop 1. (b, c) Example of comparison isolating host rock 
porosity effects: with similar average grain sizes and sorting coefficients (SC), deformation band frequency is higher in (c) unit of higher porosity (unit 7) with respect 
to (b) unit of lower porosity (unit 6). 
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Fig. 15. (a) Sorting effect on occurrence of defor-
mation bands in pyroclastic rocks based on data from 
Outcrop 1. (b, c) Example of comparison isolating 
effects from sorting coefficient (SC) of host rock: with 
similar porosity values and average grain sizes, 
deformation band frequency is higher in (c) well- 
sorted unit of lower SC (unit 7) with respect to (b) 
poorly sorted unit (unit 2). (d, e) Example of com-
parison isolating effects from sorting coefficient (SC) 
of host rock: with similar porosity values and average 
grain sizes, deformation band frequency is higher in 
(e) well-sorted unit of lower SC (unit 9) with respect 
to (d) poorly sorted unit (unit 5).   

Fig. 16. Lithological effects on occurrence of deformation bands in pyroclastic rocks based on data from Outcrop 1. Porosity of host rocks are positively correlated to 
frequency (F) of deformation band, whereas average grain size and sorting coefficient are negatively correlated. Maximum displacement, thickness and width of band 
are also weakly correlated to the above host rock properties. 
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0.74–1.18 mm, while ours is 0.16–0.45 mm. This might imply scale ef-
fects of grain size ranges or lithology/mineral composition on defor-
mation band frequency. Griffiths et al. (2016) studied how the 
intrinsically variable characteristics of sandstones influenced the dis-
tribution of deformation bands in Triassic Sherwood Sandstone at 
Thurstaston, UK, and found that deformation bands were predominantly 
restricted to poorly sorted and coarse-grained sandstones. Research in 
Boncavaï quarry (Bassin du Sud-Est, Provence, France) made by Skurt-
veit et al. (2014) suggested that the preferential localization of SECB in 
coarse-grained sandstone was controlled by: (1) higher stress concen-
tration on grain contact; and (2) faster compaction and slightly denser 
packing during band formation. The disparity between published results 
and those documented in the Shitiping pyroclastics may be mainly due 
to differences in mineralogical composition and sorting of the host rock. 
Preferred fracturing of weaker grains such as feldspar or volcanic glass 
in host rock has been observed (Cavailhes and Rotevatn, 2018; Del Sole 
and Antonellini, 2019). Del Sole et al., (2020) mentioned the preferred 
fracturing of feldspar grains instead of quartz grains, and the different 
fracturing mechanism (intragranular fracturing of feldspar; spalling and 
flanking of edges of quartz) in arkose sandstone. The preferred frac-
turing can affect the mechanical properties and thus influence stress and 
strain distribution, which potentially plays a role in causing different 
grain size effects on deformation band frequency. Different grain size 
effects on band frequency between pyroclastic rocks and quartz-rich 
sandstones imply that mineralogical composition might also be impor-
tant in affecting the development of deformation bands. 

5.3. Sorting coefficient effect 

Our observations of deformation bands in pyroclastic rocks at the 
Shitiping area show that the band frequency is higher in units with 
higher sorting coefficient (Fig. 16). This phenomenon agrees with 
findings in quartz sandstones, as deformation bands (pure compaction 
bands) occur in layers with narrow grain size ranges for Aztec and 
Navajo sandstones (Antonellini et al., 2014; Cheung et al., 2012; Eich-
hubl et al., 2010; Mollema and Antonellini, 1996; Schultz et al., 2010). 
Compression tests on both well- and poorly-sorted Boise sandstone over 
a wide range of pressure produced compaction localization as compac-
tion bands only in well-sorted samples (Cheung et al., 2012), demon-
strating that compaction localization is controlled by grain size 
distribution and is more prone to occur in well-sorted rocks. 

The mechanism behind sorting effect on deformation band devel-
opment may be related to grain reduction processes and strain distri-
bution. Griffiths et al. (2016) suggested that non-uniform grain-size 
distribution allows smaller grains to distribute the load over large par-
ticles, hence reducing stress concentration between the grains and 
inhibiting deformation band development in poorly sorted sandstone. 
Based on undisturbed fault gouge samples from the Lopez fault zone in 
the San Gabriel Mountains, Sammis et al. (1987) proposed that the 
failure probability of grains depends on the relative size of nearest 
neighbors and the fractal dimension of particle. Numerical experiments 
of Antonellini and Aydin (1994) are in agreement with the idea of 
Sammis et al. (1987) and Griffiths et al. (2016). Results of DEM exper-
iments revealed that grain size distribution can affect the required stress 
during deformation, and that unsorted distribution of grain size material 
requires greater stresses to deform (Antonellini and Aydin, 1994). 3D 
numerical simulation results of Abe and Mair (2005) found that high 
grain comminution rate and fast destruction of large clasts occur mainly 
during initial strain accumulation. These results imply that the small 
grains around large grains may play an important role in keeping large 
grains intact and preventing strain localization structures from devel-
oping in poorly-sorted rocks, which might be the reason for the positive 
correlation between sorting and deformation band frequency. 

6. Conclusion 

The spectacular exposures of deformation bands in pyroclastic rocks 
at Shitiping, eastern Taiwan are quantitatively analyzed to explore 
lithological effects on deformation band development. Clear definition 
and description of quantitative deformation band characteristics 
including deformation band frequency, deformation band core thick-
ness, deformation band cluster width, deformation band core displace-
ment and deformation band cluster displacement are proposed in a 
classification scheme based on detailed field observations, and are 
demonstrated in field measurements. Host rock properties including 
porosity, average grain size, sorting coefficient and derived mean grain 
crushing pressure are acquired from thin section analyses and correlated 
with the deformation band characteristics. The correlation reveals that 
the deformation band frequency tends to be higher in tuff and pyro-
clastic rocks with smaller average grain size, higher porosity, better 
sorting and higher mean grain crushing pressure. Core thickness is 
observed to be related to average grain size and sorting of host rock. 
Correlation also shows that cluster width of deformation bands is 
affected by average grain size. The relations among frequency of 
deformation bands with porosity and sorting of host rock in the Shitiping 
pyroclastics are similar in trend with those found in well-sorted quartz 
sandstones. Correlations between average grain size of pyroclastic rocks 
and deformation band frequency are different from the relation revealed 
by quartz-rich sandstone. We postulate the discrepancy might be due to 
differences in mineral compositions and grain size ranges. Our findings 
indicate that the host rock properties influence the occurrences of 
deformation bands. Development and architecture of deformation bands 
in pyroclastic rocks can therefore be estimated or forecasted based on 
host rock properties. 
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