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ABSTRACT: Tailings waste is a by-product of gold ore processing activities that is generated in large quantities and has the
potential to cause environmental problems if not utilized. This study aims to evaluate the technical feasibility of tailings as an
alternative material for the Upper Foundation Layer (UFL) of road pavement and to determine the percentage of tailings that can be
added to the mixture to meet the technical specifications of the Upper Foundation Layer (UFL). The research was conducted
experimentally in a laboratory using aggregates obtained from PT. Passokorang and tailings waste from PT. Citra Palu Minerals.
Tailings contents of 0%, 25%, 50%, 75%, and 100% were used as substitutes for conventional filler. The tests conducted included
sieve analysis, specific gravity and absorption, abrasion, clay content, plasticity index, modified compaction, California Bearing
Ratio (CBR), Scanning Electron Microscopy (SEM), and X-Ray Fluorescence (XRF). The results showed that the tailings met the
filler requirement based on the percentage passing the No. 200 sieve of 81.92%; however, they did not satisfy the requirements for
clay content and the ratio of the percentage passing the No. 200 sieve to the No. 40 sieve. The compaction test results indicated that
the optimum mixture occurred at a tailings content of 50%, with an optimum moisture content of 5.38% and a maximum dry density
0f 2.766 g/cm?. The highest CBR values were also obtained at a tailings content of 50%, reaching 75.939% in the oaked condition
and 75.376% in the soaked condition. SEM analysis showed that the mixture containing 50% tailings had the highest particle density
and the smallest pore area, while XRF results indicated that silicon (Si) was the dominant element at 41.356%. Although the 50%
tailings mixture exhibited relatively better characteristics, none of the tailings variations tested met the minimum CBR requirement
0of 90% for UFL. Therefore, technically, tailings are not yet suitable for use as an alternative filler material in the Upper Foundation

Layer of road pavement.
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I. INTRODUCTION

Road infrastructure development is one of the key factors
in supporting economic growth and community mobility. A
good road must be able to withstand traffic loads and have a
long service life with minimal maintenance (Segui et al.,
2023). One of the main components that plays a significant
role in the quality of road structures is the foundation layer,
particularly the Upper Foundation Layer (UFL) (Fitrah,
2024).

The Upper Foundation Layer (UFL) functions as a
transition layer between the lower foundation layer and the
pavement surface layer (Firmansyah & Wacono, 2025). This
layer plays a role in distributing traffic loads to the underlying
layers, maintaining the stability of the pavement structure,
and supporting resistance to environmental influences such as
water and temperature changes (Jumardi et al., 2025).
Therefore, the selection of materials and the technical
characteristics of the UFL are critical factors in determining
road quality.

Mine tailings are a by-product of gold ore processing
activities, generated in large quantities and potentially
causing environmental problems if not utilized (Lumentah et

al., 2021). The continuous increase in mining activities has
resulted in a growing volume of tailings waste. In general,
tailings are stored in designated disposal areas that require
extensive land and continuous management to prevent
negative environmental impacts. Therefore, various studies
have been conducted to utilize tailings as an alternative
material in the construction sector, such as concrete mixtures,
soil stabilization, and road pavement materials. The
utilization of tailings in construction can not only reduce the
amount of waste that must be managed but also support the
concept of sustainable development through the use of
industrial by-products as substitutes for natural materials, the
availability of which is becoming increasingly limited
(Kementerian Lingkungan Hidup dan Kehutanan, 2020).

PT. Citra Palu Minerals (CPM) is a mining company
located in Poboya Village, Mantikulore District, Palu City,
Central Sulawesi Province, with gold as its mining operation
commodity (PT. CPM, 2025). PT. Citra Palu Minerals (CPM)
began operations in 2017, with a three-year construction
period, and commenced production in 2020.

In carrying out its production activities, PT. Citra Palu
Minerals (CPM) generates waste materials from ore
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processing, known as tailings, in a considerable volume
averaging 4,500 tons per day (PT. CPM, 2025). Given such a
large volume, it is unfortunate if this waste is not utilized in
construction works. Therefore, the author conducted a study
on the utilization of mine tailings as an alternative material
for the Upper Foundation Layer (UFL) of road pavement.

Based on the above description, the objective of this study
is to determine the technical feasibility of tailings as an
alternative material for the Upper Foundation Layer (UFL) of
road pavement and to identify the percentage of tailings that
can be added to the mixture in order to meet the technical
specifications of the Upper Foundation Layer (UFL) for road
pavement. This study is expected to demonstrate that the use
of tailings as a substitute filler material in the Upper
Foundation Layer (UFL) of road pavement can serve as an
alternative material solution when commonly used materials
become scarce.

II. MATERIALS AND METHODS
A. Research Design

This study is a laboratory experimental study aimed at
analyzing the effect of using tailings from gold ore processing
as a filler material on the characteristics of the Upper
Foundation Layer (UFL). The study began with testing the
physical properties of aggregates and tailings, including sieve
analysis, specific gravity and absorption, abrasion, plasticity
index, clay content, and aggregate particle fracture.
Subsequently, UFL mixtures were designed with tailings
contents of 0%, 25%, 50%, 75%, and 100% as substitutes for
conventional filler. The performance of the mixtures was
evaluated through compaction tests to determine the optimum
moisture content and maximum dry density, as well as
California Bearing Ratio (CBR) tests to determine the bearing
capacity of the mixtures. In addition, the microstructural
characteristics and chemical composition of the tailings were
analyzed using Scanning Electron Microscopy (SEM) and X-
Ray Fluorescence (XRF). The test results were then analyzed
to determine the effect of variations in tailings content on the
characteristics of the UFL and to obtain the optimum tailings
content that meets the technical specifications. The study was
conducted at the Soil Mechanics Laboratory, the Concrete
and Materials Laboratory of the Faculty of Engineering, and
the Integrated Laboratory of Tadulako University, Palu.

B. Research Materials

The materials used in this study consisted of coarse and
fine aggregates obtained from the stone crusher plant of PT.
Passokorang, located in Watusampu Village, Ulujadi District,
Palu City, and filler material obtained from tailings generated
by the gold ore processing activities of PT. Citra Palu
Minerals, located in Poboya Village, Mantikulore District,
Palu City.

C. Material Testing
The aggregate testing methods used in this study were
based on the procedures issued by the Directorate General of

Highways, Ministry of Public Works of the Republic of
Indonesia, as well as the Indonesian National Standards (SNI)
testing methods (Direkrorat Jendral Bina Marga, 2020). The
testing methods included sieve analysis, specific gravity and
water absorption testing, abrasion testing, plasticity index
testing, clay content testing, and coarse aggregate fractured
particle testing.

D. Upper Foundation Layer (UFL) Mix Design

The method used to determine the mixture composition
that complies with the technical specifications for the Upper
Foundation Layer (UFL) mix design was the compaction
method and California Bearing Ratio (CBR) testing (Basri et
al., 2024). This method was carried out through a trial-and-
error approach, followed by comparing the results with the
established technical specifications.

E. Determination of Optimum Moisture Content (OMC)

In this study, five moisture content variations were applied
to five test specimens, namely 3%, 4%, 5%, 6%, and 7%. In
addition, five tailings content variations were used for five
test specimens, namely 0%, 25%, 50%, 75%, and 100%. For
each variation of moisture content and tailings content, one
test specimen was prepared for compaction testing and one
test specimen for CBR testing. Accordingly, a total of 25 test
specimens were prepared for compaction testing and 50 test
specimens for CBR testing, resulting in an overall total of 75
test specimens for this study.

F. Compaction Testing

Compaction serves to increase the bearing capacity of the
soil; as the bearing capacity increases, deformation can be
prevented (Irianto et al., 2023). This test is intended to
determine the maximum dry unit weight or maximum dry
density (yd max) and the optimum moisture content (« opt).
There are two types of laboratory compaction tests that can
be used to determine the optimum moisture content and
maximum dry density, namely Standard Compaction and
Modified Compaction (Adenora, 2021). In this study, the
Modified Compaction method was used.

G. California Bearing Ratio (CBR) Testing

The California Bearing Ratio (CBR) test is used to evaluate
the potential strength of subgrade, subbase, and base course
materials, including recycled materials used for road and
airfield pavements (Alif et al., 2025). The unsoaked
California Bearing Ratio (CBR) test was conducted in
accordance with the method specified in SNI 1744:2012
(Badan Standardisasi Nasional, 2012). In this study, the CBR
test was carried out under two conditions: soaked and
unsoaked.

H. Scanning Electron Microscopy (SEM) Testing

This test was conducted to provide information on the
microstructure of gold mine waste (tailings). The equipment
used for Scanning Electron Microscopy (SEM) testing
consisted of one complete SEM unit with four components:
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an electron gun, a lens system, a scanning system, and a
detection system (Goldstein et al., 2003) (Masta, 2020).

I. X-Ray Fluorescence (XRF) Testing

This test was conducted to provide information on the
chemical element composition of gold mine waste (tailings).
The equipment used for X-Ray Fluorescence (XRF) testing
was a spectrometer equipped with several components,
namely an X-ray source, detector, sample chamber,
collimator, X-ray filter, and computer system (Sclotz &
Uhlig, 2006) (Admojo, 2020).

J. Research Analysis

All tests conducted, ranging from sieve analysis to CBR,
SEM, and XRF testing in the laboratory, produced data that
were subsequently analyzed to generate comparative graphs
illustrating the effect of tailings as an alternative filler
material on the characteristics of the Upper Foundation Layer
(UFL). These included graphs showing the relationship
between the content of tailings as an alternative filler and the
maximum dry density value, as well as the CBR value, in
addition to analyses of the SEM and XRF test results.
However, before the aggregates were varied with tailings as
an alternative filler material, physical property tests were first
conducted on the material with 0% alternative filler content,
including sieve analysis, specific gravity and absorption,
abrasion, and Atterberg limits. The data obtained served as a
basis for comparison between the material condition with 0%
alternative filler content and the material that had been
modified with the alternative filler.

II.RESULT AND DISCUSSION
A. Results of Aggregate Physical Characteristics Testing
1. Sieve Analysis Test Results

Table 2. Sieve Analysis Test Results of the Tailings
Fraction

Siev | Weignt | Cumulati |,/ %
e Openin Retaine ve . Retaine | Passin
No. g (mm) d (@ Retained d g

(g)
- - - - - 100.00
3%'*3/8 9.500 0.0 0.00 0.00 100.00
#4 4.750 15.1 15.12 1.01 98.99
#8 2.360 26.5 41.66 2.78 97.22
#20 | 0.850 54.7 96.31 6.42 93.58
#40 | 0.425 61.1 157.43 10.50 89.50
#60 | 0.250 26.1 183.52 12.23 87.77
#30 | 0.180 49.9 233.37 15.56 84.44
#100 | 0.150 22.3 255.64 17.04 82.96
#200 | 0.075 15.6 271.21 18.08 81.92
Pan | - 1228.8 1500.00 100.00 0.00

Based on the results of the sieve analysis test, it can be
determined that the tailings waste meets the requirements as
a filler material for the Upper Foundation Layer (UFL)
mixture because the percentage passing the No. 200 sieve is
81.92%, while the technical specification requires a minimum
of 75% passing the No. 200 sieve.

The requirement for the ratio of the percentage passing the
No. 200 sieve to that passing the No. 40 sieve is a maximum
of 2/3. From the sieve analysis results, it can be observed that
the stone dust aggregate meets this requirement, whereas the
tailings waste aggregate does not. The comparison results are
presented as follows:

Table 3. Comparison of the Percentage Passing the No.
200 Sieve to the No. 40 Sieve

In this test, sieve analysis was conducted on only two No Aggre | Percentag Require Result
aggregate fractions, namely the stone dust fraction and the gate | e Passing ment (6 = | Remarks
tailings waste fraction. The test results obtained are presented Type | Sieve (%) 3/4)
as follows: No. 200 No.
40
Table 1. Sieve Analysis Test Results of the Stone Dust 1 Stone 1.74 5.1 )= 23 0.115 Meet§ the
. Dust 6 (0.667) Requirement
Fraction
. . Tailin Does  Not
. . Weight Cumulative . <
Sieve | Opening & . % % 2 | gs 81.92 895 1= 25310015 | Meet  the
Retained | Retained . . 0 (0.667) .
No. (mm) Retained | Passing Waste Requirement
(g) (g
- - - - - 100.00 2. Abrasion Test Results and Specific Gravity and
#3/8" | 9.500 | 2.9 291 0.19 99.81 ' Abras10tr.1 TeStR esilt > f?:n TCI i t ravity att
44 | 4750 5.8 8.73 0.58 99.42 SOTPHON 15T eSS of L-oarse Aggregate
m 3360 e 1003 36.00 5400 The abrasion test was conducted in accordance with the
. - - - - method specified in SNI 03-1969-1990. The results obtained
#20 0.850 544.5 1084.51 72.30 27.70
are presented as follows:
#40 0.425 188.0 1272.53 84.84 15.16
#60 0.250 100.9 1373.46 91.56 8.44
#80 0.180 54.8 1428.29 95.22 4.78
#100 | 0.150 27.9 1456.19 97.08 2.92
#200 | 0.075 17.6 1473.83 98.26 1.74
Pan - 26.2 1500.00 100.00 0.00
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Table 4. Abrasion Test Results

No. Test Specification | Test Status
Result
1 Los Angeles | <40% 22.18% | Passed
Abrasion
Test (500
Revolutions)

3. Fine Aggregate Specific Gravity Test Results

The fine aggregate specific gravity test was conducted in
accordance with the method specified in SNI 1970:2008. The
results obtained are presented as follows:

Tabel 5. Fine Aggregate Specific Gravity Test Results

Tailings
. t Dust
No. | Test Type Stone Dus Waste
1 Bulk Specific Gravity | 2.480 2.630

4. Coarse Aggregate Broken Grain Test Results

The coarse aggregate grain breakage test was conducted
according to the method specified in SNI 7619:2012. This
method regulates the implementation procedure and
determination of the percentage of coarse aggregate breakage
to determine the quality of coarse aggregate to be used in a
construction. The use of coarse aggregate grains with broken
surfaces will increase the frictional resistance between grains
in the mixture, thereby increasing the stability of the mixture,
and will also provide a good surface texture, thus increasing
the roughness.

Table 6. Coarse Aggregate Fractured Particle Test
Results

This test was conducted using the procedure specified in
SNI 3423:2008. The clay content test results are presented as
follows:

Table 7. Clay Content Test Results

No. Aggregate Requirement | Result Remarks
Type
Tailings Does Nt
1 & 0-5% 13.93% | Meet the
Waste .
Requirement
Meet: th
2 | StoneDust | 0-5% 0.19% cers e
Requirement

6. Plasticity Index Test Results

The plasticity index test was conducted in accordance
with the method specified in SNI 1966:2008. The test results
are presented as follows:

Table 8. Plasticity Index Test Results

Sample Sample
Sample . . Weight
No. A.ggregate Weight Weight with 1 with > 2
Size Fractured
(kg) Face (kg) Fractured
g Faces (kg)
1 " 0.908 0.257 0.651
2 3/8" 1.550 0.226 1.324
3 No. 4 0.725 0.004 0.721
Total 3.183 0.487 2.696

Percentage of Fractured Coarse Aggregate Particles:

Plast
f;lqul i:(?; Plastici
N Aggre | Atter Limit | x ty Re
gate berg Requi | R Index mar
0 Type Limits equi | weq (7=3-|ks
reme | uire
4)
nt men
t
Plas
Liquid | tic
Limit Lim
it
Mee
ts
Stone the
1 5.98 0.00 | 0-25 0-6 5.98 Req
Dust .
uire
men
t
Mee
ts
Tailing the
2 |s 4.59 0.00 | 0-25 0-6 4.59 Req
Waste uire
men
t

Weight of Sample with 1 Fractured Face + Weight of Sample with 22 Fractured FaceB. Stages of Preparing the Upper Foundation Layer

Total Sample Weight
) x 100%
_ (0,4-87 Kg+2,696 Kg
3,183 Kg
=100%
Based on the fractured coarse aggregate particle test
results, 100% of the aggregate sample consisted of fractured
particles. This result satisfies the specified technical

) x 100%

requirement of 95/90%.
5. Clay Content Test Results

(UFL) Mixture and Results of Mechanical
Characteristics Testing of the Upper Foundation
Layer (UFL) Mixture
1. Compaction Test Results
The compaction test was conducted in accordance with the
method specified in SNI 1743:2008. The test was carried out
to determine the relationship between variations in average
moisture content and average dry density at tailings waste
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contents of 0%, 25%, 50%, 75%, and 100%. The test results
can be visualized in graphical form as follows:
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Figure 1. Relationship Between Average Moisture
Content Variation and Average Dry Density at Different
Tailings Waste Contents

Based on the compaction test results of the Upper
Foundation Layer (UFL) mixture, the highest maximum dry
density (yd max) was obtained from the mixture containing
50% tailings waste at an optimum moisture content (® opt) of
5.38%, with a maximum dry density (yd max) value of 2.766
g/cm®. In contrast, the lowest maximum dry density (yd max)
was obtained from the mixture containing 100% tailings
waste at an optimum moisture content (@ opt) of 6.84%, with
a maximum dry density (yd max) value of 2.643 g/cm®.

From Figure 1, Relationship Between Average Moisture
Content Variation and Average Dry Density at Different
Tailings Waste Contents, it can be observed that as the
tailings content increases, the moisture content also increases,
accompanied by a decrease in dry density. The optimum UFL
mixture was achieved with a tailings content of 50%.

2. Soaked and Unsoaked California Bearing Ratio (CBR)

Test Results

The unsoaked California Bearing Ratio (CBR) test was
conducted in accordance with the method specified in SNI
1744:2012. The results showing the relationship between
variations in average moisture content and the average soaked
and unsoaked CBR values at tailings waste contents of 0%,
25%, 50%, 75%, and 100% can be presented in the form of
tables and graphs as follows:

Table 9. Optimum Moisture Content, Maximum Dry
Density, Unsoaked CBR, and Soaked CBR Values at
Different Tailings Content Variations

Tailings Optimum | Maximum | Unsoaked | Soaked
Content Moisture | Dry CBR CBR
Variation | Content Density Value Value
(%) (%) (g/em’) (%) (%)

0 5.19 2.71 72.305 71.741
25 5.28 2.72 73.371 72.807
50 5.38 2.77 75.939 75.376
75 5.60 2.73 74.436 73.872
100 6.08 2.66 70.927 70.363

Tailing 0% (Soaking)

Tailing 25% (Soaking)

totd

74.000 Tailing 50% (Soaking)
Tailing 75% (Soaking)

: /./‘/|\|\' —+—" Tailing 100% (Soaking)
72.000 'p/\\ =" Tailing 0% ( NoSoaking)
71.000 ‘/\\ ——" Talling 25% ( No Soaking)

Tailing 0% No Soaking)

Tailing 75% ( No Soaking)

=== Tailing 100% ( No Soaking)

Figure 2. Graph of the Relationship between Variations
in Average Water Content with Average Unsoaked CBR
Values and Average Soaked CBR at Tailings Waste
Contents of 0%, 25%, 50%, 75%, and 100%

75.939
76.000 376
75.000 o
~ 74000 33T oo
€ 73000 72305
£ 72000
£ 71.000
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Figure 3. Relationship Between Tailings Waste Content
Variation and the Highest Soaked CBR and Unsoaked
CBR Values

Based on the results obtained, the Unsoaked CBR values
were higher than the Soaked CBR values for each variation
of tailings waste content.

The minimum required Soaked California Bearing Ratio
(CBR) value for an Upper Foundation Layer (UFL) mixture
is 90%. Based on the soaked CBR test results, the highest
CBR value obtained was 75.376%. Therefore, it can be
concluded that the mixture does not meet the requirements for
use as an Upper Foundation Layer (UFL) in road pavement.

C. Scanning Electron Microscopy (SEM) Test Results

Prior to the SEM test, samples of stone dust aggregate,
tailings waste, and fine aggregate mixtures of the Upper
Foundation Layer (UFL) with tailings waste contents of 0%,
50%, and 100% were prepared in a dry condition. The SEM
test results are presented as follows:
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Dust

b. Stone
Aggregate
Figure 4. SEM Test Results of Tailings Waste and Stone
Dust Aggregate at 1000x Magnification

a. Tailings Waste

SEM observations at 1000x magnification showed that
both tailings waste and stone dust aggregate possess irregular
(angular) particle characteristics, indicating mechanical
formation. The tailings particles were dominated by fine
fractions (<50 pm) with a smooth surface texture and a pore
area of 2,253.93 um? (21%), whereas the stone dust aggregate
exhibited a rougher surface texture with a pore area of
2,307.59 um? (21.50%). The dense particle arrangement,
together with the irregular and angular particle shapes, has the
potential to enhance interlocking interactions among particles
and with binding materials, thereby influencing the
compaction, permeability, and bearing capacity of the
material.

& lin tocm a0 S Tioe 0 30 et

b. UFL Mixture (Fine
Aggregate) with 50%
Tailings Content

T S A oy

a. UFL Mixture (Fine
Aggregate) with 0%
Tailings Content

c. UFL Mixture (Fine Aggregate) with 100%
Tailings Content
Figure 5. SEM Test Results of UFL Mixtures (Fine
Aggregate) with Tailings Content Variations of 0%,
50%, and 100% at 1000x Magnification

SEM images of the UFL mixtures (fine aggregate) with
tailings content variations of 0%, 50%, and 100% at 1000x
magnification showed that all mixtures consisted of densely
packed particles with irregular (angular) shapes. At 0%
tailings content, the mixture was dominated by the
characteristics of stone dust, exhibiting a rough surface
texture and a pore area of 2,575.92 pum? (24%). At 50%
tailings content, the mixture displayed a combination of stone
dust and tailings characteristics, with a rough-to-smooth
texture and the smallest pore area of 2,039.27 pm? (19%).
Meanwhile, at 100% tailings content, the mixture was
dominated by the characteristics of tailings, exhibiting a
smooth surface texture and a pore area of 2,307.59 pm?
(21.50%). These results indicate that the addition of tailings
affects the surface texture and pore distribution of the UFL
mixture.

The comparison of the SEM test results of the UFL
mixtures (fine aggregate) with tailings content variations of
0%, 50%, and 100% can be explained as follows:

The SEM analysis results provide visual and quantitative
insights that support the understanding of the physical
properties of the materials and serve as an important basis for
evaluating material performance in construction applications.

D. X-Ray Fluorescence (XRF) Test Results of Tailings

Waste

The X-Ray Fluorescence (XRF) test was conducted to
identify the types and percentages of chemical elements
contained in the tailings waste. This method works by
directing X-rays onto the sample, causing each element to
emit secondary X-rays with different energy levels, which are
then analyzed by a computer to determine the elemental
composition of the material. The XRF test results of the
tailings waste can be visualized in the following graph:
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Figure 6. XRF Test Results of Gold Tailings Waste

The XREF test results showed that the tailings waste was
dominated by silicon (Si) at 41.356%, followed by light
elements (LE) at 35.977%, aluminum (Al) at 6.382%,
calcium (Ca) at 5.907%, and iron (Fe) at 4.410%. The
dominance of silicon indicates that the tailings contain a high
proportion of silicate minerals, while the presence of
aluminum, calcium, and iron suggests their potential
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contribution to the physical and mechanical properties of the
material. The elemental composition indicates that the
tailings waste has the potential to be utilized as an alternative
filler material in Upper Foundation Layer (UFL) mixtures.

CONCLUSIONS

Based on the research results and data analysis, it can be
concluded that, technically, tailings cannot be utilized as an
alternative filler material in Upper Foundation Layer (UFL)
mixtures because the mechanical characteristics testing
showed that the highest California Bearing Ratio (CBR) value
was obtained from the Unsoaked CBR test with a tailings
content variation of 50%, resulting in a CBR value of
75.939%, which is lower than the minimum value of 90%
specified in the technical specifications. Although, from the
aggregate physical characteristics tests, only 3 (three) out of
10 (ten) types of tests did not meet the technical
specifications. The aggregate physical characteristics tests
that met the technical specifications were the percentage
passing the No. 200 sieve, specific gravity and absorption of
coarse aggregate, specific gravity of fine aggregate,
percentage of fractured particles in coarse aggregate, coarse
aggregate abrasion, liquid limit, and plasticity index.
Meanwhile, the aggregate physical characteristics tests that
did not meet the technical specifications were the ratio of the
percentage passing the No. 200 sieve to the No. 40 sieve, clay
content, and the product of the plasticity index and the
percentage passing the No. 200 sieve.

Of the tailings waste content variations applied to the
Upper Foundation Layer (UFL) mixtures, namely 0%, 25%,
50%, 75%, and 100%, none met the technical specifications
required for use in the Upper Foundation Layer (UFL) of road
pavement. The most optimum UFL mixture was the mixture
containing 50% tailings. In addition, the XRF test results
showed that the tailings waste was dominated by silicon (Si)
at 41.356%, followed by light elements (LE) at 35.977%,
aluminum (Al) at 6.382%, calcium (Ca) at 5.907%, and iron
(Fe) at 4.410%. The dominance of silicon indicates that the
tailings contain a high proportion of silicate minerals, while
the presence of aluminum, calcium, and iron suggests their
potential contribution to the physical and mechanical
properties of the material.
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