ltamiya et.al. Progress in Earth and Planetary Science (2019) 6:43 Pro greSS in E a rth an d
https://doi.org/10.1186/540645-019-0287-9 P | aneta ry Science

RESEARCH ARTICLE Open Access

Analysis of the surface microtextures and ")
morphologies of beach quartz grains in
Japan and implications for provenance

research

Hiromi Itamiya'", Ritsuko Sugita' and Toshihiko Sugai®

Abstract

The mineral quartz is highly resistant to weathering, and various surface microtextures are formed and preserved on
quartz grains. These microtextures are considered to reflect the sedimentary history of quartz: parent rock,
transportation process, and depositional environment. Thus, quartz grain surface textures have been widely studied
for applications in provenance research. This study focuses on beach sediments in Japan that contain various quartz
morphologies resulting from the region’s complex geological and geomorphological settings. The goal of the study
was to verify the morphological diversity of these quartz grains and reveal the relationship between the quartz
morphological features and the sampling site in tectonically active regions. We collected beach sands from
backshores in Japan and observed the 15 microtextures of the quartz surfaces using scanning electron microscopy
(SEM). The shapes of the quartz grains were also evaluated in terms of roundness parameters based on SEM
images. Finally, the particle size distribution and mineral composition of the samples were investigated. The results
indicate that quartz roundness can accurately reflect the quartz grain shape and shows a good correlation with the
outline observed by SEM. Mechanical features were more frequently observed on the surface of quartz than
chemical features. Results show that the coastal areas were under high-energy beach. The coastal sand quartz
grains are mainly characterized by (i) v-shaped percussion cracks produced by grain-to-grain collisions in the
subaqueous environment and (i) small holes derived from small inclusion remnants. The v-shaped percussion
cracks are related to the sediment source (e.g., a fluvial or marine source), and the holes on the surface are related
to the geologic source of the quartz grains. The grain size and mineral composition results support the results of
the surface analysis and provide clues regarding sediment provenance. Quartz surface analysis has the potential to
show the morphological variation of the coastal sand and provide useful information on the transportation process
and parent rock even in areas with complex geological and geomorphological settings such as Japan. The relation
between the quartz morphological features and sampling site was based on previous study; however, to develop
the analysis, the relation between unweathered quartz shape and parent rock must be clear.
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Introduction

Quartz, a common rock-forming mineral, is highly re-
sistant to weathering (Goldich 1938). Transportation
and deposition processes cause numerous microtextures
to be formed and preserved on the surfaces of quartz
grains (Margolis and Kennett 1971; Krinsley and Door-
nkamp 1973). Thus, the microtexture of a quartz surface
(MQS) reflects the sedimentary history of the quartz
grain: its parent rock, transportation process, and depo-
sitional environment. MQS has been extensively studied
using scanning electron microscopy (SEM), and the rela-
tionship between MQS and sedimentary history has
been investigated (e.g., Krinsley and Doornkamp 1973;
Le Ribault 1977; Mahaney 2002). The effectiveness of
the MQS analysis has been demonstrated in provenance
studies focused on, for example, tsunami and storm de-
posits (Costa et al. 2012, 2018; Bellanova et al. 2016),
tsunami modeling (Mahaney and Dohm 2011), in situ
and eolian origins (Newsome and Ladd 1999), and frost
weathering and glacial grinding (Woronko 2016).

In Japan, the relation between morphological features
of quartz and its sedimentary history may be different
from that detailed in a previous study regarding land-
mass. Japan is an island arc located in an active contin-
ental margin that is one of the most tectonically active
regions in the world (Moreno et al. 2016). Japan’s com-
plex landmass comprises numerous rock types, including
plutonic, volcanic, and metamorphic rocks. Geomorpho-
logically, the Japanese Islands are 59% mountains, 6%
volcanoes, and 35% hills and coastal lowlands (Yonekura
2001). Japan is prone to rainfall-induced shallow land-
slides as a result of its high-relief topography and heavy
rainfall during the East Asian summer monsoon season
(Saito et al. 2010). This unique combination of geomor-
phological and climatic features results in rapid geomor-
phological changes in Japan (Oguchi et al. 2001). For
these reasons, the Japanese Islands possess various
source rock types, along with distinctive conditions for
sediment transport and deposition. Therefore, various
types of MQS may be observed reflecting complex land-
masses, and MQS analysis can provide in-depth infor-
mation about sedimentary history to contribute to
provenance research. In Japan, however, only a few stud-
ies have estimated sediment provenance based on a vari-
ation in MQS (Mii and Fuji 1970; Okubo and Monodane
1974). Other researches have estimated fault activity
using not MQS types but quartz surface relief (Kanaori
et al. 1980, 1985, 1991; Niwa et al. 2016). It is necessary
to gain fresh insight regarding morphological diversity of
quartz and its relationship with sedimentary history to
facilitate provenance studies of tectonically active
regions.

In this study, we evaluated the morphologies and surface
microtextures of quartz grains from beach sediments in
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Japan with the goals of (1) verifying the morphological di-
versity of quartz grains in Japan and (2) revealing the rela-
tionship between quartz morphological features and the
geomorphological and/or geological settings of sediment
deposition. Beach sands were collected from 18 sites char-
acterized by different sediment sources and transport pro-
cesses. Among the 18 sites, nine were located in close
proximity along the sandy coastline to evaluate the mor-
phological diversity of quartz grains across this area.

Geological setting

Figure 1a provides a map of the sampling sites, and the
geological maps of the different sampling areas are
shown in Fig. 1b-f. The map in Fig. 1a was revised based
on a digital map (Map Image) called GSI Map (Geospa-
tial Information Authority of Japan 2013), and the geo-
logical maps (Fig. 1b—f) were revised based on the
geological map of Japan (Geological Survey of Japan, Na-
tional Institute of Advanced Industrial Science and
Technology 2015). The tectonic lines shown in Fig. 1c, f
are taken from the tectonic summary map (Moreno et
al. 2016).

Area |

Area I is located in Shimokita Peninsula, Aomori Prefec-
ture (Fig. 1b). The eastern coastline of area I faces the
Pacific Ocean, and the western line faces toward Mutsu
Bay. Towada volcano, which is located to the southwest
of the sampling sites, erupted at the rate of once every
1000 and 2000 years over the past 10,000 years (Haya-
kawa 1985) and spread some volcanic ash to the north-
east, east, and southeast (Machida and Arai 2003).
Towada volcano and the surrounding area are covered
with basaltic andesite to rhyodacite with phenocrysts of
plagioclase, augite, hypersthene, magnetite, and occa-
sional olivine (Hayakawa 1985; Machida and Arai 2003).
This area also includes moderately sized hills covered
with volcanic and pyroclastic rocks (Pleistocene to
Holocene), along with a few rivers with lengths up to
140 km near the sampling sites. The geological setting
of the sampling site is sedimentary rock (Pleistocene
to Holocene) (Tsushima 1964; Kamada et al. 1991).

Area ll

Area II is located in Niigata and Toyama Prefectures
(Fig. 1c). The coastline of this area faces the Sea of
Japan, and the southern part of area II contains a large
mountainous area with an elevation of over 3000 m,
known as the “Japanese Alps.” Steep rivers flow over
plains from the Japanese Alps to the Sea of Japan [e.g.,
the average river slope of the Hime River is 1/80 (Handa
et al. 2013)]. The water levels of these rivers are in-
creased by meltwater from the Japanese Alps in the



Itamiya et al. Progress in Earth and Planetary Science (2019) 6:43 Page 3 of 14
a ’f/ j41°30°E
45°N (2)
10  20km
-_—
1 40°N
Mutsu Bay
41N
[-2
. Pacific
35°N Ocean
-3
Ogawara -4
30°N I-5
i |130°E | 135°E | 140°E
C./137°E o 20 o A [138°E 141°E
L e—

Hime
The Sea of Japan River

TectoniciLine

‘Jtoigawa Shizuokay

Lake .~

Hinuma

Lake
Kitaura

0 10 20km
e —

Ibaraki Prefecture

Pacific Ocean

Lake 360N_

Kasumigaura

Tone River

Kanto Plain

Sedimentary rock
(Late Pleistocene~Holocene)

Sedimentary rock
_| (~Middle Pleistocene)

Volcanic rock

Plutonic rock

Metamorphic rock

Others

;ﬂ\ Chiba Prefecture 35°40’ N—

[ 34°20'N
134°30'E

Fig. 1 Map legends correspond to b~f. a Map of the sampling areas in Japan. b Geological map of sampling area I. ¢ Geological map of
sampling area II. d Geological map of sampling area Ill. @ Geological map of sampling area IV. f Geological map of sampling area V

snowmelt season (Fukuda 1939; Fukuda and Sekiguchi
1940). The geological settings of the river basins are
complex, and various sediment types such as igneous,
sedimentary, and metamorphic rocks cover the area
(Sakamoto et al. 1967; Yamada et al. 1989; Takeuchi et
al. 1994; Harayama et al. 1996). The Itoigawa—Shizuoka

Tectonic Line (ISTL) runs from north to south along
the Hime River valley. The eastern side of the ISTL is
dominated by sedimentary and volcanic rocks, whereas
plutonic and metamorphic rocks cover the western side
(Sakamoto et al. 1967; Yamada et al. 1989; Harayama et
al. 1996).
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Area lll

Area III is located in Ibaraki and Chiba Prefectures
(Fig. 1d) within the Kanto plain. The eastern coastline is
a sandy beach that faces the Pacific Ocean. The Naka
River has a length of 150 km and is covered with Qua-
ternary volcanic at upper reach, Paleozoic sediments at
middle reach, and Quaternary strata at lower reach (Ya-
mamoto et al. 2000; Yoshioka et al. 2001). The Tone
River, which is the second longest river in Japan, has a
length of 322 km. The Tone River flows from the moun-
tainous area, which is primarily covered with Cenozoic
volcanic and Mesozoic sedimentary rocks, and then
through the alluvial plain (Sudo et al. 1991). The Kanto
plain is filled with Neogene—Quaternary sediments
(Unosawa et al. 1983; Yoshioka et al. 2001).

Area IV

Area IV is located in Izu Peninsula, Shizuoka Prefecture
(Fig. 1le). The elevation of the peninsula is less than
1500 m. This area contains no long rivers and is widely
covered with Neogene to Quaternary volcanic rocks
(e.g., andesite and basalt) (Sugiyama et al. 2010; Takeu-
chi et al. 2015). Narrow beaches with widths of several
tens of meters are developed along the peninsula, as in-
dicated by the GSI Map (Geospatial Information Au-
thority of Japan 2013).

Area V

Area 'V is located on the island of Shikoku in Tokushima
Prefecture (Fig. 1f). The Yoshino River, which has a
length of 194 km and flows near the Median Tectonic
Line, supplied the beach sediments around the sampling
site (Mitsui et al. 1979). The northern side of the river
course is covered with sedimentary rock, whereas the
southern side is covered with regional metamorphic rock
(e.g., green schist) (Isomi 1959; Makimoto et al. 1995;
Matsuura et al. 2002).

Methods/Experimental

Several hundred grams of beach sand were collected
from the surface of the backshore at each of the 18 sites
in areas I to V (Fig. 1): nine samples from area I (Ao-
mori), four samples from area II (Niigata and Toyama),
three samples from area III (Ibaraki and Chiba), one
sample from area IV (Shizuoka), and one sample from
area V (Tokushima). Beach sands at sandy coast were
collected from a few meters upper from shoreline at full
flood during March~August (Spring~Summer).

Among the nine samples collected from area I (Ao-
mori), six samples (I-1 to I-6) were taken from the beach
facing the Pacific Ocean, and the remaining three (I-7 to
I-9) were collected from the beach facing Mutsu Bay.
The area I samples were used to detect the morpho-
logical diversity of quartz grains across the area. In area
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II (Niigata and Toyama), three samples were collected
near river mouths: 0.3 km west of the Seki River (II-1,
Niigata), 6 km west of the Sakai River (II-2, Niigata), and
3 km north of the Hayatsuki River (II-3, Toyama). The
fourth sample (II-4, Toyama) was collected 20 km from
the adjacent major river mouth of the Oyabe River. Sam-
ples II-1 and II-3 were collected from river plains,
whereas II-2 and II-4 were taken from beaches facing
the hill. In area III (Ibaraki and Chiba), three samples
were collected near river mouths: 6 km north of the
Naka River on a pocket beach (III-1, Ibaraki), 2 km
north of the Tone River (III-2, Ibaraki), and 4 km south
of the Tone River on a pocket beach (III-3, Chiba). As a
reference, fluvial sediment from Tone River was col-
lected at III-4 and was analyzed without mineral com-
position. In area IV (Shizuoka), IV-1 was collected from
a sandy beach located behind the hill. In area V
(Tokushima), V-1 was collected 0.3 km north of the
mouth of the Yoshino River. In this study, we call “area
I” as area name, “site I-1” as sampling site name, and
“I-1” as sample name.

Analysis of grain size and mineral composition

Particle size distribution was measured using a laser dif-
fraction particle size analyzer (Shimadzu, SALD-3000S),
and the mineral composition of each sample was deter-
mined using a stereomicroscope. For each sample except
fluvial sediment III-4, over 500 sand particles with sizes
in ranging from 0.1 to 1 mm were observed and classi-
fied into four groups with reference to the method of
Ishii (Ishii et al. 2009): “colored minerals,” “magnetic
minerals,” “colorless minerals,” and “rock fragments and
others.”

Analysis of quartz shape and surface

The dried sand samples were treated chemically to re-
move carbonates, iron oxides, and organic matter (Vos
et al. 2014), and clay, silt, and other small particles at-
tached to the sand grain surfaces were removed by wet
sieving using an aperture size of 0.1 mm without ultra-
sonic vibration (Porter 1962). Quartz grains with sizes in
the range of 0.1 to 1 mm were randomly handpicked
under a stereomicroscope and placed on SEM stubs.
After coating with a layer of platinum (JEOL, JFC-1600),
20 quartz grains for each sample were observed by SEM
(JEOL, JSM-6610LV).

Each quartz grain was captured in a secondary elec-
tron image, and the quartz grain shape was evaluated
based on the SEM images using the free software Image]
v1.49 (Abramoff et al. 2004; Schneider et al. 2012). Ima-
ge] was used to determine the shape parameters, includ-
ing circularity, aspect ratio, and roundness, followed by
the calculation of a roundness parameter, R (Takashi-
mizu and liyoshi 2016). R parameter denotes circularity
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corrected by aspect ratio and shows the smoothness of
grain outline.

MQS was observed with reference to the classification
table of Vos et al. (2014). A total of 15 microtextures
were observed (Table 1), and the number of grains pos-
sessing each microtexture was counted in every sample.
A microtexture was considered to be present in a grain
when the features of that microtexture were observed at
more than two points on the grain or covered more than
10% of the grain surface (Higgs 1979).

Results

The grain size analysis results are shown in Table 2 and
Additional file 1: Figure S1. The median particle size of
samples was from @ -0.2 to 2.4. Most coastal samples
contained fine to coarse sand with almost no clay or silt.
Most of the samples except I-3 (Aomori) and III-4
(Chiba, fluvial sediment) were well sorted. Figure 2 and
Table 2 show the mineral composition of each sample.
Samples in area I (Aomori) and IV (Shizuoka) contained
large amount of colored and magnetic minerals. Samples
in area II (Niigata and Toyama), III (Ibaraki and Chiba),
and V (Tokushima) comprised large amount of colorless
minerals, rock fragments, and others.

Figure 3 shows the secondary electron images of the
quartz grains. Table 2 and Additional file 2: Figure S2
show the calculated quartz roundness parameter for
each sample. The standard deviation in roundness for all
samples ranged from 0.03 to 0.05, and the greatest dif-
ference in roundness was observed between I-2
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(Aomori), III-3 (Toyama), and V-1 (Tokushima). I-1 to
I-3, I-5, I-7 to I-9 (Aomori), II-4 (Toyama), III-1 (Ibar-
aki), III-3 (Chiba), and IV-1 (Shizuoka) contained grains
with B-quartz shapes (Fig. 3h). The frequency of each of
the 15 observed surface microtextures in each sample is
shown in Fig. 4. Mechanical features such as conchoidal
fractures, arcuate steps, and straight steps were common
in the samples, and grains exhibiting a rounded outline
and row relief (e.g., I-2 and I-8) also exhibited these
mechanical features on the surface. By contrast, surface
features attributed to chemical reaction (e.g., oriented
etch pits and silica precipitation) were rare in all sam-
ples. Two types of MQS with large differences were ob-
served: v-shaped percussion cracks and small holes; the
frequencies of these two MQS types are shown in
Table 2.

Area I, Aomori

Moving along the coastline, the median grain diameter
decreased from @0.8 to 2.4 from I-1 to I-6 (Table 2). I-3
contained coarse particles and exhibited poor sorting
(Additional file 1: Figure S1). The mineral composition
differed greatly between samples; the proportion of col-
ored minerals and magnetic minerals increased in the
southern area from 16% (I-1) to 86% (I-6) and from 10%
(I-7) to 91% (I-9) (Fig. 2). Most observed colored min-
erals such as augite and hypersthene exhibited euhedral
crystal shapes. The proportions of colorless minerals and
rock fragments increased in the northern area. All
nine samples in area I contained rounded grain

Table 1 Observed microtextures and their morphological features. C: chemical features, O: original features, M: mechanical features

No.  Microtexture Morphological feature

Type Image (Fig. 3)  Reference

1 Crystal overgrowth Thick layers of subhedral to euhedral mineral @ j Pittman 1972; Marzolf 1976
precipitations

2 Silica precipitation Thin layer or droplets of silica precipitation C k Le Ribault 1977; Higgs 1979

3 Oriented etch pits Regular and oriented depressions C I Amelinckx 1964; Margolis 1968,

4 Solution pits Regular and circular holes C m Higgs 1979

5 Small holes Small remnants of small liquid or gas inclusion O n, o Le Ribault 1977; Higgs 1979

6 Large holes Large remnants of large liquid inclusion @) p -

7 Upturned plates Jagged outline and irregular in height M q Margolis and Krinsley 1974; Krinsley

et al. 1976

8 Flat cleavage face Breakage patterns parallel to the quartz cleavage M cer Krinsley and Doornkamp 1973
planes

9 V-shaped percussion cracks Usually triangular shaped depressions with an M g,s Higgs 1979
average depth of 0.1 um

10 Crescentic percussion marks — Cone-shaped fractures M t Campbell 1963; Le Ribault 1977

11 Small conchoidal fracture Shell-like breakage patterns (< 10 pm) M u Krinsley and Doornkamp 1973

12 Medium conchoidal fracture  Shell-like breakage patterns (10~100 pum) M u Krinsley and Doornkamp 1973

13 Large conchoidal fracture Shell-like breakage patterns (100 um<) M v Krinsley and Doornkamp 1973

14 Arcuate steps Arcuate and successive step-like features M o,u Cardona et al. 1997

15 Straight steps Straight and successive step-like features M o} Cardona et al. 1997
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Table 2 Results of grain size distribution, mineral composition (n > 500), roundness of quartz, and frequency of two characteristics
microtextures. Italic characters show > 0.75 (roundness) and > 50% (frequency of v-shaped percussion cracks and small holes)

Sample Median diameters (0) Dominant mineral composition group Roundness V-shaped percussion cracks (%) Small holes (%)
-1 038 CL 079 100 5
-2 20 C 080 90 5
-3 1.0 C 080 80 10
-4 1.3 C 0.79 85 20
I-5 2.1 M 0.77 65 5
I-6 24 M 0.77 85 0
-7 12 R, CL 0.77 75 10
-8 04 R, CL 0.79 90 5
-9 20 M, C 0.79 90 10
[1-1 1.7 R, CL 0.72 15 35
1% 1.1 R, CL 0.74 30 70
-3 -0.2 CL 0.75 25 95
-4 13 CL 073 70 80
-1 20 CL 0.76 95 25
-2 23 CL 0.76 55 15
-3 02 CL 0.80 95 0
I1-4° 1.3 - 0.79 85 10
V-1 13 R 0.78 80 5
V-1 1.7 R 0.71 30 80

“Means fluvial sediments
Italic characters showing over 50%

outlines (R>0.75, Table 2). The surfaces of all sam-
ples in this area exhibited a high frequency of
v-shaped percussion cracks (>60%), medium con-
choidal fractures (>45%), and straight steps (>45%),

whereas small holes were rare (<20%) (Fig. 4). analysis, colorless

minerals,

Area ll, Niigata and Toyama
Moving along the coastline, the median grain diam-
eter increased from ®1.7 to - 0.2 from II-1 to II-3
(Table 2). On the basis of the mineral composition
rock fragments, and

100%

80%

60%

40%

20%

0%

-1 1-2 1-3 -4 1-5 -6 1-7 I-8 I-9

Fig. 2 Mineral composition of each sample (n > 500)

n-1n-21-310-4  H-111-211-3

IV-1

gErock fragment and
others
[ colorless mineral

# magnetic mineral

colored mineral
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Fig. 3 SEM images. a Quartz grain of sample I-1 with rounded
outline and low relief. b Quartz grain of sample I-4 with rounded
outline and low relief. ¢ Quartz grain of sample |-7 with flat cleavage
face (arrows). d Quartz grain of sample II-2 with angular outline and
high relief. e Quartz grain of sample Il-4 with flat cleavage face
(arrow). f Quartz grain of sample Ill-2 with elongated grain shape. g
Quartz grain of sample llIl-3 with rounded outline and many v-
shaped percussion cracks. h Quartz grain of sample IV-1 with B-
quartz shape. i Quartz grain of sample V-1 with angular outline. j
Crystal Overgrowth in sample 1-8. k Silica precipitation in sample |-
8. 1 Oriented etch pits in sample IlI-3. m Solution pits in sample 1-6. n
Small holes in sample II-3. o Arcuate and straight steps with small
holes (arrows) in sample Ill-2. p Large holes (arrow) in sample I-1. q
Upturned plates in sample IV-1. r Flat cleavage face (arrow) in
sample |-7. s V-shaped percussion cracks in sample I-9. t Crescentic
percussion marks (arrows) in sample 1-8. u Small (<10 um) and
medium (10-100 um) conchoidal fractures with arcuate steps in
sample |I-5. v Large (>100 pm) conchoidal fracture (arrow) in
sample -6

others were dominant (Fig. 2, Table 2). The propor-
tion of colorless minerals increased in the western
part of area II from 45% (II-1) to 77% (II-4). Quartz
roundness was less than 0.75, and the grain outlines
were more angular than those in the other areas
(Table 2). A high frequency of v-shaped percussion
cracks (70%) was observed in sample II-4, and all
samples, except II-1, exhibited high frequencies of
small holes (>70%) (Table 2).

Area lll, Ibaraki and Chiba

Although III-2 (Ibaraki) and III-3 (Chiba) were col-
lected from sites separated by only ~ 6 km, their me-
dian diameters were markedly different (Table 2).
Large amounts of colorless minerals, rock fragments,
and others were observed in all three samples from
area III (Fig. 2, Table 2). III-3 contained highly
rounded quartz grains (Table 2). V-shaped percussion
cracks were observed on the grain surfaces in all
samples, whereas small holes were rare (<30%)
(Table 2). The number of large conchoidal fractures
exceeded the number of small conchoidal fractures in
II-3 (Fig. 4).

Area IV, Shizuoka

The median grain diameter of IV-1 was ®1.3
(Table 2). As in area I, colored and magnetic mineral
groups were common (47%) in area IV (Fig. 2). The
grains exhibited rounded outlines (Table 2). Medium
conchoidal fractures and v-shaped percussion cracks
were abundant on the grain surfaces (80%), whereas
features related to chemical reactions were sparse.
Small holes on the grain surfaces were also rare
(Table 2).
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Fig. 4 Frequency of each microtexture on the quartz grain
surfaces of each sample (n=20): a area | and b areas II-V. The

-1 microtextures are defined as follows. 1 Crystal overgrowth; 2
silica precipitation; 3 oriented etch pits; 4 solution pits; 5 small
holes; 6 large holes; 7 upturned plates; 8 flat cleavage face; 9
I-2 V-shaped percussion cracks; 10 crescentic percussion marks; 11
small conchoidal fracture (< 10 um); 12 medium conchoidal fracture
-3 (10-100 pm); 13 large conchoidal fracture (> 100 pm); 14 arcuate steps;
15 straight steps
g -4
)
c
] -5 Area V, Tokushima
& V-1 had a median diameter of ®1.7 (Table 2) and a
16 high proportion of rock fragments (>70%), most of
which were green schist (Table 2). The quartz grains
-7 exhibited spatulate shapes and had the lowest round-
ness among all areas (Table 2). The grain surfaces in
8 V-1 were characterized by sparse v-shaped percussion
cracks (30%), abundant small holes (80%), and abun-
Lo dant small and medium conchoidal fractures (>70%)
(Fig. 4, Table 2). The existing v-shaped percussion
12345678 9101112131415 cracks were only partially observed and existed mainly
Microtextures at the grain edges, and the area of surface coverage
b " was low.
II-1 Discussion
Grain size and mineral composition
-2 Grain size and mineral composition differed markedly
between sampling areas. Thus, the analyses can be used
113 to estimate sediment provenance in some areas. In area
I (Aomori), grain size and mineral composition showed
s II-4 distinct trends with location along the coastline (Fig. 2,
= Table 2). Mineral composition trend is considered to be
g -1 attributed by the presence of volcano. This area is cov-
E ered with terrace deposit and volcanic rocks (Yoshida
-2 2017). Grains with B-quartz shapes were contained in
samples except for I-4 and I-6. Quartz occurred as euhe-
I3 dral phenocrysts in such as rapidly cooled extrusive and
hypabyssal rocks (Gribble and Hall 1992). By micro-
-4 scopic observation, samples taken from the southern
(river) area contained abundant magnetic minerals and colored
minerals such as augite and hypersthene, which is also
V-1 contained in tephra of Towada volcano (Hayakawa 1985;
Machida and Arai 2003). Although a more detailed in-
V-1

\

1234567 8 9101112131415
Microtextures

vestigation is needed to clearly identify the provenance
of colored and magnetic minerals in area I, coastal sand
in the southern part of area I were more strongly influ-
enced by pyroclastic deposits of volcano. The change in
the proportion of heavy minerals along the coastline
may indicate the direction of coastal drift. The direction
of sand drift in this area is north near site I-3 to I-6, no
direction near site I-2 and south near site I-1 (Sato et al.
1972). However, in this study, the median diameter of
the samples was larger in the northern part of area I
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than in the southern part. Thus, sand drift does not
likely explain the observed differences in mineral com-
position in area I. So what caused variation in grain size
distributions? It appears that many factors relate to
grain-size trend such as offshore bathymetry, wave en-
ergy, sediment composition, and sand grain size in par-
ent rock. It is hard to decide the main cause by the
result of mineral composition and quartz morphology,
so other data is needed to explain the grain-size trend in
this area.

In area III (Ibaraki and Chiba), although the sam-
pling locations of III-2 (Ibaraki) and III-3 (Chiba)
were close to one another (6 km apart), these samples
had completely different grain sizes (Table 2). For
comparison, the median diameter of the fluvial sedi-
ments III-4, 8 km upstream of the mouth of the Tone
River, was larger than III-2 (Table 2). Sato et al.
(2000) and Uda et al. (2007a) reported that beach
sand at site III-2 was supplied from the Tone River.
Conversely, grain size at III-3 was larger than fluvial
sediments III-4 and the coastal line shows a natural
pocket beach. In consideration of the grain size and
geomorphological setting, III-2 was likely derived
from a fluvial supply, whereas the origin of III-3 was
not fluvial. That is, III-2 and III-3 originated from
different sources.

In area V (Tokushima), the types of rock fragments
found in the samples also provide clues as to the ori-
gins of the quartz grains. V-1 contained a large num-
ber of rock fragments, most of which were identified
as green schist (Table 2). Green schist covers a wide
area of the drainage basin of Yoshino River, which
flows near site V-1 (Isomi 1959; Makimoto et al.
1995; Matsuura et al. 2002). This suggests that sedi-
ments, including fragments of green schist, were
transported from the upstream area of Yoshino River
and deposited on the beach.

Quartz shape

In the classification table of Vos (Vos et al. 2014), grain
outline is divided into three groups based on appear-
ance: angular, subangular, and rounded. We attempted
to quantify grain outline in this study. Quartz outline
was evaluated based on a new roundness parameter cal-
culated in Image] (Takashimizu and liyoshi 2016). This
parameter accurately reflects the quartz outline ob-
served in SEM images and provides a consistent in-
terpretation of sediment supply and parent rock, as
detailed below.

The samples from areas II (Niigata and Toyama) and
V (Tokushima) exhibited roundness values under 0.75
and relatively angular grain outlines (Fig. 3d, e, i) com-
pared to the samples from the other areas. In area II
(Niigata and Toyama), where steep rivers flow, grains
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are thought to be transported in high-energy subaqueous
environments without edge rounding (Helland and
Holmes 1997), resulting in angular outlines. V-1
(Tokushima) was also influenced by river supply
(Yoshino River) and showed the lowest roundness
among all samples. Pyokdri (1997) also stated that
roundness of sediment grains at beach discharged from
river was poor. Another reason for V-1 showing angular
outline was the parent rock. V-1 is likely derived from
green schist, containing irregular shaped oblate quartz
(Nishikawa et al. 1994). Thus, the angular quartz outline
of V-1 may have resulted from regional metamorphism.

On the other hand, I-1 through I-9 (Aomori), III-3
(Chiba), and IV-1 (Shizuoka) contained relatively
rounded quartz grains (R > 0.75) partly because the cor-
responding sediments were not influenced by a large
river and were subjected to long periods in coastal envi-
ronments. Thus, the rounded grain outlines likely re-
sulted from long transport distance and time or large
amount of recycled sediments (Madhavaraju et al. 2009).
Alternatively, the rounded grain outline may reflect the
original grain shape generated by the parent rock. As in-
dicated in previous studies, grain outline is related to
both the transportation process and the original grain
shape of the source rock (Goudie and Watson 1981;
Kleesment 2009; Costa et al. 2013). In this study, the
geological settings of sampling area containing rounded
quartz grain are volcanic rock or ash. The samples in
area I (Aomori) were influenced by the volcano, and
most of area IV (Shizuoka) is covered with volcanic sedi-
ment (Hayakawa 1985; Machida and Arai 2003; Sugi-
yama et al. 2010; Takeuchi et al. 2015). III-3 (Chiba)
contains grains with B-quartz shapes which are thought
to be influenced by volcanic rock (Gribble and Hall
1992). The rounded quartz grains observed in this study
may be attributed to the original shapes of the volcanic
rocks, along with the depositional environment.

Quartz surface features

Quartz grains from coastal environments are character-
ized by subangular to rounded outlines, silica precipita-
tion, oriented etch pits, and v-shaped percussion cracks
(Krinsley and Doornkamp 1973; Higgs 1979). In this
study, features produced by pressure or powerful im-
pacts on grains such as flat cleavage face, small to large
conchoidal fractures, arcuate steps, and straight steps
were common in all samples, whereas features produced
by chemical reaction were sparse. This microtextural
trend corresponded to the neither nearshore nor dune
but beach sample in Costa’s model, namely fresh sur-
faces and percussion marks are dominant features (Costa
et al. 2012). Moreover, Margolis (1968) reported that
sand grains from beaches with low wave activity (mean
wave height, 0-0.1 m) exhibit features produced by
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chemical reaction, whereas grains from high-energy bea-
ches (mean wave height, 0.5 m<) show mechanical fea-
tures. Mean wave heights of studied areas in 2016 were
approximately 0.7 m for area I Aomori; 0.3-0.6 m for
area II, Niigata and Toyama; 0.8 m for area III, Ibaraki
and Chiba; 0.6 m for area IV, Shizuoka; and 0.3 m for
area V, Tokushima (Nationwide Ocean Wave informa-
tion network for Ports and HArbourS, NOWPHAS
2016). This suggests that all 18 samples in this study
were subjected to moderate to high energy beach
conditions.

In the course of this study, 15 types of surface micro-
textures were observed, with large differences in micro-
texture frequency observed between two of them:
v-shaped percussion cracks and small holes (Fig. 4,
Table 2). Conchoidal fractures (Nos.11-13) and steps
(Nos.14-15) could not be used because they were very
common among all the samples. The size of conchoidal
fractures may not be related to the sedimentary history
but were related to the grain size (Fig. 4, Table 2). Other
microtextures except v-shaped percussion cracks and
small holes could not be used to interpret the sediment-
ary history clearly because they were rare frequency or
no definitive differences in all samples (Fig. 4). There-
fore, two surface features are considered to be character-
istic features that reflect the diversity of the beach sand
samples, as discussed in detail below.

V-shaped percussion cracks

In the subaqueous environment, v-shaped percussion
cracks are produced by grain-to-grain collisions (Krins-
ley and Doornkamp 1973; Margolis and Krinsley 1974;
Mahaney and Kalm 2000). In this study, the observed
differences in the frequency of this feature are thought
to show the transportation process. No major river
mouth is located near the sampling sites in areas I (Ao-
mori) and IV (Shizuoka), where the grains have many
percussion cracks; by contrast, sites II-1 through II-3
(Niigata and Toyama) and V-1 (Tokushima), in which
the grains exhibited few percussion cracks, were located
near the mouths of rivers. This correlation is discussed
below in terms of the geomorphological settings of
Japan. Compared to rivers in other parts of the world,
most rivers in Japan are short and steep, and the sedi-
ment yields from steep watersheds are much larger than
those from less steep watersheds (Ohmori 1983; Oguchi
et al. 2001). Fluvial sediments in Japan are thought to
have short transport times in the subaqueous environ-
ment before being deposited on the coast. II-1 to II-3
and V-1 did not have quartz grains with marine charac-
teristics (i.e., rounded outlines, medium relief, silica pre-
cipitation, and v-shaped percussion cracks) (Krinsley and
Doornkamp 1973; Higgs 1979; Vos et al. 2014). These
samples, which were collected near a river mouth, are
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thought to have been influenced by river supply. The
sediments corresponding to these samples were only lo-
cated on the coast for a short time as a result of the
large amount of sediment supply from rivers (0.9~6.2 x
10° m®/year, Udo et al. 2016); thus, there was no suffi-
cient time to produce percussion cracks on their grain
surfaces in the coastal environment. This interpretation
is consistent with the findings of Margolis and Kennett
(1971), who found that v-shaped percussion cracks gen-
erally occur on less than 50% of grains of fluvial origin
and on more than 50% of grains from high-energy
beaches.

However, grains from some sampling sites near a river
mouth had abundant percussion cracks. For example,
III-3 (Chiba), which was collected from approximately
4 km away from the mouth of the Tone River, had abun-
dant percussion cracks (95%; Table 2) and exhibited
marine characteristics. III-3 was not supplied from the
Tone River as described in discussion of grain size and
mineral composition section. The coastline at site III-3
shows a natural pocket beach, and the grains may have
been subjected to extended periods in the coastal envir-
onment, resulting in the percussion cracks. The environ-
ment of site III-1 resembles to that of site III-3. Site
II-1 (Ibaraki) is approximately 6 km away from the
mouth of the Naka River. However, considering the
southward sand drift at river mouth (Uda et al. 2007b)
and coastline of pocket beach, III-1 was not influenced
by river supply and showed abundant percussion cracks
(95%: Table 2) like III-3.

In conclusion, in this study, the differences in the fre-
quency of v-shaped percussion cracks on quartz grain
surfaces observed between the samples are related to
transportation process (i.e., whether the sediments at the
sampling sites were primarily influenced by fluvial sup-
ply or not).

Small and large holes

In this study, the small holes on the quartz grain sur-
faces, which were sometimes aligned on a fresh plane
with a diameter of approximately 1 pum, were derived
from the remnants of small inclusions in the grain (Le
Ribault 1977; Higgs 1979). Small volumes of liquid or
gas inclusions within a crystal were frequently observed
by optical microscopy in grains with small holes on the
surface. The sizes of the small holes observed by SEM
agreed with those determined under optical microscope
(~5 pum).

The small holes observed in this study were derived
from the remnants of small inclusions rather than by
mechanical forces, like the v-shaped percussion cracks.
Inclusions are trapped during the growth of the host
crystal or during the healing of fractures in the host
crystal after crystallization. The presence of inclusions
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indicates the presence of fluid during the initial crystal
growth or subsequent fracture healing (Roedder 2003).
Many small inclusions are generated when the crystal
grows rapidly (Sorby 1858; Takenouchi 1975). Inclusion
was used to get information of geology and geochemis-
try, for example, the search for ore deposits (Roedder
2003). Considering the mechanisms of inclusion trap-
ping, the frequency of small holes on the quartz grain
surface may provide information about the geologic
source of the quartz. All nine samples collected in area I
(Aomori) had low frequencies of small holes (< 20%), in-
dicating that the quartz grains in these samples may be
derived from similar geological provenances. In area II
(Niigata and Toyama), II-1 showed a lower frequency of
small holes (Table 2) than the other samples (II-2
through II-4). This may indicate that the sediments at
site II-1, which is located on the eastern side of the
ISTL, have a different geological provenance from the
sediments at the other sampling sites.

Large holes with diameter > 10 pm also seemed to be
derived from large inclusions (Fig. 3p). Large inclusions
are generated when the crystal grows slowly under high
temperature (Sorby 1858; Takenouchi 1975). On the
basis of the stereomicroscopic observations, the samples
collected in areas I (Aomori), III (Ibaraki and Chiba),
and IV (Shizuoka) contained some grains with large
clear or gray fluid inclusions. Thus, the frequencies of
the large holes also have the potential to provide infor-
mation about geological provenance; however, the differ-
ences in the frequencies of large holes observed in this
study (0% to 40%) were lower than those of small holes.
Inclusion size is thought to be related to inclusion abun-
dance; inclusions with size <10 pum are one or two or-
ders of magnitude more abundant than those with size
>10 pm (Roedder 2003). Thus, in MQS analysis, the
more frequently observed small holes may be more help-
ful for the study of provenance compared to large holes
because of the number of inclusions remnant on surface.

Overall discussion

In this study, we attempted to apply quartz surface ana-
lysis in combination with quartz shape analysis to estimate
sediment provenance. Grain size and mineral composition
were also analyzed. MQS analysis revealed that the beach
sands in Japan had a morphological diversity of quartz as
previous study, ie., (1) few v-shaped percussion cracks
were observed from fluvial supply beach (Margolis and
Kennett 1971), and (2) features produced by chemical re-
action were sparse owing to the high-energy of beaches
(Margolis 1968). In the studied areas, two characteristic
features reflected the sedimentary history: (1) small holes
derived from the remnants of small inclusions in the
grains showed parent rock and (2) v-shaped percussion
cracks produced by grain-to-grain collisions in the
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aqueous environment showed transportation process. Fig-
ure 5 presents a conceptual model that explains relation
between the quartz morphological features and the sam-
pling site. In area III (Ibaraki and Chiba), although III-2
(Ibaraki) and III-3 (Chiba) were collected from sites lo-
cated close to one another, their MQS were completely
different because of a difference in sediment provenance.
By contrast, the MQS of samples collected in area I (Ao-
mori) were similar because the geologic source and depo-
sitional environment of the sampling sites are similar.
These findings indicate that quartz surface textures de-
pend on the geologic source, transportation process, and
depositional environment, namely the geomorphological
and geological settings.

a Provenance
of sediments
(land)

Parent rock with
small inclusion

Volcanic ash,
eolian sand

river

On site
1
= Recycling I % y
Long transport dijance
Sea

Rare V-shaped percussion cracks Abundant V-shaped percussion
and abundant small holes cracks and abundant small holes
(-2, -3, v-1) (n-4)

b Provenance
of sediments
(land)

Parent rock
without small

inclusion Volcanic ash,

eolian sand

river

On site
1
= Recycling I % %
@3 Long transport dijance
Sea

Rare V-shaped percussion cracks Abundant V-shaped percussion
and rare small holes cracks and rare small holes
(n-1) (1-1-1-9, 11-1 - MI-3, IV-1)

Fig. 5 Model depicting the quartz grain history from production
to deposition and the diversity of grain surface microtexture: a
grains with abundant small inclusions and b grains with few

small inclusions




Itamiya et al. Progress in Earth and Planetary Science (2019) 6:43

The different point herein from the previous studies is
the importance of unweathered grain shape. In previous
studies, analyses of quartz surface morphology typically
assumed that quartz grains originated from granite rock
or glacial sediment and that unweathered quartz grains
showed angular outlines with many conchoidal fractures
on their surfaces (Krinsley and Doornkamp 1973). How-
ever, in this study, quartz grains that originated from
volcanic rock showed rounded outlines in area I (Ao-
mori) and IV (Shizuoka) and grains from green schist
showed angular outline in area V (Tokushima). This sug-
gests that the parent rock has a strong influence on
quartz shape, along with the transportation process and
depositional environment. Some reports indicate that
grain outline is related to the original shape in the
source rock (Goudie and Watson 1981; Kleesment 2009;
Costa et al. 2013). Therefore, it is necessary to investi-
gate the relationship between parent rock and unweath-
ered shape and surface texture of quartz to better
understand quartz provenance, especially in locations
with complex geological settings like Japan.

Conclusions

We analyzed the grain size and mineral composition of
sediment samples, along with the microtextures and
shapes of quartz grains, from various beach sands in
Japan. It is revealed that the morphological diversity of
quartz grains can be observed at beach. The relationship
between the morphological features of quartz and the
geomorphological and/or geological settings of sediment
deposition was based on previous studies. A further im-
portant point is to clarify the relation between unweath-
ered quartz grain and parent rock. Even in areas with
complex geologic and geomorphological settings such as
Japan, our data first suggested that MQS analysis com-
bined with other analyses can provide useful information
for the study of provenance. The MQS analysis has the
potential to provide information regarding the geologic
provenance as well as the geomorphological setting in
other depositional environments in Japan.

Additional file

Additional file 1: Figure S1. Grain size distribution for each sample.
(JPG 91 kb)

Additional file 2: Figure S2. Roundness parameter of quartz grains in
each sample. Larger R value means more rounded grains. n =20 and
mean + SD. (JPG 73 kb)
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