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ABSTRACT

Rock particles from drilling and blasting during tunnel construction (DB particles) are released to the aquatic
environment where they may cause negative toxicological and ecological effects. However, there exists little
research on the difference in morphology and structure of these particles. Despite this DB particles are assumed
to be sharper and more angular than naturally eroded particles (NE particles), and in consequence cause greater
mechanical abrasion to biota. Moreover, morphology of DB particles is assumed to depend on geology, thus
depending on where construction takes place different morphologies may be emitted. The objectives in the
current study were to investigate the morphological differences between DB and NE particles, and the influence
of mineral and elemental content on DB particles. Particle geochemistry and morphology were characterized by
inductively coupled plasma mass spectrometry, micro-X-ray fluorescence, X-ray diffraction, environmental
scanning electron microscope interfaced with energy dispersive X-ray, stereo microscope, dynamic image
analysis and coulter counter. DB particles (61-91% < 63 um) collected from five different tunnel construction
locations in Norway were 8-15% more elongated (lower aspect ratio) than NE particles from river water and
sediments, although their angularity was similar (solidity; diff 0.3-0.8%). Despite distinct mineral and elemental
characteristics between tunnel construction locations, DB morphology was not explained by geochemical content
since only 2-2.1% of the variance was explained. This suggests that particle formation mechanisms during
drilling and blasting are more influential of morphology than mineralogy, when working in granite-gneiss
terrain. When tunnelling in granite-gneiss terrain, particles with greater elongation than natural particles may
enter aquatic systems.

1. Introduction

morphological and geochemical characteristics (Kaegi, 2004; Pabst
et al., 2015; Roseth et al., 2021; Astebgl et al., 2011).

Globally, road and tunnel networks are continuously expanding to
maintain a functioning infrastructure (Meijer et al., 2018). However,
despite its benefits for socio-economic development, the construction of
roads and tunnels poses various environmental hazards to surrounding
ecosystems (Angermeier et al., 2004; Lundy et al., 2016; Mooselu et al.,
2022). Drilling and blasting of bedrock, which are primary activities
during road and tunnel construction, emit various pollutants to aquatic
environments (Hindar and Nordstrom, 2015; Hjulstad, 2015; Pabst
et al., 2015; Vikan and Meland, 2013; Weersted, 2019). Among these
pollutants, particles have been poorly investigated, particularly
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During drilling and blasting of bedrock in road and tunnel con-
struction, large numbers of rock particles are produced (geological
source; henceforth referred to as DB particles). Since DB particles are
released into aquatic recipients where the load of naturally eroded
particles (henceforth referred to as NE particles) may vary enormously
with season, weather and location, the difference between the two
particle types is of particular interest during environmental risk assess-
ment related to road and tunnel projects (Pabst et al., 2015; Roseth et al.,
2021). Because newly produced DB particles are believed to be more
angular, rough, elongated and needle-like in morphology (Pabst et al.,
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2015; Roseth et al., 2021; Astebgl et al., 2011) compared to NE particles
owing to the differences in origin and erosion processes (Pabst et al.,
2015). Due to the believed differences in morphology, it is also assumed
that DB particles cause greater abrasion and therefore pose a greater
hazard to aquatic wildlife despite very little primary scientific evidence
(Hessen et al., 1989; Jacobsen et al., 1987; Pabst et al., 2015). However,
very few studies exist on particle morphology related to different con-
struction activities (Cepuritis et al., 2014; Kaegi, 2004; Little et al., 2015;
Roseth et al., 2021; Xing et al., 2021; Yang et al., 2019). Nonetheless, it’s
highly likely that DB and NE particles differ in morphology, however the
understanding on how and to what degree they differ, is lacking (Roseth
et al., 2021).

Besides source and erosion history affecting morphology, mineralogy
also effects particle morphology (e.g., Xing et al., 2021; Akesson et al.,
2001). For example, asbestos minerals or other fibrous minerals release
needle-like fibrous particles (Gualtieri, 2020; Pabst et al., 2015), while
plagioclase and K-feldspar have a tendency for rectangular crystalline
shapes (Lois-Morales et al., 2022). However, limited research exists on
how and to what extent mineralogy influences the morphology of DB
particles from tunnels (Roseth et al., 2021). Thus, depending on the
underlying geology of the current road and tunnel project, newly pro-
duced DB particles released into aquatic ecosystems may contain a
plethora of irregular particles varying within and between projects.
Hence, to better understand the possible ecological and toxicological
implications of particle emission from tunnelling, both morphological
and geochemical characterization of tunnel particles are needed (Roseth
et al., 2021).

In the current study, the first aim was to characterize and evaluate
the influence of mineral composition and elemental content on
morphology of DB particles from several tunnelling construction sites in
Norway, with the hypothesis that geology affect morphology of particles
from drilling and blasting. The second aim was to address the knowledge
gaps concerning differences in morphology between DB particles from
various tunnel construction sites in Norway and NE particles from river
water and sediments (as a reference), with the hypothesis that DB par-
ticles are more elongated and angular than NE particles.

2. Materials and methods
2.1. Site location and sample collection

Tunnelling slurry, a semi-liquid mixture of fine DB particles sus-
pended in water, was collected from five ongoing tunnel construction
projects (henceforth referred to as Rafoss, Stryn, Verket, Ardal and
;\seral; Fig. 1 & SI-A; Tab. S1) in southern and western Norway during
the spring of 2020 (SI-B). Tunnelling slurries were collected from inside
the tunnel and from sedimentation containers located outside the tunnel
depending on safety and covid-19 related restrictions in the sampled
tunnel (SI-A Table S1). In addition, NE particles were collected from two
sites for comparison with DB particles. Surface sediment samples were
collected from the river Vikka (Norway), and from a stream, Rav-
inebekken (Norway), at two timepoints (22nd of October after a heavy
rainfall and 2nd of November after a dry period) by the Norwegian
Water Resources and Energy Directive. Both Vikka and Ravinebekken
were unaffected by construction work.

Tunnelling slurries were collected at depths of 0-25 cm with a small
Van Veen grab or a spade, into rinsed 11 L plastic buckets. Slurry was
collected randomly at the site and pooled to an approximate fresh
weight of 30-50 kg, homogenized by stirring, and stored cool (4 °C)
until further treatment. Surface sediments at Vikka were randomly
collected within a meter radius, down to 1 cm, with a stainless-steel
spoon into rinsed plastic bottles and surface water from Ravinebekken
was directly sampled into rinsed plastic bottles and stored cool (4 °C)
until further analysis.
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2.2. Sample preparation

Prior to morphological and geochemical analyses, the tunnelling
slurries were homogenized by stirring, and then sieved through a 2 mm
sieve (henceforth referred to as bulk sample). Accumulated particles
larger than 2 mm were discarded. Next, two subsamples were collected;
one sample was kept as a bulk sample while the other sample was wet
sieved for size fractionation.

Wet sieving of DB particles was carried out following Kettler et al.
(2001) with a few adjustments. In brief, deionized water and wet
tunnelling slurry (~3.3 g/mL) were ultrasonicated for 5 min to prevent
aggregation. The slurry suspensions were sieved through consecutive
sieves (cell size of 15, 20, 63, 150, 200, 400, 630 pm) with deionized
water and the suspension containing sizes smaller than 15 pm were
collected into a glass beaker. Accumulated particles on the sieves and in
the glass beaker were retrieved and stored cool (4 °C) until analysis. In
addition, representative subsamples were collected from each fraction,
freeze-dried, and weighed to calculate weight proportional size
fractions.

Subsamples from bulk samples and, for certain analyses, size frac-
tions (which fractions were used are specified in the following sections)
of tunnelling slurries were analysed for mineral composition with X-ray
diffraction (XRD), element concentrations with inductively coupled
plasma mass spectroscopy (ICP-MS) and element composition with
micro-X-ray fluorescence (uXRF). Element-specific morphological anal-
ysis was performed with static image analysis (SIA) using environmental
scanning electron microscopy coupled with energy dispersive X-ray
spectroscopy (ESEM-EDX) and stereo microscopy (SM). In addition,
quantitative morphological and size distribution analysis were per-
formed with dynamic image analysis (DIA) and laser diffraction. Vikka
surface sediment and two water samples from Ravinebekken were only
analysed for quantitative particle morphology by DIA.

2.3. Size fraction distribution with laser diffraction

Particle size distribution (0.4-2000 pm) in bulk samples of tunnel-
ling slurries was measured by laser diffraction using a Beckman Coulter
LS 13,320 (Pye and Blott, 2004). Deionized water (300 mL; 0.2 pm
filtered), wet bulk slurry (~3 g) and dispersant (~15% 0.05 M tetra-
sodium pyrophosphate) were mixed and ultrasonicated for 5 min to
prevent aggregation. The suspensions were stirred with a magnetic
stirrer while 50-140 mL suspension were taken with a syringe and added
to the Beckman Coulter LS 13,320 until reaching 7-12% obscuring. All
samples were analysed three times, with a pump speed of 45%, without
polarized intensity differential scattering, but including automatic
rinsing between samples, and Fraunhofers model as the optical model
(refraction index 1.333 and absorption index 0.1).

2.4. Mineralogy with XRD

Minerals in bulk samples and size fractions (15-20 pm, 20-63 pm,
63-150 um, 150-200 pm for Verket, Ardal and Stryn, in addition
200-400 pm for Rafoss and Aseral; SI-A Table S2) of tunnelling slurries
were identified by X-ray diffraction (XRD; Bruker, D8 Advance) equip-
ped with a Co X-ray tube with a wavelength of 1.79 A at Norwegian
University of Science and Technology (NTNU). Prior to analysis, wet
samples were ground down to 10 pm with ethanol and mounted onto a
sample holder creating a flat upper surface and analysed by rotation (60
rpm) with an angle between 3 and 80° 2-theta scale with step size 0.01°
per second. The mineral phases were identified by using the program
Diffrac. eva which uses the mineral database PDF 4+. To quantify
mineral content, the program Topas was used, which is based on the
Rietveld method (Rietveld, 2014).
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2.5. Element characteristics with ICP-MS and uXRF

Concentrations of elements in freeze-dried and digested bulk samples
and size fractions (15-20 pm, 20-63 pm, 63-150 pm, 150-200 pm for
Verket, Ardal and Stryn, in addition 200-400 pm for Rafoss and f\seral;
SI-A Table S3) of tunnelling slurries (~0.02-0.2 g) were analysed with
ICP-MS (Agilent 8800 and 8900). Prior to analysis, parallel aliquots of
both bulk samples and size fractions were dissolved in a microwave
assisted (Milestone, Ultraclave IV) acid digestion (260 °C for 50 min)
using two different acid treatments on each parallel (~23 mL/g). The
first acid treatment was a mixture of ultrapure nitric acid (HNOg3) 65%
and ultrapure hydrofluoric (HF) acid 48% (5:1) and the second acid
treatment was ultrapure HNO3 65%. Silicon was not detected in ICP-MS
because of instrumental limitations and was instead estimated with
pXRF (SI-A Table S4), as explained in SI-B.

2.6. Morphological analysis

Morphological analysis of particles was performed with SIA (DB
particles) and DIA (DB and NE particles). For detailed information about
analysis of particle morphology, consult SI-B. In the current study,
morphological descriptors for particles included form, angularity, and
surface texture which were measured with the morphology parameters
aspect ratio (AR), solidity (SLD) and convexity (CVX), respectively
(Barrett, 1981; Liu et al., 2015; Maroof et al., 2020, Fig. 2; Table 1).
Form describes whether the particle is circular (1) or elongated (0),
angularity describes whether the projections protruding from the
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Fig. 2. Figure adopted from Barrett (1981). A particle (grey) with its form
(black solid line, two approximations given), angularity (blue dashed circles
and blue dashed line) and surface texture (red dashed circles) shown.

particles’ surface are smooth (1) or angular (0), and surface texture
describes the relative roughness (less rough: 1, rougher: 0) of the par-
ticle’s surface on a microscale (Liu et al., 2015; Maroof et al., 2020,
Fig. 2). Additionally, diameter of a circle of equal projection area
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Fig. 1. Map over Norway with the field sites (Tunnel construction sites: Stryn, Rafoss, Verket, Ardal and ;\seral; Rivers: Ravinebekken and Vikka) marked in yellow

and North of Europe (right bottom corner; ‘rnaturalearth’ package (South, 2017)).
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Table 1
Particle size measures and morphology parameters used in Static Image Analysis (SIA) and Dynamic Image Analysis (DIA) in the current study.
Size measurement Abbreviation  Definition DIA vs SIA
Minimum Feret diameter Fmin Shortest distance between two lines tangential to the particle outline DIA, SIA
Maximum Feret diameter Fmax Maximum distance between two parallel lines tangential to the particle outline DIA, SIA
Area of the particle A, Area of the pixels in the particle DIA, SIA
Area of the convex hull Ach Area of the pixels in the convex hull DIA, SIA
Perimeter of the particle P, Length of the outside boundary of the particle Only SIA
Perimeter of the convex hull Pch Length of the outside boundary of the convex hull Only SIA
Diameter of the circle of equal Degpc Diameter of the circle having the same area as the particle’s projection DIA, SIA
projection area
Morphology parameters Abbreviation ~ Formula Sensitivity to Reference DIA vs SIA
Aspect ratio AR Fmin/Frmax Form (Fig. 1) (Liu et al., 2015; Mazzoli and Favoni, Same
2012; Mazzoli and Moriconi, 2014) calculation
Solidity SLD Ap /A Angularity (morphological (Cioni et al., 2014; Leibrandt and Le Same
roughness; Fig. 1) Pennec, 2015; Liu et al., 2015) calculation”
Convexity CVX Pe /Py Surface texture (textual (Leibrandt and Le Pennec, 2015; Liu et al., Not calculated in

roughness; Fig. 1)

Fibers > 3 Finax/Fmin 2> 5 pm Frax

2015) DIA
WHO (1985) Same
calculation

# Named convexity in the QICPIC software.

(EQPCQ), pixel density and if particles were fibrous or not (WHO, 1985)
were calculated (Table 1).

2.6.1. Static image analysis (SIA) with ESEM-EDX and stereo microscope

Morphological parameters of DB particles were measured for size
fractions <20 pm (<15 pm and 15-20 pm were combined), 20-63 pm,
63-150 pm, 150-200 pm for Verket, Ardal and Stryn, and in addition
200-400 pm and 400-630 pm for Rafoss and Aseral with SIA (SI-A
Table S5). Particle sizes between 0 and 200 pm were imaged using an
Environmental Scanning Electron Microscope (ESEM; Zeiss EVO 50
variable pressure 38-50 Pa, 30 kV accelerating voltage, 7-9 mm work-
ing distance; 0.34-17 pixels/pm; SI-A Tab. S5 & SI-B) in backscatter
(BEI) electron imaging mode. Particle sizes between 200 and 630 pm
were imaged using a stereo microscope (SM; ZEISS Axio Zoom V16;
0.09-0.17 pixels/pm; SI-A Tab. S5 & SI-B). To minimize systematic bias
from size-dependent morphologies, a constant pixel density range of
750-4000 pixels per particle (pxl/p; Liu et al., 2015) was used by
adjusting the magnification (SI-A Tab. S6 & SI-BS).

Sample preparations of DB particle size fractions <63 pm followed
Mazzoli and Favoni (2012). In brief, homogenized, freeze-dried and
separated size fractions were mixed with deionized water (0.05-0.125
mg/mL) and ultrasonicated for 5 min. A subsample (5 mL) was collected
from stirred suspensions and then vacuum filtered onto a 0.4 pm filter
(Isopore Membrane Filters, Millipore) and dried. Next, the membrane
was attached to carbon double-faced sticky tape and mounted onto
aluminium stubs. DB particle size fractions >63 pm were analysed ac-
cording to Liu et al. (2015). In brief, homogenized and freeze-dried size
fractions of tunnelling slurries were mounted directly onto the carbon
double-faced sticky tape on aluminium stubs by sprinkling a small
subsample over the tape while applying compressed air to avoid particle
aggregation. The aluminium stubs with particles were then used in
ESEM and SM to acquire images.

When imaging, random positions on the stub were chosen, suitable
magnification was set, and an image was captured. This was repeated
until 10-20 particles per size fraction were attained. The imaged par-
ticles were also subjected to element identification (ESEM-EDX) and
standard-less semi-quantification using the integrated Oxford In-
struments INCA 5.05 software (Oxford Instruments, Oxford, UK) with a
Si (Li) detector by performing point measurements (spatial resolution of
~1 pm) at the center of the particles using an acceleration voltage of 30
kV (SI-A Table S7). Dead times were ~30%. Elements were normalized
to mass concentration in %.

All images from ESEM and SM were processed in ImageJ (National
Institute of Health (NIH), US, https://imagej.nih.gov/ij/). The proced-
ure in ImageJ followed Liu et al. (2015), with a few adjustments
described in the supporting material (SI-B). From ImageJ, particle size,

morphological measurements described in Table 1 were obtained. These
measurements were exported and further analysed in R software
(version 4.1.2, R Core Team, 2021).

2.6.2. Dynamic image analysis (DIA)

Morphological parameters of DB particles were measured for size
fractions 15-63 pm (15-20 pm and 20-63 pm combined) and 63-200 pm
(63-150 pm and 150-200 pm) for Rafoss, Stryn, Verket, Ardal and
Aseral. In addition, 200-400 pm were measured for Rafoss and Aseral
and 15-63 pm for NE particles. Morphological parameters for these
subsamples were measured with a QICPIC imaging system connected to
a Lixell using wet dispersion (Sympatec GmBH) at Sympatec (Shang
et al., 2017; Sun et al., 2019b). To minimize systematic bias from
size-dependent morphologies (Altuhafi et al., 2013; Sun et al., 2019a) a
constant pixel density range of 585 to 10,299 pxl/p was used by
adjusting the imaging lenses to the size fractions (0.2, 0.6 and 1.8
pixels/pm for the M7, M5 and M3 lens; SI-A Table S8). These imaging
lenses cannot offer the same pixel density range as SIA, and conse-
quently the minimum and maximum sized particles were more restricted
for DIA (15 pm and 400 pm, respectively) than SIA.

Prior to analysis, samples of freeze-dried size fractions (weight pro-
portional to size distribution in the bulk sample; 0.5-7.5 mg/mL) of
tunnelling slurry and Vikka surface sediment (5 mg/mL) were dispersed
in deionized water. These suspensions and Ravinebekken water samples
(400 mL) were added directly to the QICPIC imaging system for analysis.
The sample passed through a flow cuvette (depth 0.5-2 mm) and a high-
speed camera obtained the images of the particles (2D projections) with
a frame rate of 70 Hz per second for 60 s.

All binary images of projection particles from the QICPIC imaging
system were processed in QICPIC Dynamic Image Analysis application
software (Sympatec GmBH), and size and morphology measurements
were exported and further analysed in R software (version 4.1.2, R Core
Team, 2021). Size and morphology parameters in DIA are the same as
for SIA, except for CVX which is not available in the QICPIC software
(Table 1).

2.7. Statistics

Quality assurance for laser diffraction, DIA and ICP-MS (including all
elements with abbreviations) can be found in SI-A & B. All statistical
analyses were performed using the software R (version 4.1.2, R Core
Team, 2021) with the a-level set at <0.05 for statistical significance.

Limit of detection (LOD) for XRD was set to <1% (5% LODs,
Table S2). Nondetectable values (<LOD) were replaced using a multi-
plicative lognormal function (multLN) in ‘zCompositions’ package in R
software (Palarea-Albaladejo and Martin-Fernandez, 2015). For surface
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element detection with ESEM-EDX LOD was set to <0.1% (Newbury and
Ritchie, 2013), and no non-detects were found. LOD for element con-
centrations from ICP-MS was set to three times the standard deviation of
the method blanks (5% LODs, SI-A Table S3). Values < LOD were
replaced with values between 0 and LOD using a multiple imputation
method (assuming a beta distribution; a = 1, # = 5; Baccarelli et al.,
2005). Both XRD and ESEM-EDX datasets contain count zeros (Gagnon
et al., 2020; Pawlowsky-Glahn and Buccianti, 2011; Quinn et al., 2019;
Wheeler et al., 2021) which were replaced with a randomly generated
value between 0.1*LOD-LOD (Lubbe et al., 2021).

Morphological differences between locations and size fractions from
DIA were investigated with various statistical tests depending on the
distribution of residual data and variance which were evaluated with
diagnostic plots. One-way analysis of variance (ANOVA) was used for
normal residual data with homogenic variance, followed by Tukey’s
Honest Significant Difference (HSD) post-hoc test. For non-normal re-
sidual data and heterogenic variance, Kruskal-Wallis rank sum test was
used, followed by Dunn’s post-hoc test with Bonferroni correction ac-
counting for multiple testing. Size-dependency between morphology
parameters and pixel densities were investigated with Pearson
correlations.

Prior to ordination analyses, element concentrations (ng/g dry
weight (dw)) from ICP-MS were log transformed (logjo (x+1)). The
compositional mineral and surface element data from XRD and ESEM-
EDX following replacement of LODs and count zeros, was centered
and log-ratio transformed (Aitchison, 1986; Aitchison and Greenacre,
2002) using the function ‘clr’ in the ‘compositions’ package in R soft-
ware (Greenacre, 2018; Van den Boogaart and Tolosana-Delgado, 2013;
Wheeler et al., 2021).

Principal component analysis (PCA) was used on the datasets from
XRD, ICP-MS and SIA separately to assess the variation in the datasets.
Redundancy analysis (RDA) with Monte-Carlo permutation test (999;
Oksanen et al., 2017) was used to evaluate if location and size fraction
explained the variance in the XRD, ICP-MS and SIA datasets separately.
Element concentrations from ICP-MS, mineral composition and surface
elemental composition from ESEM-EDX were used in forward model
selection (Blanchet et al., 2008) on RDA models with DIA and SIA data,
respectively, to evaluate if minerals and elements explained the variance
in morphology.

Morphological values (0-1) of AR and SLD were divided into cate-
gories with descriptive terms of the morphologies for easier interpreta-
tion of the data; “Elongated & Angular” (<AR 0.7 & <SLD 0.85),
“Circular & Smooth” (>AR 0.7 & >SLD 0.85), “Elongated & Smooth”
(<AR 0.7 & >SLD 0.85) and “Circular & Angular” (>AR 0.7 & <SLD
0.85; Leibrandt and Le Pennec, 2015; SI-A Tables S9 and S10).

3. Results
3.1. Particle size distribution

Size distributions (laser diffraction; Coulter Counter with lower limit
of 0.4 pm) of the tunnelling slurries (n = 5) displayed similar distribu-
tion patterns (bell shaped; SI-A Fig. S1). The cumulative volume of
particles <63 pm ranged from 60.6% (Stryn) to 90.5% (Verket) and
under <10 pm ranged from 21% (Stryn) to 59% (Rafoss).

3.2. Mineral composition

Proportions of amphibole, calcite, chlorite, clinozoisite, epidote, k-
feldspar, magnetite, mica, plagioclase, pyroxene, quartz, and zeolite
were identified in the tunnelling slurries with XRD. Generally, k-feld-
spar, plagioclase and quartz were the dominant minerals at all tunnel-
ling locations and among the size fractions (mean =+ standard deviation;
33 + 5%, 23 + 6% and 18 + 3%; Fig. 3B & SI-A Table S2). The two first
axes (PC1 and PC2) summarized 58% of the total variance in a PCA of
the mineral data (data not shown). The mineral compositions among the
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locations were significantly different, and the constraining variable
location explained 78% of the variance in the partial RDA (covariable:
size fraction, n = 22, p = 0.001, Fig. 3A). Size fraction was not signifi-
cant. Rafoss and Stryn had higher mineral proportions of plagioclase and
pyroxene and less of calcite, while Verket and Aseral exhibited the
opposite pattern. Ardal had higher contributions of amphibole and
chlorite, and lower contributions of quartz and contained the unique
minerals epidote and zeolite (Fig. 3A-B).

3.3. Element concentrations

Based on the ICP-MS analysis, including estimated Si (uXRF), the
major elements (>1% dw) among all tunnelling slurries were Al, Ca, Fe,
K, Mg, Na, Si and Ti, which together constituted 98 + 1% dw. Si
constituted the greatest proportion (43.4 + 6% dw) and the remaining
elements were divided into minor and trace elements (SI-A Table S3). In
a PCA of the element data, PC1 and PC2 summarized 67% of the total
variance (data not shown). Element concentrations were significantly
different among locations and size fractions which together explained
91% of the constrained variance in the RDA (n = 22, p = 0.001, Fig. 3C).
Furthermore, the partial RDA models explained 88% for location
(covariable: size fractions, p = 0.001) and 76% for size fraction (cova-
riable: location, p = 0.001).

Higher Na and K concentrations and lower concentrations of most
elements (e.g., Si, Fe, Lu, Sc, Yb) at Stryn and Rafoss, drove the sepa-
ration from Verket and Aseral. Meanwhile, higher concentrations of for
instance Al, Co, Cr and lower concentrations of K, Tl and Th, separated
Ardal from all other locations (Fig. 3C). Generally, most elements
increased along RDA1 and RDA2 alongside decreasing size fractions
(Fig. 3C).

3.4. Static image analysis (SIA) combined with particle-specific surface
chemistry

Altogether, 222 DB particles were imaged with ESEM and SM, and
analysed with ESEM-EDX. Particles ranged from 1.9 to 631 pm with
pixel densities between 792-3992 pxl/p (2124 + 896 pxl/p; SI-A Fig. 52,
S3A-B & Tables S5 and S7). No size-dependency were found for AR, SLD,
and CVX with pixel density (Pearson correlation; 0.12 (p = 0.07), 0.26
(p < 0.001) and —0.27 (p < 0.001), SI-A Fig. S4).

“Elongated & Angular” particles dominated (51-35%) and AR and
SLD overlapped for all tunnelling locations ranging from 0.59 to 0.62
(£0.15-0.18) and 0.82-0.86 (+0.04-0.06), respectively. CVX were
close to 1 for all locations 0.94-0.95 (+0.04-0.07), indicating little
surface texture roughness (SI-A, Fig. S5A, Table S5). Furthermore, %
fiber varied among the locations, with 10.9%, 2.8%, 9.8%, 4.3% and
3.9% for Rafoss, Stryn, Verket, Ardal and ;\seral, respectively (SI-A
Fig. S5B & Table S5).

In a PCA of the SIA data, PC1 and PC2 summarized 97% of the total
variance (SI-A Fig. S6). Furthermore, no surface element detected in
ESEM-EDX significantly explained the constrained morphological vari-
ance in the SIA dataset analysed with RDA, and thus no element-specific
morphologies were found (n = 222, p = 0.231, SI-A Fig. S7).

3.5. Dynamic image analysis (DIA)

Altogether 711,263 DB particles were imaged with DIA. Particles
ranged from 15 to 400 pm and had pixel densities between 585-10,299
pxl/p (1933 + 1504 pxl/p). For NE particles 28,840 particles were
imaged with DIA, ranging from 15 to 63 pm with pixel densities between
585-10,289 pxl/p (1469 + 1351 pxl/p; SI-A Table S8). No size-
dependency were found for AR and SLD with pixel density (Pearson
Correlation: 0.03 (p < 0.001) and —0.08 (p < 0.001), respectively, SI-A
Fig. $8).

“Elongated & Smooth” particles were dominant (51-56%) and AR
and SLD overlapped for all DB particles, ranging from 0.58 to 61 (+0.15)
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and 0.86-0.89 (+0.06-0.11), respectively. In contrast, NE particles were
less “Elongated & Smooth” (37%) and more “Circular and Smooth”
(38%) and AR and SLD overlapped between locations (0.67-0.68
(£0.13-0.14) and 0.87-0.88 (+0.071-0.075) respectively; Fig. SI-A
Fig. 4A-B; SI-A Tables S8 and S10). Furthermore, tunnelling locations
had higher fiber content, ranging from 3.4% (;\rdal) to 5.6% (Aseral),
than NE particles 1.1-2% (SI-A Fig. S9C & Table S8).

AR were significantly different between all locations (ANOVA p <
0.001, Tukey’s HSD post-hoc test all p < 0.008; n = 740,103), except
between NE particles (Vikka, Ravinebekken Oct and Nov: p > 0.05). SLD
was also significantly different between locations (ANOVA p < 0.001,
Tukey’s HSD post-hoc test, n = 740,103), but with more variable results
(SI-A Table S11). The largest morphological differences found for AR
were between DB and NE particles. AR summary statistics (including



E. Forsman et al.

Environmental Research 231 (2023) 116250

Fig. 4. Box plots of aspect ratio (A, C) and solidity (B,
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and naturally eroded (Vikka, Ravinebekken Oct and
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mean, median, first and third quartile) were 8-15% lower for DB than
NE particles, whereas SLD summary statistics only differed 0.3-0.8%
(Fig. 4A-B; SI-A Table S8).

AR and SLD of DB particles increased slightly with increasing size
fractions and were significantly different between all size fractions (AR:
ANOVA p < 0.001, Tukey’s HSD post-hoc test all p < 0.0001; SLD:
Kruskal-Wallis rank sum test p < 0.001, Dunn post-hoc test with Bon-
ferroni correction all p < 0.001; n = 711,263). However, the differences
were small, and AR and SLD varied only 3% and 0.8% from the group
means, respectively (Fig. 4C and D, SI-A Table S8).

Among the elements from ICP-MS, Be, Eu, Fe, Cr, Mg, Nb, Ni, Sb, Sm,
Ta, U, V, Ti, P and Sn were significant in explaining the constrained
variance in the RDA with DIA data, but only 2.1% of the variance was
explained (R%adj = 0.02, p = 0.001, n = 711,263; Fig. 5A). As for the
minerals, all were significant in the RDA with DIA data, but they only
explained 2% of the constrained variance (R%adj = 0.02, p = 0.001;
Fig. 5B). Despite being significant, all element and mineral trends were
extremely modest, as also shown in Fig. 5A and B and further illustrated
with a correlation (Pearson) heat plot (SI-A Figs. S9A-B), with co-
efficients falling between —0.08 and 0.1.

AR and SLD of DB particles from SIA and DIA were slightly different
(SI-A Fig. S10), where the AR and SLD summary statistics differed 1-5%
and 4-6%, respectively, between the two methods.

4. Discussion

4.1. How geochemical characteristics affect the morphology of DB
particles

4.1.1. Mineral compositions and element concentrations

The prevailing minerals at all locations were the most dominant
rock-forming silicate minerals in the Earth’s crust, namely quartz, K-
feldspar, and plagioclase (Singh et al., 2014). This indicates that all
tunnelling locations mainly contained gneiss and granite igneous rock
(granite-gneiss terrains), in agreement with prior geological surveys
from these locations (Falkum, 1982; Heyer et al., 2001; Koestler, 1989;
Lutro, 2003; NGU, 2022). Still, a variety of differences in mineral
composition was observed among the locations, including higher rela-
tive contributions of the potential fiber-producing mineral groups
amphibole at Verket, Ardal and Aseral and pyroxene at Rafoss and Stryn.

The major elements identified by ICP-MS were also, as anticipated,
the most abundant elements in the Earth’s crust (Singh et al., 2014;
Yaroshevsky, 2006). Additionally, major elements agreed with the
mineralogy results from the current study, where the three dominant
rock-forming silicate minerals consist completely of Al, Ca, K, Na and Si
(and O). Furthermore, the pattern of variation summarized in the or-
dinations of mineralogy and element concentration datasets, grouped
the locations similarly. Thus, both mineral and elemental analyses
identified the same differences and similarities among locations.

In contrast to mineralogy, increasing size fractions exhibited
declining concentrations for all elements (except for Li, Na, K, Cd and
TD), a typical pattern seen in other study areas as well (e.g., pollution
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from road surfaces (Jeong and Ra, 2022), mining (Li et al., 2014)). This
pattern is typically attributed to higher surface area per unit weight
exposing more surface to water and air which enhances weathering and
surface-binding potential (Qian et al., 1996; Rodriguez-Rubio et al.,
2003).

4.1.2. Size and morphology

Despite significant results for both mineral composition and element
concentrations in explaining form and angularity of DB particles from
DIA, extremely little of the variance was explained. Therefore, neither
mineralogy nor elemental concentrations influenced DB particle
morphology from granite-gneiss terrains. This contradicts the hypothe-
sis that underlying geochemical characteristics affect the morphology of
DB particles. In fact, both form and angularity of DB particles from DIA
were very similar between tunnelling locations and the significant dif-
ferences found in statistical testing between locations in morphology are

attributed to high sample number (>700,000). This suggests that
blasting and drilling influence DB particle morphology more than the
underlying bedrock within the current geochemical characteristics of
the study; granite-gneiss terrains. This is in line with a recent study of
mine tailings, where particles were comparably angular, despite being
geochemically different (Yang et al., 2019). However, despite finding
significant differences in mineralogy and elemental content between
tunnel locations in the present study, all the locations have comparable
content of quartz, K-feldspar, and plagioclase, which make up the ma-
jority of the samples. This lack of geological variation could also explain
why these tunnel construction locations produce similar particle
morphology. For instance, different mineral fillers with more variable
mineralogy than the current study, produced morphologically different
particles (Xing et al., 2021).

Furthermore, another particle morphology study from mineral pro-
cessing found mineral-specific morphologies of particles when
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evaluating morphology and mineral composition of individual particles
consisting of single minerals (Little et al., 2015). However, no
element-specific morphology of individual particles from SIA were
found in the present study. While this could be a result of low sample
size (Leibrandt and Le Pennec, 2015; Liu et al., 2015) in the present
study (n = 222 in SIA), it is also likely that minerals, which have specific
crystalline structures, hardness, and other rock mass properties, and not
individual elements, produce a particular morphology. Thus, future
analysis of DB particles should further explore mineral-specific mor-
phologies of individual particles and incorporate more variable miner-
alogy among samples than in the present study, including pure mineral
samples, for further examination of how geology affect particle
morphology in tunnelling.

Particle size distributions (laser diffraction) showed comparable re-
sults among the tunnelling locations, where most particles were silt and
clay, and almost half the particles were under 10 pm. In the present
study, both form and angularity exhibited a small decreasing trend with
decreasing size fractions. This has previously been shown for form of
ground cement particles (Holzer et al., 2010) and crushed bedrock ag-
gregates (Cepuritis et al., 2014). Though the cause of this pattern is not
known, Holzer et al. (2010) suggested that smaller particles formed
during grinding, may be “clipped” from the surface of larger particles,
possibly resulting in more elongated particles.

4.1.3. Comparing SIA and DIA imaging results

In the present study, DIA and SIA investigated particles from the
same tunnelling slurries. Using both methods together bridge the ad-
vantages and shortcoming of each method (discussed in SI-B).

In the current study, both methods provided relatively similar AR
and SLD results with only a few discrepancies. For example, form was
slightly higher for SIA particles. This could be a result of filtering or
sprinkling SIA-particles on a flat surface, which may result in a biased
orientation towards the most stable position (longest axis; Liu et al.,
2015), while DIA-particles are imaged in random orientations. Addi-
tionally, angularity was slightly lower for SIA-particles, which is
consistent with other studies comparing the methods (Liu et al., 2015).
This could be explained both by the higher average pixel density in SIA
than in DIA and that blurring of the particle outline cause a smoothing
effect (Liu et al., 2015; Sun et al., 2019a). In addition freeze-drying and
ultrasonication of SIA-particles may alter the particles, which should be
tested in the future. Furthermore, applicable to both form and angu-
larity, differences in sample number and the low sample number in SIA
(Leibrandt and Le Pennec, 2015; Liu et al., 2015), could have led to a
biased sub-sampling of SIA-particles.

4.2. Morphological differences between DB and NE particles

In the present study, a significant difference was found for form and
angularity between tunnelling locations and river sediment. However,
the significant differences found are likely a result of the high sample
number. Thus, it is more useful to look at gradients for comparison
(Little et al., 2015). The differences between all summary metrics were
very small comparing the tunnelling locations. However, comparing DB
and NE particles showed a large difference in form. DB particles were
more elongated and contained slightly higher fiber content, while NE
particles were more circular. However, both particle types had similar
angularity. These results partly supported the hypothesis that DB par-
ticles are more elongated and angular than NE particles. Form values of
NE particles from the present study are in line with measurements of
natural particles from Chinese aeolian sediments within the same size
fraction (Shang et al., 2018). However, the greater elongation of DB
particles compared with NE particles, is inconsistent with Cepuritis et al.
(2014), which found that sand from a natural quarry deposit was more
elongated than crushed and ground limestone (mostly calcite). Calcite is
a mineral which exhibits three perfect cleavage direction at high angle
to one another. Hence, crushing of pure calcite leads to formation of

Environmental Research 231 (2023) 116250

small particles with high aspect ratios, being a likely explanation for low
degree of elongation for calcite-rich rocks such as limestone. Addition-
ally, a study on angularity found that natural particles were consistently
less angular than mine tailings, in contrast to the current study (Yang
et al., 2019). These morphological disagreements between studies are
likely attributed to differences in erosion history of NE particles,
mineralogy and textural properties, which varies by location. Thus, this
shows the importance of including references samples in morphological
studies for comparison reasons.

There exist only a few, older studies on the toxicity of elongated
particles (e.g., asbestos, splinters) in aquatic biota and these indicate
that elongated particles may pose increased toxicity (Belanger et al.,
1986a, 1986b; Belanger et al., 1986; Rodgers, 1969). Thus, DB particles
from gneiss-granite which are more elongated than NE particles could
potentially result in greater harm to aquatic biota when these particles
are released into the environment.

5. Conclusions

To the best of our knowledge, this is the first quantitative (n >
700,000) morphological comparison between particles (61-91% < 63
pm) with different mineralogy from various tunnelling locations, against
a reference particle; natural river sediments and water. Various methods
such as DIA, SIA (ESEM-EDX, SM), laser diffraction, ICP-MS, pXRF and
XRD were used in the current study to investigate how DB and NE
particles diverge in morphology and how particle morphology is
affected by the mineral and elemental characteristics. Results reveal that
1) DB particles were more elongated (lower aspect ratio) and contained
slightly higher fiber content than NE particles, however 2) both particle
types were comparably angular (similar solidity). Despite finding dif-
ferences in geochemical attributes of the tunnelling slurries, they all
originated from granite-gneiss terrains, and multivariate analysis
showed that neither mineral nor elemental content affected the
morphology of DB particles. This suggests that tunnelling activities are
more influential than mineralogy working in granite-gneiss terrains,
with respect to particle morphology.
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