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Abstract Recent bauxite mining activities in the vicinity of
Kuantan, Pahang, have been associated with apparent environ-
mental quality degradation and have raised environmental con-
cerns among the public. This study was carried out to evaluate
the overall ecological impacts on water and sediment quality
from the bauxite mining activities. Water and sediment samples
were collected at seven sampling locations within the bauxite
mining areas between June and December 2015. The water sam-
ples were analyzed for water quality index (WQI) and distribu-
tion of major and trace element geochemistry. Sediment samples
were evaluated based on geochemical indices, i.e., the enrich-
ment factor (EF) and geoaccumulation index (/ye,). Potential
ecological risk index was estimated to assess the degree to which
sediments of the mine-impacted areas have been contaminated
with heavy metals. The results showed that WQIs of some loca-
tions were classified as slightly polluted and contained metal
contents exceeding the recommended guideline values. The
EFs indicated minimal to moderate enrichment of metals (Pb,
Cu, Zn, Mn, As, Cd, Cr, Ni, Co, and Sr) in the sediments. o,
showed slightly to partially polluted sediments with respect to As
at some locations. The potential ecological risk index (RI)
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showed that As posed the highest potential ecological risk with
RI of 52.35-60.92 at two locations, while other locations indi-
cated low risk. The findings from this study have demonstrated
the impact of recent bauxite mining activities, which might be of
importance to the local communities and relevant authorities to
initiate immediate rehabilitation phase of the impacted area.

Keywords Bauxite - Mine water - Sediment - Heavy metal -
Ecological risk index - Geochemical index

Introduction

Malaysian mining industry is expected to remain on a growth
path driven by the ongoing demand for mineral supply both
nationally and globally. Metallic mineral sector in Malaysia in-
cludes bauxite, iron ore, manganese, gold, tin, and other by-
products of tin and gold mining (Majid et al. 2013). As of
2013, bauxite production has greatly increased and the only
bauxite mine in operation was in Pengerang, Johor. Kuantan,
Pahang, a district in eastern Peninsular Malaysia, has become a
hot spot for new bauxite mines in Malaysia when bauxite mining
in Indonesia ceased operation. Bauxite in Kuantan area is formed
from basalt. The area in Kuantan including Bukit Goh (an area
which is heavily mined for bauxite) occupied by basalt is about
18,000 ha (Paramananthan 2000). The basalt in Kuantan area is
composed of 12—13 % Al,03, 36 % Fe,05, 7-8 % FeO, 1-2 %
TiO,, 0.02 % Cr,0;, and 0.01 % NiO (Paramananthan 1977,
Senathi 1986).

Bauxite contains precious metal called Al that is widely used
for manufacturing many industrial goods. The materials having
the ore contain minerals which could be similar to those occurring
above it—the soil of Kuantan Series contains gibbsite [AI(OH);]
mixed with goethite (FeOOH), hematite (Fe,O3), and kaolin
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(Tessens and Shamshuddin 1983; Shamshuddin and Fauziah
2010). The red coloration of the bauxite in Kuantan is due to
the presence of mineral hematite. A small amount of anatase
(TiO,) could possibly be present in the bauxite, which is a source
of Ti, an even more precious metal. Bauxite is an ore formed from
severely weathered rocks, which are leached of and other soluble
materials in a wet tropical and sub-tropical climate (Gow 1993).
Bauxite is typically reddish brown in color with a pisolitic struc-
ture, earthy luster and a low specific gravity. Lateritic bauxite
(silicate bauxites) ores are largely formed in tropical regions by
the weathering of silicate rocks and tends to contain the highest
concentration of aluminum ores compared to karst bauxite (car-
bonate bauxites) (Zhukov and Bogatyrev 2012).

However, bauxite mining is not without its challenges, espe-
cially the open cast mining activity. Bauxite is usually strip-
mined because it is typically found below soil layer, 1 or 2 m
below the surface. Mining bauxite may cause great disruption as
it has detrimental impacts on water, air, land, aquatics, wildlife,
and other biological resources as well as human life if the mining
activities are not properly controlled (Saxena and Singh 2000;
Abdullah et al. 2016). Mining activities in general have been
known to generate environmental impacts such as degradation
of water quality and spreading of spoils that forms wastelands
(Lamare and Singh 2014). Open cast mining also creates socio-
economic impacts, as seen when the quarrying is carried out
unsystematically, not as per prescribed rules and regulation (Lad
and Samant 2014). The presence of metals for instance may
introduce impacts in the aquatic ecosystem with regard to envi-
ronmental persistence, toxicity, and ability to be assimilated into
the food chain (Ololade et al. 2008; Ahanger et al. 2014; Shaari
et al. 2015).

Ecological contamination such as heavy metal pollution may
also exist through natural processes aside of the anthropogenic
activities. The natural sources such as erosion, weathering pro-
cess, and acidification are common sources for heavy metals
being brought into the environment (Tajam and Kamal 2013;
Demirak et al. 2013). Heavy metal pollution is one of the major
concerns in the natural environment due to its features of being
destructible and the toxicity effect it imposes on living organisms
when it exceeds permissible levels (Mmolawa et al. 2011). The
importance of ecological impact assessment due to bauxite min-
ing activities might be of interest to the local communities and
relevant authorities partly because the impacted water bodies
could be the source for raw water supply (Kusin et al. 2016a).
Given the extent of recent environmental degradation due to such
mining activities, it is important that the occurrence of the pollu-
tion be investigated. Therefore, this study was undertaken to
evaluate the overall ecological impacts due to bauxite mining
activities in the vicinity of Kuantan, Pahang, on water ecosys-
tems and within the mine water environments. Specifically, eval-
uations were made based on several hydrogeochemical indices
such as water quality index, enrichment factor and
geoaccumulation index of selected heavy metals in sediments,
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and potential ecological risk index, as well as comparison with
the regulatory requirement guidelines. With recent public outcry
over apparent environmental impacts associated with bauxite
mining activities in Pahang and southern Terengganu, this study
can provide significant inputs for policy-makers in reviewing the
existing laws and other stakeholders interested in the issue.

Materials and methods
Study area

Kuantan District (2960 km?) is the state capital of Pahang, which
is located at latitude 3° 45" 0" N, and longitude 102° 30’ 0" E.
The National Physical Plan 2005 has identified Kuantan as one
of the future growth centers and a hub for trade, commerce,
transportation, and tourism in Malaysia. Kuantan is considered
a social, economic, and commercial hub for the East Coast of
Peninsular Malaysia due to its strategic location, while rapid
development has transformed and modernized the city. The
bauxite mining operation is progressively occurring in the vicin-
ity of Bukit Goh Kuantan, but the ore deposits were then
transported to temporary storage area within Kuantan Port prior
to being exported to China for mineral processing. Monitoring of
the mine-impacted areas was conducted at seven sampling loca-
tions within the bauxite mining areas in Kuantan including Bukit
Goh before the moratorium, i.e., temporary cessation of the baux-
ite mining activities (Fig. 1). Sampling was carried out thrice
(between June and December 2015). The sampling locations
were at Bukit Goh, Sungai Panching Intake, Pengorak River,
and Kuantan Port including the stockpile areas, which are the
most affected sites due to bauxite mining activities (Table 1).

Water and sediment sampling

The physico-chemical characteristics and mineral composition of
water and sediment were investigated to evaluate the effect of
bauxite mining on water and sediment geochemistry of the areas.
On-site measurements of water physico-chemical parameters
(pH, electrical conductivity (cond.), £}, (redox potential), total
dissolved solids (TDSs), and temperature) were taken using a
calibrated Myron L Ultrameter 6P. Alkalinity was measured in
the field using a HACH Alkalinity Kit (AL-AP) by means of
titration against sulfuric acid with phenolpthalein and bromcresol
green-methyl red indicators. On-site turbidity measurement was
undertaken using an Orion Aquafast turbidity meter. Samples for
water quality analysis were collected in pre-washed polypropyl-
ene bottles (soaked overnight in 10 % v/v nitric acid (HNO3),
washed three times with tap water, then three times with 18.2-Q
Milli-Q deionized water). For total cations and metal analysis,
water samples were collected in 125-mL bottles, filtered through
a 0.2-um filter paper and acidified with 1 % v/v concentrated
HNOs, and unacidified for anion analysis. All samples were kept
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Fig. 1 a Mining areas in the state of Pahang, b sampling locations in Bukit Goh, and ¢ Kuantan Port

in the cold room at 4 °C prior to analysis. Major cations (Ca, Mg,
Na, K) and metals (Fe, Mn, Al, Zn, Cu, Pb, As, Cr, Cd, Co, Ni,
Sr) were analyzed using an inductively coupled plasma—optical
emission spectrometer (ICP-OES), Optima 8300, Perkin Elmer.
Anion (Cl) was analyzed using titration method, and SO, was
determined using turbidimetric method by HACH meter.
Reliability of sample analyses was tested by charge balance cal-
culations. An electro-neutrality within +5 % was considered to be
of suitable accuracy, but up to =10 % are acceptable (Appelo and
Postma 2005).

For laboratory analyses of BOD, COD, TSS, and NH;-N,
all the laboratory analyses and the sample preservation were
carried out according to APHA Standard Methods for the

examination of water and wastewater (APHA 2012). All sam-
ples were kept cool at 4 °C prior to analysis. Samples for COD
and NH;-N were acidified with 0.35 % by weight of H,SO4 to
pH < 2, while samples for BOD were collected in 300-mL
BOD bottles, kept in the dark, and analyzed within 48 h after
sampling. COD and NH;-N were determined using a UV-
visible detector (DR900 HACH) with a COD test reagent
based on dichromate method using potassium dichromate
and an NH;-N test reagent (Nessler reagent), respectively.
Dissolved oxygen level for BOD test was measured using a
DO probe for initial DO and DO after 5-day incubation at
25 °C, BODs. TSS was measured by measuring the weight

Table 1 Description of sampling

locations Station Sampling site Location Description

S1 Bukit Goh 3°52"36.0" N, 103°15"47.1" E Mine drainage at Bukit Goh

S2 Bukit Goh 3°52"44.6" N, 103° 15" 223" E Mine drainage at Bukit Goh

S3 Sg. Panching 3°50"47.7" N, 103° 11" 60.0" E Water intake point to water treatment

Water Intake plant at Sg. Panching
S4 Kuantan Port 3°59'23.9" N, 103° 24’ 58.3" E Drainage area nearby bauxite stockpile
area

S5 Kuantan Port 3°59"394" N, 103° 24’ 53.0" E A stream nearby bauxite stockpile area
S6 Kuantan Port 3°58'22.8" N, 103°24" 449" E A stream nearby bauxite stockpile area
S7 Pengorak River 3°58'08.2" N, 103°24' 359" E Estuary from Pengorak River to South

China Sea
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of remaining portion of the filtered samples before and after
ignition at 105 °C in an oven.

Sediment samples were collected at the same sites as with the
water samples. All of the samples were bagged, labeled, and
sealed in clean polyethylene bags and were transported to the
laboratory for analysis. Sample preparation was performed ac-
cording to EPA method 3050B (USEPA 1996) prior to heavy
metal analysis by means of acid digestion, using nitric acid-
hydrogen peroxide digestion. The sample was air-dried, crushed,
and sieved through a 500-um mesh sieve (IAEA 2003). Of the
sample, 1.0 g was digested for a total volume of 50 mL. The
supernatant sample was then filtered with 0.45-um membrane
filter and analyzed using ICP-OES for metal elements.

For quality assurance/quality control (QA/QC), all the labo-
ratory apparatus and glassware used were cleaned with 5 % v/v
HNO; and rinsed with 18.2-Q Milli-Q deionized water. The
reagents used were all of analytical grade. To ensure accuracy
and precision of the ICP-OES performance, a series of standard
solutions were prepared using the ICP multielement stock solu-
tion for generating the standard calibration curves. Sample blanks
were used to ascertain the background correction. All sample
tests were run in triplicate during ICP-OES analysis. Analytical
accuracy was also checked with standard reference material
NIST, SRM 1646a (estuarine sediment). The percentage of re-
coveries for the metals studied ranged between 86 and 115 %.

Water quality index

Water quality index (WQI) ascribes water quality value to an
aggregate set of measured parameters (Table 2). It consists of
sub-index values assigned to each pre-identified parameter by
comparing its measurement with a parameter-specific rating
curve, optionally weighted, and combined, resulting in the
final index. The assessment of water quality parameters with
their respective guideline standards is the basis of water qual-
ity index (Khan et al. 2003). The WQI was calculated based
on the concentrations of DO, BOD, COD, NH;3-N, SS, and pH
of the water (Mustapha 1981; Haque et al. 2010). Once the
respective sub-indices have been calculated, the WQI can then
be calculated as the following (DOE 2008):

DOE-WQI = 0.22 x SIDO + 019 x SIBOD + 0.16
x SICOD + 015 x SIAN + 0.16 x SISS
+0.12 x SPIH (1)

where the sub-indices of the parameters were obtained from a
series of equations.

Geochemical indices

In order to evaluate the geochemical characteristics with re-
spect to metal contamination in sediments, geochemical
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Table 2 Water quality classification of selected parameters according
to National Water Quality Standards (NWQS) for Malaysia

Parameter Class
Unit 1 ITIA 1IB 11 I\% \%
pH 6.5-8.5 69 69 5-9 5-9 -
DO mg/L 7 5-7 5-7 3-5 <3 <1
BOD mg/L 1 3 3 6 12 >12
COD mg/L 10 25 25 50 100 >100
TSS mg/L 25 50 50 150 300 300
AN mg/L 0.1 0.3 0.3 0.9 2.7 >2.7

Source: DOE (2008)

Class I conservation of natural environment, water supply I—practically
no treatment necessary, fishery I—very sensitive aquatic species; class
1IA water supply II—conventional treatment required, fishery Il—sensi-
tive aquatic species; class [IB recreational use with body contact; class 111
water supply Ill—extensive treatment required, fishery [Il-—common of
economic value and tolerant species, livestock drinking; class IV irriga-
tion; class V none of the above

indices were used including enrichment factor (EF) and
geoaccumulation index (Jgeo).

EF

The enrichment factor for Fe-normalized data is defined as [16]
EF et = [Mx/ Fex} sample/ [MC/ Fec]backgmund (2)

where Mx is the concentration of metal in the examined sample,
Fex is the concentration of Fe in the examined sample, Mc is the
concentration of metal in the average shale or undisturbed sedi-
ment, and Fec is the concentration of metal in the average shale
or undisturbed sediment that acts as a normalizer. Fe was chosen
as the element of normalizer because it is a natural resource vastly
dominated in input. The main advantages of using Fe as a nor-
malizer are (1) Fe is associated with fine solid surface, (2) its
geochemistry is close to that of many trace metals, and (3) its
natural sediment concentration tends to be uniform. Fe has been
used successfully by researchers to normalize metal contamina-
tion in river and coastline sediments (Baptista-Neto et al. 2000;
Zhang et al. 2009; Amin et al. 2009; Cevik et al. 2009). The
background concentrations of Pb, Cu, Zn, Mn, Fe, As, Cd, Cr,
Ni, Co, and Sr in the average shale obtained from Smith and
Huyck (1999) were used in this study. According to Sutherland
(2000), EF can be categorized as follows: EF < 2 is deficiency to
minimal enrichment, EF 25 is moderate enrichment, EF 5-20 is
significant enrichment, EF 2040 is very high enrichment, and
EF > 40 is extremely high enrichment.

1, geo

Iy, as described by Muller (1969) is to estimate the enrichment
of metal concentrations above background or baseline
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concentration. e, is a quantitative approach to measure heavy
metal pollution in sediments or soils. The index is mainly a single
metal approach to calculate metal accumulation in sediment
when the concentration of toxic heavy metal is 1.5 or greater
than their lithogenic background values (Gaur et al. 2005).

The 4, is expressed by the following formula:

Igeo = log, [C,/1.5 B, ] (3)

where C,, is the measured concentration of metal in sediment 7,
B, is the geochemical background value of element #, and factor
1.5 is the coefficient variation of the background data due to
lithogenic impacts. The background values of the heavy metals
are the same as applied in the enrichment factor calculation.

Potential ecological risk index

Potential ecological risk index was used to evaluate the potential
ecological risk considering the content and toxic response fac-
tors of trace elements in the sediment samples (Sun et al. 2010;
Liu et al. 2016). Potential ecological risk index (PERI) was
calculated based on the following formula (Hakanson 1980):

RI= Y, (4

where RI is the sum of all the potential risk factors for heavy
metal in soil. £ ’j is the potential ecological risk index for single
heavy metal pollution that can be calculated as

y=Crx Ty (5)
T’f is the response coefficient for the toxicity of the single

metal contamination. C}» is the pollution index for a given
heavy metal and can be defined as

y=CJ/C, (6)

where C! is the present concentration of heavy metal in the
sediment and C', is the reference natural background concentra-
tion of heavy metal in the sediment that can be referred to as the
background values of the heavy metals, which are the same as
applied in the enrichment factor calculation. Based on the previ-
ously published values, the toxicity coefficients of Pb, Cu, Zn,
As, Cd, Cr, Ni, and Co used were 5, 5, 1, 10, 30, 2, 5, and 5,
respectively (Zheng-Qi et al. 2008; Mamat et al. 2016). Based on
the £ } and RI formula, the classification of potential ecological
risk of the selected heavy metals can be obtained.

Table 3 Mean physico-chemical parameters of the waters and water quality classification based on DOE-WQI

Status

Class

WQI

DO TSS BOD COD NHs-

Turbidity
(NTU)

Alkalinity

Ej (mV)

Conductivity
(uS/cm)

Temperature ~ TDS

0

pH

Location

(mg/L as CaCO3)

(mg/

(mg/L)

—_ e e e

I
I
I

87

1.53
0.28
0.19
1.72
0.76
1.37

12

11

1.2
1.7
5.8

1.5

7.89 7.04

872
7.10 0.15

103

150
347

234

219

333

5.95
6.43
5.10

S1-Bukit Goh

91

41

37
87
392
314
416

23

31.1

S2-Bukit Goh

86
83

7.03  0.20

640 545

80
55
53
928

42
207

131

180
302

54
254
234
272

31.1

S3-Sungai Panching Intake

S4-Kuantan Port

I
I

12
16
73

644 318

85

2.5

585 0.13

189
208

6.69 31.1

S5-Kuantan Port

ightly

=

I S

66

4.02 4.04 2.7

105

496 30.0

S6-Kuantan Port

polluted
Slightly

1.07 74 I

16

1.04 45

164 431

115

304

311

6.16 31.0 245

S7-Pengorak River

polluted

Mean data for each location is presented (n = 9)
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Fig. 2 Mean water quality 9+
parameters of the sampling g
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Results and discussion
Assessment of WQI

For water quality index assessment, the WQI was calculated for
all the monitored locations. The water quality index classification
is shown in Table 3. It is noted that the lowest WQI was found at
location S6 with value of 66 followed by S7 (74). The WQI was
found to be in the order of S6 > S7 >S4 > S5 > S3 > S1 > S2
(lowest to highest). WQI indicates that the surface water quality
of the mine-impacted water was found slightly polluted in some
locations (i.e., S6 and S7 were categorized as class III, slightly
polluted). The water sampled at S6 was from the stockpile area of
bauxite mine storage, which is in the vicinity of Kuantan Port and
is near to other industrial areas. S7 was also found polluted as a
result of direct discharge from the stockpile area into the river.
Based on current water quality status, the water from these loca-
tions can only be used as a source of raw water supply after
extensive treatment and the water is only suitable for tolerant fish
or aquatic species (DOE 2008). For S1 to S5 the water quality is
in class II, which is considerably clean but will require further
treatment if it is intended for potable water use.
Notwithstanding the WQI classification, the variations of se-
lected water quality parameters are illustrated in Fig. 2. pH was
found in circum-neutral range to slightly acidic pH (at S1, S3,
and S6). The relatively acidic pH at S6 was apparently associated
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with the uncontrolled discharge from the stockpile area and is
coupled with notably low dissolved oxygen and high turbidity
and COD (Fig. 2). S1 indicated the highest TSS value among
stations but was still below the recommended acceptable value of
the NWQS. Even though S3 was generally categorized as clean,
it was noted that the slightly acidic pH and high BOD level
(approximately class IIT) could be an indication of water quality
degradation. Mining significantly changes the natural water con-
ditions when oxygen enters a formerly reducing environment
during the excavation processes causing the weathering of disul-
fide (Wolkersdorfer 2008). The weathering reaction produces
protons and thus releases acid into the mine water. In the absence
of buffering minerals, pH of mine water can be extremely low.
Therefore, further water quality evaluation is required because
WQI does not include major and trace element geochemistry in
the assessment so as to understand contaminant behavior in the
mine water environments (Kusin et al. 2016b).

Major and trace elements in water

Further discussion on the major and trace element geochem-
istry of the waters is presented here. The results are demon-
strated by comparing the mean values of the variables accord-
ing to the recommended guideline values of the Ministry of
Health Malaysia (MoH), World Health Organization (WHO),
US Environmental Protection Agency (USEPA), and EU
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Table 4 Mean major and trace elements of the waters

Mn Zn Sr As Cr Cd Ni Cu Co Pb

Fe (mg/L)

Al

Ca Mg Na

Cl

SO,

Location

0.002  0.001  0.002

<LOD
0.005

0.002
<LOD
<LOD

0.001

<LOD
<LOD
<LOD
<LOD
<LOD
0.001

<LOD

0.050  0.009 0.033

0.182 0.125

6.88

8.19
1.50

1.19
0.65
0.69
1.45
167.21

20.93

22
8.3
6.8

69
87
94

S1-Bukit Goh
S2-Bukit Goh

<LOD
0.001

0.001

0.004
0.004
0.005

0.004
<LOD
<LOD
<LOD

0.097 0.039 0.007

450 0.110 0.155

2.17
2.33
41.92
128.37

0.001

0.013

0.102  0.019 0.007

0.108

7.60 21.60 0.013

3.78
56.45
44.73

S3-Sungai Panching Intake

S4-Kuantan Port

0.009
0.071

0.001

<LOD
<LOD
0.012

0.087

1.646  0.013
0.648

560 0.172 0.177

10.25

2.13

6.18
2114
222.6
250
250
250

86
80
43

<LOD <LOD

0.01
0.009
1.00
1.00
1.00
2.00

0.001

0.512

0.021

0.209

0.100

S5-Kuantan Port

0.007
0.011

0.004
0.002

0.003

0.019

0.131

1.904  0.061
0.796  0.077

0.20
0.10
0.05

693 0.720 0.732

5220 0.050 0.174

7.49
173.00 230.3

150

42.84

S6-Kuantan Port

0.092  0.001  0.003  0.006
0.01
0.01

0.01
0.01

0.062

119.48

59
250
250
400

S7-Pengorak River

0.05
0.01

0.003

0.05
0.05
0.05
0.05

3.00
3.00
5.00

1.00
0.30
0.30
0.25

200
200
200

MOH (untreated raw water)

MOH (treated water)
WHO and USEPA

0.003

0.20
0.20

150

0.05
0.01

0.02
0.02

0.01
0.005

0.05

EU drinking water standards 98/83/EC 250

Mean data for each location is presented (n = 9)

Not specified

drinking water standard (EU directive 98/83/EC) (Table 4).
These guidelines describe the national or regional standards
for reasonable minimum requirements of safe practice to pro-
tect the health of consumers and/or derive numerical
“guideline values” for constituents of water or indicators of
water quality. The compositions of SOy, Cl, Ca, K, Zn, Sr, Cr,
Cd, Ni, Cu, and Co suggested that all these element concen-
trations were within the recommended guideline values at all
sampling locations. However, the concentrations of Mg, Na,
Al Fe, As, and Pb were above the standard guideline values at
some locations as shown in Fig. 3. Sampling locations S5 and
S7 were high in Mg with 167.21 and 173.0 mg/L, respectively
(compared to recommended acceptable value of 150 mg/L).
Mg in freshwater is typically present at concentrations ranging
from <10 to 50 mg/L (Hem 1992). Anthropogenic sources of
Mg include fertilizers, liming, and chemical industries
(Reimann and de Caritat 2005). Apparently, surface mining
soils that were being disturbed due to open cast bauxite min-
ing excavation which discharge into nearby rivers could be a
significant source of Mg release in this case. Relatively high
Na of 230.30 mg/L (compared to recommended acceptable
value of 200 mg/L) at S7 was notably due to the influence
of seawater as with its location, i.e., mix of salt water from the
sea and the estuarine water of Pengorak River. Overall, the
hydrochemical signatures of the waters are illustrated in the
piper diagram (Fig. 4). Most of the water samples plot in the
Carange on the cation triangle, and in the CO; + HCOj3 range
on the anion triangle. This is indicative of large contribution of
dissolved bicarbonate in the water that may originate from the
dissolution of carbonate minerals of the host rocks and the
bicarbonate-rich surface runoff. Despite this, it was noticeable
that the waters sampled within Kuantan Port were mostly
dominated by cation Mg and anion Cl, suggesting the influ-
ence of seawater mixing.

On the other hand, Al content was found within the recom-
mended acceptable value for most sampling locations.
However, S6 indicated Al concentration of 0.72 mg/L, ex-
ceeding the recommended values of MOH, WHO, and
USEPA guidelines (0.2 mg/L). It is important to note that
the higher values of Al and Fe in the water at the stockpile
areca were due to the fact that bauxite ores contain Al,Os3,
Fe,05 (hematite), and SiO, (quartz). Al has been recognized
as an important toxic agent to large parts of aquatics as well as
terrestrial ecosystems (Rosseland et al. 1990). The Fe concen-
tration in the water at S6 was relatively high and has been
indicated by the reddish color of the sediments, i.e., precipi-
tated Fe. The Fe concentration of 0.73 mg/L exceeded the
recommended value of MOH for treated water and all other
standards (0.3 mg/L). Mn concentration was expected to be
high as with the presence of Fe in the water, i.e., values of
1.65, 0.65, 1.90, and 0.80 mg/L at S4, S5, S6, and S7, respec-
tively, which were above the guideline values. The concentra-
tions of As at S6 and S7 were 0.019 and 0.092 mg/L,
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Fig. 3 Variation of selected
major and trace elements in water
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respectively, which were above permissible levels of all the
standard guidelines (0.01 mg/L). The high value of As at S6
was potentially associated with the leaching of the composi-
tion of stockpiles of bauxite that directly enters the river.
Consequently, this has also resulted in high As concentration
as the water flows to S7. Additionally, As might as well be
released due to natural processes of abundant crust (Chen et al.
2007) or from palm oil plantations along the areas. Pb con-
centration was 0.072 mg/L at S5, above the recommended
values of all the standard guidelines (0.05 mg/L). The high
concentration of Pb in the water at S5 can be related with the
discharge from another bauxite stockpile area and other indus-
tries near the site. Although the impact from bauxite storage
area is apparent here, anthropogenic sources of Pb in surface
water can also result in an order of magnitude higher concen-
tration compared to background values, which also includes
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cargo shipping activities and other industrial activities
(Patterson 1965) near the Kuantan Port. Additionally,
Pearson’s correlation analysis showed strong positive correla-
tions between Al-Fe, Mn, Co; Fe-Mn, Co; Zn-As, Cr, Cu; As-
Cr; Cr-Cd, Cu, Co; and Cu-Co (r above 0.70, p < 0.01)
(Table 6), suggesting that these heavy metals were discharged
from a similar anthropogenic source or origin and had a sim-
ilar behavior within their environments. The strong correla-
tions between Fe, Pb, Zn, Cu, Al, Cd, and SO, can be associ-
ated with the presence of sulfide minerals like sphalerite
(ZnS), galena (PbS), and chalcopyrite (CuS) because there is
interaction between sulfide minerals and pyrite (FeS,) (Taylor
1971; Gomez et al. 2016).
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Fig.4 Piper diagram of the water EXPLANATION
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Sediment geochemistry

The potential ecological impacts of heavy metals in sediments
are important reference indicator to water quality (Chen et al.
2007; Kusin 2013). The concentration of most heavy metals in
sediments for Pb, Zn, Cd, Cr, and Ni were within the recom-
mended guideline values (i.e., sediment quality guidelines
(SQGs) of the Hong Kong Environmental Protection
Department, Canadian Council of Ministers of the
Environment, and the UK Environmental Agency) (Table 5) ex-
cept for Cu and As. Most of the sampling locations have sedi-
ment metal contents within recommended values except for S1
and S2 as illustrated in Fig. 5. S1 was found to be high in Cu, i.e.,
53.45 mg/kg exceeding the permissible level as suggested by the
SQGs (35.7 mg/kg). Apart from the mining activities, the contri-
bution of Zn in agricultural soils such as from oil palm plantation
might have promoted the concentration of Cu in the sediment.
Stations S1 and S2 were high in As, i.e., about 8 mg/kg, which
was greater than the permissible level of SQGs (5.9 mg/kg),
potentially due to bauxite mining exploration, with arsenic-
containing minerals mobilized during mining activities and de-
posited onto the sediments (Toevs et al. 2008). Further evaluation
of the sediment quality is presented below with respect to the
level of heavy metal enrichment and accumulation in the sedi-
ments (“EF” and “/,.,” sections).

cr
ANICNS

On the other hand, the findings from this study were also
compared to other relevant studies with respect to sediment/soil
contamination that have been reported previously (Table 5).
Although the ranges of heavy metal values vary between studies,
generally, the heavy metal contents in the sediments found in this
study were within the values reported in previous relevant studies
in Malaysia. When compared with other bauxite mining-related
studies around the world, the major elements in sediment such as
Fe and Mn were generally lower than reported elsewhere. Trace
elements such as Pb, Zn, As, Cr, and Sr were also lower than
most reported values, while Cu, Cd, Ni, and Co were generally
within the ranges reported elsewhere around the world (Table 6).

EF

EF is a geochemical tool that is widely used to categorize the
metal fractions associated with sediments. Mine-impacted sedi-
ments have been associated with high metal and metalloid en-
richment, suggesting strong influence of ore deposits on the min-
eralogy of the sediments (Gomez et al. 2016). The distributions
of calculated EF for each of the studied metals are displayed in
Fig. 6. Some of the metals have EFs higher than 1.5, showing
strong human influence to the metal pollution in sediment.
Sampling locations S1 and S6 indicated that the surface sedi-
ments were attributed to minimal enrichment of metals, where
the EF values were below 2. The high values of EF shown for
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Fig. 5 Mean heavy metal Copper (Cu)

composition of sediments for the
different sampling stations

S1 S2 S3 S4

Sampling location

locations S2, S3, S4, S5, and S7 vary with each heavy metal
elements. The findings showed high values of EF for Pb in
locations S2, S3, S4, S5, and S7, which were 4.49, 2.84, 2.59,
2.38, and 2.48, respectively, under moderate enrichment. Apart
from the bauxite mining activities, high value of Pb can also be
related with domestic and industrial discharges (Ma et al. 2013)
near the sampling locations. The EF for Cu recorded moderate
enrichment of 2.02 at S2, possibly due to open cast bauxite
mining and use of fertilizers in agricultural soils. Although high
EF is a first indication of potential anthropogenic influence for an
element, some natural sources can also cause the observed en-
richment (Atgin et al. 2000). In S4, EF for Zn was classified as
moderate enrichment, which indicates relatively high anthropo-
genic source with EF value of 2.22. The EF values of As were
recorded as having significant enrichment at sampling location
S2, S5, and S1, while S7 has moderate enrichment with values of
24.03, 14.86, 10.00, and 2.43, respectively. The high EF for As
were related with anthropogenic activities such as the bauxite
mining activities and palm oil plantation surrounding the sam-
pling sites (Amin et al. 2009).

I, geo

The analysis also showed that the value of /4, of heavy
metals, i.e., Pb, Cu, Zn, Mn, Fe, As, Cd, Cr, Ni, Co, and
Sr, in the surface sediments of the sampling location
were relatively low, indicating clean status and no pollu-
tion with respect to heavy metals (/yeo < 0) except for
sampling locations S1, S2, and S5 with high values of
As. The sampling locations of S1 and S2 indicated the
highest values of Iy, for As compared to other locations,
i.e., values of 1.56 and 1.59, respectively, showing par-
tially polluted status in (class 2, 1 < [y, < 2). The sam-
pling location of S5 has Iy, value for As of 0.74, which
is classified as slightly polluted (class 1, 0 < [y, < 1).
None of the trace metals in this study belong to the last
four classes that are strongly polluted (class 3, 4, 5, and
6). Therefore, the high As accumulation in the sediments
suggested that it comes from anthropogenic sources,
where mining activities could be a significant source of
the contaminant.

S5

Arsenic (As)
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S6 S7
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In order to evaluate the ecological impact with respect to
heavy metal contamination in the sediments, potential
ecological risk index was applied (Diami et al. 2016).
The potential ecological risk index (Eir) for individual
element and total risk index (RI) of heavy metals in the
sediments of the bauxite mining areas have been calcu-
lated. The risk indices are as listed in Table 7, and the
contribution from each metal element to total RI is pre-
sented in Fig. 7. As shown in the table, except for As at
sampling locations S2 and S3, the Eir of Pb, Cu, Zn, Cd,
Cr, Ni, and Co were lower than 40, indicating a slight
potential ecological risk. Two stations, S2 and S3, have
equally higher values of Eir of 45.28. Other sampling
locations have low ecological risk with Eir values below
40. As noted earlier, the higher content of As in surface
sediments as observed in this study can be attributed to
anthropogenic activities such as the open cast bauxite
mining and also due to palm oil plantation near the area
(Chen et al. 2007). Natural processes can also be a sig-
nificant source as As are abundant in Earth’s crust and
are naturally deposited onto sediments. The highest RI
value of 60.93 was recorded at sampling location S2,
and the lowest was recorded at sampling station S4 with
RI value of 5.7. Notably, As constituted the greatest pro-
portion of Eir to total RI at S2, S3, and S5, while con-
tributions of Pb, Cu, and Cd were equally important at
other locations (Fig. 7). Metals such as Cu, Zn, Pb, Cd,
and Cr have been found to be two to five times as high
as their background levels in mine-impacted sediments,
suggesting anthropogenic sources of the metals (Pan and
Li 2016), and have contributed to large proportions in
potential ecological risk from mining activities (Pan and
Li 2016; Pandey et al. 2016). Notwithstanding this, in
general, the sediment samples of the mine-impacted areas
were in low ecological risk level (RI <50) except for S2
and S3, which were in moderate potential ecological risk
levels with 50 < RI < 200.
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Fig. 6 a Enrichment factor (EF)
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Conclusions of Al, Fe, Mn, As, and Pb in the mine-impacted water

Generally, the compositions of the bauxite mine-
impacted water and sediments in the studied area have
been thoroughly investigated. Results of the WQI indi-
cated that some locations were classified as slightly pol-
luted and have metal contents exceeding the recommend-
ed guideline values. It was found that the concentrations

were slightly higher than the recommended guidelines
values, while the concentrations of Pb, Cu, Zn, and As
in sediments were high at some sampling locations. The
analysis of water samples showed that the bauxite stock-
pile areas and nearby streams are the most affected sites
with low water quality index and have several metal
contents, which were above the recommended values.

Table 7 Potential ecological risk

indices of heavy metals Sampling station

Potential ecological risk indices for single heavy metal (Eir)

Total ecological

risk index (RI)
Pb Cu Zn As Cd Cr Ni Co
S1 385 3.82 046 4512 - 0.01 0.06 1.68 9.88
S2 423 1.90 024 4528  9.00 - 0.10 0.18  60.93
S3 5.15 135 019 - - 002 023 0.14 5235
S4 2.79 1.70 048 - - 003 0.07 0.66 5.73
S5 200 068 0.10 2500 - 003 017 0.11 28.09
S6 7.47 1.07 026 9.56 7.05 002 028 078 26.50
S7 6.76  0.69  0.21 13.28 13.05 002 025 055 34.81

Grade of ecological risk of single metal: Eir < 40 shows low risk, 40 < Eir < 80 shows moderate risk,
80 < Eir < 160 shows considerable risk, 160 < Eir < 320 shows high risk, and Eir > 320 shows very high risk.
Grade of potential ecological risk of environment: RI < 50 shows low risk, 50 <RI < 200 shows moderate risk,
200 < RI < 300 shows considerable risk, and RI > 300 shows very high risk
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Based on the estimated EF, all sampling locations were
found minimally to moderately enriched with heavy
metals in sediments. The /., indicated slightly to partial-
ly polluted sediments with respect to As at some loca-
tions. Meanwhile, the potential ecological risk index
demonstrated low to moderate ecological risk with re-
spect to heavy metal contamination in the sediments.
The findings have highlighted the importance of an ap-
propriately managed mining operation as with the role of
relevant agencies in coordinating more holistic strategies to
mining industry. This will aid in terms of evaluating the secu-
rity and safety of river quality, especially when it is intended
for use as raw water resource for potable water consumption.
Despite the findings from this study, it is still recommended
that further studies and monitoring be conducted to assess
long-term impact of mining inputs on the quality of river eco-
system and potentially on human health.
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